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Introduction

Who We Are

The Triangle Universities Nuclear Laboratory (TUNL) is a consortium of three major universi-
ties in the North Carolina Triangle area: Duke University (Duke), North Carolina State University
(NCSU) and the University of North Carolina at Chapel Hill (UNC). The primary mission of TUNL
is to advance the frontiers of nuclear physics and to educate students and young scientists in an
environment that provides experiences at the forefront of the field. The TUNL is a Department of
Energy (DOE) Center of Excellence funded by the Low-Energy Program (LEP) in the Office of Nu-
clear Physics (ONP). The Center is supported primarily through three grants from the ONP/LEP,
one to each consortium university. The grant numbers are listed at the beginning of this report. The
grants to NCSU and UNC support the experimental nuclear physics research groups at these insti-
tutions. The budgets for these awards include student and postdoc support, senior investigator and
research scientist salaries, travel, and modest funding for research instrumentation and laboratory
materials and supplies. The Duke grant has two components: (1) support for the shared research
infrastructure at TUNL (including operation of accelerator facilities, technical and administrative
support staff, support for special research facilities, materials, supplies and equipment), and (2)
support for the experimental low-energy nuclear physics research group at Duke. In addition, the
Nuclear Data Program in the ONP supports efforts at NCSU and Duke.

This year the TUNL consortium included 22 faculty members, 58 graduate students, 13 postdoc-
toral fellows and 5 research scientists. About 30 undergraduate students participated in research at
TUNL through research assistantships at the consortium universities, the TUNL REU program, and
international exchange programs. The activities of this research community are supported by the
TUNL staff which includes administrative personnel, technicians, engineers, and research scientists.
The consortium conducts research over a wide range of topics in nuclear physics that broadly in-
clude fundamental symmetries, neutrino physics, nuclear astrophysics, and strong interaction physics
(hadron structure, light nuclei, and many-body systems). Complimentary to advancing these basic
scientific areas, TUNL groups are conducting R&D on particle detectors, signal processing elec-
tronics, data acquisition systems, production and evaluation of ultra-low-radioactivity materials,
and particle accelerator systems with emphasis on high-intensity laser Compton gamma-ray sources.
Also, groups at TUNL are applying nuclear-physics techniques to areas of national nuclear security,
homeland security, and interdisciplinary science research areas, e.g., plant physiology, municipal
water purification, and medical physics.

In addition to consortium members, long-term collaborators contribute substantially to the re-
search and education activities at TUNL. These collaborators participate in and lead research
projects at the laboratory, thus significantly expanding the opportunities for undergraduate stu-
dents and students from under-represented ethnic groups to participate in nuclear research. The
collaborators include groups from two local historically black universities (North Carolina Central
University and North Carolina A&T State University) plus several primarily undergraduate-serving
institutions (James Madison University, the University of North Georgia, University of Connecticut
at Avery Point, and Tennessee Technological University). In addition, there are long-term interna-
tional collaborations with groups from the Istituto Nazionale di Fisica Nucleare (Pisa), Jagiellonian
University (Cracow), the Joint Institute for Nuclear Research (Dubna), the Technische Universität
Darmstadt, the University of Cologne, and the University of Mainz. In our applications and in-
terdisciplinary research programs, we collaborate with scientists from several national laboratories,
including Jefferson Laboratory, Lawrence Livermore National Laboratory, Los Alamos National Lab-
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oratory, and Pacific Northwest National Laboratory.

Our Research Program

The groups at TUNL conduct research over a broad range of topics in strong and weak inter-
actions nuclear physics. The main areas in the strong-interactions program are low-energy QCD,
nuclear astrophysics, and many-body nuclear structure and reactions. The low-energy QCD research
includes studies of hadron structure and few-nucleon reaction dynamics. This research is enabled by
the unique and world-leading capabilities of the accelerator facilities at TUNL and is supported by
accelerator physics R&D conducted in concert. The central thrust of the weak-interactions research
is the search for physics beyond the Standard Model. The techniques applied in this pursuit include
precision tests of fundamental symmetries, determinations of the properties of neutrinos, and high-
precision measurements of weak coupling constants. In this research area TUNL groups have major
responsibilities on two DOE-funded large-scale collaborative projects: (1) the nEDM experiment at
the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL), which is a test
of violation of time-reversal invariance via the measurement of the neutron electric dipole moment,
and (2) the Majorana Demonstrator, which is an R&D effort aimed at developing the technique
and technology for searching for neutrinoless double-β-decay using enriched 76Ge as the sample and
detector. The Majorana Demonstrator is sited at the Sanford Underground Research Facility
(SURF) in Lead, SD. Both projects are managed by ORNL, which has well established collaborations
with the three TUNL universities.

Our Facilities and Support Staff

TUNL operates three accelerator facilities: the High Intensity Gamma-Ray Source (HIγS), the
Laboratory for Experimental Nuclear Astrophysics (LENA) and the tandem Van de Graaff acceler-
ator laboratory.

Of the three facilities, HIγS has the largest user community and supports the broadest research
program. HIγS is a Compton-backscattering γ-ray source that produces γ-ray beams by colliding
photons inside the optical cavity of a free-electron laser with electrons circulating in a storage ring.
This source delivers nearly mono-energetic and highly polarized γ-ray beams to targets with the
highest spectral intensity of all accelerator-driven γ-ray beam sources worldwide. The capabilities
of HIγS are in large part due to its intrinsic design advantages over other sources along with the
work of the accelerator physics group that is focused on advancing the γ-ray beam capabilities of
this unique facility.

LENA is a light-ion, low-energy accelerator facility with beam capabilities optimized for nuclear
astrophysics experiments. This laboratory has two low-energy electrostatic accelerators capable
of delivering high-current charged-particle beams to experiments. One is an electron-cyclotron-
resonance source on a 200-kV isolated potential platform; the other is a 1-MV JN Van de Graaff
accelerator.

The main accelerator in the tandem laboratory is an FN tandem Van de Graaff that has a
maximum terminal voltage of 10 MV. The beams at this facility support a nuclear physics research
program that uses light-ions and neutron beams to study nuclear structure and the strong interaction
at low energies. The special beam capabilities include nearly mono-energetic unpolarized and po-
larized fast neutron beams and polarized proton and deuteron beams. The pulsed beam capabilities
in the tandem lab enable measurements of neutron velocities via time-of-flight techniques.

The accelerators at LENA and the tandem laboratory are operated by research groups, i.e.,
faculty, students and postdocs, and are maintained by the technical staff. R&D to create new
capabilities is carried out by the research groups in collaboration with the technical staff.

In addition to the accelerator facilities, the TUNL research infrastructure includes non-accelerator
research facilities, e.g., R&D laboratories at Duke, NCSU and UNC; a low-background counting facil-
ity at Duke; and a low-radioactivity fabrication and assembly facility at UNC. TUNL also has several
research laboratories at the Kimballton Underground Research Facility (KURF) in Kimballton, VA,
which is a regional facility operated by Virginia Tech in an active limestone mine.
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The technical and administrative staffs at TUNL are vital to carrying out the research program.
The technical staff provides research support, maintains the accelerators and research facilities,
and supports accelerator operations. In addition, TUNL research groups have access to laboratory
materials, supplies, and a pool of research equipment. The expertise of the technical staff includes
mechanical systems, high vacuum systems, cryogenics, optical systems, electronics, data acquisition,
accelerator controls systems, high-power electrical systems, ion sources, electron guns, and RF and
electrostatic accelerator systems. The accelerator physicists work with TUNL faculty to advance
beam capabilities at the local accelerator facilities.

Our Education Program

The graduate education mission of TUNL shapes the style and environment for conducting research.
TUNL faculty continue to attract some of the most talented students in the physics departments at
the three consortium universities into nuclear physics. The intellectual energy in the university en-
vironment, the commitment of the TUNL faculty to physics education, and the hands-on philosophy
of the TUNL faculty all contribute to an environment that fosters scientific creativity, technological
innovation, and leadership. For almost five decades, TUNL has been a major contributor to the
training of experimental nuclear physicists in the U.S., educating about 8% of the nations Ph.D.s in
this field.

Research Experience for Undergraduates
The research activities at TUNL also provide opportunities for undergraduate students to participate
in forefront basic and applied research during the academic year and the summer. Faculty with
students from several primarily undergraduate-serving institutions, e.g., the University of North
Georgia and James Madison University, are conducting research in collaboration with TUNL groups.
Among these institutions are two local historically black universities, NC A&T State University in
Greensboro, NC and NC Central University in Durham, NC.

Furthermore, since 2000 TUNL has run a NSF-supported REU program. Beginning in 2012,
the REU program expanded to include high-energy particle physics and is operated in collaboration
with the Duke high-energy physics (HEP) group. The NSF funding supports twelve participants
each summer, of which eight conduct research with TUNL groups. The four students conducting
research in high-energy physics spend the last six weeks of the program at CERN with the Duke
HEP group. Including the REU students, about 30 undergraduates conducted research with TUNL
groups this year.

Seminars
The TUNL seminar program continues with characteristic vigor, with 15 invited speakers. A full list
of the titles and speakers from this year’s seminars is given in the appendix to the progress report.
The seminar series is augmented by the TUNL Informal Lunch Talks (TILTs), where graduate
students and postdoctoral fellows present their research projects. A related series of talks, the
Triangle Nuclear Theory Colloquia, are also beneficial to TUNL faculty and students.

Orientation and Training Classes
Another component to our educational effort is a special lecture series given by local speakers on
Advances in Physics as part of the REU program during the summer. These are supplemented by
classes on some of the basic experimental and theoretical techniques used in nuclear physics as well
as classes on scientific writing. These are primarily for the REU students and entering graduate
students.
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Research Highlights

Some highlights of research accomplishments during this reporting period are presented here. A
more comprehensive description of individual projects constitutes the body of this Progress Report.

1. Cryogenic Target for Compton-Scattering Experiments at HIγS Com-
missioned

Construction of the cryogenic target for Compton-scattering experiments at HIγS was completed
this year, and the target was used in a commissioning experiment that measured the cross section
for Compton scattering from 4He at 61 MeV. The target has the capability of liquefying hydrogen,
deuterium and helium-4. The cooling device is a Sumitomo Model RDK-415D Gifford-McMahon
cryocooler. It has a cooling power of 1.5 W at 4.2 K and a base temperature of around 3 K. The
standard-pressure boiling points of LHe, LD2 and LH2 are 4.2 K, 24 K and 20 K, respectively. The
apparatus is equipped with a heater for running at 20 to 24 K when liquefying D2 or H2. A schematic
of the target cryostat is shown in Fig. 1. A paper describing the technical details and performance
of the target has been submitted to Nuclear Instruments and Methods in Physics Research A.

Figure 1: A schematic of the target cryo-
stat. The target cell is a
0.25 L truncated cone made
of 0.125-mm thick Kapton foil.
The cell is 20 cm long with
4-cm-diameter end caps. The
main parts of the cryotarget
are numbered in the diagram:
the cryocooler (1), gas inlet
(2), vent line (3), condenser
(4), Kapton cell (5), beam win-
dows (6), vacuum can (7), heat
shields (8), and superinsula-
tion (9).
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2. New Method for Resonance Strength Determination Applied to the
Ecm = 458 keV Resonance in 22Ne(p,γ)23Na

In preparation for LENA measurements to better understand abundance anomalies in globular
clusters, an entirely new method to analyze singles and coincidence γ-ray pulse-height spectra has
been developed. The method is based on two novelties: (i) a decomposition of the entire measured
spectrum, including Compton background, escape peaks, etc., into different components (for dif-
ferent primary transitions, room background, etc.), and (ii) performing the fitting in a Bayesian
parameter estimation framework. A manuscript by UNC graduate student Jack Dermigny, has been
completed and will be submitted for publication shortly (Dermigny, Iliadis, Buckner, and Kelly, to
be submitted to NIM A). This technique has been applied to the 22Ne(p,γ) reaction - a critical
reaction in understanding the origin of the Na-O anticorrelation in globular clusters.

New branching ratios have been derived, including a newly discovered branch to the 7082-keV
state in 23Na and a decrease of 1013% in the ground-state branching ratio relative to previous results.
The resonance strength of ωγ (458 keV) = 0.583(43) eV based on these results is recommended.
Also, this work reduces the uncertainty in the resonance strength from 9.7% to 7.3%. Details of the
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Figure 2: Reaction rate comparison as a func-
tion of temperature of present results
with a recent evaluation. All rates are
normalized to the new recommended
rate. The solid curve shows the ratio
of previous and present recommended
rates. The grey shaded area represents
the one-sigma (1σ) uncertainties in the
present rates, and the blue shaded area
denotes the 1σ uncertainties of the pre-
vious evaluated rates.

0.01 0.10 1.00 10.00

0.8

1.0

1.2

1.4

1.6

Temperature (GK)
R

ea
ct

io
n 

R
at

e 
R

at
io

17O(p, �)14N0.01 0.10 1.00 10.00

0.4

0.6

0.8

1.0

1.2

Temperature (GK)

R
ea

ct
io

n 
R

at
e 

R
at

io

17O(p, �)18F

17O(p,γ)18F 

17O(p,α)14N 

Stellar'temperature'(GK)'
Ra

0o
'o
f'r
ea
c0
on

'ra
te
s'

(a)'

(b)'

new measurements and analysis are reported by K.J. Kelly et al., Phys. Rev. C 92, 035805 (2015).

3. New Determination of Thermonuclear Reaction Rates for 17O+p

Hydrogen burning of the oxygen isotopes takes place in several stellar environments. New mea-
surements of the 17O(p,γ)18F reaction at incident energies of 170 to 530 keV were performed at
LENA. Improvements over previous work include significantly higher beam intensities, the use of
a γ-ray coincidence spectrometer, and a novel data analysis technique made possible by the spec-
trometer. New thermonuclear rates for the 17O+p reactions have been determined by combining
these new data with all consistent results from previous measurements. The new rates are plotted
in Fig. 2 in comparison with previous evaluated rates. This work is reported by M.Q. Buckner et
al., Phys. Rev. C 91, 015812 (2015).

4. Measurement of the Neutron-Capture Cross Section of 76Ge and 74Ge

Gamma-rays from neutron-induced reactions in materials used in neutrinoless double beta decay
searches are potentially a significant source of background in these ultra-low background counting
experiments. A program for measuring cross sections for neutron induced reactions on isotopes
used in 0νββ searches is underway at TUNL. Here we report new cross-section measurements for
neutron capture on 76Ge and 74Ge at neutron energies below 15 MeV. These measurements were
carried out in the tandem laboratory using the neutron activation technique. High-resolution γ-ray
spectroscopy was used to determine the γ-ray activity of the daughter nuclei of interest. Prior to
this work data only existed at thermal energies and at 14 MeV. As shown in Fig. 3, our 76Ge total
capture cross-section data are in good agreement with the TENDL-2013 model calculations and
the ENDF/B-VII.1 evaluations. However, our 74Ge(n,γ)75Ge cross sections are about a factor of
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Figure 3: Neutron capture cross sections on 76Ge (left) and 74Ge (right) as a function of the inci-
dent neturon energy. The data are in comparison to evaluations and the model prediction
TENDL-2013. The ENDF/B-VII.1 and JENDL-4.0 evaluations overlap substantial over the
entire energy range of these data.

two larger than predicted and about 3.5 times larger than the 76Ge(n,γ)77Ge cross sections. This
observation should be considered in the optimization of the relative masses of enriched 76Ge to nat-
ural Ge used in a large-scale 0νββ detector. These results are reported by Megha Bhike, B. Fallin,
Krishichayan and W. Tornow, Phys. Lett. B 741, 150 (2015).

5. Majorana Demonstrator Highlights

There has been substantial progress on construction and commissioning of the Majorana
Demonstrator (MJD), an array high purity Ge detectors, enriched to 87underground at the
Sanford Underground Research Facility (SURF) in Lead, SD. The Demonstrator will search for
neutrinoless double-beta decay and examine the viability of a future larger scale Ge experiment.
Progress this past year includes:

• Based on the completed set of assays of all materials used in construction and assembly of the
Demonstrator, our simulations project a total background of 3.5 counts/t-y in the region
of interest (ROI) centered at the double beta decay end-point energy. This is close to our
specified goal of 3.0 counts/ROI-t-y, and exceeds the key performance parameter goal of ¡ 10
counts/ROI-t-y.

• We completed assembly of the first ultra-clean array module (Module 1), which contains seven
strings of detectors mounted in an electroformed vacuum cryostat mounted on its transportable
monolith. There are a total of twenty (16.8 kg) enrGe detectors and (5.7 kg) natGe detectors.
A successful in-house repair at the TUNL vacuum shop allowed us to install and operate its
thermosyphon dewar which had failed during its initial testing. The first in-shield commissioning
run was started on June 26 and was completed on October 7. The run was stopped to allow us to
install the inner electroformed copper shielding and implement several additional improvements
to the module. Background data from this run are currently being analyzed.

• A total of 35 detectors with a mass of 29.7 kg were produced from our 87% enriched 76Ge
material. Initially ORTEC produced 30 detectors with a mass of 25.3 kg, providing a yield of
64.4%, comparable to all previous experiments. However, we were able to successfully recover
and reprocess material captured from the detector manufacturers “waste stream” that provided
us with an additional 4.4 kg of detectors and resulted in a final yield of 74.5%, the best ever
achieved.

• Underground electroforming at the Temporary Clean Room (TCR) located at the Ross Campus
at SURF was completed in April 2015. We produced a total of 2474 kg of electroformed Cu.
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Figure 4: Installation of Module 1 strings being
conducted inside the glovebox. During
the reporting period, commissioning of
Module 1 was started and the first low-
background in-shield data were col-
lected. Also construction on Module
2 was started.

Machining of the inner Cu shielding plates was completed in October, and they were installed
in November 2015.

6. Neutron EDM Experiment Highlights

The nEDM collaboration is in its critical component demonstration phase, focusing on the de-
velopment of the key components of the large-scale nEDM apparatus. TUNL’s primary activity is
the development of a small-scale test apparatus for use at the PULSTAR ultracold neutron (UCN)
source that will allow one to explore UCN–3He interactions. During the past year, we have final-
ized and ordered this apparatus in addition to constructing and testing many of individual design
components. TUNL is also playing a leading role in the measurements of UCN storage times in
the nEDM measurement cells. This work is being performed at Los Alamos National Laboratory.
Concurrent with the nEDM work, the construction of the UCN source at the PULSTAR reactor at
NCSU is proceeding with full-scale cryogenic tests using flammable gasses occurring in 2015. The
NC State group has also built and tested a second general purpose cryogen-free testing facility that
is presently being used to test seals and composite materials for the larger nEDM experiment. An
engineering diagram of the test apparatus is shown in Fig. 5.

Summary of Research Results

The main body of this progress report is a compilation of status reports of research projects
conducted by TUNL groups during the period December 1, 2014 to November 30, 2015,
which covers part of the first year of the current three-year grants (March 1, 2015 to February 28,
2018) to the three consortium universities from the DOE ONP Low-Energy Program.

During this reporting period research groups at TUNL published 62 papers in refereed journals
of which 11 were letters and in other high-impact journals. Consortium members delivered more
than 55 invited talks at APS meetings, conferences, and workshops, plus department colloquia
and seminars. In addition, the consortium groups published 35 papers in conference proceedings.
About 50% of the journal papers were based on work done at the on-site accelerator and research
facilities. This report summarizes accomplishments made during this reporting period in nuclear
and accelerator physics research. Selected instrumentation and equipment R&D activities associated
with research projects at TUNL are reported as well.
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Figure 5: Engineering vertical cross-sectional
schematic of the nEDM systematic
studies apparatus. For scale, the
Dewar is approximately 1 m in di-
ameter. The apparatus will en-
able the collaboration to conduct
tests in five key scientific areas iden-
tified as essential for the larger
nEDM project. Initially the ap-
paratus will be used to measure
the neutron and/or 3He storage life-
times in a full-size measurement
cell. The measurement cell will be
filled with liquid 4He at a temper-
ature of about 450 mK and placed
within a uniform magnetic field gen-
erated by the B0 coil. Cryogenic
conventional and superconducting
magnetic shields surround this ge-
ometry, as will thermal-radiation
shields and, finally, a series of ad-
ditional external conventional mag-
netic shields. UCNs from the PUL-
STAR source will be transported to
the cell through a series of guides
and will enter the cell through a
high-transmission port. Polarized
3He will be produced externally and
introduced into the cell alongside
the polarized UCNs through the
same port.
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Hadron Structure and
Few-Nucleon Systems

Chapter 1

• Low-Energy Description of Hadron Structure

• Few-Nucleon Systems

This segment of the TUNL program is designed to perform measurements that will help guide
theoretical work connecting QCD with nuclear constituents and nuclei, e.g., chiral effective field
theories and lattice QCD. The aim is to provide data that are important for testing the nuclear
force models used in ab-initio few-nucleon calculations and for developing low-energy QCD theories
of nuclear interactions and structure.

The focus of experiments relating to the low-energy description of hadrons is on measurements
that will reduce the uncertainties in the electric and magnetic polarizabilities of the proton and
neutron. These experiments probe the internal degrees of freedom of nucleons using Compton
scattering from unpolarized and polarized targets at HIγS. In addition, the circularly polarized
beam and frozen spin target at HIγS will be used to measure the spin-dependent cross section for
photodisintegration of the deuteron. These data will provide integrand values for the Gerasimov-
Drell-Hearn (GDH) sum rule.

During this reporting period, a new cryogenic target was built and commissioned for use in high-
precision measurements of the electric and magnetic polarizabilities of the neutron. The target was
also used to measure the Compton scattering cross section from 4He at 60 MeV. A phenomenological
model to assess the sensitivity of the measured angular distribution to the polarizabilities is being
developed.

Work on commissioning the HIγS Frozen-Spin-Target (HIFROST) system for GDH measure-
ments involved optimizing the 3He to 4He mixture ratio for the dilution refrigerator and installing
a new inner vacuum chamber and magnetic-field-holding coil. A temperature of about 190 mK was
reached, with ongoing work designed to go below 100 mK.

Data were also collected on double-differential cross-sections from two- and three-body photo-
disintegration of polarized 3He using circularly polarized photon beams with energies of 16.5 MeV
(three-body) and 29 MeV (two-body). These data, when combined with data above pion threshold
from other laboratories, will directly test the 3He GDH sum rule prediction.

The three-nucleon (3N) system provides a theoretically solid platform for examining the nuclear
Hamiltonian in an environment where both nucleon-nucleon and 3N interactions are important.
Ongoing work includes measurements of the neutron-neutron quasifree-scattering cross section in
neutron-deuteron breakup, and finalizing the design concept for the first phase of 3H photodisin-
tegration measurements. Measurements of the 3H(γ,pn)n and 3He(γ,pn)p reactions at HIγS will
determine the scattering lengths ann and anp. Significant progress was made in developing the
tritium gas-cell for these measurements.
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1.1 Low-Energy Description of Hadron Structure

1.1.1 4He Compton Scattering at 60 MeV and Commissioning of a New
Cryogenic Target

M.H. Sikora, M.W. Ahmed, D.P. Kendellen, H.R. Weller, TUNL

A new cryogenic target has been built to facilitate high-precision measurements of the electric

and magnetic polarizabilities of the neutron. It has been used to measure the Compton

scattering cross section from 4He at an incident energy of 60 MeV. A phenomenological

model to assess the sensitivity of the measured angular distribution to the polarizabilities is

being developed. These data, along with future planned experiments using liquid deuterium

and hydrogen, will provide stringent constraints on chiral-effective-field-theory calculations.

One of the main goals of the Compton@HIγS
program is to obtain data that will enable high-
precision extractions of the electric and magnetic
polarizabilities of the neutron, αn and βn, by
measuring the Compton-scattering angular dis-
tribution of low-Z elements. These angular dis-
tributions constrain calculations of αn and βn
using chiral effective field theory (χEFT). Pre-
cise knowledge of these fundamental properties
of the neutron provide valuable insight into the
structure and properties (such as their masses)
of nucleons.

Figure 1.1: Drawing of the HINDA array and
cryogenic target. The beam goes from
top to bottom in the figure, following
the thin blue line.

Experimentally, the challenge in measuring
these angular distributions follows from the fact
that the Compton-scattering cross section scales
with Z2 and thus is very small for very light ele-
ments. The need for high statistical accuracy re-
quires maximizing the target density. For hydro-
gen, deuterium, and helium targets, this necessi-
tates the use of liquid rather than gas targets. A
system has been designed and built to cool these
gases cryogenically to temperatures ranging from
4 to 24 K. As a first step towards measurements
using liquid hydrogen and deuterium, a commis-
sioning run of the new apparatus was conducted
using liquid 4He. This provided an opportunity
to assess the performance and stability of the
cryogenic target and of a new digitizer-based data
acquisition system. In addition to benchmarking
the performance of the new hardware, the sensi-
tivity of the measured angular distribution to the
isoscalar (αn ± βn) polarizabilities will be deter-
mined using a phenomenological model [Mye12].

This experiment was performed at an incident
beam energy of Eγ = 60 MeV over a total beam
time of approximately 50 hours, with an average
intensity of 1.9×107γ/s. Scattered γ-rays from
the target were observed with the HINDA array
of NaI detectors shown in Fig. 1.1. The detec-
tors were located at angles ranging from 40◦ to
159◦. Each core NaI detector is surrounded by
an additional shield of eight thin NaI detectors.
These were used to veto the large cosmic-ray
background by rejecting events that deposited
energy above a certain threshold in the shields.
This restriction, along with an additional tim-
ing cut on beam-related events, suppressed more
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than 99.9% of the cosmic-ray background. Rep-
resentative spectra at forward and backward an-
gles are shown in Fig. 1.2.

Spectra at forward angles contain an expo-
nential background arising from various atomic
processes, and this background must be sub-
tracted. A geant4 simulation of the Comp-
ton scattering process was used to obtain the re-
sponse function of each HINDA core. The simu-
lated spectra were then convolved with a Gaus-
sian to fit the scattering data. At forward an-
gles an additional exponential function was sub-
tracted from the scattering spectrum. Sample fit
results are shown in Fig. 1.2. Yields could then
be extracted by integrating the subtracted spec-
tra over the region of interest. The convolved
response function was used to determine the frac-
tion of the line shape lying within this region.

Figure 1.2: Sample spectra from forward- and
backward-angle HINDA core ele-
ments, shown with fits. The for-
ward angle detectors show an expo-
nential background from atomic scat-
tering processes, while the backward
angle spectra are clean.

The differential cross section was then com-
puted using

dσ

dΩ
=

Y

fabs ·Nγ · t · Ωeff (1.1)

where Y is the extracted yield, fabs is the aver-
age attenuation of the beam over the length of
the target, Nγ is the total number of incident γ

rays, t is the target thickness, and Ωeff is the
effective solid angle of each detector. The aver-
age attenuation of the beam can be calculated
using known photoabsorption data [Ber15]. The
target thickness is determined by monitoring the
pressure and temperature of the target through-
out the irradiation. The quantity Nγ was deter-
mined via the five-paddle flux monitoring system
[Pyw], and the effective solid angle was obtained
from the geant4 simulation by randomly gener-
ating events from within the entire target volume
and recording the number of γ rays subsequently
observed in each detector. Preliminary results
are shown in Fig. 1.3.

Figure 1.3: Preliminary angular distribution of

the 4He(γ,γ) reaction.

An assessment of the overall systematic un-
certainty is currently in progress, as is the ap-
plication of the aforementioned phenomenologi-
cal model to determine the sensitivity to the po-
larizabilities. The results of this commissioning
run have demonstrated the reliability of the new
apparatus and the feasibility of obtaining high
quality data.

[Ber98] M. Berger et al., XCOM: Pho-
ton Cross Sections Database,
www.nist.gov/pml/data/xcom/index.cfm,
1998.

[Mye12] L. Myers et al., Phys. Rev. C, 86,
044614 (2012).

[Pyw] R. Pywell, www.kanga.usak.ca/nucleus.
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1.1.2 A Cryogenic Target for Compton-Scattering Experiments at HIγS

D.P. Kendellen, M.W. Ahmed, H.R. Weller, TUNL; G. Feldman, George Washington Uni-
versity, Washington, DC

We have developed a cryogenic target for Compton scattering experiments at HIγS. It is able

to liquify deuterium, hydrogen, or helium to fill a 0.25 L target cell.

A 0.25 L Kapton-cell cryogenic target has
been designed and built to liquefy deuterium
(LD2), hydrogen (LH2), or 4He (LHe). It will
be used in Compton scattering experiments at
HIγS to measure nuclear and nucleon polariz-
abilities. In the case of deuterium, the electro-
magnetic polarizabilities of the neutron, αn and
βn, can be probed by scattering a γ-ray beam
on an unpolarized LD2 target. Scattered pho-
tons will be detected by the HIγS NaI Detec-
tor Array (HINDA). The LH2 target will be used
to perform model-independent measurements of
the proton polarizabilities, αp and βp. See Ref.
[Gri12] for a review of nucleon polarizability mea-
surements.

A schematic of the cryostat is shown in
Fig. 1.4. The main components are: a cryocooler
and condenser to liquefy the incoming gas, a Kap-
ton target cell, and a vacuum can with thermal
radiation shields to isolate the components from
room temperature.

The cooling device is a Sumitomo Model
RDK-415D Gifford-McMahon cryocooler. It has
1.5 W of cooling power at 4.2 K and a base tem-
perature of around 3 K. Low temperatures are
produced through compression and expansion of
high-purity helium gas in a closed loop between
an external compressor and the cold head. See
Ref. [Rad09] for more on the cooling cycle. The
normal boiling points of LHe, LD2, and LH2, are
4.2 K, 24 K, and 20 K, respectively. The appa-
ratus is equipped with a heater for running at 20
to 24 K when liquefying D2 or H2. Heating is
also necessary to avoid freezing D2 or H2 in the
fill and pressure relief lines.

The liquefaction process begins as room tem-
perature gas enters through a fill line at the top
of the cryostat (Item 2 in Fig. 1.4). From there
the fill line wraps around the cold head and the
gas is cooled inside copper heat exchangers. Next
the precooled gas enters the condenser where it

collects on a series of copper fins, drips down-
ward, and flows through a tube to the bottom
of the Kapton cell. Boiloff vapor exits the cell
through a vent line at the top and returns to the
condenser to be reliquefied.
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Figure 1.4: Schematic of the cryotarget with its
cryocooler (1), gas inlet (2), vent line
(3), condenser (4), Kapton cell (5),
beam windows (6), vacuum can (7),
heat shields (8), and superinsulation
(9).

The cell is 20 cm long with 4-cm-diameter end
caps. We formed it using 0.125-mm-thick Kapton
film. The wall is the frustum of a cone to encour-
age bubbles to flow to the vent line. A valve on
the vent line may be closed to build pressure and
force the liquid back into a reservoir below the
condenser. This greatly reduces the turnaround
time for “empty” target runs, as in Ref. [Mac95].
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Figure 1.5: Measured vent line pressures and liquid temperatures during a fill, along with a photo of
the LHe. The black curve is the saturated vapor pressure of liquid helium as a function
of temperature.

When filled with LD2 at 24 K, the target thick-
ness is 9.80× 1023 D/cm2.

Initial testing of the target was carried out
with helium, rather than flammable D2 gas. Liq-
uefying helium also pushes the limits of the re-
frigerator in cooling power and base temperature.
We have liquefied helium and filled the target
cell at temperatures ranging from 3–4 K during
several test runs. The liquid level was observed
through the beam windows and slits in the su-
perinsulation, as shown in Fig. 1.5. There was a
factory-calibrated thermometer inserted directly
into the liquid (Tcell) and a pressure gauge atop
the vacuum can (Pcell). It is important to mea-
sure the liquid temperature accurately, since it
determines the density and target thickness. Un-
certainties in target thickness contribute to the
uncertainties in the measured cross sections.

To cross-check the thermometer’s calibration,
we monitored the pressures and temperatures in
the cell and compared them to the saturated va-
por pressure (SVP) of liquid helium. Fig. 1.5
displays the measured pressures and tempera-
tures. The SVP as a function of temperature
is from Ref. [Don15]. First the cell was cooled
with a small amount of helium gas inside. This
gas facilitates heat transfer between the cell and
copper condenser fins. As the cell cooled be-
low 4 K, we added more gas though a needle
valve. The pressure settled near 8 to 9 psi as
the cell began to fill with liquid. Finally the he-
lium supply was closed off, removing the heat
load from incoming gas, and the liquid cooled to

the cryocooler’s base temperature of Tcell ≈ 3.1
K (where PSVP = 4 psi). With liquid in the cell,
there is excellent agreement between the (T ,P )
pairs and the SVP curve.

Bubbling in the cryogenic liquid represents
another source of uncertainty in density and tar-
get thickness. Throughout the fill, the back-
ground heating was low enough that there were
no visible bubbles in the bulk liquid. When the
liquid reached the very top of the cell, the invis-
ible bubbles began to collect, form small visible
bubbles, and drift toward the outlet. The liquid
below remained clear. Bubbling should be fur-
ther reduced in LD2 due to its larger latent heat
of vaporization.

We have installed the cryotarget in the ex-
perimental hall and are preparing for a commis-
sioning run with the γ-ray beam and LHe tar-
get. After that we will install safety measures
for flammable gases, then proceed to LD2 testing
and production running.

[Don15] R. Donnelly, Tables of Helium Proper-
ties, darkwing.uoregon.edu/∼rjd, 2015.

[Gri12] H. Grießhammer et al., Prog. Part.
Nucl. Phys., 67, 841 (2012).

[Mac95] B. MacGibbon, Ph.D. thesis, University
of Illinois, 1995.

[Rad09] R. Radebaugh, J. Phys.: Condens. Mat-
ter, 21, 164219 (2009).
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1.1.3 The Gerasimov-Drell-Hearn Sum Rule Experiment at HIγS: Progress
on the HIγS Frozen-Spin Target

P.-N. Seo, H. Chen, D.G. Crabb, R. Duve, B. Norum, C. Zobel, University of Virginia, Char-
lottesville, VA; C.R. Howell, D. Kendellen, G. Swift, H.R. Weller, TUNL

The HIγS Frozen-Spin-Target system was tested at HIγS and University of Virginia to opti-

mize the 3He and 4He gas mixture ratio for the dilution refrigerator. The goal is to enable

the target to reach temperatures below 100 mK, the desired range for the GDH experiment.

A new inner vacuum chamber was installed and was mounted with a newly wound horizontal

magnetic-field-holding coil. The lowest temperature reached in the dilution refrigerator dur-

ing these tests was about 190 mK. We describe the challenges encountered during the tests

and the steps taken to resolve them.

A program is being commissioned at HIγS
to measure the Gerasimov-Drell-Hearn (GDH)
sum-rule integrand for the deuteron below pion
production threshold. To facilitate this mea-
surement, the HIγS frozen-spin target system
(HIFROST) has been under development at
HIγS and University of Virginia (UVa) by a col-
laboration between the UVa group and TUNL
scientists. The desired operating target temper-
ature is about 50 mK. This system is currently
being installed and tested at HIγS. We present
the status of the commissioning of the target.

The dilution refrigerator for HIFROST, which
is described in detail in Ref. [Nii76], was de-
signed to reach temperatures lower than 50 mK
and was successfully operated at CERN and later
at Helmholtz-Zentrum-Geesthacht at these con-
ditions. The refrigerator was relocated from Ger-
many to UVa in the summer of 2012. Soon there-
after, the target was tested by cooling it to about
270 mK without an optimized 3He and 4He gas
mixture ratio. The results of these tests were re-
ported in 2013. Once the infrastructure to sup-
port the operation of the refrigerator was com-
plete at HIγS, the refrigerator was tested there
by cooling it. A minimum temperature of about
200 mK was reached in October 2014, without
optimizing the gas mixture ratio. During these
tests, a CH2 dummy target was placed in the
mixing chamber to mimic the eventual heat load.
Different types of thermal sensors, covering dif-
ferent temperature ranges, were positioned in the
target area to monitor its temperature.

The result of the October test indicated that
dilution conditions were achieved with a circu-

lated gas mixture of 3He and 4He and that a
temperature of about 200 mK was reached for
a few hours. The test also successfully demon-
strated our ability to recover the gas mixture and
return it to the designated storage tanks. Follow-
ing this test, the target was left in an idle stand-
by mode overnight. After recovering the target
from standby mode, an attempt to repeat the test
by reproducing the temperature achieved earlier
was unsuccessful. This unusual behavior led to
an evaluation of several factors: the cooling pro-
cess for dilution, the mixing ratio of the gases,
and potential leaks developing in a 3He circula-
tion line during the cold phase.

Prior to the next test of the target, a resid-
ual gas analyzer was added to the 3He-circulation
loop to sample the gases. The inner vacuum
chamber (IVC) with a broken holding coil was
replaced with a new IVC with a newly-wound
and tested holding coil. A new bypass capillary
to deliver liquid helium directly from a 4 K pot
into the holding coil area, outside of the IVC, was
soldered onto the IVC. The purpose of the bypass
is to help in the cooling of the holding coil and
to help cool/maintain a 1 K pot.

In March 2015, several tests were performed
at HIγS to establish the stability of cooling the
4He section effectively before introducing a mix-
ture of gases into the refrigerator and optimiz-
ing the 3He-to-4He ratio for dilution. These
modifications resulted in reaching a lower tem-
perature limit of about 190 mK. This higher-
than-expected lowest temperature limit was at-
tributed to possible heat load on the cryostat due
to thermal contact between various layers of the
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cryostat. Upon investigation, electrical conduc-
tion was discovered between the radiation copper
shields. To mitigate this problem, thin Teflon
spacers were installed on the shields and no fur-
ther measurable electrical contact was found be-
tween them.

In addition to the installation of the spacers
on the shields, super insulation around the outer
vacuum chamber (OVC) was also installed. A
broken O-ring on the 3He back flange was also
replaced. Following these repairs and modifica-
tion, the target was tested at UVa in June 2015.
A stable initial cooling of the 4He section of the
refrigerator with low cooling power was achieved.
The initial 4He cold-vapor flow rate was 85 stan-
dard liters per minute (SLPM) over 60 minutes
and then gradually decreased to 25 SLPM over
40 minutes while the 4 K pot remained at 4 K
and the 1 K pot had superfluid helium.

While cooling down the 4He section of the
refrigerator, we monitored the resistance of the
holding coil. During the cool-down, the resis-
tance dropped from 587 ohm at room tempera-
ture to 9 ohm. However, the coil never reached
a superconducting state. The coil is intended to
be cooled by the superfluid film from the 1 K pot
creeping along the outer wall of the IVC, but we
did not have a thermal sensor near the coil on the
IVC to confirm these conditions. Multiple sub-
sequent tests, in which the coil was isolated from
the OVC by wrapping it with a layer of Teflon
tape, confirmed that the inner wall of the OVC
was in thermal contact with the coil. This find-

ing led to the production of a new IVC and the
holding coil to increase the spacing between the
IVC and the OVC. The new/recycled IVC has a
slightly smaller outer diameter (3.93cm) than the
current one (4.0cm).

In October 2015, a new holding coil was wet
wound at UVa. It has the same configuration of
three layers with trim coils on the ends and uses a
NbTi superconducting wire in a Cu matrix [Sup].
The coil was tested in November 2015 at HIγS.
The linearity of the magnetic field as a function of
current and field strength over the length of the
coil were measured. The results of these mea-
surements are consistent with the properties of
the previously wound coils. The new IVC and
coil are now thermally and electrically isolated
from the inner wall of the OVC. We plan to test
the coil in the refrigerator in December 2015. We
plan on resuming the tests with the goal of op-
timizing the dilution conditions after the test of
the holding coil. The near-term objective is to
reach a temperature in the target area of the re-
frigerator that would allow the GDH experiment
to be run. These tests will be performed at UVa.
Upon successful tests of dilution at UVa, we plan
on bringing the target back to the HIγS facility.

[Nii76] T. O. Niinikoski and F. Udo, Nucl. In-
strum. Methods, 134, 219 (1976).

[Sup] http://www.supercon-wire.
com/content/
nbti-superconducting-wires/.
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1.1.4 Neutron Polarization from Deuteron Photodisintegration

R.E. Pywell, University of Saskatchewan, Saskatoon, SK, Canada; B.E. Norum, S. Tkachenko,
P-N. Seo, University of Virginia, Charlottsville, VA; B. Sawatzky, Thomas Jefferson National
Accelerator Facility, Newport News, VA and Temple University, Philadelphia, PA

The HIγS facility was used to test a design for a helium analyzer to be used for a measurement

of neutron recoil polarization in the low-energy photodisintegration of deuterium. Results on

the gas analyzer showed the need for a more effective interior reflective coating. However, si-

multaneous measurements by neutron detector cells surrounding the heavy-water target were

used to verify theoretical calculations of the angular distribution of neutrons from deuteron

photodisintegration.

The polarization of the neutrons emerging
from deuteron photodisintegration is a puzzle
which has not been well explained by current
theoretical calculations. Nath et al. [Nat72] ob-
served that the polarization of the emerging neu-
trons undergoes a sudden change as the photon
energy is increased between 10 and 15 MeV. The
magnitude of this change is not reproduced by
any calculation.

An upcoming experiment, approved by the
2012 Program Advisory Committee, plans to
measure the neutron polarization from d(~γ, ~n)p
at several angles over the photon energy range
from 8 to 16 MeV. The polarization will be
measured by scattering the neutrons off a high-
pressure, active 4He gas analyzer cell. The scat-
tered neutrons will be detected by BC-505 neu-
tron detector cells borrowed from the Blowfish
array. A run was conducted in June 2015 to test
a prototype analyzer cell constructed at the Uni-
versity of Virginia using technology derived from
Tornow’s experience at TUNL, with some adjust-
ments in the dimensions.

Experimental Setup

We used the upstream target room for this run
and employed a circularly polarized beam of
9 MeV photons. The target was a Lucite con-
tainer, 20 cm long and filled with D2O. We placed
the single gas analyzer 1.5 m away from the tar-
get at an angle of 45◦ from the target center. Six
neutron-detector cells were placed in the horizon-
tal plane around the analyzer cell at a distance
of 34 cm from the its center. The detectors were
placed on either side of the analyzer cell at the

angles of 35◦, 65◦, and 115◦ relative to a line from
the D2O target to the analyzer cell.

The analyzer cell was filled with a he-
lium/xenon mixture to a pressure of about
1900 psi. The 65-mm-diameter pressure cell
was viewed on either end by two photomulti-
plier tubes (PMTs). The interior wall of the
cell was coated with a material to reflect the UV
light created by a recoiling α-particle in the gas
mixture. The entry window to the PMTs has
a wavelength-shifting coating to allow detection
of the light by the PMTs. The analyzer PMTs
and all the neutron detector cells are connected
to charge integrating analog-to-digital converters
(ADCs) and time-to-digital converters (TDCs)
through constant faction discriminators.

As a monitor for the experiment, six addi-
tional neutron detector cells were placed around
the D2O target, 1.0 m away from its center. One
was placed at a forward angle, one at a back-
ward angle, and four at 90◦ in the center-of-mass
frame. In the laboratory frame these were at the
angles of 52◦, 87◦, and 122◦.

There were two separate data-acquisition
triggers for the experiment. One was an “OR” of
the neutron cells around the analyzer cell. When
an event from these cells was received, we would
look for a signal from the analyzer PMTs at the
appropriate time. The second event was an OR
of the cells around the target. Thus we effectively
had two experiments running in parallel.

The Gas Analyzer

The results from the gas analyzer were disap-
pointing. We were unable to see signals from the
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analyzer PMTs that were time correlated with
the beam in the set-up described above. We were
able to see such signals when we moved the ana-
lyzer cell to a distance of 52 cm from the target,
but it was not clear that these signals were, in
fact, due to neutrons.

Further analysis plus comparison with a
geant4 simulation showed that the efficiency of
the analyzer cell for detecting neutrons, was very
far below what was expected. This was com-
pletely inconsistent with an existing cell built
at TUNL. Eventually it was found that the ef-
ficiency of the reflective coating on the inside
wall of the gas cell was far below the specifica-
tions claimed by the manufacturer. A new cell
with better characteristics is under construction
at University of Virginia and TUNL.

Deuteron Photodisintegration Angular
Distribution

We were able to use the neutron cells around the
D2O target to verify the deuteron photodisinte-
gration calculations of Arenhövel et al. [Sch91]
[Are91]. We have analyzed this data using tech-
niques similar to those used for analyzing Blow-
fish data. This served as a useful test of methods
that will be applied to the analysis of the upcom-
ing measurement of the Gerasimov-Drell-Hearn
(GDH) sum rule for the deuteron.

Each cell signal is recorded by two charge-
integrating ADCs, each with a different gate
width. This allows the calculation of a pulse
shape discrimination (PSD) parameter that can
be used to separate signals from photons and
neutrons. Along the lines of a method first em-
ployed by Pridham [Pri14] we have modified the
PSD calculation method to improve the applica-
ble range of light output to which the PSD can be
employed and, more importantly, to make it pos-
sible to reliably calculate the number of neutrons
missed by a PSD cut.

The neutron time-of-flight can also be em-
ployed to remove the photons contaminating our
neutron spectra. After appropriate cuts, a com-
parison to a geant4 simulation shows excellent
agreement for the shape of the light output spec-
trum, as shown in Fig. 1.6.

A particular difficulty encountered in this
analysis is the existence of “out-of-time” photons.
These are photons from the accelerator produced
by electrons in RF buckets outside the main one.
These photons, while small in number compared

to the main beam bunch, can arrive at the same
time as neutrons from the target. Since no PSD
cut is ever perfect, these photons can mimic neu-
trons. Therefore we have to be particularly ag-
gressive in applying a PSD cut to remove these
photons. This, in turn, means that some neu-
trons are missed due to such a cut. We have
therefore developed better methods for making a
correction to the neutron yield for the neutrons
missed by a PSD cut. Since this introduces an ad-
ditional uncertainty in the neutron yield it would
be better for future measurements, to avoid, if
possible, beam tunings where the number of out-
of-time photons is large.
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Figure 1.6: Comparison of the measured light
output spectrum and the spectrum
predicted by the geant4 simulation.

Preliminary analysis of our data seems to in-
dicate the neutron yield in each of our six cells
is in agreement with the yield predicted by the
geant4 simulation using the angular distribu-
tion parameters from Arenhövel et al. However
only a small subset of the data that was taken
has been analyzed. The analysis is continuing.

[Are91] H. Arenhövel and M. Sanzone, Pho-
todisintegration of the deuteron: a re-
view of theory and experiment, volume 3,
Springer, 1991.

[Nat72] R. Nath, F. Firk, and H. Schultz, Nucl.
Phys., A194, 49 (1972).

[Pri14] G. Pridham, Master’s thesis, University
of Saskatchewan, 2014.

[Sch91] K.-M. Schmitt, P. Wilhelm, and H.
Arenhövel, Few-Body Systems, 10, 105
(1991).
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1.2 Few-Nucleon Systems

1.2.1 Neutron-Neutron Quasifree Scattering in Neutron-Deuteron Breakup

R.C. Malone, A.S. Crowell, J.H. Esterline, B.A. Fallin, F.Q.L. Friesen, Z. Han, C.R.
Howell, C.R. Malone, D. Ticehurst, W. Tornow, TUNL; B. Crowe, D. Markoff, North
Carolina Central University, Durham, NC ; H. Wita la, Jagiellonian University, Kraków, Poland

Measurement of the neutron-neutron quasifree scattering cross section in neutron-deuteron

breakup is of interest for models of three-nucleon interactions. Recent measurements of this

cross section are larger than theoretical predictions by approximately 20 percent. We have

conducted a measurement of this cross section at 10 MeV to verify this discrepancy. Further

measurements at several angles and other energies below 20 MeV are planned.

Advances in rigorous ab-initio three-nucleon
(3N) calculations have produced accurate predic-
tions of most experimental 3N scattering data.
However, some discrepancies remain, such as
the cross-section for neutron-neutron quasifree
scattering (nn QFS) in neutron-deuteron (nd)
breakup. In this breakup configuration, the pro-
ton remains at rest in the laboratory frame. Re-
cent measurements of this cross section at 26 and
25 MeV are larger than theoretical predictions by
almost 20% [Sie02, Rua07] (see Fig. 1.7).

Figure 1.7: Experimental data for nn QFS in nd
breakup at 26 MeV. The solid curve
is the theoretical prediction from a
Monte-Carlo simulation using cross
sections calculated with the CD-Bonn
nucleon-nucleon potential; the dashed
curve represents the simulation scaled
by a factor of 1.18 [Sie02].

The theoretical prediction can be brought

into agreement with the data by scaling the 1S0

nn matrix element by a factor of 1.08. This re-
sults in either a change of the sign of the 1S0 scat-
tering length, suggesting the existence of a bound
di-neutron state, or it decreases the effective
range parameter by 10%, which is a large charge-
symmetry and charge-independence breaking ef-
fect [Wit11]. Because of the significant implica-
tions of this discrepancy, we have undertaken an
independent measurement of this cross section at
TUNL.

Figure 1.8: Schematic diagram of the experimen-
tal setup used at TUNL to mea-
sure the nn QFS cross section in nd
breakup (not to scale). The detec-
tors are at equal angles of 36.7◦ on
either side of the beam and are ap-
proximately 2.6 m from the sample.
The sample is about 10 cm from the
gas cell. The two unshielded detectors
used to monitor neutron flux are not
shown.
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The TUNL measurement of the nn QFS cross
section in nd breakup was conducted using time-
of-flight techniques. A pulsed neutron beam with
a period of 400 ns and pulse width of about 2 ns
FWHM was used. Neutrons were produced with
an energy of 10 MeV via the 2H(d,n)3He reaction.
The neutrons scattered from a cylindrical deuter-
ated polyethylene sample with a diameter of 28.3
mm, a height of 36.4 mm, and its axis oriented
perpendicular to the incident beam axis. Scat-
tered neutrons were detected using two shielded
liquid scintillators placed at equal angles of 36.7◦

on either side of the beam axis (see Fig. 1.8).
Two additional liquid scintillators were used to
monitor the incident neutron flux.

A pulse height threshold of 238.5 keVee (half
the cesium edge) was used to eliminate low-
energy background events, and pulse-shape dis-
crimination reduced γ-ray events. Neutron-
deuteron breakup events were selected via a coin-
cidence requirement. A typical two-dimensional
coincidence spectrum is shown in Fig. 1.9. Al-
though there are backgrounds due to accidental
coincidences, the kinematic locus is clearly vis-
ible, and the quasifree region is well separated
from backgrounds. Accidental coincidences were
measured by selecting coincidences that were
triggered by neutrons scattering from separate
beam pulses. (Such coincidences cannot be true
nd breakup events.) The accidental counts were
subtracted from the raw coincidence spectrum.

Figure 1.9: A plot of the two-dimensional TOF co-
incidence spectrum. The red, dashed
circle marks the quasifree region and
the blue arrows indicate accidental co-
incidences due to scattering from car-
bon and deuterium.

After subtracting background counts, events
in the region of interest were selected with a two-
dimensional gate and projected onto the kine-
matic locus. The breakup cross section was de-

termined by normalizing the net counts to the nd
elastic scattering cross section. Neutron attenu-
ation in the sample and detector efficiencies were
also included in computing the cross section from
the yields.

Our preliminary result is shown in Fig. 1.10.
The error bars represent the statistical error only.
The data also have a systematic uncertainty of
about ±7%. The measured cross section is in
agreement with the theoretical point-geometry
calculation. A Monte Carlo simulation is under
development to average the theoretical calcula-
tion over the finite geometry of the experiment to
allow a direct comparison of theory to our data.

Work is underway to develop a setup for mea-
suring nn QFS at several angles simultaneously,
These measurements will be performed using the
shielded neutron source at TUNL. The results of
early testing suggest that the signal-to-noise ratio
at the shielded neutron source is acceptable for
conducting these measurements (see Sect. 1.2.2).

Figure 1.10: Preliminary results showing the
measured nn QFS cross section as
a function of S, the arclength along
the kinematic locus. The open cir-
cles represent points near the detec-
tor energy threshold. The theoreti-
cal point-geometry cross section was
calculated using the CD-Bonn poten-
tial [Wit11].

[Rua07] X. C. Ruan et al., Phys. Rev. C, 75,
057001 (2007).

[Sie02] A. Siepe et al., Phys. Rev. C, 65, 034010
(2002).

[Wit11] H. Wita la and W. Glöckle, Phys. Rev.
C, 83, 034004 (2011).
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1.2.2 Testing the TUNL Shielded Neutron Source

R.C. Malone, A.S. Crowell, B.A. Fallin, F.Q.L. Friesen, Z. Han, C.R. Howell, TUNL;

A new shielded neutron source has been constructed at TUNL. Preliminary tests have been

conducted to determine whether the signal-to-noise ratio is good enough to conduct measure-

ments of the neutron-neutron quasifree scattering cross section in neutron-deuteron breakup.

The TUNL shielded source area was upgraded
in 2014 to improve its performance as a neutron
beam facility. A schematic of the source and ex-
periment area is shown in Fig. 1.11. A new hous-
ing for the copper beam collimator was designed
with a large copper annulus around its center.
Copper and steel blocks were stacked around the
beam collimator to shield fast neutrons, while
paraffin blocks doped with lithium and boron
compounds were stacked farther from the colli-
mator to moderate and capture slow neutrons.
The exterior layer of the wall is four-inch-thick
lead to attenuate γ rays produced by neutron in-
teractions in the wall (see Fig. 1.11).

Figure 1.11: Schematic diagram of the TUNL
shielded source area and the de-
tectors used for this measurement.
Copper and steel blocks stacked
around the collimator are not shown.

Tests were conducted in early 2015 to char-
acterize the neutron beam and to examine the
signal-to-noise ratio for the measurement of
neutron-neutron quasifree scattering (nn QFS)
in neutron-deuteron (nd) breakup. Deuterons

with an energy of 7.3 MeV were incident on a
deuterium gas cell at 5 atm of pressure, produc-
ing 10 MeV neutrons via the 2H(d,n)3He reac-
tion. The neutrons were collimated by a long
copper collimator (see Fig. 1.11). The neutron
flux cross-sectional profile, normalized to the in-
tegrated beam current, was measured across the
face of the beam at distances of 164.2 and 260.8
cm from the gas cell. The resulting horizontal
and vertical beam profiles are shown in Fig. 1.12.

Figure 1.12: Neutron yields across the profile of
the beam, normalized to the inte-
grated beam current. In all plots,
the zero position represents the cen-
ter of the copper collimator, not nec-
essarily the center of the beam. All
error bars are smaller than the data
points.

Time-of-flight (TOF) spectra of neutrons
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scattering from cylindrical samples of polyethy-
lene (3.389 g of CH2, 14.18 mm in diameter
and 22.70 mm high) and deuterated polyethylene
(25.17 g of CD2, 28 mm in diameter and 35.1 mm
high) were measured to assess the signal-to-noise
ratio. For each measurement, the sample was
oriented with its axis perpendicular to the beam
axis. Two liquid BC-501A scintillator detectors
were placed at angles of 28.6◦ and 34.5◦ relative
to the beam axis. Both detectors were approxi-
mately 1.5 meters from the scattering sample (see
Fig. 1.11). A minimum detector threshold cor-
responding to a pulse-height of 238.5 keVee (half
the cesium edge) was used to reduce backgrounds
from low-energy neutrons, and pulse shape dis-
crimination techniques were applied to reduce
background events from γ rays.

The TOF spectrum for scattering from CH2

measured by detector 1 in Fig. 1.11 is shown in
Fig. 1.13. At this flight path, the peaks due to
elastic scattering from carbon and hydrogen over-
lap significantly. A peak due to inelastic scatter-
ing from carbon sits just below the elastic peaks.
Also visible are a peak near channel 880 and a
smaller peak near channel 1120.

Figure 1.13: A TOF spectrum in detector 1 for
scattering from CH2 and a back-
ground spectrum.

The large peak near channel 880 is due to
neutrons scattering from a survey telescope lo-
cated 3.1 meters downstream from the scatter-
ing sample at zero degrees. The smaller peak
near channel 1120 is due to neutrons that scat-
tered elastically from the sample or air into the
right detector and subsequentally scattered into

the left detector. The spectra for detector 2 are
similar, except that the TOF resolution is better
due to the longer neutron flight path.

In order to shield detector 1 from neutrons
scattering from air and the survey telescope,
paraffin blocks were placed at beam height down-
stream of the CD2 target, between the beamline
and the detector. Tungsten shadow bars were
also placed upstream of detector 1 at an angle of
about 30◦ to further reduce background events.
Figure 1.14 shows the resulting TOF spectrum
for scattering from the CD2 target. The shield-
ing was effective; close study reveals that elastic
scattering from air was reduced by about 40%,
and the peak due to scattering from the survey
telescope is eliminated. Furthermore, the peak
due to neutrons scattering from the right detec-
tor into the left detector is reduced by about 25%
(an effect not visible in Fig. 1.14). Spectra for de-
tector 2 are similar except that TOF resolution is
better and there is no change due to the shield-
ing, since this detector remained unshielded in
both tests.

Figure 1.14: A TOF spectrum in detector 1 for
scattering from CD2 and a back-
ground spectrum. This is after set-
ting up paraffin shielding and tung-
sten shadow bars.

These measurements demonstrate that the
signal-to-noise at the SSA was improved by the
upgrade. Another test is scheduled for the fall
of 2015 to measure the signal-to-noise ratio for
nd breakup events. If the signal-to-noise ratio is
acceptable, measurements of the nn QFS cross
section in nd breakup will proceed at energies of
10 and 16 MeV (see Sect. 1.2.1).
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1.2.3 Three- and Two-Body Photodisintegration of 3He with Double Po-
larizations

H. Gao, M.W. Ahmed, P. Chu, C. Flower, J.N. Heideman, H.J. Karwowski, D. Kendellen,
G. Laskaris, M. Meziane, J.M. Mueller, C. Peng, H.R. Weller, Y.K. Wu, W. Xiong,
X. Yan, Y. Zhang, W. Zimmerman, TUNL; T. Averett, College of William and Mary, Williams-
burg, VA; D. Dutta, Mississippi State University, Starkville, MS ; B. Tsang, J. Manfredi,
Michigan State University, East Lansing, MI ; A. Deltuva, Institute of Theoretical Physics and
Astronomy, Vilnius University, Vilnius, Lithuania; A.C. Fonseca, Universidade de Lisboa, Lis-
boa, Portugal ; J. Golak, R. Skibiński, H. Wita la, Jagiellonian University, Kraków, Poland ;
P.U. Sauer, Leibniz Universität Hannover, Hannover, Germany.

We present double-differential cross-sections from an experiment on three-body photodisin-

tegration of polarized 3He using a circularly polarized photon beam at and incident energy of

16.5 MeV. We also present progress on the experiment on two-body photodisintegration of
3He with double polarizations at 29 MeV.

An important window for the study of QCD
is through the investigation of the structure and
particularly the spin structure of the nucleon and
few-body nuclei. Therefore sum rules involving
the spin structure of the nucleon or nuclei are
currently at the forefront of intensive experimen-
tal and theoretical efforts. Among spin sum rules,
the GDH sum rule [Dre66, Ger66] is particularly
interesting. There have been efforts worldwide to
test the GDH sum rule on the proton and neutron
[Dut04, Dut05]. More recently, experimental in-
vestigations of the GDH sum rule on nuclei such
as the deuteron [Sli08, Ahm08, Ahr09] and 3He
[Las13, Las15, Bar13, Cos14] have begun.

The determination of the GDH sum rule on
3He at energies between the two-body photodis-
integration around 5.5 MeV and the pion produc-
tion threshold around 140 MeV is important for
testing state-of-the-art three-body calculations,
which predict a large contribution to the inte-
gral. Such calculations are also important to
experiments utilizing polarized 3He as an effec-
tive polarized neutron target to probe the struc-
ture of the neutron. The GDH integral below
pion threshold based on three-body calculations
[Del09, Ski05] was predicted to be about 140 µb
[Las15], which comes from the sum of three-body
and two-body contributions. The estimates of
Deltuva (Skibinski) are about 170 µb (130 µb)
for three-body and −30 µb (10 µb) for two-body.
The HIγS facility provides a unique ability to in-
vestigate the GDH integral below the pion pro-

duction threshold using the photodisintegration
of 3He with double polarizations.

The first experiment [Las13, Las15] on the
three-body photodisintegration of 3He using a
longitudinally polarized 3He target and a cir-
cularly polarized γ-ray beam took place at
HIγS [Wel09] at incident photon energies of
12.8 and 14.7 MeV. The calculations by Del-
tuva et al. [Del09] provide a good description
of the results. They include single-baryon and
meson-exchange electromagnetic currents, rela-
tivistic single-nucleon charge corrections, and the
proton-proton Coulomb force. The calculations
of Skibinski et al. [Ski05], which are less success-
ful in describing the data, are based on solving
thethree-body Faddeev equations with a three-
body force and several models for the electro-
magnetic currents.

To see whether such agreement continues at
higher energies and to resolve the discrepancy
between the past unpolarized cross-section mea-
surements above 15 MeV [Las13], a new measure-
ment of ~3He(~γ, n)pp was performed at a photon
energy of 16.5 MeV. The spin-dependent double-
differential, single-differential, and total cross
sections and the contribution from the three-
body channel to the GDH integrand were ex-
tracted and compared with state-of-the-art three-
body calculations [Las15]. Fig. 1.15 shows the
contributions from the three-body photodisinte-
gration of 3He to the GDH integrand, together
with the theoretical predictions, as a function
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of photon energy. The calculations which in-
clude the Coulomb interaction are in good agree-
ment with the results of previous measurements
at 12.8 and 14.7 MeV but can no longer describe
the results at 16.5 MeV. The GDH integrand
was found to be about one standard deviation
larger than the maximum value predicted by the
theories [Las13, Las15]. To investigate whether
the larger-than-expected GDH integrand value at
16.5 MeV is due to statistics, future measure-
ments at higher energies are needed.
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Figure 1.15: The GDH integrand results com-
pared with the theoretical predic-
tions of Ref. [Del09] (solid-blue
curve) and Ref. [Ski05] (dashed-
black curve). The inner error bars
represent the statistical uncertain-
ties while the outer include the sta-
tistical and systematic uncertainties
added in quadrature.

The first measurement of the two-body pho-
todisintegration of 3He with double polarizations
at a photon energy of 29.0 MeV was performed
in May 2014. The protons from the two-body
photodisintegration were detected by 72 fully de-
pleted silicon detectors placed every 25◦ at pro-
ton scattering angles between 45◦ and 120◦ (eigh-
teen detectors at each angle). Six aluminium
hemispheres were used to place the detectors
about 10 cm from the center of the 3He target
chamber. Each hemisphere housed up to twelve
detectors and allowed us to maximize the number
of detectors around the 3He cell.

The data analysis is currently in progress
and quantities such as spin-dependent single-
differential and total cross sections and the 3He
GDH integrand value from the two-body break-

up at 29.0 MeV will be extracted. The extension
of these measurements to higher photon energies
and measurements on the three-body breakup
channel above 16.5 MeV will provide crucial tests
of the differential cross sections, the energy de-
pendence of the predictions, and whether the
contribution to the GDH integral below the pion
threshold is indeed dominated by the three-body
channel. These measurements, when combined
with data above pion threshold from other labo-
ratories, will directly test the 3He GDH sum rule
prediction.
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1.2.4 Three-Body Photodisintegration of 3H and 3He

F.Q.L. Friesen, M.W. Ahmed, A.S. Crowell, L.C. Cumberbatch, B. Fallin, C.R. How-
ell, D. Ticehurst, W. Tornow, TUNL; B.J. Crowe, D.M. Markoff, North Carolina Central
University, Durham, NC ; H. Wita la, Jagiellonian University, Krakow, Poland

We are developing an apparatus to measure the differential cross section for 3H(γ,pn)n and
3He(γ,pn)p at HIγS using a linearly polarized γ-ray beam at 15 and 25 MeV. The goal is

to determine the scattering lengths ann and anp. The initial apparatus will consist of gas

targets, collimators for selecting protons in the kinematic area of interest, silicon detectors

for charged-particle calorimetry, and neutron detectors. The design concept for the first phase

of these measurements was finalized during this reporting period.

The three-nucleon (3N) system provides a
theoretically solid platform for examining the nu-
clear Hamiltonian in an environment where both
nucleon-nucleon and 3N interactions are impor-
tant. The substantial agreement between ab-
initio 3N calculations and data gives confidence
in the theoretical treatment, but remaining dis-
crepancies imply that there might be features
in the reaction dynamics that are not well un-
derstood. For example, the measured cross sec-
tion for neutron-neutron (nn) quasi-free scatter-
ing (QFS) and the space-star configuration in
neutron-deuteron (nd) breakup are about 20%
larger than predicted by theory [Cou12, Sie02,
Rua07, Set05].

Figure 1.16: Exploded schematic view of the ex-
perimental setup, minus the neu-
tron detectors. The thin scintillator
method of particle ID is depicted.

Such discrepancies suggest that the 1S0 nn
force might be stronger than would be expected
from charge symmetry. We are conducting two
complementary measurements at TUNL to gain
insight into this dilemma. A cross-section mea-
surement of nn QFS in nd breakup is conducted
in the tandem laboratory, and the 3H(γ,pn)n
reaction will be studied at HIγS. These experi-
ments will have enough accuracy to resolve dis-
crepancies in existing data for the total cross sec-
tion and determine the 1S0 nn scattering length
ann to an accuracy of ±1 fm. The system for the
HIγS experiment will be commissioned with 3He
gas targets with the goal of determining the 1S0

neutron-proton (np) scattering length anp with
the same accuracy.

The experimental setup for our measurements
is shown in Fig. 1.16. While we plan eventually to
use a tracking-based setup, the initial measure-
ments will be made using an array of collimators
to select the angle of emitted charged-particles.
The targets will be mounted to a central rail. On
both sides of the targets are a set of collimators
and silicon detectors. The box enclosing the tar-
gets and detectors will be roughly 80 cm long
and 30 cm in the other dimensions. Neutron de-
tectors (not shown) will be located about 1 m
away from the beam axis. By using a horizon-
tally polarized beam, most of the protons from
the reaction will be directed through the colli-
mators. The collimator system is being designed
to detect the charged-particles for both exclusive
and inclusive measurements of the nn final-state
interaction (FSI) for tritium and the np FSI for
3He.

The performance goals of the system are: (1)
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a charged-particle energy resolution of ≤250 keV
FWHM for particles with energies around 4.5
MeV, including a 1.5% spread in the γ-ray beam
energy; (2) use of segmented neutron detectors
with pulse-shape-discrimination capability in co-
incidence with detection of a charged particle; (3)
identification of deuterons from 2-body photodis-
integration events; and (4) multiple layers of con-
tainment of the tritium gas (see Fig. 1.16 and
Sect. 1.2.5). The third feature could possibly be
accomplished through charged-particle identifica-
tion using a combination of thin scintillator and
silicon detectors. An alternative is using time-
of-flight information from the neutron plus the
charged particle energy to isolate the two-body
events kinematically.

Background events would be identified with
combined cuts on the charged-particle energy,
∆E/E particle identification, and time of flight.
Fig. 1.17 shows the expected number of counts af-
ter 150 hours of run time at a γ-ray energy of 15.2
MeV for two values of ann, assuming an exclusive
measurement as described. This includes a Gaus-
sian approximation for the energy spread of the
beam with 225 keV FWHM, and the measured
resolution profile of the silicon strip detectors to
be used in the experiment.
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Figure 1.17: Simulated spectrum with statistical
errors after 150 hours of beam time
at 15.2 MeV. Neutron detector effi-
ciency is not included.

A prototype wire chamber of the type origi-
nally planned for the experiment was constructed
and tested with sources and proton beams in
the tandem accelerator lab. It was found that
the necessarily thin mylar windows deflected un-
der slight pressure changes, introducing large
non-uniformities in gain across the face of the
chamber (see Sect. 1.2.7). A windowless time-
projection-chamber-based system is being inves-
tigated as an upgrade to replace the collimators
once the initial runs are complete, instead of wire

chambers.
Over the past year, we investigated the fea-

sibility of using freely available 500-µm-thick sil-
icon strip detectors produced for the CMS col-
laboration by ST Microelectronics and obtained
from Fermilab [Poo10]. The energy resolution
of the detectors using the original CMS config-
uration was about 1 MeV for 5 MeV protons.
Testing with the detectors reconfigured for use
with standard preamplifiers greatly improved the
measured proton energy resolution to around 175
keV FWHM for 4.5 MeV protons, though this
is still larger than the 50 keV that is typical of
large-area surface-barrier detectors. The resolu-
tion profile as a function of energy was measured,
and included in the simulation of the experiment
(see Sect. 1.2.6 for details). It is adequate for
our application, in which the kinematic region of
interest spans around 250 keV for the proton.

Development of a geant4 simulation of the
experiment is ongoing (see Sect. 1.2.8). The
simulation has demonstrated that an exclusive
measurement will provide the greatest sensitiv-
ity to the scattering lengths in both 3H(γ,pn)n
and 3He(γ,pn)p. The collimator geometry is cur-
rently being optimized to maximize sensitivity to
ann in the 3H(γ,pn)n experiment.

A 50-µm-thick rectangle of BC-404 coupled
to phototubes as shown in Fig. 1.16 and used in
combination with a 400 µm silicon surface barrier
detector was recently tested in the tandem lab
to evaluate the efficacy of this configuration for
performing ∆E/E particle identification. An 8-
MeV deuteron beam incident on a nickel foil tar-
get provided a broad energy range of protons and
scattered deuterons at 90◦. It was found that the
energy resolution of the scintillator was not ade-
quate for distinguishing protons from deuterons,
despite the relatively large amount of energy de-
posited.

[Cou12] A. H. Couture et al., Phys. Rev. C, 85,
054004 (2012).

[Poo10] O. Pooth, The CMS Silicon Strip
Tracker: Concept, Production and
Commissioning, p. 49, Vieweg+Teubner
Verlag, Fachmedien Wiesbaden GmbH,
Wiesbaden, 1 edition, 2010.

[Rua07] X. C. Ruan et al., Phys. Rev. C, 75,
057001 (2007).

[Set05] H. R. Setze et al., Phys. Rev. C, 71,
034006 (2005).

[Sie02] A. Siepe et al., Phys. Rev. C, 65, 034010
(2002).



18 Hadron Structure and Few-Nucleon Systems TUNL LIII 2014–15

1.2.5 Tritium Gas Target System for Photodisintegration Experiments

F.Q.L. Friesen, C.R. Howell, TUNL

Tritium gas targets will be used for measurements of the 3H(γ,pn)n at the high intensity

gamma-ray source. We report developments in the design of the target cells and the systems

for handling and storing the tritium gas. The cell design and containment systems have been

updated following recommendations from external reviewers.

The experiment to study the 3H(γ,pn)n re-
action will use approximately 300 Ci of gaseous
3H, which will be contained in seven target cells
constructed using thin HAVAR windows to min-
imize proton energy loss. The thickness has been
increased from 2.54 to 6.35 µm. Dividing the
target into separate gas volumes limits the maxi-
mum tritium loss in the event of a leak. The mod-
ified cell design eliminates the need for epoxy.
All seals between the windows and target body
made with micro welds or indium gaskets. Proto-
types are being constructed using both methods.
The target body is machined from a solid piece
of 316 stainless steel, rather than aluminum as
in the original design. This change was made to
improve structural strength and weldability, and
because 316 stainless is a thoroughly vetted ma-
terial for primary containment of tritium. To fur-
ther improve structural stability and ease of fab-
rication, all windows are now flat (see Fig. 1.18).
The cells will be pressurized with tritium gas to
slightly above atmospheric pressure and will be
refilled once a year to remove the 3He decay prod-
ucts and avoid pressure buildup.

The key design goals are to prevent release of
tritium, and capture material in the event of a
leak or foil rupture. Our three techniques are
containment, monitoring, and use of scrubber
systems. Three independent tritium scrubbing
systems will be constructed.

At the recommendation of the external re-
viewers, we are obtaining a tritium glovebox with
a dedicated tritium scrubber system capable of
operating in ambient atmosphere. All procedures
involving the transfer of tritium between compo-
nents will take place in this space. The volume
surrounding the glovebox will be further enclosed
by a set of plastic barriers and connected to the
high speed exhaust system. When the 3H tar-
gets are mounted in the apparatus, the enclos-

ing leak-tight box may only be opened inside the
glovebox. To reduce proton energy loss and the
presence of oxygen and water [Pap82], the air in
the box will be displaced with helium. Th he-
lium atmosphere will be continuously monitored
for tritium.

Figure 1.18: A schematic of the updated target-
cell design. The γ-ray beam will be
collimated to 1 cm diameter at the
target furthest downstream. Tar-
gets are held to the mounting rail
with bolts in the bottom of the cell.
Lengths are in mm.

The first of the three scrubbing systems is a
recovery system dedicated to cleaning the volume
of the target cassette (see Fig. 1.19). It is capa-
ble of recovering elemental tritium for re-use but
must be operated in an inert environment. It uses
a molecular sieve dryer to remove water [Uni04],
then a nickel bed to capture oxygen and crack
organics, followed by a ZrFe bed to capture and
store tritium.

The second scrubbing system is dedicated to
the tritium glovebox (see Fig. 1.20). It uses
a heated palladium catalyst to combine tritium
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Figure 1.19: Diagram showing the target cassette with its recovery system and the enclosing exper-
imental box. Cassette walls, collimators, and detectors are not shown for clarity. The
monitor continuously samples the cassette volume, and can engage the scrubber system
if needed.

with ambient oxygen to make water, which is sub-
sequently captured by a molecular sieve dryer.
Captured tritium cannot be re-used, but the sys-
tem has a large throughput and can operate in
atmosphere.

Finally there is a backup scrubber for the cas-
sette recovery system, using the same method as
the glovebox scrubber, but having a smaller ca-
pacity.

Figure 1.20: Diagram of the glovebox and associ-
ated scrubber system.

The tritium will be stored and purified using
a temperature-controlled uranium bed. The bed
will also be used to recover excess tritium gas left
in the manifold after a filling operation. When
the bed is at room temperature, tritium is stored
as UT3, and impurities such as 3He can be safely
pumped out [RCT]. The 3H detector to be used

in the chamber for the interlock is a modified
solid-state detector capable of directly detecting
β particles from the decay [Wam94]. With this
design, the interlock functions over a wide range
of the pressures in the chamber.

Once filled, the targets will be kept in the tar-
get cassette, a closed volume that provides an ad-
ditional layer of containment and can be easily re-
moved from the experimental setup. Targets not
in use will be stored in the cassette with stainless
steel sides bolted on, and with the reclamation
system connected. This assembly is stored in the
glovebox.

The experimental setup will be commissioned
using 3He and 2H-filled targets (see Sect. 1.2.4).
This approach will provide verification of the
readiness of the tritium targets and the experi-
mental apparatus for experiments with the Γ-ray
beam measurement.
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1.2.6 Evaluation of Silicon Strip Detectors with Low-Energy Protons

F.Q.L. Friesen, M.W. Ahmed, A.S. Crowell, L.C. Cumberbatch, B. Fallin, C.R. How-
ell, D. Ticehurst, W. Tornow, TUNL; B.J. Crowe, D. Markoff, North Carolina Central
University, Durham, NC ; H. Wita la, Jagiellonian University, Krakow, Poland

In support of the 3H(γ,pn)n and 3He(γ,pn)p experiments to be carried out at HIγS, 500-µm-

thick silicon strip detectors originally destined for the CMS experiment were tested with

low-energy protons in the tandem laboratory. The silicon detectors are needed to make

accurate measurements of the kinetic energy of charged particles emitted in the reactions.

Section 1.2.4 of this report describes the
experiments to study the 3H(γ,pn)n and
3He(γ,pn)p reactions at HIγS. During this re-
porting period, we investigated the feasibility
of using 500-µm-thick silicon strip detectors for
measuring the energy of charged particles in the
experiments. The strip detectors were produced
for the Compact Muon Solenoid (CMS) collabo-
ration by ST Microelectronics. A strong factor
in considering these detectors is that they were
donated to our experiment by Fermilab. In this
investigation, protons from the tandem acceler-
ator at TUNL were scattered off of a thin gold
target foil to 90◦. They then exited the chamber
through a 6.35 µm HAVAR foil and were incident
on the detectors being tested. Monte-Carlo cal-
culations done with the code trim were used to
account for energy-loss effects.

The detectors themselves have a 94 x 92 mm
active area and a strip pitch of 122 µm, for a
total of 768 strips per detector [Poo10]. These
detectors are appealing because they cover a
large area, are thick enough to fully stop 7 MeV
protons, and are available at no cost. They
were originally intended for use with the APV25
readout ASIC (application-specific integrated cir-
cuit). Several detectors and readout chips were
obtained and wire-bonded at Fermilab.

The APV25 chips are versatile, and can sup-
port readout of a variety of silicon strip detec-
tors, but they were designed for tracking rather
than for spectroscopy of low-energy charged par-
ticles. The detectors were first tested with the
APV25 units, as this would allow for individ-
ual strip readout. Each APV chip connects to
128 strips and amplifies signals from the strips
with an array of 128 adjustable folded cascode
preamps followed by 50-ns CR-RC shapers. The

chip is clocked at 20 MHz and continuously stores
these analog signals in a capacitor-based analog
pipeline. When a trigger signal is received by the
chip, it retrieves stored charge from the pipeline
a set time in the past, and outputs it serially
with some digitally-encoded information over a
set of differential lines. The chips are individ-
ually configurable over I2C (inter-integrated cir-
cuit) connections. A single strip detector has six
associated APVs, multiplexed onto three differ-
ential output lines at 40 MHz.

Strip Number

Figure 1.21: Pedestal-subtracted detector re-
sponse to a proton beam centered
on strip 256. The boundaries be-
tween APV chips occur every 128
strips.

The DAQ used a field-programmable gate ar-
ray in a VME module to generate the clock signal
for the APV chips. This same line also carried
triggers and other control signals. The clock sig-
nal was digitized alongside the outputs from the
APV board, and the four signals were later pro-
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cessed with a python-based code. Trigger sig-
nals were typically provided by a small 50-µm-
thick silicon transmission detector positioned in
front of the detector being tested. When a parti-
cle passed through the transmission detector, the
system would trigger the APV chips twice: once
to access the measurement from just before the
particle hit, and a second time to measure the
energy deposited by the particle. This provided
compensation for drifting pedestals.

The tracking performance was very good,
with signals at normal incidence confined to three
strips. However, the energy resolution of indi-
vidual channels was relatively poor. Figure 1.21
shows the accumulated detector response across
512 strips, with the scattered proton beam cen-
tered on strip 256. In total, the proton energy
resolution of the strip detector when read out
through the APV chips was found to be about
1 MeV for 5 MeV protons.

Figure 1.22: Measured silicon detector resolution
as a function of the number of strips
grouped together when read out
through Ortec 142.

In an effort to improve the energy resolu-
tion of the silicon detectors, they were modified
for use with traditional silicon preamplifiers by
combining multiple strips together to reduce the
number of channels needed to read out the de-
tector. These are AC-coupled strips, with a thin
oxide layer between each p-type implant and with
the overlying aluminized layer creating the cou-
pling capacitors. The detector backplane receives
the bias, and the strips sit near ground.

Channels were combined by using silver epoxy
to precisely bridge across connections on the glass
pitch adapter between the aluminized strips on
the detector and the APV chips. These combined
signals were routed to sub-miniature version-A
connectors and amplified by Ortec 142 preampli-
fiers. Different groupings of strips were also in-

vestigated as shown in Fig. 1.22. Groupings of 64
strips were used to measure the resolution profile
shown in Fig. 1.23, as well as the linearity shown
in Fig. 1.24.

Figure 1.23: Measured silicon detector resolution
as a function of incident proton en-
ergy. Each point is an independent
trial.
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Figure 1.24: Linearity and resolution of silicon
strip detector with 64 strips com-
bined together

Despite the relatively poor energy resolution
compared to small-area surface-barrier detectors,
the scattering length measurement can still be
carried out with the modified strip detectors.
However, it may be necessary to upgrade them
prior to more general differential cross section
measurements to be made with a tracking-based
setup at a later stage of the experiment.

[Poo10] O. Pooth, The CMS Silicon Strip
Tracker: Concept, Production and Com-
missioning, p. 49, Vieweg+Teubner
Verlag, Fachmedien Wiesbaden GmbH,
Wiesbaden, 1 edition, 2010.
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1.2.7 Evaluation of a Prototype Wire Chamber

F.Q.L. Friesen, M.W. Ahmed, A.S. Crowell, L.C. Cumberbatch, B. Fallin, C.R. How-
ell, D. Ticehurst, W. Tornow, TUNL; B.J. Crowe, D. Markoff, North Carolina Central
University, Durham, NC ; H. Wita la, Jagiellonian University, Krakow, Poland

A prototype wire chamber of the type originally planned as part of a tracking system for

the 3H(γ,pn)n and 3He(γ,pn)p experiments (see Sect. 1.2.4) was constructed and tested with

radioactive sources and proton beams in the tandem laboratory. It was found that the nec-

essarily thin Mylar windows deflected under slight pressure changes, introducing large and

unpredictable non-uniformities in gain.

A prototype wire chamber with anode wire
and cathode strip readout for use with low en-
ergy charged particles was designed, constructed,
and tested. The windows were made from 2-µm-
thick aluminized Mylar, electrically etched with
a CNC milling machine to create isolated strips
8 mm wide. The anode planes consist of gold-
plated tungsten wires, 20 µm in diameter with a
2 mm spacing. The cathode planes were held 8
mm on either side of the anode plane. The frame
was machined from bulk FR4. Printed circuit
boards were designed in-house and fabricated by
an outside vendor.

Figure 1.25: Partially disassembled wire chamber.
Cathode edge-card connectors are lo-
cated at the top of the chamber and
not visible.

The chamber with the top cathode board re-
moved is shown in Fig. 1.25. The lower cath-
ode strips are visible under the anode wires. The
anode bias resistors and coupling capacitors are
visible on the left and right sides of the anode
board. Discriminator cards (2735PC) connect to
the 96 independent anode channels via the anode

board edge-card connectors. The discriminators
produce ECL (emitter-coupled logic) signals pro-
cessed by an FPGA (field programmable gate ar-
ray) based trigger system implemented in a Caen
1495 module. Each cathode board supports 32
independent strips, which connect to preampli-
fier cards, and then into FERA (Fast Encoding
and Readout ADC) modules.

The Mylar windows were chosen to be 2 µm
thick, as part of our strategy for minimizing en-
ergy loss of low-energy charged particles travers-
ing the apparatus. The original design of the
tracking detector required two wire chambers fol-
lowed by silicon detectors. Therefore, before be-
ing measured, particles would have had to pass
through four Mylar windows, in addition to ex-
iting the foil surrounding the gas target cell (see
Sect. 1.2.5). The working gas was chosen to be
helium, again to reduce energy loss.

The chamber was tested with a 90Sr electron
source and with protons from the tandem accel-
erator (typically less than 100 nA on target) scat-
tered off of a thin gold target foil at a scattering
angle o 90◦. Protons from the tandem were usu-
ally tagged using a 50-µm-thick silicon transmis-
sion detector and/or a plastic scintillator pad-
dle in coincidence. Coincidence testing showed
consistently low efficiency for protons throughout
most of the chamber, but with a clear response to
the presence of a beam or source. A small area,
usually near an edge, would often exhibit a much
higher gain than other portions of the chamber,
and preventing breakdown/excessive current in
this region was a limiting factor in increasing the
chamber voltage.

The chamber was first used with an ar-
gon/isobutane mixture because it is a well-
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understood combination [Blu08] and is similar to
helium/isobutane. Figure 1.26 shows that the
count rate reaches a plateau as the voltage in-
creases, and that, as expected, the plateau po-
sition is modulated by the fraction of quench-
ing gas. Increasing the voltage increases the size
of the amplification region around the anodes,
which subsequently increases the number of ions
recombining at the cathodes and emitting pho-
tons which can potentially scatter electrons from
the cathode and create unwanted feedback. In-
troducing more quenching gas causes more of
these photons to be absorbed before reaching
the cathode [Apr06]. This effect also causes the
chamber to be photosensitive.
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Figure 1.26: Count rate of a single cathode strip

in response to a 90Sr source for dif-
ferent gas mixtures as a function of
applied voltage.

Gas was delivered to the chamber via two
mass-flow controllers feeding into a manifold.
The gas exiting the chamber was originally
planned to flow through a bubbler, but the pres-
sure required to displace the mineral oil from the
tube caused deflection of the Mylar by over 3 mm
at the center, which was far too much, given the
8 mm anode-cathode spacing. The bubbler was
replaced with a 2 m length of 3.5 mm diameter
tubing with an open end. Flow rates were kept as
low as the flow controllers would allow without
sacrificing too much accuracy. They were typ-
ically 20 to 100 cc/minute. Even at these flow
rates, deflection of the cathodes was detectable
via the slightly distorted image reflected by the
Mylar. The air in the experimental area was kept
as still as possible, and the chamber was cov-
ered with a protective layer of cardboard during
bench-top testing with sources, but it is neverthe-
less possible that very small time-varying pres-

sure fluctuations harmed the repeatability of the
measurements.

The cathode preamplifier cards had a ten-
dency to enter parasitic oscillation caused by a
small fraction of the output coupling back into
the input. The anode discriminator electronics
would then easily pick up this feedback. This
became more pronounced as signals from the
chamber increased in amplitude. Capacitors were
added between the cathode strips and ground to
mimic the capacitance between cathodes and the
grounded aluminized layer usually present on the
side of the Mylar facing outside the chamber,
thereby creating a filter which suppresses oscil-
lation on the timescale of the feedback. Much ef-
fort was also put into ensuring the soundness of
the grounding system and power supplies. This
yielded some improvements, but the lack of a
second aluminized layer on the outsides of the
cathodes likely deprived the sensitive elements of
some electromagnetic shielding.

One of the key functions of the wire cham-
bers in the tracking-based design was to provide
a measurement of energy deposited by particles
traversing the apparatus as part of ∆E/E particle
identification. This measurement must be highly
self-consistent over time across the sensitive areas
of all the detectors. This is further complicated
by the radiation safety requirement (adopted af-
ter work on the prototype chamber began) that
the full apparatus be sealed in a box with the tri-
tium targets, rendering it physically inaccessible
at HIγS, where the experiments were to be run.
The need to flow-count gas going into and out
of this sealed volume while maintaining precise
pressure equilibrium across the Mylar windows
would also have posed a significant challenge.

For these reasons, we decided against a track-
ing detector using wire chambers. The first it-
eration of the experiment will instead use colli-
mators to select the kinematic region of interest,
even though this means we will be unable to col-
lect differential cross section angular dependen-
cies. A windowless time projection chamber us-
ing pure helium gas and gas electron multipliers
is being investigated as an alternative for particle
tracking.

[Apr06] E. Aprile et al., Noble Gas Detectors,
Wiley-VCH Verlag GmbH, Weinheim,
2006.

[Blu08] W. Blum et al., Particle Detection with
Drift Chambers, Springer, Berlin, sec-
ond edition, 2008.
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1.2.8 Monte-Carlo Simulations of 3H(γ, pn)n and 3He(γ, pp)n Experiments
at HIγS

Z. Han, F.Q.L. Friesen, M.W. Ahmed, A.S. Crowell, L.C. Cumberbatch, B. Fallin, C. R.
Howell, D. Ticehurst, W. Tornow, TUNL; B.J. Crowe, North Carolina Central University,
Durham, NC ; I.J. Gray, University of Minnesota Twin Cities, Minneapolis, MN ; H. Wita la,
Jagiellonian University, Krakow, Poland

We are developing an experiment to measure the two- and three-body differential cross sec-

tions for photodisintegration of 3H and 3He. These data will be used to determine the 1S0

nn scattering length (ann) and np scattering length (anp), respectively. Influences of long-

range three-nucleon interactions are studied by comparing the experimental nucleon-nucleon

scattering lengths obtained from two-body and three-body final states. The Monte-Carlo

simulations will aid in optimizing the experiment’s design and data analysis approach. We

describe the features of the simulations for the three-body case and summarize progress made

during the reporting period in developing the simulations-software.

Experiments to measure the differential cross
sections for photodisintegration of 3H and 3He
are being developed at the Triangle Universities
Nuclear Laboratory. The goal is to provide data
for assessing the theoretical treatment of meson-
exchange currents in the photodisintegration of
nuclei and to investigate long-range features of
three-nucleon interactions. Measurements will be
performed using a linearly polarized γ-ray beam
at the High Intensity γ-Ray Source, HIγS. The
apparatus being developed should allow us to
perform photodisintegration measurements with
a variety of particle coincidence configurations.

The proton energy spectrum will be measured
at several polar angles in the range from 45◦ to
135◦. The sensitivity of this reaction to meson-
exchange currents and nucleon-nucleon scatter-
ing lengths will be used to investigate long-range
three-nucleon interactions. The first measure-
ments will be performed with an incident γ-ray
energy of 15 MeV. Higher energies will be con-
sidered in subsequent studies. In the prelimi-
nary conceptual experiment design, the trajec-
tories and energies of the emitted protons will be
determined with wire chambers and silicon de-
tectors located on either side of thin-walled gas
targets.

We are currently working to develop software
to perform Monte-Carlo simulations of the three-
body photodisintegration of 3H and 3He, based
on the geant4 toolkit. Using cross-section cal-
culations by Wita la and Skibinski [Wit11, Ski03],

photodisintegration events are generated inside
the gas targets, and the emitted protons are prop-
agated from the reaction site through the detec-
tion apparatus. The simulations of the proton
energy spectra will allow direct comparison be-
tween measurements and theory. Count-rate and
background estimations will be performed with
the simulations and will be used in the planning,
design optimization, and data analysis of the ex-
periment.

Figure 1.27: Preliminary geant4 geometry design
for the Monte-Carlo simulation of
the three-body photodisintegration
experiment. The label (A) denotes
the target set; (B) is the collimator
with square-packing circular holes;
and (C) shows the ideal detector as-
semblies, which will be replaced by
BC404 detectors.

The performance goals of the simulations are:

• To aid in comparing the measurements to
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theory;

• To analyze systematic uncertainties;

• To estimate the count rates of the reactions
of interest, as well as the background count
rates, so that we can project the statistical
accuracy for our determination of ann;

• To evaluate the use of ∆E/E detectors for
charged particle identification; and

• To use the results as a tool in the develop-
ment of data-analysis software.

The simulations first generate proton events
from a predicted distribution by sampling with
respect to Eγ plus θp, θn, φp, and φn (the four
relevant detection angles), and the γ-ray interac-
tion position in the target for each event. The
simulations then propagate protons through the
apparatus while recording their energy and po-
sition at different stages in the process as they
move from the target to the liquid scintillators.
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Figure 1.28: Preliminary count estimation for

Eγ = 15.2 MeV for 3H(γ,pn)n assum-
ing two different scattering lengths
and using 75-keV energy bins. The
simulations were implemented with
the preliminary geometry.

Previous simulations were based on the wire-
chamber experimental setup design. To reduce
the experimental complexity and improve the
sensitivity of the ∆E/E method for particle iden-
tification, the current design is a collimator-based
setup, as shown in Fig. 1.27.

The system consists of symmetric sets of col-
limators on both sides of the targets, with plastic
scintillators and silicon strip detectors behind the
collimators. The collimators will select a certain
angular acceptance, while the scintillator and sil-
icon detectors will provide measurements of par-
ticle energy and ∆E/E particle identification.
Neutron detectors are also added for kinemat-
ically complete measurements of the configura-
tions of particular interest.

Preliminary simulations for 3H(γ,pn)n at
Eγ = 15.2 MeV assuming scattering lengths ann
equal to −17.8 fm and −19.8 fm are shown in
Fig. 1.28. The proton and neutron were con-
strained by setting θp = θn = 85.5 ± 7◦ and
∆φ = 173 ± 7◦. The simulated proton energy
spectra in Fig. 1.28 shows that the difference in
the counts in the region of interest for the two
values of ann is about 10%. This simulation in-
cludes finite-geometry effects and collimator an-
gular acceptance. The energy spread in the γ-ray
beam is not included.

The geant4 simulation for the collimator-
based design was written during this reporting
period. The main purpose of the simulation was
to optimize the design of the collimator. The
simulated data may be also used to develop and
test the data-analysis software. They will also be
employed for optimizing the experiment geome-
try. The simulations will eventually be extended
to two-body photodisintegration.

[Ski03] R. Skibinski et al., Phys. Rev. C, 67,
054002 (2003).

[Wit11] H. Wita la and W. Glöckle, Phys. Rev.
C, 83, 034004 (2011).
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Nuclear Astrophysics

Chapter 2

• Nucleosynthesis in Hydrostatic and Explosive Environments

• Thermonuclear Reaction Rates

Almost all questions in astrophysics ultimately require a detailed understanding of stars and stellar
properties, thus challenging stellar models to become more sophisticated, quantitative, and realistic
in their predictive power. This, in turn, requires more detailed input physics, such as thermonuclear
reaction rates and opacities, plus a concerted effort to validate models through systematic obser-
vations. Consequently, the study of nuclear reactions in the universe remains the focus of nuclear
astrophysics research at TUNL.

Our accomplishments during this reporting period include: (1) the lowest energy in-beam mea-
surement to date of the 17O(p,γ)18F reaction important for classical nova nucleosynthesis; (2) the
design of a new method to analyze singles and coincidence γ-ray pulse-height spectra, which has
been applied to both the 17O(p,γ)18F and 22Ne(p,γ)23Na reactions; (3) the discovery of a low-energy
resonance in the 29Si(p,γ)30S reaction important for explosive stellar hydrogen burning; (4) the com-
pletion and submission of a review article of classical nova nucleosynthesis and an evaluation of the
18Ne(α,p)21Na reaction; (5) continued work on correlations and uncertainties in reaction networks
so that the specific reactions that are linked to astrophysical observables can be determined.
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2.1 Nucleosynthesis in Hydrostatic and Explosive Environ-
ments

2.1.1 New Recommended ωγ for the Ecm
r = 458 keV Resonance in

22Ne(p,γ)23Na

K.J. Kelly, A.E. Champagne, R. Longland, M.Q. Buckner TUNL

A new measurement of the resonance strength of the Ecm
r = 458 keV resonance in 22Ne(p,γ)23Na

is based on precise primary branching ratio determinations using the TFractionFitter class of

ROOT. The recommended strength is ωγ(458 keV) = 0.583(43) eV, more than one standard

deviation above a recent result based on literature branching ratios. This change affects all

resonance strengths and cross sections measured relative the 458-keV resonance.

Stellar winds from massive asymptotic gi-
ant branch (AGB) stars are believed to con-
tribute to the observed sodium-oxygen anti-
correlation in globular clusters [D’A83, Ren08].
The most uncertain nuclear reactions involved in
the production and destruction of 23Na in mas-
sive AGB stars are [Ces13] the 20Ne(p,γ)21Na,
22Ne(p,γ)23Na, and 23Na(p,α)20Ne reactions.
Accurate measurements of these reaction rates
at astrophysically relevant energies will improve
the accuracy of stellar AGB models. However,
a well-known reference resonance that can pro-
vide an absolute cross-section scale is required
for accurate measurements of these reactions.
The 22Ne(p,γ)23Na resonance at Ecm

r = 458 keV
(Ex = 9252.1(10) keV, Sp = 8794.11(2) keV
[Fir07]) is an ideal reference resonance for p-
capture reactions on Ne isotopes. A careful mea-
surement of this resonance strength has recently
been performed [Lon10]. However, the calcula-
tion of their strength was inversely proportional
to a weighted average of the ground-state branch-
ing ratios reported in Refs. [Pii71, Mey73], which
were measured with lower efficiency detectors.

A high-statistics measurement of the 458-keV
resonance in 22Ne(p,γ)23Na was recently per-
formed as a check on the ωγ(458 keV) value re-
ported in Ref. [Lon10]. Targets for this work
were fabricated using the Eaton Ion Implanter
at UNC Chapel Hill by implanting singly ionized
22Ne atoms into a tantalum target-backing at an
implantation energy of 100 keV, and the JN ac-
celerator at LENA provided about 0.01 C of pro-
tons on target at Ep = 494 keV. The resulting

γ-ray spectrum was measured with a 135% rela-
tive efficiency high-purity germanium detector.

The branching ratios from this resonance were
determined using geant [Ago03] simulations of
each possible decay cascade from the 9252-keV
resonant state coupled to the TFractionFit-
ter [Bar93] class of ROOT [Bru97]. Version
4.9.6 of geant was used for all simulations.
Branching ratios derived from this analysis are
shown in Table 1 with a comparison to those from
previous work. Note that a new primary branch
from the resonant state to the 7082-keV excited
state in 23Na was identified for the first time in
this work.

Table 2.1: Branching ratios (in %) for primary
transitions from the 458-keV resonance
in 22Ne(p,γ)23Na.

Transition Present [Mey73] [Pii71]
R→0 41.77(67) 46.0 48.0

R→2391 4.05(12) 3.7 5.0
R→2640 8.27(18) 8.5 6.0
R→2982 31.73(52) 32.0 39.0
R→3678 4.85(16) 4.1 -
R→3848 - - 2.0
R→3914 0.37(9) 0.7 -
R→4430 1.69(9) 1.8 -
R→5766 2.78(9) 2.4 -
R→6921 2.43(9) 0.8 -
R→7082 2.06(9) - -

The accuracy of the present branching ratios
was verified via the calculation of the experimen-
tal yield, Y , as determined from each observed
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primary transition, j, according to

Yj =
[

NγfSC
NBBηpW

]
j

, (2.1)

where Nγ , ηp, B, and W are the observed num-
ber of γ-ray counts, the detector full-energy peak
efficiency, the branching ratio, and angular corre-
lation factor associated with a particular transi-
tion, respectively. All primary γ-rays were emit-
ted isotropically from the target because the res-
onant state has J(9252 keV) = 1/2. Angular
correlations for all secondary transitions were in-
cluded in our geant simulations. The param-
eter NB is the number of bombarding particles
collected during data acquisition and was con-
stant for all Yj . The parameter fSC corrects the
observed γ-ray peak for coincidence-summing ef-
fects. The calculation of fSC factors is expanded
upon in Ref. [Kel15].

Values of Yj were calculated assuming the
branching ratios of Refs. [Pii71, Mey73], and
of the present work separately. Given that the
same experimental yield should be obtained in-
dependent of the transition being analyzed, we
chose to probe the accuracy of the literature and
present branching ratios by analyzing the varia-
tion in the corresponding Yj . This variation was
quantified via the geometric standard deviation,
σgeo, of each set of Yj . This is defined as

σgeo = exp


 1
N

N∑
j

ln
(
Yj
µg

)2
 1

2

 , (2.2)

where N and µg are the total number of data
points and the geometric mean of the set of Yj .
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Figure 2.1: The experimental yield from the 458-

keV resonance in 22Ne(p,γ)23Na calcu-
lated from Eq. 2.1.

The Yj resulting from this analysis are shown
in Fig. 1. The σgeo obtained using the branching
ratios of Refs. [Pii71, Mey73] are, respectively,
77% and 34% higher than that obtained using

the present branching ratios. Additionally, the
Yj calculated using the newly identified transi-
tion to the 7082-keV excited state in 23Na, seen
at 2170 keV in Fig. 1, is in good agreement with
the Yj of the same data set.

The ground-state-transition branching ratio
measured in this work is 10 to 13% lower than
those of Ref. [Mey73] and Ref. [Pii71]. This re-
sult increases the strength measurement of Ref.
[Lon10] by about 11.3%, or about 1.2 σ. Given
that the technique used in Ref. [Lon10] was in-
dependent of effects associated with the charge
integration, absolute detector efficiency, or as-
sumed target stoichiometry, we chose to correct
their result by replacing their assumed ground-
state branching ratio with the value reported
here. Therefore, we recommend ωγ(458 keV) =
0.583(43) eV. The uncertainty in this strength
has also been reduced from 9.7% [Lon10] to 7.3%.
It should be noted that this strength is consistent
with our measured yield and assumed stoichiom-
etry. The revision of this resonance strength af-
fects all resonance strengths and cross sections
measured relative to this resonance. Further de-
tails on this work can be found in Ref. [Kel15],
which was recently accepted by Phys. Rev. C.

[Ago03] S. Agostinelli et al., Nucl. Instrum.
Methods A, 506, 250 (2003).

[Bar93] R. Barlow and C. Beeston, Comp. Phys.
Commun., 77, 219 (1993).

[Bru97] R. Brun and F. Rademakers, Nucl. In-
strum. Methods A, 81, 389 (1997).

[Ces13] J. M. Cesaratto et al., Phys. Rev. C,
88, 065806 (2013).

[D’A83] F. D’Antona, R. Gratton, and A. Chi-
effi, Mem. Soc. Astron. Italiana, 54, 17
(1983).

[Fir07] R. B. Firestone, Nucl. Data Sheets,
108, 1 (2007).

[Kel15] K. J. Kelly et al., Phys. Rev. C, (2015),
Accepted for publication.

[Lon10] R. Longland et al., Phys. Rev. C, 81,
055804 (2010).

[Mey73] M. A. Meyer and J. J. A. Smit, Nucl.
Phys. A, 205, 177 (1973).

[Pii71] M. Piiparinen, A. Anttila, and M. Vi-
itasalo, Z. Phys., 247, 400 (1971).

[Ren08] A. Renzini, Mon. Not. R. Astron. Soc.,
391, 354 (2008).
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2.1.2 High Beam-Intensity Study of 17O(p,γ)18F and Thermonuclear Re-
action Rates for 17O+p

M. Buckner, C. Iliadis, K.J. Kelly, L.N. Downen, A.E. Champagne, J.M. Cesaratto, C.
Howard, R. Longland, TUNL;

Hydrogen burning of the oxygen isotopes takes place in several stellar environments. We

made a new measurement of the 17O(p,γ)18F reaction at incident energies of 170 to 530 keV.

Improvements over previous work include significantly higher beam intensities, the use of

a sophisticated γ-ray coincidence spectrometer, and a novel data analysis technique made

possible by the spectrometer. We present new thermonuclear rates for the 17O+p reactions,

taking all consistent results from previous measurements into account.

Hydrogen burning of the oxygen isotopes
takes place in a variety of sites, including low-
mass stars during hydrogen core and shell burn-
ing, AGB stars during hydrogen shell burning,
intermediate-mass AGB stars during hot-bottom
burning, and both CO and ONe classical novae
during the explosion. Observations of oxygen ele-
mental and isotopic abundances in stellar spectra
[Tsu08] or in presolar grains [Mey08] can provide
strong constraints for stellar model simulations
if reliable thermonuclear reaction rates for the
hydrogen burning of oxygen are available over a
wide region of stellar temperatures.

Because of the astrophysical importance of
the 17O+p reaction rates, we performed a new
measurement of the (p,γ) channel at bombard-
ing energies between 170 keV and 530 keV. We
measured the cross section at much lower energies
than those used in previous in-beam experiments.
Given that the sensitivity in a nuclear counting
experiment is directly proportional to the signal
count rate, increasing the proton beam current
is of utmost importance. Our maximum beam
current was about 2 mA, representing an order of
magnitude improvement over Ref. [DL14]. In ad-
dition, the sensitivity is approximately inversely
proportional to the square root of the background
count rate. Thus, for the first time in this reac-
tion, we performed the measurement using a so-
phisticated γ-ray coincidence spectrometer, con-
sisting of a large-volume HPGe detector and a
NaI(Tl) annulus, which not only allowed for a
significant reduction in background, but also pro-
vided valuable experimental information for the
interpretation of the 18F decay scheme at each
measured bombarding energy.

The substantial increase in detection sensitiv-
ity also allowed for a novel data analysis method
that relies on a decomposition of the complete
HPGe coincidence spectrum into different com-
ponents arising from various primary decays in
17O(p,γ)18F. We demonstrated that our method
gives consistent results for the strengths of the
low-energy resonances at bombarding energies of
193 keV and 518 keV compared to the most sen-
sitive previous measurements. With regard to
the low-energy S-factor, our data, unlike previous
prompt γ-ray studies, contain almost the entire
decay strength in 17O+p. Thus our S-factor data
points scatter much less than previous results.

Based on the present measurement and all
consistent previous studies, we calculated new
thermonuclear reaction rates for the 17O(p,γ)18F
and 17O(p,α)14N reactions that will allow for
more reliable simulations of low-mass stars and
classical novae.

Our results are compared to the 2010 reac-
tion rate evaluation [Ili10] in Fig. 2.2. The ratios
of previous and present recommended rates are
shown as solid black lines.

For the 17O(p,γ)18F reaction, our rates are
higher by up to 20% for temperatures below
3 GK. Our much higher rates at elevated temper-
atures (a factor of four at 10 GK) arise because
the direct capture rate was artificially cut off by
Ref. [Ili10] at an energy of 1.2 MeV, whereas here
we take the full direct capture S-factor into ac-
count. Except at T = 40 to 60 MK, our rate un-
certainties (grey shaded area, representing a 68%
coverage) are smaller than those of Ref. [Ili10]
(blue shaded area) at almost all temperatures.
Our (p,γ) rates are in overall agreement with the
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recent results of Di Leva et al. [DL14], with a
maximum deviation of about 20% near 30 MK.
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Figure 2.2: Reaction rate comparison of present
results with a recent evaluation [Ili10].
All rates are normalized to the new
recommended rate. The shaded areas
are described in the text. The solid
line shows the ratio of previous and
present recommended rates.

For the 17O(p,α)14N reaction, the present
and previous [Ili10] rate uncertainties are simi-
lar. The recommended rates deviate by about
30% near 20 MK and by about 50% at 10 GK.
The deviation at low temperatures is caused by
the higher adopted upper limit for the spectro-
scopic factor of the −2 keV subthreshold reso-
nance, while the deviation at the highest tem-
peratures is caused by the fact that we use a dif-
ferent Hauser-Feshbach prescription (talys ver-
sus non-smoker) compared to Ref. [Ili10]. The
change was made in order to account for missing
resonance contributions.

This work has now been published [Buc15].
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2.1.3 Thermonuclear Reaction Rate Evaluation for 18Ne(α,p)21Na

R. Longland, C. Iliadis, TUNL; P. Mohr, Diakonie-Klinikum, D-74523 Schwäbisch Hall, Ger-
many ;

The 18Ne(α,p)21Na reaction is a key reaction for CNO-cycle breakout during explosive hydro-

gen burning in X-ray bursts. Here, we report on a new evaluation of this rate using a Monte

Carlo method for uncertainty propagation. Our results are consistent with other evaluations,

but are the first to present statistically meaningful, temperature-dependent uncertainties.

During their explosions, X-ray bursts burn
hydrogen at high temperatures to create isotopes
far from the valley of stability. The start of
this nucleosynthesis begins with breakout from
the CNO cycle, which is strongly influenced by
the 18Ne(α,p)21Na reaction. This reaction’s cross
section has not been well measured directly be-
cause it involves a radioactive target, 18Ne. As a
result, the uncertainty in its rate is large and has
a significant impact on X-ray burst nucleosynthe-
sis.

The 18Ne(α,p)21Na reaction proceeds through
excited states in 22Mg. Previously, studies have
been performed to identify the particlar states
in 22Mg that strongly contribute to the rate at
1 to 2 GK, the temperature range important in
X-ray bursts. Nuclear properties of those states
have also been determined, although there are
disagreements between experiments that make
them challenging to interpret. An overview is
presented in Ref. [Moh14].

In this study, we re-evaluated the rate of the
18Ne(α,p)21Na reaction using the Monte Carlo
reaction rate formalism first presented in Ref.
[Lon10]. However, an extra source of uncertainty
stems from quantum number assignments for the
intermediate states in 22Mg. We extended the
RatesMC code, allowing us to investigate the
impact of those ambiguities on the reaction rate.

In order to evaluate the rate for this reaction,
we must first assess uncertainties in the input pa-
rameters. The reaction rate per particle-pair is
given by

〈σv〉 =
(

2π
µkT

)3/2

~2
∑
i

ωγie
−Er,i/kT , (2.3)

where T is the temperature, and Er,i and ωγi
are the energy and strength of the ith resonance,

respectively. The resonance strength depends on
the partial widths Γα of the α particle and Γp
of the proton and on the total width, Γ, through
the relation

ωγαp = (2J + 1)
ΓαΓp

Γ
. (2.4)

For most low energy resonances, Γα � Γp, so
Γp ≈ Γ, so the resonance strength can be ap-
proximated as

ωγαp ≈ (2J + 1)Γα. (2.5)

The quantity J is the spin of the state.
The dominant uncertainties for calculating

the rate of the 18Ne(α,p)21Na reaction are, there-
fore, in the resonance spins and α-particle partial
widths of the states in 22Mg. The latter can be
divided into four broad groups: (i) those with
well-determined mirror states in 22Ne, (ii) those
for which the approximation in Eq. (2.5) is no
longer appropriate. This group does not affect
the rate at astrophysical energies; (iii) states for
which widths in the mirror nucleus have been
measured but whose determination is strongly
model dependent; and (iv) states for which no
spectroscopic information is known. Uncertain-
ties in the α-particle partial widths for the first
three groups are factors of two, three, and three,
respectively. For the last group, only be up-
per limits to the widths can be assigned upper.
These were adopted from Ref. [Pog13]. See Ref.
[Moh14] for more detail.

To include the ambiguities in the quantum
number assignments in group (iv), we extended
our Monte Carlo reaction-rate-uncertainty
method by sampling over possibilities accord-
ing to their experimental likelihoods. Tentative
assignments from Ref. [Mat09] were assigned a
50% probability, with the remaining probability
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being spread evenly over other possible assign-
ments given the available data.

Figure 2.3: The reaction rate compared to liter-
ature estimations. Note that here,
the present rate in red depicts the 1-σ
uncertainties. The other estimations
show estimates for the rate’s upper
and lower bounds.

The resulting reaction rate is shown as red
lines in Fig. 2.3. These rates are normalized to
the reference rate presented by Ref. [Moh13], so
that, for example, at 0.3 GK the present rate is
approximately 10 times smaller than the refer-
ence rate. The upper and lower red lines repre-
sent the 1-σ uncertainties in the rate, whereas the
grey regions represent the “upper” and “lower”
limits of previous rates. Our new rate agrees well
with that presented previously, and supports the
proposal that reverse-reaction rates (the “Salter
average”), should be multiplied by three to cor-
rect for excited state contributions. Our rate is,
however, about three times greater than that ad-
justed average rate at 1.5 GK.

The Monte Carlo method also allows us to
calculate the fractional contributions of differ-
ent resonances to a reaction rate. This is use-
ful for identifying those resonances which should
be measured if we want to have the largest
impact on reducing nucleosynthesis uncertain-
ties. A fractional-contribution plot for the
18Ne(α,p)21Na reaction is shown in Fig. 2.4.

Between 0.5 and 2.0 GK—the tem-
peratures most important for X-ray burst
nucleosynthesis—we see that only a handful of
resonances contribute significantly to the reac-

tion rate. At 0.5 GK, the resonance at Er = 938
keV dominates the reaction rate. At higher
temperatures, however, the picture becomes less
clear as resonances associated with poorly mea-
sured mirror states begin to dominate the rate.
Those identified here as being the most critical
are the one at Er = 1401 keV, the broad reso-
nance at Er = 1567 keV, and the resonance at
Er = 1610 keV.
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Figure 2.4: Fractional contributions of individual
resonances to the total rate. Each
curve is labeled at the top of the fig-
ure. The bands in these contribu-
tions correspond to the uncertainties
in each resonance. For example, at
1.0 GK, the resonance at Er = 1567
keV (green) contributes between 15%
and 60% of the total rate while the
Er = 1401 keV resonance (red) con-
tributes between 2% and 50% of the
total rate.
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2.1.4 Evaluation of 29Si(p,γ)30P and Its Relevance to Classical Nova Preso-
lar Grains

L.N. Downen, C. Iliadis, TUNL

Classical novae are of great interest to the nuclear astrophysics community, and nova presolar

grains provide another avenue to study these explosions. Silicon isotopic ratios in grains can

be used to understand classical novae but can only be interpreted correctly if the reactions

that create and destroy these species are well known. We show that uncertainties in the
29Si(p,γ)30P reaction rate uncertainties to discrepancies between the expected and observed

silicon isotopic ratios. The ongoing study of the 220.9 keV, 312 keV, and 324.1 keV resonances

in this reaction is discussed.

Classical novae are thermonuclear explosions
that occur in binary systems of main sequence
and white dwarf stars that are thought to con-
tribute significantly to the galactic abundance of
rare species [Jos06]. Novae involving white dwarf
stars of oxygen and neon (ONe) composition are
unusually interesting due to their higher burning
temperatures. While the elemental evolution of
these events can be understood using telescopic
techniques, no information about the isotopic dis-
tributions can be ascertained with them. Thus,
the study of presolar grains can aid in under-
standing nova events. ONe nova grains are dis-
tinguished by above-solar values of δ(30Si/28Si)
and close-to-solar values of δ(29Si/28Si), where
δ(iSi/28Si) is defined as [(iSi/28Si)/(iSi/28Si)� -
1] × 1000 [Ama01]. Therefore, accurate reaction
rates governing the abundance of 29Si are criti-
cal when comparing grain isotopic ratios to those
predicted by reaction network calculations.

Pioneering work [Jos07] has already shown
that such comparisons, while promising, are
fraught with unforeseen problems. The most no-
table discrepancy is that isotopic ratios measured
in presolar grains only match nova model predic-
tions if the ejected nova material mixes with 90-
95% close-to-solar material before grain forma-
tion [Ama01]. However, these studies have not
taken into account the often large effect that re-
action rate uncertainties can have on predicted
abundances. In fact, if reaction rate uncertain-
ties are taken into account in nucleosynthesis
models, this extreme pre-condensation mixing is
not necessarily required. A comparison of sili-
con isotopic ratios illustrates this effect. The red
line in Fig. 2.5 shows silicon abundances from

the ONe classical-nova nucleosynthesis model as-
suming a mass of 1.15-1.35 M�. They dif-
fer significantly from the presolar grain abun-
dances [Jos07], given by the markers. However,
if one assumes a factor of five uncertainty in the
29Si(p,γ)30P rate, the uncertainty bounds of the
silicon abundances, given by the dashed black
lines, intersect with several of the presolar grain
measurements. Clearly, the large effect that un-
certainties in the 29Si(p,γ)30P reaction rate have
on δ(29Si/28Si) indicates that this reaction war-
rants further study. Therefore, the effect of re-
action rate uncertainties on classical nova nu-
cleosynthesis models must be explored, and this
also motivates the exploration of other reactions
where rate uncertainties could be reduced by new
nuclear physics experiments.

To identify important contributions to the re-
action rate uncertainty, a Monte Carlo procedure
[Lon10] was used to determine that the strength
uncertainties of the Elab

r = 220.9 keV, 312 keV,
and 324.1 keV resonances have a large impact on
the overall 29Si(p,γ)30P rate in temperatures rele-
vant to classical nova nucleosynthesis — roughly
0.1 to 0.5 GK. The Elab

r = 220.9 keV and 312
keV resonances have not been observed to date,
and the Elab

r = 324.1 keV resonance strength un-
certainty of 30% [Rei85] warrants remeasurement
with higher precision. The Elab

r = 416.7 keV res-
onance was very carefully measured previously
[Rii79] and can be used as the basis for relative
measurements of other resonance strengths.

To undertake this experiment, first a natural
tantalum backing was produced and cleaned at
TUNL using chemical etching and resistive heat-
ing. It was then sent to collaborators at the Cen-
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tre of Nuclear Spectrometry & Mass Spectrom-
etry in Orsay, France for 29Si ion implantation
using their Source of Negative Ions by Cesium
Sputtering system and natural silicon metal. The
target was then characterized using the 1 MV JN
Van de Graff ion source at LENA and a 135% effi-
ciency high-purity germanium (HPGe) detector,
orientated at 0◦ relative to the target chamber.
There was minimal lead shielding. We used the
Elab
r = 416.7 keV resonance for the characteriza-

tion.

0 10000

δ(
30

Si/
28

Si)

-1000

-500

0

500

δ
(2

9
S

i/
2

8
S

i)

AF15bB-429-3

AF15bC-126-3

KJGM4C-100-3

KJGM4C-311-6

KFC1a-551

M11-151-4

M11-334-2

M11-347-4

KFB1a-161

Figure 2.5: Comparison of silicon abundances
from classical-nova nucleosynthesis
models and presolar grain measure-
ments.

The first stage of data collection involved the
study of the Elab

r = 312keV and 324.1 keV reso-
nances in 29Si(p,γ)30P and was completed in Fall
2014. Thus far, data have been accumulated with
15 C of protons from the 1 MV JN Van de Graff
ion source. The detector system consists of the
135% efficiency HPGe detector at 0◦ surrounded
by a NaI(Tl) annulus, 2.5-cm-thick lead shield-
ing, and a 5-cm-thick anti-coincidence scintilla-
tor shield. A detailed yield curve of this energy
region is given in Fig. 2.6. The analysis of these
data is currently underway and is expected to
conclude in Fall 2015.

The second stage of data collection consists
solely of the Elab

r = 220.9 keV resonance study.
Because the strength of this resonance is signifi-
cantly lower than those measured with the JN in
the first stage of data collection, the likelihood of
detection of this resonance could be greatly im-
proved if a higher proton fluence could be used

to improve signal strength and quickly accumu-
late large amounts of data. Unfortunately, the
current electron-cyclotron-resonance (ECR) ion
source, while capable of roughly ten times the
current of the JN, cannot reach energies above
200 keV. However, the improved ECR system
[Coo14] was designed to accelerate protons to a
maximum energy of 240 keV. Therefore, the im-
proved system will be used to measure this reso-
nance. This stage of the experiment is scheduled
for Fall 2015.
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Figure 2.6: The experimental excitation energy

range explored at present. Transi-
tion yields indicating the 312 keV,
324.1 keV, and 416.7 keV resonances
are given by the red, blue, and green
markers, respectively.
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2.1.5 Photo-Induced Depopulation of the 180mTa Isomer

M. Bhike, Krishichayan, W. Tornow TUNL

To help resolve the mysteries surrounding the nucleosynthesis of 180Ta, we have measured

the cross section for the depopulation of its isomer, 180mTa. This work was carried out at

the HIγS facility with monoenergetic photon beams at energies from 2.5 to 3.1 MeV. The

irradiated foils of natural tantalum, containing 14.4 mg of 180mTa, were γ-ray counted at

TUNL’s low-background counting facility.

The exotic odd-odd nucleus 180mTa is famous
for being the only naturally occurring isomer and,
at the same time, for being nature’s rarest iso-
tope. Only 0.012% of natural tantalum is 180mTa;
the remainder is 181Ta. The isomer owes its ex-
istence to the highly K-forbidden transition be-
tween the Jπ = 9− (Ex= 77.1 keV) isomeric state
and the Jπ = 1+ ground state. The half-life of
180mTa is more than 1.2 ×1015 years, while the
ground state has a half-life of only 8.154 hours,
decaying either by electron capture to 180Hf or
by β− to 180W [Col85], as shown in Fig. 2.7.

Figure 2.7: Schematic energy-level diagram of
180Ta and its daughters.

In spite of considerable experimental and the-
oretical efforts, the nucleosynthesis of 180Ta has
been a challenging astrophysical problem. Sur-
prisingly, the puzzle is not in the rarity of the
isotope but rather in the mechanism producing
sufficient amounts of it. The problem lies in the
fact that it is bypassed in the normal nucleosyn-
thesis processes for heavy nuclei. It lies outside
the main path of the s-process, which proceeds
through the stable Hf isotopes directly to 181Ta.
It is also shielded against the r-process by its
stable isobar 180Hf. A number of possible pro-

duction processes for 180mTa have been pursued
with no conclusive results. These include the p-
process, neutrino nucleosynthesis, spallation re-
actions in the interstellar medium, photodisin-
tegration reactions, and certain complex paths
within the regular s-process [Ton00, Bel99]. The
photodisintegration reaction on 180mTa and neu-
tron capture on 179Ta leading to 180mTa are ex-
perimentally unverified aspects of possible s- and
p-process explanations for the origin and abun-
dance of this isomer. They thus rely on theoret-
ical model calculations. The steps towards mea-
suring the neutron-capture cross section on ra-
dioactive 179Ta were to produce it through the
180Hf(p,2n)179W reaction, radiochemically sep-
arate it, and use it to measure the thermal-
neutron-capture cross section.

The photo-activation of 180mTa was con-
ducted using TUNL’s High-Intensity Gamma-
Ray Source (HIγS). Monoenergetic γ rays with
energies of 2.3 and 3.1 MeV passed through a
1.0-inch-diameter lead collimator, and impinged
on the targets. The corresponding electron beam
energies were 382 and 426 MeV, respectively,
and the electron current was kept constant at
90 mA. The γ-ray energy spread was approxi-
mately 300 keV FWHM. Natural tantalum and
indium targets 2.5 cm in diameter with a mass of
about 1.2 g were irradiated for approximately ten
hours. The indium target was included to mea-
sure the 115In(γ,γ′)115mIn cross section, which
can be used as an independent photon-flux mon-
itor in other photo-activation experiments. The
target assembly was positioned 4 m behind the
lead collimator. The absolute photon flux was
obtained using an 8 inch × 12 inch NaI detector
in combination with the HIγS scintillator pad-
dle system. The average γ-ray flux at the target
position was about 2× 107 γ/(cm2s).
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Figure 2.8: Characteristic 180Hf x-ray spectrum
from photoactivation of the natural
tantalum sample at 3.11 MeV. The
spectrum measured with the unirra-
diated Ta target is shown for compar-
ison.

Figure 2.9: Observed γ-ray spectrum of the in-
dium sample irradiated at 3.11 MeV.

After the irradiation, the activated Ta sample
was counted off-line in TUNL’s low-background
counting facility using a 13% planar HPGe de-
tector in close geometry. The excellent energy
resolution of about 0.5 keV at 55 keV enabled

the separation of the Kα1 (55.79 keV) and Kα2

(54.61 keV) x-ray lines of 180Hf produced by
the electron-capture process of the 180Ta ground
state, as shown in Fig. 2.8. Prior to the expo-
sure to the beam, a γ-ray background spectrum
was obtained and is also shown. The relative ef-
ficiency of the detector was determined using a
241Am source.

For the 115In activation experiment, the pla-
nar detector was replaced by a standard HPGe
detector for the detection of the 336.2 keV γ-
ray transition depopulating the 4.49 h isomer in
115In. Results are shown in Fig. 2.9. In this
case the relative efficiency of the detector was
determined using a mixed γ-ray source contain-
ing isotopes with energies ranging from 59.5 keV
(241Am) to 1836.1 keV (88Y). The distance be-
tween the sample and the front face of the detec-
tor was 5 cm.

Table 2.2: Cross-section data

Eγ 180Ta 115In
(MeV) (mb) (mb)

2.50 12.21±1.31 0.0037±0.0004
3.11 11.47±1.06 0.0081±0.0007

Our values for the 115In(γ,γ′)115mIn and
180Ta(γ,γ′)180mTa reactions are given in Ta-
ble 2.1.5. They are the first 180mTa depopulation
data measured with monoenergetic γ-ray beams
obtained from accelerators. The previous experi-
ments all involved bremsstrahlung beams [Bel99].
In the future we will extend our measurements to
lower energies, which are more relevant to astro-
physical conditions.
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2.2 Thermonuclear Reaction Rates

2.2.1 The Impact of Reaction Rate Variations on Nucleosynthesis

K.J. Kelly, R. Longland, C. Iliadis TUNL

Nuclear reaction cross sections are crucial for understanding the synthesis of the elements

in stars. Identifying those reactions whose cross-section uncertainties lead to ambiguities

in nucleosynthesis is crucial for nuclear astrophysics. Various methods of identifying these

nuclear reactions are discussed, along with their successes and drawbacks.

The goal of the experimental nuclear astro-
physicist is to improve our understanding of the
universe by measuring nuclear reactions that are
crucial to various stellar evolution sites but are
poorly known at the relevant temperatures. Per-
fecting a fast, reliable method for identifying
these key reactions is of utmost importance.

The work of Refs. [Lon10, Ili10, Ili0b] de-
scribe a method for determining nuclear reaction-
rate probability-density functions (PDFs) that
vary smoothly with temperature and are typi-
cally lognormally distributed. These PDFs can
then be incorporated into Monte Carlo nucle-
osynthesis calculations such as those described
in Refs. [Lon12, Kel13, Ili15]. The rate of a re-
action x at a temperature T encountered during
a nucleosynthesis calculation i is written as

xi(T ) = eµ(T ) × eσ(T )∗pi

= xmed(T )× (f.u.(T ))pi . (2.6)

The terms xmed(T ) and f.u.(T ) are the median
rate and the factor uncertainty for a reaction and
are related to the lognormal shape parameters
µ(T ) and σ(T ). The parameter pi, referred as
the rate variation factor, is the power to which
f.u.(T ) is raised during a calculation. It is sam-
pled randomly according to a normal distribution
and independently for all reactions prior to each
nucleosynthesis calculation. Note that pi is con-
stant during a calculation. The reciprocity rela-
tion between forward and reverse reaction rates
is enforced in the choice of pi’s.

The final abundances of all isotopes and the pi
values chosen for all reactions are recorded after
each nucleosynthesis calculation, so that they can
be plotted against one another to reveal trends
between abundances and rate variations. An ex-
ample of this type of plot for the Si/H elemen-

tal ratio relative to the rate variation factor for
the 30P(p,γ)31S reaction from a calculation of a
classical nova is shown in Fig. 2.10 [Kel13]. If
a systematic change in a final abundance is ob-
served with respect to the change in pi value for a
certain reaction, such as that shown in Fig. 2.10,
then the uncertainty in this reaction has a strong
influence on the abundance, and the reaction may
need to be measured. It is important that here
the reaction rate is varied within its estimated
uncertainties, so that an important distinction is
made between reactions that are well measured
and those that are not.

Figure 2.10: Correlation of the Si/H elemental

abundance ratio to the 30P(p,γ)31S
rate variation factor from a nucle-
osynthesis network calculation of a
classical nova containing a 1.35 M�
white dwarf.

The nucleosynthesis networks used for these
calculations can require hundreds of isotopic
abundances and thousands of reactions, so we



TUNL LIII 2014–15 Nuclear Astrophysics 39

cannot examine every possible correlation by
hand, seeking the important ones. Therefore
we have worked hard over the past several
years to develop methods of identifying impor-
tant abundance-reaction correlations, typically
through filtering the correlation data through an
algorithm to calculate a correlation coefficient in-
dicative of the importance of the correlation.

The work of Ref. [Ili15] summarized two
of the primary correlation coefficients that have
been used. The Pearson coefficient r returns a
number from 0 to ±1, indicating how well the
correlation data are described by a monotonically
increasing (r > 0) or decreasing (r < 0) function.
For a set of k data points of the form (x,y), this
parameter is given by

r =
∑
k (xk − x) (yk − y)√∑

k (xk − x)2
√∑

k (yk − y)2
. (2.7)

The Pearson coefficient is useful for identifying
linear abundance-reaction correlations, but non-
linear correlations are also common. The Spear-
man coefficient, rs, is more useful in such cases.
It is expressed by an equation identical in form
to Eq. 2.7, but with the rank of x and y in place
of x and y. The rank tends to linearize data and
identifies most nonlinear correlations. The corre-
lation shown in Fig. 2.10 is has rs = −0.86.
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Figure 2.11: Correlation of the 15N abundance
from a network calcuation of super-
nova shock-induced nucleosynthesis
to the 18O(p,γ)21Ne rate variation
factor.

Some correlations are also nonlinear in rank.
For example, the correlation of the 15N abun-
dance and the rate variation factor for the
18O(p,γ)21Ne reaction shown in Fig. 2.11 has a rs
= 0.05 and is, therefore, not identified as a signifi-
cant correlation even though it is clearly interest-
ing. The most successful alternative method we
have investigated is the mutual information or I

method. Mutual information is a measure of the
similarity between the product of the individual
x and y probability distributions, p(x) and p(y),
and their joint distribution, p(x, y). This coeffi-
cient is given by

I =
1√

H(x)H(y)

∑
x

∑
y

p(x, y) log
p(x, y)
p(x)p(y)

,

(2.8)
where 0 < I < 1. The H are the marginal en-
tropies of x and y. The correlation shown in
Fig. 2.11 was calculated to have I = 0.223, which
is an indication of a significant correlation.

Nonlinear correlations can also be fairly suc-
cessfully identified by simply fitting the correla-
tion rank data to linear and polynomial trends.
The ratio of their χ2 values is another potential
means of identifying important correlations that
are nonlinear in rank and is given by

Q =
χ2(Linear Fit)

χ2(Polynomial Fit)
. (2.9)

If a correlation is nonlinear, then the polynomial
fit has a smaller χ2 and Q is large. If there is
no observable correlation, then both the linear
and polynomial fits return equally poor χ2 val-
ues and Q is about 1. The correlation of Fig. 2.11
was calculated to have Q = 1.45 and was deter-
mined as the most important correlation for 15N
in this calculation. A drawback of this method is
that there is no maximum value for Q. All values
of Q must be considered relative to one another,
accepting only the largest values.

The Spearman coefficient appears to be an ef-
fective metric for finding the majority of impor-
tant correlations while the Q and I correlation
coefficients show potential for the identification
of those that are more unique and unexpected.
Further alternative methods of correlation iden-
tification are currently being investigated.

[Ili0b] C. Iliadis et al., Nucl. Phys. A, 841, 251
(2010b).

[Ili10] C. Iliadis et al., Nucl. Phys. A, 841, 31
(2010).

[Ili15] C. Iliadis et al., J. Phys. G, 42, 034007
(2015).

[Kel13] K. J. Kelly et al., Astrophys. J., 777,
130 (2013).

[Lon10] R. Longland et al., Nucl. Phys. A, 841,
1 (2010).

[Lon12] R. Longland, Astron. Astrophys., 548,
A30 (2012).
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2.2.2 Statistical Methods for Thermonuclear Reaction Rates and
Nucleosynthesis Simulations

C. Iliadis, R. Longland, A.E. Champagne, TUNL;

Rigorous statistical methods for estimating thermonuclear reaction rates and nucleosynthesis

are becoming increasingly established in nuclear astrophysics. We discuss the application of

the Monte Carlo method to two related questions. First, given a set of measured nuclear

parameters, how can one best estimate the resulting thermonuclear reaction rates and as-

sociated uncertainties? Second, given a set of appropriate reaction rates, how can one best

estimate the abundances from nucleosynthesis calculations? The result is probability density

functions for use in deriving statistically meaningful reaction rates and final abundances

Many forefront questions in astrophysics ul-
timately require a detailed knowledge of stellar
properties, thus challenging stellar models to be-
come more sophisticated, quantitative, and real-
istic in their predictive power. This requires more
detailed physics input, such as thermonuclear re-
action rates and opacities, plus a concerted effort
to validate models through systematic observa-
tions. The study of nuclear reactions in the ob-
servable universe remains at the forefront of nu-
clear physics and astrophysics research.

Thermonuclear reaction rates are at the heart
of every astrophysical model. Statistical meth-
ods are necessary to improve estimates of both
thermonuclear reaction rates and nucleosynthesis
predicted by nuclear reaction networks. Experi-
mental reaction rates can be estimated by using a
Monte Carlo method, once appropriate probabil-
ity density functions are adopted for each nuclear
physics input quantity [Lon10]. For example, res-
onance energies are best described by a Gaussian
probability density, while for resonance strengths
a lognormal probability density is more appropri-
ate. Unobserved resonances of unknown strength
can be easily incorporated into this framework
by assuming a Porter-Thomas probability den-
sity [Pog13]. The random sampling over all nu-
clear input parameters produces in most cases a
lognormal (output) reaction rate probability den-
sity. This function provides statistically rigorous
recommended (median) reaction rates and factor
uncertainties [Ili10]. The calculations are ulti-
mately important for the design of experiments
at stable beam and radioactive-ion beam facili-
ties.

These results led directly to the construc-

tion of a next-generation nuclear reaction library,
STARLIB [Sal13], containing reaction rates, un-
certainties, and rate probability densities for easy
implementation into reaction networks for stel-
lar models. STARLIB contains the necessary
nuclear physics information to perform Monte
Carlo nucleosynthesis simulations. All reaction
rates can be sampled simultaneously, except for
reverse reactions, since these are related to the
corresponding forward reaction rates via the reci-
procity theorem. For the sampling of reaction
rates, which are described by lognormal proba-
bility densities, we introduce a Gaussian random
variable pi for each reaction i. In the simplest
case, it can be assumed that this rate variation
factor is independent of temperature [Lon12].
The random factor by which a given sampled
rate is modified from its median value is given
by (f.u.)pi , which is temperature-dependent in
any case through the factor uncertainty f.u.

The impact of reaction rate uncertainties on
the abundance of a given nuclide can be assessed
as follows. Scatter plots displaying the final
abundance, Xf , versus the rate variation factor
pi of reaction i are useful for quantifying corre-
lations. To illustrate these points, we will apply
in the following the Monte Carlo method to Big
Bang nucleosynthesis. Observations of primor-
dial 4He, 2H and 7Li abundances have reached an
unprecedented level of precision. Therefore, reli-
able predicted abundances are needed before the
observations can be confronted with theory. Such
studies have interesting implications for testing
standard or non-standard Big Bang models, since
Big Bang nucleosynthesis represents the earliest
milestone of known physics when we look back
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in time. Numerous studies have shown that the
predicted Big Bang abundances of the light ele-
ments, for example, 2H and 4He, agree with the
observations. The sole exception is 7Li, which
is overproduced by a factor of three relative to
observations. The 7Li problem represents the
central unsolved puzzle of nucleosynthesis in the
early universe.

Results from the Monte Carlo procedure are
shown in Fig. 2.12. For this network, the rates of
all reactions, except for reverse reactions, are in-
dependently sampled. In other words, each rate
is multiplied by a temperature-independent ran-
dom variation factor pi and thus is sampled ac-
cording to a temperature-dependent lognormal
probability density function. The sampling is re-
peated for 30,000 reaction network runs. The
histogram of all 30,000 final number-abundance
ratios 7Li/H is displayed in the left panel of
Fig. 2.12. The dashed lines represent the 16th,
50th, and 84th percentiles, which amount to
7Li/H = 4.56 × 10−10, 4.94 × 10−10, and 5.34
× 10−10, respectively. These values are based
on our best estimates for the probability density
functions of all reaction rates in the network. As
already noted, the observations result in a fac-
tor of three smaller 7Li/H ratio, indicated by the
black bar in the lower part of the left panel. Thus
it is unlikely that the solution of the 7Li problem
will be found in uncertain nuclear physics.

The next question is: which reaction rates
have the strongest impact on the predicted 7Li/H
ratio? Once identified, these reactions can be
subjected to further scrutiny and the experimen-
tal data can be inspected for previously unac-
counted systematic effects. The Monte Carlo re-
sults presented above contain an answer to this
question since the pi value of each reaction is
recorded for each of the 30,000 network calcu-
lations. The middle panel of Fig. 2.12 displays
the final 7Li/H ratios of all 30,000 network runs
versus the sampled rate variation factors pi, of
3H(α,γ)7Li, and the left panel shows the com-
parable results ofr 3He(α,γ)7Be. The projection
of either of these scatter plots onto the ordi-
nate results in the same histogram we just dis-
cussed. Again, the spread along the y-direction is
caused by the combined uncertainties of all reac-
tion rates in the network. The impact of a given

reaction rate on the final abundance of a given
nuclide, Xf , is apparent in the scatter plot: if
the variation in pi results in a flat distribution of
Xf , we can conclude that the given rate and the
given abundance are uncorrelated. This is the
case depicted in the middle panel. On the other
hand, if the variation in pi results in a system-
atic change of Xf , the given rate and the given
abundance are correlated. This is the situation
shown in the right panel.
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Figure 2.12: Results of a Monte Carlo study of
Big Bang nucleosynthesis. (Left)
Histogram of final 7Li/H number
abundance ratio. The observed
range is indicated by the black bar.
(Middle) Final 7Li/H number abun-
dance ratio versus variation factor
of the 3H(α,γ)7Li rate. (Right) Fi-
nal 7Li/H number abundance ra-
tio versus variation factor of the
3He(α,γ)7Be rate.

This work has now been published [Ili15].
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Nuclear Structure

Chapter 3

• Study of Many-Body Systems

Studies of collective modes of excitation can provide information about short-ranged correlations
between nucleons in nuclei and can reveal features of the nuclear equation of state. The observed
dipole excitation strength in excess of the tail of the giant dipole resonance is referred to as the
“pygmy dipole resonance” or PDR. The generally accepted mechanism for the PDR is the vibration
of a neutron skin relative to an isoscalar core. If this picture is correct, a study of its strength as a
function of isospin and target mass number should provide information about the density dependence
of the symmetry energy term in the nuclear equation of state. While most of the PDR experiments
at HIγS are led by groups from Darmstadt, GSI, Dresden, Frankfurt, and Cologne, the local group
has been focusing on fission research.

Although nuclear fission was discovered more than three-quarters of a century ago, research in
this field is currently experiencing a renaissance. The predictive power of computer codes aimed at
describing the complicated many-body physics governing the fission process has reached new levels
of precision. In parallel, new neutron-induced fission experiments at TUNL are revealing unexpected
phenomena. We are now also performing studies of photofission fission-product yields at HIγS to
look at the influence of the probe initiating the fission process.

The photon strength function is an important piece of information needed in nuclear science
computer codes aimed at predicting neutron capture cross sections. Work on neutron-capture ex-
periments using the DANCE detector array at LANL is ongoing.
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3.1 Study of Many-Body Systems

3.1.1 The Role of Deformation on the Dipole Strength Distribution of
the Pygmy Dipole Resonance: 154Sm Isotope

Krishichayan, M. Bhike, W. Tornow, J. H. Kelley, TUNL; A.P. Tonchev, Lawrence Liver-
more National Laboratory, Livermore, CA; G. Rusev, M. Gooden, Los Alamos National Labora-
tory, Los Alamos, NM ; D. Savran, B. Löher, GSI Helmholtzzentrum für Schwerionenforschung,
Darmstadt, Germany ; V. Derya, Universität zu Köln, Köln, Germany ; N. Tsoneva, Institut für
Theoretical Physik, Germany and INRNE, Bulgaria

The photo-response of 154Sm has been investigated in the energy range below 8.0 MeV using

photon scattering at the HIγS facility. The aim is to look at the role of deformation on

the dipole strength distribution of the pygmy dipole resonance. Our detector configuration,

consisting of four LaBr3(Ce) detectors in addition to four HPGe detectors, enables us to

distinguish between E1, M1, and E2 strength. Detailed efficiency measurements for the

LaBr3(Ce) detectors were carried out and compared with Monte Carlo simulations

In stable and closed-shell nuclei, a resonance-
like concentration of dipole strength is observed
at excitation energies below the neutron separa-
tion energy. This clustering of strong dipole tran-
sitions has been named the pygmy dipole reso-
nance (PDR). These excitations manifest them-
selves as a pronounced concentration of dipole
strength on the tail of the giant dipole resonance
(GDR).

In hydrodynamic and collective approaches, it
was suggested that an oscillation of a small por-
tion of neutron-rich nuclear matter relative to the
rest of the nucleus is responsible for the genera-
tion of pygmy resonances. From the analysis of
transition densities, the unique behavior of the
PDR mode is revealed, making it distinct from
the well-known GDR. Systematic studies of the
PDR over isotonic and isotopic chains of nuclei
indicate a correlation between the observed total
B(E1) strength of the PDR and the neutron-to-
proton ratio N/Z in the nucleus [Tso08].

The existence of the PDR mode below the
neutron threshold also has important astrophys-
ical implications. For example, the rates of the
(γ,n) and (n,γ) reactions in the explosive nucle-
osynthesis of certain neutron-deficient heavy nu-
clei may be significantly enhanced by the PDR
[Arn03].

Furthermore, for very neutron-rich exotic nu-
clei, the PDR is an important topic of study at
the new generation of radioactive ion beam fa-

cilities. Up to now, however, this nuclear struc-
ture phenomenon has only been observed in semi-
magic nuclei with closed, spherical neutron shells
(the N = 82 and N = 50 isotones) or close to
such shells. In the present work, we extended
our investigation to examine the PDR in nuclei
that have constant deformation in their ground
states in order to understand the role of deforma-
tion on the fragmentation of the PDR strength
and its evolution when ones moves away from the
closed shell. The samarium isotopes with atomic
numbers 144, and 154 are the main targets of
interest.

The samarium chain provides a long series of
isotopes with varying properties. The nuclide
144Sm has 82 neutrons and is a good example
of a spherical nucleus. Its GDR is fit well with
a single Lorentz line. On the other hand, 154Sm
has two peaks, which is characteristics of a dr-
formed nucleus, where the deformation splits the
GDR into two bumps [Ton98]. The nuclei in be-
tween have giant resonances that display various
undulations and bumps, with the giant resonance
becoming wider as the nuclear surface is softened
by the addition of neutrons. Calculations using
the quasi-particle random-phase approximation
(QRPA) [Dan07] have predicted that deformed
nuclei display an enhanced E1 strength at lower
energies compared to the corresponding strength
distribution in spherically shaped nuclei. In these
calculations, whose results are shown in Fig. 3.1,
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the nuclear shape was considered as an extra pa-
rameter in addition to the size of the neutron
skin.

During our previous measurements with a
144Sm target, we faced two experimental chal-
lenges. First, no discrete transitions “survived”
when the photon excitation energy exceeded 5.5
MeV, and second, unresolved strength at high
excitation energy was difficult to measure due to
the relatively low-efficiency of the HPGe detec-
tors.

Figure 3.1: Evolution of the GDR for all samar-
ium isotopes calculated using the
QRPA model.

Therefore we employed a new experimental
approach in our nuclear-resonance-fluorescence
measurement on 154Sm. In addition to the four
60% HPGe detectors used in the past, the exper-
imental setup includes four lanthanum bromide,
LaBr3(Ce), detectors, which have high efficiency
at higher energies. These detectors were mounted
at three different angles with respect to the lin-
early polarized photon beam, at horizontal, ver-
tical, and backward angles. This configuration
allows us to distinguish between E1, M1, and E2
strength. Quasi-monochromatic and 100% lin-
early polarized photon beams were provided by

the HIγS facility at TUNL. A 123% efficient (rel-
ative to a standard 3”×3” NaI detector) coax-
ial HPGe detector was placed downstream of the
target position in order to measure the energy
distribution of the beam. During beam-profile
measurements, the beam was attenuated by a se-
ries of copper absorbers mounted upstream.

Detailed efficiency measurements for the
LaBr3(Ce) detectors were performed and com-
pared with Monte Carlo simulations. Fig. 3.2
depicts the efficiency plot for one of the these de-
tectors.
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Figure 3.2: Measured efficiency data for one of
our LaBr3(Ce) detectors, compared
with MCNP simulations.
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3.1.2 The energy dependence of Fission Product Yields from neutron-
induced fission of 235U, 238U and 239Pu

W. Tornow, M. Bhike, B.F. Fallin, S.W. Finch, C.R. Howell, Krishichayan, TUNL; M.E.
Gooden, M.M. Fowler, D.J. Vieira, J.B. Wilhelmy, Los Alamos National Laboratory, Los
Alamos, NM ; M.A. Stoyer, A.P. Tonchev, Lawrence Livermore National Laboratory, Livermore,
CA

Data acquisition and analysis on the fission product yields of 235U, 238U, and 239Pu have

continued in this reporting period. After completion of the first phase of measurements,

focusing on incident neutron energies below 4 MeV, measurements of the second phase have

been carried out at 4.6 MeV and 5.5 MeV, and measurements at 7.5 MeV are planned for

2016. The goal is to learn more about the energy dependence of the fission product yields

when the second chance fission threshold is approached and exceeded.

Fission studies relate the yields and kinetic
energies of fission products to the potential en-
ergy surface of the compound nuclear system.
The evolution of the fissioning system from the
initial particle impact, through intermediate sad-
dle points to scission, and finally to separated
fission fragments is governed by a series of com-
plicated phenomena. At low excitation energies,
shell and pairing effects influence both the mass
and energy distributions. As a result, detailed
nuclear structure information is needed to de-
scribe fission data in this energy range. At ex-
citation energies well above the fission barrier,
shell-and pairing effects are washed out and the
liquid drop model is well suited to describe exper-
imental data. The second chance fission process
(n,n′f), which provides an increase in the total
fission cross section, plays a crucial role, because
it is governed by a combination of both scenarios.
Therefore, there is considerable interest from the
theory communities at LANL and LLNL to inves-
tigate fission in the 5 to 8 MeV neutron energy
range in order to fine-tune their fission codes.

The energy dependence of the fission prod-
uct yields (FPYs) has considerable impact on
both fundamental and applied physics. Although
our ongoing FPY studies are primarily performed
and supported with a focus on applied physics,
it has been our goal from the very beginning to
also provide data for fundamental physics ap-
plications, ranging from r-process nucleosynthe-
sis in astrophysics to the so-called reactor anti-

neutrino anomaly.
The 2H(d,n)3He reaction has been used to

produce monoenergetic neutrons at 4.6 and
5.5 MeV. Our standard dual fission chambers
[Bha14], each dedicated for one of the three ac-
tinide isotopes, were used. After irradiation for
approximately five days, the γ rays from the
actinides samples were counted for six to eight
weeks to identify and measure the yield of the
fission products of interest.

Typical γ-ray spectra obtained from a 239Pu
sample before and after irradiation are shown in
Fig. 3.3 where some of the fission products of in-
terest are indicated. Note the high background
for this actinide. In comparison, the background
yield is much smaller for 235U and is almost neg-
ligible for 238U.

Figure 3.4 shows our results for the FPY
of 147Nd produced in neutron-induced fission of
239Pu in the energy range between 0.5 and 14.8
MeV. Unlike 235U and 238U, for which the FPY
is independent of incident neutron energy or ex-
hibits a small negative slope at low energies, the
important fission fragment 147Nd shows a cur-
rently unexplained positive slope up to 3.5 MeV,
before the slope turns negative at higher energies.
Analysis of the 235U and 238U data obtained at
5.5 MeV is ongoing.

[Bha14] C. Bhatia et al., Nucl. Instrum. Meth-
ods A, 757, 7 (2014).
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Figure 3.3: Various energy regions of the γ-ray spectrum from 239Pu approximately four days af-
ter irradiation. The corresponding live-time-normalized background data, taken prior to
irradiation, are also shown. Relevant fission products in each region are labeled.

Figure 3.4: Present data along with existing literature data for 147Nd from the fission of 239Pu
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3.1.3 Fission Product Yields Using Mono-Energetic Photon Beams at 13
MeV

Krishichayan, M. Bhike, W. Tornow, TUNL; A.P. Tonchev, LANL

Fission product yields (FPYs) of 239Pu, 235U, and 238U were measured for the first time using

monoenergetic photon beams. The targets were irradiated for sixty hours at Eγ = 13.0 MeV,

and the FPYs were determined by measuring and analyzing their γ-ray spectra. The data will

provide a unique comparison with the results of neutron-induced FPY measurements. They

hopefully will yield an important understanding of this fundamental process.

Nuclear fission is a complex process in which
the collective motion of nucleons results in a large
change in the shape of the nucleus, the formation
of nucleon configurations, and the redistribution
of internal energy between the different degrees of
freedom. Of special interest are measurements of
the yields of the fission products. These measure-
ments are an important source of information on
the evolution and break-up of the nucleus during
the fission process.

Figure 3.5: Plot of the experimental photo-fission

cross section of 239Pu, 235U and 238U
as a function of incident photon en-
ergy.

The use of the well understood electromag-
netic probe to study fission offers significant ad-
vantages ove hadron-based reactions. First, un-
like reactions with neutrons and charged parti-
cles, the same angular momentum (one or, with
much smaller probability, two units) is trans-
ferred to the nucleus over a wide range of photon
energies. Another property of photon probes is

the absence of a binding energy and Coulomb
barrier. Consequently, the nuclear excitation en-
ergy corresponds to the energy of the absorbed
photon. This gives rise to the unique possibility
of studying nuclear fission at low excitation ener-
gies, just above the fission barrier but below the
neutron binding energy.

Figure 3.5 shows the fission cross sections
for 239Pu, 235U and 238U obtained from the
NNDC database [Nat]. The cross sections peak
at around 14 MeV. We plan to carry out fission-
product-yield measurements on 239Pu, 235U and
238U using mono-energetic photon beams from
TUNL’s HIγS facility at incident energies of 9,
11, and 13 MeV to compare to existing TUNL
data for neutron-induced fission in the same
excitation-energy range.

Figure 3.6: Fission spectra measured with a dual-
fission chamber for monitor foils of
235U (upper panel) and 239Pu (lower
panel).
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Figure 3.7: Spectra showing γ-ray lines from the decay of the fission fragment 138Cs, with a half-life
= 33.41 minutes. The upper panels show the data collected 48.3 minutes after the end
of irradiation of the 238U target; the lower panels give the data taken 108.3 minutes after
the end of irradiation.

In order to quantify the number of fissions
that occur during irradiation of the target sam-
ples, a specially fabricated dual-fission ionization
chamber [Bha14] was used. A thin monitor foil
of 235U was placed in chamber 1, with a simi-
lar foil of 239Pu in chamber 2. Figure 3.6 shows
online the spectra obtained with the dual-fission
chamber. The accumulated data will be used to
quantify the total number of fission events oc-
curring during irradiation. After sixty hours of
irradiation, γ rays from the three target samples
(235U, 238U, and 239Pu) were counted at TUNL’s
low-background counting facility. A typical γ-ray

spectrum for the 238U target is shown in Fig. 3.7,
where decay lines from 138Cs fission fragments
are clearly seen, having a half-life of 33.41 min-
utes.

Data analysis for over twenty fission products
is in progress.

[Bha14] C. Bhatia et al., Nucl. Instrum. Meth-
ods A, 757, 7 (2014).

[Nat] National Nuclear Data Center,
http://www.nndc.bnl.gov.
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3.1.4 γ-Ray Induced Fission-Product Yield of 239Pu at 11 MeV

M. Bhike, Krishichayan, W. Tornow, TUNL; A. P. Tonchev Lawrence Livermore National
Laboratory, Livermore, CA

The yield of important fission products from neutron-induced fission of 239Pu were previously

found to vary with the incident neutron energy. This surprising result motivated a study of

the photo-fission of 239Pu at the same range of excitation energies. The cumulative fission

yields of eight fission products from photo-fission of 239Pu at 11 MeV have now been obtained

using the activation technique and a mono-energetic γ-ray beam from the HIγS facility. These

fission-product yield data are the first ever obtained with mono-energetic γ rays.

Owing to the difficulty of performing photo-
fission experiments, especially with monoener-
getic photons, very little detailed and systematic
data have been reported in the literature. Follow-
ing the unexpected observation of a neutron en-
ergy dependence of important high-yield fission
products obtained from neutron-induced fission
of 239Pu between 0.6 and 14 MeV [Goo15], a pro-
gram was initiated to study photo-fission in the
same excitation energy range in the correspond-
ing intermediate nuclei 240Pu for 239Pu(n,f) and
239Pu for 239Pu(γ,f).

Figure 3.8: Portion of a typical γ-ray spectrum at
Eγ = 11 MeV.

The photo-activation of 239Pu was con-
ducted using TUNL’s High Intensity Gamma-
Ray Source (HIγS). The 239Pu target was pro-
vided by Los Alamos National Laboratory. The
target was 1.24 cm in diameter with a mass of
0.238 g. It was sandwiched between gold foils
with the same diameter and a thickness of 0.01
cm. The gold foils served for γ-ray flux determi-

nation based on the 197Au(γ,n)196Au reaction of
known cross section. The target assembly was ir-
radiated for about nine hours with approximately
107 γ/cm2s. The energy spread of the 11.0 MeV
γ-ray beam was approximately 150 keV FWHM.
A 1/2 inch lead collimator six inches long was
used.

After activation, the induced γ-ray activ-
ity from the fission products in the 239Pu was
counted over a period of two months using a
number of different counting cycles, ranging from
minutes to days. HPGe detectors in TUNL’s
low-background counting facility were used for
the activated 239Pu target and the gold monitor
foils. Both the plutonium and gold samples were
counted in acrylic holders at 5 cm distance from
the front faces of the detectors. To reduce the
high dead time from the inherent radioactivity of
the Pu sample, 1.1 mm of Cd was placed inside of
the acrylic holder facing the HPGe detector. The
cadmium helped to reduce the rate of low energy
γ rays while leaving the higher energy lines of
interest basically unaffected.

An energy slice of a typical HPGe detector
spectrum containing the fission products 133I and
97Zr is shown in Fig. 3.8. Here the lower curve
was obtained before irradiation and the upper
curve after irradiation. The curves have been
normalized to the same counting time. The γ-
ray spectra were processed using the peak-fitting
program tv [The93]. Extensive background γ-
ray spectra were measured in the same counting
geometry to check for interferences in the region
of interest.

The decay curve for each fission fragment was
plotted to ensure that there were no interferring
transitions. The decay curve for 97Zr is shown in
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Fig. 3.9.

Figure 3.9: Measured decay curve for 97Zr ob-

tained form fission of 239Pu at Eγ=11
MeV.

In this exploratory experiment, we have iden-
tified eight fission fragments: 91Sr, 94Y, 97Zr,
99Mo, 133I, 136Cs, 142La, and 143Ce. The cumula-
tive fission-product yields have been determined
for these fission fragments and are given in Ta-
ble 3.1.4. In general, these yields agree fairly well
with those obtained from neutron-induced fission
of 239Pu. A detailed comparison is in progress.

Table 3.1: Fission product yields (FPY) from 11

MeV γ-ray induced fission on 239Pu.

Fission Product FPY
(%)

91Sr 4.15±0.51
94Y 4.54±0.57
97Zr 7.97±0.92
99Mo 5.13±0.61
133I 9.89±1.17
142La 3.88±0.33
143Ce 2.61±0.30

In the future, data will be obtained at lower
and higher γ-ray energies with considerably im-
proved statistical accuracy. Irradiation times of
one hundred hours are planned. In the near fu-
ture, data will be obtained simultaneously for the
three actinides 235U, 238U and 239Pu at 13 MeV,
followed by a run at 9 MeV γ-ray energy.

[Goo15] M. Gooden et al., submitted to Nucl.
Data Sheets, (2015).

[The93] J. Theuerkauf, In Program TV, Insti-
tute for Nuclear Physics, University of
Cologne (unpublished), 1993.
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3.1.5 Mono-Energetic Photon-Induced 235U/239Pu Fission Cross-Section
Ratio Measurements at 8 to 17 MeV

Krishichayan, S. Finch, C.R. Howell, W. Tornow, TUNL; A.P. Tonchev, Los Alamos Na-
tional Laboratory, Los Alamos, NM

We have performed the first measurements of the photofission cross-section ratio of 235U/239Pu

that uses mono-energetic photons and a specially fabricated dual-fission ionization chamber.

Preliminary results are compared with previous measurements and evaluations.

Nuclear fission is a complex process in which
the collective motion of nucleons results in a large
change in the shape of the nucleus, the formation
of nucleon configurations, and the multiple redis-
tribution of internal energy between the differ-
ent degrees of freedom. Of special interest in fis-
sion studies are measurements of the fission cross
sections. The advantages of photon-induced fis-
sion over neutron-induced fission are discussed in
Sect. 3.1.3.

Photon beam

Figure 3.10: The dual-fission ionization chamber
used in the present experiment.

Cross-section measurements for photon-
induced fission of the actinides have been one
of the priorities of several laboratories during
the last sixty to seventy years. These measure-
ments used a variety of γ-ray sources, including
bremsstrahlung sources, annihilation in flight of
positrons, and neutron capture γ rays. Each
source had its own limitations. In the present
work, we have utilized mono-energetic and cir-
cularly polarized photon beams provided by the
HIγS facility at TUNL. The principal component

in obtaining accurate fission cross-section data is
the quantitative determination of the number of
fissions which occur in the target. To accomplish
this, a specially fabricated dual-fission ionization
chamber (DFC) [Bha14] was used. It is shown in
Fig. 3.10. In its original form, this DFC contains
a thick activation target and two thin reference
foils of the same isotope. It has been used to
measure fission-product yields with incident neu-
trons. In the present investigation, the thick
target was not used, and reference foils of 235U
and 239Pu were placed in fission chambers 1 and
2, respectively. By taking the ratio of the num-
ber of fission events in each chamber, we do not
need to know the γ-ray flux, as the two chambers
see the same flux. Typical pulse height fission
spectra produced by the two reference foils are
shown in Fig. 3.6 in Sect. 3.1.3.

From the number of fission events, for each
beam energy, the fission cross-section ratio for
235U/239Pu was deduced, and the results are
shown in Fig. 3.11. Also shown in this figure
are the cross-section ratios determined from the
measurements of Caldwell [Cal80] and Bowman
[Bow64] on 235U and of Berman [Ber86] on 239Pu,
using different experimental techniques.

[Ber86] B. Berman et al., Phys. Rev. C, 34,
2201 (1986).

[Bha14] C. Bhatia et al., Nucl. Instrum. Meth-
ods A, 757, 7 (2014).

[Bow64] C. Bowman, G. Auchampaugh, and S.
Fultz, Phys. Rev. C, 133, B676 (1964).

[Cal80] J. Caldwell et al., Phys. Rev. C, 21,
1215 (1980).
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Figure 3.11: The 235U/239Pu fission cross section ratio values compared with the literature data.

3.1.6 Neutron-Capture Experiments

G.E. Mitchell, B. Baramsai, A. Chyzh, C.L. Walker, TUNL; OTHERS, Charles University,
Prague and Rez Institute of Nuclear Physics, Rez, Czech Republic; Los Alamos National Laboratory,
Los Alamos, NM ; Lawrence Livermore National Laboratory, Livermore, CA

Our measurements of neutron-capture reactions are performed with the DANCE detector

array—a highly efficient calorimeter consisting of 160 BaF2 detectors. The high degree of

segmentation is used to perform neutron resonance spectroscopy. Several new methods have

been developed to determine resonance spins from the multiplicity distributions. The study of

the statistical γ-ray cascade from different resonances and for different multiplicities provides

unique opportunities to test models of the photon strength function.

Our primary research efforts emphasize
neutron-capture reactions measured with the De-
tector for Advanced Neutron Capture Experi-
ments (DANCE) located at the Los Alamos Neu-
tron Science Center (LANSCE) at LANL. We fo-
cus on nuclei that are important for applied sci-
ence as well as for nuclear structure. Much of
the support for this work comes from an NNSA
Academic Alliances grant.

DANCE is an array of 160 barium fluoride
crystals. This calorimeter identifies capture by
the total γ-ray energy. The high efficiency of

the calorimeter means that measurements can be
made with very small targets. The capture cross
sections for specific nuclei are valuable for stew-
ardship science, for advanced-fuel-cycle calcula-
tions, and for nuclear astrophysics. The primary
nuclear structure interest is in the photon low-
energy collective excitations, namely the scissors
mode and pygmy resonances. Specifically, we
use the properties of the γ-ray cascade from iso-
lated neutron resonances to determine resonance
quamtum numbers and properties of the photon
strength function.
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We use the computer program dicebox, de-
veloped by our Prague collaborators, to model
the γ-ray spectrum for all multiplicities. We vary
the photon strength functions in order to ob-
tain the best agreement with experiment. Thus
our approach is a trial-and-error method, not a
unique best fit approach.

Thus far we have measured 89Y, 94,95,97Mo,
117,119Sn, 151,153Eu, 152,154,155,156,157,158Gd, and
161,163Dy. Our immediate project for late 2015 is
the measurement of 166Er. We have collaborated
on measurements of 87Sr both with the DANCE
array and with the neutron time-of-flight (nTOF)
system at CERN. We have finished the analysis of
89Y, 94,95Mo, and the europium and gadolinium
isotopes. Preliminary analysis of the 161,163Dy
and the 117,119Sn data has been completed; final
analysis is in progress. A paper on the 97Mo data
has been accepted by Phys. Rev. C. A proposed
experiment on 166Er has been submitted for the
next WNR run cycle.

Detailed agreement with the extreme statis-
tical model was obtained for neutron capture on
95Mo. This was verified by a separate measure-
ment of the two-step cascade at the Institute of
Nuclear Physics, Rez, Czech Republic. Of par-
ticular interest is the behavior of the scissors-
mode resonance as a function of mass and de-
formation in the gadolinium isotopes. Analysis
of the γ-cascade data in the gadolinium isotopes
led to the clear conclusion that scissors-mode res-
onances are built not only on the ground state,
but also on excited levels in all product nuclei
studied, thus confirming the Brink hypothesis.
Also there appears to be evidence for an odd-
even effect of the strength of the scissors mode.
Study of the 166Er is an attempt to clarify this
situation.

We have also collaborated with the nTOF
group at CERN. They have used their nTOF

calorimeter to study the same strontium target
that was used for the DANCE measurement. In
addition to providing detailed spectroscopic in-
formation, this measurement will enable a direct
comparison of the relative merits of the two most
advanced calorimeters for neutron-capture mea-
surements.

Analysis of the particle strength functions
(PSFs) in the rare earth mass region has led to
conflicting results between experiments at Oslo,
Dresden and Los Alamos. The status of the PSFs
in this region is still in a state of flux.

Our work on the resonance parameters has
been much more clear-cut. In favorable cases,
the average multiplicity of the γ-ray decay is suf-
ficient to determine the spin of an s-wave res-
onance. In general, however, it is necessary to
perform a detailed analysis of the multiplicity
distribution. One method that we have devel-
oped [Bar12] involves pattern recognition theory.
This method works for well-isolated resonances
but is inconclusive for doublets. In collabora-
tion with our colleagues from Prague, we have
developed an alternate method that adopts pro-
totype multiplicity distributions for resonances
with known spin, and decomposes the experimen-
tal cross section into cross sections for the sepa-
rate spins. This approach is basically a general-
ization of early empirical methods. This method
[Bec11] works well even for doublets, but provides
no quantitative measure of the assignment’s cor-
rectness. In practice we utilize a combination of
the two methods.

[Bar12] B. Baramsai et al., Phys. Rev. C, 85,
024622 (2012).

[Bec11] F. Becvar et al., Nucl. Instrum. Meth-
ods, 647, 73 (2011).



Christian White, a graduate student at NC State, is attaching thermometry
in preparation for a 3 K test of a cryogenic gas-gap heat switch for the neutron
EDM experiment.



Fundamental Symmetries in the
Nucleus

Chapter 4

• The Neutron Electric Dipole Moment

• Fundamental Coupling Constants

The Fundamental Symmetries and Neutrinos chapter of the 2015 Long Range Plan for Nuclear
Science focuses on four key questions, “for which nuclear science brings a unique arsenal of exper-
imental and theoretical expertise and tools: What are the absolute masses of neutrinos, and how
have they shaped the evolution of the universe?; Are neutrinos their own antiparticles?; Why is there
more matter than antimatter in the present universe?; and What are the unseen forces that disap-
peared from view as the universe expanded and cooled?.” TUNL’s major initiatives directed towards
addressing these questions are discussed in this and the following chapter.

In fundamental symmetries, a major TUNL effort has been in the U.S.-led search for a neutron
EDM. It will be located at the Spallation Neutron Source at Oak Ridge National Laboratory and aims
for a hundred-fold improvement in sensitivity, potentially opening a path towards major discoveries
in the 10–50 TeV range. This effort will address the questions of the origin of matter and the nature
of new forces in the early universe. Over the past year, work has continued in a number of areas
necessary for the transition from R&D work to construction of the apparatus.

Smaller-scale precision-measurement experiments also probe electroweak interactions. These
measurements are important for example in astrophysics, where uncertainties in the axial-vector cou-
pling (GA) influence predictions of the p-p solar neutrino flux, and in beyond-the-Standard-Model
physics, where new scalar or tensor interactions could be revealed through β-decay correlation stud-
ies. In Big Bang nucleosynthesis, the neutron-to-proton conversion rate set by the neutron lifetime
competes with the Hubble rate to determine the primordial 4He abundance. Finally, fundamental
symmetry violations in the lepton sector would have implications on our current understanding of
particle interactions. TUNL has active programs probing many of these areas of physics.



TUNL LIII 2014–15 Fundamental Symmetries in the Nucleus 57

4.1 The Neutron Electric Dipole Moment

4.1.1 Search for the Electric Dipole Moment of the Neutron

M.W. Ahmed, R.E. Bullard, H. Gao, R. Golub, D.K. Frame, D.G. Haase, P.R. Huffman,
E. Korobkina, K. Leung, K.M. Lively, A.R. Reid, J.R. Rowland, S. Sosothikul, C.M.
Swank, C.R. White, A.J. Witchger, A.R. Young, TUNL; the nEDM collaboration

TUNL plays a major role in the development of an experiment to measure the neutron

electric dipole moment. As part of this experimental program, we are helping develop a new

technique that holds the promise of improving the sensitivity by up to two orders of magnitude

over existing measurements. During the past year, TUNL researchers have measured the

UCN storage times in full-sized measurement cells; continued efforts on geometric-phase-effect

studies; developed components such as a heat switch and cryogenic clamp for the PULSTAR

systematic studies apparatus; developed components for the larger nEDM experiment such as

cryogenic neutron entrance windows; and collaborated on efforts to optimize light collection

in the nEDM apparatus.

The nEDM experiment aims to set an up-
per limit on the static electric dipole moment of
the neutron that is two orders of magnitude be-
low the current limit of 3 × 10−26 e cm. Such
a limit would place strong constraints on pos-
sible physics beyond the Standard Model and
could shed new light on the origin of the mat-
ter/antimatter asymmetry in the universe. As
such, it has been stated to be of “highest prior-
ity” by the Nuclear Science Advisory Committee
(NSAC), in both the 2007 Long Range Plan and
in the 2014 NSAC neutron physics subcommit-
tee. A noted strength of the nEDM experiment
is the control of systematic effects and the abil-
ity to make two systematically independent mea-
surements using the precession and dressed spin
modes.

The current conceptual design is shown in
Figs. 4.1 and 4.2. A value (or limit) for the neu-
tron EDM will be extracted from the difference
between neutron spin-precession frequencies for
parallel and anti-parallel magnetic fields of about
30 mGauss and electric fields of about 75 kV/cm.
This experiment, based on the proposal by Golub
and Lamoreaux [Gol94], uses a polarized 3He co-
magnetometer and will detect the neutron pre-
cession via spin-dependent neutron capture on
3He. A high density of trapped ultracold neu-
trons is produced via phonon production in su-
perfluid 4He, which can also support large electric
fields.

Figure 4.1: Engineering design of the nEDM ap-
paratus when located in the external
buildings at the Spallation Neutron
Source at Oak Ridge National Labo-
ratory.

TUNL researchers continue to play an active
role in all aspects of the nEDM experiment. Cru-
cial to the initial development of this project was
our involvement in the continued research and
development work of key components of the over-
all experiment. Much of this work will continue,
with our primary effort now focused on address-
ing a number of outstanding issues related to
maximizing the sensitivity of the measurement.
The key component is the development of an
apparatus that will enable smaller-scale tests of
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Figure 4.2: Cross sectional view of the nEDM apparatus. The neutron beam enters from the left and
is down-scattered in liquid helium to produce ultracold neutrons that are confined within
the measurement cells. The cells are positioned within a strong electric field and weak
magnetic field. The cells are surrounded by about 1,500 l of liquid helium housed in a
composite vessel. The 3He system and central volume are cooled to below 500 mK with a
3He/4He dilution refrigerator.

key systematic effects using both polarized ultra-
cold neutrons (UCNs) and polarized 3He. These
measurements will utilize the PULSTAR UCN
source, located on the campus of NC State Uni-
versity and soon come online, as well as the ex-
isting polarized 3He capabilities at TUNL.

The upcoming sections provide additional de-
tails on many of the scientific aspects of TUNL’s
involvement in nEDM. Sect. 4.1.2 overviews the
design and development of the systematic stud-
ies apparatus while Sects. 4.1.3, 4.1.4, 4.1.5, and
4.1.6 provide details on testing and development
of specific cryogenic components for this appara-
tus. Sect. 4.1.7 describes the UCN storage life-
time measurements made in collaboration with
Los Alamos National Laboratory and Sect. 4.1.5
overviews development activities for the larger-
scale nEDM effort. Sect. 4.1.9 describes the de-
velopment of the UCN source at the PULSTAR

reactor facility on the campus of N.C. State.
In addition to the research outlined above,

several TUNL faculty serve in leadership roles in
the project. Golub serves as a principal scientist;
Golub and Huffman co-chair the internal techni-
cal committee and serve on the project’s execu-
tive committee; Haase, Korobkina and Huffman
serve as subsystem managers for the construction
of the cryovessel, the systematic studies appara-
tus, and for the assembly and commissioning of
the subsystems, respectively; and Huffman serves
on the federal project team as the project’s tech-
nical coordinator and deputy project manager.
Several others serve as work-package managers
for components of the subsystems.

[Gol94] R. Golub and S. K. Lamoreaux, Phys.
Rep., 237, 1 (1994).
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4.1.2 Development of a Systematic-Studies Apparatus for the nEDM Ex-
periment

H. Gao, R. Golub, D.G. Haase, P.R. Huffman, E. Korobkina, K. Leung, A.R. Reid, S.
Sosothikul, C.M. Swank, C.R. White, A.J. Witchger, TUNL; A. Hawari, North Carolina
State University, Raleigh, NC ; The nEDM Collaboration

An apparatus is being constructed to allow key systematic effects in the neutron electric-

dipole-moment (nEDM) experiment to be explored. The apparatus will initially allow mea-

surement of the neutron and/or 3He storage lifetimes in a full-size measurement cell. The

ultimate goal is to permit the testing of five key scientific areas identified as essential for the

larger nEDM project.

The nEDM project team has identified a
new opportunity that will significantly reduce
the risk to the nEDM project while shorten-
ing the time to a physics measurement. The
PULSTAR ultracold-neutron (UCN) source (see
Sect. 4.1.9) will soon come online and become
a world-class source of UCNs, comparable in in-
tensity to existing sources at both the Institut
Laue Langevin and Los Alamos National Lab-
oratory. This source, coupled with the exist-
ing polarized 3He capabilities at TUNL, is en-
abling development of a setup for investigating
many polarized-UCN?polarized-3He interactions
at cryogenic temperatures.

During the past year, we have focused on
completing the design and ordering the dewar for
the apparatus, along with the cryogenic design
and testing of several components. This section
will focus on the overall design of the apparatus.
Sects. 4.1.6, 4.1.4, and 4.1.3 provide specifics on
the design and testing of individual components.

A schematic of the apparatus is shown in
Fig. 4.3. A measurement cell filled with liquid
4He at a temperature of about 450 mK will be
placed within a uniform magnetic field generated
by the B0 coil. Cryogenic conventional and su-
perconducting magnetic shields surround this ge-
ometry, as will thermal-radiation shields and, fi-
nally, a series of additional external conventional
magnetic shields. UCNs from the PULSTAR
source will be transported to the cell through a
series of guides and will enter the cell through the
vestibule region shown in Fig. 4.4. Polarized 3He
will be produced externally and introduced into
the cell alongside the polarized UCNs through
the vestibule.

dilution

refrigerator

cryocooler

B0 coil

measurement

cell

charcoal

pump

Figure 4.3: Engineering vertical cross-sectional
schematic of the nEDM systematic-
studies apparatus. For scale, the De-
war is approximately 1 m diameter.

Interactions of the UCNs with the 3He will
be monitored using the spin-dependent neutron-
capture rate. Light from neutron capture pro-
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duces scintillations in the liquid helium and will
be wavelength shifted to visible wavelengths us-
ing deuterated fluors. It will then be transported
away from the cell through acrylic light-guides for
detection by photomultiplier tubes. Pulses will
be digitized and analyzed offline. At the end of a
measurement cycle, the unpolarized 3He will be
removed from the liquid using a charcoal pump-
ing system.

vestibule

UCN entrance valve

actuator

light

collection

system

measurement

cell

Figure 4.4: Engineering horizontal cross-sectional
schematic of the nEDM systematic-
studies apparatus showing the mea-
surement cell, vestibule, UCN guide,
and valve actuators.

The areas where studies at TUNL will pro-
vide significant advances to the development and
implementation of the nEDM project are as fol-
lows:

• Measurement of scintillations due to the rela-
tive UCN and 3He precession and demonstra-
tion of the critical-dressing technique. The
motion of a spin under the application of
static and non-resonant oscillating magnetic
fields is quite complicated. Without the new
apparatus, the measurements necessary to es-
tablish working parameters for the double
resonance of UCNs and 3He must occur on
the project’s critical path during the com-
missioning phase. The proposed apparatus
will allow the critical-dressing parameters to
be established and the techniques for provid-
ing the critical dressing to be experimentally
vetted in parallel with the construction and
commissioning of the main apparatus. This
will reduce both the time to data collection
and the overall risk to the project.

• Measurement of the trajectory correlation
function for systematic-error quantification.
Differences between the actual trajectory cor-
relation function in the measurement cells
and those predicted by theory may result
in a mishandling of the geometric-phase sys-
tematic error, leading to a false nEDM re-
sult. The proposed apparatus will allow these
functions to be measured prior to performing
measurements in the main apparatus, in or-
der to establish, for example, the effect of
wall collisions on the correlation function.

• Detection of the 3He pseudomagnetic field in
search of possible double-resonance effects.
This field results from the spin-dependent
coherent-scattering cross section, which leads
to an energy shift for the UCNs that is spin-
dependent and thus appears as a magnetic
field. The pseudomagnetic field is not di-
rectly affected by the application of an elec-
tric field, but can be the source of fluctua-
tions in the precession frequency and hence
extra noise in the system. The magnitude
of the pseudomagnetic field can be reduced
by ensuring that the 3He spins have no com-
ponent along the static magnetic field. This
is possible by careful control of the spin-flip
pulses.

• Development of techniques for NMR imag-
ing of 3He. Inhomogeneities in the 3He
distribution can couple with field gradients
and/or detection non-uniformities to produce
a false nEDM signal. The proposed appara-
tus will enable us to develop imaging tech-
niques to map the uniformity of the 3He dis-
tribution and to study inhomogeneities that
might arise as a result of polarity-dependent
heat currents, for example, that drive the 3He
distribution in different directions.

• Study techniques for reversing σ3He , σUCN and
B0. Establishing the experimental param-
eters for reversing the spins and magnetic
fields will take a considerable length of time
during the commissioning phase of the appa-
ratus. Developing these techniques in parallel
in the new apparatus will provide an environ-
ment where a more complete study of these
reversals can be performed without the exter-
nal time constraints imposed by the critical
path. This will reduce both the risk to the
project and the time to data collection.

This program of studies will occur in parallel
with the construction and commissioning of the
main nEDM apparatus. We estimate that the
entire program will last four to five years.
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4.1.3 Development of the PULSTAR Vestibule Including Cryogenic UCN
Windows

P.R. Huffman, E. Korobkina, K. Leung, A.R. Reid, C.R. White, A.J. Witchger, TUNL

The PULSTAR systematic-studies apparatus is designed to carry out a series of tests using a

full-sized nEDM measurement cell. This cell has one side entrance, so our systematic-studies

apparatus is designed to accommodate both the UCNs and polarized 3He entering through

this hole. The design and initial testing of this entrance vestibule, including a cryogenic

window for the UCN guide and Kapton bellows are described.

The systematic studies vestibule component
serves two primary functions. First, it must allow
both polarized ultracold neutrons (UCNs) and
polarized 3He to be introduced into an nEDM
measurement cell. This requires a UCN window
that will allow UCNs from the PULSTAR UCN
source to enter into the liquid-helium-filled vol-
ume. Secondly, the thermal heat link from the
mixing chamber of the dilution refrigerator is a
cylinder of liquid helium that passes through the
vestibule. Thirdly, it needs a three-position-valve
arrangement that can (a) shield depolarizing re-
gions when filling the cell with UCNs and 3He;
(b) provide a good thermal link to the cell when
cooling the cell; and (c) also seal off the measure-
ment cell once it is full and measurements begin.
The engineering design and prototype vestibule
are shown in Fig. 4.5.

Kapton Bellows

Measurement Cell

Three-Position

 Valve

Figure 4.5: An engineering schematic (above) and
photograph of the vestibule. Individ-
ual components are described in the
text.

The physics design requirements allow only
plastic and UCN/3He-friendly materials to be
used in this area. Thus significant development,
prototyping, and testing of these components are
required. The vestibule and UCN window com-
ponents were tested separately.

A full-sized vestibule assembly has been man-
ufactured from a combination of PEEK and Tor-
lon. A Kapton bellows is used to seal the valve
actuator from the surrounding vacuum. The test
setup has been fully assembled and tested for me-
chanical movement with mock parts for the three-
position valve.

The valve sealing surfaces are made from
deuterated PMMA. This material is being cus-
tom manufactured by a chemist from the Uni-
versity of Tennessee. Testing of the prototype
will occur once these pieces are available.

As reported previously, we developed a
method of folding a seamless Kapton tube into
a flexible bellows shape. This bellows is capa-
ble of repeated leak-tight cryogenic actuation in
a superfluid helium bath; a sample bellows has
withstood 500 cryogenic cycles of compression by
5 mm (14 % ∆L/L). This folded bellows is both
RF transparent and nonmagnetic. A photograph
of a prototype bellows is shown in Fig. 4.6.

UCNs from the PULSTAR UCN source will
be directed from the source to the apparatus us-
ing neutron guides. Once they enter the cryo-
stat, the UCNs will travel through Kapton tubes
to the vestibule region. In order to minimize
UCN loss from interactions with the Kapton, we
showed that a polystyrene coating on Kapton
foils stays on and does not crack after repeated
thermal cycling to liquid nitrogen temperature
(77 K). At the UCN entrance to the vestibule,
the UCNs must pass through a low-loss window
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that separates the liquid helium in the vestibule
from the UCN guide.

Figure 4.6: Photograph of a folded Kapton bel-
lows.

The UCN window (see Fig. 4.7) will be con-
structed from a thin plastic film that will serve
both as the UCN window and the nominal gasket-
sealing material for the window. The mate-
rial of choice is 0.033-mm-thick biaxially oriented
polypropylene (BOPP) film from ViAM Films.
BOPP has strong mechanical properties, even at
cryogenic temperatures.

BOPP Window

Pumping Line

PEEK

Assembly

Figure 4.7: The UCN window test assembly. The
window was shown to be leak-tight at
1.7 K while surrounded by liquid he-
lium.

Real-dimensioned UCN windows and PEEK
assembly have been manufactured. The BOPP
film acts as the window and superfluid-tight gas-
ket material. The BOPP-to-PEEK sealing ge-
ometry is the same as that developed for kap-
ton gaskets previously. Superfluid-tight tests
of the UCN window have been conducted in a
LHe bucket-Dewar down to 1.7 K (see Fig. 4.8).
An overpressure burst test at room temperature,
shows that the window can withstand up to 70
psig.

In addition to the component development
described above, we have constructed an all-
metal residual-gas-analyzer (RGA) setup to test

materials for out-gassing. Any hydrogenous (i.e.
water) materials absorbed in the plastics could
significantly degrade the UCN storage times in
the system. This also has implications for the
larger-scale nEDM experiment.

Figure 4.8: Temperature and leak rate during the
UCN window cold leak test. Results
show that the UCN window is leak
tight to < 10−8 mbarL̇/s in 1.7 K su-
perfluid helium.

With this new setup shown in Fig. 4.9, a pro-
gram is underway to test materials to determine
their out-gassing properties. Materials that show
significant water out-gassing, for example, will be
studied under varied conditions such as treating
them with heavy (deuterated) water or only ex-
posing the material to an inert atmosphere, to
see the level to which the out-gassing can be min-
imized.

Figure 4.9: Photograph of the RGA system for
studying out-gassing of materials used
in the nEDM experiment.
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4.1.4 PULSTAR Charcoal Pump System: The Double Valve

K.K.H. Leung, E. Korobkina, D. Haase, TUNL

The PULSTAR Systematics Study Apparatus contains a charcoal pump. A double-valve

system is being developed to reduce the gas conductive heat load between the pump and the

0.5 K buffer volume when the pump is heated and outgassed. The valve is nominally closed

by a compressed spring and opened when pulled on by a wire. The material of the valve

system has to be non-magnetic due to its proximity to the measurement cell.

Depolarized 3He will be removed from the
measurement cell in the Systematics Study Ap-
paratus using a charcoal pump (Fig. 4.10). The
charcoal needs to be regularly heated to about
10 K and purged before it becomes saturated.
During this process, a high gas pressure will be
created from the charcoal. The double valve will
thermally separate the charcoal pump and the
buffer volume, which is at 0.4 K, by sealing off
an intervening volume with low vacuum before
the charcoal is heated.

0.4K 
superfluid 

charcoal

4K thermal shield

heat switchpump out tube

heat link 
to still

4He filling 
capillary

buffer 
volume

to vestibule & 
measurement cell

double 
valve

film pinner

 valve actuation wire

upper valve

lower valve}

Figure 4.10: Schematic of the 3He removal sys-
tem.

In the double-valve system (Fig. 4.11), com-
pressed springs are used to create a sufficiently
good seal between the valve body and valve seat
when there is no pulling force by the wires. When
removing depolarized 3He from the measurement
cell is required, the upper wire is pulled by an ac-
tuation mechanism at room temperature. Due to

the slack in the lower wire, the top valve is opened
first and then the bottom valve. After sufficient
removal of 3He, the wire is lowered to a posi-
tion such that only the bottom valve is closed,
and then we wait some time for the pressure to
drop, since the supply of 4He and 3He is now re-
moved. Then the wire is lowered further, so that
the top valve is also closed, creating a sealed-off
volume with low vacuum. Now the charcoal can
be heated and outgassed without gas conduction
of heat to the superfluid.

heat link to still

upper 
valve seat

upper valve body

upper wire

pump out and wire 
actuation tube

to charcoal pump

upper spring
(always compressed)

lower valve body

lower spring
(always compressed)lower wire

lower valve seat 
& film pinner 

spool

Figure 4.11: Schematic of the double-valve sys-
tem. The static seals between the
bolted flanges will be made with
Kapton gaskets.
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The bottom of the double valve is only 26 cm
from the measurement cell, so non-magnetic ma-
terials having low thermal conductivity are re-
quired for the valve tubing, the valve seat and
body, and the spring. The spring must also pro-
vide sufficient force to the valve body to create
a superfluid-tight seal at the lower valve. This
requirement can be reduced by having highly
flat and polished sealing surfaces. The spring-
loaded, pull-wire-actuated valve is inspired by
a design [Sal89] that demonstrated a < 1 ×
10−5 mbar L s−1 leak rate at 4.2 K with a 10 mbar
pressure difference and 20 lb f.

piston 
connected 
to load cell

spring

valve body

wire 
coupling 

mechanism

Figure 4.12: Inside of the 1.7 K leak rate testing
insert. A movable piston presses the
valve body against a valve seat (not
shown) via a spring. A load cell at
room temperature is used to measure
the force on the piston. The spring
can also be removed for tests.

Our current candidate materials for the
spring are phosphor bronze or beryllium copper;
for the valve tubing, valve body, and seat they
are Cu-Ni 90-10 or SS 316LN. A test system that
can be cooled to 1.7 K in a LHe bucket Dewar
has been designed and built to measure the force
on the seal versus the leak rate. A movable pis-
ton connected to a load cell is used with a test
spring to press a valve body onto a valve seat

(Fig. 4.12).
The lowest room-temperature helium leak

rate (1 bar difference) reached with the spring
test is 1.5 × 10−4 mbar L s−1 with 70 lbs f and a
0.002” thick Kapton gasket. When the spring
is removed and the piston is pressing directly
onto the valve body, a leak rate of 2.3 ×
10−5 mbar L s−1 is reached with 70 lbs f, indi-
cating an uneven force on the valve body due to
the spring. This latter leak rate is two orders of
magnitude better than in Ref. [Sal89], since we
have 1 bar difference, but it was done at room
temperature and with a greater force. However,
this leak rate is still higher than the requirement
of < 3× 10−8 mbar L s−1.

Kapton gasket of bolted flanges

Cu-Ni lower valve seat sealing surface

Figure 4.13: The lower valve seat. This surface
was commercially lap polished with
a #9 microgrit finish, but scratches
are still visible.

We are currently working with lap-polishing
companies to improve the polishing of the valve
surfaces (Fig. 4.13), and we are seeking to im-
prove the transfer of force from the spring to the
valve body. We also need to acquire suitable ma-
terial for the final double-valve pieces, since the
commercial Cu-Ni 90-10 we initially tried to use
has a 1.8% iron content, causing it to be mag-
netic.

[Sal89] R. Salmelin et al., J. Low Temp. Phys.,
76, 83 (1989).
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4.1.5 Measurements of Superfluid Helium Film Flow for the PULSTAR
Project

D.G. Haase, D.K. Frame, J.R. Rowland, TUNL

We have measured the thermal responses of resistive bolometers suspended above or immersed

in superfluid helium. These results bear on the testing and application of etched silicon wafers

to suppress superfluid helium film flow in the nEDM PULSTAR experiment.

The tests at the PULSTAR Test Facility will
include the injection of polarized 3He into the test
cell filled with superfluid 4He, and the subsequent
removal of the depolarized 3He after the measure-
ment cycles. We propose to remove the depolar-
ized 3He by evaporation, taking advantage of the
much higher vapor pressure of 3He relative to 4He
[Dub09]. We have designed a 3He removal system
that includes a charcoal gas adsorption pump to
remove the 3He-4He vapor, a gas-gap heat switch
to control the operation of the adsorption pump,
a valve system to select the removal of the 3He
and the regeneration of the adsorption pump, and
an etched silicon “film pinner” to reduce the flow
of superfluid 4He, which would reduce the effec-
tiveness of the charcoal pump.

Figure 4.14: Cross sectional view of the film-
pinner test volume, showing loca-
tions of the film pinner and the lower
and upper bolometers. The hatched
areas show the approximate liquid
levels L1 to L4.

In the removal of the 3He vapor from the tar-

get cell a superfluid 4He film can crawl up the
pumping tube and evaporate. This additional
gas flow would rapidly fill up the charcoal ad-
sorption pump and require more frequent heat-
ing/desorption cycles. We have included in our
design an etched silicon film pinner with atom-
ically sharp edges. As the film crosses such an
edge the surface tension causes the film to be-
come so thin that it cannot maintain a superfluid
flow [Shi98].

Figure 4.15: Three bolometer power curves mea-
sured with the liquid at level L1. The
upper and lower bolometers were
measured simultaneously. The up-
per bolometer has not cooled to its
minimum temperature. The lower
bolometer displays hysteresis upon
heating and cooling. The dotted ar-
rows indicate the paths of increasing
and decreasing input power.

The film-pinner test volume is shown in
Fig. 4.14. A cylindrical copper volume, 2.54 cm



66 Fundamental Symmetries in the Nucleus TUNL LIII 2014–15

in inside diameter (ID) and 16.5 cm high, was
filled with liquid helium through a 0.010-in ID
tube at the bottom and the vapor was removed
through a 1.27-cm diameter tube at the top. A
silicon film pinner with an orifice 8 mm in di-
ameter is epoxied to an Invar flange located 10.7
cm above the bottom of the test volume. Two
temperature-sensitive RuO bolometers are sus-
pended above and below the film pinner from
#36 phosphor bronze wires. We measured the
response of the bolometers while the measure-
ment cell was filled with liquid over a period of
several hours at near constant temperature. The
level of the liquid at any time was inferred by the
amount of gas condensed into the system.

Figure 4.16: Measurements with the liquid at
level L2. The lower bolometer ap-
pears to be completely in the liquid
phase. The upper bolometer displays
a kink at an input power of about 20
microwatts, but there is little or no
hysteresis upon heating and cooling.

The bolometers were measured by using a
voltage that increased from 0 to Vmax and then
back to zero over a period of 30 seconds. From
the measured current and voltage across the
bolometer, the bolometer resistance and applied
power were calculated. Preliminary tempera-
tures were calculated from the relation R =
a exp(bT 1/2) [Li86]. When the liquid level is at
level L1 on the diagram, both bolometers should
be above the liquid meniscus (see Fig. 4.15). If a
superfluid film crawls up the walls of the con-

tainer it should show effects on both bolome-
ters. With liquid at level L2, the lower bolometer
would be covered by the liquid (see Fig. 4.16).
At level L3, there should be film flow into the
upper part because the pinner is immersed (see
Fig. 4.17). At level L4, which was not reached
in this measurement, both bolometers would be
immersed in the liquid phase. Our preliminary
results display hystereses in the upper bolometer
that do not appear until the liquid level is above
the film pinner. We associate this with the evapo-
ration of a flowing superfluid helium film. There-
fore it would appear that the pinner retards su-
perfluid film flow. However, at levels L1 and L2,
there is a kink in the T vs. P curve. This may
be the result of a static adsorbed helium film.
[Fok66]

Figure 4.17: Bolometer curves with the liquid at
level L3. The upper bolometer dis-
plays hysteresis upon heating and
cooling. The dotted arrows indicate
the directions of increasing and de-
creasing input power.

[Dub09] F. Dubose, Ph.D. thesis, North Carolina
State University, 2009.

[Fok66] K. Fokkens, K. W. Taconis, and R. D. B.
Ouboter, Physica, 32, 2129 (1966).

[Li86] Q. Li et al., Cryogenics, 26, 46 (1986).

[Shi98] P. J. Shirron and M. J. DiPirro, Adv.
Cryo. Eng., 43, 949 (1998).
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4.1.6 Heat Switches for the PULSTAR Test Facility

C.R. White, D.G. Haase, P.R. Huffman, TUNL

The cryostat for the PULSTAR Test Facility requires two heat switches. A gas-gap heat

switch will control the removal of 3He from the experimental cell. A mechanical heat switch

will connect a 4 K cryocooler to the helium bath of the PULSTAR dewar. This will reduce

liquid helium consumption and allow longer unattended operation. We have tested and are

modifying both heat switches.

Gas-gap Heat Switch

In the PULSTAR EDM experiment a charcoal
pump will be used to selectively remove 3He
from the measurement cell. The pump will be
cooled by a thermal link to a liquid helium bath.
When the charcoal is saturated it must be re-
generated by heating to 20 K, in order to out-
gas the helium. During this process, the thermal
link to the helium bath must be severed in or-
der to reduce helium boil off in the bath. A he-
lium gas-gap heat switch for controlling the cool-
ing of the charcoal has been designed and tested
[Mar10, DeP04, Fra86]. Full saturation of the
charcoal by helium will generate about 1 KJ of
heat. Since the pumping time is on the order
of hours, the switch should be able to remove as
much as 0.5 W of heat in its ON state, while keep-
ing the charcoal end below 7 K. When the switch
is turned off, the heat load should, at minimum,
be less than 0.5 W, despite the larger tempera-
ture difference.

Figure 4.18: Diagram of gas-gap heat switch. The
actual gap between the inner cylin-
der and the outer copper tube is
0.020 inches.

The cylindrical body of the switch consists
of three parts: an inner copper cylinder, an
outer copper tube, and a 90/10 Cu/Ni outer

wall (see Fig. 4.18). A small stainless steel tube
passes through one of the copper ends into the
gap in between. On the other end of this tube
is a small copper cylinder containing charcoal,
through which the heat switch is filled with he-
lium gas to 10,000 Pa at room temperature and
then closed off. When the charcoal temperature
drops below a certain point, it adsorbs the he-
lium, removing the gas conduction and making
the Cu-Ni wall the main contributor to the ther-
mal conduction.

Figure 4.19: Measured thermal conductance of
the gas gap heat switch as a function
of the temperature of the charcoal
adsorption pump. When the adsorp-
tion pump is at a temperature above
about 9 K, the gas gap is filled with
helium and the heat switch conducts
heat.

The switch was assembled and filled. Then
one end was clamped onto an RDK-415D cry-
ocooler, which cools as low as 3 K. Two heaters
were attached, one to the free end of the heat
switch, and one to the small charcoal container.
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For cooling of the charcoal pump, a thin strip of
copper connected the charcoal to the cryocooler.
The charcoal was heated to various values be-
tween 3 K and 20 K, and at each temperature, the
temperatures across the switch were measured as
a function of heat input. The average thermal
conductance at each charcoal pump temperature
is shown in Fig. 4.19, which indicates a switching
point of around 9.5 K and a difference in conduc-
tion of almost two orders of magnitude between
fully ON and fully OFF. The value of the ther-
mal conductance through the switch at Thot =
7 K was 0.074 W/K as compared to the goal of
0.179 W/K. When the switch is off and Thot = 20
K, the heat flow is reduced to 0.02 W, which is
in the acceptable range. A new switch has been
machined with a gap that is smaller by a factor
of five, which should increase the thermal con-
ductance by a similar factor.

Mechanical Thermal Clamp

In the PULSTAR EDM experiment, a mechani-
cal heat switch will be used to thermally link the
liquid helium bath to an RDK-415D cryocooler.
The cryocooler can be used to remove heat from
the liquid helium bath and reduce helium loss.
However, it must be turned off during neutron
measurements, because the moving piston would
induce magnetic effects in the measurement cell.
When the cryocooler is off, a large heat load
would be placed on the helium bath, and thus the
cryocooler should be mechanically and thermally
disconnected from the bath. When connected to
the bath, the target thermal resistance for the
heat switch is 1 K/W including the connections
from the clamp to the cryocooler.

The heat switch is a mechanical clamp (see
Fig. 4.20) that is closed onto an aluminum rod
extending into the liquid helium volume. The
contact with the aluminum is made by two cop-
per pieces which are thermally isolated from the
rest of the clamp by two pieces of G10. From
these copper pieces, two copper braids extend to
the cryocooler and are attached to it. The clamp
may be opened and closed by a large threaded
screw running through its body. A stainless steel
rod can be inserted into this screw in order to
open and close the clamp while under vacuum.

The heat switch was tested by closing it onto
a small aluminum rod with a 25 W heater in its
end. This assembly was then attached to the
cryocooler and cooled. RuO resistance temper-
ature sensors were placed along the assembly to
determine the thermal resistance of various com-

ponents. The heat load was varied until the rod
was at 4.2 K. At this temperature, the heat flow
across the switch was 100 mW. The total thermal
resistance was 11 K/W, with 6 K/W coming from
the clamp connection to the rod, 4 K/W from the
copper braids, and 1 K/W from the connection
to the cryocooler. The resistance from the braids
can be easily reduced, and the clamp connection
can be gold-plated. However, grease cannot be
used on clamping surface. Currently, the setup
is being modified so that the clamp can be closed
onto the rod after the assembly has cooled, as will
be the case in the PULSTAR Dewar. If thermal
contraction has a role in lessening the clamping
force, then this strategy could lead to lower re-
sistance values. The current measured resistance
values are, however, outside of the useful range
needed for this experiment.

Figure 4.20: Diagram of the thermal clamp show-
ing clamped aluminum bar.

[DeP04] M. J. DePirro et al., AIP Conference
Proceedings, 710, 463 (2004).

[Fra86] D. J. Frank and T. C. Nast, Adv. Cryo.
Eng., 31, 933 (1986).

[Mar10] D. Martins et al., AIP Conference Pro-
ceedings, 1218, 1652 (2010).
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4.1.7 Ultra-Cold Neutron Storage Cells for the SNS nEDM Collaboration

K.K.H. Leung, R.E. Bullard, R. Golub, P.R. Huffman, E. Korobkina, TUNL; the SNS
nEDM collaboration

The measurement cells of the SNS nEDM experiment have to satisfy many stringent condi-

tions. Research on the cell coating and production is currently performed at NCSU. This

year, UCN storage measurements performed at LANL with our new cells indicate that the

“weak patch” problem plaguing previous versions of the cells appears to have been resolved.

At the heart of the SNS nEDM experiment
are the 7× 10× 40 cm3 measurement cells, which
will be filled with superfluid 4He at around 0.4 K
containing a 10−10 concentration of polarized
3He. Polarized ultra-cold neutrons (UCNs) are
produced in the cells via super-thermal down-
conversion with a polarized cold neutron beam.
The 3He and UCN spins are manipulated by RF-
fields (up to 1 G and 3 kHz) in the presence
of a highly homogenous magnetic field (around
10 mG with gradients less than 10−8 G/cm) and
a strong electric field of about 50 kV/cm. Scintil-
lation light at 80 nm is produced in the helium af-
ter spin-dependent n + 3He→ p + 3H + 764 keV
captures. This XUV light will be wavelength
shifted at the cell walls and then guided out
to detectors in a warmer region of the experi-
ment. Therefore the cells are required to be non-
magnetic, non-conductive, cryogenically friendly,
and able to withstand strong electric field gra-
dients. They also need excellent polarized UCN
and 3He storage properties, a high XUV down-
conversation efficiency, and good light transport
properties.

Measurement cell production is currently
done inside the NCSU Education and Re-
search Laboratory’s class 1000 clean room,
equipped with photoresist, low-UV lighting. UV-
transparent PMMA plates are cleaned and an-
nealed in a vacuum oven to relieve stresses that
can cause crazing when cooling to cryogenic tem-
peratures. The inner surfaces are then swing-
coated with a solution of deuterated polystyrene,
which has good UCN reflection properties, and
deuterated tetraphenyl butadiene, a wavelength
shifter, dissolved in deuterated toluene. This
coating technique, developed at Duke University
[Ye09, Ye08] is known to produce optically clear,
smooth coatings. An atomic-force-microscopy

image made at our facility shows our coatings
to be flat to within about 20 nm. This has been
shown to be good for 3He polarization and de-
sirable if guiding the light inside the plates is re-
quired.

Six PMMA plates are then glued together us-
ing a deuterated version of a methylene-chloride-
based PMMA cement to form a measurement
cell (see Fig. 4.21). The glue is dispensed in
a controlled manner using a microscopic guided
robotic dispenser from Asymtek. A groove is cut
into the plates to break the flow of the glue be-
fore it reaches the inside of the cell to reduce risk
of it affecting the coating.

Figure 4.21: An NCSU measurement cell under
a UV-lamp. The top opening is for
3He transport in the final experi-
ment. In the storage experiments,
it is used for UCNs, while the visible
groove and holes are for thermome-
try wiring.

UCN storage measurements are performed at
Los Alamos National Laboratory. In 2014, we
installed a new outer vacuum vessel to improve
vacuum cleanliness and a new LN-cooled heat
shield to more easily cool the cells to 20 K (see
Fig. 4.22). The storage of UCNs in performed us-
ing a fill-and-empty mode. With the UCN guide-
switcher connecting the source to the cell and
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the cell valve open, UCNs are loaded into the
cell from the LANSCE sD2 UCN source. The
cell valve is then closed and the guide-switcher is
changed to connect the cell to the detector. After
different holding times, the survivors are emptied
to the detector.

UCN filling and 
emptying guide

measurement cell

cell valve

LHe cooling line

He cooled 
thermal shield

UCN detector

UCN guide 
switcher box

UCNs from 
source

outer vacuum 
vessel

LN-shield 
cooling lines

Figure 4.22: The UCN storage apparatus at the
LANSCE UCN source. Top: Interior
of the apparatus. Bottom: The ap-
paratus with the new outer vacuum
vessel and LN-cooled shield installed
at the UCN beam line in 2015.

In December 2014, measurements on a cell
produced at LANL were re-made with the up-
graded apparatus at a new beam-line location to
verify the previous results and to check aging ef-
fects of the cells. The data showed the same be-
havior: when a small, 0.1 to 0.4 cm2 patch of bad-
quality coating (a neutron optical potential of 50
to 90 neV) is exposed to UCNs, the higher en-
ergy UCNs are quickly lost due to more frequent
reflection off the patch and a larger reflection-
loss-probability from the patch. This causes a
strong, quickly-decaying component in the sur-
viving UCN counts. Fitting the data with the
weak-patch model included gives χ2

ν = 0.9, while
fitting without it gives χ2

ν = 6.2.

In January 2015, the first NCSU cell was pro-
duced. UCN storage measurements exhibit no
loss of UCNs due to a weak patch, as seen in
Fig. 4.23, allowing a best fit with χ2

ν = 0.9. The
initial UCN spectrum required for the data anal-
ysis was modeled by Monte-Carlo UCN-tracking
calculations and was further varied to check for
systematic effects. These were found to be small.
Effects of the UCNs not exploring the cell ergot-
ically (i.e. break down of UCN gas theory) were
also tested with Monte Carlo calculations. The
conclusion that the weak-patch problem has been
solved appears robust.

Figure 4.23: Results of the UCN storage measure-
ments made with the NCSU cell at
30 K. The fitted line is made with-
out the weak-patch model.

Efforts over the past two years at setting up
cell-production facilities at NCSU and develop-
ing fabrication techniques have been highly suc-
cessful. UCN storage measurements have demon-
strated our cells to be free of the previous weak
patch problem. This has come from a combina-
tion of better cell-wall geometries, an improved
swing-coating jig, cell production in a clean room,
and controlled glue deposition with a robotic dis-
penser. The next work will involve further re-
ducing UCN losses on the coated surfaces (e.g.
through removal of hydrogen contaminants on
the surface), exploring alternative coatings that
may allow us to store a higher numbers of UCNs,
and optimizing the XUV-to-optical light conver-
sion efficiency.

[Ye08] Q. Ye, Ph.D. thesis, Duke University,
2008.

[Ye09] Q. Ye et al., Phys. Rev. A, 80, 023403
(2009).
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4.1.8 Design and Testing of Neutron Windows and Seals for the nEDM
Project

K.M. Lively, A.J. Witchger, D.G. Haase, TUNL

Neutrons from the ORNL Spallation Neutron Source will enter the measurement volume of

the nEDM experiment through windows that must meet strict requirements as to mechani-

cal, electromagnetic and nuclear properties. Through simulations and experiments we have

investigated materials and mounting designs for the windows.

The nEDM neutron collection-and-
measurement cell will be enclosed in a 1 m3

volume made of a wound composite material.
The volume will contain superfluid liquid he-
lium at a pressure of 1 bar and a temperature of
about 0.35 K. Neutrons from the spallation neu-
tron source will enter the experimental volumes
after traversing eight windows. The windows
and window mounts must be non-conducting,
non-metallic, non-superconducting, and non-
activated by the neutron flux. In addition, the
last two windows—one on the inner magnet ves-
sel and the other on the insulation volume—must
be able to maintain a 2 bar pressure difference.

Figure 4.24: Result of a pressure and cooling test
of a 100 mm diam. x 3 mm. thick
Si <111> wafer directly bonded to a
G-10 collar with Scotchweld DP-190
gray epoxy. It fractured upon cool-
ing to 77 K and application of an ex-
ternal pressure differential of 1 bar.

We have identified single crystal silicon or sin-
gle crystal quartz as the most suitable materials
for the windows. Each of these materials is avail-
able in the required 15 cm diameter size. Each
material is brittle and has an extremely small co-
efficient of thermal expansion, making it a chal-

lenge to mount the windows to the experimen-
tal volume. Silicon fails through cracking along
a crystal plane. The cracking could be seeded
by defects, scratches or uneven strains caused by
the mount or, for thick samples, by rapid cooling.
Surface defects which could seed cracks should be
removed by etching [Pet82].

We have tested mounts and selected epoxies
to mount silicon windows and have tested them
at both room temperature and liquid nitrogen
temperature (see Fig. 4.24) We have also per-
formed discrete-element simulations to model the
response of the windows and the mounts to pres-
sure gradients and cooling.

Figure 4.25: Cross section diagram of the clip-
ring seal configuration. The intent
is to reduce the stress of the differ-
ential contraction of the G-10 onto
the silicon by the flexing of the clip
arms.

Finite element models (FEM) of several initial
mount designs were tested using Autodesk Sim-
ulation Mechanical. Initially, 2-D axisymmetric
wireframe models were used to guide the selec-
tion of second round, 3-D models, which are more
computationally expensive. A promising model
which emerged from these wireframes is the one
shown in Fig. 4.25, in which the silicon and the
G-10 mount are connected by a slotted ring (a
“clip”) that may flex slightly as the G-10 con-
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Figure 4.26: Simulation of the cross section for the clip-ring seal configuration.

tracts around the silicon. On the right of these
cross-section images is the silicon window, 1 cm
in thickness and with a radius of 7.5 cm; the mid-
dle is the G-10 clip; and the left is an outer G-10
flange. For each of these 2-D models, the temper-
ature was uniformly controlled across the entire
assembly to cool down over one simulated hour
from 293 K to 77 K, and the subsequent stress
response due to contraction was simulated.

Autodesk’s Safety Factor (SF) calculation,
which describes the ratio of yield strength to Von
Mises stress at each element, was used as a diag-
nostic of the model. Yield strengths of 300 MPa
were chosen for G-10 and silicon, a conservative
value in the case of silicon, but one consistent
with the fracturing failure mode described in the
literature. Figure 4.26 shows a 5 mm thick clip
with an inner clip edge 1.2 cm above the sili-
con top face. Of several designs, this displayed

the lowest SF of 2.13, and was advanced to 3-D
modeling.

Our most recent 3-D calculations have investi-
gated a clip ring made of Torlon, which is prefer-
able to G-10 because of its isotropic properties.
The fully rendered Torlon clip model used a 1 mm
layer of epoxy between the lateral and horizontal
faces of the Torlon and silicon, as well as a 1.5
atm pressure applied across the bottom faces of
the assembly. The lowest safety factor present in
this model was 2.9, indicating the best response
yet for an assembly. The next step is to investi-
gate the relationship between epoxy and Torlon,
to see whether it thermally cycles well and what
the shear strength is for silicon to Torlon bonds.

[Pet82] K. E. Peterson, Proc. of IEEE, 70, 420
(1982).
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4.1.9 Commissioning of the Ultracold-Neutron-Source Facility at the NC
State PULSTAR Reactor

R. Golub, P.R. Huffman, E. Korobkina, G.L. Medlin, A.R. Young, TUNL; A.T. Cook,
A.I. Hawari, B.W. Wehring, North Carolina State University, Raleigh, NC

We have finished construction and have begun commissioning of an ultracold-neutron source

facility at the PULSTAR reactor on the campus of North Carolina State University. Detailed

evaluation of the source’s performance will allow optimization of UCN production. In the near

future, the source will be utilized for systematic studies related to nEDM measurements.

The ultracold-neutron (UCN) source facility
being commissioned at the PULSTAR reactor on
the campus of North Carolina State University
will provide a competitive UCN flux for measure-
ments including the neutron electric dipole mo-
ment (nEDM), β decay, and material scattering
[Kor07]. In addition, it will serve as a platform
for improving UCN source technology. In partic-
ular, the nEDM collaboration is finalizing plans
for a smaller test apparatus that will be oper-
ated at the PULSTAR source to study system-
atic effects related to the nEDM measurement.
There is also the possibility that the source will
be used for other neutron β-decay experiments
such as the Los-Alamos-based neutron lifetime
experiment.

The source utilizes the high leakage of ep-
ithermal and thermal neutrons from the under-
moderated reactor core. The 1-MW-thermal
PULSTAR reactor cooling system has been up-
graded to run at 2 MW, and a license amendment
for a new fuel arrangement is currently being pro-
cessed.

One liter of solid ortho-deuterium at a tem-
perature below 5 K serves as the UCN converter
material and is surrounded by a solid methane
cold moderator in a cup-shaped container. The
cold moderator temperature can be tuned be-
tween 30 K and 60 K to optimize the neutron-
flux-peak tuned for down-scattering in the UCN
converter. The source sits inside a heavy-water
thermal moderator. Construction of the heavy-
water tank and the cryostat that houses the
cryogenic methane and deuterium containers has
been completed, and the helium liquefier that
provides cooling has been tested [Kor14].

Unlike traditional reactor-based UCN
sources, the PULSTAR source was designed to be

placed in the former thermal-column facility out-
side of the reactor pool. A unique graphite-lined
port was built to efficiently transport neutrons
away from the core. This delivers a majority
of the neutron flux to the source, while mini-
mizing heating of the source by reactor γ rays.
The performance of this neutron transport sys-
tem was measured directly using activation of
cadmium-covered gold foils and a heavy-water
tank approximating the source tank. This setup
has been modeled using the mcnp code, and the
measurement is currently being used to bench-
mark the mcnp model of the final source design.
Fig. 4.27 shows an mcnp plot of the reactor and
UCN source geometry.

Figure 4.27: Mcnp input geometry of the reactor
and UCN source.

The source is mounted to the thermal-column
shield door, allowing it to be easily rolled out
of the reactor biological shield, as shown in
Fig. 4.28. A replacement shield door that will
allow the source to be serviced and tested in situ
without an extended shutdown of the reactor has
been constructed.
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A guide system to transport UCNs from the
source out of the biological shield has been con-
structed. The guides are 58Ni-coated quartz
tubes that are 15.2 cm in diameter and coated
using a custom-built e-beam vacuum chamber at
Virginia Polytechnic and State University.

Figure 4.28: Partially assembled heavy-water
tank and cryostat on the thermal
column door, rolled out of the
reactor thermal column void.

To manage and condense methane and deu-
terium gas, a gas-handling system was con-
structed and tested. The helium liquefier and
parallel cooling loops were used to condense
methane and deuterium, which are controlled by
the gas handling system, into the cryogenic con-
tainers. The UCN density is limited by the neu-
tron lifetime in the deuterium, so the all-metal
gas-handling system was built completely out
of VCR stainless steel components that should
prepare and maintain very clean deuterium over
many operational cycles. The gas-handling sys-
tem is shown in Fig. 4.29.

As the lifetime is also dependent on hydro-
gen and para-deuterium contamination, systems
were built both to prepare deuterium in a very
high ortho-fraction and to monitor the para-
deuterium and hydrogen content to high preci-
sion, based on the previous work of Lui [Liu03].
A para-to-ortho spin converter utilizes the para-
magnetism of a catalyst material (tested with
both commercial Oxisorb and iron hydroxide) to
induce spin flips and quickly reach equilibrium
near the triple point of deuterium. A Raman
spectrometer built for the purpose is then used
to determine the ortho/para ratio of a deuterium

sample and place an upper limit on the presence
of hydrogen and HD species [Kor14].

Part of the strategy for optimizing the source
for UCN production is detailed modeling and
evaluation of its performance. The source de-
sign allows the energy of the cold neutrons at
peak flux to be tuned between 30 K and 60 K
to optimize UCN production in the deuterium.
It also permits the solid methane moderator to
be switched out for a different moderator, such
as mesitylene or triphenylmethane. Neutron-
scattering kernels for methane at temperatures
above 22 K were produced for modeling using
our mcnp geometry.

Figure 4.29: Methane and deuterium gas han-
dling systems.

UCN production in sD2 has been shown to
vary depending on the crystal’s growth and treat-
ment. A system is currently under construction
to examine the crystal both visually and with em-
bedded temperature sensors, as well as simulate
warmer blackbody loads. A detailed study of the
UCN converter in situ will be conducted while
waiting for final safety approval for its installa-
tion into the reactor’s former thermal column.

[Kor07] E. Korobkina et al., Nucl. Instrum.
Methods A, 579, 530 (2007), Proceed-
ings of the 11th Symposium on Radia-
tion Measurements and Applications.

[Kor14] E. Korobkina et al., Nucl. Instrum.
Methods A, 767, 169 (2014).

[Liu03] C.-Y. Liu et al., Nucl. Instrum. Methods
A, 508, 257 (2003).
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4.2 Fundamental Coupling Constants

4.2.1 The UCNA experiment

E. B. Dees, J. Wexler, A. R. Young, TUNL; the UCNA collaboration

The UCNA experiment has provided precise values for the axial form factor (λ = gA/gV )

of the neutron from measurements of the β-asymmetry, Ao, using ultracold neutrons. The

most recent published value for Ao came from the LANSCE 2010 run-cycle. Progress in the

past year was toward understanding the systematic error budget for the 2011–2012 dataset,

currently under analysis.

UCNA is an experiment which specifically
attacks the need to determine angular correla-
tions with a distinct approach to systematic er-
rors that is complementary to traditional an-
gular correlation measurements performed with
cold neutron beams. Instead of cold neutrons,
UCNA utilizes ultracold neutrons, which offer
a distinct approach to the key neutron-related
sources of systematic error in measuring the β-
asymmetry. These are the neutron polarization
and neutron-produced backgrounds. The UCNA
experiment is described in detail in Plaster et al.
[Pla12], and all of the articles and theses pro-
duced by the LANL UCN project are available
at http://neutron.physics.ncsu.edu/UCNA.

UCNA’s most recent published value of the
β-asymmetry is Ao = −0.11954(55)stat(98)sys

and was determined from data taken during
the 2010 run cycle at LANSCE [Men13]. Data
from 2011 and 2012 are currently being ana-
lyzed. Figure 4.30A shows the UCNA exper-
iment at present. Ultracold neutrons are pro-
vided by the UCN source in Area B of LANSCE.
A detailed characterization of this source can be
found in Ref. [Sau13]. The guides for the polar-
ized UCNs are coated with diamond-like-carbon
(DLC) and pass through the ”polarizer/AFP”
magnet, a shutter required for polarimetry, and
then into the spectrometer where β decays are
measured for the UCNs in the decay volume of
about 30 l. The detector packages at either end
of the spectrometer consist of a multiwire pro-
portional counter (MWPC), to provide position
information, in front of a plastic scintillator for
timing and energy reconstruction. A number of
improvements were implemented after the 2010
run, including the addition of the polarimetry

shutter, ultrathin beryllium-coated end-cap foils
for the decay volume, and an LED-pulser system
to provide linearity and gain-monitoring data for
the β-detectors.

Table 4.1: The most important sources of un-
certainty for the 2010 dataset with
their projected values for the 2011–
2012 dataset and a “final” future run
assuming minimal improvement of the
LANL UCN source.

Uncertainty 2011–2012 Final Run
(in analysis) (projected)

Statistics ±0.40 ±0.28
Depolarization (0.7)± 0.1 (0.7)± 0.1
Energy Recon. ±0.08 ±0.08
Backscatter 0.56± 0.15 0.56± 0.15
Angle Effect −0.8± 0.2 −0.8± 0.1
Total Systematic 0.46± 0.28 0.46± 0.22
Total 0.46± 0.49 0.46± 0.36

Our analysis of the 2012–2013 UCNA data
is currently focused on the systematic correc-
tions and uncertainties due to the neutron po-
larization and β-energy reconstruction. The an-
gular distribution for the detection of decay β-
particles alone from polarized neutrons is Γ = 1+
(v/c) 〈P 〉A(E) cos θ, where v is the β-particle’s
speed, 〈P 〉 is the average polarization of the neu-
tron populations, and A(E) is the β-asymmetry
correlation parameter. Therefore, we need to
know the average neutron polarization in order
to determine A(E). Our target uncertainty for
the polarization is 0.1%. Because UCNs can be
polarized to essentially 100% using a “high” field,
7 T, polarizer [Hol12], we determine the absolute
polarization by a relatively crude, 10% measure-
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Figure 4.30: A) The current UCNA experimental geometry. B1) The value of Ao extracted from the
2010 UCNA data set showing the expected energy-independent behavior, and B2) the
switcher detector during a depolarization measurement showing a comparison between
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ment of the equilibrium fraction of depolarized
UCNs.

The polarimetry shutter implemented after
the 2010 measurements greatly enhanced our
ability to measure depolarization. The statistical
precision for the depolarized population is now
about 0.1% (with improvements expected after
the LANL source upgrade), and our goal to elim-
inate the need for Monte-Carlo-based corrections
now seems achievable.

The depolarization measurements involve
changing the state of the switcher, a device which
permits UCNs to flow either from the source
into the decay volume or, if the switcher state
is changed, to flow from the decay volume into
a monitor detector mounted below the switcher.
This procedure involves using the polarizer/spin-
flipper system as a spin analyzer and measuring
both the signal due to depolarized neutrons and
the much more numerous neutrons which main-
tain their correct polarization. The experimental
signal in the switcher-detector for UCNs loaded
with the spin-flipper off is shown as the red curve
in part B2 of Fig. 4.30.

We confirm our understanding of the tech-
nique through an absolute calibration procedure,
which involves loading known depolarized frac-
tions into the trap, measuring them with our
method, and assessing our dependence on our
assumptions concerning depolarization mecha-
nisms using a Monte Carlo model of the depo-
larization process. As one can see from the blue
curve in the figure, our model currently repro-

duces the experimentally measured signal at all
relevant phases of the depolarization measure-
ment at the 15% level or better, using a set of
guide parameters consistent with guide charac-
terization measurements.

The asymmetry is extracted from the rate
measured in the detector packages (see part B1 of
Fig. 4.30). During the 2011–2012 run period, the
number of sources used to determine our energy
calibration was increased from three to six, and
we increased the number of calibration runs in
order to track variations in the calibration. We
also implemented an LED pulser system which al-
lowed us to obtain linearity and gain-monitoring
data on a β-run by β-run basis. Our ongoing ef-
forts involve implementing the data from our lin-
earity scans to correct for drift in our calibration
between source measurements. The LED system
and calibration analysis effort is being led by the
Caltech group, with contributions from the Ken-
tucky and NCSU groups.

[Hol12] A. T. Holley et al., Rev. Sci. Instrum.,
83, (2012).

[Men13] M. P. Mendenhall et al., Phys. Rev. C,
87, 032501 (2013).

[Pla12] B. Plaster et al., Phys. Rev. C, 86,
055501 (2012).

[Sau13] A. Saunders et al., Rev. Sci. Instrum.,
84, 013304 (2013).
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4.2.2 The Nab Experiment

J. Wexler, A. R. Young, B. A. Zeck TUNL; the Nab/UCNB collaboration

The Nab experiment seeks to determine the β-ν correlation parameter in neutron decay with

a relative precision at least ten times better than the current value. The decay particles will

be measured in silicon detectors that are each segmented into 128 pixels. Over the past year,

our team, together with the fundamental neutron physics group at LANL, has established

that these detectors have the performance needed for the Nab experiment. This was done

using the front-end and data-acquisition electronics needed for the final experiment.

The Nab experiment is designed to determine
the electron-neutrino correlation parameter a(E)
through time-of-flight (TOF) measurements of
decay protons tagged in coincidence with β par-
ticles [Poč09]. To leading order, a(E) ≈ ao =
(1 − λ2)/(1 + λ2), where λ = gA/gV is the axial
form factor of the nucleon. The primary moti-
vation for this measurement is to determine λ
at the 0.025% level, providing essentially an or-
der of magnitude improvement over the current
precision. Furthermore, since the most precise
values of λ are derived at present from measure-
ments of the β-asymmetry using a very different
approach, Nab provides a powerful cross-check of
our understanding of the systematic errors in the
global dataset for λ.

In the Nab experiment, a cold neutron beam
on the Fundamental Neutron Physics Beam Line
passes through the Nab magnetic spectrometer
at right angles to its symmetry axis, as shown in
Fig. 4.31. When measuring the a coefficient, pro-
tons are only detected in the TOF arm (upward
in Fig. 4.31), but β-particle events are recon-
structed from “hits” in both detectors to form a
prompt “start” to the proton TOF measurement.
(We discuss proton detection below.) Decay pro-
tons and β’s are filtered before they enter the
TOF drift region by a region of strong, roughly
magnetic field with Bf = 4T. Inside that re-
gion, the adiabatic invariance of the flux through
the charged-particle orbits results in reflecting all
particles whose pitch angle with respect to the
magnetic field exceeds θm = arccos(

√
Bf/Bo) ≈

26◦ [Jac98]. The field is then reduced dramat-
ically to 0.12 T, so that the same adiabatic in-
variance results in charged particle trajectories
almost parallel to the magnetic field lines in the
TOF arm of the spectrometer.

The charged particles then traverse the TOF
region, with the TOF of the protons very strongly
correlated with their initial decay speed. At the
end of this region, the magnetic field is increased
to values near 1 T, ensuring the decay region
maps to a reasonable area of the silicon detec-
tor.

Segmented
Si detector

Segmented
Si detector

TOF region
(field ∙ )r BB 0

Uup (upper HV)

Udown (lower HV)

magnetic filter
region (field )B0

decay volume
(field ∙ )r BB,DV 0

Neutron
beam

Figure 4.31: Schematic diagram (not to scale) of
the Nab experiment. The electric
and magnetic fields have cylindrical
symmetry around the vertical axis.
The electrodes are in light green; the
magnetic coils are not shown.

Proton detection is accomplished in the Si de-
tector in the TOF arm of the spectrometer by ap-
plying a very well-defined −30 kV potential step
at the end of the TOF region. The a(E) param-
eter is extracted from the proton TOF data by
performing a cut (nominally 50 keV) on the en-
ergy of the decay β and then histogramming the
decay probability vs. 1/t2p, where tp is the proton
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207Bi source

Fig. 6. Detection of low energy protons with 1 mm thick silicon detector at À 6 1C.
The proton acceleration voltage (in kV) is shown next to each peak. Protons are
detected after crossing the detector dead layer. The average detected energy
resolution is 3.2 keV (FWHM). A threshold was set to the MCA to cut the noise.
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Figure 4.32: (A) Single-pixel proton response for the Nab detectors as a function of proton energy,

as measured at the TUNL low energy proton facility. (B) Recent 207Bi source spectrum
showing atomic X-ray lines, down to the 10 keV l-shell lines, and conversion lines.

TOF. Given the very low energy of the proton,
the proton TOF is pp ∝ 1/tp and the probability
distribution is given by:

℘(1/t2p) ={
1 + a(E)β p

2
p−p

2
e−p

2
ν

pepν
for |p

2
p−p

2
e−p

2
ν

pepν
| < 1,

0 otherwise,

(4.1)

where β = v/c and pe, pν , and pp are the de-
cay electron, neutrino and proton momenta re-
spectively. From Eq. (4.1), the slope of the de-
cay probability plotted against 1/t2p provides the
value for the electron-neutrino correlation at elec-
tron energy Ee.

Some key results of the detector development
program are depicted in Fig. 4.32. The silicon
PIN-diode detectors are nominally 11.5 cm diam-
eter and 2 mm thick, segmented into 128 hexag-
onal pixels via conductive pads on the back face
of each detector. Protons are detected by bias-
ing the detector at −30 kV relative to the TOF
region held at ground potential and detecting
the resultant mono-energetic pulse to tag pro-
tons. Using variable energy, collimated beams of
protons and deuterons, we determined the dead-
layer on our detectors to be about 100 nm and
measured the response to protons from 15 to
35 keV [SB14], thus clearly demonstrating excel-
lent signal-to-background for the planned accel-
eration potential, as seen in Fig. 4.32(A).

The energy calibration for the proton beam
studies was carried out using Monte-Carlo mod-
eling with the pescnelope code [Sem97]. This
yielded the energy deposition in the thin films
encapsulating the source and the detector dead-
layer, and allowed us, by analyzing the peak lo-

cation and spectral shape for both X-ray and
conversion electron lines, to isolate the effects of
the encapsulating foils on the sources. Studies
of sealed γ-ray and conversion-electron sources
have served to subsequently establish the cali-
bration, resolution, and threshold of all active
pixels on a set of 24 pixels instrumented using
the front-end electronics boards planned for the
final experiment. Recent results, demonstrating
the detection of 10 keV X-ray lines from a 207Bi
source are depicted in Fig. 4.32(B), with the ac-
tive pixels having thresholds below 5 keV and
an energy resolution FWHM less than 5 keV at
10 keV electron energies. This essentially estab-
lishes the performance required for Nab.

We have also detected proton-electron coin-
cidence events from β-decay and established a
very powerful approach to data acquisition from
our detectors. The NI PXIe-5171R digitizer sys-
tem permits us to establish the existence of an
electron-proton coincidence (where both the elec-
tron and the proton create triggers with our low-
threshold trigger filter, separated typically by
tens of microseconds) and then process and store
all relevant waveforms for the hit and neighbor-
ing pixels.

[Jac98] J. Jackson, Classical Electrodynamicsr,
John Wiley & Sons, Inc., 3rd Ed., 1998.

[Poč09] D. Počanić et al., Nucl. Instrum. Meth-
ods A, 611, 211 (2009).

[SB14] A. Salas-Bacci et al., Nucl. Instrum and
Methods A, 735, 054512 (2014).

[Sem97] J. Sempau et al., Nucl. Instrum. Meth-
ods B, 132, 377 (1997).
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4.2.3 A New Determination of the 19Ne β Asymmetry

D.C. Combs, A.R. Young, TUNL

Data from the 1996 Princeton 19Ne β asymmetry experiment was reanalyzed in an effort to

correct for positrons scattering off the detector faces. The experiment was simulated using the

Monte Carlo package Penelope, and the resulting correction was applied to the data, yielding

a zero-energy intercept of the asymmetry A0 = −0.0378 +0.0007
−0.0004(sys)±0.0003(stat). Using this

asymmetry value, the element Vud in the CKM matrix is found to be 0.9760(10), the most

precise value from a mirror decay (including the neutron).

In 1996, an experiment to determine the β
asymmetry in the decay of 19Ne was performed
at Princeton [Jon96]. Due to inconsistencies in
the simulated and measured spectra of scattered
positrons, the results were never published. We
have performed a new simulation and analysis of
that experiment using the Monte Carlo software
Penelope v2002 [Bar95].
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Figure 4.33: Timing spectrum from the data and
the best-fit timing spectrum from
the simulation.

The analysis uses five parameters: the de-
tector threshold, the electronic noise and three
“walk” correction parameters. The timing of
the β signals was measured using leading-edge
discrimination, with the timing-walk correction
specified as a function of energy and given by
[Jon96]

w(E) = p1 +
p2

p3 + E
. (4.2)

The three parameters are allowed to vary in or-
der to simultaneously fit the 60Co data and the
coincident timing spectrum from the experiment.

The 60Co was used for timing calibration and to
determine the energy dependence of the thresh-
old crossing time for the β timing signals. The
timing spectrum is filled using the difference in
threshold crossing time of pulses from coincident
events (events leaving energy in both detectors).
Approximately 30% of all events scatter from one
detector into the other, leaving some amount of
energy in both detectors. The sign of the tim-
ing difference is used to identify the hit detector.
The simulation also records the z-component of
momentum of each primary particle. Figure 4.33
shows the best-fit timing spectrum from the sim-
ulation and the spectrum from the data.

Table 4.2 lists the corrections to the asymme-
try and their associated systematic uncertainties.
The first portion of the table shows the correc-
tions calculated using the results of the simula-
tion. The events from the simulation are sorted
into one of three categories based on whether
the event left enough energy to be above thresh-
old in one detector, both detectors, or neither
detector. For the classes of events that were
above threshold there are two types of correction.
The backscatter correction accounts for events
in which the experimental data would have indi-
cated the wrong initial direction of the positron.
The energy correction accounts for energy loss
due to scattering. A single correction accounts
for the events that went undetected. The sign of
the correction is relative to the magnitude of the
asymmetry, so that a positive correction indicates
an increased asymmetry and vice versa for a neg-
ative correction. A global systematic uncertainty
of 25% is applied to each Monte Carlo correction
based on a conservative assessment of agreement
with a set of benchmark observables. The final
two entries in the table represent uncertainties
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Table 4.2: List of corrections to the asymmetry and their uncertainties. The sign is relative to the

magnitude of the uncorrected asymmetry. All values are multiples of 10−4.

Systematic Correction (10−4) Uncertainty (10−4)
Monte Carlo Corrections:

Above threshold in both detectors:
Backscatter correction +14.5 ±3.6
Energy loss correction -2.0 ±0.5

Above threshold in a single detector:
Backscatter correction +3.0 ±0.8
Energy loss correction -0.9 ±0.2

Below threshold in both detectors: -0.5 ±0.1
Energy non-linearity – ±0.9
Polarization – +5.7 -0.0
Total +13.6 +6.9 -3.8

without corrections. The energy calibration un-
certainty is determined by varying the detected
energy by 2% and looking at the resulting change
in the asymmetry. The worst performing detec-
tor had a maximum non-linearity of about 1% at
1500 keV. The uncertainty in the asymmetry due
to polarization is found assuming a polarization
of 100+0

−1.5% [Jon96].
The resulting value of the asymmetry is A0 =

−0.0378 +0.0007
−0.0004(sys)±0.0003(stat). This value

and the global average of measurements of the
lifetime are used to determine a value for the el-
ement Vud in the CKM matrix, which describes
quark mixing. The result is Vud = 0.9760(10).
This is 1.7σ from the most precise determina-
tion of Vud derived from 0+ → 0+ decays, which
is 0.97425(22) [Har09]. Table 4.3 lists the lead-
ing contributions to the uncertainty in Vud. The
largest contribution comes from the uncertainty
in the β asymmetry followed by the nuclear-
independent correction, the radiative corrections
and the uncertainty in the lifetime. The other
sources of uncertainty are less significant than

any of those listed in the table by at least an
order of magnitude.

Table 4.3: Primary contributions to the uncer-
tainty in Vud.

Parameter Uncertainty
A0 0.0009
∆V
R 0.0002

δVC − δVNS 0.0002
t1/2 0.0001
δ′R 0.00006
Total 0.0010

[Bar95] J. Baro et al., Nucl. Instrum. Methods
B, 100, 31 (1995).

[Har09] J. C. Hardy and I. S. Towner, Phys. Rev.
C, 79, 055502 (2009).

[Jon96] G. Jones, Ph.D. thesis, Princeton Uni-
versity, Princeton, NJ, 1996.
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4.2.4 Neutron Interferometric Search for Dark Energy

A.R. Young, B.J. Heacock, TUNL; M. Snow, K. Li, Indiana University, Bloomington, IN ; D.
Pushin, University of Waterloo, Waterloo, ON, Canada; M. Huber, M. Arif, National Institute
of Standards and Technology, Gaithersburg, MD ; The INDEX Collaboration

A laboratory search for dark energy using neutron interferometry is now underway at the

National Institute of Standards and Technology’s Center for Neutron Research. Specifically,

we are constraining the chameleon field, a scalar field that may be driving the dark-energy

expansion of the universe. We are now working to further constrain the chameleon field as

well as search for other fifth forces using two-blade neutron interferometry.

The chameleon scalar field was first proposed
by J. Khoury and A. Wheltman as a candidate
for the dark-energy expansion of the universe
[Kho04a, Kho04b]. The field takes its name from
a coupling to matter which causes the chameleon
field’s effects to be extinguished in regions of
space where the local matter density is too large.
Hence, the field can drive the universe’s expan-
sion in low density regions of space through a self-
interaction, yet remain elusive elsewhere. Re-
markably, however, for a coupling to matter that
is sufficiently strong, laboratory experiments are
sensitive to the chameleon field [Bra13]. The the-
ory is constrained by setting an upper limit on
the chameleon-matter coupling, β, defined within
the interaction potential as:

V [φ] = Λ4 +
Λ4+n

φn
+

β

MPl
ρφ, (4.3)

where n is the Ratra-Peebles index and a positive
integer, MPl is the Plank mass, ρ is the matter
density, and Λ ' 2.4 meV is scaled by the dark
energy expansion of the universe [Bra13].

Figure 4.34: Schematic of the experimental setup
shown in the chameleon-present and
chameleon-attenuated pressure con-
figurations.

We are currently finishing an experiment
which constrains the chameleon-matter coupling
using a neutron interferometer. In this experi-
ment the interferometer is in the Mach-Zehnder
geometry shown in Fig. 4.34. To produce a phase
shift from the chameleon field, one of the beam
paths goes through a gas chamber with a pres-
sure ranging from 2.5 × 10−5 torr to 0.015 torr
(Plow in Fig. 4.34), while the other beam path
experiences higher pressures (Plow + ∆P ). This
is shown in the left half of Fig. 4.34. Two sets
of runs were completed, with ∆P set to 0.1 torr
and 1 torr. Results are shown in Fig. 4.35.

To isolate the chameleon phase, the differ-
ence between the phases of the two configura-
tions shown in Fig. 4.34 is taken. To account for
drifts in the phase of the interferometer, the data
was filtered as prescribed in Ref. [Swa10]. The
residuals of the measured and predicted phases
as a function of β were then used to solve for
the liming value of β for a 95% one-sided con-
fidence interval. Our preliminary result ranges
from 4.0× 106 for n = 1 to 2.7× 107 for n = 6.

Greater sensitivity to the chameleon field
should be possible using two-blade interferome-
try. This technique may also be sensitive to other
fifth-force theories, such as those described in
Ref. [Les14]. We are currently in the pre-design
phase of constructing a large interferometer (see
Fig. 4.36) that will be operated in vacuum. A
chameleon field would then deflect neutrons to-
ward the deflecting plate. This would cause a
shift in the rocking curve generated by tilting
a prism which slightly deflects neutrons in the
direction perpendicular to the Bragg planes of
the crystal. Figure 4.37 was generated using an
already-existing interferometry crystal at NIST.
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Figure 4.35: Phase shift versus the low-pressure
setpoint. Theoretical phase shifts for
a few values of the chameleon-matter
coupling values, β, are also shown.
The top graph corresponds to a dif-
ferential pressure of 0.1 torr, while
for the bottom graph, the value is
1 torr.

Figure 4.36: Concept for a large two-blade inter-
ferometer designed to be sensitive to
the chameleon field and other fifth
force searches.

The FWHM of the central interference peak
in Fig. 4.37 is inversely proportional to the thick-
ness of the diffracting crystals [Rau15]. There-
fore, the two blade interferometer being designed
will have thick diffracting blades (1 to 3 cm), ren-
dering it more sensitive to very small deflections
of the neutron beam path.

The Neutron Interferometric Dark Energy

eXperiment (INDEX) collaboration intends to
continue our search for dark energy by developing
neutron interferometric experimental techniques
specifically designed for the detection of dark en-
ergy. Our strategy may involve additional run-
ning with the current gas-cell geometry, but de-
velopment of a two blade interferometer, because
of its possible application to other short-range-
force searches, is a high priority activity for the
next few years.

Figure 4.37: Rocking-curve data recently taken at
NIST with an existing crystal with
2.5-mm-thick diffracting blades.
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4.2.5 Oklo Reactors and Implications for Nuclear Science

E.D. Davis, Department of Physics, Kuwait University, Kuwait ; C.R. Gould, TUNL; E.I. Shara-
pov, Joint Institute for Nuclear Research, Dubna, Russia

We recently reviewed the nuclear physics interests in the Oklo natural nuclear reactors, fo-
cusing particularly on the sensitivity of neutron resonance energy shifts to changes over time
in the fine structure constant α and in Xq, the ratio of the average quark mass and to the
QCD mass scale. We suggested a new formula for the combined sensitivity to α and Xq that
exhibits the dependence on Z and A, allowing QED and QCD effects to be disentangled if
more data are available.

The Oklo natural nuclear reactors in Gabon,
West Africa were discovered in 1972 and have
continued to generate scientific interest across
many disciplines to this day. The basic facts are
well established: two billion years ago the nat-
ural percentage of 235U was 3.7%, comparable
to today’s power reactors and sufficient to allow
a cycling chain reaction to proceed in ordinary
water over hundreds of thousands of years. The
fission products also remained in place, allowing
present-day isotopic abundance data to be used
as constraints on neutron resonance energy shifts
over time.

Time varying fundamental constants are a
feature of many new theories seeking to under-
stand the smallness of the cosmological constant
and the nature of dark energy. Shlyakhter was
the first to recognize the potential of Oklo data
to constrain changes in fundamental constants
[Shl76], noting that if the energy of a 149Sm res-
onance shifts down from its present day value
of Er(now) = 97.3 meV, then more 149Sm will
be burned in the neutron flux, and less 149Sm
will be found in the isotopic remains of the reac-
tor. Conversely, if the resonance shifts up, less
will be burned, and the remains will be richer in
149Sm. In practice, the temperature of the neu-
tron spectrum must be taken into account, other
resonances may contribute, and details of the re-
sults can change when the epithermal component
of the flux is included from mcnp Monte Carlo
modeling.

In our review [Dav14] we noted that the wa-
ter content and the temperatures of the reac-
tors have been uncertain parameters for many
years, and we summarized recent work pointing
to lower temperatures than earlier assumed. Nu-
clear cross sections are input to all Oklo model-

ing and we also discussed a parameter, the 175Lu
ground state cross section for thermal neutron
capture leading to the isomer 176mLu, that war-
ranted further investigation.

Damour and Dyson initiated the modern era
of Oklo fundamental constant studies with a
landmark 1996 analysis [Dam96] which approx-
imated the neutron capture resonance energy Er
as a difference in expectation values of the nu-
clear Hamiltonian Ĥ:

Er = 〈r|Ĥ|r〉 − 〈g|Ĥ|g〉, (4.4)

where |g〉 denotes the eigenket of the ground state
of the target nucleus and |r〉 denotes the eigen-
ket of the compound nucleus state formed by the
capture of the neutron. This difference is then
related to a difference in Coulomb energies, re-
sulting in their widely-used estimate

∆α
α

= −∆r

M
(4.5)

with M = 1.1 MeV.
In reviewing this estimate we identified some

corrections and improvements that could be
made, based on better nuclear structure data.
We recently incorporated this work in a follow
up publication [Dav15].

We also reviewed analyses of how Oklo data
place constraints on the time variation of the
dimensionless ratio Xq = mq/Λ, where mq =
1
2 (mu + md) is an average quark mass and Λ is
the QCD mass scale. The most complete anal-
ysis to date has been that of Flambaum and
Wiringa in Ref. [Fla09]. Combining their work
with that of Damour and Dyson led us to pro-
pose a more general resonance shift expression
∆r ≡ Er(Oklo) − Er(now) due to the (small)
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changes ∆Xq ≡ Xq(Oklo)−Xq(now) and ∆α ≡
α(Oklo)− α(now). Specifically:

∆r = a
∆Xq

Xq
+ b

Z2

A4/3

∆α
α
, (4.6)

where the coefficients a and b are independent of
A and Z. At present there are insufficient data
on multiple isotopes to allow a test of this expres-
sion. Nevertheless, even with only 149Sm data,
Oklo continues to provide a very tight constraint
on time variation of the fine structure constant
over the last two billion years:∣∣∣∣∆αα

∣∣∣∣ < 1.1× 10−8, (4.7)

at a 95% confidence limit [Dav15] .
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4.2.6 CALIOPE: A Search for CP Violation in Positronium

R. Henning, A.E. Champagne, C.L. Bartram, J. Othman, K. Nibbs, TUNL

CALIOPE is a new experiment looking for CP -violation through correlations between the

directions of the three photons emitted in ortho-positronium (o-Ps) decay and the spin of the

o-Ps. It will detect γ rays using the APEX NaI array and will have a tagged source and a novel,

conventional electromagnet to reduce systematic uncertainties. The high angular acceptance

of APEX will provide about twenty-five times the statistics of previous experiments.

CALIOPE, or CP Aberrant Leptons in
Ortho-Positronium Experiment, will search for
CP -violating angular correlations in positronium
(Ps) decay. Recent interest in searches for fun-
damental symmetry violations in the lepton sec-
tor, including long-baseline neutrino experiments
[LBN] and attempts to measure electric dipole
moments [Han08], provide motivation for our re-
search. If discovered, CP -violation in the lep-
ton sector would have profound implications on
our current understanding of particle interactions
and would require modifications to the Standard
Model in the form of new physics. CALIOPE
will increase the angular coverage over the pre-
vious experiment [Yam10] by a factor of twenty-
five and will enable us to obtain higher statistics.
Additionally, CALIOPE will implement a large,
reversible electromagnet, capable of generating a
field of about 0.5 T with a field inhomogeneity
of less than 2%. This magnet as well as sophis-
ticated data-analysis techniques will further im-
prove our sensitivity over previous experiments.
Figure 4.38 shows a cross sectional diagram of
the CALIOPE apparatus.

Positronium, a bound state of an electron and
a positron, is inherently unstable. The triplet
state, o-Ps, decays into three γ rays, whereas
p-Ps, the singlet state, decays into two γ rays.
CALIOPE uses the existing APEX detector to
detect these γ rays. APEX is a cylindrical array
of twenty-four sodium iodide bars with PMTs on
either end. CALIOPE uses 22Na deposited on
Kapton foil at the center of the APEX array as
a source of positrons. The foil is sandwiched be-
tween two pieces of scintillator, which tag the
positron emitted in the β decay of 22Na. The
scintillator light is piped via optical fiber to a
nearby PMT, which serves as our start signal.
The positron migrates into a disk of Aerogel,

where it interacts with an electron in the SiO2

to form positronium. The resulting decay γ rays
are detected by the sodium iodide bars. An am-
bient magnetic field can alter the lifetimes of the
m = 0 magnetic spin states. The CALIOPE ex-
periment uses a large electromagnet because we
need to be able to separate out these spin states
in order to measure our observable.

Figure 4.38: Diagram of the CALIOPE appara-
tus.

The orientation of the γ rays with respect to
the spin allows us to measure the following CP -
violating observable:

(~S· ~k1)(~S· ~k1× ~k2) = P2 cosφ sinψ sin 2θ (4.8)

A visualization of the decay, including the an-
gles in Eq. 4.8, is shown in Fig. 4.39. The arrow
labeled S is the spin-quantization axis, n is the
normal to the decay plane, and k1 and k2 are the
highest and second highest energy γ rays, respec-
tively. The quantity P2 in Eq. (4.8) is the tensor
polarization term, which can be expressed as

P2 =
N+1 − 2N0 +N−1

N+1 +N0 +N−1
. (4.9)
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where Ni is the population of the ms = i positro-
nium state. The presence of a magnetic field
breaks the degeneracy in the Ni states and pro-
vides us with a nonzero value of P2. The ob-
servable in Eq. (4.8) is CP -violating and, impor-
tantly, also CPT conserving. This means that
our experiment will exclusively search for CP -
violation.

Figure 4.39: Schematic diagram of o-Ps Decay

Angular correlations in ordinary, CP -
conserving positronium decays exist and have
been calculated by Bernreuther [Ber81]. These
have been incorporated into our simulation. Us-
ing Geant4 [Gea], we have tested multiple de-
signs for the source-holder configuration and have
gained an understanding of how the surrounding
materials affect our ability to measure the asym-
metry. We are developing a table of systematic
uncertainties based on Monte Carlo simulations.
Figures 4.40 and 4.41 show our observable as a
function of the measured angles in o-Ps decay
both without and with CP -violation, respec-
tively.
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Figure 4.40: Monte Carlo simulation of the com-
puted asymmetry sin(2θ) cos(φ) for
normal o-Ps decays.

The design of our electromagnet was devel-
oped using the simulation software Radia [Rad].
Radia enabled us to test the effectiveness of iron
shielding to isolate PMTs from strong magnetic
fields. Progress involving the DAQ has entailed
testing various digitizers, including CAEN V1730

and Struck SIS3301 cards. We believe we can
achieve high timing resolution for hits in our de-
tector using a method tested by an REU student
last summer (see Sect. 8.2.4). Figure 4.42 is a
picture of our collaboration.

cos(phi)*sin(2theta)
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

o-
P

s 
E

ve
nt

s

0

20

40

60

80

100

120

310×

Figure 4.41: Same as Fig. 4.40 but for CP -
violating o-Ps decays.

Figure 4.42: The CALIOPE Collaboration
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4.2.7 Electromagnet Design for an Experimental Search for CP -violation
in Positronium Decay

R. Petersburg, C.L. Bartram, R. Henning; TUNL

The CALIOPE experiment, a search for CP -violating angular asymmetries in the γ rays

emitted in the decay of ortho-positronium, requires a magnetic field to align the spins of the

positronium atoms before they decay. This field is to be generated with an electromagnet

that allows the field direction to be reversed in order to reduce systematic uncertainties in

the asymmetry measurement. We calculate that a magnetic field of about 0.5 T is needed

and propose an optimized design for the experiment.

The CALIOPE experiment, described in
Sect. 4.2.6, will search for CP -violation in the
decay of ortho-positronium (o-Ps) by calculating
the following term:

(~S· ~k1)(~S· ~k1× ~k2) = P2 cosφ sinψ sin 2θ (4.10)

In this equation, k1 and k2 are the momenta of
the highest and second highest energy γ rays, re-
spectively; φ is the angle between the projection
of the spin onto the decay plane and k1; θ is the
angle between the normal to the decay plane and
the spin axis; and ψ is the angle between k1 and
k2. The quantity P2 in the observable above is
the tensor polarization term, which can be ex-
pressed as follows:

P2 =
N+1 − 2N0 +N−1

N+1 +N0 +N−1
(4.11)

Ni is the population of the ms = i o-Ps state. In
the absence of a magnetic field, the three popu-
lations are equal and P2 is zero. The effect of a
magnetic field on positronium can be described
in terms of pertubation theory. In what is es-
sentially the Zeeman effect for positronium, the
m = 0 o-Ps and parapositronium (p-Ps) states
mix and form perturbed states with altered life-
times. The magnetic field creates a tensor polar-
ization and provides us with a non-zero value for
P2. In this report we present studies that led to
the baseline design for the CALIOPE magnet.

The electromagnet yoke will be made of iron,
with copper coils wrapped close to the pole tips
of the magnet. Cooling will be achieved with a
water jacket or through the use of water-cooled
copper coils. A diagram is shown in Fig. 4.43.

Figure 4.43: Schematic diagram of the CALIOPE
electromagnet.

The electromagnet was developed with the
intention of creating a magnetic field of 0.5 T,
or 5 kGauss, to achieve optimal polarization.
We designed the magnet using the Radia soft-
ware [Rad], which runs in Mathematica. Two
goals were to maximize magnetic homogeneity
and minimize longitudinal magnetic fields in the
photomultiplier tubes. An important concept
in this optimization process is a “non-functional
field”, which describes components of the mag-
netic field perpendicular to the “functional field”.
The “functional field” refers to the field localized
near the positronium source and pointing down
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the length of the APEX detector array (the z-
direction). An optimization process, which min-
imized the ratio of the non-functional fields to
the functional fields, was used to select various
features of the magnet. Minimizing the non-
functional fields reduces the magnetic field close
to the photomultiplier tubes. The optimization
process yielded a maximum field strength of 300
Gauss near the photomultiplier tubes. Conse-
quently, studies are underway to understand and
reduce the effects of such a magnetic field on the
photomultiplier tubes. We have already shown
that a steel pipe of about 0.25-inch wall thick-
ness wrapped around the photomultiplier tube
holder reduces the magnetic field by about an or-
der of magnitude to acceptable levels, as shown
in Fig. 4.44.

Figure 4.44: Reduction in the magnetic field at
the PMTs due to shielding.

Other constraints, such as the dimensions of
the APEX array, were taken into consideration.
The final electromagnet design has a height of
900 mm, a width of 500 mm, a radius of 58 mm,
and a pole radius of 42 mm. Between fifteen and
twenty coil layers will be used, corresponding to
a power dissipation of between 1500 and 1400
(±200) watts and a current between 48 and 39
(± 2) amps. Figures 4.45 through 4.47 show re-
sults of some of the Radia calculations. The
optimal design which resulted from the Radia
simulation has been incorporated into our Monte
Carlo simulation using Geant4 [Gea].

The electromagnet will enable us to change
the polarity of the field, which will help us can-
cel out systematic effects. It will also be easier
to assemble than a permanent magnet and will
provide some level of adjustability to the mag-
netic field. Our simulations also yield an inhomo-
geneity in the field of less that 2%, whereas pre-
vious experiments only achieved less than 10%
[Yam10]. We believe that these and other im-
provements will enable us to achieve a higher sen-
sitivity to CP -violation than past experiments.

Figure 4.45: Cross Section of the magnet showing
the magnetic field directions.

Figure 4.46: Geant4 diagram of the detector array
with the magnet.

Figure 4.47: The z-component of the magnetic
field.
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5.1 ββ-Decay Experiments

5.1.1 Construction and Commissioning of the Majorana Demonstrator
Project

M. Busch, T.S. Caldwell, T. Gillis, G.K. Giovanetti, M.P. Green, R. Henning, M.A.
Howe, J.M. MacMullin, S.J. Meijer, C.M. O’Shaughnessy, J. Rager, B.E. Shanks, J.E.
Trimble, K. Vorren, J.F. Wilkerson, W. Xu, TUNL

We report recent progress on the construction and commissioning of the Majorana Demonstra-

tor at the 4850-foot level of the Sanford Underground Research Facility. TUNL has played

a leading role in many of these activities and has provided a significant on-site workforce.

During the reporting period, we have started the commissioning of Module 1 and collected

our first low-background in-shield data. We have also started construction on Module 2.

We have made substantial progress in the con-
struction and commissioning of the Majorana
Demonstrator (MJD), an array of high purity
germanium detectors, enriched to 87% in 76Ge.
MJD is being constructed underground at the
Sanford Underground Research Facility (SURF)
in Lead, SD. The Demonstrator will search
for neutrinoless double-beta decay and examine
the viability of a future, larger scale germanium
experiment. In this report we highlight the ac-
complishments of the last year in which TUNL
has taken a leading or significant role.

We completed data-taking with the prototype
module in the shield and it has been decommis-
sioned. The components of its vacuum system
where repurposed for the Module 2 vacuum sys-
tem, which was assembled on-site by TUNL staff
and collaborators. A TUNL graduate student
has used data from the prototype to develop anal-
ysis techniques that determine the physical loca-
tion of background sources using the full detector
spectra [Mac15]. This work helped identify the
thermometry components and lead solder as the
dominant contributors of background in the pro-
totype. These components were for diagnostic
purposes and are not used in Modules 1 and 2.

Based on the completed assays of all mate-
rials used in construction and assembly of the
Demonstrator, our simulations project a to-
tal background of ≤ 3.5 counts/t-y in the region
of interest centered at the end-point energy for
double-beta decay for Modules 1 and 2. This is
close to our specified goal of ≤ 3.0 counts/t-y
and exceeds the key performance parameter goal

of < 10 counts/t-y.

Figure 5.1: Installation of Module 1 strings being
conducted inside the glovebox.

We completed assembly of the first ultra-clean
array module (Module 1), which contains seven
strings of detectors mounted in an electroformed
vacuum cryostat mounted on its transportable
monolith (see Fig. 5.1). There are a total of
twenty detectors containing 16.8 kg of 76Ge in
enrGe detectors and 5.7 kg in natGe detectors. A
successful repair on the module’s thermosyphon
Dewar at the TUNL vacuum shop allowed us to
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install and operate the Dewar, which had failed
during its initial testing. The first in-shield com-
missioning run was started on June 26 and was
completed on October 7. The run was stopped to
allow us to install the inner electroformed copper
shielding and implement several additional im-
provements to the module internals. Background
data from this run are currently being analyzed
(see Fig. 5.2. We are also using the data to study
the low energy performance of MJD and to assess
its ability to search for different dark-matter can-
didates. During this time, a TUNL engineer has
continued to coordinate the on-site fabrication of
parts for Module 2 and its shield (see Fig. 5.3).
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Figure 5.2: (Shown in red is the single spectrum
for the Module 1 array in the shield
but with the cavity filled with room
air, which is high in radon. Overlaid
in blue is a simulated spectrum for
Module 1 in the same configuration.

During the reporting period, MJD transi-
tioned into production data-taking. We tested
the data pipeline from SURF to the National En-
ergy Research Science Computing Center in Oak-
land, CA. Our online and offline analysis tools
were also commissioned, and the collaboration
is currently running with fully automated data-
processing. A sophisticated and comprehensive
on-line monitoring system that provides real-time
updates on the status of all underground systems
was implemented and is described in Sect. 8.2.5.
TUNL post-docs and graduate students are con-
tributing significant effort to the development of
analysis software and the analysis of the data it-
self.

A total of 35 detectors with a mass of 29.7 kg
were produced from our 87% enriched 76Ge ma-

terial. Initially ORTEC produced 30 detectors
with a mass of 25.3 kg, providing a yield of 64.4%,
comparable to all previous experiments. How-
ever, we were able to successfully recover and
reprocess material captured from the detector
manufacturer’s “waste stream.” This provided
us with an additional 4.4 kg of detectors and
resulted in a final yield of 74.5%, the best ever
achieved.

Underground electroforming at the Tempo-
rary Clean Room (TCR) located at the Ross
Campus at SURF was completed in April 2015.
We produced a total of 2474 kg of electroformed
Cu. Machining of the inner Cu shielding plates
was completed in October, and they were in-
stalled in November 2015.

Finally, we recommissioned the KURF low-
background assay system and performed several
critical assays for MJD. We are also designing
a world-class ultra-low background γ-ray-assay
system that is based on MJD technology.

Figure 5.3: Checking the alignment of the inner
copper shield installation table.

[Mac15] J. S. MacMullin, Ph.D. thesis, Univer-
sity of North Carolina at Chapel Hill,
2015.
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5.1.2 Monte Carlo Waveform Fitting for the Majorana Demonstrator

B. Shanks, C. O’Shaughnessy, J. Nance, J.F. Wilkerson, TUNL

We describe a Markov Chain Monte Carlo framework for fitting waveforms from germanium

p-type point-contact detectors in the Majorana Demonstrator. Early results suggest it can re-

liably reconstruct the location of energy deposition inside the detector, but further validation

work is needed.

The Majorana Demonstrator is an array
of p-type point-contact (PPC) germanium detec-
tors which will search for neutrinoless double-
beta decay (0νββ) in 76Ge (see Sect. 5.1.1). Be-
cause 0νββ is an extremely rare process, back-
ground reduction and rejection are critical to the
sensitivity of the experiment. The Demonstra-
tor will use pulse-shape analysis (PSA) to reject
background events based on the waveform shape.
Compared to simple filtering methods, fitting the
entire digitized waveform increases the informa-
tion that can be extracted from the pulse shape.
The Majorana collaboration has developed a
Bayesian Markov Chain Monte Carlo (MCMC)
fitting routine [Gil95] to fit waveforms using a
model of PPC detector response. This model de-
pends sensitively on the characteristics of each
unique detector crystal.

In a germanium detector, a signal is induced
at the readout electrode as charge carriers drift
through the detector volume. The amplitude
of the induced charge Q is proportional to the
change in the weighting potential the charge
drifts over and to the charge of the carriers q ac-
cording to the Shockley-Ramo Theorem [Kno10]

Q = q∆ϕ0 (5.1)

For a single-electrode detector, like a PPC, the
weighting potential is identical to the normalized
electric potential. The drift path and velocity of
the carriers will likewise depend on the electric
fields inside the detector. Therefore, an accurate
model of waveform generation depends critically
on an accurate calculation of fields within the de-
tector.

This calculation is performed using the soft-
ware package fieldgen [Coo11], developed at
ORNL. Given the crystal geometry, the concen-
tration of crystal impurities, and the detector op-
erating voltage, fieldgen calculates the weight-

ing potential and electric fields within the crys-
tal volume using a numerical relaxation routine.
The Majorana collaboration uses a high preci-
sion optical measuring device from Starrett to
measure crystal dimensions. Impurity concen-
trations are measured by the manufacturer, OR-
TEC, during fabrication using a Hall-effect tech-
nique, but the errors on this measurement can
be as high as 30%. In order to improve the accu-
racy, it is possible to compare the calculated de-
pletion voltage at a given impurity concentration
to the observed depletion voltage of the detector.
A golden-search algorithm has been implemented
to find the correct impurity concentration given
a depletion voltage. An example of a weighting
potential calculated with fieldgen is shown in
Fig. 5.4.

Figure 5.4: Weighting potential in a PPC germa-
nium detector calculated using field-
gen. The white lines show charge-
carrier drift paths. The point contact
electrode is at bottom center.

Once the field calculations have been per-
formed for a crystal, the signal from an energy
deposition at a given location can be modeled
by simulating the dynamics of the charge carrier
motion while applying the Shockley-Ramo The-
orem. A second ORNL package, named siggen
[Coo11], is used to perform this calculation and
produce waveforms such as shown in Fig. 5.5.
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The Majorana detectors are p-type, meaning
the positively charged holes drift toward the elec-
trode, and electrons drift toward the outside sur-
face of the detector. Since the weighting poten-
tial in a PPC detector is strongly peaked near
the electrode, as seen in Fig. 5.4, it is clear from
Eq. 5.1 that holes are responsible for the major-
ity of the signal. However, it is important to
note that the total signal generated is the sum
of the contributions from both holes and elec-
trons. For an energy deposition in the crystal
bulk, the carriers will drift in the region of low
weighting potential for around 0.1 to 1 µs before
the holes reach the electrode region. During this
“drift time,” the electron contribution will be a
sizable percentage of the overall signal. Once the
holes reach the electrode, the signal sharply rises
over a “collection time” of 10’s of ns.
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Figure 5.5: Example signal calculated in a PPC
detector. The raw signal is the output
from siggen. The electronics readout
introduces additional shaping to the
signal. An exaggerated example is the
“filtered” curve. The first 150 ns are
the drift time; the holes are fully col-
lected shortly after 200 ns.

The final contribution to the measured wave-
form is additional shaping caused by the electron-
ics readout chain. A simple model of the Majo-
rana electronics shaping is an RC filter with a
short bandwith (∼ 50 ns) and a long decay time
of about 70 µs. The exact values are determined
for each detector using a pulser. The effect on
signal shape is shown in Fig. 5.5.

Using this model, a signal can be generated
for an energy deposition at any given location in
the detector. It is possible, then, to use a fitting
algorithm to estimate the location of a deposition
event (within the crystal-axis symmetry of ger-
manium). For non-linear and high-dimensional
regression, Markov Chain Monte Carlo (MCMC)
techniques are widely recognized as powerful fit-
ting tools [Gil95]. Using a Bayesian framework,
an MCMC algorithm will converge on the pos-

terior probability distribution function for each
input variable, given the observed data. For
this application, the Metropolis-Hastings sam-
pling algorithm has been used to estimate the po-
sition within the detector, the energy deposition
time, and the amplitude of a digitized waveform.
Sample results are shown in Fig. 5.6.
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Figure 5.6: A Majorana waveform is shown in
red, with the MCMC best fit in blue.
Residuals are plotted below.

Early results from the MCMC fitting are
promising. However, it is clear from the residu-
als in Fig. 5.6 that the modeled collection region
of the signal does not reproduce the true wave-
form shape. It is suspected that this could be due
to an overly simplified electronics shaping model.
In the future, digitzed pulser data could be used
to construct a non-analytic electronics shaping
transfer function, which could be used to apply
the electronics shaping with greater fidelity.

Using the current model, the MCMC fit re-
constructs the position of an energy deposition
within a mm3 uncertainty, within an eight-fold
azimuthal degeneracy due to the crystal symme-
try. These results have only been achieved on a
small subset of detectors, and have not been val-
idated using data with known location profiles.
Dedicated data will soon be taken to determine
whether the model has any systematic biases. Af-
ter validation, this technique could be extended
to use PSA for background rejection.

[Coo11] R. Cooper et al., Nucl. Instrum. Meth-
ods A, 629, 303 (2011).

[Gil95] W. Gilks, S. Richardson, and D. Spiegel-
halter, Markov Chain Monte Carlo in
Practice, Chapman & Hall/CRC Inter-
disciplinary Statistics. Taylor & Francis,
1995.

[Kno10] G. Knoll, Radiation Detection and Mea-
surement, John Wiley & Sons, 2010.
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5.1.3 Simulations of Surface α-Particle Contamination for the Majorana
Demonstrator

J. Rager, R. Henning, J.F. Wilkerson, TUNL

We describe the ongoing work of simulating the surface and bulk α-particle component of the

background spectrum for the Majorana Demonstrator.

The Majorana Demonstrator (MJD) is
a neutrinoless double-beta decay (0νββ decay)
experiment located at the 4850 ft. level of San-
ford Underground Research Facility. Its design
incorporates modular arrays of natural and en-
riched (in 76Ge) germanium detectors. These ar-
rays are divided into two modules enclosed within
ultra-pure, low-background electroformed copper
(EFCu).

As with most low-energy experiments of its
class, MJD faces a significant challenge in its
ability to mitigate a sea of backgrounds. These
backgrounds come from a variety of different
sources, such as cosmogenic activation of impu-
rities within the germanium detectors, inherent
radioactivity of non-EFCu components close to
the detectors, ambient radiation from the labora-
tory’s surrounding rock walls, and cosmic muons
penetrating the rock overburden.

In order to understand the contributions
of these respective sources to the total energy
spectrum, detailed and accurate simulations are
needed for comparison against production data.
Our goal is to conduct a simulation study of sur-
face and bulk α-particle backgrounds inside the
EFCu cryostat. These backgrounds arise from
nuclides in the 238U decay chain, with 210Po and
222Rn being of particular interest. The former
emits a low energy α particle which, if attenuated
by the dead layer of the detectors, can overlap
the energy region of interest for 0νββ decay; the
latter creates the long-lived radioactive daughter
210Pb.

The software used in this work is MaGe, a
Monte Carlo framework for the geant4 simula-
tion toolkit [Bos11]. It is developed by the Ma-
jorana and Gerda collaborations, from whom
the software derives its name. Concerns arose
early in this study over compile-time issues in

MaGe with certain specific hadronic interac-
tions, and also over inaccuracies resulting from
the extrapolation of high-energy hadronic cas-
cade models in geant4 to low energies. We
were especially interested in α-capture mecha-
nisms such as (α,n) and (α,γ), but we have sub-
sequently used cross-section calculations [Kon13]
from the talys nuclear-reaction code plus range
tables for α particles in germanium from the Nist
Astar database [Ber15] to set upper bounds on
the probability of α capture in germanium within
the energy range of 5 to 10 MeV.

At 5.3 MeV, the probability of a single inter-
action between an incident α particle and 76Ge
or major contaminants such as 74Ge and 6Li in
the germanium crystals is less than or equal to
5 × 10−11 and thus effectively negligible. From
this, we conclude that there is no need to in-
clude hadronic models in our α-particle simula-
tions at all. Since then, simulations of surface α
particles has proceeded using the as-built Majo-
rana Demonstrator geometry in MaGe. Fig-
ure 5.7 shows the results of simulating a point
210Po source on the surface of a germanium crys-
tal.

[Ber15] M. Berger et al., astar: stopping-
power and range tables for helium
ions, http://physics.nist.gov/
PhysRefData/Star/Text/ASTAR.html,
2015.

[Bos11] M. Boswell et al., IEEE Trans. Nucl.
Sci., 58, 1212 (2011).

[Kon13] A. Koning et al., TENDL-2012 Nuclear
Data Library: Alpha sub-library for Ge
(Z=32), ftp://ftp.nrg.eu/pub/www/
talys/tendl2012/alpha_html/Ge/
AlphaGe.html, 2013.
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Figure 5.7: Preliminary Monte Carlo simulations of a 210Po point source on the surface of a germa-
nium crystal. The material to left of the white vertical line is germanium; the area to the
right is air. The tracks and electromagnetic interactions of α particles are depicted. The
210Po α particles in the germanium have track lengths of hundredths of a mm.
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5.1.4 Identifying Majorana Demonstrator Backgrounds by Single-Site
Time Correlation

T. Gilliss, R. Henning, B. Shanks, J.F. Wilkerson, TUNL; J.A. Detwiler, University of
Washington

This report summarizes ongoing work to measure cosmogenically produced 68Ge backgrounds

in the Majorana Demonstrator neutrinoless double-beta decay experiment.

The Majorana Demonstrator is search-
ing for the neutrinoless double-beta decay of 76Ge
using an array of HPGe detectors deployed in
ultra-low background cryostats. It is currently
undergoing commissioning at the Sanford Un-
derground Research Facility in Lead, SD (see
Sect. 5.1.1).

With the Demonstrator’s requirement of
ultra-low backgrounds, it is essential to under-
stand the spectral contributions of all materials
present in the experiment, including radioactive
impurities within the detectors themselves. One
source of potential background is cosmogenically
induced 68Ge.

The isotope 68Ge can be produced in germa-
nium detectors by cosmic-ray spallation at the
surface of the earth. As depicted in Fig. 5.8, this
68Ge is accumulated during manufacturing and
transport of germanium crystals and is mitigated
by underground storage, shielded transportation
containers, and minimized surface exposure. Ac-
counting for 68Ge concentrations is an essential
task of the Demonstrator, because the decay
of this isotope can contribute a background to
the double-beta decay signal.

68Ge decays via electron capture with a half-
life of 270.95 days, yielding 68Ga. For a K-
shell electron capture, the subsequent relaxation
of the 68Ga orbitals yields an approximately 10
keV X-ray. 68Ga is then unstable against decay
and emits a positron with an endpoint energy
of 1899.1 keV, an 87.94% branching ratio, and
a 67.7 minute half-life. In the case that one or
both annihilation γ rays sum with the positron
within a detector, it is possible to observe energy
depositions in the 2039 keV region of interest.

If left unchecked, the 68Ge decay chain would
constitute a dominant background contribution
for the Demonstrator [FDR12]. Fortunately,
in such background events, the summing energies

would be deposited in distinct locations within
the Demonstrator’s detectors, thereby allow-
ing many of these events to be vetoed using
pulse shape analysis techniques or granularity
cuts [Abr14, Sha13]. In addition, the low-energy
thresholds and excellent energy resolution of ger-
manium detectors allow for background mitiga-
tion via a single-site time-correlation (SSTC) cut.
That is, by tagging an electron-capture X-ray,
one can veto data from the subsequent positron
decay by masking data from that detector for sev-
eral half lives.

Figure 5.8: The calculated presence of 68Ge
throughout detector processing at the
surface. In shielded storage, the con-
centration of 68Ge impurities decays
with a 270.95 day half-life [Whi14].

Fig. 5.9 presents preliminary energy spec-
tra of events vetoed by the SSTC cut within
the Demonstrator’s prototype detector mod-
ule. These spectra are populated by events that
have occurred within 67.7 min of a preceding
10-keV event and in the same detector as that
event. A cut on maximum-waveform-current ver-
sus energy, known as “A/E”, was applied to
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plot just those events with waveforms indica-
tive of multiple sites of energy deposition, as in
an event where both 68Ga annihilation γ rays
are captured within the same detector. While
the beta-decay signature is obscured by more
dominant backgrounds in the spectra seen here,
these same methods can be used to observe the
products of the 68Ga decay and determine its
contribution to the total background spectrum
in the Demonstrator’s lower-background en-
riched detector modules. From the activity of
68Ga, one can also infer each detector’s inte-
grated cosmic ray exposure.

Figure 5.9: The blue energy spectrum shows

candidate 68Ga-decay events that
fell within an SSTC time window
for all working detectors in the
Demonstrator’s prototype module.
The green spectrum includes only
those events depositing energy in mul-
tiple locations, as determined by an
A/E cut. The peak around 100 keV
is populated by pulser events. Other
prominent peaks can be seen close to
their calibrated energies: 214Pb at low
energy, 40K midway through the spec-
tra, and 208Tl just above 2600 keV.

The SSTC cut can be optimized to discount
data in times surrounding positron events while
minimizing the cost to live time. Such optimiza-
tion preserves the experiment’s sensitivity and
depends on the rate of K-shell events, the rate of
background events at the K-shell energy, and the
efficiency of K-shell event identification [Det11].
Given sufficiently low energy thresholds, the tag-
ging can also be extended to include L-shell elec-
tron captures around 1 keV. Current work ex-
plores these optimization parameters and faces
the task of distinguishing prompt electron cap-
ture signals from the electronic noise and events
of degraded energy that also populate the low-
energy spectrum.

[Abr14] N. Abgrall et al., Adv. High Energy
Phys., 2014, 365432 (2014).

[Det11] J. A. Detwiler, Single-Site Time Corre-
lation Cut Optimization, Technical re-
port, Majorana Demonstrator, 2011.

[FDR12] Majorana Collaboration, Majorana
Demonstrator Final Design Report,
Technical report, 2012.

[Sha13] B. Shanks and C. O’Shaughnessy,
TUNL Progress Report, LII, 28 (2013).

[Whi14] B. White, Production and Ac-
ceptance Testing of Enriched Ge
Detectors for the Majorana Demon-
strator, Contribution to Neutrino
2014, 2014, https://indico.
fnal.gov/contributionDisplay.
py?contribId=373&sessionId=
30&confId=8022.
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5.1.5 Underground Low-Background Assay at KURF

J. Trimble, R. Henning, J.F. Wilkerson, M. Green, TUNL

Two HPGe detectors are in operation at the Kimballton Underground Research Facility,

located within a mine near Ripplemead, VA. These detectors are used for materials assay in

a low-background environment. A status update of the low-background counting facility and

future plans for the facility are provided.

Facility Overview

The Kimballton Underground Research Facility
(KURF) is located about 25 miles from Vir-
ginia Polytechnic and State University in the
Kimballton mine owned by Lhoist North Amer-
ica. The low-background counting (LBC) fa-
cility has two HPGe detectors used exclusively
for low-background assay work. The first de-
tector,“Melissa,” is a 1.1kg, 50% RE (relative
efficiency compared to NaI) Canberra LB (low-
background) detector. The other detector, “VT-
1,” is a 0.956 kg, 35% RE ORTEC LLB Series de-
tector in a J-type configuration. For more tech-
nical details regarding the facility and detector
setup, see Ref. [Fin11].

Monitoring and data acquisition are con-
trolled by Orca [How], which is run on a Mac
Pro computer in the Naval Research Laboratory
trailer. With Orca, it is possible to stop and
start runs, control the liquid nitrogen (LN) lev-
els in the detector Dewars, and monitor the data
in real time. The slow controls and DAQ are reg-
ularly accessed remotely, since TUNL personnel
are only present at KURF about once every two
weeks.

Detector Rehabilitation

Both detectors were subjected to a thorough
rehabilitation program with preventive mainte-
nance while management of the facility was trans-
ferred from one graduate student to another.
Melissa and VT-1 were warmed up and brought
back to UNC to repump the cryo-space vacuums
on both detectors.

After pumping down VT-1, the detector was
biased and tested prior to being returned to
KURF. However, while attempting to reach the
bias voltage, the test spectra all showed unde-
sired noise, possibly from the electronics. The de-

tector was unbiased and ORTEC was contacted.
The maintenance technician recommended that
we open the HV filter to clean it, as there may
have been residue buildup inside the housing.
Upon opening the filter, residue was indeed dis-
covered. The inside of the HV filter housing was
cleaned three times using ethanol to achieve the
level of cleanliness required to reach bias voltage.
Even with the cleaning, however, great care was
taken to bias the detector very slowly.

After both detectors were biased and tested
at UNC, they were returned to KURF for instal-
lation. One drawback to the setup at KURF was
the difference in shutdown logics for the two de-
tectors. Since VT-1 is an ORTEC detector, it
uses ORTEC inhibit logic in its shutdown cir-
cuit. Melissa is from Canberra, so it uses TTL
as its logic. The HV source that is used for
Melissa allows us to control the HV card via
Orca. However, it only accepts TTL logic. The
computer electronics manager at TUNL was able
to build an adapter which translates an ORTEC
shutdown signal from VT-1 into a TTL signal
that is accepted by the HV module.

Neutron Activation Analysis

Neutron activated samples of polytetrafluo-
roethylene (PTFE) and fluorinated ethylene
propylene (FEP) tubing—candidate materials
for the Majorana Demonstrator—were γ-
assayed in the LBC facility at KURF. Neutron
activation is utilized as a counting method when
impurities in a sample may be at too low lev-
els to detect with passive radio-assay techniques.
Samples are placed in a high neutron flux envi-
ronment, such as a nuclear reactor, to be bom-
barded with energetic neutrons. Impurities in the
sample capture a neutron, converting them to an
unstable isotope. This isotope in turn β-decays
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Table 5.1: Isotopes observed in neutron activation of primordial radioactive isotopes and their most
intense emitted γ-rays used in neutron activation analysis.

Impurity Activation Half-life Relevant γ ray Intensity
Isotope Isotope (days) (keV) (%)

238U 239Np 2.356 106 25.34
232Th 233Pa 26.975 312 38.5

to another isotope, as shown in Table 5.1. The
characteristic γ-ray energies of the decay prod-
ucts can be used to positively identify them and
therefore to infer the original impurity. Similar
reactions are used to identify 238U and 232Th im-
purities.

No uranium/thorium activation products
were observed in any of the samples, and cal-
culated initial activity limits (90% C.L.) of 238U
and 232Th in the 0.002-in PTFE samples were 7.6
ppt and 5.1 ppt, respectively. The same limits in
the FEP tubing sample were 150 ppt and 45 ppt,
respectively. These levels are acceptable for use
in the Majorana Demonstrator.

Future Plans

We are currently designing the next genera-
tion of low background counting at KURF,
with plans for the Majorana Very-Low Back-
ground Radioassay Counting Facility at KURF
(MAVRCK). The intent of the new system is
to use techniques and procedures developed by
the Majorana collaboration to significantly re-
duce the background rates seen in the two cur-
rent detectors. We are currently in the simulation
phase of the project. The simulations are being
used to determine the most effective design of
the MAVRCK system, such as the thickness of
the outer lead shield, the shape of the cryostat,
and the size of the crystal.

One of the key improvements relative to the
current systems will be the integration of elec-

troformed copper (EFCu) into the design. We
are currently working with Majorana on the
best way to include this extremely low back-
ground material. However, we already have
grown the cryostat that will eventually be used
in the MAVRCK system. One effect that our
simulation efforts have highlighted is the use of
EFCu as the inner shield. Once the Geant4 sim-
ulation was complete, we systematically modeled
each copper piece in the system (except the cryo-
stat) as EFCu as opposed to OFHC copper, to
see the effect that each item had on the back-
ground. All simulations assumed that the cryo-
stat was EFCu, because that piece has already
been grown in the electroforming laboratory at
SURF.

Conclusion

The LBC at KURF has been in operation for
over six years. With sufficient notice, samples
can be assayed fairly quickly. While most of the
assayed samples come from the Majorana col-
laboration, samples from other institutions have
also been assayed. At present both detectors are
in operation, assaying samples.

[Fin11] P. Finnerty et al., Nucl. Instrum. Meth-
ods A, 642, 65 (2011).

[How] M. A. Howe, orca.physics.unc.edu/

~markhowe/.
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5.1.6 Development of a Beamline and Target Chamber for Measuring
(3He,n) Reaction Cross Sections

D.R. Ticehurst, D. Combs, C. Malone, C.R. Howell, A.R. Young, TUNL

Cross-section measurements of the (3He,n) reaction on several nuclei used in searches for

neutrinoless double-beta decay will be carried out in the tandem laboratory at TUNL. These

measurements require a pulsed 3He beam, a target chamber with a thin window at forward

angles to reduce attenuation of the emitted neutrons, and a long flight path so that key states

in the residual nucleus can be resolved using time-of-flight. The beamline and target chamber

have been installed and are being evaluated.

Cross-section measurements for the (3He,n)
two-proton transfer reaction will be carried
out on isotopes relevant to experiments that
search for neutrinoless double-beta (0νββ) decay.
The aim of these measurements is to test the
BCS ground-state approximation in quasiparti-
cle random-phase approximation (QRPA) calcu-
lations of the nuclear matrix element for 0νββ
decay [Avi08]. The BCS picture neglects effects
in the decay process such as the rearrangement of
nucleons beyond the annihilation of two neutrons
and the creation of two protons. A phenomenon
called pairing vibrations, which are fluctuations
about the BCS state, could cause such effects
[Bri05]. For instance, in an even-even nucleus
near the Fermi surface where the energy gap to
the next available single-particle orbital is greater
than the pairing energy, excited 0+ states could
be due to pairing vibrations [Fre12]. If this is
the case, these excited 0+ states should share a
substantial fraction of the two-nucleon transfer
strength with the ground state of the final nu-
cleus.

In this work we evaluate the conjecture of us-
ing BCS ground states in QRPA calculations by
determining the strength of two-proton transfer
to 0+ excited states relative to the strength for
transitions to the 0+ ground state of the residual
nucleus.

The (3He,n) reaction measurements require a
long neutron flight path for precise neutron en-
ergy determination via the time-of-flight method.
The goal is to have a neutron energy resolu-
tion better than 0.5 MeV for neutron energies
less than about 25 MeV. The time spread in
the pulsed 3He beam in the tandem lab was de-
termined by measurements in 2015 to be about

1.5 ns FWHM. The targets will be about 2.5
mg/cm2 thick. To achieve the desired energy res-
olution with these parameters, the neutron detec-
tors have been installed 13 m from the target at
angles from 0◦ to 18◦ relative to the beam.

Figure 5.10: Schematic diagram of the target
chamber. The charged particle de-
tector and the suppressor/beamstop
assembly are attached to the bottom
plate. The top cover of the chamber
and the steel neutron window have
been removed from the diagram for
clarity. All surfaces that could be ex-
posed to scattered helium have been
covered with a thin layer of lead.

An existing target chamber was modified for
this experiment. The main modification was to
remove a section of the chamber wall around 0◦

and replace it with a 0.5 mm thick piece of stain-
less steel to reduce the attenuation of the emit-
ted neutrons. The steel was attached to the
chamber with A-12 epoxy to form a vacuum-
tight seal. The beam stop and suppressor grid
were fabricated to sit just behind the target.
The beam stop and limiting apertures along the
beamline are lined with lead to reduce neutron
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backgrounds in the detectors due to (3He,n) re-
actions.

Figure 5.11: Measured time-of-flight spectrum

from the natGe(3He,n) reaction at
θ = 0◦ and beam energy 15 MeV. The
background spectrum is overlaid.

Measurements were conducted in 2013 to
commission the new 70◦ beamline and to deter-
mine the magnitude and sources of neutron back-
ground. A pulsed beam of 21 MeV α particles of

50 pnA was delivered to target. The repetition
rate was 2.5 MHz. A 1.8 mg/cm2 natNi target,
similar to the germanium and tellurium targets
that will be made, was used. With this target the
foreground-to-background ratio was about 4:1,
which is acceptable.

An experiment was conducted during this re-
porting period using a pulsed 3He beam and a
natGe target. A detector was placed at 0◦ at a
distance of 13 m from the target. Data were ac-
cumulated for 6.7 hours with an average beam
current of 15 pnA. The time-of-flight spectra ac-
quired in this measurement are shown in Fig. 5.11
for a 2.35 mg/cm2 natGe sample on a gold back-
ing and for the gold backing foil alone. Enhance-
ments in the counts in the time-of-flight spec-
trum are indicated for the (3He,n) reaction cor-
responding to the most abundant isotopes, 72Ge
and 74Ge.

[Avi08] F. T. A. III, S. R. Elliot, and J. Engel,
Rev. Mod. Phys., 80, 481 (2008).

[Bri05] D. M. Brink and R. A. Broglia, Nu-
clear Superfluidity, Cambridge Univer-
sity Press, Cambridge, UK, 2005.

[Fre12] S. J. Freeman and J. P. Schiffer, J. Phys.
G., 39, 124004 (2012).
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5.1.7 The Neutron Capture Cross Section on 63,65Cu Between 0.4 and 7.5
MeV

I. Bray, Clarkson University, Potsdam, NY ; M. Bhike, Krishichayan, W. Tornow, TUNL

Copper is being used as a cooling and shielding material in most searches for neutrinoless

double-beta decay. In order to accurately interpret background events in such searches, the

cross sections of neutron-induced reactions on copper must be known. We have measured

the cross section of the 63,65Cu(n,γ)64,66Cu reactions using target activation at energies from

0.4 MeV to 7.5 MeV. Previous data were limited to energies below 3 MeV. Our results are

compared to predictions from two nuclear data libraries.

Sophisticated experiments around the world
are seeking to observe neutrinoless double-beta
decay (0νββ). Two such collaborations are
GERDA, at the Gran Sasso Laboratory in Italy,
and EXO-200, at the Waste Isolation Pilot Plant
in New Mexico [Tor14]. These experiments uti-
lize different candidates for 0νββ decay—76Ge
(Q = 2039 keV) and 136Xe (Q = 2457.8 keV),
respectively—but both rely on copper as a shield-
ing and cooling material [Tor14]. The reduction
of natural background is absolutely imperative
in order to detect the signal from 0νββ decay.
Therefore extensive knowledge of the sources of
background in the experimental setups is needed,
and both GERDA and EXO are vulnerable to
background from neutron-induced reactions on
copper. Current data on neutron capture on
63,65Cu exists for neutron energies up to 3 MeV,
with sparse data at higher energies. The goal of
this experiment is to measure the cross section for
neutron capture on these copper isotopes to aid
in the reduction of background signals in 0νββ-
decay searches.

The experiment was performed at TUNL via
the neutron activation method [Bhi14]. The tar-
gets were copper disks 1.9 cm in diameter. The
thicknesses of the 63Cu targets varied between
1 and 1.25 mm, while the thickness of the 65Cu
target was 2.5 mm. To monitor the neutron flux,
indium foils of the same area were attached to
the front and back sides of the target. The target
and monitor foils were surrounded by a cadmium
cage to reduce the effect of thermal neutrons.
Monoenergetic neutrons were produced at vari-
ous energies through using two reactions. The
3H(p,n)3He reaction was employed to produce
neutron beams at six different energies between

0.4 and 4 MeV. The 2H(d,n)3He reaction was uti-
lized for four energies between 4 and 8 MeV. As
shown in Fig. 5.12, the experimental setup for
the measurements with 2H(d,n)3He consists of
a 3 cm long gas cell pressurized to 4 atm with
high-purity deuterium gas. A 6.5 mm Havar foil
separates the gas from the accelerator vacuum.
A liquid-scintillator-based neutron detector po-
sitioned at 0◦ relative to the incident proton or
deuteron beam direction at a distance of about 3
m from the neutron production target was used
to monitor the neutron flux.

Figure 5.12: Schematic view of the ex-
perimetal arrangement for the
63,65Cu(n,γ)64,66Cu cross-section
measurements using the 2H(d,n)3He
reaction.

After irradiation, off-line γ-ray spectroscopy
was employed to count the induced activity in the
targets using well-shielded and calibrated high-
purity germanium (HPGe) detectors of 60% rel-
ative efficiency. Table 5.2 gives the properties of
the γ-ray transitions we used.

Due to the 5.12 min half-life of 66Cu, a
quick transfer from irradiation to measurement
was necessary. Therefore, an HPGe detector
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Table 5.2: Properties of the γ-ray transitions used for the 63,65Cu(n,γ)64,66Cu reactions and the indium
monitor reactions

Nucleus T1/2 Eγ Iγ
(keV) (%)

63Cu(n,γ)64Cu 12.701(2) h 511.0 35.2
65Cu(n,γ)66Cu 5.120(14) m 1039.2 9.23
115In(n,n

′
)115mIn 4.486(4) h 336.24 45.8

115In(n,γ)116m1In 54.29(17) m 1293.56 84.8

and its data-acquisition system were mounted in
the hallway directly outside the target room at
TUNL. This system reduced transfer time to be-
tween 30 and 90 seconds and was used for all
measurements of the 65Cu(n,γ)66Cu except at
4.5 MeV. All other measurements were taken in
TUNL’s low-background counting facility.

As has been described in Ref. [Bhi14], aux-
iliary measurements were performed with an un-
tritiated “neutron production” target at neutron
energies of 2.73 MeV and 3.61 MeV to account
for so-called off-energy neutrons. Auxiliary mea-
surements were also done at the energies of 6.33
MeV and 7.5 MeV with an empty deuterium cell
to correct for off-energy neutrons.

Figure 5.13: Comparison plot of the cross-section

data for 63Cu(n,γ)64Cu with existing
data and the evaluations ENDF/B-
VII.1 and TENDL-2014.

Our results for the 63Cu(n,γ)64Cu reaction
are plotted in Fig. 5.13. The cross-section val-
ues are in the range of 30 to 1 mb for incident
neutrons of 0.4 to 7.5 MeV. Our data agree well
with the existing data from 0.37 to 2.73 MeV.
From 3.6 to 7.5 MeV they are close to an aver-
age of the two evaluations shown, ENDF/B-VII.1
and TENDL-2014.

Our results for the 65Cu(n,γ)66Cu reaction
are plotted in Fig. 5.14. The data from this

work are slightly higher than the existing data
between 0.37 and 3.6 MeV, but agree well with
the evaluation ENDF/B-VII.1 from 4.5 to 7.5
MeV. TENDL-2014 predicts lower values than
the present data. It is worth noting that much
of the existing data in the low-energy region
are relatively old. Those experiments were per-
formed with NaI scintillator detectors, whereas
the present work used high-resolution HPGe de-
tectors.

Figure 5.14: Comparison plot of the cross section

data for 65Cu(n,γ)66Cu with existing
data and the evaluations ENDF/B-
VII.1 and TENDL-2014.

The present work provides the first neutron
capture cross-section data on 63,65Cu in the inci-
dent neutron energy range from 4 to 8 MeV and
supplements existing data from 0.4 to 4 MeV.
The data are important to improve evaluations
such as ENDF/B-VII.1 and TENDL-2014 and to
provide valuable knowledge of potential sources
of background radiation in the ongoing searches
for neutrinoless double-beta decay.

[Bhi14] M. Bhike and W. Tornow, Phys. Rev. C,
89, , 031602(R) (2014).

[Tor14] W. Tornow, (2014), arXiv:1412.0734v1
[nucl-ex].
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5.1.8 The 76Ge(n,2n)75Ge Cross Section between 10 and 15 MeV

M. Bhike, Krishichayan, W. Tornow, TUNL

The cross section for the reaction 76Ge(n,2n)75Ge to both the isomeric and ground state have

been measured with the activation method between 10 and 15 MeV to help resolve incon-

sistencies in the current database. The data are important to interpret potential neutron-

induced backgrounds in currently running, large-scale experiments searching for the neutri-

noless double-beta decay of 76Ge.

The GERDA [Ago13] and MAJORANA
[Abg14] collaborations use germanium-diode de-
tectors in their searches for the neutrinoless
double-beta decay (0νββ) of 76Ge. The detec-
tors, which are enriched to 86% in 76Ge, serve as
both source and detector. Common to all 0νββ-
decay searches is the requirement that back-
ground events in the energy region of interest,
a narrow energy band centered at the Q value
for 0νββ decay, must be extremely small.

The 76Ge(n,2n)75Ge reaction is of special im-
portance because its (n,2n) cross section is typ-
ically hundreds of mb. This reaction either pro-
ceeds directly to the ground state of 75Ge or
populates the isomeric 7/2+ state at 139.7 keV,
which, in turn, decays with a half-life of 47.7 s al-
most exclusively to the 1/2− ground state. The
75Ge ground state β-decays to 75As with a half-
life of 82.78 m.

The cross sections of the 76Ge(n,2n)75Ge and
76Ge(n,2n)75mGe reactions have been measured
at incident neutron energies from 10 to 14.8 MeV
in small energy steps using the activation tech-
nique. The threshold energies for these reactions
are 9.55 MeV and 9.69 MeV, respectively.

Monoenergetic neutron beams were produced
at ten energies from 10.0 to 14.5 MeV via the
2H(d,n)3He reaction and at 14.8 MeV using the
3H(d,n)4He reaction. Typical deuteron beam
currents on target were 1.5 µA. The metallic ger-
manium targets were 10 mm square, 2 mm thick,
and contained about 1.5 g of germanium with
the same isotopic composition as that of the en-
riched HPGe detectors used in GERDA and MA-
JORANA. For neutron flux determination, the
germanium slab was sandwiched between gold
foils with the same area as the target and with a
thickness of 0.025 mm. The slab was supported
by a thin plastic foil and was placed at a dis-

tance of 1.9 cm from the end of the neutron-
production deuterium gas cell. The gas cell was
sealed from the beamline vacuum by a 0.635 µm,
thin Havar foil. Due to the high thresholds of the
76Ge(n,2n)75Ge and 76Ge(n,2n)75mGe reactions,
breakup neutrons from the neutron source reac-
tion do not have enough energy to contribute to
the production of 75Ge.

Figure 5.15: Decay curve for the 139.68 keV γ-ray

line of 75mGe measured at En = 14.5
MeV

The pressure in the deuterium gas cell and the
energy loss of the deuteron beam contributed to
the energy spread of the neutron beam. The neu-
tron flux was monitored using a 1.5 inch × 1.5
inch BC-501A neutron detector of known abso-
lute efficiency, placed at 0◦ relative to the inci-
dent beam and at a distance of 293.5 cm from the
end of the deuterium gas cell. This neutron mon-
itor was also essential in determining the mean
neutron energy. For this purpose the incident
charged-particle beam was pulsed at a repetition
rate of 2.5 MHz with overall time resolution of
2.5 ns. The neutron energy was inferred from
the measured time-of-flight.
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Figure 5.16: Decay curve for the 264.6 keV γ-ray

line of 75Ge measured at En = 14.5
MeV

The Ge target was irradiated for 3 minutes
for measuring the 76Ge(n,2n)75mGe reaction and
for 1 hour for the 76Ge(n,2n)75Ge reaction. Well-
shielded 60% HPGe detectors were used to record
the yield of the 139.7 keV and 264.6 keV γ-ray
lines corresponding to 75mGe and 75Ge, respec-
tively. The γ-ray spectra from the off-line mea-
surements of the activated samples were analyzed
using the software tv [The93] to identify the re-
action products and their respective peak areas.

Figure 5.17: Measured cross-section data for the
76Ge(n,2n)75mGe reaction compared
to existing data and evaluations.

Figures 5.15 and 5.16 show decay curves for
the 139.6 and 264.6 keV γ-ray lines obtained af-
ter irradiation with 14 MeV neutrons. There is
good agreement between the measured and liter-
ature half-life values. The cross sections were de-
termined relative to those from the gold monitor

foils measured simultaneously in the same geom-
etry. The details of this method are discussed in
Ref. [Bhi14].

Our measured cross-sections for the
76Ge(n,2n)75mGe reaction are shown in Fig. 5.17
along with the existing data between 13 and 16
MeV and the TENDL-2013 and EAF-2010 eval-
uations. The EAF-2010 evaluation is in good
agreement with our data between 10-12 MeV,
but considerably over-predicts our measurements
from 12 MeV onwards. The TALYS evalua-
tion, TENDL-2013, over-predicts our data only
slightly in the entire energy range investigated.

Figure 5.18: Measured cross-section data for the
76Ge(n,2n)75Ge reaction compared
to existing data and evaluations.

Figure 5.18 shows our measured cross-section
data for 76Ge(n,2n)75Ge compared to previ-
ous data. The three curves are the TENDL-
2013, ENDF/B-VII.1, and JENDL-4.0 evalua-
tions which all overestimate most of the mea-
sured cross-section data below 13 MeV. Not sur-
prisingly, however, they describe the bulk of the
data in the 14 MeV region fairly well.

[Abg14] N. Abgrall, Adv. High Energy Phys.,
2014, 1 (2014).

[Ago13] M. Agostini, Phys. Rev. Lett., 111,
122503 (2013).

[Bhi14] M. Bhike and W. Tornow, Phys. Rev.
C, 89, 031602(R) (2014).

[The93] J. Theuerkauf, In Program TV, Insti-
tute for Nuclear Physics, University of
Cologne (unpublished), 1993.
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5.1.9 The 76Ge(n,p)76Ga Reaction and the Search for 0νββ Decay in 76Ge

W. Tornow, M. Bhike, Krishichayan, TUNL

The 76Ge(n,p)76Ga reaction and the subsequent β decay of 76Ga back to 76Ge has been used

to excite the 3951.9 keV state of 76Ge, which decays by emission of a 2040.7 keV γ ray.

Using HPGe detectors, the associated pulse-height signal may be indistinguishable from the

potential signal produced in neutrinoless double-beta decay of 76Ge, with its Q value of 2039.0

keV. In the neutron energy range between 10 and 20 MeV the production cross section of the

2040.7 keV γ ray is approximately 0.1 mb.

According to current knowledge, neutrinoless
double-beta (0νββ) decay, if it occurs in nature,
is the only mechanism that would provide unam-
biguous information on the Majorana nature of
the neutrino. As a second-order weak-interaction
process, the expected half-life for 0νββ decay is
T1/2 > 1025 yr. Future large-scale experiments
aim at the so-called inverted neutrino mass hi-
erarchy regime (〈mββ〉 ∼ 20 meV), which corre-
sponds to T1/2 >∼ 5 × 1026 yr. Reaching this
goal will require background event rates not to
exceed 1 count per tonne of the isotope of inter-
est per keV in the region of interest (ROI) during
one year of counting. Background events from
neutron-induced reactions in the detector mate-
rial itself or its surrounding shielding are one of
the major concerns.

Here we focus on background processes in-
duced by fast neutrons with energies greater than
10 MeV that could interfere with searches for
0νββ decay in 76Ge performed with HPGe de-
tectors enriched to 86% in 76Ge, with 14% 74Ge.
In this case the ROI is centered at 2039.0 keV,
with a width of ±2.5 to 3 keV.

Difficulties in understanding earlier
TUNL results for γ-ray spectra from the
74,76Ge(n,n′γ)74,76Ge reactions induced by neu-
trons with energies of 5 to 12 MeV [Est12]
prompted us to revisit the 76Ge(n,p)76Ga re-
action with a focus on the decay of the 3951.9
MeV state and its emission of a 2040.7 keV γ
ray. A partial level scheme of 76Ge is shown
in Fig. 5.19, indicating the decay of the 3951.9
keV state with its associated branching ratios
[Cam71].

The 76Ge(n,p)76Ga reaction has a threshold
of 6215.4 keV. The fact that 76Ga has a half-life
of only 32.6 s necessitates a high neutron flux

in order to produce a sufficiently large 76Ga ac-
tivity for subsequent γ-ray counting. We used
the 2H(d,n)3He reaction to produce 19 MeV neu-
trons. The target was a germanium slab, 10 mm
square and 6 mm thick, with a mass of approxi-
mately 3.2 g. It consisted of 86% 76Ge and 14%
74Ge. It was irradiated for 120 s with neutrons
produced by a 1.7 µA deuteron beam. After irra-
diation, the slab was positioned in front of a 60%
relative efficiency HPGe detector located outside
of the irradiation room. The germanium slab was
counted for a total of 120 s in 30 s increments us-
ing the Canberra Multiport II hardware and the
associated genie software. The total yield in the
3951.7 keV line was approximately 150 counts,
and the yield for the γ-ray line at 2040.7 keV
was more than a factor of ten lower.
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Figure 5.19: Partial level scheme of 76Ge. The
transitions of interest with their
branching ratios are given by bold
arrows. The branching ratios in
parenthesis refer to the decay of
76Ga. Energies are in keV.

A total of 110 individual irradiations were
performed. The resulting spectra were added to
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form a sum spectrum, after making sure no gain
changes occurred during the course of the mea-
surements. The γ-ray energy region containing
the 2843.5 keV, 3388.75 keV, and 3951.7 keV
transitions is shown in panel (a) of Fig. 5.20,
while panel (b) focuses on the 2040.7 keV en-
ergy region. In addition to the energies quoted by
Camp and Foster [Cam71], we provide in paren-
thesis the energy values found in the present
work. Due to the smaller branching ratio of the
2040.7 keV transition, the peak-to-background
ratio in Fig. 5.20(b) is considerably smaller than
that of the more intense γ-ray lines in part (a) of
the figure.

The energies of most of our observed peaks
are very close to the literature values, thus pro-
viding confidence in our energy calibration. This
is particularly true for the 1940.3± 0.14 keV and
2073.75±0.07 keV lines. However we notice that
the centroid of the nominal 2040.7 keV line in
part (b) of the figure is not located at 2040.7 keV,
but at 2039.4 keV, much closer to the Q value of
0νββ decay of 76Ge at 2039.0 keV. In addition,
the line is broader than expected from a single
γ ray. It turned out that the neutron-capture γ
ray of 2037.97 keV is responsible for the broader
width and the lower centroid energy. This de-
layed transition originates from the decay of the
77Ge ground and/or isomeric state after neutron
capture on 76Ge.

Using the predicted 10-mb cross section for
the 76Ge(n,p)76Ga reaction at En = 20 MeV
and the known probability of 9.6% for exciting
the 3951.9 keV state in 76Ge after β decay of
76Ga, we find a cross section of approximately 1
mb. Taking the 8% branching ratio for the de-
cay of this state via the emission of a 2040.7 keV
γ ray into account, provides a production cross
section of (0.08±0.02) mb for the production of
the 2040.7 keV γ ray at 20 MeV.

In addition to the 76Ge(n,p)76Ga reaction fo-
cused on in the present work, inelastic neutron

scattering, i.e., the 76Ge(n,n′γ)76Ge reaction, is
also expected to produce the 2040.7 keV γ-ray
line. As described in Sect. 5.1.11, the same reac-
tion also produces a 2037.5 keV transition with
a considerably larger cross section than that of
the 2040.7 keV transition. Adding the delayed
2037.97 keV γ-ray line from neutron capture on
76Ge, we note that 0νββ decay searches involving
76Ge are susceptible to background γ-ray events
produced by three different neutron-induced re-
actions on 76Ge, two of them involving fast neu-
trons.

Figure 5.20: Two energy regions of the spectrum
of γ rays obtained from the reaction
76Ge(n,p)76Ga following γ-ray decay
of 76Ga.

[Cam71] D. Camp and B. Foster, Nucl. Phys.,
A177, 401 (1971).

[Est12] J. Esterline et al., private communica-
tion, (2012).
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5.1.10 Determination of the Differential Cross Section of 76Ge(n,n′γ) at
En = 5 and 8 MeV

J.H. Esterline, B.A. Fallin, S.W. Finch, M.E. Gooden, C.R. Howell, J.H. Kelley, W.
Tornow, TUNL

We have been continuing efforts to obtain differential cross sections for neutron activation

of 76Ge from data acquired at TUNL in 2011 and 2012. Numerous transitions have been

tentatively identified, including some that may contribute to the background in searches for

neutrinoless double-beta decay.

Pursuant to the work described in [Est12],
we have expanded our examination of neutron-
induced transitions in 76Ge from the environs
of 2039 keV, the Q-value of its neutrinoless
double-beta (0νββ) decay, to a more general
study of previously undetected, or at least unre-
ported, transitions from relatively highly excited
states of that isotope. This broader effort has
been motivated by the discovery of such states
[Toh13, Cri15]. It could lead to the observa-
tion of new energy levels that could directly con-
tribute to backgrounds in the region of interest
(ROI) for 0νββ searches through activation of
76Ge by cosmogenic spallation neutrons. Some
such neutrons are still present, despite the high
overburdens generally employed for shielding. In
addition, our efforts provide information on the
nuclear structure of 76Ge that could be of indi-
rect value to determinations of nuclear matrix
elements for A = 76. These matrix elements are
an important factor in extracting the neutrino
mass from any observed half-life. To this end, we
extended our analysis to include data taken at a
neutron energy of 5 MeV.

Our experimental apparatus for an incident
energy of 8 MeV is described in Ref. [Est12].
The apparatus for 5 MeV differed in a few re-
gards. First, only two 60% HPGe detectors were
employed at 110◦ and 120◦, and no measurements
were taken with clover detectors. In addition, the
deuterium gas cell was pressurized to 3 atm.

Analysis to this point has focused on precisely
identifying the contribution of 76Ge to the ob-
served spectra. With 86% enrichment and the
presence of iron and nickel foils for neutron-flux
normalization, this involves the subtraction of
spectra obtained both with a substitute sample of

natural germanium and without any sample but
only the normalization foils. The natural germa-
nium target approximates the 74Ge contamina-
tion in our enriched sample, since 74Ge is germa-
nium’s most abundant isotope at 37%.

The analysis process is illustrated in Fig. 5.21
for emission energies extending about 40 keV on
either side of the 0νββ Q-value of 2039 keV.
The spectra shown are (1) 76Ge plus the moni-
tor foils (red); (2) the monitor foils alone (green);
(3) the natural germanium target with contribu-
tions from the monitor foils already subtracted
(cyan); and (4) the 76Ge spectrum with the nat-
ural germanium and monitor-foil contributions
subtracted (black). Scaling factors have been ap-
plied to the two subtracted spectra so that the
peak areas of transitions in 56Fe and 74Ge match
wherever present.

Three reference energies of importance are
also plotted as vertical lines. In order of increas-
ing energy, they are a 2037.5 keV peak newly
identified in Ref. [Cri15], the 2039 keV 0νββ
Q-value, and a long-known (but presumed very
weak) peak at 2040.7 keV.

The comprehensive identification of poten-
tial newly-observed or, in large part, recently-
observed [Toh13, Cri15] peaks remains a work in
progress, as does the ultimate determination of
cross sections from the fully reduced spectra.

[Cri15] B. Crider et al., Phys. Rev. C, 92,
034310 (2015).

[Est12] J. Esterline et al., TUNL Progress Re-
port, LI, 41 (2012).

[Toh13] Y. Toh et al., Phys. Rev. C, 87, 041304
(2013).
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Figure 5.21: Spectra obtained at a neutron energy of 5 MeV, displayed for a subset of energies amply
containing the ROI (± 2 keV in the case of the Majorana experiment, here highlighted)
about the 0νββ Q-value of 2039 keV. The red curve is for 76Ge + monitor foils; the
green curve is for the monitor foils alone; the cyan curve is for the natural germanium
target (monitor foil contributions subtracted), and the black curve shows the background-
corrected spectrum for just 76Ge.
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5.1.11 The 76Ge(n,n′γ)76Ge Reaction and the Search for the 0νββ Decay
of 76Ge

W. Tornow, S.W. Finch, Krishichayan, TUNL

The upgraded shielded 2H(d,n)3He neutron source facility at TUNL was used to continue

efforts to characterize neutron-induced backgrounds relevant to searches for 0νββ decay of
76Ge with its Q value of 2039.0 keV. First results obtained at En = 5.0 MeV for the reaction
76Ge(n,n′γ)76Ge are presented. They support TUNL’s earlier observation of a γ-ray transition

at 2037.5 keV, which is much stronger than the predicted, but never clearly observed transition

at 2040.7 keV from the decay of the 3951.9 keV state of 76Ge excited in inelastic neutron

scattering.

In continuation of our ongoing program
[Est12] to identify potential neutron-induced
backgrounds in searches for neutrinoless double-
beta (0νββ) decay, we returned to the
76Ge(n,n′γ)76Ge reaction, now using the up-
graded shielded neutron source (see Sect. 1.2.2)
which utilizes the 2H(d,n)3He reaction in a heav-
ily shielded configuration, providing a collimated
neutron beam of adjustable cross sectional area.
In our first measurement we used two 60% HPGe
detectors inserted into passive shields made of
lead and copper and positioned at 90◦ and 125◦

relative to the incoming 2.5-cm-diameter, pulsed
neutron beam of En = 5.0 MeV with an energy
spread of ± 0.4 MeV.

Figure 5.22 shows an overview of the experi-
mental setup. The target was a disk of metallic
germanium 3 cm in diameter, 4 mm thick, and
enriched to 86% in 76Ge, with a 14% contribution
of 74Ge. It was positioned at an angle of 45◦ rel-
ative to the neutron beam. The front face of the
HPGe detector located at 90◦ was 6 cm from the
center of the neutron beam, with its shield only
4 cm away. Even at such a short distance from
the neutron beam its halo was not detectable; γ
rays originating from lead and copper were not
observed in the HPGe detector spectra.

The spectrum shown in Fig. 5.23 focuses on
the region of interest in searches for 0νββ de-
cay of 76Ge. The γ-ray transition at 2037.5 keV
previously observed in Ref. [Est12] at neutron
energies between 5 and 12 MeV and recently
confirmed by Ref. [Cri15] at energies below 5
MeV is clearly visible, centered between the al-

ready known transitions located at 2022.5 keV
and 2074.4 keV. The right tail seen in Fig. 5.23
next to the 2037.5 keV γ-ray line may be due
to the 2040.7 keV transition expected from the
decay of the 3951.9 keV state in 76Ge. This
tail has been observed consistently at all ener-
gies studied in the work of Ref. [Est12]. Clearly,
in the neutron energy range between 2.5 MeV
and 25 MeV the 2037.5 ± 0.5 keV transition is
more of a concern for 0νββ-decay searches using
76Ge (Q value of 2039.0 keV) than is the 2040.7
keV transition. As in the work of Ref. [Est12],
data were also taken with a natural germanium
sample to identify γ-ray transitions originating
from the 74Ge(n,n′γ)74Ge reaction. It should be
noted that the spectrum of Fig. 5.23 was obtained
without Compton suppression. Using an active
BGO Compton suppression shield, we expect at
least a factor-of-two increase in the peak-to back-
ground ratio. Work is in progress on determining
the cross section for all the transitions observed.
With the upgraded shielded neutron source facil-
ity the number of newly observed transitions in
76Ge has almost doubled, to approximately one
hundred. It will be a great challenge to put all
these levels into a consistent level scheme for the
triaxially deformed 76Ge nuclide.

[Cri15] B. P. Crider et al., EPJ Web of Confer-
ences, 93, 05001 (2015).

[Est12] J. H. Esterline et al., unpublished,
(2012).



112 Neutrino Physics TUNL LIII 2014–15

Figure 5.22: Schematic view of the experimental setup featuring the shielded 2H(d,n)3He neutron

source, with two HPGe detectors inserted into passive shields and viewing a 76Ge sample.

Figure 5.23: Partial γ-ray spectrum obtained with a 60% HPGe detector positioned at 90◦ for a 5

MeV neutron beam striking a germanium disk enriched to 86% in 76Ge. The region
of interest for 0νββ searches of 76Ge is centered at 2039.0 keV, just between the newly
discovered γ-ray transition of 2037.5 keV and the predicted transition at 2040.7 keV.
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5.1.12 The 134Xe(n,n’γ)134Xe reaction at 5 MeV

Krishichayan, S. Finch, W. Tornow TUNL

Neutron inelastic scattering measurements on 134Xe have been recently carried out at the

upgraded shielded neutron source at TUNL. The isotope 134Xe is a 10 to 20 % contamination

in ongoing searches for the neutrinoless double-beta decay (0νββ) of 136Xe, and its sensitivity

to neutron-induced background is currently not well understood.

There exist R&D work, prototypes, and al-
ready operating detectors aimed at the detection
of dark matter particles, neutrinos, and neutrino-
less double-beta decay which utilize liquid xenon
as the detector medium. Here we refer to the
projects named EXO, LUX, XENON, XMASS,
KamLAND-Zen, and ZEPLIN. Although the as-
sociated experiments are designed to operate
deep underground in mines, the muon induced
spallation neutrons and (α,n) neutrons from α-
particle emitting impurities in detector compo-
nents and to a lesser extent, from the surrounding
rocks, are of special concern. They tend to cre-
ate signals in the detectors which may mimic the
signals of interest. As a result, neutron induced
cross-section data are needed in order to estimate
the probability of reactions given the neutron flux
at the detector location. In principle, neutron
energies up to a few GeV are involved, but in
practice, only low-energy neutrons from about 1
to 20 MeV are of interest. Higher-energy neu-
tron induced processes tend to be so violent that
their signature in a detector can be distinguished
from the signals of interest. Neutrons with en-
ergy below 1 MeV are eventually captured and
the resulting de-excitation γ rays produce signa-
tures which are often different from the pulses of
interest.

In the following we focus on 0νββ searches.
Liquid xenon is used as an active source and de-
tector material for the EXO collaboration. It is
enriched to approximately 80% in 136Xe, while
the remaining 20% is 134Xe. The KamLAND-Zen
collaboration uses a 90% 136Xe and 10% 134Xe
gaseous mixture loaded into a liquid scintillator
detector.

Given the rare nature of the 0νββ process,
a detailed understanding of the backgrounds in
the measurement is of utmost importance and
much needed. While neutron-induced back-
ground studies have concentrated so far on 136Xe,
not much is known about 134Xe.

Therefore, recently we performed a neutron
inelastic scattering measurement on 134Xe using
a pulsed 5.0 MeV incident neutron beam, pro-
duced by the 2H(d,n)3He reaction. The exper-
iment was carried out using upgraded shielded
neutron source area. Two 60% HPGe detectors,
surrounded by passive shielding were used to de-
tect the de-excitation γ rays from a highly en-
riched high-pressure 134Xe gas sphere. Data were
also taken with an identical empty gas sphere,
serving as a sample-out target.

Off-line gamma-ray analysis was done using
the RADWARE analysis package [Rad95] to
identify the reaction products and the respective
peak areas. A part of the spectrum, in the range
of interest, obtained in the present measurement
is shown in Fig. 5.24. Taking the energy res-
olution of 1.67% of EXO-200 into account, the
γ-ray energy region of interest includes the 2420
to 2500 keV energy range. For KamLAND-Zen
the energy range of interest is considerably larger,
ranging from 2350 to 2550 keV.

In order to understand and observe the pop-
ulation of excited states in 134Xe in the energy
range of the Q value of 0νββ at 2458 keV we are
planing to take data at other incident neutron
energies as well.

[Rad95] D. C. Radford, Nuc. Instrum. Methods
A, 361, 297 (1995).
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Figure 5.24: A part of the γ-ray spectrum as observed in the present measurements at an incident
neutron energy of 5.0 MeV. The γ-ray energy region of interest for EXO-200 is from
2420 to 2500 keV, whereas for KamLAND-Zen, the region of interest is from 2350 to
2550 keV. Except for the γ-ray transition of 2613.8 keV, the other strong transitions
originating from the stainless-steel sphere containing the 134Xe gass.
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5.1.13 Partial Cross Sections of Neutron-Induced Reactions on 136Xe at
En = 5 MeV for 0νββ Background Studies

M. Bhike, J. Bradt, J. Esterline, S.W. Finch, M.E. Gooden, B. Fallin, W. Tornow TUNL

Partial cross sections for neutron-induced reactions on 136Xe were measured at TUNL us-

ing 5 MeV monoenergetic neutrons. These results are important for estimating potential

neutron-induced backgrounds in the EXO and KamLAND-Zen neutrinoless double-beta de-

cay searches. Pulsed neutron beams were used, and the deexcitation γ-rays from 136Xe were

detected with two 60% HPGe detectors.

The isotope 136Xe has been considered as
one of the most promising candidates for neu-
trinoless double-beta decay (0νββ) due to its
large Q value and its ideal characteristics for use
in large-scale experiments. The EXO [Aug12]
and KAMLAND-Zen [Gan13] collaborations use
136Xe as both a target and a detector medium in
their ongoing search for neutrinoless double-beta
decay. Although these experiments operate un-
derground to minimize cosmic-ray induced back-
ground events, spallation neutrons are a concern,
because they could potentially produce γ-rays in
the energy of interest for 0νββ, which is 2458
keV for 136Xe. Therefore, we are measuring the
neutron-induced cross sections on 136Xe in the
energy range between 4 and 16 MeV. These data
can then be used to guide theoretical calculations
for these important reactions at lower and higher
energies.

The experiment was carried out at the
shielded-neutron-source area of the tandem facil-
ity. A gas cell filled with 3 atm of deuterium gas
was bombarded with a deuteron beam pulsed at
2.5 MHz to produce a pulsed neutron beam with
an energy of 5 MeV. The target consisted of 725
mg of xenon gas enriched to 99.9% in 136Xe. It
was contained in a titanium sphere with an in-
ner diameter of 0.96 cm and a wall thickness of
0.2 mm. The sphere, pressurized to about 250
atm, was placed into the beam, along with 0.15
g of nickel foils at the front face of the titanium
sphere. The nickel foils served as a neutron flux
monitor using the 2+ → 0+ transition in 58Ni.

The γ rays produced were measured using
two 60% HPGe detectors positioned at 110◦ and
120◦ with respect to the incident neutron beam.
The center-to-center distance between the neu-
tron production gas cell and the xenon sphere

was 175 cm, and the distances between the xenon
sphere and the front face of the HPGe detec-
tors were 10 cm at 110◦ and 10.8 cm at 120◦.
The HPGe detectors were surrounded by an in-
ner cylinder made of copper (2.8 mm wall thick-
ness and 25 cm long) and an outer cylinder made
of lead (20 mm wall thickness and 10 cm long).
Approximately 32.4 hours of beam time was used
for the sample-in measurement. Data were also
taken with an empty cell and monitor foils with
a similar configuration in order distinguish xenon
transitions from background. The experimental
setup is similar to the one shown in Bradt et
al. [Bra12] with only the upper xenon sphere
in place.

The data-acquisition system used was
SpecTcl, which records event by event. When
used with time-of-flight, it allowed us to re-
move accidental background and break-up neu-
tron contributions, leaving only beam-correlated
events. The software package tv [The93] was
used to process the data and to perform back-
ground subtraction and peak integrations.

Most of the observed γ-ray lines have been
identified as backgrounds due to inelastic neu-
tron scattering from the natTi cell material. Un-
fortunately, the 2+ → 0+ transition energy in
136Xe (1313.2 keV) overlaps almost entirely with
the 4+ → 2+ transition energy in 48Ti (1312.1
keV). Nevertheless cross section information for
the 0+ → 2+ transition could be obtained be-
cause we had the data taken with an identical
but empty titanium sphere. These background
runs were also helpful to make sure that the re-
sults reported in the present work are only from
136Xe-related γ-ray transitions, and not from
misidentified peaks. A background-subtracted γ-
ray spectrum is shown in Fig. 5.25. All the γ-ray
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lines present in the xenon-sample data but not
the empty-target runs have been identified. Ta-
ble 5.1.13 shows the preliminary γ-ray production
cross sections we have obtained for all twelve ob-
served transitions in 136Xe.

Figure 5.25: A portion of the γ-ray spectrum from
detector 1. The spectrum shown
is the difference spectrum obtained
with the filled 136Xe sphere and the
empty sphere. Identified peaks from
136Xe are labeled.

Figure 5.26: The portion of the γ-ray energy spec-
trum between 2300 and 2600 keV for
detector 1. The expected 0νββ en-
ergy of 2458 keV is labeled with a
red arrow. The spectrum shown is
the difference spectrum of the filled
136Xe sphere and the empty sphere.

Focusing on the energy region relevant to
0νββ of 136Xe, we note that within the 1.67% en-
ergy resolution of the EXO detector, the known
level scheme of 136Xe does not show any γ-ray
transitions, which could cause single-site events
in the energy region centered at 2458 keV. The

closest level is at 2414.7 keV (see Fig. 5.26). As
expected from the information in the literature,
Fig. 5.26 does not show any indication of the two
136Xe lines at 2444.4 keV and 2465.0 keV, be-
cause the associated states do not decay directly
to the ground state. However, the γ-ray cas-
cades associated with the decay of these states
may be a potential problem for KamLAND-Zen,
because the individual γ rays could be recorded
as one single event in the KamLAND-Zen de-
tector. Given the detector’s 4.2% energy resolu-
tion, these events cannot be distinguished easily
from the 0νββ signal-of-interest at 2458 keV. The
EXO detector, however, would recognize them as
multi-site events.

We will estimate the importance of the 2444.4
keV and 2465.0 keV states in the KamLAND-
Zen experiment from the observed yield of the
2414.7 keV transition, once the analysis of the
58Ni cross-section measurement is completed.

Table 5.3: Observed γ-ray transitions in 136Xe and
their associated cross sections. The re-
sults are normalized to the 58Ni cross
section.

Eγ Transition σ(Det1) σ(Det2)
(keV) σ(Ni) σ(Ni)

1313.02 2+ → 0+ 2.57±0.19 2.31±0.15
381.36 4+ → 2+ 0.58±0.03 0.57±0.04
812.63 3+,4+ →2+ 0.28±0.02 0.21±0.02
369.81 6+ → 6+ 0.13±0.01 0.08±0.01
2289.60 2+ → 0+ 0.29±0.03 0.22±0.02
2414.60 2+ → 0+ 0.25±0.03 0.19±0.01
750.05 5 → 4+ 0.17±0.01 0.17±0.01
770.75 (4+)→ 4+ 0.18±0.01 0.17±0.01
1246.84 4+ → 2+ 0.19±0.02 0.17±0.01
2868.90 2(+) → 0+ 0.10±0.01 0.10±0.01
2979.10 2+ → 0+ 0.08±0.01 0.09±0.01
1962.20 3− → 2+ 0.25±0.02 0.17±0.01

[Aug12] M. Auger et al., Phys. Rev. Lett., 109,
032505 (2012).

[Bra12] J. Bradt et al., TUNL progress report,
LI, 39 (2012).

[Gan13] A. Gando et al., Phys. Rev. Lett., 110,
062502 (2013).

[The93] J. Theuerkauf, In Program TV, Insti-
tute for Nuclear Physics, University of
Cologne (unpublished), 1993.
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5.1.14 Final Results from 2νββ Decay of 96Zr to Excited States

S.W. Finch, W. Tornow, TUNL

A search for the double-β decay of 96Zr to excited states of 96Mo has recently concluded,

resulting in the collection of 685.7 days of data at KURF. An isotopically enriched 96Zr

sample was placed between two germanium detectors in order to observe coincidence γ rays

from the resulting cascade. The final half-life limits for this decay are presented.

Observation of neutrinoless double-β (0νββ)
decay would identify the neutrino as a Majorana
particle and allow for a measurement of the neu-
trino mass. The 0νββ decay rate is proportional
to the neutrino mass and a nuclear matrix el-
ement (NME). Extracting the neutrino mass re-
quires a theoretical evaluation of the NME, which
is very difficult at present. The two-neutrino
double-β (2νββ) decay rate is used to calibrate
these calculations. By measuring 2νββ decay
to an excited final state (see Fig. 5.27) we can
provide additional information to help fine tune
these NME calculations.

96Zr

96Mo
0+

0+
0+

0+

2+
2+

2+
1

2

2

3

3 2622.5
1625.9
1497.8
1330.0
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778.2

1844.2; 100%

551.8; 100%

847.7; 90.3%

719.6; 70.3%

369.8; 100%

778.2; 100%

3351

Figure 5.27: The excited states of 96Mo following

the double-β decay of 96Zr. All en-
ergy values are given in keV.

The experimental apparatus consists of two
coaxial high-purity germanium (HPGe) detec-
tors, with the isotope of interest sandwiched be-
tween them. The detectors record the two co-
incident γ rays from the 0+ → 2+ → 0+ decay
sequence. The detectors and sample are housed
inside a NaI annulus, which is used as an ac-
tive veto. Passive shielding includes 0.75 in. of
copper, 6 in. of lead, and the 1450-meter-water-
equivalent overburden at KURF. This apparatus
has previously measured the 2νββ-decay half-life
of 100Mo and 150Nd to their excited 0+

1 states
[Kid09, Kid14]. The original goal of this exper-

iment was to extend these successful measure-
ments to include 96Zr.

Our 96Zr source consists of two ZrO2 samples:
one with 7.284 g enriched to 91.39% 96Zr and the
other with 26.969 g enriched to 64.15%, giving a
total of 17.914 g 96Zr. This sample was place in-
side the detector apparatus from March 2012 to
September 2014. Excluding detector downtime
and runs which did not meet our data quality
cuts, 685.7 days (1.877 yr) of data were produced,
amounting to 74% detector live time.

Our analysis procedure requires a strict anti-
coincidence in the NaI veto. The γ-γ coincidence
is enforced in the HPGe detectors using an en-
ergy cut of ±2σ, where σ is the Gaussian detec-
tor resolution. For the 0+

1 state, which produces
a 369.8 + 778.2 keV coincidence, there are two
candidate events matching this selection criteria
at the conclusion of data collection, as shown in
Fig. 5.30. This result is consistent with the exper-
imental background. In fact, for all the excited
states shown in Fig. 5.27, the region of interest
was found to be consistent with background.

As no counts were seen above background, a
limit on the half-life may be extracted using

T1/2 >
ln2 tN0ε

tot
γγ

Nd
, (5.2)

where t is the counting time, N0 is the number of
nuclei present, εtotγγ is the coincidence efficiency,
and Nd is a statistical factor indicating the up-
per limit of counts indistinguishable from back-
ground. The method of Feldman and Cousins
was used for the statistical factor. In the event
that fewer events were seen than predicted by
the background model, the experimental sensi-
tivity is given in addition to the confidence limit.
These results are summarized in Table 5.4. These
results includes a 5.0% systematic uncertainty on
the apparatus efficiency.
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Table 5.4: The 90% half-life limits for the 2νββ decay of 96Zr to excited states in 96Mo extracted
from the present experimental data. Previous best limits and a systematic estimate for the
lifetime are also given.

Jπ E T1/2 [yr]
[keV] This work This work Previous work Systematic law

C.L. Sensitivity [Bar96] [Ren14]
0+

1 1148.1 > 3.2× 1020 > 2.8× 1020 > 6.8× 1019 2.59× 1020

0+
2 1330.0 > 1.4× 1020 - - 4.29× 1020

2+
2 1497.8 > 1.0× 1020 - > 6.1× 1019 7.42× 1020

2+
3 1625.9 > 1.2× 1020 - > 5.4× 1019 1.21× 1021

0+
3 2622.5 > 1.1× 1020 > 1.0× 1020 - 2.08× 1025
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Figure 5.28: The ββ decay to the 0+
1 state region

of interest with the 96Zr sample in
place for 685.7 days. The top his-
togram shows events in coincidence
with 369.8 keV and the bottom his-
togram shows events in coincidence
with 778.2 keV. Events matching the
γ-γ coincidence criteria are shaded in
red. The minimum detectable signal
above background at the 90% con-
fidence level is shown by the blue
curve.

As can be seen, our results represent an im-
provement over the previous experimental limits.
A systematic law was proposed in Ref. [Ren14]
to estimate ββ-decay half-lives. A formula was
fit to experimental data for the ground state de-
cays, but was found to have good agreement for

excited state decays as well. For the 0+
1 state, our

experimental limit exceeds the prediction of this
systematic law by 25% and excludes the predic-
tion at the 93% confidence level. Furthermore,
we can use our experimental limits on the half-
life to extract limits on the 2νββ nuclear matrix
element. This has been done for the three nu-
clides studied by this apparatus and results are
summarized in Table 5.5. A theoretical estimate
of the NME using the interacting boson model
[Bar13] gave |M2ν

eff (0+
1 )| = 0.04 for the decay to

the 0+
1 state of 96Mo shown in Fig. 5.27. Unfor-

tunately the present work was not strict enough
to test this theoretical prediction, but the present
work does hint at a small NME.

Table 5.5: Experimentally extracted nuclear ma-
trix elements for 2νββ decay to the ex-
cited 0+

1 state. The three searches per-
formed by the present apparatus are
summarized.

Nuclide |M2ν
eff (0+

1 )|
96Zr < 0.13

100Mo 0.172+0.019
−0.013 [Kid09]

150Nd 0.0465+0.0098
−0.0054 [Kid14]

[Bar96] A. S. Barabash et al., J. Phys. G, 22,
487 (1996).

[Bar13] J. Barea, J. Kotila, and F. Iachello,
Phys. Rev. C, 87, 014315 (2013).

[Kid09] M. F. Kidd, J. H. Esterline, and W.
Tornow, Nucl. Phys., A821, 251 (2009).

[Kid14] M. F. Kidd et al., Phys. Rev. C, 90,
055501 (2014).

[Ren14] Y. Ren and Z. Ren, Phys. Rev. C, 89,
064603 (2014).
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5.1.15 New Limits on the β Decay of 96Zr

S.W. Finch, W. Tornow, TUNL

As a by product of the search for the double-β decay of 96Zr to excited states of 96Mo (see

Sect. 5.1.14), a measurement of the single-β decay of 96Zr was performed. The use of the

coincidence technique in the search for this decay allows for unambiguous distinction between

the ββ decay to excited states and the β-decay modes. This is the first experiment able to

make such a distinction.

96Zr differs from other double-β-decay candi-
dates in that single-β decay is energetically al-
lowed, but only via a long-lived fourth-forbidden
decay. The half-life has been theoretically es-
timated as 2.4 × 1020 yr [Hei07]. This half-
life is ten times larger than the double-β decay
half-life measured by the NEMO-3 collaboration:
T 2νββ

1/2 = [2.35 ± 0.14(stat) ± 0.16(syst)] × 1019

yr [Arg10]. This estimate is, however, the same
magnitude as estimates for double-β decay to ex-
cited final states.

Figure 5.29: The β-decay scheme for 96Zr and
96Nb. Note that double-β to an ex-
cited state would likely proceed to
the 0+

1 state. All energy values are
given in keV.

Although the β-decay of 96Zr is below the de-
tection threshold of the current experiment, the
daughter nucleus, 96Nb, decays to 96Mo with a
half-life of 23.35 hours and emits a cascade of γ
rays as it de-excites to the ground state, as shown
in Fig. 5.29. This cascade proceeds through the
2+ level of interest for double-β decay to excited
final states. Previous attempts to measure 96Zr’s

ββ decay to an excited final state only searched
for the single 778.2 keV γ ray from the 2+ → 0+

part of the decay. Because this γ ray also ap-
pears in the γ-ray cascade resulting from single-β
decay, single-detection experiments are only sen-
sitive to T β+ββ

1/2 . With the detector apparatus
discussed in Sect. 5.1.14, we can independently
measure both the β and ββ-decay modes.

Noticeably, all single-β decay events contain
three coincident γ rays. This is in contrast to
2νββ decays to an excited final state, which con-
tain two coincident γ rays. For the present de-
tection technique, there are multiple coincidences
that may occur. Firstly, any two of the three γ
rays may be detected in coincidence. This is re-
ferred to as a two-γ-ray event and gives rise to
three separate regions of interest for each decay
mode. The second method requires detection of
all three γ rays, where two γ rays are detected in
a single detector via coincident summing. This
detection method is referred to as a three-γ-ray
event and also results in three separate regions of
interest for each decay mode. This method has a
lower efficiency, but compensates with a lower ex-
perimental background due to the higher energy
events.

In all, there are three decay sequences with
six regions of interest for each decay sequence.
The analysis procedure of Sect. 5.1.14 was used
to investigate each individual region of interest.
Three of these regions were found to be unfit for
analysis and were not included. The decays pro-
ceeding through the 4+

1 and 3+
0 states each had

one two-γ-ray event omitted due to the overlap
of naturally occurring background lines. Addi-
tionally, a three-γ-ray event was omitted for the
3+

0 decay mode because it is located near the
cutoff energy, where nonlinearities in the energy
calibration can occur. In the remaining regions
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Table 5.6: Half-life limits for 96Zr’s β decay from the combined statistical analysis at the 90% confi-
dence level.

Decay sequence Two-γ events Three-γ events Combined
[yr] [yr] [yr]

5+
0 → 4+

1 → 2+
0 → 0+

0 1.6× 1019 1.6× 1019 2.4× 1019

5+
0 → 3+

0 → 2+
0 → 0+

0 1.1× 1019 0.18× 1019 1.0× 1019

5+
0 → 4+

0 → 2+
0 → 0+

0 0.61× 1019 0.14× 1019 0.66× 1019

Combined 2.1× 1019 0.94× 1019 2.4× 1019

of interest, no events were observed above back-
ground, so limits were set in a method analogous
to Sect. 5.1.14.

The coincidence efficiency was measured as a
function of position using a 102Rh source, which
follows the same 0+ → 2+ → 0+ decay scheme
as the double-β decay of 96Zr to excited final
states. Corrections are then applied to this ef-
ficiency measurement to adjust for the γ ray’s
energy, target attenuation, and sample geometry.
For the three γ-ray cascades of this experiment,
geant4 simulations normalized to the efficiency
data were used to calculate the apparatus’ ef-
ficiency. This procedure results in a combined
systematic uncertainty on the efficiency of 7.5 to
7.7% for the different decay modes. This uncer-
tainty is factored into the final limits at the 90%
confidence level.

Figure 5.30: A geant4 model of the two coaxial
HPGe detectors and surrounding the
96Zr sample.

The results of the analysis for each individ-
ual region of interest may be combined to form
one statistically significant result, as shown in
Table 5.6. The final result is a combined limit
of T1/2(β(96Zr)) > 2.4× 1019 yr. Noticeably, the
same limit may be produced using only the most
intense 5+

0 → 4+
1 → 2+

0 → 0+
0 transition. This is

because additional transitions increase the back-
ground, thus reducing the detector’s total sensi-
tivity, at the same rate at which they increase the
total efficiency. The limit produced using only
the search for two-γ-ray events is a very compa-
rable 2.1× 1019 yr.

Unfortunately, our limit is not sufficient to
test the theoretical limit of 2.4× 1020 yr by Ref.
[Hei07]. Furthermore, the present limit is less
than the previous limit of 3.8×1019 [Arp94]. The
previous work used a single detector to search for
the 778.2 keV γ ray. This results in a higher ef-
ficiency, but with an increased background. As
the present experiment covers a larger solid an-
gle, the coincidence summing of the three coin-
cident γ rays becomes a large factor and notice-
ably decreases the efficiency compared to a sin-
gle detector with half the solid angle. As has
been previously stated, although the technique
of Ref. [Arp94] is sufficient for limit setting, any
observation would require detection of coincident
γ rays to distinguish the β and ββ decay to ex-
cited states. The background reduction provided
by the γ-γ coincidence has also been shown in the
present work and will be necessary in any future
searches. As such, the present experiment has a
much higher discovery potential even though the
produced limits may not be as competitive.

[Arg10] J. Argyriades et al., Nucl. Phys., A847,
168 (2010).

[Arp94] C. Arpesella et al., Europhys. Lett., 27,
29 (1994).

[Hei07] H. Heiskanen et al., J. Phys. G, 34, 837
(2007).
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5.1.16 Final Results from Search for Resonant Double-Electron Capture
of 156Dy

S.W. Finch, W. Tornow, TUNL

Resonant double-electron capture is a possible experimental alternative to neutrinoless double-

β decay. The decay may be detected by observing the γ rays emitted as the excited-state

daughter nucleus decays to the ground state. In this experiment, two clover HPGe detec-

tors surround an enriched 156Dy2O3 target and search for the de-excitation γ rays. Final

experimental results are presented.

In double electron capture (ECEC), the nu-
cleus captures two atomic electrons, decreases its
atomic number by two, and emits two neutrinos.
As the only directly emitted particles are neutri-
nos, this process would be very hard to observe
if not for atomic x-ray or nuclear γ-ray transi-
tions in the daughter state. Double-electron cap-
ture can proceed though a zero-neutrino mode
(0νECEC), if the neutrino is a Majorana parti-
cle. If the Q value of the transition is degenerate
with an excited state of the daughter nucleus, the
decay rate may be resonantly enhanced [Kri11].
This resonant enhancement could decrease the
half-life by up to a factor of 1010 for a com-
plete degeneracy. In this case, the phase space
available for neutrinos is so restricted that the
neutrinoless mode dominates over the 2ν mode.
This process is detectable by the γ-ray cascade
from the excited state to the ground state in the
daughter nucleus. Thus, detection of this cascade
would be evidence for Majorana neutrinos. In the
present experiment, this cascade is comprised of
two coincident γ rays, which is the experimental
signature.

In order search for 0νECEC, an apparatus
was assembled at KURF using two HPGe clover
detectors surrounding the target material, as
shown in Fig. 5.31. A NaI annulus surrounds
the sample and clover detectors to reduce back-
ground γ rays and serve as a Compton suppres-
sion shield. Six inches of lead surround the NaI
annulus and serves as passive shielding. This ap-
paratus mimics the design of the apparatus used
in Sect. 5.1.14 and is designed for detecting coin-
cident γ-ray cascades. Clover detectors are uti-
lized because they have a larger total volume and
higher efficiency than conventional coaxial HPGe
detectors. Another advantage of clover detectors

is the higher coincidence efficiency. A large re-
duction in background is made by imposing a γ-
γ coincidence and detecting the two separate γ
rays in a cascade. In the two-clover apparatus
we can search for coincidences between the two
clover detectors (referred to as external coinci-
dences) as well as within the four-fold segmen-
tation of a single clover detector (referred to as
internal coincidences).

Figure 5.31: Schematic of the two clover detec-
tors and NaI annulus as installed in-
side the lead shielding at KURF. The
sample is shown in red, between the
two detectors.

Reference [Eli11] used high precision Q-value
measurements to show that 156Dy is a promising
candidate for 0νECEC and identified four states
with a possible resonant enhancement. 156Dy,
however, suffers from an extremely low natural
abundance of 0.056%. For this experiment we ac-
quired two enriched Dy2O3 samples: 803 mg en-
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Table 5.7: The final half-life limits for the ECEC decay of 156Dy to excited states at the 90% con-
fidence level. Both the confidence limit, the experimental sensitivity, and the previous
measurement are given

Jπ E Lim T1/2 [yr] Lim T1/2 [yr] Lim T1/2 [yr]
[keV] This work This work Previous limit

C.L. Sensitivity [Bel12]
1− 1946.4 1.0× 1018 2.8× 1017 9.6× 1015

0− 1952.4 2.2× 1017 1.9× 1017 2.6× 1016

0+
4 1988.5 9.5× 1017 5.0× 1017 1.9× 1016

2+ 2003.7 6.7× 1016 - 3.0× 1014

riched to 21.59% and 344 mg enriched to 20.9%.
Data were collected for 99.1 days with the larger
sample (151.9 mg 156Dy) and 132.8 days with
both samples in place (213.6 mg 156Dy). The re-
sults presented here are the combined limits from
both of these runs.

Each of these states has a distinct region of in-
terest that was analyzed separately. Decays pro-
ducing two coincident γ rays were the primary
search criteria. The NaI annulus was used as
a strict veto and energy cuts on the detectors
were ±2σ, where σ is a Gaussian detector resolu-
tion. The 2+ 2003.7 keV state has three separate
two-γ-ray transitions with a significant branch-
ing ratio. The present results are the combined
analysis of all three branches. For one of these
branches, the background rate was found to be
sufficiently high that a better limit could be ob-
tained by only including external coincidences.
In all other cases, both internal and external co-
incidences are included to provide the best pos-
sible limits.

No statistically significant counts were ob-
served above background, so limits for resonant
0νECEC were set and are given in Table 5.7.
The limit-setting procedure is identical to that of
Sect. 5.1.14. The 0+

4 state suffers from a dearth
of nuclear data. This state cannot decay directly
to the 0+ ground state, but no decay branching
ratios have been measured for this decay. In cal-
culating these limits, it was assumed that the 0+

4

state decays entirely through the 2+
0 state. Given

the nuclear structure of 156Gd, this is a reason-

able assumption. This limit may be easily up-
dated, should the branching ratio be measured,
by simply multiplying the limit by the measured
branching ratio.

The limits produced by the current work rep-
resent a large improvement over the previous best
limits measured by Ref. [Bel12]. The limit to the
1− state is improved by a factor of 29, the 0−

state by a factor of 7.3, the 0+
4 state by a factor

of 26, and the 2+ state by a factor of 220. This
previous experiment used a single HPGe detec-
tor, so no coincidence technique could be applied.
A natural Dy2O3 sample of 322 g, resulting in
only 157 mg of 156Dy, was measured for 104.7
days. The results are significantly limited by the
spatial extent of this large sample and attenua-
tion of the signal γ rays by the target itself. The
improved limits presented here are due in large
part to the higher efficiency of the two-clover ap-
paratus and to the use of an isotopically enriched
sample. A much larger sample mass is still nec-
essary in order to test the theory of Majorana
neutrinos using resonant 0νECEC. 156Dy sam-
ples are of course limited by the small natural
abundance of this isotope.

[Bel12] P. Belli et al., J. Phys. Conf. Ser., 375,
042024 (2012).

[Eli11] S. Eliseev et al., Phys. Rev. C, 84,
012501 (2011).

[Kri11] M. I. Krivoruchenko et al., Nucl. Phys.,
A859, 140 (2011).
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5.1.17 A Brief Exploration of Low-Threshold Detectors

K. Masood, University of Florida, Gainesville, FL; P.S. Barbeau, G. Rich, TUNL

We are developing prototype low-noise, low-threshold, gas-filled detectors for use in modern
particle-physics research and for exploring the use of alkane targets for reactor anti-neutrino
experiments involving observation of inverse beta decay. We have successfully operated a pro-
totype chamber using both isobutane and P-10 at pressures between 1 and 30 psi. A threshold
of 150 eV is demonstrated with only preliminary noise- and threshold-reduction efforts. With
very modest shielding, background count rates are below 1000 counts keV−1 kg−1 day−1.

Low-threshold gas-filled detectors are a pow-
erful tool in a variety of possible applica-
tions, including inverse beta-decay detection;
exotic efforts such as direct-detection spin-
dependent WIMP searches; and observations
of never-before-observed interactions predicted
by the standard model, such as coherent, elas-
tic neutrino-nucleus scattering (CEνNS) [Col01].
Considering the usual scale and investment in-
volved in such projects, success in just one of
these goals would be a considerable innovation.
With this in mind, the goal this summer was to
develop and characterize prototype detecors with
such experiments in mind.

Figure 5.32: An exterior view of our first proto-
type.

The initial design was a proportional counter
with a roughly cylindrical geometry. A gold-
tungsten anode wire was strung down the center
of a series of Conflat flanges. The design allowed
for a high voltage (for our interests, positive) to
be applied on the wire, with the outer casing
serving as ground. Gas was permitted to flow
through two Conflat to Swagelok fittings. Figure
5.32 is a photograph of the detector. The 55Fe
source, when used, was secured to the back of a
Conflat blank, as demonstrated in Fig. 5.33.

The detector was then connected to an Or-
tec 142 preamplifier, an Ortec 672 spectroscopic
amplifier, an ADC, and a computer for data ac-
quisition.

A variety of operating voltages and pressures
were tested, with the goal of keeping at least one
known peak in range for calibration. In addi-
tion, layers of aluminum, a copper collimator,
and sometimes both, were used to reduce the
count rate to prevent signal pile-up. The spec-
trum taken for each set of conditions had a run
time of one hour, except in the cases where the
collimator was used, due to the severely reduced
rate.

Figure 5.33: A view of the 55Fe source, mounted
on a standoff to be closer to the an-
ode.

Both P-10 (a mixture of 90% argon, 10%
methane), and isobutane were used as fill gases,
with the operating voltages chosen with consider-
ation of the range on the ADC being used. Then
the source was removed and a series of back-
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ground runs was taken using various amounts of
shielding. Each background run was also taken
for an hour. The shielding used is shown in
Fig. 5.34.

When using P-10, with pressures of 1 psi, 14
psi, and 30 psi (gauge), adequate voltages were
found that display the 5.9 keV X-ray peak associ-
ated with the decay of 55Fe. Also present was a 3
keV peak resulting from a 5.9 keV γ ray ionizing
a k-shell electron of Ar and then depositing the
remaining energy in the detector. Furthermore,
when the aluminum layers were used to reduce
the rate, an additional peak was present. It arises
when a 55Fe γ ray ionizes a k-shell electron of Al,
and an outer-shell electron de-excites to fill this
vacancy, depositing the released photon of 1.48
keV in the detector.

Figure 5.34: The background reduction methods
included a lead castle, water bricks,
and borated polyethylene.

An example of a spectrum taken using P-10
is provided in Fig. 5.35. Using the known peaks,
a two-point, linear calibration of the x axis can
be done. The sizeable peak near threshold is at-
tributed to noise, since it is present in the back-
ground run as well. This gives an effective thresh-
old of around 250 eV.

Figure 5.35: A sample spectrum taken using P-10
as a fill gas.

Figure 5.36 shows a spectrum taken with
isobutane instead. Now, the Ar peak is ab-

sent. However, the high energy behavior makes
it harder to perform a calibration, so the axis is
set in ADC bins.

Figure 5.36: A sample spectrum taken using
isobutane as a fill gas.

Figure 5.37 shows that the background is re-
duced as more shielding is applied. A rough es-
timate of the background index so far is 1000
counts kg−1keV−1 day−1.

Figure 5.37: Spectra of background radiation at
various levels of shielding.

While increasing the pressure allows for a
greater density, it also reduces the avalanching
that occurs. Furthermore, the detector bias can-
not be increased arbitrarily in order to lower the
threshold, due to the steady loss of energy resolu-
tion. A possible improvement would be to change
to a point-contact design, which would detect
the initial ions rather than relying on avalanch-
ing. The use of a CoolFET preamplifier in con-
junction with a lower detector capacitance, could
very well keep the signal above the noise. In that
case, the fill gas could even be liquefied to yield
a higher cross section. To further reduce back-
ground, muon-veto panels can be placed around
the set up to reject unwanted events.

[Col01] J. Collar and Y. Giomataris, Nucl. In-
strum. Methods, 471, 254 (2001).
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5.1.18 TUNL’s KamLAND Effort

H.J. Karwowski,W. Tornow, TUNL; D.M. Markoff, North Carolina Central University,
Durham, NC

The KamLAND-Zen Phase 2 search for neutrinoless double-beta (0νββ) decay of 136Xe con-

tinues to successfully collect data. In addition, the detection of terrestrial anti-neutrinos from

the decay of uranium and thorium in the earth’s crust continues to benefit from a reduced

reactor-neutrino background resulting from the shutdown of Japanese nuclear power plants.

The same statement holds for other rare event searches of the KamLAND main detector,

such as the search for the proton decay mode p→ ν̄ +K+

Our group has continued to provide Kam-
LAND and KamLAND-Zen shift service, both
on-site and remotely. Collaborators residing out-
side of Japan are required to perform at least
eight days of on-site shift service per year. In ad-
dition, each of these members is responsible for
remote monitoring shifts (eight hours per day)
when it is nighttime in Japan. The TUNL mem-
bers of the collaboration completed a total of 91
monitoring-shift days during the October 2014
through September 2015 shift-year. This is one
quarter of all monitoring shifts and about 25%
more than our quota. TUNL collaborator D.
Markoff coordinates the monitoring shifts for the
collaboration.

During the reporting period the KamLAND
Collaboration prepared for the third phase of
KamLAND-Zen. This involved the design and
construction of a larger mini balloon to accommo-
date the increased loading of 136Xe in the liquid
scintillator from the current 383 kg (91% enriched
in 136Xe) to approximately 600 kg. Preparations
are underway to refurbish the water Cherenkov
veto (outer) detector, originally designed and
built by the TUNL group. The refurbishment
involves the replacement of all 225 photomul-
tiplier tubes with 140 new 20-inch Hamamatsu
R3600 photomultiplier tubes providing 0.9% pho-
totube coverage and about 99.5% muon detec-
tion efficiency. The improvements will be per-
formed during the expected six-month downtime
of KamLAND starting at the end of calendar
year 2015. The required inspection of the 20-m-
diameter stainless-steel sphere of the main Kam-
LAND detector is also scheduled to take place.

The KamLAND collaboration was also heav-
ily involved in data analysis and the writing of

journal articles.
The following articles were published during

the reporting period:

1. Laboratory studies on the removal of radon-
born lead from KamLAND’s organic liquid
scintillator [Kee15].

2. A compact ultra-clean system for deploying
radioactive sources inside the KamLAND de-
tector [Ban15].

3. Study of electron anti-neutrinos associated
with gamma-ray bursts using KamLAND
[Asa15d].

4. Search for the proton decay mode p→ ν̄+K+

with KamLAND [Asa15c].

The following papers have been submitted for
publication during the reporting period:

5. 7Be solar neutrino measurements with Kam-
LAND [Gan15].

6. KamLAND sensitivity to neutrinos from pre-
supernova stars [Asa15a].

7. Search for double-beta decay of 136Xe to ex-
cited states of 136Ba with the Kam LAND-
Zen experiment [Asa15b].

The release of the KamLAND-Zen Phase 2
result for the 0νββ decay of 136Xe is planned for
the spring of 2016.

[Asa15a] K. Asakura et al., submitted to Astro-
phys. J., (2015).

[Asa15b] K. Asakura et al., submitted to Phys.
Rev. C, (2015).
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[Asa15c] K. Asakura et al., Phys. Rev. D, 92,
052006 (2015).

[Asa15d] K. Asakura et al., Astrophys. J., 80,
87 (2015).

[Ban15] T. Banks et al., Nucl. Instrum. Meth-

ods A, 769, 88 (2015).

[Gan15] A. Gando et al., submitted to Phys.
Rev. C, (2015).

[Kee15] G. Keefer et al., Nucl. Instrum. Meth-
ods A, 769, 79 (2015).
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5.1.19 Effective Operators for Double-Beta Decay

R. Niazi, University of Oklahoma, Norman, OK ; J. Engel, University of North Carolina at Chapel
Hill, Chapel Hill, NC

Neutrinoless double-beta decay is a theoretically predicted process that, if observed, would

allow the neutrino mass to be calculated. However, due to a lack of experimentally determined

parameters, the calculation of the necessary matrix elements does not have a clear and defined

approach. We approximate the infinite shell model space, with that of a 2 shell system and

calculate operators and matrix elements.

To approximate the matrix elements involv-
ing the decay operator for neutrinoless double-
beta decay, we first must define our system. Since
the decay of 76Ge into 76Se is a process likely to
exhibit neutrinoless double-beta decay, we con-
sider a truncated two-shell system for the nu-
cleons of these species. We only consider sys-
tems where all nucleons are paired, so seniority
ν is equal to 0. Considering a two-particle state
within the two-shell system, the goal is to calcu-
late the transition matrix elements of a two-body
double-beta decay operator. The first step is to
calculate the expectation values of the proton-
creation and neutron-destruction operators.

We denote any state of Z protons and N neu-
trons within a j-shell of a certain Ω = j + 1/2
as |Z N Ω〉. After using the quasi-spin operator
properties and commutation relations and two
applications of the Wigner-Eckart theorem, it can
be seen that, for a generalized transition from Z
to Z+2 protons, the expectation value of the pro-
ton creation operators is

〈Z+2 0 Ω|π†j1m1
π†j2m2

|Z 0 Ω〉 =

−A12

√
(Z + 2)(2Ω− Z)

2Ω
, (5.3)

where

Aab = (−1)ja+maδja,jbδ−ma,mb∀a, b ∈ N. (5.4)

Likewise, we can find the expectation value of
neutron-destruction operators to be

〈0 N-2 Ω|ν̃j1m1 ν̃j2m2 |0N Ω〉 =

A12

√
N(2Ω + 2−N)

2Ω
. (5.5)

If we define the matrix element of the decay
operator for certain total angular momentum val-
ues, as Mpqrs ∀ p,q,r,s ∈ N, such that

Mpqrs ≡
〈Z+2 N-2 Ω|π†jpmpπ†jqmq ν̃jrmr ν̃jsms |Z N Ω〉,

(5.6)

then one can naturally see that the matrix el-
ement of our two-particle, seniority-zero beta-
decay operator will be given by

M1234 = −A12A34×√
(Z + 2)(2Ω− Z)N(2Ω + 2−N)

4Ω2
. (5.7)

With these results in mind, we can find the
general form of the decay operator, whose matrix
elements we are interested in. Because the decay
operator must be a scalar spherical-tensor oper-
ator in our formalism, the total system’s angular
momentum and its projection must be 0. So, the
operator of interest, D̂, will be given by

D̂ =
∑

j1,j2,j3,j4

∑
J

DJ
j1j2j3j4×[

(π†j1m1
π†j2m2

)J(ν̃j3m3 ν̃j4m4)J
]0

0
. (5.8)

Now, we can apply the results of Eq. (5.8) to
see that the matrix elements of our generalized
operator DZN = 〈Z+2 N–2 Ω|D̂|Z N Ω〉 will be
given by
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DZN =

−
∑
j1,j3

KD0
j1j1j3j3

√
(2j1 + 1)(2j3 + 1), (5.9)

where K ≡
√

(Z+2)(2Ω−Z)N(2Ω+2−N)

4Ω2 . Therefore,
all that is needed to determine the matrix ele-
ments is to find the constants D0

j1j1j3j3
.

Having established the form of our decay op-
erator in our two-shell space, we consider the sim-
plest configuration, the one with one pair of nu-
cleons. The Hamiltonian for our two-shell system
is given by

Ĥ = εN̂2 −G
2∑

a,b=1

(S†appS
b
pp + S†annS

b
nn). (5.10)

Here ε is the energy difference between the two
shells, N̂2 is the number operator acting on the
second level, and G is just a constant. The cre-
ation operators are given by

S†app =
1
2

∑
j∈a

∑
m

(−1)j−mπ†jmπ
†
j−m, (5.11)

S†ann =
1
2

∑
j∈a

∑
m

(−1)j−mν†jmν
†
j−m, (5.12)

where Sapp and Sann are the adjoints of these
terms. We can use what we know about the pro-
ton and neutron operators acting upon a state to
determine what the operators in the Hamiltonian
will do to these states. We can readily see that,

S†app |Z 0 Ωa〉 =

√
(Z + 2)(2Ωa − Z)

2
|Z+2 0 Ωa〉,

(5.13)

Sapp|Z 0 Ωa〉 =

√
Z(2Ωa + 2− Z)

2
|Z-2 0 Ωa〉.

(5.14)
The neutron analogs to these operators have the
same form except that Z would naturally be re-
placed by N .

With the results of Eqs. (5.13) and (5.14),
we can construct the Hamiltonian for our two-
particle state. We only have two possible ini-
tial states: one where the neutron pair is in
the first level, which is represented as |φ1〉 =
|0 2 Ω1〉|0 0 Ω2〉, and one where the neutron pair
is in the second level, represented as |φ2〉 =
|0 0 Ω1〉|0 2 Ω2〉. This results in a Hamiltonian
given in matrix form as( −GΩ1 −G√Ω1Ω2

−G√Ω1Ω2 2ε−GΩ2

)
.

The simple form of this Hamiltonian allows us
diagonalize it easily and find its eigenvalues and
eigenvectors. If we define O1,2 = Ω1 + Ω2 and
O1,−2 = Ω1 − Ω2, then the eigenvalues are given
by

λ± = ε− G

2
O1,2±

1
2

√
4ε(ε+GO1,−2) +G2[2Ω1Ω2 + (Ω2

1 + Ω2
2)].

(5.15)

Likewise, the eigenvector normalizing factors, de-
noted by a1 and a2, whose square will be used as
the probability amplitudes in the linear combi-
nation of the two states |φ1〉 and |φ2〉 are given
by

a2
1 =

G2Ω1Ω2

(λ− +GΩ1)2 +G2Ω1Ω2
, (5.16)

a2
2 =

(λ− +GΩ1)2

(λ− +GΩ1)2 +G2Ω1Ω2
. (5.17)

For more complicated cases, we have con-
structed a program that computationally con-
structs the Hamiltonian and diagonalizes the ma-
trix. This enabled us to construct eigenstates of
our truncated 36-nucleon model space that was
used to approximate the shells of 76Ge and 76Se.
With these results in hand, one only has to de-
termine the coefficients of the operator to be able
to construct it and to describe the states that
it connects. This future work will allow us to
determine the full (36 nucleon) and effective (2
nucleon) double-beta decay operators and apply
to the entire shell space. The goal would be to
determine the disparity of the full and effective
operators’ matrix elements within the full space.
If they are in good agreement—however that may
be defined—then one can consider three- and
four-body operators, so as to try and increase the
coherence of the values. However, if these higher
order corrections still cannot remedy a vast dis-
parity in the matrix elements, then this approxi-
mation must be reconsidered.

Of course, the Hamiltonian does not take
into account neutron-proton coupling and other
important interactions. Unfortunately, includ-
ing these effects would require generators that
are not elements of the SU(2) algebra. This
would make our simplified analytic technique
much more complex. Ultimately, there are many
more considerations to be taken into account
once a final result is achieved, and hopefully there
will be a successful method that will allow the
neutrino mass to be calculated, if neutrinoless
double-beta decay is observed.





Applications of Nuclear Physics
and Nuclear Data Evaluation

Chapter 6

• Homeland and National Nuclear Security

• National Ignition Facility Activities

• Public Health Research

• Plant Physiology Research

• Nuclear Data Evaluation

The research infrastructure at TUNL, developed for basic research in low-energy nuclear physics,
is well suited for applied research in areas of national nuclear security, homeland security, nuclear
energy, nuclear medicine, and nuclear data dissemination.

A new component of TUNL’s research portfolio is cross-section measurements on reactions of
interest for diagnostic purposes at the National Ingition Faclity (NIF) at LLNL. Several (n,xn) re-
actions that are key to understanding neutron yields at NIF have been measured. Our most active
applied nuclear physics research overlaps strongly with our basic research at TUNL. Examples in-
clude the nuclear structure research partially supported by the Domestic Nuclear Detection Office
at the Department of Homeland Security (DNDO/DHS) and the National Nuclear Security Admin-
istration (NNSA) at DOE. Measurements in this area have been conducted both at the tandem lab
and at HIγS. They include studies of the (n,2n) reaction on 238U, dipole transitions in 240Pu, and
sub-barrier photofission in 232Th and 238U. The plant physiology and water filtration membrane
experiments continue to be an important service to the general public. Finally, TUNL’s ongoing
nuclear data activities provide key information to the nuclear engineering and nuclear physics com-
munities.
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6.1 Homeland and National Nuclear Security

6.1.1 Measurements of the 238U (n,2n) Cross Section of from 6 to 15 MeV

Krishichayan, M. Bhike, W. Tornow, TUNL

Precise 238U(n,2n)237U cross-section data have been measured for neutron energies between 6

and 15 MeV in small energy steps in order to resolve inconsistencies in the existing database.

The activation technique was used to determine the cross section through the detection of

the 208.01 keV γ-ray from the decay of 237U.

The (n,2n) reaction on 238U is important for
various applications, including nuclear reactors,
especially advanced heavy water and fast breeder
reactors. In addition, the activation product
237U (T1/2 = 6.75 days) has the daughter nu-
clide 237Np (T1/2 = 2.144×106 years), which can
be used to produce 238Pu, via the (n, γβ−) pro-
cess [Lan08], making it an ideal radioisotope for
energy generation in spacecraft.

Figure 6.1: Spectra showing characteristic γ-ray

lines for 237U and 196Au.

The 238U(n,2n)237U cross section was mea-
sured using the activation technique. Monoener-
getic neutron beams were produced at sixteen en-
ergies from 6.5 to 12.5 MeV using the 2H(d,n)3He
reaction and from 13.6 to 14.8 MeV using the
3H(d,n)4He reaction. Typical deuteron beam
currents on target were 2 µA. The deuterium gas
pressure was adjusted to keep the neutron energy
spread below ±200 keV. Six depleted 238U sam-

ples were used for the measurements. In order to
determine the neutron fluence, the 238U sample
was sandwiched between gold/aluminum foils of
same area, with known thicknesses and masses.
The 238U samples along with the monitor foils
were irradiated for two to eight hours, depending
on the beam energy and the (n,2n) cross section.
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Figure 6.3: Decay curve for 208.01 keV γ-ray line

of 237U measured at En = 10.0 MeV.

The γ rays produced in the irradiated tar-
gets and monitor foils were measured in the
low-background counting facility using clover
and HPGe detectors and the GENIE2K data-
acquisition platform. Off-line γ-ray analysis
was done using the radware analysis package
[Rad95] to identify the reaction products and
their respective peak areas.
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Figure 6.2: Our measured cross sections for the 238U(n,2n)237U reaction (small red symbols) compared
with other available values.
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Figure 6.4: Decay curve for the 1368.63 keV γ-

ray line of 24Na measured at En = 9.0
MeV.

Typical γ-ray spectra for 237U and 196Au
(from the 197Au(n,2n)197Au reaction) are shown
in Fig. 6.1, where the characteristic γ-ray lines
(208.01 keV in 237U and 332.35 and 355.73 keV in
196Au) are clearly seen. The decay curve for the
208.01 keV γ ray from 237U and the 1368.63 keV
γ ray from 24Na are shown in Figs. 6.3 and 6.4,
respectively. Fig. 6.2 shows the measured cross-
section data between 6.5 and 14.8 MeV compared
with other available data and evaluations. Table
6.1 shows the experimental results.

Table 6.1: Cross-section values for 238U(n,2n)237U
measured in the present work

En Au Al 238U(n,2n)
(MeV) (b) (b) (b)

6.34 0.005211 0.068±0.003
6.89 0.015051 0.386±0.012
7.40 0.025962 0.824±0.024
7.87 0.038072 1.14±0.034
8.38 0.052042 1.27±0.037
8.89 0.066025 1.36±0.036
9.40 0.078543 1.37±0.035
9.91 0.9694 1.40±0.039
10.41 1.2178 1.42±0.037
10.92 1.4164 1.44±0.037
11.42 1.5757 1.44±0.038
11.93 1.7109 1.43±0.038
12.43 1.8316 1.40±0.043
13.60 2.087 1.11±0.037
14.10 2.1415 0.893±0.027
14.80 2.1622 0.66±0.02

[Lan08] R. G. Lange and W. P. Carroll, En-
ergy Conversion and Management, 49,
393 (2008).

[Rad95] D. C. Radford, Nucl. Instrum. Methods
A, 361, 297 (1995).
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6.1.2 Dipole Transitions in 240Pu

B. Fallin, C.R. Howell, W. Tornow, M. Bhike, Krishichayan, M.E. Gooden, D. Tice-
hurst, TUNL; R.S. Pedroni, North Carolina A&T State University, Greensboro, NC

During this reporting period we analyzed data from nuclear resonance fluorescence (NRF)

measurements performed in January and May 2013 to determine the distribution of dipole

transitions in 240Pu over excitation energies from 1.9 to 3.0 MeV. The γ-ray transition energies,

multipolarities, integrated cross-sections, branching ratios, widths, and reduced transition

probabilities have been determined. Our results are in good agreement with the findings of

Quiter et al. [Qui12].

Dipole transitions were excited using linearly-
polarized, quasi-monoenergetic γ-rays at HIγS,
operated by the Triangle Universities Nuclear
Laboratory. The γ-ray beam was delivered to
target in the energy range from 1.95 to 2.95 MeV
in 100 keV steps. The primary beam was colli-
mated through a 0.75 in. diameter circular lead
aperture, resulting in a FWHM energy spread of
3 to 4.5%. The incident γ-ray beam was linearly
polarized in the horizontal plane. Four HPGe
detectors with 60% efficient (relative to a 3 in.
diameter x 3 in. thick NaI detector) were placed
at scattering angles of 90◦ around the 240Pu tar-
get, with the centers of one pair of the detectors
lying in the horizontal plane and the other pair
contained in a plane perpendicular to the plane
of beam polarization. The detectors were posi-
tioned such that their front faces were an aver-
age of about 8 cm from the center of the 240Pu
target.

In this detector configuration, because 240Pu
has a 0+ ground state, excited states that decay
to the ground state via electric dipole (E1) transi-
tions emit γ-rays in the direction of the 90◦ detec-
tors in the vertical plane, but not the detectors in
the horizontal plane. Likewise, states that decay
to the ground state via magnetic dipole (M1) and
electric quadrupole (E2) transitions emit γ-rays
in the direction of the 90◦ detectors in the hori-
zontal plane, but not the vertical plane. For most
of the excited states, transitions indicating decay
to the 2+ first excited state in 240Pu at 42.8 keV
were also observed. The target was irradiated for
between 3.5 and 5.5 hours at each incident γ-ray
energy where dipole transitions were observed.
A sample spectrum representing 5 hr 21 min of
beam time is shown in Fig. 6.5.

Figure 6.5: Measured energy spectra of NRF γ-

rays emitted from 240Pu. Transitions
from the excited state to the ground
or the first excited state in 240Pu are
indicted by the double arrows sepa-
rated by 42.8 keV. The γ-ray beam
envelope is overlaid for reference.

At incident γ-ray energies where ground state
transitions were observed in the horizontal plane
detectors, additional measurements were made
with detectors at 90◦ and 135◦ in the plane of
beam polarization for sufficient time to distin-
guish between M1 and E2 transitions. All de-
tectors were passively shielded with 2.5 to 5 mm
of lead and 2.5-mm-thick copper disks in front
of the detector face. The target was placed in
an evacuated plastic pipe to reduce the counting
rate from scatter of the primary γ-ray beam and
the intrinsic activity of the 240Pu target.
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Figure 6.6: Integrated cross-section data for tran-

sitions to the ground-state in 240Pu.
The data are from the present work
and from Quiter et al. [Qui12]. The
error bars represent the total uncer-
tainties (statistical + systematic).

Figure 6.7: Integrated cross-section data for tran-
sitions to the first excited state in
240Pu. The data are from the same
experiments as in Fig. 6.6.

The target was obtained on loan from
Lawrence Berkley National Laboratory and con-

sisted of 4.65 g of 240Pu in the form of a PuO2

powder. The target contained minute quantities
(milligrams) of 239Pu, 241Pu, and 241Am. The
PuO2 powder was wrapped in 30 µm thick alu-
minum foil and placed inside a 2.8-cm-diameter
aluminum canister. The walls of the canister
were approximately 1 mm thick. To reduce the
effects of γ-ray scattering off of air in the vicinity
of the detectors, the target canister was placed
inside an evacuated plastic tube, as previously
mentioned.

The integrated cross sections determined for
excited state transitions decaying to the ground
and first excited states of 240Pu, as well as
the corresponding reduced transition probabili-
ties (Rsub) are shown in Figs. 6.6, 6.7, and 6.8.
Final analysis of the data is underway with fi-
nal results scheduled to be published in the first
quarter of 2016.

Figure 6.8: Ratio of the reduced transition prob-
abilities for transitions to the ground
and first excited states in 240Pu. The
data are from the same experiments
as in Fig. 6.6.

[Qui12] B. J. Quiter et al., Phys. Rev. C, 86,
034307 (2012).
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6.1.3 Sub-barrier Photofission of 232Th and 238U

J.A. Silano, H.J. Karwowski, TUNL; A. Banu, James Madison University ; N. Parikh, The
University of North Carolina at Chapel Hill

An experiment to measure photofission in 232Th and 238U at sub-barrier energies was per-

formed at HIγS using linearly polarized γ-ray beams. Photofission neutrons were recorded

with the newly upgraded INVS detector to determine the photofission cross section, prompt

fission neutron multiplicities and asymmetries in the angular distribution.

The fission process may be better understood
through improved knowledge of the structure of
the fission barrier, the potential energy surface
that an excited nucleus must overcome to split
apart. For example, an inferred fission barrier
of 238U is shown in Fig. 6.9. For a given ele-
ment, the fission barriers of the heavier isotopes
typically include two local minima, while a deep
third minimum has been observed in some lighter
isotopes.

Figure 6.9: Inferred fission barrier of 238U. Data
from Ref. [Csi13]

In the case of 232Th and 238U, a variety
of modern theoretical approaches to modeling
the fission barrier predict shallow or nonexis-
tent third minima including the self-consistent
Skyrme-interaction-based functional employed
by McDonnel et al. [Mcd13] and the microscopic-
macroscopic model by Jachimowicz et al. [Jac13].
These predictions disagree with a recent measure-
ment by Csige et al. [Csi13], which infers the ex-
istence of a 2-MeV-deep third minimum in 238U
by fitting a barrier structure to the measured fis-
sion cross section. As a consequence, they pre-
dict a low-energy resonance in the fission cross
section. A direct measurement of this fission res-

onance would be clear evidence of a deep third
minimum and would contribute to resolving dif-
ferences between theory and experiment.

A measurement of the photofission cross sec-
tions of 232Th and 238U was performed at HIγS
in January 2015. Approximately 60 h of po-
larized γ-ray beam-time were used, with beam
energies ranging from 4.3 to 6.3 MeV. Prompt
neutrons emitted by the fission fragments were
detected using the newly upgraded inventory-
sample (INVS) neutron detector (see Sect. 6.1.4).
The INVS detector consists of eighteen 3He pro-
portional counters, which are 2.54 cm in diame-
ter and have an active length of 39.4 cm, embed-
ded in a cylindrical shell of polyethylene moder-
ator. They are arranged in two concentric rings
with diameters of 15.28 and 12.22 cm. Neutrons
are detected after first thermalizing in the mod-
erator and then being captured on the 3He in
the proportional-counter tubes. The detector up-
grade allows for each proportional counter to be
read out independently by a digitizer. Offline
pulse-shape discrimination selects only neutron-
induced events.

The INVS detector was placed in the Up-
stream Target Room at HIγS and was centered
around the γ-ray beam axis, with a target placed
in the center of the detector. The beam flux was
measured with a D2O target placed downstream
of the INVS and viewed by two BC501A liquid-
scintillator neutron detectors, one on either side,
at 50 cm distance. A geant simulation will be
used to determine the efficiency of this detector
and target configuration, accounting for the ef-
fects of neutron scattering within both the target
and the detectors and of the angular distribution
of neutrons from the photodisintegration of deu-
terium with a linearly polarized γ-ray beam.

Due to the low count rate, background re-
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duction and characterization is essential to the
measurement. Shielding of about 1 m of borated
polyethylene was placed around the INVS detec-
tor to reduce background neutrons produced by
cosmic ray muons. The borated polyethylene fur-
ther shielded against neutrons produced by the γ-
ray beam in the collimator, air, D2O flux-monitor
target and beam dump. A natural lead target
was used to measure the background from γ-rays
scattering off the target and into the INVS mod-
erator, producing neutrons through the D(γ,n)
reaction on the trace deuterium present in the
polyethylene.

A high-energy bremsstrahlung contamination
to the HIγS γ-ray beam has been identified as
one of the larger sources of background for this
experiment. High-energy electrons in the free-
electron-laser storage ring can scatter on residual
gas or equipment near the beam line producing
bremsstrahlung γ-rays with energies up to the
ring energy, which, for this experiment, means
between 350 and 450 MeV. To determine the
background contribution from the high-energy
bremsstrahlung, HIγS was run in single-bunch
mode. In this mode, only one electron bunch
is present in the storage ring and no Compton
scattered γ-ray beam is produced.

Extracting the absolute photofission cross
section by detecting neutrons requires knowing
the number of neutrons emitted per fission. Each
fission event emits a variable number of prompt
neutrons, with neutron multiplicity increasing
with excitation energy. Because the existing mul-
tiplicity data does not extend down to the exper-
imental energies, the prompt-neutron multiplici-
ties will be measured. Simulations of the INVS
detector with geant indicate that neutrons from
a single fission event will produce detector signals
within about a 200 µs window. Since the neu-
trons fully thermalize in less than 1 µs, the neu-
tron detection timescale is primarily determined
by the random walk of thermal neutrons in the
moderator before they are absorbed and interact
in one of the 3He proportional counters. Coinci-
dent neutrons will be grouped using time stamps
from the digitized waveforms to generate neutron
multiplicity distributions.

The asymmetries in the photofission neutron
distributions will also be determined, using the
individual tube readout of the INVS, which al-
lows for sensitivity to asymmetries in the neu-
tron distribution arising from the linear polariza-
tion of the γ-ray beam. A recent measurement
at HIγS by Mueller et al. [Mue13] determined
the asymmetry of the photofission neutron an-
gular distribution in a number of actinides, in-
cluding 232Th and 238U. The present experiment
will complement Mueller’s work by extending the
excitation energy range to lower sub-barrier en-
ergies. Figure 6.10 shows an example of the ob-
served asymmetry in the inner ring of INVS coun-
ters for a 232Th target with a 5.5 MeV linearly
polarized γ-ray beam.

Figure 6.10: Neutron asymmetry for photofission

of 232Th target induced by a 5.5 MeV
linearly polarized γ-ray beam.

[Csi13] L. Csige et al., Phys. Rev. C, 87, 044321
(2013).

[Jac13] P. Jachimowicz et al., Phys. Rev. C, 87,
044308 (2013).

[Mcd13] J. McDonnell et al., Phys. Rev. C, 87,
054327 (2013).

[Mue13] J. Mueller et al., Phys. Rev. C, 87,
014605 (2013).
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6.1.4 Upgrade to the Inventory-Sample Neutron Detector

J.A. Silano, H.J. Karwowski, K. Wierman, TUNL

The INVS neutron detector has been upgraded to enable independent channel readout of its

eighteen 3He proportional counters. Waveforms from a newly designed preamplifier array

are digitized for offline analysis. Pulse-shape discrimination selects only neutron-induced

pulses, excluding beam-induced γ-ray scattering events. With independent tube readout, the

detector has sensitivity to asymmetries in the azimuthal angle of the neutron distribution.

The model IV inventory-sample neutron de-
tector (INVS) has been used extensively for in-
beam measurements at TUNL [Rau13, Arn12].
The INVS detector, shown in Fig. 6.11, consists
of eighteen 3He proportional counters 2.54 cm
in diameter with an active length of 39.4 cm,
embedded in a cylindrical shell of polyethylene
moderator and arranged in two concentric rings
with diameters of 15.28 and 12.22 cm. Incident
neutrons are first thermalized in the moderator,
and then captured in the 3He in the propor-
tional counters. The proton and triton emitted
in the 3He(n,p)3H reaction produce Townsend
avalanches in the biased proportional counters,
and the resulting charge is collected on a central
anode wire, creating a signal which is then sent
to a preamplifier.

Figure 6.11: Photograph of the INVS detector.

In the original INVS configuration, the an-
ode pins of the counters were wired together to
create a single channel out for multiple propor-
tional counters. The summed channels were then
sent through a preamplifier and discriminators to
output TTL signals for neutron detection. The

eighteen counters are divided into groups: two
groups of inner ring counters and one for the
outer ring. The inner ring groups have their TTL
outputs summed together resulting in two output
signals, one for each ring. This configuration pro-
vides only the total number of counts in the inner
and outer rings, with no knowledge of which tube
made a given detection and therefore no sensitiv-
ity to the neutron angular distribution. In ad-
dition, the discriminator threshold settings are
not adjustable, making it difficult to determine if
background signals due to scattered γ-rays and
electrons are fully excluded. These limitations
pose a significant problem for experiments with
low neutron count rates, large γ-ray backgrounds,
and asymmetrical neutron angular distributions,
such as sub-barrier photofission measurements.

In response to these deficiencies, the INVS
has been upgraded to allow readout of the indi-
vidual proportional counters. The original, self-
contained signal-processing electronics were re-
placed with SHV connectors which lead directly
to the individual proportional-counter tubes.
Two multi-channel preamplifier modules were
built to replace the existing preamplifiers. The
modules, shown in Fig.6.12, include 10 Cremat
CR-110 preamplifiers isolated from one another
with an aluminum housing to minimize inter-
ference. The outputs of the preamplifiers are
recorded with a CAEN V1730 sixteen-channel
500 MHz digitizer and stored for offline analysis.

Scattered γ-rays and electrons represent a po-
tential background sources for experiments at
HIγS. The γ-rays can Compton-scatter electrons
into the gas volume, resulting in pulses which
typically have lower height than neutron-induced
events but are otherwise similar. A pulse height
threshold was used in the original INVS config-
uration to reject γ-ray backgrounds. However,
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with γ-ray beam energies much higher than avail-
able calibration sources and with fluxes of around
108 γ/s, it is unclear whether the γ-ray back-
grounds are fully rejected.

Figure 6.12: Preamplifier module.

In the upgraded INVS, offline pulse shape
discrimination is used to reliably suppresses γ-
ray background events through cuts in the pulse
height and rise time [Lan13] extracted from the
digitized waveforms. Data from a HIγS run with
a 6 MeV γ-ray beam and a lead scattering target,
displayed in Fig. 6.13, show a clear separation be-
tween neutrons and γ-rays. A two-dimensional
cut includes all neutron-induced events while
completely excluding the γ-ray background.

Figure 6.13: Pulse shape discrimination plot.

The INVS was simulated in geant to deter-
mine its sensitivity to asymmetries in the neutron
angular distribution. The detection efficiency per
proportional-counter tube is plotted in Fig. 6.14

for a beam of neutrons directed at φ = 200◦.
The detected distribution is inherently spread by
the scattering of the neutrons in the moderator,
but there is a clear correlation between the detec-
tor response and the initial neutron distribution.
Thus with individual-tube readout, the INVS is
sensitive to neutron angular distribution asym-
metries produced by the linearly polarized γ-ray
beams available at HIγS.

Figure 6.14: Simulated INVS individual tube effi-
ciency.

To validate the geant simulation, D(γ,n) re-
action data were taken at HIγS with a linearly
polarized γ-ray beam with energies between 4.3
and 5 MeV. The beam was incident first on a
D2O cell placed in the center of the INVS and
then on a second, downstream D2O cell viewed
by two BC501A scintillator neutron detectors to
monitor the beam flux. The preliminary results
show strong asymmetries about the beam polar-
ization axis, with the maxima and minima con-
sistent with the expected angular distribution
from the D(γ,n) reaction. Further work is be-
ing done to simulate the detector response to
those neutron distributions and compare the re-
sult with the data. The goal is the ability to
unfold the detector response from the measured
data and to determine the initial neutron distri-
bution. Progress has also been made in calibrat-
ing the flux-monitor apparatus so that the abso-
lute beam flux, and therefore the INVS detection
efficiency, can be extracted and compared with
simulation.

[Arn12] C. Arnold et al., Phys. Rev. C, 85,
044605 (2012).

[Lan13] T. Langford et al., Nucl. Instrum. Meth-
ods, 717, 51 (2013).

[Rau13] R. Raut et al., Phys. Rev. Lett., 111,
112501 (2013).
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6.2 National Ignition Facility Activities

6.2.1 Measurement of the 80Kr(n,2n)79Kr Cross Section at 14.8 MeV

M.E. Gooden, M.M. Fowler, J.B. Wilhelmy, Los Alamos National Laboratory, Los Alamos,
NM ; W. Tornow, TUNL; A.P. Tonchev, Lawrence Livermore National Laboratory, Livermore,
CA

A program has been initiated to measure the cross section of the 80Kr(n,2n)79Kr reaction

at energies from 12 to 15 MeV using monoenergetic neutrons. The goal is to provide accu-

rate cross-section information to the National Ignition Facility at Lawrence Livermore Na-

tional Laboratory in its quest to measure the yield of 14 MeV neutrons obtained in inertial-

confinement fusion experiments involving small deuterium-tritium capsules doped with 80Kr.

An exploratory measurement at En = 14.8 MeV has been performed.

Currently, the yield of 14 MeV neutrons ob-
tained at the National Ignition Facility (NIF) in
laser shots involving deuterium-tritium filled cap-
sules is approximately three orders of magnitude
lower than the design goal of a few 1019 neu-
trons per shot. Because the neutrons are pro-
duced within a few femtoseconds, it is difficult
to measure their yield reliably using active de-
tectors. Therefore, the activation technique pro-
vides an excellent tool for measuring the neutron
yield.

Noble gases are the favorite isotopes for neu-
tron yield measurements at NIF. The capsules
can be doped with a precisely known amount of
an isotope. After a laser shot, the noble gas is col-
lected by the Radiochemical Analysis of Gaseous
Samples (RAGS) apparatus [Sha12] and subse-
quently γ-ray counted to measure the induced
activity. If the cross section for the neutron-
induced reaction of interest and the collection ef-
ficiency of RAGS are known, the neutron fluence
can be extracted.

Table 6.2: Useful γ-ray decay lines in 79Kr

Eγ Intensity
(keV) (%)
261.29 12.7
397.54 9.3
511.0 14.0
606.09 8.1

The krypton isotope 80Kr has recently been
selected as a dopant in deuterium-tritium filled
capsules. Laser shots at NIF are planned for

the near future. The natural abundance of
80Kr is only 2.28%, but the threshold for the
80Kr(n,2n)79Kr and the half-life of 79Kr are suit-
able. The threshold is 11.17 MeV, and the half-
life is 35.04 hours. The useful γ-ray lines of 79Kr
are given in Table 6.2.

As stated above, the cross section for the
80Kr(n,2n)79Kr must be known in order to ex-
tract valuable information on the neutron yield
from the laser shots at NIF. Unfortunately, only
evaluations and model calculations exist; there
are only a few experimental data in the 14 MeV
energy region to which the predictions can be
compared. Therefore, we decided to measure this
cross section over a broader energy range.
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Figure 6.15: Partialγ-ray spectrum of a stainless
steel sphere filled with natural kryp-
ton gas after irradiation with 14.8
MeV neutrons. The γ-ray lines of in-
terest from the 80Kr(n,2n)79Kr reac-
tion are labeled.

In Ref. [Bhi15], we used highly enriched 86Kr,
but isotopically enriched 80Kr was not available
for the present work. Therefore we filled a thin-
walled stainless steel sphere [Rup09] with an in-
ner diameter of 20 mm and wall thickness of 0.5
mm with 2.053 g of natural krypton gas, con-
taining 46.8 mg of 80Kr. The resulting pressure
inside the sphere was approximately 130 atm.

The center of the sphere was positioned at a
distance of 24 mm from the tritiated target de-
scribed in Sect. 6.2.2. Gold foils were attached to
the front and back face of the sphere for neutron
fluence determination via the 197Au(n,2n)196Au
reaction, with its well-known cross section in the
energy region of interest. Monoenergetic neu-
trons of energy 14.8 MeV were produced via the
3H(d,n)4He reaction with an incident beam cur-
rent of 2.8 µA. The krypton sphere was irradi-

ated for a total of eight hours. Subsequently,
the sphere and the gold foils were γ-ray counted
in separate HPGe detectors of known efficiency.
Figure 6.15 shows a γ-ray spectrum with some of
the 79Kr lines of interest labeled by their energy.
Clearly, our sensitivity is high enough to obtain
very good peak-to-background ratios even with
only 46.8 mg of target material. Data analysis is
underway.

In the future, we will take data with the
3H(d,n)4He neutron-production reaction at neu-
tron energies of 14.5, 14.1 and 13.7 MeV before
switching to the 2H(d,n)3He reaction to cover
the neutron-energy range between 11.5 and 13.5
MeV.

[Bhi15] M. Bhike et al., Phys. Rev. C, 92,
014624 (2015).

[Rup09] G. Rupp et al., Nucl. Instrum. Methods
A, 608, 152 (2009).

[Sha12] D. A. Shaughnessy et al., Rev. Sci. In-
strum., 83, 10D917 (2012).
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6.2.2 Exploratory Measurement of the 209Bi(n,4n)206Bi Cross Section at
28 MeV

M.E. Gooden, M.M. Fowler, J.B. Wilhelmy, Los Alamos National Laboratory, Los Alamos,
NM ; W. Tornow, TUNL; A.P. Tonchev, Lawrence Livermore National Laboratory, Livermore,
CA

A program has been initiated to measure the cross section of the 209Bi(n,4n)206Bi reaction in

the 24 to 30 MeV energy range using monoenergetic neutrons produced via the 3H(d,n)4He

reaction. The goal is to provide the National Ignition Facility at Lawrence Livermore National

Laboratory with accurate cross-section data for determining the yield of the highest energy

reaction-in-flight neutrons produced in laser shots on DT capsules used in inertial confinement

fusion studies. An exploratory cross-section measurement at En = 28 MeV is described.

As was stated in Sect. 6.2.1, the 192 high-
power laser beams at the National Ignition Fa-
cility (NIF) at Lawrence Livermore National
Laboratory are directed onto a small capsule
filled with an equimolar mixture of deuterium
(D) and tritium (T) and positioned inside of a
gold hohlraum to achieve ignition via inertial-
confinement fusion of the DT plasma [Lin14].
Currently, ignition has not been achieved, and
a broad experimental and theoretical effort is
underway to better understand the compli-
cated physics governing the plasma produced in
inertial-confinement-fusion laser shots.

A good measure of the plasma density is the
yield of high energy neutrons. The incident laser
beams produce the primary 14.1 MeV neutrons
via DT fusion at a temperature of approximately
8 keV. Higher energy neutrons are created when
a primary neutron scatters elastically off a D or
T ion, transferring some of its energy to the ions,
which in turn initiate the DT reaction. These as-
sociated neutrons with energies up to 30 MeV are
called “reaction-in-flight (RIF)” neutrons. They
carry important information about the stopping
power of the charged particles in the plasma.
Currently, there is no solid experimental informa-
tion available at NIF regarding the production of
RIF neutrons with energies above 25 MeV.

The element bismuth is a very convenient
candidate for measuring the highest energy
RIF neutrons. It is mono-isotopic and the
209Bi(n,4n)206Bi reaction has a threshold of 22.6
MeV. The reaction product 206Bi is expected to
have a high production cross section. Further-
more, 206Bi has convenient decay properties. Its

half-life is T1/2 = 6.2 days, with a strong γ-ray
transition (Iγ = 99%) at 803.1 keV. However,
experimental data for this reaction do not exist.

The 3H(d,n)4He reaction was used to produce
28 MeV neutrons. An 11 MeV deuteron beam of
2 µA bombarded a tritiated titanium target con-
sisting of 2 Ci of tritium loaded into a titanium
layer, 2 mg/cm2 thick and with a diameter of 16
mm, that had been evaporated onto a 0.4 mm
thick copper disk of 18.9 mm diameter. This tar-
get was mounted at the end of a water-cooled tar-
get cell made of thin-walled copper. In addition,
a special nozzle directed refrigerated and com-
pressed air to the copper disk to help carry away
the heat load deposited by the incident deuteron
beam.

The 209Bi foil of 9.53 mm diameter and 1 mm
thickness was positioned at a distance of 15 mm
from the copper disk. It was sandwiched between
two 0.1-mm-thick 197Au foils of the same diam-
eter. The 197Au(n,4n)194Au reaction, with a
threshold of 23.3 MeV, provided a measure of the
neutron fluence. The isotope 194Au has a half-life
of 38.02 hours and is characterized by two strong
γ-ray lines, one at 328.5 keV with Iγ = 60.4%
and the other at 293.5 keV with Iγ = 10.6%.

At a distance of 306 cm from the copper foil,
our standard 3.9 cm × 3.9 cm neutron monitor,
which uses the liquid scintillator BC-501A, was
positioned at 0◦ to monitor the stability of the
neutron flux. Currently, the absolute detection
efficiency of this neutron monitor has not been
determined at energies above 20 MeV.

The 209Bi/197Au foil assembly was irradi-
ated for eight hours. After irradiation, the foils
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were γ-ray counted in TUNL’s Low-Background
Counting Facility to determine their initial ac-
tivity. Figure 6.16 shows a γ-ray spectrum show-
ing the peaks of interest from the decay of 206Bi.
Data analysis is underway.
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Figure 6.16: Partial γ-ray spectrum obtained

from the decay of 206Bi produced via
the 209Bi(n,4n)206Bi reaction with 28
MeV neutrons.

Because the cross-section values predicted for
the 197Au(n,4n)194Au reaction by the ENDF/B-
VII.1 evaluation [Cha11] and the talys code
[Kon05] are rather inconsistent, we plan to deter-
mine the detection efficiency of our neutron mon-
itor detector in the 20 to 30 MeV energy range in
the near future. Once this is accomplished, more
accurate values for both the 197Au(n,4n)194Au
and 209Bi(n,4n)206Bi cross sections will become
available. Cross-section values will then be mea-
sured between 24 and 30 MeV in energy steps of
1 MeV.

[Cha11] M. B. Chadwick et al., Nucl. Data
Sheets, 112, 2887 (2011).

[Kon05] A. J. Koning, S. Hilaire, and M. C. Dui-
jvestijin, AIP Conf. Proc., 769, 1154
(2005).

[Lin14] J. Lindl et al., Phys. Plasmas, 21,
020501 (2014).
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6.2.3 Measurement of the 169Tm(n,3n)167Tm cross section

B. Champine, E.B. Norman, K.J. Thomas, University of California, Berkeley, CA; M.E.
Gooden, Los Alamos National Laboratory, Los Alamos, NM ; N.D. Scielzo, M.A. Stoyer, A.P.
Tonchev, Lawrence Livermore National Laboratory, Livermore, CA; Krishichayan, W. Tornow,
TUNL

The 169Tm(n,3n)167Tm reaction cross section was measured from 17.5 to 21.5 MeV using

quasi-monoenergetic neutrons. The goal was to resolve the discrepancy between two previous

measurements. Our results provide more accurate data for an important diagnostic that

is used at the National Ignition Facility to measure the yield of reaction-in-flight neutrons

produced during inertial confinement fusion.

The National Ignition Facility (NIF) at
Lawrence Livermore National Laboratory is de-
signed to drive deuterium-tritium (DT) inertial
confinement fusion targets to ignition. As a re-
sult of DT fusion, primary neutrons are produced
during the burn phase via the 3H(d,n)4He reac-
tion with energies centered at En = 14.1 MeV.
The width of the associated energy distribution
is defined by the temperature of the DT burn, or
about 8 keV. Higher energy neutrons are created
when a primary neutron scatters elastically off a
D or T ion, transferring some of its energy to the
ions, which in turn initiate the DT reaction. The
associated neutrons, with energies up to 30 MeV,
are called reaction in-flight (RIF) neutrons. They
carry important information about the stopping
power of the charged particles in the plasma and
may help researchers understand why the break-
even goal has not been achieved yet at NIF. Cur-
rently the RIF neutrons represent less than 0.3%
of the total neutron fluence, which is still about
three orders of magnitude below the design goal.

The element thulium is a convenient candi-
date for measuring the RIF neutrons. It is mono-
isotopic, and the 169Tm(n,3n)167Tm reaction has
a threshold of 14.963 MeV. The daughter 167Tm
has a high production cross section and conve-
nient decay properties, with a half-life 9.2 days
amd a 42% abundant γ-ray transition at 207.8
keV. Activation of 169Tm foils and subsequent
off-line counting have been used successfully at
NIF to determine the yield of RIF neutrons.

The production of 167Tm at NIF is de-
termined by the RIF neutron energy spec-
trum, which drops off above 15 MeV, and
the 169Tm(n,3n)167Tm cross section, which in-

creases with energy up to approximately 25 MeV.
Figure 6.17 shows the simulated energy dis-
tribution of NIF neutrons and the evaluated
169Tm(n,3n)167Tm cross section. The peak yield
of 167Tm for a typical NIF shot is at about 20
MeV. However, existing data for the 169Tm(n,3n)
cross section do not agree at energies above 19
MeV. To improve the accuracy of the RIF neu-
tron yield measurements at NIF, the cross section
for this reaction was measured at TUNL at five
incident neutron energies between 17.5 and 21.5
MeV.

Figure 6.17: Overlay of a simulated NIF neutron-
energy distribution (left y-axis) and
the 169Tm(n,3n)167Tm cross section
(right y-axis). Only reaction-in-
flight neutrons have enough energy
to produce 167Tm.

Deuteron beams with energies between 17.5
and 19.2 MeV were used to produce the neutron
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Figure 6.18: Results for the 169Tm(n,3n)167Tm reaction compared to previous data and the
ENDF evaluation are shown in part (a). Byproduct results obtained for the
169Tm(n,2n)168Tm, 58Ni(n,2n)57Ni, and 94Zr(n,α)91Sr reactions are shown in parts (a),
(c), and (d),respectively.

energies of interest using the 2H(d,n)3He reac-
tion. The deuterium gas cell was pressurized to
5 atm and separated from the accelerator vac-
uum by a 6.5 µ Havar foil. Deuteron beam cur-
rents were typically 2 µA. The 169Tm foil, 0.95
cm in diameter, was sandwiched between a natZr
neutron fluence monitor foil and a natNi foil for
additional, byproduct measurements. The foils
were placed at a distance of 0.9 cm from the end
of the deuterium gas cell.

In order to account for the influence of
breakup neutrons produced on the entrance col-
limator, on the Havar foil, and on the tan-
talum beam stop of the deuterium gas cell,
the deuteron beam was pulsed, and the neu-
tron energy spectrum was measured via the
time-of-flight technique using our standard 3.81-
cm-diameter and 3.81-cm-long liquid scintilla-
tor (BC-501A) neutron detector. In principle,
because the highest energy breakup neutrons
have energies 5.5 MeV below those of the pri-
mary monoenergetic neutrons, the energy spec-
tra are needed only to account for the breakup-

neutron sensitivity of the neutron monitor reac-
tions, 58Ni(n,2n)57Ni (threshold 12.43 MeV) and
90Zr(n,2n)89Zr (threshold 12.1 MeV), but not for
the 169Tm(n,3n)167Tm reaction itself. In ad-
dition, because the 169Tm(n,2n)168Tm (thresh-
old 8.1 MeV) and 94Zr(n,α)91Sr (Q value +2.03
MeV) cross sections were obtained as a byprod-
uct, the breakup neutron determination is needed
at lower energies as well.

After irradiation, γ-rays from the foils were
counted, and the neutron fluence was determined
from the monitor foils using published cross-
section data. The measured neutron fluence was
then used to convert measured γ-ray yields into
the cross sections of interest.

Monte-Carlo simulations have been used to
calculate the neutron energy distribution seen
by the activation foils. Figure 6.18 shows the
present results. Here, the 90Zr(n,2n)89Zr reac-
tion was used as the neutron fluence monitor.
In addition to the 169Tm(n,3n)167Tm cross sec-
tion of interest, the 169Tm(n,2n)168Tm cross sec-
tion measured, along with the 58Ni(n,2n)57Ni
and 94Zr(n,α)91Sr cross sections.



TUNL LIII 2014–15 Applied Research and Nuclear Data Evaluation 145

6.3 Public Health Research

6.3.1 Rutherford Backscattering Spectrometry of Small Molecules in Wa-
ter Purification Membranes

A. Atkinson, J. Wang, O. Coronell, University of North Carolina, Chapel Hill, NC ; T.B.
Clegg, TUNL

We evaluated the incorporation of small organic molecules into the polyamide active layer and

polysulfone support of several commercial and hand-cast reverse osmosis membranes using

Rutherford backscattering spectrometry (RBS). Results show that the method of incorpo-

ration and the materials used influence the amount and location of small organic molecules

within the membrane, and whether the molecules remain in the membrane after use.

Reverse osmosis (RO) and nanofiltration
(NF) membranes are widely used for the desali-
nation of brackish and seawaters as well as for wa-
ter reuse because they are able to remove a wide
range of contaminants. Commercial RO and NF
membranes have a thin-film composite structure
consisting of three layers: the polyamide active
layer (20 to 200 nm in thickness), a polysulfone
porous support (20 to 50 µm), and a polyester
fiber backing (40 to 150 µm).

Figure 6.19: RBS spectra of a virgin membrane
(green), with iodoaniline incorpo-
rated (red), and bromoaniline incor-
porated (blue).

There are numerous reasons to incorporate

small organic compounds into the structure
of water purification RO and NF membranes:
adding functional groups with specific purposes
(e.g. antifouling), changing physical properties
(e.g. surface charge, hydrophilicity), and in-
creasing performance (e.g. water permeability,
contaminant rejection). One specific group of
molecules of interest is 2-aminoimidazoles (2AIs)
which are believed to have the potential of pro-
viding antibiofouling properties if successfully in-
corporated into the polyamide active layer. Hav-
ing the ability to assess the quantity and loca-
tion of 2AIs within the membrane is essential
to ascertain that the desired modifications have
been achieved. Due to its sensitivity, resolution,
and depth of analysis, RBS was chosen to an-
alyze the incorporation of iodoaniline and bro-
moaniline into polyamide active layers. These
compounds serve as surrogates of 2AIs because
of their similarities with polyamides in structure
and reaction chemistry.

RO and NF membranes typically are com-
posed of hydrogen, carbon, nitrogen, oxygen, and
sulfur. In Fig. 6.19, distinctive peaks in the RBS
spectrum of a virgin commercial membrane cor-
responded to these elements, except for hydro-
gen, which cannot be detected in RBS. Iodine
in iodoaniline and bromine in bromoaniline are
elements that are not typically present in mem-
branes, and so the presence of additional spectral
peaks corresponding to those elements confirmed
the incorporation of iodoaniline and bromoani-
line in prepared membrane samples. The RBS
spectra were analyzed with the simulation soft-
ware simnra [MM99] to quantify the concentra-
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tion of each element in the polyamide and poly-
sulfone layers.

Figure 6.20: RBS spectra of samples in which
iodoaniline was added at different
steps during polyamide fabrication.

The incorporation methods used could poten-
tially impact the quantity and location of the
bromoaniline/iodoaniline within the membrane.
The two approaches are to add the compound
during different steps of the polyamide layer cast-
ing process or to incorporate the compound into
a pre-fabricated commercial membrane. For each
approach we were able (i) to confirm that the
iodoaniline/bromoaniline had been successfully
incorporated and (ii) to quantify the concentra-
tion of each compound. As shown in Fig. 6.20,
the quantity of iodoaniline incorporated varied
with the step during which it was incorporated
in the polyamide-layer casting process, as indi-
cated by the size of the iodine peak. When
iodoaniline/bromoaniline was incorporated into
pre-fabricated commercial membranes, the io-
dine/bromine peaks had longer shoulders, indi-
cating incorporation of the compounds also in the
polysulfone support layer.

It is important to know whether the incorpo-
rated compounds are tightly bound to the mem-
brane and so will remain in it after typical use.
Figure 6.21 shows that the bromine peak asso-
ciated with the incorporated bromoaniline de-
creased after the membrane was used for six
hours to purify water. The level to which the

bromoaniline content decreased after membrane
use depended on the membrane sample and was
no higher than 74% in any case. The extent of the
decrease depended on the materials used (i.e., the
commercial membrane chosen) and the method
of bromoaniline incorporation.

Figure 6.21: RBS spectra of a membrane with
bromoaniline incorporated. Spectra
were taken before (purple) and af-
ter (red) use to purify water. The
level of bromoaniline reduction after
membrane use was 72%

In summary, the results of this study demon-
strate that RBS can be used to detect iodine-
and bromine-containing organic compounds in
RO/NF membranes. It can also quantify their
concentration and identify their location within
the membrane. Specifically, iodoaniline and
bromoaniline, which serve as surrogates of 2-
aminoimidazoles, were successfully detected and
quantified after incorporation into RO/NF mem-
branes. Various membrane incorporation meth-
ods were evaluated with RBS, and the re-
sults obtained can be used to determine the
best method(s) to incorporate small organic
molecules, similar to iodoaniline/bromoaniline,
into RO/NF membranes based on the desired
compound concentration and location within the
membrane.

[MM99] J. D. M. Mayer and I. Morgan,
AIP Conference Proceedings, 475, 541
(1999), 15th Int’l Conf. Application of
Accelerators in Research and Industry.
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6.3.2 Nuclear Resonance Fluorescence Measurements on Light Nuclei

B. Fallin, C.R. Howell, W. Tornow, M. Bhike, Krishichayan, D. Ticehurst, TUNL; R.S.
Pedroni, North Carolina A&T State University, Greensboro, NC

During this reporting period, the strength of dipole and quadrupole excited states in several

light nuclei of biological significance were investigated using nuclear resonance fluorescence

(NRF). This was accomplished during four different NRF measurements conducted at HIγS.

Dipole states in isotopes of carbon, nitrogen, oxygen, sodium, magnesium, sulfur, chlorine,

and potassium were probed at γ-ray beam energies between 1.748 and 15.685 MeV. These

data are expected to yield cross sections and branching ratios for observed γ-ray transitions

with improved accuracy over published values.

Early diagnosis and treatment of cancer is
critical for maximizing long-term survival rates.
Later stage / more advanced cancer generally
requires more aggressive treatment, such as ex-
tensive surgery and high dose radiation therapy.
This may result in short- and long-term negative
health effects. Traditional radiographic imaging
techniques, such as planar x-ray and CT, that are
most frequently used to screen for cancer can only
be used to discern gross differences in density be-
tween tissues in the body, resulting in a signifi-
cant number of false positive diagnoses (i.e., sus-
picious lesions that upon biopsy are proven to be
benign) as well as false negative results (i.e., early
stage, subclinical disease that may be missed).

Recent studies have shown that significant el-
emental and isotopic asymmetries of trace ele-
ments can exist between healthy and cancerous
tissue [Lak14]. Traditional radiographic imag-
ing is insensitive to these differences, but the
presence and relative abundances of targeted iso-
topes in a sample can be determined using nu-
clear resonance fluorescence (NRF). Every iso-
tope has its own nuclear “fingerprint” in the form
of a unique set of nuclear energy levels. Nu-
clear resonance fluorescence can be used to de-
tect these isotopes by exciting dipole states with
high energy photons in the keV to MeV range.
These subsequently decay back to the ground
state purely by photon emission, provided the
excitation energies are below the particle separa-
tion threshold. By preferentially exciting dipole
states with energies of several MeV and short life-
times (attoseconds to a few femtoseconds) with
high resolution γ-ray beams and by using high ef-
ficiency γ-ray detectors, the signal to tissue dose

ratio can be maximized. Preliminary simula-
tion studies using geant4 conducted by Laksh-
manan et al. [Lak14] and Belley et al. [Bel14]
have demonstrated promise for using NRF-based
gamma-stimulated emission computer tomogra-
phy (GSECT) for diagnosis of breast cancer.
Their research was built on the findings of prior
studies that found substantial differences in the
elemental percentages of potassium and calcium
in healthy vs. malignant breast tissue.

The principal roadblocks to clinical use of the
NRF technique presently are: (1) the large size
of current electron accelerators needed to pro-
duce tunable γ-ray beams with energy spreads
of only a few percent and (2) the high dose
rates compared to x-ray CT that are neces-
sary to obtain full field-of-view tomographic im-
ages. Portable electron accelerators for use in
NRF applications are currently under active de-
velopment, driven by the need to detect spe-
cial nuclear materials for Homeland Security ap-
plications. Also, next-generation tunable x-ray
sources using laser-Compton scattering provide
the possibility of higher fluxes coupled with en-
ergy spreads of less that 1%. These energy
spreads are smaller than achievable with current
FEL based γ-sources and have the potential to re-
duce scan doses by a factor of ten [Hab12, Gib10].

In the current reporting period, excited states
in isotopes of carbon, nitrogen, oxygen, sodium,
magnesium, sulfur, chlorine, and potassium were
investigated at γ-ray beam energies ranging from
1.748 to 15.685 MeV. The carbon, magnesium,
and sulfur targets were pure elemental samples.
The nitrogen, potassium, sodium, and chlorine
targets were in the form of salts: ammonium
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Figure 6.22: Right Panel: Portion of the measured energy spectrum of NRF γ-rays emitted from the
NaCl target at a mean excitation energy of 2.99 MeV. Transitions from the excited state
to the ground state are observed in all isotopes. The γ-ray beam envelope is overlaid for
reference. Left panel: A lower energy portion of the same spectram. The 2542-keV γ-ray
is emitted by a transition in 23Na from the excited state at 2982 keV to the first excited
state located at 439.99 keV. Also shown are the first escape γ-rays from the ground state
transitions in 23Na and 35Cl, a natural background line, and the sum peak from 60Co
(which was used as a dead-time and pileup monitor during the experiment).

chloride (NH4Cl), potassium nitrate (KNO3),
and sodium chloride (NaCl), respectively. A wa-
ter target enriched to 98% in 18O was used to
probe the excited state levels in oxygen. With
the exception of the water target, all targets
contained elements with natural isotopic abun-
dances.

Dipole and quadrupole transitions were ex-
cited using quasi-monoenergetic γ-rays at HIγS,
operated by the Triangle Universities Nuclear
Laboratory. Incident γ-rays were linearly po-
larized in the horizontal plane. HPGe detectors
(60% efficient relative to a 3 in. diameter and
3 in. thick NaI detector) were placed at scatter-
ing angles of 90◦ and 135◦ in the plane of beam
polarization, and 90◦ in a plane perpendicular to
the polarization plane of the beam. Detectors
were positioned between 8 and 10 cm from the
center of the target. All detectors were passively
shielded with lead and copper disks in front of
the detector face. The disks had sufficient thick-
ness to reduce the detector counting rates to a
few kHz. The targets were placed in an evac-
uated plastic pipe to reduce the counting rate

from scattering of the primary γ-ray beam by air.
This improves the signal-to-background ratio of
the measured spectra. Portions of the measured
NRF spectrum from transitions in 23Na, 35Cl,
and 37Cl around 2.99 MeV are shown in Fig. 6.22
and are the result of 8.4 hours of beam time. Also
shown are a transition in 23Na to the first excited
state, a background line, two escape peaks, and
a 60Co sum peak used to monitor dead-time and
pileup.

Analysis of the data is underway with final
results expected in the last quarter of 2016.

[Bel14] M. D. Belley et al., Med. Phys., 41,
063902 (2014).

[Gib10] D. Gibson et al., Phys. Rev. Spec. Top.
Accel. Beams, 13 (2010).

[Hab12] D. Habs et al., AIP Conf. Proc., 1462,
177 (2012).

[Lak14] M. N. Lakshmanan et al., IEEE Trans.
Med. Imag., 33 (2014).
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6.4 Plant Physiology Research

6.4.1 Development of a Modular Plant Imaging PET System and Its Use
in Evaluating Corn Plant Root Systems

L.C. Cumberbatch, A.S. Crowell, C.R. Howell, B.A. Fallin TUNL; C.D. Reid, G. Bonito,
C. Topp, Duke University Department of Biology, Durham, NC ; A.G. Weisenberger, S.J. Lee,
J.E. McKisson, C. Zorn Thomas Jefferson National Accelerator Facility, Newport News, VA;
M.F. Smith, University of Maryland, Baltimore, MD

A modular high-resolution positron emission tomography system has been developed at

Thomas Jefferson National Accelerator Facility for studies of the physiological processes in

live plants that influence the biodistribution of substances tagged with positron-emitting

radiotracers. The radiotracer 11C is used to investigate sugar transport under varying envi-

ronmental conditions. Initial evaluation of the PhytoPET system to image the biodistribution

of 11C in corn plants is underway, and preliminary results are presented.

Positron emission tomography (PET) is a use-
ful imaging modality for plant eco-physiological
studies. The 11C radiotracer is a common
positron emitter used in plant biology research
due to its ease of incorporation in live plants
through the photosynthesis of radio-tagged car-
bon dioxide gas. Production of 11CO2 gas occurs
in the tandem accelerator laboratory at TUNL
using the 14N(p,α)11C reaction. The standard
method is to bombard a cell pressured to about
8 atm of research-grade nitrogen gas with a 10
MeV proton beam. The 11CO2 gas that is pro-
duced is then transferred about 100 meters via
underground tubing from the tandem lab to the
Phytotron facility where the labeling measure-
ments are performed. Approximately 10-20 mil-
liCuries of 11C activity are typically produced.

PhytoPET, a live-plant imaging PET system
targeted for plant eco-physiology research, is be-
ing developed at Thomas Jefferson National Ac-
celerator Facility in collaboration with Duke Uni-
versity and the University of Maryland at Balti-
more. The new plant-imaging PET system geom-
etry is both versatile and scalable. The goal is to
enable the system to meet imaging requirements
over a wide range of research conditions, includ-
ing visualizing and analyzing dynamic carbohy-
drate transport throughout leaves, roots, and
stems. The PhytoPET imager consists of flexible
arrangements of PET detectors based on individ-
ual stand-alone detector modules built from sin-
gle 5 cm x 5 cm Hamamatsu H8500 position sen-

sitive photomultiplier tubes. Each H8500 is cou-
pled to a LYSO:Ce scintillator array composed of
48 x 48 elements that are 10 mm thick arranged
with a 1.0 mm pitch. The detector modules can
be arranged and stacked to adjust for individual
plant size or structure.

Preliminary imaging studies of corn plant
root systems are currently underway at Duke
University. Radiotracer production and transfer
occurs at TUNL, while plant growth, labeling,
and imaging occurs at the nearby Phytotron fa-
cility. The 11CO2 produced at TUNL is loaded
into early-stage corn plants via photosynthesis,
and subsequent translocation of 11C in the form
of sugars is imaged by arranging PhytoPET mod-
ules on each side of the plant.

Initial measurements were made using the
PhytoPET system for dynamic studies of 11C-
sugar translocation from a leaf to the roots in a
corn plant. One of the problems associated with
root imaging is that the root structure is not visi-
ble since it is hidden inside the soil. To overcome
this problem, we used a clear growth media gel
rather than regular soil for an unobstructed view
of the root area. This clear media provides for
easy registration of optical and PET root images
and facilitates image analysis [Lee13]. During
data acquisition, a total of four or eight detec-
tor modules were used to image either the stalk
or the root area or both. Detector modules were
arranged so as to have the best imaging field-of-
view, depending on the root shape. PET imag-
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Figure 6.23: Reconstructed images (without decay correction) from a corn scan. The time that has

elapsed from the application of the radio-tagged 11CO2 to the tip of the leaf is shown at
the top of each image. Images clearly show the distribution of 11C-sugar in the stalk (left
three images) and the root (right four images).

ing scans were acquired for three to four hours
for each plant, and image reconstruction was per-
formed using the maximum-likelihood estimation
method.

Figure 6.23 depicts the reconstructed images
of a labeled corn plant. The 11C-sugar distribu-
tion is clearly shown in the images. The images
show a different distribution pattern between the
crown root and primary root. Most of sugar ap-
pears to be deposited in the end tip of the crown
root since the crown root grows at the end tip.
However, an even distribution was observed for
the primary root since there are many root hairs
along with the primary root for exchanging water
and nutrients with the surrounding media/soil
[Lee13]. Data analysis indicates that the sugar
transit time from leaf to the end tip of roots is
approximately an hour.

We have developed a unique PET system for
plant biology and have demonstrated its ability
to image 11C transport using corn plants. The
PhytoPET system successfully traces 11C-sugar
transport from the leaf to the root and has suf-
ficient system spatial resolution to clearly image
corn root structures. The next radiotracer study
will focus on plant response to root fungal in-
fections on carbon transport using the split-root

cuvette shown in Fig. 6.24.

Figure 6.24: PhytoPET setup for future corn
imaging. Four detector modules will
be placed on each side of the root cu-
vette. (The upper two modules were
removed for this photograph.) The
corn is planted in a split-root cuvette
for separation of control and fungal-
infected root regions.

[Lee13] S. J. Lee et al., 2013, Poster presented
at the 2013 IEEE Nuclear Science Sym-
posium and Medical Imaging Conference
(NSS/MIC 2013).
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6.5 Nuclear Data Evaluation

6.5.1 Nuclear Data Evaluation Activities

J.H. Kelley, K. Leung, C.G. Sheu, H.R. Weller, TUNL; J.E. Purcell, Georgia State Uni-
versity, Atlanta, GA

The Nuclear Data Evaluation Group at TUNL is part of the United States Nuclear Data Pro-

gram and the International Nuclear Structure and Decay Data network. After the retirement

of Fay Ajzenberg-Selove in 1990, TUNL assumed responsibility for evaluation of nuclides in

the mass range A = 3 to 20. The status of the published evaluations and preliminary reviews

is presented.

The Nuclear Data Evaluation Group is
charged with producing evaluations of the
A = 3 to 20 nuclei and providing the
reviews to the Evaluated Nuclear Structure
Data Files (ENSDF) database that is main-
tained at the National Nuclear Data Center
(NNDC) at Brookhaven National Laboratory.
We also provide a web-based service for the nu-
clear science and applications communities at
http://www.tunl.duke.edu/nucldata/.

Publications

Table 6.5.1 displays the status of our most recent
published evaluations and preliminary reviews.

Table 6.3: Current publication status.

Nuclear Mass Publication Institution

Published:

A = 3 Nucl. Phys. A848 (2010) 1 TUNL
A = 4 Nucl. Phys. A541 (1992) 1 TUNLa

A = 5 to 7 Nucl. Phys. A708 (2002) 3 TUNLa,b

A = 8 to 10 Nucl. Phys. A745 (2004) 155 TUNLc

A = 11 Nucl. Phys. A880 (2012) 88 TUNL
A = 12 Nucl. Phys. A506 (1990) 1 Pennd

A = 13 to 15 Nucl. Phys. A523 (1991) 1 Pennd

A = 16, 17 Nucl. Phys. A564 (1993) 1 TUNL
A = 18, 19 Nucl. Phys. A595 (1995) 1 TUNL
A = 20 Nucl. Phys. A636 (1998) 247 TUNLe

Reviews in Progress:

A = 3 Submitted to NDS TUNL
A = 12 Expected 2016 TUNL

a Co-authored with G.M. Hale, LANL.
b Co-authored with H.M. Hofmann, Universität Erlangen-
Nürnberg, Germany.
c Co-authored with D.J. Millener, BNL.
d F. Ajzenberg-Selove, University of Pennsylvania.
e Co-authored with S. Raman, ORNL.

Evaluated Nuclear Structure Data Files

The ENSDF files contain concise nuclear struc-
ture information such as tables of adopted level
energies and tables of properties for levels that
have been observed in various nuclear reactions
and decays. The ENSDF files have been updated
concurrently with the last published reviews in
the “Energy Levels of Light Nuclei” series. In
the future we will publish articles in Nuclear Data
Sheets (NDS), which utilizes the ENSDF format.

The A = 3 ENSDF file was submitted to
NDS in August, 2015. ENSDF files for thirteen
near-dripline nuclides have been submitted since
2014. Work on the A = 2 and 12 ENSDF files is
presently underway.

Experimental Unevaluated Nuclear Data
List

TUNL has taken responsibility for creating the
A = 2 to 20 data sets for the Experimental Un-
evaluated Nuclear Data List (XUNDL) beginning
in April 2009. This activity was developed at
McMaster University by Dr. Balraj Singh, who
aimed to quickly provide the most current data
to users in the high-spin community. The nuclear
structure data in recent references is compiled in
XUNDL with minimal evaluation effort. Since
becoming involved, TUNL has prepared roughly
400 data sets, an average rate of 5 per month.
The data sets are reviewed by Dr. Singh and then
added to the database at NNDC.

World Wide Web Services

Our group continues to develop web-based ser-
vices for the nuclear science and applications
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communities. The website layout and contents
are constantly revised and kept up to date, to
ensure high-quality service and accurate infor-
mation. Figure 6.25 displays the usage of our
website since April 2002.

The following items are currently available:

• Ground-State Decay Data. This provides
evaluated data from work on ground-state β
decays and charged-particle decays. It has
been completed for nuclides with A = 3 to
20.
We continue to review and evaluate β-
delayed–particle-emission data and have
added roughly 30 relevant data sets to the
ENSDF database since 2012. We carried out
a horizontal evaluation of life-times for nu-
clei in the A = 3 to 20 region that β decay
with a 2015 REU (Research Experience for
Undergraduates) student.

• Thermal Neutron Capture Data on A = 2 to
20 nuclei, based on compiled data.

• Excitation Function Data. This page pro-
vides compiled data related to the level pa-
rameters for A = 3 to 20 nuclei populated in
proton- and α-particle-induced reactions.

• PDF and HTML documents for TUNL’s and
Fay Ajzenberg-Selove’s reviews from 1959
to the present. The PDF versions include
hyperlinks for references, Tables of Rec-
ommended Level Energies, Electromagnetic
Transitions Tables, General Tables, Energy
Level Diagrams, and Erratum to the Pub-
lications. The HTML documents are more
comprehensive than the PDF documents, as
they include hyperlinks to tables in the PDF
and PS formats, reactions and reaction dis-
cussions, TUNL and NNDC references, En-
ergy Level Diagrams, and General Tables.

We have essentially completed the re-creation
of PDF files for our publications, in order
to provide the most current NNDC reference
keys and to correct all errors found since the
articles went to press. We will continue to
work on the corresponding HTML and ta-
ble/PS/PDF files for publications prior to
1976.

• Energy Level Diagrams for publication years
from 1959 to the present. These are provided
in GIF, PDF and EPS/PS formats.

• Tables of Energy Levels. A brief listing of
the tables of recommended energy levels (in
PDF and PS formats) from the most recent
publications for nuclides with A = 4 to 20.
Twenty-five Tables of Energy Levels (in PDF
format) of near dripline nuclides have been
added since 2014.

• ENSDF information for A = 3 to 20 nuclides
available through the NNDC site.

• A link to NuDat (Nuclear Structure and De-
cay Data). The link allows users to search
and plot nuclear-structure and nuclear-decay
data interactively through the NNDC site.

• Links to the NNDC and other useful sites, as
well as to the online journals that the nuclear
science communities use most often. There
is also a sitemap with a complete listing and
links to everything on the website.

• A link with access to TUNL Ph.D. Disserta-
tions from 1949 to the present. About 210
theses have been scanned by our group. This
activity is 93% completed and includes all
presently available documents.

Figure 6.25: (Color online) Overview of web usage deduced from the Analog Web Analysis Package
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6.5.2 A Systematic Evaluation of β-Decay Half-Life Values in the Light
Nuclei

J.H. Kelley, TUNL; S. Olmstead, East Tennessee State University, Johnson City, TN ; C.G.
Sheu, TUNL

A systematic literature search for articles reporting experimentally measured lifetimes of

A = 3-20 nuclei that decay by β emission has been carried out resulting in a compilation of

β-decay lifetime values and a systematic horizontal evaluation of lifetimes that produced a set

of recommended values.

Systematic evaluation of lifetime values based
on a complete compilation of existing measure-
ments provides information useful for basic and
applied science applications. Within the light nu-
clei, isotopes such as 14C, 10C, 14O, and 18Ne are
simple examples of such cases, where the lifetimes
are important for applications such as determin-
ing the age of historical artifacts or testing the
Standard Model.

In this light, we have utilized the Nuclear Sci-
ence Reference (NSR) database [Pri11] at the
National Nuclear Data Center (NNDC) and other
search methods to obtain a complete set of ref-
erences reporting experimentally determined life-
time values. The articles have been reviewed and
the lifetimes have been compiled in a section of
our online website that is dedicated to informa-
tion related to ground-state decays of A = 3-20
nuclides.

Much of the effort centered on identifying sets
of independent lifetime values. In some cases suc-
cessive reports on a single experimental value are
reported in the literature resulting in interrelated
values. For example, the results of several exper-
imental runs, sometimes separated by years, are
combined into a single article reporting a result.
Instances such as these are isolated, and the in-
terdependencies are identified within our list of
compiled values. Inclusion of multiple reports
on the same data would result in an improper
weighting of a given result.

The analysis of lifetime values was carried out
by using a program, “Visual Averaging Library,”
[Bir14] that was written by Michael Birch as a
tool for U.S. Nuclear Data Program (USNDP)
evaluators to perform analysis of data. The pro-
gram reads in a set of values with uncertain-
ties and determines average values by following a

wide range of analysis prescriptions. The meth-
ods included in the analysis are:

• The Unweighted Average

• The Weighted Average (WA)

• The Limitation of Relative Statistical
Weights Method (LWM)

• The Normalized Residuals Methods (NRM)

• The Rajeval Technique (RT)

• The Method of Best Representation (MBR)

• The Bootstrap Method (BM)

• The Mandel-Paule Method (MP).

Analysis of data using this program permits
a comparison of recommended values from each
of these techniques, as well as, useful visualiza-
tions of the data in both data-point plotting on a
grid and a plot of the overall probability density
distribution. Much of the effort here was carried
out by a TUNL REU (Research Experience for
Undergraduates) student who describes her ex-
perience elsewhere in this report.

Throughout the analysis process, there were
clear examples of reported results where the au-
thors had not identified or underestimated the
systematic errors present in their data. In most
cases such data was excluded from further con-
sideration. For some cases, such as 16N, there is
evidence that contaminant species were included
in decay curve analyses resulting in erronious val-
ues. In other cases, precisely reported values are
discrepant from average values that have emerged
from the full collection of results; such values
were typically excluded when they significantly
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impacted the average. We highlight that we as-
sume that the lifetime values reported are domi-
nated by systematic uncertainty, and therefore as
a matter of policy the uncertainty we report can-
not be smaller that the uncertainty of the most
precisely reported result.

In summary, we have compiled and evaluated
the β-decay lifetimes associated with nuclei in the
A = 3-20 nuclei. We provide tables of the life-
times for nuclei that β+ decay in Table 6.4 and
for those that β− decay in Table 6.5.

Table 6.4: Lifetime values deduced for nuclei that

β+/(electron capture) decay.

Nuclide Recommended Lifetime

7Be in progress
8B 770.3± 0.4 msec
9C 126.5± 1.0 msec
10C 19.305± 0.005 sec
11C 20.360± 0.022 min
12N 11.000± 0.016 msec
13N 9.967± 0.005 min
13O 8.58± 0.07 msec
14O 70.617± 0.020 sec
15O 122.22± 0.32 sec
17F 64.73± 0.33 sec
17Ne 109.2± 0.6 msec
18F 109.733± 0.011 min
18Ne 1.66428± 0.00060 sec
19Ne 17.260± 0.014 sec
20Na 447.9± 2.3 msec
20Mg 91± 4 msec

Table 6.5: Lifetime values deduced for nuclei that

β− decay.

Nuclide Recommended Lifetime

3H 12.323± 0.020 years
6He 806.89+0.25

−0.22 msec
8He 119.0± 1.6 msec
8Li 838.79± 0.36 msec
9Li 177.7± 0.6 msec
10Be (1.51± 0.06)× 106 years
11Li 8.74± 0.15 msec
11Be 13.77± 0.08 sec
12Be 21.46± 0.05 msec
12B 20.22± 0.04 msec
13B 17.30± 0.17 msec
14Be 4.65± 0.20 msec
14B 12.6± 0.6 msec
14C 5686± 40 years
15B 10.00± 0.11 msec
15C 2.450± 0.005 sec
16C 750± 8 msec
16N 7.13± 0.02 sec
17B 5.07± 0.05 msec
17C 193± 6 msec
17N 4.173± 0.004 sec
18C 92± 2 msec
18N 619± 2 msec
19B 2.92± 0.13 msec
19C 46.3± 4.0 msec
19N 336± 3 msec
19O 26.470± 0.018 sec
20C 16.3+4.0

−3.5 msec
20N 134.4± 3.7 msec
20O 13.51± 0.05 sec
20F 11.150± 0.021 sec

[Bir14] M. Birch and B. Singh, Nucl. Data
Sheets, 120, 106 (2014).

[Pri11] B. Pritychenko et al., Nucl. Instrum.
Methods Phys. Res., 640, 213 (2011).
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6.5.3 Nuclear Data Compilation for Beta Decay Isotopes

S.C. Olmsted, East Tennessee State University, Johnson City, TN ; J.H. Kelley, G.C. Sheu,
TUNL

We have reviewed all available literature to determine the most accurate experimental half-life
values for beta-unstable isotopes in the A = 3 to 20 range and found recommended half-life
values for most of these isotopes. This analysis will be folded into the Evaluated Nuclear
Structure Data File. Meanwhile, our findings have been used to update information given on
the TUNL Nuclear Data Evaluation group website.

The TUNL nuclear data group works with
the Nuclear Structure and Decay Data network
to compile and evaluate data for use in nuclear
physics research and applied technologies. Data
evaluation is necessary to deriving meaning from
existing data, as well as to establish context for
contradicting data. Our project focused on com-
piling half-life values for use in nuclear research
and nuclear physics applications, such as nuclear
spectroscopy and the measurement of nuclear re-
action cross sections [Bie64]. Therefore, it is im-
portant to know half-life values as accurately as
possible.

Our goal was to determine half-life values for
beta-decay isotopes within the A = 3 to 20 range
and to include these values in an online database
at TUNL. Ultimately, we hoped to have a central
location that contains not just the recommended
half lives, but also a list of the compiled articles
and raw data that led to that conclusion. Even-
tually, the results would be transferred to the
Evaluated Nuclear Structure Data File (ENSDF)
database at the National Nuclear Data Center
(NNDC) at Brookhaven National Laboratory.

To accomplish this, we reviewed half-life liter-
ature, using the NNDC database to collect an as-
sortment of half-life values for each isotope. The
articles were carefully examined to make sure
that the half life was actually measured, not com-
piled from other sources, and that the value was
reliable. An example will be given of a case in
which a careful literature review was essential.

The data averaging software used was the Vi-
sual Averaging Library. We used it to compare
eight different averaging techniques: Unweighted
Average, Weighted Average, Limitation of Sta-
tistical Weights, Normalization Residuals, Re-
javal Technique, Method of Best Representation,
Bootstrap, and Mandel-Paule. The unweighted

average is fairly intuitive: all values are weighed
equally before averaging. However, this method
does not make a lot of sense when the values have
different uncertainties.

Giving some values more weight based on
their relative credibility and accuracy is recom-
mended. Therefore, the weighted average is
the preferred method for data evaluation. The
weighted average gives the most precise values
more weight before averaging. This technique
works very well if the data are consistent, as was
the case for a little over half of the isotopes we
studied.

Sometimes, however, values do not agree as
well, and other methods must be used. The next-
most-reliable method is the Limitation of Sta-
tistical Weights, which manipulates the weights
such that no single value carries more than fifty
percent of the weight. The reasoning behind this
is that, if any one value is that much more pre-
cise than the others, then it is possible that the
uncertainty has been greatly underestimated, so
that the weight should be limited.

The rest of the averaging methods above have
similar methods of increasing the values’ uncer-
tainties, or otherwise working with the assump-
tion that, if the values have poor agreement,
the values must be inaccurate. However, the
Weighted Average and the Limitation of Sta-
tistical Weights are the most commonly used,
since they avoid changing the data to force agree-
ment. Additionally, averaging methods can be
compared using a chi-square test.

Note that these methods often produce very
low uncertainty values that can be lower than the
lowest uncertainty from the individual measure-
ments. Thus we had to be careful to choose the
higher uncertainty between the compiled value
and the lowest individual one.
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As is often the case with data sets, the half-life
values sometimes included outliers. The averag-
ing software picks out outliers (values that devi-
ate from the mean) using Chauvenet’s Criterion,
without taking uncertainties into account. This
means that it is as possible for inaccurate val-
ues to be targeted, as for the most-reliable ones.
Therefore, it was important to take the outliers
into account, but to use caution before dismissing
anything.

The example of the half-life values of 17C is
shown in Fig. 6.26. This is a fairly intuitive exam-
ple, in which all of the values agree well. As you
can see, the weighted average overlaps with all of
the values. As one would expect, the chi-square
value of the weighted average is 0.24, much lower
than the critical chi-square of 2.37. Therefore,
we adopted the weighted average and adjusted
the uncertainty to match that of the measure-
ment with the lowest uncertainty.

Figure 6.26: Half-life values for 17C plotted along-
side their weighted average.

A very different example is the half-life values
of 16N shown in Fig. 6.27. Here the source articles
are arranged chronologically. You can see that
these values disagree significantly, the weighted
average does not align with many of the values,
and the chi-square value is 21.77, compared to a
critical chi-square of 1.88.

Before considering different averaging meth-
ods, however, it is important to review the arti-
cles. Note that the half-life values seem to drop
significantly with the fifth article. Upon review-
ing this article, we found that, according to Bien-
lein et al., the first four measurements likely suf-
fered from systematic errors. Bienlein explained
that they had found that the background radia-

tion for those measurements was not determined
accurately, causing the researchers to underesti-
mate the background and therefore overestimate
the half life [Bie64]. The first four half-life values,
then, had to be excluded from the sample. Once
the data were recompiled, they agreed nicely, and
the new weighted average had a very acceptable
chi-square value of 0.48.

Figure 6.27: Half-life values for 16N arranged
chronologically by year published,
plotted alongside their weighted av-
erage.

Ultimately, we found half-life values for most
of the isotopes. Additionally, we began updat-
ing the nuclear-data website at TUNL with rec-
ommended half-life values. We also included
tables with averaging information for each iso-
tope. These tables list each averaging method,
the half-life value produced by the method, either
a chi-square value or a percent confidence value
(depending on the method), a list of potential
outliers, and a recommended value (if a recom-
mended value could be determined). Using these
tables, researchers can see the reasoning behind
our recommendations.

Future work will include determining half-life
values for the isotopes that have poor agreement
or outliers. This will require a closer review of the
articles, as well as a closer examination of the av-
eraging methods. The averaging method tables
that we created will greatly aid in this examina-
tion. Additionally, the website will soon be fully
activated, and the data will eventually be added
to the ENSDF database.

[Bie64] J. Bienlein and E. Kalsch, Nucl. Phys.,
50, 202 (1964).
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At LENA, (a) Andrew Cooper, Brian Walsh, and Mark Emamian are installing
the new acceleration column on the high-voltage platform. Accelerator develop-
ment activities at HIγS: (b) Brogan Thomas is inspecting the γ-ray beamline guided
by Gary Swift; (c) Joe Faircloth and Pat Wallace are examining an rf tube before
installation; (d) Gary Swift and Marty Johnson are working on a new γ-ray atten-
uator assembly; and (e) Maurice Pentico is working with graduate student Jun Yan
to prepare testing the personnel protection system (PPS).



Accelerator Physics

Chapter 7

• The High Intensity γ-Ray Source (HIγS)

• The FN Tandem Accelerator and Ion Sources

• The LENA Accelerator and Ion Sources

At the HIγS facility, significant progress has been made in four key areas. (1) With regard to
improving the reliability and availability of the accelerators and FEL, we continue to operate the
HIγS accelerators with an extremely high reliability, exceeding 98% (July 2014–June 2015) (Section
7.1.2). Further, by tracking the failures of various subsystems and equipment, we continue to develop
strategies to build an inventory of critical replacement parts (Sections 7.1.1 and 7.1.2). (2) In order to
increase the electron injection rate into the storage ring, we have generated a higher-charge electron
beam with 100-ns pulses from the linac gun and have used it in a radiation survey. This is a key
step toward increasing the electron injection rate (Section 7.1.3). (3) In order to develop stable
and high-intensity γ-ray beam operation at higher energies, we have tested the high current OK-5
wiggler operation up to 4 kA with an artificially lowered cooling-water temperature (Section 7.1.4).
We have also carried out accelerator research on the magnetic optics of the storage ring in order to
extend its operation to higher energies with good performance (Sections 7.1.5 and 7.1.6). (4) Finally,
we have developed several new γ-ray capabilities, including both a new pulsed-mode FEL and γ-ray
operation that can be extended to the entire energy range (Section 7.1.7) and a demonstration of
the first two-color γ-ray beam as the result of on-going research with the two-color FEL (Section
7.1.8).

During this reporting period, we operated the Tandem accelerator and ion sources extensively to
deliver several species of ion beams in a wide range of energies while carrying out several accelerator
development projects (Section 7.2.1). Additionally, a 3He recirculation system for the helium ion
source has been completed and evaluated under normal operating conditions with a recovery rate of
over 85% (Section 7.2.2).

At the LENA facility, we have devoted substantial effort to the development, commissioning,
and optimization of the new electron-cyclotron-resonance ion source (ECRIS). The new ECRIS will
allow stable production of high-intensity pulsed proton beams for the study of important nuclear
reactions in stellar nucleosynthesis. The new ECRIS accelerator column is designed to realize a
higher current while overcoming many shortcomings of the older system (Section 7.3.1). It has
a superb electrostatic design (Section 7.3.2) and a highly effective scheme to suppress secondary
electrons (Section 7.3.3). We have also made important progress in upgrading the related plasma
extraction system (Section 7.3.4) and in developing the pulsed-mode operation of the LENA ECR
(Section 7.3.5).
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7.1 The High-Intensity γ-Ray Source (HIγS)

7.1.1 Operation of the HIγS Facility—FY 2014

Y.K. Wu, P. Wallace, S.F. Mikhailov, TUNL

This HIγS beam-time report covers the time period from July 1, 2013 through June 30,

2014. During this period, the HIγS accelerator facility was operated for about 3055 hours for

a variety of research programs and accelerator-related activities with a reliability of about

98.5%. A total of 1763 hours of on-target γ-ray beam time was delivered to the HIγS user

research program.

HIγS Operations

This report summarizes the operation of the
HIγS Cost Center accelerators for fiscal year
2014, from July 1, 2013 to June 30, 2014. During
this period, the HIγS accelerator facility operated
222 days out of 251 university workdays, provid-
ing 3054.5 hours of beam time for a variety of
research programs and accelerator-related activi-
ties. The operation of the accelerators and HIγS
was carried out mostly with a two-shift, five-
day operation schedule. However, we were able
to increase the number of overnight shifts—forty
overnight shifts in nine different months (18% of
days operated)—in order to accommodate exper-
iments requiring continuous data-taking. This
was possible without sacrificing overall opera-
tion reliability because of the high-quality opera-
tion support provided by two postdoctoral fellows
who were trained as accelerator operators.

In this period, the overall reliability of the op-
eration of the HIγS accelerators and light sources
was about 98.5%, exceeding the typical perfor-
mance goal of 95% set for national synchrotron
light sources. This very high level of reliability
was realized in spite of the complex and chal-
lenging operation of the free-electron lasers and
Compton γ source, and the challenges associ-
ated with a very intense run schedule in cer-
tain months with 24-hour operation. A de-
tailed break-down of accelerator operation hours
is summarized in Fig. 7.1 and Table 7.1.

This was a highly productive year for HIγS
operation. From July 1, 2013 to June 30, 2014,
we delivered 1763 hours of HIγS γ-ray beam time
(15 hours more than in the previous fiscal year)
to basic and applied nuclear physics research pro-

grams. We also provided 933 hours for accelera-
tor research and development projects. This al-
lowed us to complete several delayed accelerator
development projects, including the upgrade and
test of accelerator control software and the devel-
opment of magnetic field compensation schemes
for the OK-5 wigglers in the reverse helicity. We
also spent time in developing new FEL and γ-ray
capabilities, including the commissioning of dual-
band FEL mirrors, and the development of fast
helicity-switch capabilities and a novel method
to rotate the FEL and γ-ray linear polarization
using two helical OK-5 wigglers.

HIGS User Research, 56.9%

Acc. R&D, 30.1%

Acc.&FEL&HIGS Setup/Tune, 10.9%

Acc. Comm./Vac. Scrubbing, 0.66%
Unscheduled Downtime, 1.5%

Figure 7.1: Accelerator beam time distribution
from July 1, 2013 to June 30, 2014.

A total of 338 hours was used for setting up
and tuning the accelerators, FELs, the Comp-
ton γ-ray source, along with related activities.
The machine setup time was reduced significantly
compared to the 563 hours in FY 2013, as we
carefully planned the accelerator R&D projects
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to use the same accelerator setups as the up-
coming user experiments. During this reporting
period, the wiggler switchyard was used once to
change the wiggler configuration from OK-4 to
OK-5, and the subsequent vacuum scrubbing was
completed in 21 hours.

Table 7.1: Summary of the accelerator beam time
from July 1, 2013 to June 30, 2014.

Activities Beam time

(hrs) %

HIγS user research 1763 56.9%

Acc. R&D 933 30.1%

Acc./FEL/HIγS

setup and tune 338 10.9%

Acc. commissioning/ 20.5 0.66%

Vac. scrubbing

Unscheduled downtime 46.5 1.5%

Total scheduled beam time 3101 100%

The monthly HIγS user beam time is shown in
Fig. 7.2. The delivered average γ-ray beam time
is about 147 hours per month. Careful run plan-
ning allowed us to more than double the number
of HIγS beam-time hours in two peak months of
operation. In August 2013 and May 2014, 352.5
and 329 hours of γ-ray beam time were delivered
to the nuclear physics program with fourteen and
nine overnight shifts scheduled, respectively.
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Figure 7.2: Monthly distribution of γ-ray beam-
time hours delivered to the HIγS ex-
perimental program (July 1, 2013 –
June 30, 2014). The total HIγS beam
time on-target is 1763 hr.

Reliability Issues of Accelerators

The total unscheduled downtime (UD) was 46.5
hours or about 1.5% of the total scheduled op-
eration time. This was significantly lower than
many previous years (typically 3 to 7%). The
causes are summarized in Fig. 7.3. Two-thirds
of the UD hours were from four causes: (1) AC
power losses, 9.5 hr (20% of UD); (2) two linac
modulators, 12 hr (26%); (3) the storage-ring RF

system, 5.5 hr (12%); and (4) the linac gun ni-
trogen laser, 4 hr (9%). One power loss resulted
in multiple equipment problems, which required
more than eight hours to recover machine op-
eration. The linac modulator faults were from
high voltage arcing inside and outside the pulse-
forming network (PFN) tank. The storage ring
RF problems were generally trips of the RF gen-
erator or cavity controls, which could be reset
after a short time. However, these caused com-
plete beam loss, and time had to be taken to re-
fill the storage ring. The linac-gun nitrogen-laser
fault occurred on two consecutive days (October
9 and 10, 2013). The failed laser was replaced
by a spare, and then needed startup, aligning,
power optimization and testing. UD hours from
faults of the kicker systems accounted for only 3.5
hours, a marked reduction from past years. This
was the result of implementing a steady and care-
ful maintenance and diagnostic-testing program
for the kicker systems.

Figure 7.3: Chart of the various categories of
events (horizontal axis) showing the
unscheduled downtime hours (blue
bars), number of failure events in a
category (yellow bars), and the cu-
mulative total hours lost in % (black
line).

While the reliability of the HIγS accelerators
has been high, we recognize that the HIγS sci-
entific program in the coming years will require
a significant increase in higher energy beams,
which will in turn demand a higher level of reli-
ability of all accelerator systems. We have made
and will continue to make strategic purchases to
stock critical components for spares, and build
up redundancy for frequently failed subsystems,
as allowed by the available budget.
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7.1.2 Operation of the HIγS Facility—FY 2015

Y.K.Wu, P.Wallace, S.F.Mikhailov, TUNL

This HIγS beam-time report covers the time period from July 1, 2014 through June 30, 2015.

During this period, the HIγS accelerator facility was operated for 2324 hours for a variety

of research programs and accelerator-related activities with a reliability of about 98.3%. A

total of 1052 hours of on-target γ-ray beam time were delivered to the HIγS user research

program.

HIγS Operation

This report summarizes the operation of the
HIγS Cost Center accelerators for fiscal year
2015, from July 1, 2014 to June 30, 2015. Dur-
ing this period, the HIγS accelerator facility op-
erated 207 days out of 251 university workdays,
providing 2324 hours of beam time for a variety of
research programs and accelerator-related activi-
ties. The operation of the accelerators and HIγS
was carried out mostly with a two-shift, five-day
operation schedule. However, we were able to
able to operate 23 overnight shifts in three dif-
ferent months (11% of days operated) in order to
accommodate experiments requiring continuous
data-taking.

HIGS User Research, 44.5%

Acc. R&D, 38.3%

Acc.&FEL&HIGS Setup/Tune, 14.9%

Acc. Comm./Vac. Scrubbing, 0.61%
Unscheduled Downtime, 1.7%

Figure 7.4: Accelerator beam time distribution
from July 1, 2014 to June 30, 2015.

In this period, the overall reliability of the op-
eration of HIγS accelerators and light sources was
about 98.3%, exceeding the typical performance
goal of 95% set for national synchrotron light
sources. This very high level of reliability was
realized in spite of the complex and challenging

operation of the free-electron lasers and Comp-
ton γ source, and the challenges associated with a
very intense run schedule in certain months with
24-hour operation. A break-down of accelerator
operation hours is summarized in Fig. 7.4 and
Table 7.2.

Table 7.2: Summary of the accelerator beam time
from July 1, 2014 to June 30, 2015.

Activities Beam time

(hrs) %

HIγS user research 1051.5 44.5%

Acc. R&D 906.5 38.3%

Acc./FEL/HIγS

setup and tune 351.5 14.9%

Acc. commissioning/ 14.5 0.6%

Vac. scrubbing

Unscheduled downtime 40.5 1.7%

Total scheduled beam time 2364.5 100%

From July 1, 2014 to June 30, 2015, we deliv-
ered 1052 hours of HIγS γ-ray beam time to basic
and applied nuclear physics research programs.
Compared to a typical year, fewer user hours
were delivered during this period, as all user ex-
periments had to be scheduled to use the smaller,
upstream target room. The larger gamma-vault
target room, was devoted to the development and
testing of the HIFROST target, including build-
ing the necessary infrastructure to provide cryo-
genic cooling to the target.

In this period, we provided a total of 907 of
beam-time hours for accelerator research and de-
velopment projects. This allowed work on multi-
ple accelerator projects, including (1) improving
the linac reliability by upgrading the linac RF
source and the high-voltage power supplies for
the modulators; (2) developing a scheme to com-
pensate for the orbit changes in the storage ring
due to the leakage magnetic field from the ad-
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jacent energy-ramping booster-injector; and (3)
developing new methods to characterize the mag-
netic optics of the storage ring. In addition, we
continued to develop new FEL and γ-ray capa-
bilities, including two-color FEL lasing and the
first production of a two-color γ-ray beam, plus
a novel method to rotate the γ-ray linear polar-
ization using two helical OK-5 wigglers.

A total of 352 hours was used for setting up
and tuning the accelerators, FELs, the Compton
γ-ray source, along with related activities. In ad-
dition, about fifteen hours were used to perform
vacuum scrubbing after the wiggler configuration
was changed using the switchyard system.
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Figure 7.5: Monthly distribution of γ-ray beam-
time hours delivered to the HIγS ex-
perimental program (July 1, 2014 to
June 30, 2015). The total HIγS beam
time on-target is 1052 hr.

The monthly HIγS user beam time is shown
in Fig. 7.5. The delivered average γ-ray beam
time is about 88 hours per month, with two peak
months of operation with some overnight shifts
in Dec. 2014 and Feb. 2015, delivering 235 and
257 hours of beam time, respectively.

Reliability Issues of Accelerators

The total unscheduled downtime (UD) was 40.5
hours, or about 1.7% of the total scheduled oper-
ation time, significantly lower than in many pre-
vious years (typically 4 to 7%). The causes are
summarized in Fig. 7.6. Two-thirds of the UD
hours were from three causes: (1) the storage-
ring RF system, 20.0 hr, (49% of UD), (2) failure
of a CAMAC crate, 5.5 hr (14%), and (3) a server
failure in the EPICS control system hardware, 2.5
hr (6%).

The RF problems were generally trips of the
RF-generator controls, which could be reset after
10 to 15 minutes. However, these cause complete
beam loss, and time is needed to refill the elec-
trons in the storage ring. Two cases required

conditioning of the main RF amplifier tube with
high voltage to burn a recurring short between
the filament and grid screens inside the tube. We
have allocated funds for the purchase and instal-
lation of a new main RF tube from a different
supplier in the coming year to replace our aging
tube, which has over seventeen thousand hours
of operation time. This is expected to greatly re-
duce RF-related downtime. The CAMAC crates
(typically over forty years old) suffer from failures
of their power supplies and fans. We have posi-
tioned refurbished CAMAC crates in the stor-
age ring to speed up recovery from future fail-
ures. There were no failures of the kickers in
the booster or ring that interfered with sched-
uled operations. Steady and careful maintenance
and diagnostic testing of the kicker systems con-
tinues to be effective in keeping them in reliable
operation.

Figure 7.6: Chart of the various categories of
events (horizontal axis) showing
unscheduled downtime hours (blue
bars), the number of events of a
category (yellow bars), and the cu-
mulative total hours lost in % (black
line).

While the reliability of the HIγS accelerators
has been high, we recognize that we will move
into operations at high energies with hundreds of
user operation hours for each run. The high ener-
gies will require almost continuous top-off injec-
tion, which will put all linac, booster and kicker
systems under great stress, leading to more fre-
quent failures and likely more catastrophic fail-
ures. We are working to develop strategies to
meet this challenge by improved forecasting of
the need for hardware replacement and by ac-
quiring critical hardware components in a timely
manner.
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7.1.3 Developing an Injection Mode with 100 ns Electron Beam Pulses

Y.K. Wu, V.G. Popov, P. Wallace, S.F. Mikhailov,TUNL

To increase the electron beam injection rate into the storage ring, a new injection mode with

100 ns electron beam pulses is being developed. We report the successful operation of a new

high-voltage electron beam chopper, as well as the results from the first round of radiation

surveys to test this new operation mode.

Introduction

The HIγS γ-ray flux in the higher energy range,
especially above 20 MeV, is limited by the elec-
tron injection rate into the storage ring to replace
the electrons lost after Compton scattering. In-
creasing the electron injection rate is a long-term
development project initiated in 2012. The in-
jector system of the HIγS facility is comprised of
two accelerators, a 0.16 GeV linac pre-injector
and a 0.16 to 1.2 GeV booster injector. The
electron source is a single-cell RF gun that can
be operated either in thermionic mode to pro-
duce long, microsecond, pulses or in photocath-
ode mode with a nitrogen laser to produce 1 to
2 ns pulses. Currently, we operate the electron
gun in photocathode mode to minimize the radi-
ation background, with the maximum injection
rate into the storage ring about 13 mA/min, or
5 × 108 e−/s. To further increase the charge in-
jection rate, we are developing a new mode of
thermionic operation while maintaining a low ra-
diation background.

Figure 7.7: Photo showing the pulse forming line,
high voltage divider and the thyratron
switch.

To reduce the radiation caused by the elec-
trons in long pulses that are not accepted into
the booster, the microsecond beam pulses in
thermionic mode will need to be chopped to short
pulses of about 100 ns to match the revolution
time of the booster synchrotron. With this mode
of operation, the injection rate can be further
increased by about a factor of three, to 1.2 to
1.6×109 e−/s, or 32 to 43 mA/min). At this level,
the γ-ray flux at all energies will likely no longer
be limited by the injection rate, but by other
factors such as FEL mirror instabilities caused
by thermal loading from a high intra-cavity FEL
power.

Electron Beam Chopper

A built-in high-voltage (HV) kicker located im-
mediately downstream from the electron gun was
designed to be used as a beam chopper. It
takes advantage of the low energy (about 1 MeV
or less) of the electrons as they exit from the
gun but before the momentum-selecting alpha-
magnet. The kicker plate is held at 5 kV for most
of the time, in order to stop the electrons from
passing through the alpha-magnet. The voltage
is then momentarily dropped to zero to allow a
100 ns electron beam pulse to pass through.

To produce 100 ns beam pulses, a HV pulsed
chopper-driver has been successfully developed
using a single cable delay line as a pulse-forming
line (PFL) and a cold cathode thyratron as a
switch (see Figs. 7.7 and 7.8). The PFL voltage
and positive bias voltage are used to control the
chopper pulse width. Due to a simple design,
the gun kicker has a non-standard impedance
which is difficult to match. To produce a properly
shaped high-voltage pulse on the kicker plate, a
50 Ohm impedance is chosen for the PFL and for
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the transfer line, which is also terminated with a
50 Ohm resistor (see Fig. 7.8).

The HV chopper drive was successfully tested
in 2014. Figure 7.9 shows a measured HV pulse
on the linac gun kicker plate. In May 2015, the
chopper was used to produce the first 100 ns elec-
tron beams for two days of radiation surveys.

Figure 7.8: Schematic of the 100 ns HV driver for
the electron beam chopper.

Figure 7.9: A measured 120 ns pulse on the linac
gun kicker plate (the voltage scale is 1
kV/division).

Radiation Surveys with a 100 ns e-Beam

Radiation surveys were done under various con-
ditions. With the booster injector configured to
accept nanosecond, short pulses for user opera-
tion, it did not accept most of the charge from
100 ns beam pulses. This created a worst-case
scenario of electron spill-over, an ideal condition
for radiation survey. The first important result
was measured with the injection charge pulses of
2 nC, with no screen inserted, and the booster in-
jection kicker not operating. The reading on the
NW maze area monitor was about 1 mR/hr. In
normal operation, injection into the booster typ-
ically causes this monitor to read 15 to 20 mR/hr
from the 0.35 nC combined photo-electrons in the
few nanosecond pulse and thermionic electrons
in the microsecond-long pulse. This reduction of

the radiation level is due to the reduced energy
spread of the chopped 100 ns pulse beam com-
pared with the normal pulse.

Radiation surveys were also performed with
various screens inserted. With the L01 screen
along the linac-to-booster (LTB) beamline in-
serted, the NW maze monitor reading was about
22 mR/hr, and with the L02 LTB screen inserted,
the reading was 9 mR/hr. Because of these re-
sults, we plan to disable the L01 screen, and to
enlarge the local shielding downstream of the L02
screen.

Inserting the S03 screen in the booster, a
portable survey meter read 15 mR/hr outside the
door of the NW maze. Typical readings are only
about 0.5 mR/hr in normal operations. In ad-
dition, a reading of 4 mR/hr was found on the
booster roof above the S03 screen (through the
concrete roof). Inserting the N03 screen caused
readings up to 20 mR/hr at booster roof penetra-
tions, and a reading of 4 mR/hr in the mechan-
ical room behind the FEL building (which is a
public area). Because of these results, we plan to
add circuitry to the controls of the booster screen
insertions that will limit the amount of time a
booster screen can remain inserted, possibly to
30 seconds in any 5 minute period.

The timing trigger for the 100 ns pulse was
scanned across the 1000 ns wide thermionic pulse,
and at some settings, high levels of radiation were
produced, with readings up to 180 mR/hr on the
NW maze monitor.

Further Development

In addition to the modified screen controls and
additional local shielding listed above, several
other aspects of the new injection mode must be
developed before the next test with 100 ns beam
pulses. The operation of the HV power supply in
the linac chopper must be assured and must pro-
vide a switch-closure output for inclusion in the
Personnel Protection System (PPS) to prevent
linac operation when the HV is not present. The
NW maze monitor acts as a final point of control
to prevent linac operation if readings go above
30 mR/hr. Because an inadvertent setting of the
100 ns pulse-trigger can produce much higher ra-
diation levels, a second instrument to monitor
radiation at this location will be needed for re-
dundancy. We will also test locations inside the
booster enclosure to determine if placing addi-
tional radiation monitors closer to the location
of lost electrons will provide a more sensitive or
more reliable signal to the PPS.
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7.1.4 Extending OK-5 Wiggler Operations at the Duke Storage Ring

P. Wallace, M. Emamian, H. Hao, S.F. Mikhailov, V. Popov, Y.K. Wu, TUNL; J.Y. Li,
University of Science and Technology of China, Hefei, China

Important physics experiments, such as proton spin-polarizability studies, require γ-ray beam

energies of 110 to 120 MeV, which are above the 100-MeV maximum currently available at

HIγS. We are developing methods to operate the wigglers at higher currents in order to

achieve these higher energies.

The maximum γ-ray energy currently avail-
able at HIγS is 100 MeV, using 190 nm mirrors
and operating with 1.05 GeV electrons and a cur-
rent of 3.5 kA in the OK-5 wigglers. However,
there are important experiments, such as proton
spin-polarizability studies, that need γ-ray ener-
gies of 110 to 120 MeV. Having no expectation
in the short-term of obtaining robust and highly
reflective mirrors for shorter wavelengths, nor of
a significant increase of the electron beam energy
in the storage ring, we need to identify ways to
operate the wigglers at higher currents if we are
to achieve these energies.

The main design and operational parameters
of the OK-5 wigglers are given in Table 7.3.

Table 7.3: Parameters for OK-5 Wigglers

Parameters Values

Polarization Circular
No. of wigglers 4

No. of regular periods 30
Wiggler period [cm] 12

Maximum current [kA] 3.5
Maximum magnetic field [kG] 3.17

Maximum Kw 3.53
FEL wavelength [nm] 190 – 1064

A significant issue is the cooling water. Each
wiggler contains eight coils of hollow, square cop-
per tubing which wind through the 120 poles in
the magnet, with cooling water flowing through
each of these coils (see Fig. 7.10). The cooling
water supply has been controlled at 29◦ C, and
the temperatures of the return flow range from 40
to 59◦ C with 3.5 kA of wiggler current. Raising
the wiggler currents from 3.5 to 4.0 kA will in-
crease resistive heating by 30%, and could raise
the return flow maximum temperature another
10◦ C or more.

OK-5 wiggler operation with currents over 3.5
kA requires that one T-Rex power supply drives

current through only one wiggler, due to the T-
Rex voltage limitation. To keep the wiggler re-
turn flow temperature well under 100◦ C, as well
as under the 90◦ C klixon temperature trip point,
we ran the first test by reducing the cooling wa-
ter control point (the supply temperature) to 21◦

C, or 8◦ C below the routine operational value.

Figure 7.10: OK-5 wiggler coils

Data were collected on cooling water supply
and return temperatures, plus the temperatures
of all return flows in two OK-5 wigglers and in
the two T-Rex power supplies. Fig. 7.11 shows
a graph of the temperatures of the eight wiggler
coil-cooling water return flows in one wiggler. In
the left half, the cooling-water control point is set
to 21◦ C, and the wiggler current was set first to
3.5 kA and then to 4.0 kA. In the right half, the
control point is set to 29◦ C, and the wiggler cur-
rent to 3.5 kA. With a wiggler current of 3.5 kA,
the return temperature for a supply temperature
of 29◦ C is higher by an average of 6.2◦ C (range
from 5.0 to 7.7◦C) than with a supply temper-
ature of 21◦ C. At the lower 21◦C supply tem-
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Figure 7.11: Return temperatures of eight wiggler coils (A–H) in one wiggler. In the left half, the
supply temperature was set at 21◦ C and the wiggler currents were set to 3.5 and 4.0 kA
respectively. In the right half, the supply temperature was set at 29◦ C and the wiggler
current was set at 3.5 kA.

perature, a wiggler current of 4.0 kA produces a
return water temperature that is an average of
8.9◦ C higher (range from 5.5 to 12.2◦ C) than
with a current of 3.5 kA. There were no magnet
over-temperature interlock trips during the hour
of operation at 4.0 kA.

The results of the first test are encouraging,
holding promise that the goal of operating the
OK-5 wigglers with currents up to 4.0 kA can be
achieved with a reset of the cooling water temper-
ature setpoint. However, this significant lowering
of the cooling water temperature will have wide
repercussions in many aspects of accelerator op-
erations, and thus will need significant planning
and preparation.

There will need to be further tests conducted
at 4.0 kA before we can provide routine operation

at this setting. These tests will have durations
of over four hours and simultaneous operation of
the storage ring at energies above 1.0 GeV, while
studying potential difficulties with the electron
beam orbit and achieving lasing of the FEL. Also,
since lowering the cooling water temperature will
change the temperature in all magnets, power
supplies and accelerator vacuum chambers, there
will need to be a major re-tuning of the storage
ring and injection booster.

For long-term operation with the control
point set to 21◦C, we must also upgrade the cool-
ing water system, switching from a conventional
evaporative cooling tower to the campus-wide
Duke University chilled water system. Implemen-
tation of the cooling system change is expected
in the latter part of 2015.
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7.1.5 Characterizing the Betatron Tune Knobs at the Duke Storage Ring

H. Hao, S. Mikhailov, V. Popov, Y.K. Wu, TUNL; J. Li, University of Science and Tech-
nology of China, Hefei, China

As the driver for the Duke free-electron lasers (FELs) and HIγS, the Duke storage ring is

operated in a wide energy range with several different FEL configurations. This creates the

challenge of producing a systematic and uniform control of the betaron tunes of the electron

beam in the storage ring. We have designed a set of feed-forward tune-knob schemes having

a minimal impact on the electron beam dynamics (the injection and lifetime). The tune

measurements show good agreement with calculations.

In the operation of a storage-ring-based light
source, it is necessary to have full control of the
transverse oscillation frequencies of the electron
beam (the betatron tunes). This is usually ac-
complished using a tune knob which allows a set
of quadrupoles to be varied simultaneously in a
way that changes the tunes as needed. At HIγS,
the wide operation energy range of the storage
ring and the use of different free-electron-laser
(FEL) wigglers create the challenge of designing
and developing a set of betatron tune knobs to
work with different magnetic optics. In 2012, a
set of tune knobs was designed, together with the
needed wiggler-focusing compensations [Hao12].
In this work, we report the quantitative inves-
tigation of the effectiveness of these tune knobs,
and we document a set of calibrations to improve
their usefulness.

A tune knob is realized by changing the
strength of a set of quadrupoles in the storage
ring. To minimize the impact on the beam dy-
namics, e.g. the injection efficiency and the beam
life time, the β-function changes introduced by
the quadrupole variations are constrained within
the 34-meter-long FEL straight section. The
lattice parameters (Twiss parameters) at the
two ends of the straight section are required to
match with those of the arc lattices when the
quadrupoles are varied. To preserve the beam
dynamics, the symmetry of the straight section
lattice also should be preserved whenever pos-
sible. At the Duke storage ring, the horizontal
(or vertical) tune knob is designed to control the
tune in only one direction. Simultaneous tune
changes are realized by simply adjusting the two
independent knobs.

Calibration of the tune knobs requires a large
number of tune measurements. A tune mea-
surement technique based on transverse feedback
(TFB) was used to reduce the measurement time.
In the measurement, the electron beam is ex-
cited by a radio-frequency drive signal with a fi-
nite bandwidth that covers the frequency range
of the betatron oscillations. The turn-by-turn
signal of the electron beam’s transverse motion
from the beam position monitor is recorded us-
ing the TFB [WXu13]. Using the fast-Fourier-
transform technique, the betatron tunes can be
identified. In the operation of the Duke stor-
age ring, the maximum tune changes allowed are
smaller than the designed maximum tune knob
ranges of ±0.1, due to betatron tune resonances.
One of the resonances is the horizontal integer
resonance νx = 9; the other one is the difference
resonance νx−νy = 5. In our measurements, the
tune knob variations are limited within ±0.05,
which is more than adequate to cover the lattice
tuning ranges needed for HIγS operation.

The tune knobs are calibrated for the nominal
storage ring lattice with all wigglers turned off.
Figure 7.12 shows the measured horizontal tune
changes as a function of tune-knob settings. It
can be seen that the relationship between mea-
sured tune changes ∆νx,meas and the correspond-
ing tune-knob settings ∆νx,knob is close to linear.
The fitting result is ∆νx,meas = 0.939 ∆νx,knob,
so the measured horizontal tune change is 6.1%
less than the knob setting. The horizontal tune
knob has a very small effect on the vertical
tune, changing it by about 2% (∆νy,meas ≈
0.02∆νx,knob). One main reason that the fitting
coefficients are not unity is that the real lattice
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is different from the designed one. According to
Ref. [WLi15], the measured rms beta-beating in
the horizontal direction is about 5%. Another
source of discrepancy is the hysteresis effect of the
quadrupole magnets. The relationship between
the driving current and the magnetic field of the
quadrupoles in the storage ring is determined us-
ing the up-branch of the hysteresis curve. For the
quadrupoles where strengths are decreased in the
tune knob, the magnetic field does not change
exactly as expected, introducing a discrepancy
in the focusing-strength change, which leads to a
small inconsistency in the tune change.

Based on the above measurement results,
the horizontal-tune-knob calibration can be re-
alized using the fitted slope: ∆νx,knob,calib =
∆νx,knob/0.939. Figure 7.13 shows the horizontal
tune differences between the measured tune vari-
ations and the calibrated tune knobs. We can see
that the maximum residual horizontal tune varia-
tions using the calibrated tune knobs are reduced
to the level of a few 10−4, which corresponds to a
maximum relative difference of about 2%. This
amount of discrepancy is comparable with the
tune reproducibility of the same lattice operated
at different times.
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Figure 7.12: Measured horizontal and vertical
tune variations by varying the hor-
izontal tune knobs.

In addition to measuring the tunes in one
direction, two-dimensional tune-scan measure-
ments in both the x and y directions were con-
ducted. As an example, Fig. 7.14 shows the dif-
ferences between the measured tune variations
and the calibrated tune knobs in two dimensions.
In the blank area at the bottom-right corner of
the plot, the tunes cannot be measured due to the

resonance νx − νy = 5. The residual tune varia-
tions with the calibrated tune knobs are smaller
than 3 × 10−3 in the entire plane, showing good
agreement between the measured and calibrated
tune knobs.

Figure 7.13: The residual tune variations after ap-
plying the tune-knob-calibration re-
lation ∆νx,knob,calib = ∆νx,knob/0.939.
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Figure 7.14: Residual horizontal tune variations
by varying the horizontal and verti-
cal tune knobs simultaneously.

In this report, the Duke storage ring tune
knobs are measured for the nominal lattice with
all wigglers turned off. The results show that
the calibrated tune knobs agree well with the de-
signed one within a few times of 10−4 for tune
changes of up to ±0.05.

[Hao12] H. Hao et al., In International Particle
Accelerator Conference, 2012.

[WLi15] W. Li et al., In International Particle
Accelerator Conference, 2015.

[WXu13] W. Xu et al., Chin. Phys. C, 37,
077006 (2013).



TUNL LIII 2014–15 Accelerator Physics 169

7.1.6 Measuring the Storage Ring Lattice Using a Tune-Based Technique

W. Li, J.Y. Li, University of Science and Technology of China, Hefei, China; H. Hao, S.F.
Mikhailov, V. Popov, Y.K. Wu, TUNL

Since 2012, the Duke storage ring has demonstrated all of its design characteristics for lattice

flexibility and tuning. The present work seeks a better understanding of the real storage-ring

lattice through measurements of the beta-functions along the storage ring. The beta-functions

in the quadrupoles are measured directly with good accuracy using a tune-measurement

system.

Introduction

The Duke electron storage ring (DSR) is a ded-
icated driver for oscillator free-electron lasers
(FELs) and has demonstrated all its design
characteristics for lattice flexibility and tuning
[Hao12]. One of the greatest challenges in charac-
terizing and calibrating the DSR lattice is the use
of combined function quadru-sextupoles in the
arcs. With these complex magnets, the closed
beam orbit in the arc is not known. However,
the electron beam orbit is directly coupled to
the focusing strength of the quadrupoles. This
has been a major difficulty in using the LOCO
method [Saf02] to calibrate the DSR. Unlike the
LOCO method, the present method does not
depend on the beam orbit. Instead, it mea-
sures the beta-function in the quadrupoles di-
rectly with good accuracy using the transverse-
feedback system [WXu12]. We describe the mea-
surement method and system; the tune change
related to the beam current decay; the influence
of quadrupole hysteresis on the beta-function
measurement; and finally our experimental de-
sign and preliminary results for the lattice char-
acterization.

Measurement method and system

In a storage ring with quadrupoles whose
strengths can be controlled independently, beta-
functions at the locations of the quadrupoles
can be measured directly. A change in the
quadrupole strength will cause a tune change pro-
portional to the beta-function at the quadrupole,
where the relation between the beta-function and
the change in tune is given by:

〈β〉 =
4π∆ν

∆K1Leff
, (7.1)

where ∆ν is the measured tune change, ∆K1 is
the change in the quadrupole strength, Leff is
the effective length of the quadrupole, and the
measured 〈β〉 is the average beta-function over
the quadrupole.

This beta-function measurement method is
based on the tune measurement. The basic ap-
proach to determine the betatron tune of the elec-
tron beam is to excite the beam and measure
its response. Two tune-measurement systems are
available in the Duke storage ring. The slow one
uses a network analyzer, and a tune measurement
with a resolution of 10−4 in the tune scan range
of [0.1, 0.2] takes about 30 seconds. The faster
one is based on the transverse feedback (TFB)
technique, and a tune measurement with a reso-
lution of 3.5 × 10−5 in the range [−0.072, 0.215]
takes about 12 seconds.

Beam current decay and hysteresis

During the process of measuring the beta-
function, the electron beam current decays due
to electron loss through electron-electron and
electron–residual-gas scattering. As the current
decays, the wake field of the electron beam is
reduced, resulting in an increase of the beta-
tron tunes. To find out how much this influ-
ences the beta-function measurements, we mea-
sured the betatron tune as the beam current de-
cayed from 4.4 to 1.3 mA. The measured tunes
and linear fits are shown in Fig. 7.15. The fitted
slope is about −1.75× 10−4 in the horizontal di-
rection and −4.95× 10−4 mA in the vertical. In
our beta-function measurements with the TFB
system, beam-current decay between two subse-
quent tune measurements is typically about 0.01
mA.
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Like many storage rings, the nominal op-
eration of the DSR is along the up-branch of
the magnetic field hysteresis curve, and the
quadrupole field was measured and calibrated for
this branch. Therefore, a reliable beta-function
measurement should also be carried out along
the up-branch. However, it is important to in-
vestigate the impact of hysteresis for the beta-
function measurement when field changes are
made in both directions along the up- and down-
branches of the hysteresis curve.
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Figure 7.15: Tune shift with beam current decay.

To study this effect, betatron tunes were mea-
sured by changing the quadrupole strength in a
closed loop of [0,+∆K1, 0,−∆K1, 0]. This lo-
cal loop is repeated 4 times. The average beta-
function can be calculated with each two sub-
sequently measured tunes. The measured beta-
functions at different segments of the loop are
compared to the first measurement, considered
to be the true beta-function. We find that the
beta-functions in the later measurements are al-
ways smaller than the first measurement.

Sources of measurement errors

In this measurement, ∆K1 for each quadrupole
is optimized with a typical value of 1% of the
quadrupole strength. To reduce the residual field,
the quadrupole setting is returned by complet-
ing a local normalization loop. To minimize the
influence on the tune change, beta-functions are
measured at focusing and defocusing quadrupoles
alternately. To improve consistency, the storage
ring magnets are normalized so that the magnet
optics are restored after a certain number of mea-

surements.
The beta-functions were measured for 78

quadrupoles on the Duke storage ring, with a
638 MeV electron beam. All the measurements
were taken with a single-bunch beam and a beam
current of 3 to 4.5 mA. The designed, measured
and simulated vertical beta-functions are shown
in Fig. 7.16. The simulated values are for an ideal
designed lattice. The rms difference between the
measured and simulated beta-function is 16% in
the vertical direction.
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Figure 7.16: Measured βy and relative difference
around the ring.

Summary

We have developed a fast beta-function measure-
ment technique using the TFB system. The ef-
fects of beam current decay and magnet hystere-
sis are discussed. Other factors that can influence
the beta function measurement include the qual-
ity of the quadrupole magnet calibration, tem-
perature changes during the measurement, and
changes in power supplies. With directly mea-
sured beta-functions, we will develop a lattice-
compensation technique using the single value
decomposition algorithm.

[Hao12] H. Hao et al., In Proceedings of
IPAC2012, New Orleans, USA, 2012.

[Saf02] J. Safranek, G. Portmann, and A.
Terebilo, In EPAC, pp. 1184–1186,
2002.

[WXu12] W. Xu et al., In Proceedings of
IPAC2012, New Orleans, USA, 2012.
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7.1.7 Improved Pulsed Mode Operation for the Duke Storage-Ring-Based
FEL

S.F. Mikhailov, H. Hao, V.G. Popov, Y.K. Wu, TUNL

While the Duke FEL and HIγS are typically operated in quasi-CW mode, some HIγS user

experiments can benefit tremendously from a pulsed mode of FEL operation. Therefore, we

developed and successfully tested a radio-frequency frequency modulation technique to pulse

the FEL beam. We report our results of this pulsed FEL operation.

The Duke storage ring is designed as a dedi-
cated FEL driver and as a host for several FEL
wigglers in a thirty-four-meter long straight sec-
tion. One of the main FEL configurations is
the OK-4 FEL, which is an optical-klystron FEL
consisting of two planar wigglers sandwiching a
buncher magnet. A second commonly used FEL
configuration is the OK-5 FEL, which employs
up to four OK-5 helical wigglers. Two OK-5 wig-
glers in the middle of the straight section are me-
chanically switchable with the two OK-4 wigglers
using a switchyard system [YWu13]. The Duke
FEL can also be operated using either one OK-4,
or one OK-5 wiggler alone, when new FEL mir-
rors are available with very high reflectivity.

Typically, in all wiggler configurations and
polarizations, the Duke FEL is operated in a
quasi-CW mode, but for some experiments, a
pulsed FEL beam, and therefore γ-ray beam, can
be highly beneficial, allowing users to reduce the
background noise by two to three orders of mag-
nitude by using time discrimination synchronized
with the FEL macro-pulses.

Development of RF Frequency Switch

To enable pulsed mode FEL operation, a fast-
steering magnet, the FEL gain modulator, was
developed [Pin01]. It decouples the electron
beam from the FEL beam in the interaction re-
gion for most of time, but periodically allows a
brief overlap of the two beams. This enables a
pulsed mode of FEL operation with a high peak
power in the FEL macro-pulses.

The low-energy range for γ rays is the most
commonly demanded for nuclear physics experi-
ments which use a pulsed beam. Production of
γ-ray beams of high intensity also requires high

electron beam currents. The use of the FEL gain
modulator in such a regime is constrained due
to beam instability and poor injection. To facil-
itate high intensity γ-ray production in a pulsed
mode, especially at low electron-beam and γ-ray
energies, we developed a radio-frequency (RF)
frequency modulation of the FEL gain (an RF
frequency switch) to pulse the FEL.

Figure 7.17: Fast switch of the RF frequency as
demonstrated by the transition in
time of the beating between the RF
drive signal and a CW reference sig-
nal.

The Duke storage ring RF system utilizes a
high-stability commercial synthesizer, HP 4400B,
as the master oscillator [Kur05a, Kur05b]. An
additional SAW oscillator filter is used to elimi-
nate digital phase and frequency noise of the mas-
ter oscillator. However, to enable a fast RF fre-
quency jump, the SAW filter has to be bypassed.
Under that condition, the RF system allows a



172 Accelerator Physics TUNL LIII 2014–15

fast frequency jump, within tens of microsec-
onds (Fig. 7.17). Detuning the RF frequency by
∆f/f ≈ 10−5 is sufficient to fully stop lasing in
low-gain FEL configurations.

Pulsed FEL operation using the RF fre-
quency switch

For the practical use of pulsed FEL operation
at HIγS, we need to achieve a reasonable degree
of reproducibility of the magnitude and length
of the FEL macro-pulses. To provide this repro-
ducibility, we can force the FEL to operate in the
pulsed mode.

The period of the forced pulsing, and there-
fore of the forcing drive, has to be at least
twice as long as the period of the “natural” FEL
relaxation pulsing so that Tforced ≥ 2Tnatural.
If Tforced < 2Tnatural, the electron beam is
not damped sufficiently to build up every FEL
macro-pulse. As a result, we have a macro-
temporal structure where alternate macro-pulses
are fully developed, while those in between
the full-strength pulses are under-developed, as
shown in Fig. 7.18.

Figure 7.18: Pulsed FEL operation with a drive
period too short to provide repro-
ducible FEL macro-pulses. The data
were taken with an OK-5A FEL at
705 nm, Ee = 350 MeV, and mirror
round-trip losses of about 0.16%.

To insure a reasonable stability of pulsed FEL
operation, it is better to set the period of pulsing
so that Tforced ≥ 2.5Tnatural. With the condi-
tion that Tforced ≈ 2.5Tnatural, the average FEL
power is practically the same as that in a quasi-
CW regime, with a very high peak power in the
FEL micro-pulses. Figure 7.19 shows the depen-
dence of the shape of the FEL macro-pulses on
the pulsing period for a fully periodic macro-
temporal structure (Tforced ≥ 2Tnatural). With
a longer period of pulsing, the reproducibility of
the FEL macro-pulses is also much better, and
jitter is much lower. The RF frequency drive
signal has to switch periodically to a frequency
which allows full synchronization of the electron
and FEL beams. The duration of that synchro-

nization has to be long enough to allow the FEL
pulse to build up fully. This duration depends on
the period of the pulsing, as shown in Fig. 7.19.

The pulsing period cannot be arbitrarily long
for high-current, low-energy operation of the
storage ring. The limiting factor to increasing the
pulsing period is loss of the electron beam, if we
allow it to fully damp due to synchrotron damp-
ing. For typical HIγS γ-ray production, we op-
erate with the electron beam currents far above
the two-bunch current threshold without lasing.
The electron beam is stable only due to a signifi-
cant FEL-induced beam stretch. If this stretch is
reduced substantially, electron beam loss occurs.

For synchronization of HIγS data-acquisition
equipment, users are provided with a trigger by
the relative amplitude of FEL macro-pulses. The
trigger can be set at 10 to 70% of the level of a
typical maximum.

Figure 7.19: FEL pulsed operation with “stable,”
fully periodical FEL macro-pulses for
different periods of drive. The data
were taken with an OK-5A FEL at
705 nm, Ee = 350 MeV, and mirror
round trip losses of around 0.16%.

Conclusion

An RF frequency detune drive has been devel-
oped at DFELL and is ready to be used in pulsed
FEL and HIγS operation. It can provide high
γ-ray beam intensity, with an average intensity
close to the level of quasi-CW operation and,
therefore, with a very high peak intensity dur-
ing the pulses.

[Kur05a] G. Kurkin and P. Wang, In Particle
Accelerator Conference, pp. 1494–1495,
2005.

[Kur05b] G. Kurkin et al., In Particle Accelera-
tor Conference, pp. 3159–3160, 2005.

[Pin01] I. Pinaev et al., Nucl. Instrum. Meth-
ods A, 475, 222 (2001).

[YWu13] Y. Wu et al., In International Par-
ticle Accelerator Conference, pp. 267–
269, 2013.
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7.1.8 A Two-Color Storage Ring FEL

J. Yan, Y.K. Wu, H. Hao, S. Mikhailov, V. Popov, TUNL; J.Y. Li, University of Science and
Technology of China, Hefei, China; N.A. Vinokurov, Budker Institute of Nuclear Physics, Novosi-
birsk, Russia; S. Huang, Peking University, Beijing, China; J. Wu, SLAC National Accelerator
Laboratory, Menlo Park, CA

Using three-undulator and four-undulator configurations on the Duke storage ring, we have

successfully achieved lasing with a novel two-color storage-ring FEL. Simultaneous lasing was

realized in the IR, around 720 nm, and in the UV, around 360 nm. With this two-color FEL,

we have demonstrated independent wavelength tuning, including the tuning of harmonic lasing

with the UV lasing wavelength being the second harmonic of the IR lasing. We have also

demonstrated good control of FEL power-sharing between the two colors.

Introduction

Multi-color lasers have found many important
applications in scientific research. Simultaneous
multi-color lasing on conventional lasers is typi-
cally realized by using a dispersive or diffractive
wavelength filter such as a prism or grating, ei-
ther intracavity or in an external feedback cav-
ity. However, the wavelength tunability of these
lasers is limited by the bandwidth of the gain
medium. The natural advantages of an FEL,
such as its broadband gain medium (an electron
beam), make the FEL an excellent device for
multi-color lasing with good wavelength tunabil-
ity. Since the early 1990s, multi-color FEL op-
erations have been developed with several linac-
based FELs. The first experimental demonstra-
tion of a widely tunable two-color storage-ring
FEL was at the Duke FEL and was reported in
Ref. [YWu15]. Here we present an experimental
study of two-color lasing using a different undula-
tor configuration. The experimental results show
good performance of this two-color operation in
terms of wavelength tunability, power tunability
and power stability. Furthermore, this two-color
FEL can serve as a photon source for two-energy
γ-ray production via Compton backscattering at
HIγS.

Experimental Setup

The Duke FEL system can use a variety of un-
dulator configurations, with four available elec-
tromagnetic undulator magnets: two planar OK-
4 undulators and two helical OK-5 undulators
(see Fig. 7.20). This provides the possibility

of operating a multi-color FEL using the same
electron beam and a shared optical cavity. We
have achieved two-color lasing with both three-
undulator and four-undulator configurations. In
the four-undulator configuration, all the undula-
tors are powered up so that the OK-4 and OK-5
undulators form two sets of optical klystrons.

e− beam

OK−4A

B1 B2

OK−5A OK−4B

B3

OK−4 Optical Klystron

OK−5 Optical Klystron

OK−5D

Figure 7.20: A four-undulator configuration for
two-color FEL operation. The two
OK-4 undulators and two OK-5 un-
dulators form two sets of interleaved
optical klystrons.

The two-color FEL lasing is tuned to the
IR wavelength around 720 nm (λ1) and the UV
wavelength around 360 nm (λ2). The setup also
allows for harmonic lasing with λ1abouttwiceλ2.
To enable two-color lasing, a pair of dual-
band FEL mirrors have been developed with
two highly reflective wavelength bands centered
around 720 nm and 360 nm, respectively. The
measured round-trip losses in the IR and UV
bands show that the minimum cavity loss in the
UV is roughly four times larger than that in the
IR. To balance the gain of two-color lasing, the
OK-5 FEL is operated in the IR since its rela-
tively low gain can be compensated by the lower
loss of the optical cavity. With a higher gain,



174 Accelerator Physics TUNL LIII 2014–15

the OK-4 FEL is operated in UV where the cav-
ity loss is also higher. The wavelength tuning
is mainly done by changing the magnetic field
strength in the OK-4 and OK-5 undulators. Sev-
eral other tuning knobs are found to be useful for
fine wavelength tuning and adjustments of the
relative gains at the two wavelengths. These in-
clude the RF frequency detune dfRF, which con-
trols the synchronization between the FEL and
the electron beams, and the settings of bunchers
B1, B2, and B3.

Experimental Results

For many important research applications that
use a two-color laser, it is critical to have the
ability to tune one of the lasing wavelengths while
fixing the other. Figure 7.21 shows a tuning setup
using the four-undulator configuration in which
λ1 was fixed at 720.06 ± 0.07 nm, while λ2 was
tuned from 374.06 nm to 360.19 nm, demonstrat-
ing a wavelength tuning range of ∆λ2 ≈ 14 nm.
Such wavelength tuning was achieved by vary-
ing the magnetic field strength of the OK-4 un-
dulators as the primary tuning knob, and using
buncher B2 as an auxiliary knob for fine wave-
length adjustment.
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Figure 7.21: Single-wavelength tuning. The UV
wavelength λ2 is tuned while the IR
wavelength λ1 is fixed. The beam
current is maintained between 12.2
and 12.7 mA.

The two lasing processes at two different
wavelengths share the same gain medium, the
electron beam. The wavelength tuning experi-
ments have clearly demonstrated the capability
of providing effective gain balance for the two

lasing processes. A precise control of the parti-
tioning of the FEL power for two different wave-
lengths was realized by adjusting NB3, the rel-
ative optical phase slippage between the laser
and electron beams produced by buncher B3. As
shown in Fig. 7.22, power modulation close to
100% for IR and UV was achieved while the to-
tal FEL power was maintained constant to within
6.8% (rms). The periodic power modulation in
this measurement can be attributed to the gain
modulation mechanism of an optical klystron,
where, by tuning NB3, the IR beams emitted in
OK-5A and OK-5D produce constructive and de-
structive interference alternately for electrons of
a certain energy.
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Figure 7.22: (Color online) Two-color FEL power
control using NB3. The beam current
was maintained between 12.2 and
12.5 mA with top-off injection. The
settings of other bunchers: NB1 = 0,
NB2 = 0.68 for 367 nm.

Summary

We report the successful operation of a two-
color FEL using a four-undulator configuration.
We have demonstrated wavelength tunability in
a wide range by changing one of the two las-
ing wavelengths. Furthermore, we have demon-
strated full control of the FEL power in two col-
ors while maintaining the total FEL power at a
steady level.

[YWu15] Y. Wu et al., submitted for publica-
tion, (2015).
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7.2 The FN Tandem Accelerator and Ion Sources

7.2.1 Tandem Accelerator Operation

C.R. Westerfeldt, J.D. Dunham, R. O’Quinn, B. Walsh, TUNL

The operation, maintenance, and improvements at the TUNL FN tandem accelerator over

the last year are summarized.

Tandem Operation

During the period September 1, 2014 to August
31, 2015, the TUNL FN tandem accelerator was
operated on 234 days for 2585 hours at termi-
nal potentials ranging from 0.6 MV to 10.4 MV.
Beams accelerated during this period include un-
polarized protons and deuterons (DC and pulsed)
as well as both 3He and 4He. The terminal oper-
ating potential as a function of date during the
reporting period is shown graphically in Fig. 7.23,
along with the number of days the terminal was
used at different potentials.

The tandem was opened on May 4, 2015 for
routine maintenance. One bad column resistor
was found at this opening. The foil stripper box
was opened and cleaned. A new set of 75 ACF
“Classic Carbon” collodian-coated stripper foils
was installed. The thicknesses of the foils are pri-
marily in the range from 1.5 to 2.0 µg/cm2. The
Pelletron charging system was inspected and all
idlers were replaced. The chains were removed
and cleaned. Five links were replaced in the low-
energy chain because of obvious fret corrosion.
The corona needles were cleaned and the corona
shield was cleaned and buffed. We also replaced
one man-door delta gasket due to a crack that
was found. The tandem was closed on May 12,
2015 and operations resumed the next day. Un-
fortunately, about a week later, a high voltage
spark apparently damaged the high-energy chain,
producing very unstable operation, so we have
disabled that motor and will make another tank
entry in September to make repairs.

Laboratory Projects

The TUNL helium exchange source has oper-
ated for a significant number of hours this past
year, producing beams of 3,4He of 1 to 2 mi-
croamperes to the tandem low-energy cup via its
sodium charge-exchange canal. An NEC BPM-

80 beam scanner was installed at the exit of the
charge-exchange box to permit the properties of
the exit beam to be observed. A parallel-plate
radio-frequency chopper has been fabricated and
installed at the exit of the helium source, per-
mitting us to chop and bunch the 3He beams for
(3He,n) experiments. A TUNL-designed 3He re-
circulation system was also constructed and is in
use to recover close to 90% of the 3He fed to the
helium charge-exchange negative-ion source (see
Sect. 7.2.2). DC beam currents approaching 2 µA
are transported to the tandem low-energy cup. A
diagram of this system is shown in Fig. 7.24.

The 20◦-R port of our analyzing magnet has
been redesigned and reconstructed to provide
greatly improved shielding and collimation for
neutrons produced in a deuterium gas cell. The
cell is enclosed in a massive copper, tungsten,
lead, concrete, and borated polyethylene shield.
Access to the cell is simplified by the addition
of shielding on a linear bearing that permits the
shielding to be moved by hand to expose the cell
for replacement as needed. New pumping and
interlocks protect the tandem in case of window
failure in the gas cell.

A newly constructed 70◦-R port on our ana-
lyzing magnet delivers pulsed 3He beams to tar-
gets in a chamber in the tandem high-energy bay.
We have opened up the shielding wall between
the high-energy bay and target room one to per-
mit a 10-meter flight-path for time-of-flight mea-
surements using an array of neutron detectors lo-
cated in the target room and covering an angular
spread from 0 to 30◦.

Another beamline is under design to be in-
stalled in target room four for producing low-
energy neutrons for detector tests. It is antic-
ipated that this will be finished in early spring
2016. This will bring our total number of active
beamlines to eight. The current tandem layout is
shown in the diagram at the back of the progress
report.
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Figure 7.23: The TUNL FN tandem operating potential during the present reporting period.
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Figure 7.24: The 3He recirculation system.
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7.2.2 A 3He Gas-Recirculation System for the Helium Ion Source

D.C. Combs, J. Dunham, C.R. Howell, D.R. Ticehurst, C.R. Westerfeldt, A.R. Young,
TUNL;

A system for recirculating 3He gas has been installed on the helium ion source in the tandem

accelerator laboratory. This system allows the 3He gas to be recovered and stored after the

source has been operated to produce 3He ion beams. The average gas recovery fraction after

a 12 hour operating period is 0.86±0.07. Beam currents of greater than 2 µA have been

measured at the low-energy cup. During this reporting period the performance of the gas

recirculation and recovery system was evaluated under normal operating conditions.

Neutrinoless double-beta-decay (0νββ) ex-
periments have the potential to probe the abso-
lute mass scale of the neutrino, but doing so re-
quires accurate knowledge of the nuclear matrix
elements used to calculate the decay rate. The
calculated values of the 0νββ nuclear matrix ele-
ments for a specific isotope vary considerably de-
pending on the model used [Ell04]. To constrain
the calculated values of the 76Ge 0νββ-decay nu-
clear matrix element, cross section measurements
of the two-nucleon-transfer reaction (3He,n) on
isotopes used in 0νββ experiments are being car-
ried out at TUNL. Given the scarcity and high
cost of 3He gas [Ade10], a system to recirculate
and recover the gas in the helium ion source has
been constructed and installed.

The helium ion source uses a diffusion pump
backed by a mechanical pump to evacuate the
source chamber. In the original system the me-
chanical pump exhausted to atmosphere. Gas
flow at the source intake has been measured to be
approximately 1 standard cubic centimeter per
minute under normal operating conditions.

The new recirculation system and the origi-
nal source are shown in Fig. 7.25. Gas from the
reservoir is fed to the source chamber through a
flow meter. The reservoir can be refilled from a
3He gas cylinder. To reduce contamination of the
gas recirculation system by pump oil, a hermeti-
cally sealed rotary vane pump is used to back the
diffusion pump. A molecular sieve is in the line
between the diffusion pump exhaust and the ro-
tary vane pump input to prevent diffusion pump
oil from entering the recirculation system. A di-
aphragm compressor pump is used to refill and
pressurize the helium reservoir.

The rotary vane pump is a Pfeiffer PentaLine
35M. The helium compressor is a KNF N143
double-diaphragm pump. The mass flow me-
ter is an Alicat M20 mass flow meter. The
valves in the recirculation system (V7-V17 in
Fig. 7.25) are stainless steel bellows-sealed valves
with Swagelok connections. The gas lines are
constructed from stainless steel tubing.

The output from a residual gas analyzer
(RGA) connected at the source box is shown in
Fig. 7.26. Scans were taken before filling the sys-
tem with 3He, immediately after filling and after
recirculating for 8 hours. The dominant source of
contamination in the gas at the source chamber
is water vapor followed by hydrogen and nitro-
gen. No hydrocarbons from pump oil are seen in
the spectra.

The performance of the helium source when
running 3He is comparable to its performance
when running 4He. Beam current on the low-
energy cup has been between 1.5 and 2.5 µA
when using 3He.

The average recovery rate using this sys-
tem has been measured at 0.86±0.07 per twelve
hours. This recovery rate is taken to be the final
pressure in the manifold divided by the pressure
at the beginning of the run. The quoted num-
ber is the result of averaging over six runs with
durations from 6 hours to 17 hours. The quoted
uncertainty is the standard deviation in the mea-
surements.

[Ade10] S. Adee, IEEE Spectrum, 47, 16 (2010).

[Ell04] S. R. Elliott and J. Engel, J. Phys. G,
30, R183 (2004).
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7.3 The LENA Accelerator and Ion Sources

7.3.1 LENA’s New ECRIS Acceleration Column: Overview

A.L. Cooper, K.J. Kelly, E. Machado, J. Surbrook, J.R. Dermigny, C. Caldorado,
J. Martin, A.E. Champagne, T.B. Clegg, I. Pogrebnyak C. Tysor, P. Thompson, M.
Emamian, B. Walsh, B. Carlin, TUNL;

The electron cyclotron resonance ion source at LENA underwent a complete upgrade of

its acceleration column and microwave system. This allows the stable production of the

high-intensity pulsed proton beams needed for the study of nuclear reactions important in

understanding stellar nucleosynthesis. The various aspects of the project are summarized

here, along with the initial performance results.

Background

The science objective of the Laboratory for Ex-
perimental Nuclear Astrophysics (LENA) is the
characterization of nuclear reaction rates central
to the stellar life cycle. Nuclear cross sections at
stellar core fusion energies—tens to hundreds of
keV—are pivotal for calculating nuclear reaction
rates but can be vanishingly small because of the
dominant Coulomb repulsion between reacting
nuclei. Hence we employ intense proton beams
and multiple background suppression techniques
to raise our signal-to-noise ratio.

In order to cover the energy range from 110
to 1000 keV, we use two accelerators: a modified
1 MV electrostatic accelerator and an electron
cyclotron resonance ion source (ECRIS). ECRIS
is used primarily for the production of highly in-
tense beams of hydrogen ions, with currents of
around 2 mA, for use in studying low-energy re-
actions.

ECRIS’s previous acceleration tube was built
by High Voltage Engineering Corporation to
withstand our maximum operating voltage of 200
kV. An extraction system designed at LENA op-
tically mated the source to this acceleration tube
[Ces10]. However, inefficient pumping capabil-
ity, a high flux of secondary electrons, and col-
umn heating combined in a cascade to weaken
the PVA seals bonding the aluminum electrodes
to the glass insulators in the tube, thus creat-
ing vacuum leaks. The resulting gas discharges
eventually caused permanent damage to several
of the insulators.

We therefore decided to design a new tube
that would overcome these difficulties. Our goals

were a satisfactory electrode geometry for focus-
ing and accelerating intense H+ beams to en-
ergies between 110 and 230 keV; a better vac-
uum through a more open geometry and less
out-gassing; and magnetic fields to suppress sec-
ondary electrons created by beam ionization of
any residual gas.

Here we present an overview of the major
project components. Details are given in the fol-
lowing contributions.

Project Components

Our starting point in designing the new accel-
eration column was a column developed by GT
Advanced Technologies [Ryd12]. This afforded a
more open electrode geometry than in the orig-
inal ECRIS design, thus allowing for more ef-
ficient pumping and less residual gas for the
beam to ionize. Simulations of the electro-
static effects were modeled using the software
package kasper, which is described further in
Sect. 7.3.2. Simulation calculations eventually
led to the geometry and voltage configuration
shown in Fig. 7.27. To accomplish effective focus-
ing over the desired beam energy range of 110 to
230 keV, we limited the maximum energy of the
beam extracted from ECR plasma chamber to
around 40 keV. After extraction from the plasma
chamber, the beam is allowed to expand rapidly
in diameter to minimize space charge effects. The
energy limit on the extracted beam means that it
can be strongly focused by two narrow electrode
gaps as it leaves the expansion region and be-
gins its acceleration down the column to ground
potential through a series of eight wider gaps.



180 Accelerator Physics TUNL LIII 2014–15

Figure 7.27: A cut-away drawing of the new acceleration column. Protons from the ECR plasma enter
from the left. They then undergo a rapid radial expansion before being focused into a
parallel beam for acceleration to ground potential.

Transverse magnetic fields were used to sup-
press any secondary electrons created by beam
interactions with residual gas in our new column.
They steer the secondary electrons into column
electrodes before they can gain any appreciable
kinetic energy. The optical effects of magnetic
suppression on the beam are not dependent on
the beam’s velocity profile [How67], so that for
any proton injection energy, the magnetic fields
will always have the net effect of preserving the
beam’s dynamics.

The overall structural and high-vacuum sup-
port of ECRIS’s new column comes from a self-
aligning, compression design [Ryd12]. Compres-
sion is facilitated by three G10 fiberglass rods, on
which all of our electrode and ceramic sections
are supported. The use of O-rings to provide
high-vacuum seals at the interfaces of the metal
and ceramic components avoids the use of volatile
adhesives, with their associated out-gassing is-
sues. Similarly, our high-density Al2O3 ceramics
were chosen to have superior high-vacuum prop-
erties and thicknesses great enough to withstand
voltage differences well above 20 kV across a sec-
tion.

Finally, a new extraction system was needed
to mate the new acceleration column with the
plasma chamber. This too is a modified version
of a GT Advanced Technologies design [Ryd12].

Initial Beam Tests and Summary

The new extraction system and acceleration col-
umn have been constructed and put into opera-
tion at ECRIS. The newfound stability and ro-
bustness is exemplified by the absence of sparks
and intense x-ray radiation from its regular op-
eration. When high-voltage breakdown occurred
during testing, our spark gap system performed
as designed. Our magnetic suppression system
has decreased the bremsstrahlung x-ray radiation
from over 1 R/hr to background levels, or about
0.007 mR/hr. At beam energies of around 160
keV, repeatable beam currents of 12 mA were
measured at the unsuppressed beam-stop located
about 1.7 m beyond the acceleration column exit.
Of this amount, 1.1 mA can be momentum-
analyzed and focused to our suppressed target.
These currents are roughly 2.4 and 0.85 times
those produced by the prior system at these re-
spective positions and at around 165 keV. The
aperture of our analyzing magnet is too con-
stricted to transport a larger portion of the beam
to target. We are continuing tests and modifica-
tions to overcome this issue.

[Ces10] J. M. Cesaratto et al., Nucl. Instrum.
Methods A, 623, 888 (2010).

[How67] F. A. Howe, IEEE Trans. Nucl. Sci., 14,
122 (1967).

[Ryd12] G. Ryding, Private Communication,
2012.
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7.3.2 New ECRIS Acceleration Column: Electrostatic Design

A.L. Cooper, K.J. Kelly, E. Machado, J. Surbrook, J.R. Dermigny, C. Caldorado,
J. Martin, A.E. Champagne, T.B. Clegg, I. Pogrebnyak C. Tysor, P. Thompson, M.
Emamian, B. Walsh, B. Carlin, TUNL;

Using the software package sc kasper, we have modeled the electrostatics and beam-transport

properties of a new high-current acceleration column for LENA’s electron cyclotron resonance

ion source. Through this effort, we have achieved our goal of a more open geometry for better

vacuum pumping while preserving the excellent beam properties necessary for our low-energy

nuclear astrophysics experiments over the full range of energies from 110 to 230 keV.

A crucial design goal for a new high-current
acceleration column for LENA’s electron cy-
clotron resonance ion source (ECRIS) is a more
open geometry than its predecessor to facilitate
better vacuum pumping while preserving excel-
lent beam transport and focusing for over the
desired range of final beam energies, from 110 to
230 keV. This required extensive computer simu-
lations of the electrostatic properties and effects.

We used an acceleration-column geometry
similar to that developed at GT Advanced Tech-
nologies [Ryd12]. The simulations were carried
out using a software package known as kasper,
supplied to us by the KATRIN (KArlsruhe TRI-
tium Neutrino) group at UNC. Kasper is a
charged-particle propagation and tracking soft-
ware suite with two main subpackages: kem-
field and kassiopeia [Cor14, Fur].

Kemfield is an electrostatic field solver that
solves Laplace’s equation within charge-free re-
gions using two different methods: the indirect
boundary element method (BEM) and, in axially
symmetric regions far from charge distributions,
a zonal harmonic expansion [Cor14]. With the
aid of boundary conditions, zonal harmonic co-
efficients of a quickly converging expansion are
solved in terms of charge densities provided by
the initial BEM calculations. The output from
kemfield is then passed to the particle-tracking
code kassiopeia [Fur]. Using an eighth-order
Runge-Kutta integrator to compute particle tra-
jectories, kassiopeia obtains a complete descrip-
tion of the kinematics of charged particles in the
user-defined region.

Kasper does not account for space charge
effects, so it cannot reliably simulate trajectories
within our extraction region, where they are most

significant. Also, any particles that were gen-
erated on collisional trajectories with our elec-
trodes were removed from the simulation.

These simulations led to the geometry and as-
sociated voltage configuration shown in Fig. 7.28.
After initial extraction from the ECR plasma
chamber, the beam is allowed to expand radi-
ally to minimize space-charge effects before fur-
ther acceleration. To effectively focus the beam
over the desired energy range of 110 to 230 keV,
we limited the maximum beam energy from the
plasma to around 40 keV. This facilitates ad-
ditional strong focusing over our entire energy
range by the initial electrode gaps, labeled d′ in
the figure, as the beam emerges from the expan-
sion cone. The electrode spacing of 2 cm for these
gaps was chosen to facilitate this strong focusing.
The beam then encounters eight successive 5-cm
electrode gaps of up to 20 kV each (depending
on the final beam energy), which continue to step
the voltage to ground. This configuration yields a
nearly parallel beam upon exit from the column,
so that the beam can be propagated effectively
by solenoid lenses further down the beamline.

We assumed that our ECR plasma provided a
maximum current density of about 200 mA/cm2,
comparable to that at LANL and GT Advanced
Technologies [She02, Ryd12]. Our 200 kV, 36
mA Glassman power supply used for acceleration
provided a maximum current limit and therefore
determined the plasma aperture size from which
we extracted the beam. Further details of beam
extraction from the ECR plasma are discussed in
Sect. 7.3.3.

Our aluminum electrode design is based on
the one in GT Advanced Technologies’ Hype-
rion accelerator [Ryd12]. Two principal elec-
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Figure 7.28: Beam profiles from kasper at our maximum (230 keV) (a) and minimum (110 keV) (b)
operating energies. Average radii are illustrated by thick blue lines. A scaled drawing of
the column (c) is included.

trode geometries compose the main part of the
column: shield-ring and magnet-ring electrodes.
(The function of the magnets is discussed in
Sect. 7.3.3.) These electrodes have cylindrical
ends which extend axially in both directions and
together block any line-of-sight trajectory for
stray beam charge to reach our ceramic insu-
lators. Twenty-eight neodymium magnets are
mounted on the outside circumference of the
magnet-ring electrodes and are not exposed to
beam or secondary electrons.

Our high density Al2O3 ceramics were cho-
sen to have superior high-vacuum properties and
enough thickness to withstand voltages well over
20 kV per section. Undulations on the high vac-
uum side extend the surface spark length; the
atmospheric side is glazed for cleanliness. We
rely on spark gaps to prevent damage to the col-
umn. The gap size of 17.5 mm was calibrated at
atmosphere to fire at 30 kV.

The voltage gradient of ECRIS’s new acceler-
ation column, and hence its allowed leakage cur-
rent, is supported by the resistance of parallel
flowing, chilled, de-ionized water channels. We
determined their length, cross-sectional area, and

radii to yield 4 to 5 mA of leakage current at a
maximum operating voltage of 200 kV. We have
the ability to control both the conductivity and
the temperature of the de-ionized water supplied
to these channels. This allows some adjustment
of our leakage current to suit the needs dictated
by beam-loading or the limits of the Glassman
power supply.

Figure 7.28 shows the final geometry and the
resulting beam profiles at our maximum and min-
imum final beam energies. The beams profiles at
both energies are similar and show the produc-
tion of a parallel nearly beam.

[Cor14] T. J. Corona, Ph.D. thesis, University of
North Carolina, Chapel Hill, NC, 2014.

[Fur] D. Furse, Ph.D. thesis, Massachusetts
Institute of Technology, Cambridge,
MA, In preparation.

[Ryd12] G. Ryding, Private Communication,
2012.

[She02] J. Sherman et al., Rev. Sci. Instrum.,
73, 917 (2002).
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7.3.3 New ECRIS Acceleration Column: Secondary Electron Issues
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J. Martin, A.E. Champagne, T.B. Clegg, I. Pogrebnyak C. Tysor, P. Thompson, M.
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We discuss features of the new ECRIS acceleration column that are designed to reduce residual

gas in the tube and suppress any secondary electrons. A compression structure uses O-

ring seals instead of volatile adhesives, to support its high vacuum environment. Electron

suppression is achieved through alternating transverse magnetic fields

In performing low-energy nuclear astro-
physics reaction-rate measurements, it is not
enough to have a high-current, well focused
beam. In replacing the old acceleration column
of the electron cyclotron resonance ion source
(ECRIS), we wanted to reduce the amount of
residual gas in the acceleration tube to minimize
the production of secondary electrons, and we
wanted an effective means to suppress any such
electrons before they could create bremstrahlung
x-rays or damage parts of the column structure.
To accomplish this, we chose compressional sup-
port for our column structure, thus avoiding the
use of volatile adhesives, and magnetic fields for
secondary-electron suppression.

Compression Design

The overall structural and high vacuum support
of the new ECRIS column comes from a self-
aligning, compression design [Ryd12]. Such com-
pression is facilitated by three G10 fiberglass rods
on which all of our electrode and ceramic sections
are supported. As large hex nuts on the ends of
these rods are tightened, all of the electrodes and
ceramics are squeezed together, and the O-rings
that provide high vacuum seals at their interfaces
are compressed.

The leading benefit of this design is that we no
longer rely on volatile adhesives to obtain a high
vacuum seal, avoiding the out-gassing issues as-
sociated with adhesive joints [Hyd05]. The ma-
terials used in the electrodes and ceramic com-
ponents are discussed in Sect. 7.3.2. The use of
O-rings, coupled with the more open electrode
geometry of the new column, results in improved
vacuum inside the acceleration tube and thus less
production of secondary electrons.

Transverse Magnetic Field Effects

When secondary electrons are produced by beam
interactions with residual gas in our new column,
transverse magnetic fields are an effective means
for suppressing them. The magnetic fields steer
any secondary electrons into the column elec-
trodes before they gain any appreciable kinetic
energy, thereby limiting the maximum intensity
of bremsstrahlung X-rays produced upon colli-
sion and offering a solution to the radiation prob-
lems of our prior system.

In addition, the optical effects of magnetic
suppression on the beam are not dependent on
the beam’s velocity profile [How67], and the
suppression system is electrostatically decoupled
from the column electrodes, along with all of their
vulnerabilities to electron and beam loading ef-
fects [Hyd05]. This means that for any proton
injection energy, the magnetic fields will always
have the net effect of preserving the beam’s dy-
namics. Inclined electric field suppression sys-
tems, on the other hand, can produce divergent
beam profiles [How67].

As discussed in Sect. 7.3.2, two principal elec-
trode geometries compose the main part of the
column: shield-ring electrodes (bright blue in
Fig. 7.29) and magnet-ring electrodes (rust color
in the figure). Twenty-eight neodymium magnets
are mounted on the outside circumference of the
magnet-ring electrodes and are not exposed to
the beam or to secondary electrons. These mag-
nets create the transverse fields that rapidly steer
any secondary electrons into the electrodes.

We used a simplified kinematic model to es-
timate the resultant transverse displacement of
our proton beam centroid as it passes through re-
gions of transverse magnetic fields in the ECRIS
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Figure 7.29: A scaled cut-away drawing of the column, along with the associated magnetic field ori-
entations, the directions of the Lorentz forces, and the axial beam displacements caused
by our transverse magnetic suppression system.

column. The Lorentz forces that act on an axial
proton on its journey down the acceleration col-
umn were considered and are illustrated in part
(b) of Fig. 7.29). Since the injection energy of
the proton, the electrode axial spacings, and the
voltage differences across each gap were all known
from our electrostatic design, the proton’s axial
acceleration and transit time across any region of
the column were calculable. By alternating the
direction of the magnetic field sections along the
length of the column, an initially axial proton
experiences equal and opposite impulses at each

section and takes the path shown in the figure.

[How67] F. A. Howe, IEEE Trans. Nucl. Sci., 14,
122 (1967).

[Hyd05] H. R. M. Hyder, In R. Hellborg, editor,
Electrostatic Accelerators, Particle Ac-
celeration and Detection, pp. 123–146.
Springer Berlin Heidelberg, 2005.

[Ryd12] G. Ryding, Private Communication,
2012.
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7.3.4 ECRIS Upgrade: The Plasma Extraction System
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As part of the complete upgrade of the electron cyclotron resonance ion source at LENA, we

designed a new extraction system to mate the existing plasma chamber to the new acceleration

column. The design is self-aligning and consists of five main elements. It has larger apertures

than its predecessor, to allow for the higher beam currents needed for our low-energy nuclear

astrophysics experiments.

The electron cyclotron resonance ion source
(ECRIS) at LENA has recently undergone a com-
plete upgrade with the construction and installa-
tion of a new acceleration column to allow for the
production of higher beam currents. Our previ-
ous extraction system was designed to smoothly
mate the electron cyclotron resonance plasma
chamber to the old acceleration column. With
the advent of the new column, it was necessary
to design and construct a new extraction sys-
tem with larger apertures to accommodate the
higher beam currents. The final design is shown
in Fig. 7.30. The plasma chamber is at the left of
the figure. Beam extracted from the plasma un-
dergoes a rapid radial expansion in the expansion
cone, and then encounters two narrow strong-
focusing electrode gaps (shown at the extreme
right of the figure), located at the beginning of
the acceleration column.

As noted in Sects. 7.3.1 and 7.3.2, in order
to accomplish effective focusing over the desired
beam energy range of 110 to 230 keV, we chose
to limit the maximum extracted beam energy to
around 40 keV. This facilitates additional strong
focusing over our entire energy range by the two
narrow electrode gaps the beam encounters as
it emerges from the expansion cone and starts
down the acceleration column. We assumed that
our ECR plasma provided a maximum current
density of around 200 mA/cm2, comparable to
that at LANL and GT Advanced Technologies
[She02, Ryd12]. Our 200 kV, 36 mA Glass-
man power supply, used for acceleration, pro-
vided a maximum current limit and therefore de-
termined the plasma aperture size from which we
extracted beam. Extraction and focusing of this
beam is optimized by varying the gap between

the plasma aperture and the extraction electrode
seen in Fig. 7.30. A suitable range of extraction
gap sizes (see Table 7.4) was estimated using the
Child-Langmuir Law [Chi11, Lan13].

The new extraction system for LENA’s
ECRIS is a modified version of the one used in
the Hyperion accelerator [Ryd12]. Positive hy-
drogen ions created in the plasma chamber leave
through its aperture toward the first grounded
extraction electrode of the movable extraction
system. “Ground” here is the potential of the
high voltage table. The following suppression
electrode, biased up to −2 kV, impedes back-
streaming electrons from reaching the plasma
chamber. The second ground electrode defines
the conical region to guide the expanding beam
into the variable-voltage electrode. It also pro-
vides further drift length for the expanding beam.
The variable-voltage electrode can be biased to
positive potentials from 0 to +10 kV.

Concerning materials, the removable aper-
tures of the plasma, suppression, and both
ground electrodes are all molybdenum, while the
variable voltage electrode is aluminum. Present
aperture diameters are given in Table 7.4 but are
subject to change.

The extraction, suppression, and ground elec-
trodes depicted in the figure form a self-aligning
system that is movable axially [Ryd12]. They
are held together by compression and are insu-
lated from each other with Vespel washers, which
also provide the necessary vacuum-tight connec-
tions for the circulation of chilled deionized wa-
ter. This system of cooled electrodes is mounted
on an axially adjustable platform [Alt04], which
is gear-driven by a stepper motor outside the vac-
uum system. The average gap size and range
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Figure 7.30: Detailed drawing of the plasma chamber, shown at the left, and the axially adjustable
extraction system with its electrodes labeled. The strong focusing gaps at the start of
the acceleration column are shown at the far right, after the expansion cone. Column
five of Table 7.4 gives the aperture diameters and extraction gap range.

Table 7.4: Comparison of Extraction System Aperture Diameters (mm)

Parameter LANL GT LENA LENA
(Prior) (New)

Plasma Aperture 8.6 8.0 5.0 6.50
Extraction Aperture 6.6 7.0 5.00
Suppressor Aperture 8.8 11.0 4.5 8.25
Ground Aperture 9.0 10.0 5.0 7.60
Extraction Gap 12.9 7.52 6.83 12.5 (± 6)

between the plasma aperture and the extraction
aperture is given in Table 7.4. Our apertures are
smaller than those used at LANL and GT Ad-
vanced Technologies but larger than those in the
prior ECRIS extraction system.

The new extraction system, coupled with the
new acceleration column successfully combined in
initial beam tests to produce significantly higher
beam currents emerging from the column than
was the case with the previous ECRIS design.

[Alt04] G. D. Alton and H. Bilheux, Rev. Sci.
Instrum., 75, 1431 (2004).

[Chi11] C. D. Child, Phys. Rev. (Series I), 32,
492 (1911).

[Lan13] I. Langmuir, Phys. Rev., 2, 450 (1913).

[Ryd12] G. Ryding, Private Communication,
2012.

[She02] J. Sherman et al., Rev. Sci. Instrum.,
73, 917 (2002).
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7.3.5 The LENA ECR Ion Source: Beam Pulsing

K.J. Kelly, A.L. Cooper, J.R. Dermigny, T.B. Clegg, B.P. Carlin, A.E. Champagne, E.
Machado, C. Calderado, C. Iliadis TUNL

We report on progress with regard to pulsing the ECR ion source at LENA. Pulsed data ac-

quisition has been established and tested through measurements of the 18O(p,γ)19F resonance

at Ecm
r = 151 keV using the ECR source prior to its recent upgrade. The newly upgraded

ion source has also been tested with proton energies up to Ep = 110 keV yielding maximum

pulsed beam currents of about 5 mA prior to mass and energy selection via an analyzing

magnet.

The electron cyclotron resonance (ECR) ion
source at LENA holds the world record for the
highest intensity proton beams on target for re-
search in nuclear astrophysics. Presently, the
maximum observed beam current on target is
2.05 mA, averaged over 1 C of integrated beam
charge [Buc15]. The target heating that occurs as
a result of direct current (DC) beams of this in-
tensity can be mitigated using direct water cool-
ing of the target.

The ECR source is currently being upgraded
with the goal of increasing the output beam in-
tensity by an order of magnitude, reaching ap-
proximately an unprecedented 20 mA proton
beam current on target. The target heating re-
sulting from this beam intensity is enough to melt
the target backings used at LENA, even with di-
rect target water cooling. Therefore, it is nec-
essary to pulse the ECR beam on target when
these large beam currents are used.

Successful beam pulsing has recently been
achieved by pulsing the microwave input power
used in the creation of an ECR plasma. No ad-
justments of the high voltages applied to the
plasma chamber or high voltage table are re-
quired with this pulsing method. Instead, the
plasma is fully extinguished between beam pulses
and subsequently reignited during each pulse.

This repeated cycle of extinguishing and
striking a plasma presented a significant chal-
lenge with regard to the impedance matching for
microwave transfer between the waveguide and
plasma chamber. The waveguide impedance is
adjusted via a three-stub tuner and is typically
optimized prior to striking a plasma by introduc-
ing microwave power and minimizing the amount
of power reflected back towards the magnetron.

However, when a plasma is created within the
plasma chamber the impedance of the plasma
chamber changes drastically. This results in a
significant increase in microwave power reflected
back towards the magnetron. During DC beam
extraction this change is accounted for by simply
optimizing the waveguide impedance once more
until nearly all microwave power is transferred
to the plasma chamber. If the microwave power
is switched off while the waveguide impedance is
matched to that of the plasma chamber with a
plasma present, then the plasma is extinguished
and the plasma chamber impedance is no longer
matched by the waveguide. Thus, when mi-
crowaves are reintroduced to the plasma cham-
ber, the majority of the microwave power is re-
flected away from the source and it is difficult to
re-strike the plasma without adjusting the three-
stub tuner.

It was discovered that the key to maintaining
a long-lasting and reliable pulsed plasma is to
intentionally introduce an impedance mismatch
between the plasma chamber and waveguide. If
this is done properly, there will be a significant
amount of microwave power transferred into the
plasma chamber both with and without a plasma
present. Therefore, an intense plasma can exist
while microwave power is on and a plasma can
be easily re-struck after the plasma has been ex-
tinguished.

An example of the observed beam pulses from
the previous ECR source is shown in Fig.7.31.
The blue and yellow traces are measured from DC
and pulsed ECR beams, respectively. Note that
the maximum current achieved during a pulse is
approximately equivalent to the DC beam cur-
rent. This implies that little to no beam current
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decrease is experienced going from DC to pulsed
operation modes. The rise time of the measured
current signal is about 500 ns.

Figure 7.31: Waveform of measured beam current
with ECR beam pulsing for 100 ms
on, 900 ms off.

In Fig.7.31 pulsing was carried out with the
microwave supply on for 100 ms of every sec-
ond and off the other 900 ms. Given that the
proposed maximum ECR beam current on tar-
get after the upgrade is a factor of 10 greater
than the present observed maximum, this ratio of
time with beam-on to time with beam-off would
achieve a 10% duty cycle with respect to the cur-
rent maximum observed beam current on tar-
get. In other words, we could potentially pro-
vide beam on target with ten times the original
beam intensity, but only for one tenth of the time.
Pulsing beam on target in this way provides the
same net power deposition on the target as was
previously obtained.

The data acquisition system at LENA was
updated to allow discrimination between beam-
on and beam-off data. As a test of this method
and of the beam pulsing method described above,
data were taken on the 18O(p,γ)19F resonance at
Ecm
r = 151 keV. Data were acquired with both

DC and pulsed beams on target using beam cur-
rents of 37 and 370 µA, respectively. No target
degradation occurred between data sets. This
choice of DC and pulsed beam currents simulated
the data acquisition improvements that would
be obtained by increasing the present maximum
ECR beam current on target by the proposed
amount.

Data obtained on this resonance using DC
and pulsed ECR beams are shown in Fig. 7.32 as

the red and black histograms, respectively. The
pulsed spectrum contains only the data taken
when beam was on target. The peak shown at
channel 918 is from the 19F decay initiated by
proton capture onto 18O, while the peak labeled
208Tl is a common environmental background
line. Note that the since the net beam charge ac-
cumulated on target is nearly identical between
DC and pulsed data sets, the resonance peak at
channel 918 is nearly unqchanged. However, the
total time during which pulsed data were taken
is one tenth that of the DC data set. Thus, the
intensity of the environmental background line
from 208Tl decreased by the same factor in the
pulsed data set. This makes clear the ability of
pulsed beams to drastically reduce environmental
background and is a major advantage of a pulsed
ECR beam.

Figure 7.32: Data taken on the 151-keV resonance

in 18O(p,γ)19F using DC (red) and
pulsed (black) ECR beams.

The upgraded ECR source, in its present
state, has also been tested using beam pulsing
despite issues with its current operation. A max-
imum pulsed beam current before the analyz-
ing magnet of 5 mA was observed using a to-
tal beam energy of up to 110 keV. This beam
current was obtained with beam optics that are
not ideal for beam transport but had to be em-
ployed due to limitations at the present stage of
the upgrade. Considering that the maximum ob-
served DC ECR beam current before the analyz-
ing magnet prior to the upgrade and with near
perfect optical conditions was only about 4.5 mA,
this is a promising sign that the upgraded ECR
source will significantly outperform its previous
iteration.

[Buc15] M. Q. Buckner et al., Phys. Rev. C, 91,
015812 (2015).



Graduate student Chelsea Bartram from UNC is shown working with the APEX
NaI detector array. This detector array is being used by TUNL faculty mem-
ber Reyco Henning and his research group to search for CP violation in ortho-
positronium.



Nuclear Instrumentation and
Methods

Chapter 8

• Detector Development and Characterization

• Data Acquisition Hardware and Software Development

The diverse experimental research program at TUNL requires continual improvement to the lab’s
accelerator systems, along with the design and acquisition of improved detectors and data collection
electronics. This is especially critical for the nuclear astrophysics and fundamental symmetries
groups, where very low counting rates relative to the environmental backgrounds are the norm.

In the age of digital-electronics for data acquisition, researchers at TUNL are modernizing their
detector systems and analysis methods. These efforts are coming to fruition now, paving the way
for unique experiments with unprecedented sensitivity.

The current reporting period produced a number of nuclear instrumentation and methods ac-
complishments that will enable forefront research to be realized in the coming years.

At the LENA accelerator facility, a novel, borated liquid scintillator for fast neutron detection
was characterized using fast digitization of the detector’s anode signals and rigorously-tested pulse-
shape algorithms. This achievement will allow sensitive neutron detection from neutron-producing
reactions important for astrophysics. Fast digitization was also used for event-position reconstruc-
tion. By collecting timing signals from two ends of a long NaI(Tl) scintillator bar, the position of
a γ-ray interaction can be determined. Algorithms were developed to extract these timing signals,
which will be essential in the effort to investigate CP violation in positronium decay. Additionally,
simulation of a new HPGe clover geometry has been performed to explore what new measurements
would be possible with an upgrade to the current LENA γ-ray detection system.

A number of efforts are underway to upgrade the Enge Split-Pole Spectrograph, following an op-
erational hiatus. The focal plane detector has been refurbished and tested with radioactive sources.
For data acquisition, a VME-based system is under active development. Because a flexible and ex-
pandable system is required for upgrades in the future, new software systems are being investigated.
To ensure a common interface between those systems and to allow an easy-to-use interface, a fast
data transfer library was developed and tested. This library uses existing technology to transfer
data over a network interface at 95% of the available bandwidth with very little overhead.

In addition, new controls for the Enge split-pole sub-system are being developed. In the past
year, an advanced, distributed control system based on Raspberry Pi hardware and the EPICS
(Experimental Physics and Industrial Control System) tools was developed for the magnet controls.
It will be extended to stepper motors and vacuum control hardware in the coming year. This
technology requires significantly less overhead than previous systems, and allows us to tie alarm
systems into the data acquisition system for more robust data analysis.

Data analysis has seen some revolutionary developments at TUNL over the reporting period.
The astrophysics group designed a new method to analyze singles and coincidence γ-ray pulse-
height spectra using spectrum-wide fitting. This method was enabled by past success in accurately
modeling detector response at LENA, and will provide robust, sensitive cross-section analysis in the
future.
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8.1 Detector Development and Characterization

8.1.1 Characterizing TUNL’s Surface Barrier Silicon Detectors

F.E. Portillo, R. Longland, TUNL; K. Kowal, Lewis and Clark College, Portland, OR.

A large selection of TUNL’s surface barrier silicon detectors was tested to determine their
condition and performance. Tests involved measurements of the leakage current present in
the detectors, their resolution, and, in many cases, of their bias voltage. After testing, each
detector was placed in a box with a label indicating its condition and information relevant for
its usage.

Due to their small size, high resolution and
efficiency, as well as their relatively low cost, sur-
face barrier silicon detectors are useful tools in
many nuclear physics laboratories. They can
be used for particle spectroscopy or in E-∆E
detector arrays to identify particle species in
low-energy nuclear reactions. A large inven-
tory of these detectors exists at TUNL. However,
their operating characteristics are poorly docu-
mented. One convenient method for determining
the health of a silicon detector is to measure its
leakage current, which results from the motion of
charge carriers created within the detector with-
out the incidence of a particle.

Detectors were tested under high-vacuum
conditions in a dedicated Si-detector testing sta-
tion. The voltage applied to the detectors was
provided by an Ortec 710 Quad Bias Supply.
The detector’s output was connected to an MSI-
8 device (an eight-channel preamplifier + shaper
+ time-filter amplifier), and then to an Or-
tec EASY-MCA-8K multi-channel analyzer con-
nected to a computer to generate the spectra us-
ing the software maestro.

The source used was a 241Am spot painted
on the center of a circular metallic disc. It had
an activity of 1.34 × 10−2µCi. 241Am decays
via α-particle emission into 237Np in five dif-
ferent energy states, with energies and approx-
imate branching ratios of 5.546 MeV (< 1%);
5.503 MeV (< 1%) 5.486 MeV (85%); 5.443
MeV (12%); 5.387 MeV (2%). Two other 241Am
sources were found to contain contamination that
degraded their alpha-particle energy spectra.

Before testing, the serial number etched in
each detector was checked with the one written
on its box. The detectors were then grouped by
manufacturer and by active area size. There were

several detectors without a box, so no informa-
tion was available for them. This necessitated an
extra procedure to determine their parameters.
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Figure 8.1: Energy spectra measured in (a) the
reference detector and (b) a bad de-
tector. The inset in (a) expands
the region around 5.4 MeV, showing
peaks at 5.443 MeV and 5.486 MeV.

To determine the condition of each detector
three main parameters were tested: 1) resolution,
2) leakage current, and 3) noise in the signal.
Resolution was obtained by measuring the full
width at half maximum (FWHM) of the most
intense peak in the spectrum, which is due to de-
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cay to the 5.486-MeV state in 237Np. Leakage
current values were recorded directly from the
bias supply used, and signal noise values were
measured using an oscilloscope. To determine
the condition of a detector, another detector (Or-
tec BU-014-050-100) known to be good was used
as a reference. This allowed us to check that
the source used, the electronics, and the software
were working correctly.

A detector was considered to be in good con-
dition if: a) its resolution was within 20 keV of
that specified by the manufacturer and b) if its
leakage current represented a drop in the applied
voltage of no more than 15%. The first param-
eter tested was the noise in the detector’s signal
with no voltage applied. In almost all cases, de-
tectors with high noise signals generated spectra
with a high amount of noise and poor resolution
as shown in the lower portion of Fig. 1. The wide
peak in the low-channel region is due to the high
noise of the detector. The peak just above 5 MeV
seen in the spectrum from the reference detector
is also present but is appreciably broadened by
noise.

The applied voltage in the detector was deter-
mined by multiplying the measured leakage cur-
rent by 20 MΩ, the resistance of the MSI-8, and
then subtracting the result from the applied volt-
age. This process was done for four different ap-
plied voltages, up to the manufacturer’s specifica-
tion. The final stage was to measure the FWHM
of the 5.486-MeV peak in the spectra. Since the
activity of the source was low, these measure-
ments were done only for the bias voltage and
for the voltage that produced the smallest sig-
nal noise. The value obtained for each FWHM
was compared with the resolution specified by the
manufacturer.

The detectors that had no box required spe-
cial treatment because there was information
about their resolution, depletion-region depth, ef-
fective area, and bias voltage. The first proce-
dure was to measure an approximate bias volt-
age. This was done by carefully increasing the
applied voltage on the detector until the small-
est noise signal was observed on the oscilloscope.
Knowing the bias voltage we could estimate the
depletion region’s depth by using a nomogram
in the manufacturer’s manual [Ort12]. The ac-
tive area was obtained by comparing the detec-
tor with other detectors whose geometric charac-
teristics were known. Finally, by measuring the
FWHM of the 5.486-MeV peak in the spectrum
generated at the bias voltage obtained previously,
we could determine its resolution.

A total of fifty detectors were tested; twenty-
one were found to be bad and were discarded.
Every good detector was placed in a box with new
labels indicating its condition and relevant infor-
mation. Its bias voltage, resolution, and leakage
current were written on the labels. As a result
of this project, a spreadsheet containing informa-
tion about each detector, the parameters tested,
and the results obtained was created. Finally, the
ultimate purpose of this project was to create an
on-line database with information and spectra for
each detector. This will allow TUNL researchers
to find easily the appropriate silicon surface bar-
rier detectors for their experiments.

[Ort12] Ortec, Introduction to Charged-
Particle Detectors., http:
//www.ortec-online.com/
introduction-charged-particle-detectors,
2012, [Accessed June 7, 2015].
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8.1.2 Commissioning the Enge Focal Plane Detector

K.M. Kowal, Lewis and Clark College, Portland, OR; C.A. Marshall, R.L. Longland, TUNL

The Enge Split-Pole Magnetic Spectrometer is used to measure the energy of charged particles

in nuclear reactions by recording their positions in a focal plane detector. We constructed

the detector, improved its vacuum system, and integrated the detector’s signals with a data

acquisition system. Position measurements were recorded using a collimated 241Am source.

Further development is required to improve the stability and performance of the detector.

The precise measurement of nuclear reac-
tions provides the foundation for nuclear as-
trophysics and the predictions of stellar mod-
els, where key reactions provide constraints on
nucleosynthesis and energy production in stars
[Wie12]. The building blocks for understanding
these reactions are nuclear cross sections, and
particle spectroscopy makes it possible to deter-
mine them, particularly when direct laboratory
measurements are not feasible.
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Figure 8.2: The focal plane detector is comprised
of four separate detectors, enabling it
to identify particles and capture their
spread in position

The energy of charged particles exiting nu-
clear reactions can be precisely measured using
the Enge split-pole spectrometer [Spe67], which
bends charged particles through a magnetic field.
Their orbital radii can then be related to their
initial energy. The energy resolution of the spit-
pole spectrograph is limited by energy straggling
in the target and the resolution of the detection
system placed at the focal plane. Energy strag-
gling in the target typically amounts to less than
10 parts per million, so the challenge arises in
designing a detector capable of the same resolu-
tion as the Enge. The focal plane detector was
developed to achieve this goal [Hal99]. It also al-
lows us to determine particle type, energy, and
trajectory.

The focal plane detector, shown in Fig. 8.2, is
comprised of four main elements: front and back

position sensors, separated by an energy loss sec-
tion and followed by a total energy section. The
position and energy loss sections are filled with
isobutane gas, which is easy to ionize and rela-
tively noncorrosive to the inside of the detector.

Figure 8.3: Breakdown voltage in the position
section’s high voltage wires as a func-
tion of detector pressure.

From the two position detectors, we capture
the location and trajectory of the charged par-
ticles. Signals generated in the position sections
travel to both ends of a delay line, resulting in
a time difference in signal arrival times that de-
pends on the position an event occurred. Using a
time-to-amplitude converter, we reconstruct the
time difference between the two signals in the
front detector and identify where the particle en-
tered the detector. From the additional use of
the back position detector, we measure the angle
at which the particle travels. This allows us to
correct for aberrations in the focal plane and im-
precise positioning of the detector. By capturing
the particles’ trajectories, the detector enables us
to ray-trace this plane in the computer after the
data measurement and thus obtain higher energy
resolution.

The energy loss detector uses a proportional
counter. Its purpose is to aid in particle iden-
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tification. In some cases, two charged particle
species entering the detector can carry the same
total energy, but, as is the case with an alpha
particle and a proton, they differ in their rate of
energy loss in the proportional counter. This en-
ables us to separate the events for the particle
type of interest.

In the final section a scintillator stops the par-
ticles and measures their total energy. Our de-
sign incorporates aluminum foil surrounding the
scintillator. The foil serves both to protect the
detector from external light and to internally re-
flect the emitted photons created by the incoming
charged particles.

Figure 8.4: Front left position signal. The exis-
tence of multiple peaks is problematic.

One challenge in operating this detector is
that it is pressurized equipment placed inside a
vacuum chamber. O-rings are used between sec-
tions to create a vacuum seal. To prevent the
cracking or breaking of the o-rings due to over-
stretching, custom o-rings were spliced and their
joints sanded down. A combination of sand paper
and Baretex was used to ensure a smooth sealing
surface on the aluminum pieces where the o-rings
sit. In addition, any wrinkles in the aluminum
foil surrounding the scintillator in the total en-
ergy detector pose the potential for vacuum leaks.
Liberal application of vacuum grease was found
to lessen their impact. Imprecise machining of
the feed-through fittings was also repaired using
Torr seal. Ultimately, our largest problem was
that the machined o-ring grooves in our metal
pieces were too deep. Replacements are being
constructed.

Another concern with this detector is spark-
ing. Any crease in the aluminized mylar foil used
as a ground plane in both the position and energy
loss sections can result in a spark. To maximize
signal quality, 2000 V must be applied to the an-
ode wires in our position sections. We were able

to apply up to 1500 V sporadically before spark-
ing occurred. This could indicate either dust or
a fray in one of the wires. Figure 8.3 shows a
potential correlation between the pressure inside
the detector and the voltage we were able to reach
before sparking occurred. However, these data
were taken over a couple of hours, and time may
have influenced the detector’s performance.

Figure 8.5: Top panel: ungrounded delay line
test with the signal (green) and sig-
nal generator (purple). Bottom panel:
grounded delay test.

Despite these challenges, we were able to col-
lect signals from the position sensitive sections.
However, as Fig. 8.4 demonstrates, the signal has
two positive peaks instead of the single peak ex-
pected. The larger peak on the left will be re-
ferred to as the prompt peak. The delay peak is
also followed by a negative signal. To investigate
the cause of these additional signals, we tested
the delay line using a signal generator and found
a grounding issue. Figure 8.5 shows that the neg-
ative signal as well as the prompt signal disap-
pear when the apparatus is properly grounded.

Future work on this detector will focus on the
sparking issues we have found. While we have
managed to create vacuum in this device to an
acceptable level for obtaining valid signals, spark-
ing will be the next challenge to overcome.

[Hal99] S. E. Hale, Jr., Ph.D. thesis, The Uni-
versity of North Carolina at Chapel Hill,
1999.

[Spe67] J. E. Spencer and H. A. Enge, Nucl.
Instrum. Methods, 49, 181 (1967).

[Wie12] M. Wiescher, F. Käppeler, and K. Lan-
ganke, Ann. Rev. Astro. Astrophys., 50,
165 (2012).
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8.1.3 The Characterization of a 10B-Doped Capture-Gated Liquid Scin-
tillator

S. Hunt, C. Iliadis, R. Longland, TUNL

We use a 250 MHz digitizer to characterize the pulse shape discrimination of a BC-523A
10B-doped liquid scintillator with capture-gating capabilities. The time-of-flight method was

utilized to measure the intrinsic neutron detection efficiency for fast neutrons with capture-

gating and to compare the results with Monte Carlo simulations.

Capture-gated liquid scintillators are an at-
tractive choice for portable neutron spectrom-
eters used to monitor special nuclear materials
outside of a nuclear laboratory. Standard liquid
scintillators do not determine neutron energies
because of their inability to differentiate between
fully and partially moderated neutrons. Capture-
gating uses standard organic liquid-scintillator
fluid doped with materials that have a high ab-
sorption cross section for thermal neutrons. A
fast neutron striking the detector will lose en-
ergy, producing a standard scintillation signal. If
the neutron thermalizes, it may capture onto the
doping agent (e.g., 10B). The reaction products
(α +7Li + γ-ray in the case of 10B doping) will
lose their energy in the active volume, which will
give rise to a characteristic double-peaked signal,
allowing for differentiation between fully and par-
tially moderated neutrons. The detector used in
this work is a BC-523A scintillator doped with
10B.

Some groups claim it is possible to differenti-
ate the breakup products from incident particles
using pulse shape discrimination [Fla09]. To test
this, a 19.7 µCi americium-beryllium (AmBe)
source was placed about 0.3 m from the detec-
tor. The scintillator cell has a diameter of 8.89
cm, and a length of 10.76 cm. A 12-bit 250 MHz
(4 ns sampling step) digitizer was used to col-
lect waveforms for a total digitization time of
1.04 µs each. For the pulse shape discrimina-
tion (PSD) method, we chose the tail-to-total
charge ratio. Figure 8.6(a) shows the PSD for
every pulse arriving in the detector, regardless of
arrival time. The figure exhibits good discrimi-
nation between fast neutrons and γ-rays, and it
also shows a separate structure, which we will re-
fer to as the third branch. Figure 8.6b shows only
those events obtained when a moderation pulse

triggered the digitizer but PSD was only applied
to a peak that arrived more than 150 ns after
the triggering pulse (long after the moderation
pulse has decayed). The lower left oval is due to
capture events with no breakup–γ-ray energy de-
position, and the branch off of it has γ-ray energy
deposition. The events in these two regions will
be collectively referred to as the afterpulse region
events.

Much of the current literature identifies the
third branch as the capture events [Fla09]. We
analyzed the arrival time of the third branch and
afterpulse events, along with the triggering pulse
for a waveform containing the events. We dis-
covered that the third branch is not associated
with arrival times or triggering pulses that would
be consistent with the current understanding of
a capture event [Jas04]. However, the afterpulse
events match known values for capture-pulse tim-
ing and match the current understanding of trig-
gering events.

A second experiment was used to investigate
the intrinsic neutron detection efficiency with
capture-gating, which is a value rarely reported
in the literature. A weak (0.185 µCi) 252Cf source
inside an argon gas scintillator was placed 1 m
away from the BC-523A detector. When a 252Cf
fission event occurred, it created a scintillation
signal. This allowed for the time-of-flight method
to be used to measure the energy of each de-
tected neutron. During the run, about 3 × 105

neutrons were detected. We measured the de-
tector efficiency at several incident neutron en-
ergies, with and without capture-gating. The
intrinsic efficiency was calculated according to
ε = Nd

Ni
× 100%, where Nd is the total number of

neutrons detected, and Ni is the number of neu-
trons incident on the detector; Ni was calculated
from the known intensity of the 252Cf source, the
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Figure 8.6: Pulse tail integrated charge (PSD number) vs. pulse total integrated charge (energy). (a)
All pulses recorded by the digitizer. (b) All pulses arriving at least 150 ns after the digi-
tizer triggered. Each structure is associated with an oscilloscope view (voltage vs. time)
of a typical waveform within that structure. Units for the oscilloscope views are arbitrary.

known neutron energy distribution of the source,
and the geometry of the setup.

Without capture gating, the measured intrin-
sic efficiency for fast neutrons with energies be-
tween 1 MeV and 4 MeV was approximately
35% and showed little energy resolution. Af-
ter capture-gating was applied, the resulting ef-
ficiency, shown in Fig. 8.7, was about 1%, and
the detector had an energy resolution of around
150% (defined as R = FWHM

θ × 100% where θ is
the centroid of the pulse height spectrum). The
efficiency also decreases with increasing neutron
energy, because higher-energy neutrons have a
lower chance of fully moderating within the de-
tector, thereby decreasing the likelihood of a cap-
ture event.

We also used the geant4 toolkit to perform
Monte Carlo simulations for efficiencies at ener-
gies below the measured data points. Fast neu-
tron detection efficiencies were extracted from
the simulations, and were adjusted by a common
scaling factor to account for the uncertain light
collection in the scintillator, so that the simula-
tions are matched closely to the measured values
at the higher neutron energies.

This work was recently submitted for publi-

cation.

Figure 8.7: Efficiency for incident fast neutrons.
The black points are measured data,
and the smaller red points are simu-
lated with geant4.

[Fla09] M. Flaska and S. A. Pozzi, Nucl. In-
strum. Methods A, 599, 221 (2009).

[Jas04] S. Jastaniah and P. Sellin, Nucl. Instrum.
Methods A, 517, 202 (2004).
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8.1.4 Simulation of Proposed New HPGe Clover Detector for LENA

D. Little, A.E. Champagne, R. Longland, K.J. Kelly, TUNL

Using geant4, a new HPGe detector geometry was simulated as a possible future upgrade

to the LENA detector system. Efficiency measurements of this new clover geometry were

simulated and compared to the efficiency of the current LENA detector setup. Both the peak

and total efficiencies were found to be significantly higher.

While the present HPGe detector at LENA
has been thoroughly characterized and is very
well understood, there are a number of experi-
ments that cannot be feasibly performed with the
current setup. These include the 20Ne(p,γ)21Na
and 25Mg(p,γ)26Al reactions at low energy. How-
ever, with an increase in the efficiency of the cur-
rent detector apparatus, some of these measure-
ments would become possible.

There are several different ways to improve
detector efficiency, with one of the most obvious
choices being a switch to a more favorable geom-
etry. While the coaxial geometry for HPGe de-
tectors has been standard for many years, recent
improvements on germanium crystal growth have
produced larger detectors of increasingly complex
design. One particular type of detector geometry
that has become more prominent in recent years
is referred to as a clover. The majority of clover
detectors consist of four nearly cylindrical HPGe
crystals tightly packed together in a square.

There are two important advantages that a
typical clover detector will have over a compara-
ble coaxial geometry in the detection of γ rays.
The first advantage is that, because of the multi-
ple crystals, a clover simply tends to have a larger
cross-sectional area than a regular coaxial detec-
tor. The large surface area of the four crystals
significantly increases the probability of γ-ray de-
tection, especially at energies around a few hun-
dred keV. This is because, at such low energies,
the single-site photoelectric effect is the domi-
nating energy-loss process [Kno10], so in those
cases the peak efficiency of the detector is directly
proportional to its cross-sectional area. How-
ever, this effect decreases at mid-range to high
γ-ray energies, where Compton scattering and
pair-production dominate.

The second major advantage of a clover detec-
tor is the γ-ray add-back feature. While having

four detectors working separately still tends to be
an improvement on a single detector, by allowing
all four of the clover crystals to work together,
the detector obtains an appreciably larger peak
efficiency. Using the combination of the four de-
tectors, we can sum up the energy depositions
from each γ-ray interaction throughout each of
the four crystals, thus effectively using the clover
as a single detector with four times the volume of
a single crystal [Hu98]. Although this may seem
elementary, it plays a significant role in the de-
tection of higher energy γ rays, where the effect
of the increased cross-sectional area tends to fall
off. As the energy increases, the increase in ef-
fective volume becomes more and more advanta-
geous relative to a generic coaxial detector, where
a comparable volume may be too costly to pro-
duce or is altogether too large to manufacture.

However, it is important to quantitatively
characterize these advantages before upgrading
the LENA detector system to the clover geom-
etry. In order to optimize the gain-to-cost ra-
tio and justify the upgrade, version 9.6 of the
geant4 nuclear and particle physics software
was used to simulate the total and peak efficien-
cies of both the current LENA setup and the
proposed clover detector [Ago03]. The current
detector consists of a p-type HPGe crystal sur-
rounded by sixteen NaI scintillation detectors for
background rejection. Since the NaI scintillators
will still be included with the clover setup, only
the HPGe detectors were monitored in the sim-
ulation. The current germanium crystal is of a
coaxial geometry with a depth of 91.6 mm, a di-
ameter of 89 mm and a dead layer thickness of
1.2 mm. The proposed clover detector consists
of four semi-cylindrical crystals, each with a 70
mm by 70 mm front face and a depth of 70 mm
(see Fig. 8.8). Additionally, the estimate for the
clover dead layer thickness given by Canberra is
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approximately 0.5 mm, which would already be a
significant improvement over the current detector
in terms of the photoelectric peak efficiency.

Figure 8.8: A geant4 visual simulation of an
HPGe clover detector with an
isotropic γ-ray distribution.

In both simulations, the distance from the γ-
ray origin to the crystal face was set at 15.9 mm
[How13]. Efficiencies were simulated for both the
LENA detector and the clover using an isotropic
distribution of mono-energetic γ-rays running at
1 million events per energy simulated. This pro-
cess was repeated for energies ranging between
100 keV and 12.4 MeV.

When comparing the simulated efficiencies of
the clover and current LENA detector, the peak
efficiency of the clover detector is 1.8 times that
of LENA at its lowest point and it increases lin-
early to about 2.6 times the LENA efficiency at
the highest simulated beam energy of 12.4 MeV,
as shown in Fig. 8.9. In terms of total efficiency,
the clover detector remains steady at about 1.5
times the LENA efficiency throughout most of
the energies measured, as seen in Fig. 8.10). Both
efficiency comparisons show a sharp increase in
the clover-to-LENA ratio at low energies, due to
the reduced dead layer and large cross-sectional
area of the clover. These improvements upon the
present HPGe detector make the clover an im-
portant logical next step for LENA. Further on-

going research is aimed at incorporating in the
simulations a new NaI annulus that is capable of
encompassing the larger HPGe geometry.

Figure 8.9: Peak efficiency ratio of the clover to
the present LENA HPGe detector.

Figure 8.10: Total efficiency ratio of the clover to
the present LENA HPGe detector.

[Ago03] S. Agostinelli et al., Nucl. Instrum.
Methods A, 506, 250 (2003).

[How13] C. Howard, C. Iliadis, and A. E. Cham-
pagne, Nucl. Instrum. Methods A, 729,
254 (2013).

[Hu98] Z. Hu et al., Nucl. Instrum. Methods A,
419, 121 (1998).

[Kno10] G. F. Knoll, Radiation Detection and
Measurement, 4th edition, John Wiley
& Sons, 2010.
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8.2 Data Acquisition Hardware and Software Development

8.2.1 Development of the DAQLink Package for Live DAQ Monitoring

D. J. Underwood, TUNL

A data-acquisition communication system, DAQLink, is being developed to use alongside data

acquisition systems that do not have the built-in capability to view live data. It uses high-

performance networking code based on the ZeroMQ networking library to transfer live events

between data acquisition computers at rates exceeding 1 GHz.

Data acquisition systems for nuclear physics
experiments have been developed for high
throughput of data and high configurability. Ex-
amples of these are Maximum Integration Data
Acquisition System (midas), developed at TRI-
UMF and the Paul Scherrer Institut; orca, de-
veloped at UNC and used primarily by the neu-
trino groups at TUNL; and coda, developed
at Jefferson Laboratory and used extensively at
TUNL. However, many of these systems do not
include convenient ways to view live data. Here,
we present a networking library, DAQLink, that
is designed to transfer data to a remote display
client written in python.

Figure 8.11: Screenshot of the DAQLink interface

DAQLink was originally written as a com-
panion to the midas data acquisition code. How-
ever, it should be compatible with any data ac-
quisition that provides a way to access events as
they are generated. Adding it to a new data ac-
quisition system is trivial, requiring only function
calls to setup and shutdown DAQLink, a call

to publish events, and a callback function writ-
ten to allow control of the data acquisition soft-
ware. Furthermore, it manages its own thread-
ing and should not block execution in the data
acquisition system. This results in no loss of
data when using the library for live event view-
ing. DAQLink consists of two components: a
server and a client. The server provides an in-
terface to which the client connects without any
dependency on the data acquisition system being
used with the server. This server component of
the software was written in C to provide an in-
terface compatible with data acquisition systems
written in various languages.

In addition to the server component of
DAQLink, there is the client component. The
client is written in python using tkinter for
the interface and matplotlib for plotting. A
screenshot of the interface is shown in Fig. 8.11.
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Figure 8.12: Networking Setup

The client and server components are con-
nected via networking code using the ZeroMQ
(ZMQ) [iC] library. The usage of ZMQ allows
high-performance networking without having to
maintain code for different platforms. The net-
working architecture consists of two pairs of sock-
ets as shown in Fig. 8.12. Using network com-
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Table 8.1: Benchmark Bandwidth Results.

Interface DAQLink Bandwidth (Mb/s) Network Bandwidth (Mb/s)
localhost 10900 38600
Gigabit 788 939

10/100 Megabit 87.5 93.9

munications for transferring data—rather than
other methods such as monitoring a file—allows
the client to work on both the same machine as
the server and on remote machines. In addition,
it does not have a coupling with the type of file
produced by the data acquisition system in use.

One pair of sockets follows a Request/Reply
pattern in which the client sends a request to
the server and the server responds with a suit-
able reply. These sockets are used for control-
ling the data acquisition system and request-
ing status information such as server-side event
rate. The second pair of sockets follows a Pub-
lisher/Subscriber pattern and allows data to be
transmitted at high rates. Current benchmarks
indicate that the event-rate limitation is based
on processor frequency and network bandwidth.
Table 8.2.1 shows the network bandwidth as
measured from DAQLink and compares it with
the real network bandwidth measured by iPerf

[ESn]. The results in the table come from run-
ning the client on the same machine as the
DAQLink server (localhost), as well as running
the server on remote machines with Gigabit and
10/100 Megabit LAN connections.

Along with viewing live data, DAQLink al-
lows the facilitation of other DAQ-related tasks,
such as live analysis. Incorporating live event
analysis, such as peak fitting and spectrum inte-
gration, is currently in development, along with
mathematical manipulation of incoming data via
python scripting.

[ESn] ESnet and Lawrence Berkeley National
Laboratory, iPerf, https://iperf.fr/, Ac-
cessed: 2015-09-17.

[iC] iMatix Corporation, ZeroMQ,
http://www.zeromq.org, Accessed:
2015-08-06.
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8.2.2 Toward an EPICS Slow Control System for the Enge Spectrograph

R. Longland, C. Marshall, TUNL

An EPICS control system for the Enge split-pole spectrograph is being investigated as a means

to achieve robust remote control over stepper motors, vacuum systems, and power supplies.

Successful operation of the Enge’s field-regulation system has been achieved using a low-cost

Raspberry Pi control system that takes advantage of the existing TUNL DAQ network.

Previous operation of the Enge split-pole
spectrograph consisted of a mixture of local
vacuum-gauge controls, DC drive motors for tar-
get and detector positioning, and magnetic-field
regulation via a hand held microcomputer. These
systems, while adequate in the past, have a num-
ber of shortcomings as we move toward an up-
graded, more flexible research program with the
spectrograph.

The vacuum interlock system is robustly de-
signed but has no remote monitoring capabilities.
During operation of the accelerator, no personnel
can be present in the target room, so diagnosing
in-run vacuum-related problems requires time-
consuming interruption in beam production. A
remote monitoring system similar to the one used
elsewhere in the laboratory will be advantageous.

Currently, the DC motor-drives have remote
operation capabilities, but they are not easy to
control, either remotely or locally, owing to their
push-button operation. As we move towards an
upgraded research program, it will be useful to
use computer-controlled stepper motors to pre-
cisely control aspects of the spectrometer.

Finally, the magnetic field is regulated in a
feedback loop with the NMR probe and a Metro-
lab precision teslameter PT 2025. Previously,
this was controlled via a hand-held microcom-
puter that is no longer operational. This final
aspect of the control system is essential to suc-
cessful research with the Enge spectrograph—a
fact which prompted us to investigate new, low-
cost control systems. The EPICS [Dal94] control
system is used extensively at nuclear physics lab-
oratories worldwide, including at HIγS, but has
not received much attention elsewhere at TUNL.
For that reason, we have investigated the im-
plementation of EPICS for controlling the Enge
split-pole spectrograph.

Our initial test case for creating a low-cost

control system with EPICS was to implement the
NMR feedback control. The Metrolab teslameter
contains a module, the RG2024 field-regulation
module, that connects with an external Danfysik
8000 power supply via a serial connection. The
RG2024 contains all necessary field-correction al-
gorithms, so no custom regulation software is re-
quired. However, commands must be sent to the
module in order to calibrate, start, and stop field
regulation. This is typically performed by trans-
mitting command strings over a serial connec-
tion.

CA Client

 

Metrolab
PT 2025

Raspberry Pi
IOC

DAQ Network

Figure 8.13: Architecture of the EPICS magnet-
control system. Clients are typically
shown above the line, with servers
below. Here, we define a single client
and server. The Raspberry Pi server
communicates through a serial con-
nection with the Metrolab PT 2025.

Building an EPICS application consists of two
steps: (i) creation of the input-output controller
(IOC) that is directly connected to the controlled
hardware, and (ii) development of an EPICS
channel-access (CA) client. The latter commu-
nicates with the former over the DAQ network,
allowing us to separate control over many dis-
tributed devices. Figure 8.13 shows a schematic
of this architecture. In our case, the CA client
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Figure 8.14: The field regulation control GUI developed for the Enge split-pole spectrograph, showing
active regulation of the field shortly after initialization.

was developed as a graphical user interface (GUI)
for ease of use with the drag-and-drop tools pro-
vided by the software Qt Creator [QT]. EPICS-
aware plugins from the EPICSQt project [EPI]
were also installed to aid in this development.
This CA client runs on a standard Linux PC.

In the interest of cost savings, a $35 Rasp-
berry Pi computer was used for the IOC compo-
nent. Its role is to communicate with the Metro-
lab over a serial connection and report values
(defined as “process variables” in EPICS) to the
CA client when requested. As such, high perfor-
mance is not required of the IOC.

The IOC software was written using the
StreamDevice support in EPICS. This allows
us to define a set of protocols to interpret com-
mands into serial control commands, as well as
interpret strings received from the Metrolab into
meaningful measurements of the field, lock states,

etc. Development of IOCs using this support al-
lows us to rapidly implement serial-device con-
trol systems, with the EPICS backbone handling
communications automatically with little to no
development cost.

Our finished control GUI on the CA client is
shown in Fig. 8.14. This exercise has shown great
promise for developing an EPICS control system
for the Enge split-pole spectrograph at TUNL.
Development is now ongoing to implement step-
per motor controls, which is expected to be com-
pleted in the next few months.

[Dal94] L. R. Dalesio et al., Nucl. Instrum. Meth-
ods A, 352, 179 (1994).

[EPI] http://www.epicsqt.org.

[QT] http://www.qt.io/ide.
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8.2.3 γ-Ray Spectroscopy Using the Binned Likelihood Method

J.R. Dermigny, C. Iliadis, K.J. Kelly, TUNL; M.Q. Buckner, Lawrence Livermore National
Laboratory, Livermore, CA

Common spectroscopic techniques can be of limited use in the presence of complex γ-ray

cascades, where photopeaks are frequently obscured by secondary photopeaks, escape peaks,

or environmental background. We report on a method of analysis that was developed at LENA

and disentangles these spectral features, providing reaction intensities and that branching

ratios without cumbersome corrections or background subtraction.

Two main areas of interest in the study of
nuclear reactions are (i) the fraction of primary
decays from the composite state to lower-lying
levels, i.e., the primary branching ratios, and
(ii) the total number of nuclear reactions that
took place. These are frequently obtained us-
ing pulse-height spectra collected through γ-ray
spectroscopy. The traditional method for analy-
sis is to measure the net-area of all the full-energy
primary-transition photopeaks. Careful correc-
tion for the detector efficiency yields the desired
intensities.

While this is an attractive option for simple
spectra, γ-ray cascades are often sufficiently com-
plex that “peak-by-peak” analysis is quite lim-
ited. This can be the case, for instance, when
photopeaks are affected by coincidence summing,
by angular correlations, or by the need to do
background subtraction. The situation worsens
for γγ-coincidence spectroscopy, where the net-
area of a photopeak is dependent not only on its
own detection efficiency, but on the detection effi-
ciencies for all γ-rays present in its cascade. This
effect, compounded with the challenges described
above, makes precision measurements with coin-
cidence spectra difficult.

A methodology to mitigate these complica-
tions has been developed at LENA and is re-
ported on in an upcoming paper in Nuclear In-
struments and Methods. Used properly, it is an
elegant solution to these problems. A summary
is presented here.

The method, known informally as “fraction
fitting” (after the root class, “TFractionFit-
ter”), utilizes the high fidelity simulation of our
γγ-coincidence spectrometer to create Monte-
Carlo-generated templates, which are simulated
pulse height spectra imitating the detector’s re-

sponse to constituent γ-ray cascades. For illus-
trative purposes, a sample decay is provided be-
low in Fig. 8.15.

ER

E2

E1

Z+1
A+1X

E0

Z
AX + p

Figure 8.15: A generic proton capture with decay
scheme.

Templates are prepared for each observed pri-
mary transition (i.e., ER → En) by simulating
the transition to the secondary state, En, plus
the succeeding γ-ray cascade. This is accom-
plished by executing a geant program, where
all known excited states and their branching ra-
tios are loaded prior to simulation. An event
begins with the simulated nucleus in the com-
posite state, ER. The program then computes
the next decay by sampling a random number
generator. This process continues until the sim-
ulated nucleus has deexcited to the ground state,
E0. All γ rays are tracked as they interact with
the environment through photoelectric absorp-
tion, Compton scattering, and pair production.
Energy deposition in the detectors is evaluated
for each event and used to construct reaction
templates. For environmental radionuclides, such
as 40K and 208Tl, a template is created by mea-
suring the room background.

The contribution of each template to an ex-
perimentally measured pulse height spectrum
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Figure 8.16: The lenafracfit interface. Users can load the experimental spectrum and templates,

apply resolution adjustments, and perform the fitting. Pictured, 18O(p,γ)19F templates
(colors) are plotted against the experimental spectrum (black).

is determined by minimizing the log-likelihood
function [Bar93]. The results of the minimiza-
tion can be used to calculate primary transi-
tion branching ratios as well as the total num-
ber of decay events. This is a marked departure
from traditional analysis. Here, instead of relying
solely on corrected full-energy photopeak intensi-
ties, our results derive from all primary and sec-
ondary transition photopeaks, escape peaks, and
Compton continua present in the experimental
spectrum. Further, complications due to angular
correlations and coincidence summing are virtu-
ally eliminated as these effects are included in the
template spectra.

To facilitate more rapid data analysis and
provide an intuitive user interface, a cross-
platform app, lenafracfit, was written.
lenafracfit uses the minuit2 library for mini-
mization, while graphics and user-interface tools
are provided by matplotlib and tkinter.
Users are able to visualize and fine-tune tem-
plates to better match experimental data by ad-
justing the resolution of entire spectra or confined
regions. The user interface is shown in Fig. 8.16.

The use of this method is not limited to
reaction-specific measurements, but can be ex-
tended to background radiation studies. The
LENA ECR ion source has undergone exten-
sive upgrades recently with the goal of deliver-
ing up to 20 mA of protons pulsed at a 10%
duty cycle. This promises to significantly dimin-
ish the presence of environmental radionuclides
in an experimental pulse height spectrum. To

benchmark the performances of the pulsed beam,
the spectra obtained in Sect. 2.2.1 were analyzed
by applying the fraction-fitting formalism to the
18O(p,γ)19F reaction. For each of the seven pri-
mary transitions reported in Ref. [Til95], tem-
plates were generated via the method outlined
above. An environmental radionuclides template
was created using measured background accumu-
lated for twenty hours. A fit was performed on
direct current and pulsed beam spectra using the
lenafracfit program; the measured levels of
environmental background in each are shown in
Table 8.2.3.

Table 8.2: Environmental Background Count
Rate

mode observed counts count rate (cps)
DC beam 14500(200) 13.8(2)
Pulsed beam 2000(200) 1.9(2)

We find that beam pulsing reduces the pres-
ence of environmental background by 86.3±1.3%.
This affords an increase in detector sensitivity,
which, coupled with these new analysis tech-
niques, further pushes the limits of surface-based
nuclear astrophysics research.

[Bar93] R. Barlow, Comp. Phys. Commun., 77,
219 (1993).

[Til95] D. R. Tilley, Nucl. Phys., A595, 1
(1995).
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8.2.4 Timing Reconstruction Algorithm for γ-Ray Detections

K. Nibbs, Vassar College, Poughkeepsie, NY ; R. Henning, C. Bartram, G. Othman, TUNL

An algorithm has been developed to find the time that scintillation light entered a photo-

multiplier tube by analyzing the tube’s output voltage. The algorithm will hopefully be

used to reconstruct ortho-positronium decays and the momentum vectors of the emitted γ

rays. An observed angular correlation between the spin axis of the ortho-positronium and the

directions of the emitted γ rays will be evidence of CP violation. Though the algorithm has

not yet been rigorously tested, it has shown consistency and promise in preliminary trials.

Positronium is a bound state of an elec-
tron and a positron. Its triplet state, ortho-
positronium or o-Ps, decays into three γ rays.
If CP violation occurs in o-Ps decay, it will man-
ifest itself in an angular correlation between the
spin axis of the o-Ps and the direction of the three
emitted γ rays. The relevant vectors and angles
are shown in Fig. 8.17

Figure 8.17: Vectors and angles associated with o-
Ps decay. The vector S is the spin
axis of the o-Ps, k1 and k2 are the mo-
menta of the first and second most
energetic γ rays. The green, verti-
cal arrow is the normal to the decay
plane.

An asymmetry between positive and negative
values of 2 cos θ cosφ, observed over numerous
trials, would suggest such an angular correlation,
and therefore CP violation as well. Our APEX
detector array is an annular array of sodium io-
dide (NaI) bars for detecting emitted γ rays.
Used in conjunction with our photomultiplier

tubes (PMTs), PMT bases, digitizer, and signal
processing techniques, it allows us to calculate
and rank their energies as needed.

A more challenging problem, however, has
been reconstructing the emitted γ rays’ angles
of emission. Former graduate student Stephen
Daigle found that because of light’s attenuation
as it moves through a medium, the ratio of the
charge amplitudes from the PMTs at opposite
ends of the NaI bar gives us the position at which
the γ ray struck the bar as shown in Fig. 8.18.

Figure 8.18: Schematic drawing of a NaI test bar
and its PMTs. A1 and A2 are the
charge amplitudes from the first and
second PMTs respectively. The yel-
low circle indicates the event site.

There are, however, a few scenarios where this
method will fail. The most readily conceptual-
ized example is an unfortunately placed γ-ray
strike at the corner of a NaI bar and against the
frame of a PMT. In this scenario, some of the
scintillation light will be reflected or absorbed
by the PMT, the charge amplitude ratio will be
skewed to favor the PMT at the opposite end of
the bar, and a faulty position reconstruction will
result.
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In order to identify, and possibly discard,
these problematic o-Ps decays, we devised a sec-
ond method to complement the first, so that a
significant disagreement between the two would
indicate an issue. Implementing this method
hinged on our ability to identify the time at which
light started to enter the PMTs. From the time
difference, we would deduce the difference in dis-
tances that the light traveled to reach the PMTs
and thus, using simple arithmatic, the position
in the NaI bar. My main task this summer was
to formulate a reliable computer program to de-
termine the γ-ray detection times.

Our team prepared data to test my program
by placing a 22Na source in the center of the
APEX array and leaving one NaI bar, along with
the signal-processing complex, active. The data
were stored in a root file that contained two
TTrees, corresponding to the two active PMTs.
Each TTree contained numerous waveforms, each
containing a digital pulse generated by a γ-ray
detection. The waveforms were composed of 4096
digitized voltages sampled at regular time inter-
vals of roughly 10 ns. The waveforms held a
steady baseline voltage value in the absence of ac-
tivity, and then the voltage dropped precipitously
when scintillation light entered the PMT before
slowly returning to the baseline value. I endeav-
ored to fit the rising edge of the pulse with a
linear regression, and then find the best-fit line’s
intersection with the baseline. The x-coordinate
of this intersection would give the time at which
light entered the PMT, offset by a constant due
to our electronic setup.

To find the pulse in each waveform, I set a
reasonable threshold value below the digitizer’s

baseline that would rarely be reached without
scintillation light being present. I then identi-
fied the longest chain of consecutive values be-
low the threshold as the pulse. After finding the
pulse’s location, I used one function to find the
index of the lowest recorded voltage (the peak
location), which corresponded to the fastest in-
flux of scintillation light to the PMT, and another
function to return the average of the indices be-
tween the pulse’s peak and its start where the
voltage was halfway between the baseline and its
peak value (half-peak location). I performed the
linear regression fit using all points on the wave-
form between the pulse’s rising half-peak and its
start for which the voltage’s decrease was linear.
The choice to use the early part of the waveform
was important, because the waveform was nois-
ier and less linear near the peak location. The x-
coordinate of the best-fit line’s intersection with
the digitizer’s baseline was the time at which the
scintillation light began entering the PMT.

Although the REU program ended before I
could use delay lines to rigorously test the ac-
curacy of my timing-reconstruction algorithm, I
found that its calculated detection time consis-
tently fell near the last waveform indices with
voltage values at or near the baseline. A few dra-
matic failures occurred where the x-intersection
of the best-fit line and the baseline was out-
side of the bounds of the waveform. However,
upon closer examination, we determined that
these resulted from false triggers of the digitizer,
which created waveforms without pulses. Future
changes, such as selecting different points to per-
form the linear regression fit, may improve the
accuracy of the timing reconstruction.
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8.2.5 Status of the orca Data Acquisition Software

M.A. Howe, S. Meijer, J.F. Wilkerson, TUNL;

Orca is an object-oriented real-time control and acquisition system that is being used in a
number of laboratories in the US, Canada, and Germany and is under continuous development.
Over the last year, new VME and USB devices were added to the list of supported hardware,
and new features were added to some of orca’s subsystems to support the KATRIN, HALO,
and Majorana experiments.

The orca (object-oriented real-time control
and acquisition) software system [How09] is de-
signed for dynamically building flexible and ro-
bust data acquisition systems. Orca is being
used at UNC, TUNL, KURF, Sanford Under-
ground Research Facility (SURF), University of
Washington’s Center for Experimental Nuclear
Physics and Astrophysics, SNOLAB, LANL,
LBNL, MIT, ORNL, and Karlsruhe Institute of
Technology (KIT). It is being used in the Majo-
rana Demonstrator (MJD), SNO+, HALO,
KATRIN, and Edelweiss experiments, among
others. Slow control systems based on orca are
monitoring the environmental conditions for Ma-
jorana and the e-forming lab at SURF. At KIT
the orca slow control sub-system is used to pro-
vide communication between orca and the KA-
TRIN main slow control system.

Orca is under continuous development. The
release of a new compiler, XCode 6, and MacOS
operating system 10.10 required a large sweep of
the orca code base to eliminate new compiler
warnings and to remove deprecated methods.
The new version of the XCode static analysis
tools helped to clear a number of long-standing
bugs. New features and supported objects con-
tinue to be added to orca as needed.

The new VME cards that were added are the
SIS 3305, a 5GS/s 10-bit digitizer; the CAEN
V1730, a 16-channel 14-bit 500 MS/s digitizer;
support for a variant of GRETINA’s digitized
firmware developed at Argonne National Labo-
ratory; the GRETINA Master Trigger Card used
by MJD; the GRETINA Trigger Router Card,
used in conjunction with the Master Trigger Card
to pass the master clock signal to the digitizers.

The USB devices that were added or up-
dated are the CAEN DT5720, a USB-controlled
4-channel 12-bit 250MS/s digitizer, and the Mo-
tionNode Accelerometer’s Version 10. Work on

the second object to add long-term tracking of
the data is continuing

A few objects specific to individual experi-
ments were also added or improved. One was a
new version of the KATRIN Power and Control
Board object that talks directly to the KATRIN
slow control system via a field point. In addi-
tion, an interlock system was added to the MJD
main controller object to monitor the MJD vac-
uum system. In the event that the cryostat vac-
uum reports an increase in cryostat pressure or
if the vacuum computer cannot be reached, the
detector high voltage is automatically ramped
down. In addition, the HV dialogs are locked out
if the vacuum system reports unsafe vacuum con-
ditions. The MJD calibration-source hardware
that is attached to the vacuum system computer
can now be deployed or retracted and monitored
from the DAQ computer. Scripts were developed
to do ‘one-click’ calibration runs where sources
are deployed, data is taken, and the source is re-
tracted. Finally, scripts were developed to put
the entire Majorana experiment in a safe state
in the event of a power failure that lasts long
enough to run down the UPS batteries.

Some objects and orca subsystems had ma-
jor improvements. The run control system was
expanded to execute specific scripts at the start
of a run to set up different run-types. The orca
scripting language was expanded to include Ob-
jectiveC 2.0 syntax for creating arrays and dictio-
naries. In addition, syntax was added that allows
native Cocoa objects to be directly created within
a script. The RAD7 communication software was
re-written to fully comply with the correct proto-
col. The Remote Socket object now uses a com-
mand queue that allows multiple orca objects
to share the same socket object when talking to
a remote system.

We also made improvements to the CouchDB
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Figure 8.19: A screen shot of the web tool for monitoring Majorana. At the left are panels showing
snapshot information about the environment. At the right are charts shows the history
of various parameters. Note the nitrogen fill status.

data base. It now has two queues, one for high
priority records and one for low priority records.
Low priority records are discarded if the queue
is filling faster than it is being emptied. In ad-
dition, more objects in orca are now CouchDB-
aware, which means that they can be remotely
monitored. Certain types of events, such as run
starts and stops and orca restarts and crashes,
can now be logged into a CouchDB.

For majorana, the web-based monitor-
ing tools have been expanded for displaying
experiment-specific information. Rates are mon-
itored and are now displayed for the entire sys-
tem as well as for each detector and veto chan-
nel. The total event-count is displayed for each
digitizer channel. Detector baseline values for in-
dividual detectors are displayed in strip charts
showing the previous few day’s worth of data,
and graphics show the layout of the detectors in
each string. The names of the detectors, the elec-

tronics and high voltage connections and status
are also displayed, and the entire hardware map
is shown in table form. All digitizer histograms
from each crate and the veto system can now be
displayed on one page to give a quick overview
of the system status. The experiment’s live time
is also calculated and displayed. Finally, there is
now more detailed information about the state of
the nitrogen purge system. (See Fig. 8.19.)

Orcaroot, a support application for orca,
is a tool kit that can be used to build analysis pro-
grams that can decode raw orca data streams.
A recent addition is code that can produce root
trees for generic digitizers. New decoders con-
tinue to be added to orcaroot to support new
objects added to orca.

[How09] Howe, M. A. et al., TUNL Progress Re-
port, XLVIII, 171 (2009).



Undergraduate students affiliated with the 2015 TUNL Research Experience
for Undergraduates (REU) program are shown in front of the French Family Sci-
ence Center. In addition to working on their focused projects, the students take
part in a number of social and professional development activities as a group.
Shown in the photograph from left to right are: (front row) Adryanna Smith (Bay-
lor University), Susan Olmsted (East Tennessee State University), Katie Kowal
(Lewis and Clark College), Ray Niazi (University of Oklahoma), Chloe Lindeman
(Haverford College), Danielle Riggin (Duke University), Isabel Bray (Clarkson
University); (back row) John Martin (University of North Carolina at Chapel Hill),
Kirollos Masood (University of Florida), Oz Amram (Carnegie Mellon University),
Nathan Perreau (University of North Carolina at Chapel Hill), Kadeem Nibbs (Vas-
sar College), Dave Elofson (Bridgewater State University), and Chris Calderado
(University of North Carolina at Chapel Hill).
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A.1 Graduate Degrees Awarded

Ph.D. Degrees

1. Thomas J. Corona, Methodology and Application of High Performance Electrostatic Field Sim-
ulation in the KATRIN Experiment,
University of North Carolina at Chapel Hill, September 2014
Supervisor: J. F. Wilkerson

2. Matthew Q. Buckner, Hydrogen Burning of the Rare Oxygen Isotopes,
University of North Carolina at Chapel Hill, October 2014
Supervisor: C. Iliadis

3. Brittney M. VornDick, Guide Fabrication for UCN Transport,
North Carolina State University, January 2015
Supervisor: A. R. Young

4. Sean W. Finch, Double-Beta Decay of 96Zr and Double-Electron Capture of 156Dy to Excited
Final States,
Duke University, March 2015
Supervisor: W. Tornow

5. Georgios Laskaris, Photodisintegration of 3He with Double Polarizations,
Duke University, April 2015
Supervisor: H. Gao

6. Graham K. Giovanetti, P-Type Point Contact Germanium Detectors and their Application in
Rare-Event Searches,
University of North Carolina at Chapel Hill, May 2015
Supervisor: J. F. Wilkerson

7. Jacqueline Strain MacMullin, Validation of the Background Model for the Majorana Demon-
strator,
University of North Carolina at Chapel Hill, October 2015
Supervisor: J. F. Wilkerson

8. Pooyan Sahbaee Bagherzadeh, Patient-specific Image Quality and Dose Estimation for Contrast
Enhanced CT,
North Carolina State University, November 2015
Supervisors: P. R. Huffman and E. Samei

M.S. and M.A. Degrees

1. Weizheng Zhou, Flux Limitations of a Compton Light Source Driven by Storage Ring,
Duke University, December 2014
Supervisor: Y. K. Wu

2. Zhonglin Han, Monte-Carlo Simulation for 3H(γ,pn)n Experiment with High Intensity Gamma-
ray Source (HIγS) ,
Duke University, November 2015
Supervisor: C. R. Howell
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A.2 Publications

The publications co-authored by members of TUNL research groups between September 2014 and
November 2015 are tabulated in Table A.1. The papers in refereed journals by TUNL research
groups are listed below in chronological order.

Type No.
Refereed Journal Articles 62
Conference Proceeding Papers 35

Table A.1: Summary of TUNL publications from September 2014 through November 2015. Among
the 62 refereed journal papers, 11 were letters or published in other similar high-impact
journals.

Journal Articles Published

1. Two-neutrino double-β decay of 150Nd to excited final states in 150Sm, M. F. Kidd, J. H. Ester-
line, S. W. Finch and W. Tornow, Phys. Rev. C 90, 055501 (2014).

2. Measurement of double-polarization asymmetries in the quasi-elastic 3 ~He(~e, e′d) process, M. Mi-
hovilocvič et al. (including H. Gao), Phys. Rev. Lett. 113, 232505 (2014).

3. Measurement of “pretzelosity” asymmetry of charged pion production in semi-inclusive deep
inelastic scattering on a polarized 3He target, Y. Zhang et al. (including H. Gao), Phys. Rev. C
90, 055209 (2014).

4. Single spin asymmetries in charged kaon production from semi-inclusive deep inelastic scattering
on a transversely polarized 3He target, Y.X. Zhao et al. (including H. Gao), Phys. Rev. C 90,
055201 (2014).

5. Neutron-Deuteron Analyzing Power Data at En= 22.5 MeV, G. J. Weisel, W. Tornow, A. S.
Crowell, J. H. Esterline, G. M. Hale, C. R. Howell, P. D. O’Malley, J. R. Tompkins, and H.
Wita la, Phys. Rev. C 89, 054001 (2014).

6. Measurement of the Half-Life of the T=1/2 Mirror Decay of 19Ne and its Implication on Physics
Beyond the Standard Model, L.J. Broussard et al. (including A. S. Crowell, C. R. Howell, and
A. R. Young), Phys. Rev. Lett. 112, 212301 (2014).

7. Dual-Fission Chamber and Neutron Beam Characterization for Fission Product Yields Using
Monoenergetic Beam, C. Bhatia et al. (including C. R. Howell, J. H. Kelley, and W. Tornow),
Nucl. Instrum. Methods A 757, 7 (2014).

8. A novel method to assay special nuclear materials by measuring prompt neutrons from polarized
photofission, J. M. Mueller, M. W. Ahmed, and H. R. Weller, Nucl. Instrum. Methods A 754,
57 (2014).

9. Conditioning of BPM pickup signals for operations of the Duke storage ring with a wide range
of single-bunch current, X. Wei, L. Jing-Yi, H. Sen-Lin, W. Z. Wu, H. Hao, P. Wang, and Y. K.
Wu, Chin. Phys. C, 38, 107003 (2014).

10. Ultracold neutron source at the PULSTAR reactor: Engineering design and cryogenic testing, E.
Korobkina, G. Medlin, B. Wehring, A. I. Hawari, P. R. Huffman, A. R. Young, B. Beaumont,
and G. Palmquist, Nucl. Instrum. Methods A, 767, 169 (2014).

11. The Majorana Demonstrator Neutrinoless Double-Beta Decay Experiment, N. Abgrall et al.
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al. (including J. H. Kelley, A. P. Tonchev, W. Tornow, and H. R. Weller), 15th International
Symposium on Capture Gamma-Ray Spectroscopy and Related Topics (CGS15), Dresden, Ger-
many, August 25 - 29, 2014, EPJ Web Conf. 93, 01044 (2015).

30. Decay pattern of the Pygmy Dipole Resonance in 140Ce, J. Isaak et al. (including J. H. Kel-
ley, A. P. Tonchev, W. Tornow, and H. R. Weller), 15th International Symposium on Capture
Gamma-Ray Spectroscopy and Related Topics (CGS15), Dresden, Germany, August 25 - 29,
2014, EPJ Web Conf. 93, 01048 (2015).

31. 124Xe(n,γ)125Xe and 124Xe(n,2n)123Xe measurements for National Ignition Facility, M. Bhike,
N. Ludin, and W. Tornow, 15th International Symposium on Capture Gamma-Ray Spectroscopy
and Related Topics (CGS15), Dresden, Germany, August 25 - 29, 2014, EPJ Web Conf. 93,
02003 (2015).

32. Neutron radiative capture reactions on nuclei of relevance to 0νββ, dark matter and neutrino
/ antineutrino searches, W. Tornow and M. Bhike, 15th International Symposium on Capture
Gamma-Ray Spectroscopy and Related Topics (CGS15), Dresden, Germany, August 25 - 29,
2014, EPJ Web Conf. 93, 03001 (2015).

33. Review and experiments on nuclear astrophysics, C. Iliadis and A. E. Champagne, Proceedings
of the Gran Sasso Summer Institute 2014 on Hands-On Experimental Underground Physics at
LNGS, Laboratori Nazionali del Gran Sasso, Assergi, Italy, 2014, Proc. Sci. (PoS) GSSI14,
009 (2015).

34. Demonstrating the integral resonance transmission method; Conceptual and experimental studies,
C. Angell, T. Hayakawa, T. Shizuma, R. Hajima, B. J. Quiter, B. L. Ludewigt, H. J. Karwowski,
G. Rich, and J. Silano, Proceedings of the Institute of Nuclear Materials Management (INMM)
56th Annual Meeting, Indian Wells, CA, July 12 - 16, 2015, 9 pages

35. Improving the Assay of 239Pu in Spent and Melted Fuel Using the Nuclear Resonance Fluores-
cence Integral Resonance Transmission Method, C. T. Angell, T. Hayakawa, T. Shizuma, R.
Hajima, B. J. Quiter B. A. Ludewigt, H. J. Karwowski, and G. Rich, Nuclear Physics and
Gamma-Ray Sources for Nuclear Security and Nonproliferation - Proceedings of the Interna-
tional Symposium, Ed. H. Takehito et al. World Scientific Publishing Co. Ltd., pp. 133-141,
2015.
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Conference Proceedings and Meeting Articles Accepted

1. MEIC detector and interaction at JLab, Z. W. Zhao et al. (including H. Gao), 23rd International
Workshop on Deep-Inelastic Scattering and Related Subjects (DIS 2015), Dallas, Texas, April
27 - May 1, 2015, to be published by Proceedings of Science.

2. SoLID-SIDIS: Future Measurements of Transversity, TMDs and more, Z. Ye et al. (including
H. Gao), 23rd International Workshop on Deep-Inelastic Scattering and Related Subjects (DIS
2015), Dallas, Texas, April 27 - May 1, 2015, to be published by Proceedings of Science.

3. Experimental progress and status on nucleon electromagnetic form factors, H. Gao, C. Peng, and
Z. W. Zhao, 21st International Conference on Few-Body Problems in Physics, Chicago, Illinois,
May 18-22, 2015, to be published by EPJ Web of Conferences.

4. Proton Charge Radius Experiment (PRad) in Hall B, JLab, C. Peng and H. Gao, 21st Interna-
tional Conference on Few-Body Problems in Physics, Chicago, Illinois, May 18-22, 2015, to be
published by EPJ Web of Conferences.

5. Photodisintegration of 3He with double polarizations, G. Laskaris and H. Gao, 21st International
Conference on Few-Body Problems in Physics, Chicago, Illinois, May 18-22, 2015, to be published
by EPJ Web of Conferences.

6. Few-Nucleon Research at TUNL: Probing Two- and Three-Nucleon Interactions with Neutrons,
C. R. Howell, W. Tornow, H. Wita la, 21st International Conference on Few-Body Problems in
Physics, Chicago, Illinois, May 18-22, 2015, to be published by EPJ Web of Conferences.

7. Photon-Induced Reaction Studies at the High Intensity Gamma Ray Source (HIGS) for A = 3 to
16, M. W. Ahmed, H. Gao, C. R. Howell, W. Tornow H. R. Weller, 21st International Conference
on Few-Body Problems in Physics, Chicago, Illinois, May 18-22, 2015, to be published by EPJ
Web of Conferences.

8. Neutron-neutron quasifree scattering in nd breakup at 10 MeV, R. C. Malone, B. J. Crowe,
A. S. Crowell, L. C. Cumberbatch, B. A. Fallin, F. Q. L. Friesen, Z. Han, C. R. Howell,
D. Markoff, W. Tornow, H. Wita la, 21st International Conference on Few-Body Problems in
Physics, Chicago, Illinois, May 18-22, 2015, to be published by EPJ Web of Conferences

9. Progress Toward Monte-Carlo Simulation of 3H(γ,p)nn and 3He(γ,p)pn Experiments, Z. Han,
M. W. Ahmed, B. J. Crowe, A. S. Crowell, L. C. Cumberbatch, B. A. Fallin, F. Q. L. Friesen,
C. R. Howell, D. Ticehurst, W. Tornow, H. Wita la, 21st International Conference on Few-
Body Problems in Physics, Chicago, Illinois, May 18-22, 2015, to be published by EPJ Web of
Conferences.

10. Progress Toward Measurement of ann Using 3H(γ,p)nn at the Triangle Universities Nuclear
Laboratory, F. Q. L. Friesen, M. W. Ahmed, B. J. Crowe, A. S. Crowell, L. C. Cumberbatch,
B. A. Fallin, Z. Han, C. R. Howell, D. Markoff, W. Tornow, H. Wita la, 21st International
Conference on Few-Body Problems in Physics, Chicago, Illinois, May 18-22, 2015, to be published
by EPJ Web of Conferences.
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Abstracts to Meetings and Conferences

1. A Cryogenic Target for Compton Scattering Experiments at HIγS, D. Kendellen, M. Ahmed,
H. Weller, and G. Feldman,
http://meetings.aps.org/Meeting/APR15/Session/E4.7

2. Search for strongly coupled Chameleon scalar field with neutron interferometry, K. Li et al.
(including A. Young),
http://meetings.aps.org/Meeting/APR15/Session/H2.6

3. Neutron interferometry in a temperature controlled vacuum environment for the search of dark
energy and other precision experiments, P. Saggu et al. (including A. Young),
http://meetings.aps.org/Meeting/APR15/Session/R6.8

4. COHERENT First Steps for an Experimental Neutrino Program at the Spallation Neutron
Source, G. Rich,
http://meetings.aps.org/Meeting/APR15/Session/S4.5

5. Precision Optics Optimization for GMp Experiment, Y. Wang, K. Allada, T. Averett, E. Christy,
C. Gu, M. Huang, and B. Wojtsekhowski,
http://meetings.aps.org/Meeting/APR15/Session/C15.3

6. Search for CP Violation in Positronium, C. Bartram,
http://meetings.aps.org/Meeting/APR15/Session/C6.5

7. Electromagnet Design for an Experimental Search for CP Violation in Positronium Decay, R. Pe-
tersburg, R. Henning, and C. Bartram,
http://meetings.aps.org/Meeting/APR15/Session/D1.12

8. Status Update of the Majorana Demonstrator Neutrinoless Double-Beta Decay Experiment,
K. Vorren
http://meetings.aps.org/Meeting/APR15/Session/D1.12

9. Data Acquisition and Environmental Monitoring of the Majorana Demonstrator, S. Meijer,
http://meetings.aps.org/Meeting/APR15/Session/R5.3

10. Validation of Pulse Shape Simulation for Ge Detectors in the Majorana Demonstrator,
B. Shanks,
http://meetings.aps.org/Meeting/APR15/Session/S4.2

11. Detector Characterization for the Majorana Demonstrator, T. Gilliss,
http://meetings.aps.org/Meeting/APR15/Session/S4.3

12. Optimization of Geometries for Experimental Searches of Chameleon Scalar Fields, V. Skavysh,
M. Arif, C. Shahi, R. Haun, M .Snow, K. Li, B. Heacock, and A. Young,
http://meetings.aps.org/Meeting/APR15/Session/H2.5

13. Energy Dependence of Fission Product Yields from 235U, 238U and 239Pu for Incident Neutron
Energies Between 0.5 and 14.8 MeV M. Gooden et al. (including A. Tonchev and W. Tornow),
http://meetings.aps.org/Meeting/DNP15/Session/DF.4

14. Cross-Section Measurement of the 169Tm(n, 3n)167Tm Reaction and Constraining the Branching
Ratio of 167Tm, B. Champine, M. Gooden, K. Thomas, F. Krishichayan, E. Norman, N. Scielzo,
A. Tonchev, and W. Tornow,
http://meetings.aps.org/Meeting/DNP15/Session/NE.8
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15. Assembly and Test for the Large GEM detector for pRad experiment at JLab Hall B, X. Bai,
K. Gnanvo, H. Nguyen, V. Nelyubin, Y. Huang, A. Katzenstein, Y. Zhang, and N. Liyanage,
http://meetings.aps.org/Meeting/DNP15/Session/CD.2

16. New limits for the 2νββ decay of 96Zr to excited nuclear states of 96Mo, S. Finch and W. Tornow,
http://meetings.aps.org/Meeting/DNP15/Session/DD.6

17. Measurement of unpolarized differential cross section of semi-inclusive deep-inelastic scattering
on a 3He target, X. Yan,
http://meetings.aps.org/Meeting/DNP15/Session/DG.7

18. Nuclear Data Compilation for Beta Decay Isotope, S. Olmstead, J. Kelley, and G. Sheu,
http://meetings.aps.org/Meeting/DNP15/Session/EA.144

19. Neutron Interactions with 7Be and the Primordial 7Li Problem, E. E. Kading et al. (including
C. R. Howell),
http://meetings.aps.org/Meeting/DNP15/Session/HC.3

20. Measurement of the Response Function of a BC501A Neutron Detector, J. Miller, D. Alexander,
A. Daniel, E. V. Hungerford, M. W. Ahmed, and M. Sikora,
http://meetings.aps.org/Meeting/DNP15/Session/HG.6

21. The 76Ge(n,p)76Ga reaction and its relevance to searches for the neutrino-less double-beta decay
of 76Ge, W. Tornow, M. Bhike, B. Fallin, and F. Krishichayan,
http://meetings.aps.org/Meeting/DNP15/Session/JD.3

22. Practical Experience of Signals Processing Using Digitizers, M. Sikora and M. Ahmed
http://meetings.aps.org/Meeting/DNP15/Session/JJ.5

23. Photo-Induced depopulation of the 180mTa isomer, M. Bhike, F. Krishichayan, and W. Tornow,
http://meetings.aps.org/Meeting/DNP15/Session/KC.9

24. Photo-induced Fission Product Yield Measurements on 235U, 238U, and 239Pu, F. Krishichayan,
M. Bhike, A. P. Tonchev, and W. Tornow,
http://meetings.aps.org/Meeting/DNP15/Session/NE.9

25. Measurement of the Neutral Pion Lifetime, Y. Zhang,
http://meetings.aps.org/Meeting/DNP15/Session/NH.6

26. COHERENT at the Spallation Neutron Source, J. Raybern and K. Scholberg,
http://meetings.aps.org/Meeting/DNP15/Session/NH.6

27. Testing new designs for the Majorana Demonstrator’s low-mass front-end board, C. Salemi,
http://meetings.aps.org/Meeting/DNP15/Session/EA.67

28. Bayesian signal processing of pulse shapes for background rejection in the Majorana Demon-
strator, B. Shanks,
http://meetings.aps.org/Meeting/DNP15/Session/JJ.6

29. Searching for Solar Axions using the Majorana Demonstrator, C. O’Shaughnessy,
http://meetings.aps.org/Meeting/DNP15/Session/KD.5

30. Penning Trap Searches in the KATRIN Main Spectrometer, K. Wierman,
http://meetings.aps.org/Meeting/DNP15/Session/PD.6

31. Uncertainty and Systematic Corrections for the Neutron Polarization in the UCNA Experiments,
E. Dees,
http://meetings.aps.org/Meeting/DNP15/Session/FJ.7

32. Measurement of the 242Pu neutron capture cross section, M. Q. Buckner et al. (including A.
Chyzh),
http://meetings.aps.org/Meeting/DNP15/Session/JH.1



TUNL LIII 2014–15 Appendices 225

33. Gamma-Ray Emission Spectra as a Constraint on Calculations of 234,236,238U Neutron-Capture
Cross Sections, J. L. Ullmann et al. (including A. Chyzh),
http://meetings.aps.org/Meeting/DNP15/Session/JH.2

34. Neutron Interferometric Search for Chameleon Dark Energy, B. Heacock,
http://meetings.aps.org/Meeting/DNP15/Session/ND.4

35. Measurement of spin flip probabilities for ultracold neutrons on guide materials, Z. Tang et al.
(including A. Young),
http://meetings.aps.org/Meeting/DNP15/Session/PJ.3

36. The Charged Particle Spectroscopy Program at TUNL, R. Longland,
http://meetings.aps.org/Meeting/SES15/Session/A1.1

37. Neutron-neutron quasifree scattering in nd breakup at 10 MeV, R. C. Malone,
http://meetings.aps.org/Meeting/SES15/Session/A1.2

38. Research activities using High Intensity Gamma-ray Source facility at TUNL, Krishichayan,
http://meetings.aps.org/Meeting/SES15/Session/A1.3

39. Development of an Experiment to Measure ann Using 3H(γ,p)nn at the Triangle Universities
Nuclear Laboratory, F. Friesen,
http://meetings.aps.org/Meeting/SES15/Session/G1.2

40. Sub-barrier Photofission and Beam Diagnostics at HIγS J. Silano,
http://meetings.aps.org/Meeting/SES15/Session/G1.1

41. Neutron-neutron quasifree scattering in nd breakup at 10 MeV, R. C. Malone, B. Crowe, A. S. Crow-
ell, L. C. Cumberbatch, B. A. Fallin, F. Q. L. Friesen, Z. Han, C. R. Howell, D. Markoff,
W. Tornow, and H. Wita la, 21st International Conference on Few-Body Problems in Physics,
Chicago, IL, May 2015.

42. Progress Toward Monte-Carlo Simulation of 3H(γ,p)nn and 3He(γ,p)pn Experiments, Z. Han,
M. W. Ahmed, B. J. Crowe, A. S. Crowell, L. C. Cumberbatch, B. Fallin, F. Q. L. Friesen,
C. R. Howell, D. Ticehurst, W. Tornow, and H. Wita la, 21st International Conference on Few-
Body Problems in Physics, Chicago, IL, May 2015.

43. Progress Toward Measurement of ann Using 3H(γ,p)nn at the Triangle Universities Nuclear
Laboratory, F. Q. L. Friesen, M. W. Ahmed, B. J. Crowe, A. S. Crowell, L. C. Cumberbatch,
B. Fallin, Z. Han, C. R. Howell, D. Markoff, W. Tornow, and H. Wita la, 21st International
Conference on Few-Body Problems in Physics, Chicago, IL, May 2015.

44. Photodisintegration of 3He with double polarizations, G. Laskaris and H. Gao, 21st International
Conference on Few-Body Problems in Physics, Chicago, IL, May 2015.

45. Proton Charge Radius Experiment (PRad) in Hall B, JLab, C. Peng and H. Gao, 21st Interna-
tional Conference on Few-Body Problems in Physics, Chicago, IL, May 2015.

46. Measuring Duke Storage Ring Lattice Using Tune Based Technique, W. Li, J. Y. Li, H. Hao,
W. Li, S. F. Mikhailov, V. Popov, and Y. K. Wu, 2015 International Particle Accelerator Con-
ference (IPAC’15), Richmond, VA, May 3-8 2015.

47. Characterizing Betatron Tune Knobs on Duke Storage Ring, H. Hao, S. F. Mikhailov, V. Popov,
Y. K. Wu, and J. Y. Li, 2015 International Particle Accelerator Conference (IPAC’15), Rich-
mond, VA, May 3-8 2015.

48. Experimental Study of a Two-Color Storage Ring FEL, J. Yan, H. Hao, S. F. Mikhailov, V. Popov,
Y. K. Wu, S. Huang, J. Y. Li, N. Vinokurov, and J. Wu, 2015 International Particle Accelerator
Conference (IPAC’15), Richmond, VA, May 3-8 2015.
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49. Developing an Improved Pulsed Mode Operation for Duke Storage Ring Based FEL, S. F. Mikhailov,
H. Hao, V. Popov, and Y. K. Wu, 2015 International Particle Accelerator Conference (IPAC’15),
Richmond, VA, May 3-8 2015.

50. Extending OK5 Wiggler Operational Limit at Duke FEL/HIGS Facility, P. W. Wallace, M. Emamian,
H. Hao, J. Y. Li, S. F. Mikhailov, V. Popov, Y. K. Wu, and J. Y. Li, 2015 International Particle
Accelerator Conference (IPAC’15), Richmond, VA, May 3-8 2015.

51. Light Source and Accelerator Physics Research Program at Duke University, Y. K. Wu, 2015
International Particle Accelerator Conference (IPAC’15), Richmond, VA, May 3-8 2015.

52. Low Background Signal Readout Electronics for the Majorana Demonstrator, I. Guinn et al.
(the MajoranaCollaboration including M. P. Green, R. Henning, W. Tornow, J. F. Wilkerson,
and A. R. Young), 5th Topical Workshop on Low Radioactivity Techniques (LRT 2015), Seattle,
WA, March 18 - 20, 2015.

53. Analysis techniques for background rejection at the Majorana Demonstrator, C. Cuesta et
al. (the MajoranaCollaboration including M. P. Green, R. Henning, W. Tornow, J. F. Wilk-
erson, and A. R. Young), 5th Topical Workshop on Low Radioactivity Techniques (LRT 2015),
Seattle, WA, March 18 - 20, 2015.

54. Status of the Majorana Demonstrator, C. Cuesta et al. (the MajoranaCollaboration
including M. P. Green, R. Henning, W. Tornow, J. F. Wilkerson, and A. R. Young), Matrix
Elements for the Double-beta-decay EXperiments (MEDEX’15) Conference, Prague, Czech Re-
public, June 9 - 12, 2015.

55. Choosing your partner: Trade-offs in dynamic carbon and nitrogen exchange between plants and
their fungal symbionts, C. D. Reid, C. R. Howell, A. S. Crowell, A. Weisenberger, S. Lee, G.
Bonito, L. C. Cumberbatch, and R. Vilgalys, Ecological Society of America Annual Meeting,
Baltimore, MD, August 11, 2015.



TUNL LIII 2014–15 Appendices 227

A.3 Invited Talks, Seminars, and Colloquia

Invited Talks, Seminars, and Colloquia

1. Low-Energy Description of the Hadron Structure With Few-Body Systems, M. W. Ahmed, 21st

International Conference on Few-Body Problems in Physics, Chicago, IL, May 18 - 22, 2015.

2. QCD at HIGS, M. W. Ahmed, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, November 7, 2015.

3. Neutrinos, P. S. Barbeau, Triangle Universities Nuclear Laboratory’s 50th Anniversary Celebra-
tion, Durham, NC, November 7, 2015.

4. Nuclear Astrophysics, A. E. Champagne, Triangle Universities Nuclear Laboratory’s 50th An-
niversary Celebration, Durham, NC, November 7, 2015.

5. A Brief TUNL History - How a Small Accelerator Lab Became Today’s DOE Center of Excel-
lence, T. B. Clegg, Triangle Universities Nuclear Laboratory’s 50th Anniversary Celebration,
Durham, NC, November 7, 2015.

6. Summary of the joint town meetings on QCD, H. Gao, invited presentation at the JSA Science
Council Meeting, JLab, September 18, 2014.

7. Spin Physics and Nucleon Structure, H. Gao, invited talk at the 11th ICFA Seminar on Future
Perspective in High Energy Physics, Beijing, Oct 27 - 30, 2014.

8. Summary of the town meeting on QCD and Hadron Physics, H. Gao, invited talk at the Long
Range Plan working group meeting, Rockville, MD, November 16, 2014.

9. Searches for T- and P-symmetry violating quantities and new forces, H. Gao, invited talk at the
Workshop on Major Research Initiatives on Precision Measurements, National Natural science
Foundation of China, Changping, Beijing, China, January 25 - 27, 2015.

10. Proton - a fascinating relativistic many-body system - remains puzzling, H. Gao, invited plenary
talk at the American Physical Society April Meeting, Baltimore, MD, April 11-14, 2015.

11. The Overview of the SoLID Physics Program, H. Gao, invited talk at the Long Range Plan
working group resolution meeting, Kitty Hawk, NC, April 16-20, 2015.

12. Experimental progress and status on nucleon electromagnetic form factors, H. Gao, invited ple-
nary talk at the 21st International Conference on Few-Body Problems in Physics, Chicago, IL,
May 18 - 22, 2015.

13. Latest results on few-body physics from HIγS, H. Gao, invited plenary talk at the 8th Interna-
tional Workshop on Chiral Dynamics, Pisa, Italy, June 29 - July 3, 2015.

14. Facility at JLab for hadron physics, H. Gao, invited talk at the International Workshop on e+e−

collisions from Phi to PSi 2015, USTC, Heifei, China, September 23-26, 2015.

15. New JLab experiment (PRad) on proton charge radius, H. Gao, invited talk at the International
Workshop on e+e− collisions from Phi to PSi 2015, USTC, Heifei, China, September 23 - 26,
2015.

16. Proton remains puzzling, H. Gao, Invited talk at the 10th Circum-Pan-Pacific Symposium on
High Energy Spin Physics, Taipei, R.O.C., October 5-8, 2015.

17. Fundamental Symmetries, C. R. Gould, Triangle Universities Nuclear Laboratorys 50th Anniver-
sary Celebration, Durham, NC, November 7, 2015.
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18. MajoranaResearch at NCSU, M. P. Green, Triangle Universities Nuclear Laboratory’s 50th
Anniversary Celebration, Durham, NC, November 7, 2015.

19. Update on The Majorana Neutrinoless Double-beta Decay Experiment, R. Henning, Invited
Talk at the 2015 International Workshop on Baryon and Lepton Number Violation, Amherst,
MA, April 27, 2015.

20. My Research Program at TUNL, R. Henning, Triangle Universities Nuclear Laboratory’s 50th
Anniversary Celebration, Durham, NC, November 7, 2015.

21. Plant Physiology Studies Using Radioistotope Tracing, C. R. Howell, 2014 DNP/LRP Town
Meeting on Education and Innovation, East Lansing, MI, August 2014.

22. Nuclear Physics Research at HIγS: A Decadal Vision, C. R. Howell, Duke University Physics
Faculty Lunch Talk, Durham, NC, Sept. 2014.

23. Probing Hadron Structure with Photons, C. R. Howell, APS Division of Nuclear Physics: 2014
Long-range plan Joint Town Meetings on Hadron and Heavy Ion QCD, Philadelphia, PA, Sept.
2014.

24. Laying the Scientific Foundation for Nuclear Security and Non-proliferation Technologies with
Gamma-ray Induced Reaction Studies, C. R. Howell, 2015 Conference of the National Society of
Black Physicists, Baltimore, MD, Feb. 2015.

25. Photo-Induced Precision Cross-Section Measurements on Actinide Nuclei using Monoenergetic
and Polarized Photon Beams, C. R. Howell, Stewardship Science Academic Alliances Symposium
2015, Santa Fe, NM, March 2015.

26. Few-Nucleon Research at TUNL: Probing Two- and Three-Nucleon Interactions with Neutrons
, C. R. Howell, 21st International Conference on Few-Body Problems in Physics, Chicago, IL,
May 18 - 22, 2015.

27. Nuclear Data Measurements Using Gamma Rays and Radiation Detector Development, C. R.
Howell, Annual DNDO Academic Research Initiative Grantees Conference, Dallas, TX, July
2015.

28. Applications and Interdisciplinary Research at TUNL, C. R. Howell, Triangle Universities Nu-
clear Laboratory’s 50th Anniversary Celebration, Durham, NC, November 7, 2015.

29. Fundamental Symmetries at TUNL, P. R. Huffman, Triangle Universities Nuclear Laboratory’s
50th Anniversary Celebration, Durham, NC, November 7, 2015.

30. Cosmic Furnaces and the Origin of the Elements, C. Iliadis, Monash Centre for Astrophysics
(MoCA) Public Lecture. Monash University, Melbourne, Australia, February 2015.

31. Nuclear Astrophysics, C. Iliadis, Lectures (6 hours) given at Monash University, Melbourne,
Australia, March 2015.

32. Origin of the Elements, C. Iliadis, Colloquium, University of Guelph, Guelph, Ontario, Canada,
October 2015.

33. The Future of Nuclear Astrophysics at TUNL, C. Iliadis, Triangle Universities Nuclear Labora-
tory’s 50th Anniversary Celebration, Durham, NC, November 7, 2015.

34. Geoneutrino measurements with KamLAND, H. J. Karwowski, Colloquium, Tel Aviv University,
Tel Aviv, Israel, December 4, 2014.

35. Nuclear Astrophysics with the ENGE Spectrometer, R. Longland, Triangle Universities Nuclear
Laboratory’s 50th Anniversary Celebration, Durham, NC, November 7, 2015.

36. Statistical Properties of Nuclei, G. E. Mitchell, Triangle Universities Nuclear Laboratory’s 50th
Anniversary Celebration, Durham, NC, November 7, 2015.
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37. The High-Intensity Gamma-Ray Source (HIγS) at TUNL: A New Tool for Nuclear Physics, W.
Tornow, Physics Department Colloquium, The University of Connecticut, Storrs, CT, February
27, 2015.

38. From Photon-Induced Reactions at HIγS to Double-Beta Decay, W. Tornow, CRC634 Concluding
Conference, Darmstadt, Germany, June 8 - 12, 2015.

39. Nuclear Potentials and Few-Body Interactions, W. Tornow, Triangle Universities Nuclear Labo-
ratory’s 50th Anniversary Celebration, Durham, NC, November 7, 2015.

40. Gamma Beam Delivery and Diagnostics, H. R. Weller, Technical Design Report Meeting, ELI-
NP, Bucharest, Romania February, 2015.

41. Nuclear Physics Research at the HIγS Facility, H. R. Weller, University of York, UK, July, 2015.

42. Developing Beam Diagnostics for ELI-NP, H. R. Weller, Final Technical Design Report Meeting,
ELI-NP, Bucharest, Romania, October, 2015.

43. Photonuclear Reactions, H. R. Weller, Triangle Universities Nuclear Laboratory’s 50th Anniver-
sary Celebration, Durham, NC, November 7, 2015.

44. Experiments and detection methods for 0νββ -decay searches, J. F. Wilkerson, invited lecture,
Gran Sasso Summer Institute, Assergi, Italy, September 23, 2014.

45. The Majorana Demonstrator76Ge 0νββ Experiment, J. F. Wilkerson, invited seminar, Na-
tional Laboratory Gran Sasso, Assergi, Italy, September 23, 2014.

46. Neutrinoless Double Beta Decay, J. F. Wilkerson, invited talk, NSAC Long Range Plan Working
Group Resolution Meeting, Kitty Hawk, NC, April 18, 2015.

47. A Next Generation 76Ge 0νββ Experiment, J. F. Wilkerson, NSAC Neutrinoless Double Beta
Decay Sub-committee, August 2015.

48. Ray Davis, his science and legacy, J. F. Wilkerson, invited address, Raymond Davis Jr., Memorial
Dedication, Lead, SD, August 26, 2015.

49. Future Physics with Germanium: Where are we now and what do we need for 0νββ and dark
matter, J. F. Wilkerson, invited talk, Sino-German Germanium Detector Technologies Sympo-
sium, Ringberg, Germany, October 23, 2015.

50. An Overview of the Institute for Cosmology, Subatomic Matter, and Symmetries, J. F. Wilkerson,
invited talk, Physics and Astronomy Advisory Committee, University of North Carolina at
Chapel Hill, Chapel Hill, NC, November 6, 2015.

51. Neutrinos, J. F. Wilkerson, Triangle Universities Nuclear Laboratory’s 50th Anniversary Cele-
bration, Durham, NC, November 7, 2015.

52. A Two-Color Storage Ring FEL, J. Yan, an invited talk at 37th International Free-Electron
Laser Conference (FEL2015), Daejeon, Korea, August 26, 2015.

53. Some New Developments in High Precision Beta Spectroscopy in Measurements of Nuclear Beta
Decay, A. R. Young, ILL Invited Seminar, Institut Laue Langevin, Grenoble, August 2015.

54. Fundamental Neutron Physics Drivers for a New High Power Spallation Neutron Source, A. R.
Young, CoNS Workshop, Mito, Japan, October 12, 2015.

55. Neutron physics with a high intensity spallation neutron source, A. R. Young, HINT2015 Work-
shop, Mito Japan, October 13 - 14, 2015.
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Seminars at TUNL

1. Richard deBoer, University of Notre Dame, (September 25, 2014)
Precision Cross Sections for Nuclear Astrophysics

2. Jeff Blackmon, Lousiana State University, (October 2, 2014)
Nuclear Physics of X-ray Bursts

3. Rashi Talwar, University of Notre Dame, (October 23, 2014)
Stellar Neutron Sources and s-Process in Massive Stars

4. Kiana Setoodehnia, University of Notre Dame, (November 6, 2014)
Recent Research Facility Upgrades for Nuclear Physics Studies at Notre Dame

5. Sherry Yennello, Texas A&M University, (November 18, 2014)
How Much Cooler Would It Be With Some More Neutrons? Exploring the Asymmetry Depen-
dence of the Nuclear Caloric Curve and the Liquid-Gas Phase Transition

6. Patrick Huber, Virginia Tech, (November 20, 2014)
Reactor Neutrino Fluxes and Nuclear Data

7. Zhiwen Zhao, Jefferson Lab/Old Dominion University, (November 25, 2014)
J/Psi at Jefferson Lab

8. Gleb Fedotov, University of South Carolina, (December 3, 2014)
Nucleon Resonances Studies With CLAS Detectors

9. Toshiyuki Kubo, RIKEN Nishina Center, (February 5, 2015)
Search for New Isotopes and New Isomers at RIKEN RI Beam Factory

10. Tom Ward, U.S. DOE/Office of Nuclear Energy, (February 12, 2015)
The QCD Nucleon and the Spin-Statistics Theorem

11. Tom Caldwel, University of Pennsylvania, (February 13, 2015)
Searching for Dark Matter with Single-Phase Liquid Argon in MiniClEAN

12. Jordi Jose, Universitat Politcnica de Catalunya, (May 21, 2015)
Stellar Explosions and the Quest for the Origin of the Elements

13. Henryk Wita la, Jagiellonian University, (September 22, 2015)
Ab initio calculations of 3N reactions with modern forces

14. Libby McCutchan , National Nuclear Data Center, (September 24, 2015)
Following Fission Fragments: A nuclear data-base approach to decay heat and Daya Bay an-
tineutrinos

15. Sara Pozzi, University of Michigan, (November 19, 2015)
Applied Nuclear Physics for Nuclear Nonproliferation
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Advances in Physics Lectures and Seminars

1. Mohammad Ahmed, North Carolina Central University and Duke University, (June 1, 2015)
Building Blocks of the Cosmos

2. Mohammad Ahmed, North Carolina Central University and Duke University, (June 2, 2015)
NN Interactions and Local Accelerators

3. Mohammad Ahmed, North Carolina Central University and Duke University, (June 3, 2015)
Nuclear Detectors and Instrumentation

4. Calvin Howell, Duke University, (June 4, 2015)
Introduction to Nuclear Scattering

5. Eric Schreiber, University of North Carolina at Chapel Hill School of Medicine, (June 25, 2015)
Physicians and Physicists: Working in Medical Physics

6. David Haase, North Carolina State University, (July 2, 2015)
Nuclear Physics at Ultralow Temperatures

7. Diane Markoff, North Carolina Central University, (July 9, 2015)
Neutrinos: Much Ado About (Nearly) Nothing

8. Hugon Karwowski, University of North Carolina at Chapel Hill, (July 16, 2015)
Fundamentals of Nuclear Models: Part I

9. Hugon Karwowski, University of North Carolina at Chapel Hill, (July 20, 2015)
Fundamentals of Nuclear Models: Part II

10. Christian Iliadis, University of North Carolina at Chapel Hill, (July 23, 2015)
Cosmic Furnaces and the Origin of the Elements
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A.4 Professional Service Activities

Advisory/Fellowship/Review Committees

1. Secretary, Southeastern Section of the American Physical Society, 2015 - present, M. W. Ahmed

2. Fellowship Committee, American Physical Society, 2015 present, A.E. Champagne

3. SURA Board of Trustees, 2014, A.E. Champagne

4. Fellowship Committee, Division of Nuclear Physics, APS, 2014 2015, A.E. Champagne

5. Member, NSAC Long Range Plan Working Group, 2014 - 2015, H. Gao

6. Member, Program Advisory Committee, BNL, April 2013 - December, 2015, H. Gao

7. Member, Dean’s Laboratory for Nuclear Science Advisory Committee, MIT, 07/01/2013-06/30/2016,
H. Gao

8. Chair, Jefferson Lab Users Group Board of Directors, 2015 - 2016, H. Gao

9. Member, European Research Council COG PE2 Review Panel, 2015 - present, H. Gao

10. Review panel, SFB 1044, Deutsche Forschungsgemeinschaft, September 3 -4, 2015, H. Gao

11. Member, Fellowship Committee, Topical Group on Hadronic Physics, American Physical Society,
2014, H. Gao

12. General Councillor, American Physical Society, 2011 - present, H. Gao

13. Vice Chair, APS Pipkin award selection committee, 2014 - present, H. Gao

14. Vice Chair, Jefferson Lab Users Group Board of Directors, 2014 - 2015, H. Gao

15. Trustee, Southeastern Universities Research Association (SURA), 2014 - 2016, H. Gao

16. Executive Committee, Division of Nuclear Physics, American Physical Society, April 2013 - April
2015, H. Gao

17. Chair Elect, International Spin Physics Committee, January 1, 2015 - present, H. Gao

18. Edtorial Board of Physical Review C, January 1, 2014 - December 31, 2016, H. Gao

19. Associate Editor, Frontiers in Physics, 2011 - present, H. Gao

20. Member, Executive Committee, Neutron Electric Dipole Moment Experiment, R. Golub

21. Co-PI for NCSU PhysTEC grant (American Physical Society and NSF), D. G. Haase

22. Member, Site Visit Committee for PhysTEC program at Georgia State University, D. G. Haase

23. Selection Committee for TUNL REU program, D. G. Haase

24. Member, Program Committee, American Physical Society Division of Nuclear Physics, R. Hen-
ning

25. Chair, APS/DNP Tom W. Bonner Prize Selection Committee (2015), C. R. Howell

26. Member, DOE/NSF Nuclear Science Advisory Committee, The Long Range Plan Working Group
(2014 - 2015), C. R. Howell

27. Member, International Scientific Advisory Board ELI-NP, 2014-present, C. R. Howell
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28. Member, Majorana Senior Advisory Committee, 2007 - present, C. R. Howell

29. Member, Selection Committee for the Mellon Mays Dissertation Grant, 2000-present, C. R. How-
ell

30. Member, APS Hadronic Physics Topical Group, Nominating Committee (2014), C. R. Howell

31. Member of the PRC Editorial Board (2011 - 2014), C. R. Howell

32. Member, Executive Committee, Neutron Electric Dipole Moment Experiment, P. R. Huffman

33. Reviewer, SuperCDMS CD1 project review, P. R. Huffman

34. Member, Scientific Advisory Committee, Russbach School on Nuclear Astrophysics, March 8 -
14, 2015, Russbach, Austria, C. Iliadis

35. Member, Merit Review Panel organized by PNNL for NA-22: Study of neutron angular correla-
tions in spontaneous and neutron induced fission, LLNL, Livermore, CA, December, 2014, H. R.
Weller

36. Member, Merit Review Panel organized by PNNL for NA-22: Two neutron correlations in
photofission, Idaho State University, Pocatello, Idaho, May, 2015, H. R. Weller

37. Member, Merit Review Panel organized by PNNL for NA-22: Monoenergetic photon sources,
LBNL, Berkely, CA, October, 2015, H. R. Weller

38. Outside PhD examiner for Cristina Collicott, Dalhousie University, Halifax, NS, April 2015, H.
R. Weller

39. Member, NSAC Nuclear Physics Long Range Plan Working Group and Writing Committee,
2014-present, J. F. Wilkerson

40. Chair-Elect, American Physical Society Division of Nuclear Physics, 2014, J.F. Wilkerson

41. Chair, American Physical Society Division of Nuclear Physics, 2015, J.F. Wilkerson

42. Chair, Program Committee, American Physical Society Division of Nuclear Physics, 2014, J.F.
Wilkerson

43. Past-Chair, Program Committee, American Physical Society Division of Nuclear Physics, 2015,
J.F. Wilkerson

44. Chair, Dissertation Award Committee, American Physical Society Division of Nuclear Physics,
2015, J.F. Wilkerson

45. Co-spokesman, UCNA experiment, A. R. Young
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Conferences, APS Meetings and Workshops

1. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, M. W. Ahmed

2. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, T. B. Clegg

3. Member, International Advisory Committee, The 21st International Conference on Few-Body
Physics, Chicago, U.S.A., May 18-22, 2015, H. Gao

4. Member, International Advisory Committee, The 8th International Workshop on Chiral Dynam-
ics (CD15), University of Pisa, Pisa, Italy, 2015, H. Gao

5. Member, International Advisory Committee, Circum-Pan-Pacific Symposium on High Energy
Spin Physics (Pacific Spin 2015), Oct 5 - 8, 2015, H. Gao

6. Member, International Advisory Committee, Conferences series on Electromagnetic Interactions
with Nucleons and Nuclei (EINN2015), Nov. 2-7, 2015, H. Gao

7. Convener, QCD town meeting, DNP long range plan, Temple University, September 13-15, 2014,
H. Gao

8. Co-Chair, 7th Workshop on Hadron Physics in China and Opportunities Worldwide, Kunshan,
China, August 3-7, 2015, H. Gao

9. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, C. R. Gould

10. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, C. R. Howell

11. Co-chair, Organizing Committee, Workshop on Applications of Nuclear Reactions with Gamma-
rays and Surrogates for Neutrons, 4th Joint Meeting of the APS Division of Nuclear Physics and
the Physical Society of Japan, Waikoloa, HI, Oct. 2014, C. R. Howell

12. Member, International Advisory Committee, 21th International Conference on Few-Body Prob-
lems in Physics, Chicago, Ill, May 2015, C. R. Howell

13. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, P. R. Huffman

14. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, W. Tornow

15. Member, Organizing Committee, Triangle Universities Nuclear Laboratory’s 50th Anniversary
Celebration, Durham, NC, Nov. 2015, J. F. Willkerson

16. Member, Scientific Program Committee, The 37th International Free-Electron Laser Conference
(FEL2015), August 2015, Daejeon, Korea, Y.K. Wu

17. Organizer for LUG2015, the 2015 LANSCE User Group Meeting: LANSCE Futures, Nov. 2 - 3,
2015, Santa Fe, NM, A. R. Young



Glossary of Acronyms
Laboratories, Facilities, Experiments and Programs

ANL Argonne National Laboratory
BNL Brookhaven National Laboratory
DFELL Duke Free-Electron Laser Laboratory
DNDO Domestic Nuclear Detection Office
GV Gamma-Vault at HIγS
HIγS High Intensity Gamma-Ray Source
JLAB Thomas Jefferson Lab National Accelerator Facility
KURF Kimballton Underground Research Facility
LANL Los Alamos National Laboratory
LENA Laboratory for Experimental Nuclear Astrophysics
LLNL Lawrence Livermore National Laboratory
MJD Majorana Demonstrator
nEDM Neutron Electric Dipole Moment
NNSA National Nuclear Security Administration
ORNL Oak Ridge National Laboratory
PNNL Pacific Northwest National Laboratory
UTR Upstream Target Room at HIγS

Detectors, Material, Particles, Electronics, Acquisition and Software

DAQ Data Acquisition
HPGe High Purity Ge Detector
MCNP Monte Carlo N-Particle
NaI Sodium Iodide
ORCA Object-oriented Real-time Control and Acquisition
PSD Pulse Shape Discrmination
VME VERSA module Eurocard

Calculations, Reactions, and Techniques

FWHM Full Width at Half Maximum
GDR Giant Dipole Resonance
NRF Nuclear Resonance Fluorescence
QCD Quantum Chromodynamics
QRPA Quasiparticle Random Phase Approximation
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