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Research Programs at TUNL

Nuclear Astrophysics
LENA Upgrade

Globular clusters, classical novae, 
 astrophysical s-process, grains

• New 2-MV Singletron accelerator
with terminal ECR source and 
chopper/buncher 

Nuclear Structure:
New g-ray Array at HIgS

- Identify in stable nuclei new excitation 
  modes found in n-rich systems
- Properties of states important for 
  nucleosynthesis
- Strength functions, level density

Medium Energy:
Low-Energy QCD at HIgS

- Compton scattering on H, D and 
    3,4He to determine nucleon 
   polarizabilities with high precision
- Develop HIgS beams toward pion 
  threshold  
 

Fundamental Symmetries
0nbb

- Analysis of Majorana Demonstrator data 
- Commission LEGEND-200
- Prepare for LEGEND-1000

Neutron EDM
- Systematics with polarized UCN and 3He
- Neutron cell development and UCN 
   storage time determination

Nuclear Data Program
Nuclear Structure and Decay Data Network
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The HIγS Facility

• Linear polarization: ≈ 99 % 
• Circular polarization: > 93 %
• Photon flux: ~ 3 X 1010 g s-1

• Bandwidth: 2-5 % of beam energy 
 

The High Intensity Gamma-ray Source is a Compton-backscattering 
g-ray source dedicated for nuclear science research. 

• R&D for 155 nm mirror in order to reach 150 MeV 
     g-ray energy
• Maximum sensitivity for Compton Scattering program on p, d, 

3,4He ßLEQCD
• Approach the energy threshold of pion-photoproduction.

• Optical cavity mirror R&D for 175-nm VUV FEL operation at HIgS 
was successful.  

• This accomplishment enables HIgS operation up to 120 MeV g-
ray beam energy and enables Compton-scattering measurements 
with increased sensitivity to nucleon polarizabilities à Tests of 
Low-Energy QCD (LEQCD)

Recent Developments

New Initiative
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𝛿 = - 0.023(9)

Nuclear Astrophysics: NRF of 40Ca at HIgS
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• Improved excitation energies for 40Ca and 

an unambiguous 2− assignment for the 
8425-keV state. 

• This rules out a purported role in the in 
the 39K(p,g)40Ca reaction, a key reaction 
in potassium nucleosynthesis, relevant for 
understanding potassium abundance 
anomalies in globular clusters

Using linearly polarized beams for precise
Energy & Multipolarity determinations
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Nuclear structure: Exploring triple shape coexistence in 64Ni at HIgS

1187  

2177  

1187  2177  

• Unambiguously assigned 15 J = 1- and 4 J = 1+ 
states between 8.5 MeV and 9.2 MeV. 

• Coincidences confirm level scheme 
• Branching ratios, multipole mixing ratios for 

transitions 
X. K. James, UNC Ph.D. Thesis
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Nucleon Structure: Nucleon polarizabilities at HIgS
Ø Nucleon polarizabilities characterize the response of the nucleon to low-frequency light: Structure Functions

Ø e.g., the β! (magnetic polarizability) of a nucleon is an interplay between diamagnetic charged pion currents and 
paramagnetic Δ resonance

Polarizabilities have been parameterized in various frameworks:

Ø Low-Energy Expansion (LEX) ω < 70	MeV

Ø Dispersion Relations (DR)

Ø Chiral Effective Field Theories (cEFT) (ω < Λ"~650	MeV)
Ø Lattice QCD (L-QCD)

𝛼/0
(p) 10.65	 ± 3.2% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.3	(𝑡ℎ𝑒𝑜𝑟𝑦)

(n) 11.55	 ± 10.8% 𝑠𝑡𝑎𝑡 ± 0.2% 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.8	(𝑡ℎ𝑒𝑜𝑟𝑦)

𝛽10
(p) 3.15	 ± 11.1% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.3	(𝑡ℎ𝑒𝑜𝑟𝑦)

(n) 3.65	 ± 34.2% 𝑠𝑡𝑎𝑡 ± 0.2 𝐵𝑎𝑙𝑑𝑖𝑛 ± 0.8	(𝑡ℎ𝑒𝑜𝑟𝑦)
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Nucleon Polarizabilities: Compton Scattering at HIgS
HIGS Proton Data (80 MeV)
Phys. Rev. Lett. 128, 132502 

HIGS Deuteron Data

Next 3 – 5 years: focus on measurements of neutron EM polarizabilities
§ Compton scattering from liquid H,D,3He, and 4He targets at Eg = 65 - 120 MeV 

Sample of Present data 
on H and D 

Setup at HIgS
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DOE Award Number DE-SC0017799
Contract No. DE-FG02-97ER41042

Tandem Lab: Origins of matter with the Enge SPS spectrograph
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Recent (experimental) spectrograph highlights:
● Portillo et al., PR C 107, 035809 (2023) [20Ne(3He,4He)19Ne]
● Frost-Schenk et al., MNRAS 514, 2650 (2022) [20Ne(d,p)21Ne]
● Marshall et al., PR C 104, L032801 (2021) [23Na(3He,d)24Mg]
● Hamill et al., EPJ A 56, 36 (2020) [25Mg(d,p)26Mg]

• Using particle transfer reactions to study 
the structure of nuclides important for 
nucleosynthesis. 

• High-resolution beams, precise target 
manufacture, and high-resolution 
detector technology enable world-
leading nuclear astrophysics 
measurements.

• Developing sophisticated analysis 
techniques to modernize particle transfer 
measurements

The Tandem Lab: Origins of matter with TUNL’s Enge split-pole 
spectrograph
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TUNL’s Tandem Injectors Upgrade: Two New Sources
Performance Specifications
● TORVIS H/He ion source

○ 75 kV source deck (acceleration)
○ 100 𝜇A H-

○ 20 𝜇A He-

● SNICS-II ion source
○ Heavy ion beams
○ 90-degree magnet for 

implantation

Additional upgrades
● Provide implantation capability from SNICS beam line
● Complete replacement of low-energy beam line
● Optics designed to couple both sources to Tandem
● Chopper system, including chopper plates, pulse generator, DC 

offset power supply, but using our (superior) clock signals

Note: these cannot be 
directly injected as DC 
(20 𝜇A max)

Enables
● High-resolution studies with long-term source stability
● Factor-of-two improvement in timing resolution for NTOF
● Heavy ion beams
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LENA Science Highlight: 29Si(p,g)30P

30P(p,g)31S

29
Si
(p
,g
)3

0 P

Nova Persei 1901 

L. Downen, et al., Ap. J  928, 
128 (2022)

Explaining the origin of meteoritic grains 
in stellar explosions
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LENA II Upgrade: Present Status
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2 MV Singletron

ECR

targetsolenoid

electrostatic
quad triplet

control room

230-kV ECR Accelerator
~ 20 mA DC H+ 

Slow pulsing (10% duty cycle) 2-MV HVEE Singletron
• DC beam current at 250 kV: 0.5 

mA (H), 0.4 mA (He)
• DC beam current at 1 - 2 MV: 2 

mA (H and He)
• Pulse frequency: 0.125, 0.25, 

0.5, 1, 2, 4 MHz
• Pulse width: 2 – 20 ns

2-MV Singletron accelerator with 
new 2.45 GHz ECR ion source

Refurbished ECR on HV platform
with pulsing capabilities
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Singletron Experiments
● Hydrogen Burning

○ 20Ne(p,g)21Na
● Helium Burning

○ 12C(a,g)16O
● s-Process

○ 22Ne(a,g)26Mg

abundance anomalies in
globular clusters

(adapted from A.M. Mukhamedzhanov et al., 
Phys. Rev. C 73 (2006), 035806; black: C. Rolfs et al., 
Nucl. Phys. A241 (1975), 460; green: S. Lyons et al., 
Phys. Rev. C 97 (2018), 065802)
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LEGEND-1000

• 1000 kg, Search for Neutrinoless Double-beta Decay
• Background goal <0.03 cts/(FWHM t yr) — completely probe inverted mass 

hierarchy

• TUNL LEGEND-1000 Leadership and Major Responsibilities
§ Project management
§ Simulations and Analysis
§ Host Lab Infrastructure and Cryostat Systems
§ Ge Detector Production
§ Electronics and DAQ

• TUNL has an ideal balance of science, technical capabilities, and 
analysis/simulations expertise
• Cohesive coverage of Ge detector production
• Integrated testing (Full chain) and DAQ, Engineering
• Simulations and analysis
• Strong connections to ORNL group, lead DOE laboratory
• R&D on advanced characterizations, new detector technologies

Water Tank

LAr Cryostat

Ge Detectors

Cleanroom Lock

Deck

33’

UNC Grad Student Erin 
Engelhardt Installing HPGe 
Detector in Test Stand
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KATRIN Neutrino Mass Experiment
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US Nuclear Data Program - Nuclear Structure and Decay Data Network

• TUNL is involved in data evaluation as 
part of the US Nuclear Data Program 
and as part of the international Nuclear 
Structure and Decay Data Network.

• Effort is focused on production of 
ENSDF evaluations and XUNDL 
compilations.

• ARUNA labs at TUNL and Texas A&M 
have data centers who contribute in 
these activities.

The Nuclear Structure and Decay Data network 
formed in 1974, under the leadership of Katherine 
Way (UNC-1938), and it represents an international 
effort dedicated to the production of ENSDF and 
other evaluated nuclear structure data.
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Thank You
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g-ray Detectors at HIgS: The Clover Array

Ø 10 (16) clover-type HPGe** and 12 (2′′ × 2′′) CeBr 
detectors. 

Ø Higher HPGe rates due to segmentation. 
Ø Higher granularity. 
Ø No intrinsic radioactivity. 
Ø Solid angle coverage: 14%
**Provided by the Clovershare Consortium, the 
US Naval Academy, the US Army Research Lab, 
and TUNL 

For certain applications: LaBr3 

HPGe CeBr

Ø Mesytec  Hardware
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31P(𝜸,𝜸)31P and 39K(𝜸,𝜸)39K by NRF: ongoing

NGC 2419

Iliadis et al., 
ApJ 818, 98 (2016) David Gribble

31P(𝜸,𝜸)31P
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LENA Measurements For Globular Clusters

Jack Dermigny,
PhD 2019

NGC 2419

Energy (keV)

present

previous

New 435-keV resonance
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Science Highlights at (old) LENA: 29Si(p,g)30P

Lori Downen’s
PhD project

explaining the origin of meteoritic grains 
in stellar explosions

old 
rate 
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simulations with new  
29Si(p,g)30P rate

Figure 4. (Top) Same as Figure 1, but using our new
29Si(p,�)30P thermonuclear reaction rate in the rate sam-
pling of all reactions in the network. Comparison to the
bottom panel of Figure 1 reveals the drastic reduction in
the scatter of the 29Si abundance prediction. (Bottom) The
30Si-to-28Si mass fraction ratio versus rate variation factor
of 30P(p,�)31S for the same Monte Carlo calculation as dis-
played in the top panel. Notice the strong correlation, which
causes the large scatter of the predicted 30Si abundances ev-
ident in the top panel of this figure and the bottom panel of
Figure 1.

the initial composition. For the 1.35M� ONe model we
find wide ranges of �720  �29Si  +2900 (25% mixing)
and �810  �29Si  +4000 (50% mixing). Note, that
the 1.35M� ONe model is the only one we computed
that predicts a net production of 29Si (i.e., positive �29Si
values) in specific ejected shells. All of these results have
been obtained by adopting median reaction rates only.
We performed additional tests, which showed that the
results presented in Figure 5 are robust, in the sense that

the additional variation introduced by current reaction
rate uncertainties is very small (⇡ 12%). Therefore, our
results establish �29Si values measured in presolar star-
dust grains as an important diagnostic tool for assessing
the classical nova paternity.
Our results can also be compared with previous esti-

mates of silicon isotopic ratios from hydrodynamic mod-
els of classical novae. The values listed in Table 3 of
(José et al. 2004) have frequently been used to interpret
presolar grain measurements. For the models involv-
ing the smallest white dwarf masses (i.e., 0.8M� and
1.0M� for CO novae; 1.15M� and 1.25M� for ONe no-
vae), previous and present �29Si values agree approxi-
mately. For the 1.15M� CO nova model, the simulated
values di↵er by about a factor of 2, both across indi-
vidual ejected shells and their mass-weighted average
over the entire ejected envelope. The largest deviations
between present and previous results are found for the
1.35M� ONe nova model pre-enriched with 50% white
dwarf matter. In this case, the previous mass-weighted
average was �29Si = �60, while the result with our new
29Si(p,�)30P rate is �29Si = +270. Consequently, con-
trary to previous practice, the condition �29Si< 0 should
not be applied for claiming a classical nova grain pater-
nity. We emphasize that the previous results (José et al.
2004) did not take any reaction rate uncertainties into
account, which were substantial prior to our experiment,
as pointed out above.
While our experiment reduced the scatter in the

29Si abundance prediction significantly, the large scatter
in the simulated 30Si abundance remains. This scat-
ter is mainly caused by current uncertainties in the
30P(p,�)31S reaction rate. The impact of this rate on
nova nucleosynthesis has been pointed out by José et al.
(2001); Iliadis et al. (2002); Wrede (2014). The bot-
tom panel of Figure 4 depicts the strong correlation of
the 30Si-to-28Si mass fraction ratio and the 30P(p,�)31S
rate variation factor6 for the same Monte Carlo simu-
lation as displayed in the top panel. Although nuclear
structure information relevant for this reaction has been
obtained experimentally (Parikh et al. 2011; Irvine et al.
2013; Bennett et al. 2016; Kankainen et al. 2017; Se-
toodehnia et al. 2020) and theoretically (Brown et al.
2014), large uncertainties remain in its thermonuclear
rate. Therefore, �30Si values are not a useful probe of a

6 We define the “rate variation factor”, p, of a specific nuclear
reaction as in Iliadis et al. (2015), i.e., for each Monte Carlo
network run a sampled rate is modified from its median value by
a factor (f.u.)p, where f.u. is the factor uncertainty provided in
STARLIB together with the median rate.

new
rate 

Downen et al., Astrophys. J 928, 128 (2022) Downen et al., Phys. Rev. C 105, 055804 (2022); 

Nova Persei 1901 

3

reaction rates listed in the STARLIB library3 (Sallaska
et al. 2013). Any post-explosion dilution of the simu-
lated abundances with solar-like matter will give rise to
a composition that, depending on the degree of dilution,
is located on a straight line connecting the open black
circle with the origin (�29Si = �30Si = 0). Since the
diluted composition can only explain the grains of the
lower right quadrant, it is frequently argued that the
grains of the upper right quadrant most likely originate
from another source, such as type-II supernovae (see,
e.g., the arguments put forward by Liu et al. (2016) as
regards to “C2 grains”).
The isotopic signatures discussed above are the result

of nuclear reactions taking place during the TNR. Since
the thermonuclear reaction rates are subject to uncer-
tainties, it is important to investigate their impact on
the simulations. Discussions of reaction rate uncertain-
ties related to classical novae can be found in José et al.
(2001); Iliadis et al. (2002); José et al. (2004); van Raai
et al. (2008), but are nearly absent in the more recent
literature on nova candidate grains.
In Section 2, we will demonstrate the strong impact of

current reaction rate uncertainties on the isotopic com-
position in nova ejecta. In Section 3, we report on a
direct measurement of the 29Si(p,�)30P reaction at en-
ergies relevant to nova nucleosynthesis. The impact of
our new reaction rate is investigated in Section 4. A
concluding summary is given in Section 5.

2. IMPACT OF THERMONUCLEAR REACTION
RATE UNCERTAINTIES

We performed a one-zone reaction network simula-
tion by assuming an analytical parameterization for the
thermodynamic trajectories of the explosion, T (t) =
Tpeake�t/⌧T and ⇢(t) = ⇢peake�t/⌧⇢ , where t � 0 is
the time since peak temperature, Tpeak, or peak den-
sity, ⇢peak. The quantities ⌧T and ⌧⇢ are the times at
which temperature and density, respectively, have fallen
to 1/e of their peak values. We will use values of Tpeak

= 238 MK and ⇢peak = 258 g cm�3, which are identical
with the peak temperature and the density at peak tem-
perature achieved in model ONe2 of José et al. (2020).
For the expansion time scales we choose values of ⌧T =
3000 s and ⌧⇢ = 50 s. Thermonuclear reaction rates are
strongly temperature-dependent. Therefore, most of sil-
icon nucleosynthesis takes place near peak temperature
and the simulated abundances are not very sensitive to
the expansion time scales (see also Iliadis et al. 2018).
For the initial composition we adopted the same as José

3 The STARLIB library can be found at https://starlib.github.io/
Rate-Library/.

1 10 100
0.1

1

10

100

N(12C)/N(13C)

N
(1
4 N
)/N

(1
5 N
)

0 2000 4000 6000 800010000
−1000

−500

0

500

1000

δ30Si

δ2
9 S
i

1 10 100
0.1

1

10

100

N(12C)/N(13C)

N
(1
4 N
)/N

(1
5 N
)

0 2000 4000 6000 800010000
−1000

−500

0

500

1000

δ30Si

δ2
9 S
i

SiC
silicate
1D hydro
1-zone model 

SiC
silicate
1D hydro
1-zone model 
with rate
variation

Figure 1. Silicon isotopic ratios in SiC (solid blue cir-
cles) and silicate (open blue circles) presolar nova candidate
grains. For the source of grain data, see Tab. 2 in Iliadis et al.
(2018) or Tab. 1 in Bose & Starrfield (2019). The data are
plotted as � values, which represent deviations from solar ra-
tios in parts per thousand. The ratios simulated using a 1D
hydrodynamic model (model ONe2 of José et al. 2020) are
depicted as an open black circle. (Top) The solid black circle
represents the results using a parametric one-zone nucleosyn-
thesis calculation (Section 2), assuming median rates for all
nuclear reactions in the network, i.e., without consideration
of rate uncertainties. (Bottom) Model ratios obtained with
the previous 29Si(p,�)30P reaction rate from 5,000 one-zone
models (open red circles), where for each run the thermonu-
clear rates of all reactions in the network were independently
sampled within their uncertainties. Notice that about 8% of
the 5,000 simulations result in solutions located in the upper
right quadrant.

et al. (2020), i.e., a mixture of 23% white dwarf matter
with 77% solar-like matter, where the ONe white dwarf
composition was adopted from Ritossa et al. (1996). The
resulting silicon isotopic ratios are depicted by the black


