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Abstract Photonuclear reactions of light nuclei below a
mass of A = 60 are planned to be studied experimentally
and theoretically with the PANDORA (Photo-Absorption
of Nuclei and Decay Observation for Reactions in Astro-
physics) project. Two experimental methods, virtual photon
excitation by proton scattering and real photo absorption by a
high-brilliance y-ray beam produced by laser Compton scat-
tering, will be applied to measure the photoabsorption cross
sections and decay branching ratio of each decay channel
as a function of the photon energy. Several nuclear mod-
els, e.g. anti-symmetrized molecular dynamics, mean-field
and beyond-mean-field models, a large-scale shell model,
and ab initio models, will be employed to predict the pho-
tonuclear reactions. The uncertainty in the model predictions
will be evaluated based on the discrepancies between the
model predictions and experimental data. The data and pre-
dictions will be implemented in the general reaction calcula-
tion code, TALYS. The results will be applied to the simula-
tion of the photo-disintegration process of ultra-high-energy
cosmic rays in inter-galactic propagation.

1 Introduction

Photonuclear reaction data provide fundamental information
on different aspects of nuclear structure, collective excita-
tions, and response of nuclei to an external electric dipole
(E1) field [1,2]. The Isovector Giant Dipole Resonance
IVGDR dominates the E'1 response of nuclei and is a widely
known example of nuclear collective excitation, described
as a relative dipole oscillation between the neutrons and
protons. The isovector properties of the nuclear matter are
constrained by systematic analyses of the E1 response of
nuclei, such as the mean excitation energy of the IVGDR),
strength concentration around the neutron threshold, often
called pygmy dipole resonance (PDR) [3,4], and static elec-
tric dipole polarizability [5-7], which corresponds to the
inversely energy-weighted sum-rule value of the E'1 strength
distribution. Photonuclear reaction data and predictions are
crucial for understanding various astrophysical processes,
such as the r-process nucleosynthesis and intergalactic prop-
agation of ultra-high-energy cosmic rays (UHECR). They
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are also crucial for applications, such as radiation shield
design, non-destructive testing, y-ray imaging, isotope pro-
duction, nuclear medicine, and our understanding of biolog-
ical responses to radiation.

The E1 response of nuclei has been widely studied in
the mass region above A ~ 90, where nuclei exhibit bulk
and smooth properties of nuclear matter with lesser depen-
dence on the shell structure than in the lower mass region.
Experimentally, the (y, xn) reaction cross-sections, corre-
sponding to the neutron emission channels, are often treated
as a good approximation of the total photoabsorption cross-
section.

The approximation is not justified in the mass region
below A = 60 because of a comparable or even larger
branching ratio to the proton decay channel than to the
neutron. Furthermore, the «-decay branching ratio is not
negligible in the light nuclei. Reliable prediction of the
photonuclear reactions in the lower mass region is more
complicated than that for heavier nuclei owing to the
greater impact of effects, such as nuclear shell structure,
a-clustering [15-18], isospin-selection rule, and isospin-
mixing in the «-decay processes, nuclear deformation, n-
p pairing, and pre-equilibrium decay processes. Addition-
ally, the IVGDR distribution is often fragmented into sev-
eral pieces, in contrast to heavier nuclei. Experimental data
are scarce, particularly for charged particle decay chan-
nels and the available data are often mutually inconsistent.
The parameters of the theoretical models are typically opti-
mized for heavier nuclei. When used to predict the behav-
ior of lighter nuclei, the predictions are insufficient in most
cases. The neutron decay channel of the photonuclear reac-
tion on '3C is shown in Fig. 1 as a representative exam-
ple.

The Photo-Absorption of Nuclei and Decay Observation
for Reactions in Astrophysics (PANDORA) project has been
initiated to study the photonuclear reaction of the light nuclei.
The project relies on interdisciplinary research across the
fields of experimental and theoretical nuclear physics and
particle astrophysics. A precise and systematic dataset con-
sisting of the photoabsorption cross sections and branch-
ing ratio of each decay channel will be established through
the experimental nuclear physics component of the project.
Two complementary methods will be employed to obtain the
experimental data, i.e., virtual photon excitation through rela-
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Fig. 1 Photoneutron cross sections, '>C(y, xn), as a function of excita-
tion energy (photon-energy), showing one of typical cases where exper-
imental data are mutually inconsistent and theoretical predictions are
not satisfactory. The theoretical cross sections are calculated using the
reaction code TALY'S with two models, the Brink-Axel Lorentzian [8,9]
(dashed line) and the Goriely’s hybrid [10] (solid line). They are plot-
ted in comparison with the available experimental data taken from
the EXFOR database [11]. The data LO131 [12] (cross marks) were
measured using a tagged-photon beam, M0363 [13] (diamond) with
a Bremsstrahlung photon-beam, and L0048 [14] (square) through the
positron-annihilation in-flight method. L0131 and M0363 (diamond)
are one neutron detection data, while L0048 [14] is the integrated cross-
section of the (y, n) and (y, 2n) channels. The two neutron separation
energy in 3Cis S, = 23.7 MeV

tivistic proton scattering at very forward angles and real pho-
ton excitation utilizing a quasi-monoenergetic y-ray beam.
The details are described in Sect. 2.1.

In the theoretical nuclear physics portion of the project,
models will be developed to predict the photoabsorption
cross-sections and decay branching ratios. The employed
models include Antisymmetrized Molecular Dynamics
(AMD) [19,20], Random Phase Approximation (RPA) based
on the energy density functional (EDF) [24], beyond-mean-
field Relativistic Nuclear Field Theory (RNFT) [21-23] and
Quasiparticle Phonon Model (QPM) based on EDF [25,26],
a large-scale shell model [27], and ab initio approaches. Pre-
dictions will be evaluated using the experimental data to esti-
mate model uncertainties and for further development.

The obtained experimental data and model predictions
will be implemented in a general reaction calculation code,
TALY'S to be made available for applications in various fields.
An important outcome of the PANDORA project will be a
better characterization of the photo-interactions of UHECR,
which is an essential ingredient of the theoretical modeling
of their extra-galactic propagation and acceleration in astro-
physical sources. This phenomenon is briefly described in
Sect. 5.

The remainder of this paper is organized as follows. The
experimental methods for measuring the photoabsorption
cross-sections and decay branching ratios are described in

Sect. 2. The theoretical models are described in Sect. 3. The
background of UHECR physics and application of the pho-
tonuclear reaction information to the extra-galactic propaga-
tion of UHECRSs are introduced in Sect. 5. Other potential
applications are briefly discussed in Sect. 6 followed by a
summary and outlook in Sect. 7.

2 Experimental nuclear physics

An overview of the experimental methods is provided in
Sect. 2.1. Then, the three main experimental facilities, RCNP,
iThemba LABS, and ELI-NP of the PANDORA project, are
introduced followed by other related facilities.

2.1 Methods

The experimental nuclear physics part of the PANDORA
project aims to systematically measure the photoabsorption
cross-sections and the p, n, a, and y decay branching ratios
for stable nuclei in the mass region below A = 60. Two
modern experimental methods will be employed. One is the
virtual photon excitation through relativistic proton scatter-
ing applicable at the Research Center for Nuclear Physics
(RCNP) in the Osaka University, Japan, and iThemba LABS,
South Africa [5,28,29]. The other method is real photon exci-
tation through high-intensity quasi-monoenergetic y beams
produced by the laser Compton scattering (LCS) at Extreme
Light Infrastructure-Nuclear Physics (ELI-NP), Romania.
The combination of complementary facilities is essential
for obtaining a high-quality systematic dataset. The ELI-NP
facility [30] is under construction as a next-generation high-
brilliance high-resolution LCS facility following the success-
ful operation of the LCS facilities in Japan [31,32] and in the
US [33].

To establish consistency among the data measured at the
three facilities, 27 Al was chosen as the reference nucleus for
each experimental campaign owing to its ease of fabrication
and treatment, natural mono-isotopic abundance, availabil-
ity of the (y, abs) data [34], and prediction of reasonably
large branching ratios for each of the p, n and « decay chan-
nels with relatively low threshold energies. All of these three
facilities can identify the nuclear excitation energy with a
high resolution of 100 keV or higher. This excellent energy
resolution is beneficial for establishing mutual data consis-
tency among the three facilities for discrete states, broad res-
onances, and related fine structures.

Almost all the stable nuclei below the mass of A = 60
are involved in the photodisintegration path of the UHECR
nuclei in the intergalactic propagation (see Sect. 5). Because
it is impractical to measure the photonuclear reactions for
all the stable nuclei involved, a limited set of nuclei will be
measured to allow the benchmarking of the nuclear model
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predictions. The selection of the candidate nuclei is listed
below.

— reference target: 27 Al.

— first cases and importance of a-decay: '2C and '°0.

— light nuclei: °Li, "Li, °Be, and '%-1'B.

— N = Z nuclei, a-cluster effect and deformation: 24Mg,
2884, 328 and #°Ca.

— isospin selection-rule in a-decay: isotope pairs of '*-11B,
12.13¢, 16,180 and 2426Mg.

— N > Z nuclei and multi-neutron emission: 3C, 30,
26Mg, “8Ca and *‘Fe.

— A-o0dd and odd-odd nuclei: "Li, ?Be, '%!1B, 13C, 1N.

Self-supporting pure targets or chemical compounds with
high isotopic enrichment or high natural isotopic abundance
will be used. We note that (y, &) measurements on 9Be, 12C
and !0 at the HIyS facility are reported [35-37] although
the excitation energies are well below the IVGDR.

2.2 Virtual photon excitation at RCNP

The excitation energy distribution of the E'1 reduced tran-
sition strength, d B(E'1)/dE,, will be measured using the
virtual-photon excitation method at the RCNP, Osaka Uni-
versity, where two cyclotrons will be used in a cascade to
accelerate a proton beam to 392 MeV. The Grand Raiden
spectrometer [38] is placed in the zero-degree inelastic scat-
tering mode [28,39] to measure the scattered protons at 0°-3°
degrees (left panel in Fig. 2), and at4.5° and 6.5° covering the
scattering angular range of 3.5°-7.5° in the Grand RAiden
Forward (GRAF) mode [40] (right panel in Fig. 2). The beam
is transported to the zero-degree beam dump (wall beam
dump) in the zero-degree (GRAF) mode. The beam dumps
are well separated from the target position and shielded by
concrete to reduce the radiation entering the decay detec-
tors. A proton beam at 392 MeV is employed to cover the
excitation-energy range of 7-32 MeV in the zero-degree
mode. The details of the experimental technique can be found
in Ref. [28].

Multipole decomposition analysis of the (p, p’) reaction
is well established at the RCNP [5,6]. The angular distribu-
tion of the (p, p’) cross-sections will be fitted by the sum
of theoretical angular distributions for several multipoles to
extract the E'1 component, which dominates at 0°. The E'1
cross-section at 0° is converted to the E'1 reduced transition
strength B(E1) by using the Coulomb excitation calculation
with the Eikonal approach.

A silicon detector array, SAKRA (Si Array developed by
Kyoto and osaka for Research into Alpha cluster states) [41],
will be placed around the target position for coincidence mea-
surement of decay charged particles (Fig. 3). SAKRA con-
sists of double-sided silicon strip detectors (DSSSDs) with a

@ Springer

Zero-degree inelastic GRAF mode

scattering mode

zero-degree beam dui

Fig. 2 Left panel: Grand Raiden spectrometer in the zero-degree
inelastic scattering mode [5]. The beam is transported in the spectrom-
eter and is stopped in the zero-degree beam dump. Right panel: GRAF
mode [40] for the measurement with placing the spectrometer at an
angle larger than 4.5 degrees. The beam is transport in the GRAF beam
line and is stopped at a beam dump (not shown in the figure) located
20 m downstream from the scattering chamber

Fig. 3 Tllustration of the silicon detector array SAKRA developed at
Osaka University for charged-particle decay detection in five DSSSD
configuration with a thickness of 500 um

thickness of 500 pwm with the detector model name of MMM
from Micron Semiconductor Limited. SAKRA covers a solid
angle of approximately ~ 25% of 4 atbackward angles with
respect to the beam direction. The lowest detectable energy
is ~ 0.5 MeV. The maximum detectable energy without pen-
etration of the detector is 8.2, 11.0, and 33.0 MeV for p, d,
and o particles, respectively.

Eight large-volume LaBr3 detectors (3.57¢—8" L) [42,43]
will be placed around the target chamber for decay y-ray
detection [40], as shown in Fig. 4 . The distance from the
target position to the front surface of the LaBr3 detectors is
approximately 200 mm. A beam-time proposal for the first
PANDORA experiment at the RCNP was approved and is
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Fig. 4 Eight large-volume LaBr3 detectors placed around the target
chamber accommodating the SAKRA ( view from the upstream side of
the beam)

scheduled in year 2023. The planned targets are '>13C, 27 Al,
and >*26Mg for the decay measurement in coincidence with
the scattered protons and '%1'!B only for the scattered pro-
tons.

2.3 Virtual photon excitation at iThemba LABS

The dispersion-matched 200-MeV proton beam produced by
the Separated Sector Cyclotron (SSC) atiThemba LABS will
be used to measure the photoabsorption response of the target
nuclei. The scattered protons will be momentum-analyzed
with a K = 600 magnetic spectrometer [29]. The spectrom-
eter consists of five active elements, i.e., a quadrupole, two
dipoles, and two trim coils (K and H). The focal plane detec-
tor consists of two multi-wire drift chambers (MWDC)s that
measure the horizontal and vertical positions of the scattered
particles, and two plastic scintillating detectors that provide
information on the energy deposited at the focal plane. The
excitation energy is determined from the horizontal position
of the first MWDC. Particle identification and halo rejection
are accomplished using the energy deposited in the scintilla-
tors and the time between the trigger event and the following
reference radio-frequency signal from the accelerator sys-
tem.

For this study, the K600 spectrometer will be operated
in the zero-degree and small-angle configurations, in which
the center of the spectrometer will be at 0° and 4°, respec-
tively, resulting in data acquired over a total angular range
of 0°-6°. This allows for extraction of the photoabsorption
cross-section from the (p, p’) data by applying multipole

Fig. 5 Silicon-strip detector array, CAKE, at iThemba LABS in the
standard single-layer configuration

decomposition analysis (MDA) of the measured data [5]. The
MDA is based on model predictions of the angular distribu-
tion shapes of the different multipolarities contributing to
the spectra. For each discrete transition or excitation energy
bin, the experimental angular distribution is fitted by employ-
ing the least-squares method to the sum of calculated angu-
lar distributions, weighted with coefficients corresponding to
the different multipolarities of the transitions. Owing to the
increasing complexity of contributions from different multi-
poles at higher momentum transfers, MDA is more reliable
and effective in the angular range below 10°. By combining
the 0° and 4° configurations, five to seven data points can be
extracted in the 0°—6° angular range.

Coupled with the K600 spectrometer, Coincidence Array
for K600 Experiment (CAKE) [44] will be used to mea-
sure the subsequent particle decay from the excitation of
the giant dipole-resonance (GDR). In the standard config-
uration, CAKE comprises five DSSSDs of the MMM design
from Micron Semiconductor Limited, arranged in a lamp-
shaped configuration as shown in Fig. 5. The detectors are
400-pm thick with 16 ring channels on the junction side of
the detector and eight sector channels on the ohmic side.
The limitation in proton energy detection (7 MeV) due to the
thickness of the detectors can be overcome by arranging the
detectors in a double-layer configuration. The array will be
arranged in the first experiment to cover the maximum solid
angle (25%) with a single-layer configuration. One section
of the array will be set up as the double layer. This allows
the testing of the double-layer configuration for future PAN-
DORA experiments. Particle identification will be carried
out using the time-of-flight technique, as shown in Ref. [44],
and energy excitation energy vs silicon energy matrices can
be constructed for different decay channels. The array will
be coupled to the spectrometer in both angular configura-

@ Springer
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Fig. 6 African LaBr Array (ALBA) coupled with the K600 magnetic
spectrometer at iThemba LABS

tions. The measurement of all the decay channels is crucial
for simulating the evolution of energy and composition in
the propagation of UHECRs. Therefore, the de-excitation
of GDR through y-ray emission will also be measured by
placing large-volume LaBr3:Ce detectors from the African
LaBr Array — African Lanthanum Bromide Array (ALBA)
— around the scattering chamber, as shown in Fig. 6. The
ALBA comprises up to 21 large-volume LaBr3:Ce detectors
(3.57¢-8"L), which can be arranged at an average distance
of 18-20 cm from the target. These detectors will be utilized
only in the K600 zero-degree configuration because of the
limitation imposed by the background originating from the
beam dump in the finite-angle setting. The y -decay informa-
tion will also be used to extract the branching ratio of particle
decays into excited states by detecting the y-rays from the
daughter states.

2.4 Real photon excitation at ELI-NP

The focus of the ELI-NP facility [30,45,46] is to directly
measure the decay strength in different channels following a
population of high-energy states using real photons from a
y-ray beam. The ELI-NP facility has two main approaches
to photonuclear physics. One of these systems is a 10 PW
high-power laser beam line [47]. However, for this study,
the main beam-line of interest is the high-brilliance, low-
bandwidth y -ray beam produced by Compton backscattering
of a regular laser off an electron beam. This system, called
variable energy gamma (VEGA), will consist of an electron
storage ring coupled to a Fabry—Pérot optical cavity. The
energy of the circulating electrons can be steplessly varied in
the range of 234742 MeV and photons from two different
laser configurations, covering two different energy ranges,
one at ~ 1 wm and the other at ~ 0.5 pwm, respectively, will
be able to cover y-ray energies in the range of 1-19.5 MeV.

@ Springer

Table 1 Main predicted parameters of the VEGA system at ELI-NP.

Parameter Limit

Energy < 19.5 MeV
Polarisation > 95%
Bandwidth (FWHM) <0.5%

Peak spectral density > 50005 lev~!

<1.0x10"2s 1lev!
<1.5x107*rad

< 72 MHz

~2.5x 108571

Off-Peak background density
Divergence (FWHM)
Repetition rate

Beam intensity at 10 MeV

Fig. 7 ELI-NP experimental setup for experiments above the neutron
threshold

Owing to the nature of the Compton backscattering process,
the beam is expected to be almost completely polarized. The
bandwidth of the beam is predicted to be less than 0.5%,
making it an ideal probe for the type of resonant structures
expected in the light nuclei studied in the PANDORA project.
The primary parameters of the VEGA system are listed in
Table 1.

Several experimental setups are currently being prepared
for photonuclear measurements at ELI-NP related to nuclear
structure and photonuclear reactions. The reaction studies,
with the most significant relevance to the project discussed
here, consist of both charged particle and neutron detec-
tion following nuclear excitation with the y-ray beam. For
neutron detection, two different setups were constructed at
the ELI-NP facilities, i.e., the ELIGANT Thermal Neutron
(ELIGANT-TN) setup [48] for high-precision cross-section
measurements for (y, xn) reactions, and ELIGANT Gamma
Neutron (ELIGANT-GN) [48-50] to investigate the correla-
tions and competition between the neutron and y-ray decay
channels from the states above the neutron threshold. The
experimental area is shown in Fig. 7.

ELIGANT-GN consists of 34 large-volume LaBr3:Ce and
CeBr3 detectors of length 76 mm and diameter 76 mm for
high-energy y rays. For neutron detection, 36 liquid scintilla-
tor EJ-301 type detectors will be used at a distance of 1.5 m
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from the target for high-energy neutrons, and 25 lithium-
glass GS20 type detectors will be used at a distance of 1 m
from the target for low-energy neutrons. The large-volume
crystal scintillators have a two-fold role. One is to identify
weak one- and two-step branches from the GDR states and
the other is to provide a clear time reference for neutron
energy measurements via time-of-flight in liquid and glass
scintillators. In a recent paper on the commissioning [50],
the total y-ray detection efficiency was estimated to be 1%
at an energy of 10 MeV. The liquid scintillators have an esti-
mated efficiency of 1% at a neutron energy of 10 MeV and
up to 2.5% at a neutron energy of 2 MeV. Below 1 MeV,
the efficiency decreases rapidly. However, the inclusion of
the lithium-glass scintillators can provide low-energy neu-
tron detection with an efficiency of 0.5% at a neutron energy
of 250 keV.

The ELIGANT-TN consists of 28 tubes filled with >He
and embedded in a polyethylene matrix. The efficiency of
the neutron counter is 38% over the complete, predicted neu-
tron energy range. This feature is essential because it means
that the energy spectrum of the emitted neutrons does not
bias the measured cross-section. Although the detector is
used with neutrons moderated to thermal energies, the aver-
age neutron energy can still be obtained using the ring-ratio
method [51], providing additional information for compari-
son with different theoretical approaches. Owing to the flat
efficiency, higher-order neutron emission cross-sections can
be disentangled from the total neutron emission cross-section
using the direct multiplicity sorting procedure, which is well
described in the references [52-54].

A common assumption in the measurements of the GDR
cross-section for heavy nuclei is that the total decay of the
GDR is very close to that of the neutron decay channel. How-
ever, this not necessarily the case for nuclei to be studied
in the PANDORA project. Besides internal transition decay
via y-rays, a significant part of the decay could occur via
charged particles, such as protons and « particles. At ELI-
NP, charged particle reaction studies will primarily be carried
out with the silicon-strip detector array, ELI Silicon Strip
Array (ELISSA), and large time-projection chamber ELI-
TPC [55]. For experiments within the PANDORA project,
the ELI-TPC can be operated in the stand-alone mode for
rare reaction channels with gas targets. ELISSA, in the con-
figuration proposed in the technical design report, consists
of three rings of twelve X3 position-sensitive detectors [56]
in a barrel-like configuration and two end cap assemblies. To
integrate ELISSA with ELIGANT-GN, a new, compact con-
figuration is required. However, this allows us to investigate
multiple-particle reactions, for example, (y, np) or (y, nx)
in the cases of a-cluster nuclei with excess neutrons such as
13C.

For this study, the y-ray beam provided by ELI-NP will
be used with 50-100 keV energy resolution in the energy

range from the particle separation thresholds up to the max-
imum available y-beam energy. The proposed targets are
neither very rare nor radioactive. Thus, they are not limited
by the beam size at the experimental point and can accept
beam spots of a few millimeters. For the same reason, the
beam intensity is not a sensitive issue in this study, and a
lower intensity is acceptable by introducing a time structure
in the beam. This sacrifice in intensity can easily be countered
using thicker targets. It would have the additional benefit of
increased accuracy and precision in the neutron energy mea-
surements, as well as adding the possibility of separating
(y, In) and (y, 2n) cross-sections in the ELIGANT-TN for
events above the two-neutron separation threshold. The use
of fully polarized beams allows the separation of the E£1 and
M 1 responses, as well as the separation of s-wave and p-
wave neutron emissions. For a given isotope, different target
thicknesses can be produced for different energies, keeping
the total reaction rate as constant as possible in the detector
setup. This ensures that the statistical uncertainties remain
similar and that systematic uncertainties related to the count
rate in the detector system are minimized.

2.5 Other related facilities
2.5.1 HIyS

The High Intensity y-ray Source (HIyS) [57] is a joint
project between the Triangle Universities Nuclear Labora-
tory (TUNL) and the Duke Free Electron Laser Laboratory
(DFELL). The HIy S facility is shown schematically in Fig. 8.
An electron beam is generated in a photo-cathode microwave
electron gun, bunched, and pre-accelerated to energies of
E,~ = 0.18-0.28 GeV in an electron linear accelerator. The
subsequent booster synchrotron can ramp the energy up to
1.2 GeV before the electron bunches are injected into the
Duke electron storage ring. Within the storage ring, the free
electron laser (FEL) is powered by an electron beam.

The ring electrons are deflected by several wiggler mag-
nets placed in the storage ring and they emit horizontally or
circularly polarized FEL photons with variable wavelengths
in the range 190-1060 nm. These photons are reflected by
FEL mirrors and collide with another electron bunch at the
collision point. In the laser Compton backscattering (LCB)
process, the photon energy can be boosted up to 100 MeV
with a total flux on the target in the order of ~ 108 y/s
depending on the scattering angle. The LCB beam energy can
be tuned by adjusting the electron and FEL energies, respec-
tively. Owing to the polarization conservation of the Comp-
ton backscattering process, a linearly or circularly polar-
ized high-energy LCB photon beam is produced. The high-
intensity photon beam passes the FEL mirror and is colli-
mated approximately 60 m downstream of the collision point.
Depending on the spatial distribution of the backscattered
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Fig. 8 Scheme of the HIyS facility. For details, see Ref. [57].
Reprinted with permission from [57]

photons and collimator size, the typical full width at half
maximum (FWHM) of the beam energy profile is 1-3% of
the peak energy.

Two experimental halls with dedicated detector setups [58]
are located in the upstream target room (UTR) and the
Gamma Vault, which use a high-energy photon beam to per-
form nuclear physics experiments. Several NRF studies have
been performed in the past decades to determine the spin and
parity quantum numbers of excited states [59—62], inves-
tigate collective excitation modes in deformed nuclei [63—
66], and extract photoabsorption cross-sections [67-70] and
photon strength functions [71,72]. Furthermore, (y, n) reac-
tions in the light nuclei [73-75] and in the Fe-Ni region were
measured [76,77]. Very recently, the y-decay of the IVGDR
into the ground-state rotational band in the deformed nucleus
154Sm was observed [78], demonstrating the the potential of
LCB beams for the investigation of photoabsorption cross-
sections and decay channels for physics goals in PANDORA.
For a recent review article on nuclear structure studies and
applications with a photonuclear reaction below and above
particle emission thresholds see Ref. [79].

2.5.2 NEPTUN at S-DALINAC

The photon-tagger NEPTUN [80] operating at the S-DALINAC

[81] of the Institute for Nuclear Physics of TU Darmstadt
provides a beam of energy-tagged and, therefore, quasi-
monoenergetic photons. The basic principle is illustrated in
Fig. 9.

The electron beam of S-DALINAC with energy Ej
impinges on a thin radiator target, producing bremsstrahlung
photons. The reacted electrons are momentum-analyzed via
dispersion in a large dipole magnet and detected using a
focal plane consisting of scintillator strips coupled to a
silicon photomultiplier. The energy of the generated pho-
ton (E, = Ep — E.) is determined from the remaining
energy of the reacted electron E, and Ey, neglecting the
recoil energy transferred to the atom in the radiator in the
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Fig. 9 Principle of photon tagging. For details, see Ref. [80]. Reprinted
figure with permission from [80]

bremsstrahlung process. The coincident measurement of the
induced photonuclear reactions on the samples in the experi-
mental setup, and the reacted electron enables to ‘tag’ the ini-
tial photon energy and thus, conduct experiments with quasi-
monoenergetic photon beams. Tagged photons in the energy
range of 5-35 MeV can be produced with maximum spectral
photon densities of 103 photons/keV/s after collimation with
a solid angle of 3 mrad. The experimental setups are located
5 m downstream of the photon tagger, NEPTUN. Currently,
two possible setups exist: the GALATEA LaBr-detector array
to detect high-energy photons, and the fast target changer
PROTEUS. The latter is combined with a large-volume CeBr
scintillator positioned in-beam downstream of PROTEUS to
measure photoabsorption cross sections via total photoab-
sorption directly. The advantage is that the complete absorp-
tion is measured directly and independently of any particular
exitchannel. Thus, future experiments at NEPTUN and PRO-
TEUS have the potential to provide complementary datasets
for the photoabsorption cross sections in the mass region
studied in PANDORA.

2.5.3 SLEGS at SSRF

The Shanghai Laser Electron Gamma Source (SLEGS)
depicted in Fig. 10 is the y-ray production beam line built
at the Shanghai Synchrotron Radiation Facility (SSRF). The
slant-scattering mode was employed for the first time to sys-
tematically produce energy-tunable y-ray beams by LCS of
10.64 pm photons from a CO, laser with 3.5 GeV elec-
trons in the storage ring. The SLEGS officially completed
its commissioning run between July and December 2021
[82]. An interaction chamber dedicated to the slant scat-
tering was constructed [83]. The energy range of the LCS
y-rays produced at SLEGS is 0.66-21.7 MeV. The maxi-
mum energy of the y-ray beam is 0.66 MeV at the slant-
scattering angle 20° and 21.1 MeV at 160°, while the high-
est achievable energy is 21.7 MeV in the back-scattering at
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180°. The CO, laser is vertically introduced into the interac-
tion chamber, transported through a set of mirrors and convex
lenses, and focused at the collision point with 3.5 GeV elec-
trons. The laser optical elements are mounted on a turn table
inside the interaction chamber to continuously change the
slant-scattering angle from 160° to 20°. The y-ray flux at
the production point is 2.1 x 10 at 20°, 2.5 x 10° at 90°,
and 1.2 x 107 at 180° for the 5 W (maximum 100 W) CO,
laser and 300 A electron beams. The y-rays are directed to
the experimental hutch through the double collimator sys-
tem [84]. The energy resolution of y-ray beams at the tar-
get position is 2—-15% in the full width at half maximum,
depending on the slant-scattering angle, provided that the
y-ray emission angle is confined to be less than 0.45 mr
with the collimator system. The four types of detectors meet
the versatility requirements of nuclear physics experiments.
This makes it possible to perform nuclear resonance fluores-
cence, flat-efficiency neutron, high-resolution neutron time-
of-flight, and low-energy charged-particle measurements for
photonuclear reactions [82]. In the PANDORA project, from
the iron group (Fe-Co-Ni) to the lithium nuclei, one can
investigate the neutron decay of the giant- and pygmy-dipole
resonances, mainly (y, 1n) cross-sections, decay branching
ratios to excited states in the residual nuclei, and the charged-
particle decay, mainly (y, p) and (y, o) cross-sections.

2.5.4 SCRIT electron scattering facility for short-lived
exotic nuclei

A ground-breaking electron-scattering facility has been built
at RIKEN, Japan, and is currently in operation. The Self-
Confining RI Ion Target (SCRIT) electron scattering facility
is dedicated to short-lived exotic nuclei far from the stability
as shown in Fig. 11.

Structural studies of exotic nuclei through electron scat-
tering are possible at the SCRIT facility because of the novel
target-forming technique combined with a high-energy elec-
tron beam [85]. The SCRIT technique provides high lumi-
nosity, ~ 1027 cm~2s~!, enough for elastic scattering with
a very small number of target ions, typically of the order of
10” cm =2 [86].

In addition to the ground-state charge density profile of
short-lived exotic nuclei through elastic electron scattering,

Fig. 11 SCRIT electron scattering facility at the RIKEN RI Beam Fac-
tory

their E'1 responses will also be accessible at the SCRIT
facility. The E1 responses of exotic nuclei have been stud-
ied only through Coulomb excitation reactions in nucleus-
nucleus collisions. Because it is not a purely electromagnetic
reaction, its interpretation has been questioned.

The inelastic electron-scattering cross section at an ultra-
forward angle 6 ~ 0° is known to be related to the photonu-
clear cross-section through virtual-photon theory. Detecting
the inelastic electron scattering off exotic nuclei at a very
forward angle allows the determination of the total photoab-
sorption cross-section. It should be stressed that at this facil-
ity, the full GDR region can be covered with an electron beam
energy of ~ 100 MeV [87], which was previously limited to
a few cases even using energetic RI beams.

3 Theoretical nuclear physics

In the nucleus rest frame, at typical UHECR energies of 10—
10?! eV, the cosmological microwave background (CMB)
photons are boosted to energies in the range of a few hun-
dreds of keV up to a few hundreds of MeV. The interaction
process between the UHECRs and the CMB is dominated
by the GDR at photon energies below 30-50 MeV, and to a
lesser extent, by the quasideuteron emission for intermediate
energies (between 50 and 150 MeV) and the pion photopro-
duction at energies above 150 MeV [88]. Nuclei are pho-
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todisintegrated by emitting nucleons through (y, n), (v, p),
(y, 2n), and other reactions. During the photodisintegration
path from Iron to protons, it is necessary to describe the dipole
strength of the involved nuclei accurately. It should be noted
that a large number of nuclei along this path are unstable.

The photoreaction cross-sections can be estimated using
the TALYS nuclear reaction code [89], which considers all
types of direct, pre-equilibrium, and compound mechanisms
to estimate the total reaction probability and the competition
between the various open channels. Therefore, the photore-
action cross-section is usually estimated at energies of up to
50 MeV. Using a large variety of nuclear structure models to
describe such cross-sections is relevant because it allows us
to estimate the corresponding typical theoretical error.

3.1 RPA-EDF

An RPA with an effective EDF is a standard tool for
calculating the B(E1) distributions of nuclei. The RPA-
EDF describes E'1 and other modes, such as monopoles or
quadrupoles, in nuclei covering the entire nuclear chart for
each effective EDF. They provide systematic reproduction of
the experimental data, including the collective properties of
the giant resonances. They also predict the PDR, also called
the low-lying electric dipole (LED) mode, in a broad mass
region.

The RPA equation with EDF is derived as a small-
amplitude vibration or linear response to external perturba-
tions of time-dependent density functional theory (DFT) [90].
Based on the DFT that contains only one-body densities, the
RPA-EDF equation is formulated from the one-body den-
sities calculated from the single-particle wave functions of
an A-nucleon system. Compared to other calculations, this
approach dramatically reduces the computational cost and
is applicable to heavy nuclei and infinite nuclear matter. Its
predictability is less reliable for very light nuclei (typically
A < 10) than for heavy nuclei.

In the RPA-EDF, collective vibrational modes are described
as a superposition of single particle-hole excitations, provid-
ing a straightforward interpretation of the properties of these
modes. However, owing to a lack of many-particle-many-
hole excitations, the RPA-EDF cannot describe the spread-
ing width, failing to reproduce experimental widths of giant
resonances. A spreading width of 1-2 MeV is often assumed
to reproduce the experimental widths.

The RPA-EDF is powerful for describing the photonu-
clear cross-section to be measured in the PANDORA project.
Developments to improve the predictions of light nuclei are
currently in progress. A Monte Carlo calculation has recently
shown that a few Skyrme-EDF parameters are correlated with
the peak energy of the GDR [91]. This enables the optimiza-
tion of the Skyrme-EDF parameters to reproduce the peak
energy of the measured GDR. We plan to develop a new set
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of Skyrme-EDF parameters, which better describe the E'1
strength distribution than that currently available.

3.2 Relativistic nuclear field theory (RNFT)

The RNFT was developed over the last couple of decades as
aresponse to novel challenges in nuclear structure and astro-
physics. The RNFT emerged as a synthesis of late extensions
of the Landau—Migdal Fermi liquid theory, Copenhagen—
Milano nuclear field theory (NFT), and quantum hadrody-
namics (QHD) [92-98]. The QHD, being a covariant the-
ory of interacting nucleons and mesons, constrained by low-
energy quantum chromodynamic (QCD), turned out to be
successful at the mean-field level [99—103]. The idea of fine-
tuning meson masses and coupling constants and introduc-
ing a nonlinear scalar meson led to an excellent quantita-
tive description of the nuclear ground states. Thus, the QHD
provides a connection between the low-energy QCD scale
and nucleonic scale of complex strongly-interacting media.
The time-dependent version of the relativistic mean field
(RMF) model and the response theory built on it have allowed
for a good description of the positions of collective vibra-
tional states in the relativistic random phase approximation
(RRPA) [104-106], or, for the superfluid systems, by the rela-
tivistic quasiparticle random phase approximation (RQRPA)
[107,108]. The RMF and R(Q)RPA form the content of the
covariant density functional theory (CDFT), which performs
very well and provides a better description of nuclear prop-
erties than non-relativistic DFTs.

First, the many-body correlations associated with tem-
poral non-localities of nucleonic self-energy and effective
interaction were considered in the extensions of the CDFT.
Namely, the first step connecting single-nucleon and vibra-
tional degrees of freedom was made by RNFT [92-96,109],
arelativistic version of the original NFT [110-116], and the
extended theory of finite Fermi systems [117,118], which
accounts for the in-medium retardation effects of the meson
exchange, missing in CDFT, in the leading approximation.
The latter is based on the emergence of collective degrees
of freedom, such as vibrations (phonons) caused by coher-
ent nucleonic oscillations. An order parameter associated
with qPVC vertices provides consistent power counting and
controlled truncation schemes. In the implementations with
effective interactions, the quasiparticle — vibration coupling
(qPVC) vertices and frequencies, which provide the most
important contributions to the nucleonic self-energy and
effective interaction beyond the CDFT, can be well approx-
imated by the R(Q)RPA. The nonperturbative treatment of
the qPVC effects is based on the time ordering of two-loop
and higher-order diagrams, containing multiple exchanges
of vibrations between nucleons, and evaluating their con-
tributions to one- and two-nucleon propagators. The lead-
ing approximation to the nucleonic self-energy includes *one
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(quasi) particle coupled to one phonon’ 1g ®phonon configu-
rations [92,119], while two (quasi) particles coupled to one
phonon’ 2g®phonon or 2phonon configurations enter the
extended induced interaction [94,95]. Later generalizations
of the RNFT were devoted to configurations of higher com-
plexity (np—nh,or 2q ® N phonon) [96], inclusion of isospin-
flip phonons [109,120], ground state correlations caused by
gPVC [98], and finite-temperature effects [121,122].

The nuclear response theory with the qPVC effects, which
was developed within this formalism in a parameter-free way
and called relativistic quasiparticle time blocking approx-
imation (RQTBA), provides a high-quality description of
the gross properties of the giant resonances [94,123,124]
and some fine features of excitation spectra at low energies
[97,125] in both neutral and charge-exchange channels for
medium-mass and heavy nuclei. In particular, the isospin
splitting of the pygmy dipole resonance has been explained
quantitatively [125], and the beta-decay half-lives were
reproduced successfully in the first version of the proton-
neutron RQTBA [97]. The generalized RQTBA with multi-
phonon couplings [96] unifies the theory of high-frequency
collective oscillations and low-energy spectroscopy [126].
The essential features of the RNFT are: (i) it is constrained
by the fundamental underlying theories, such as QCD, and
hence, consistent with the Lorentz invariance, parity invari-
ance, electromagnetic gauge invariance, isospin and chiral
symmetry (spontaneously broken) of QCD; (ii) it includes
the effects of nuclear superfluidity on equal footing with
the meson exchange and qPVC, so that it applies to open-
shell nuclei; and (iii) it is a parameter-free extension of the
CDFT, which is applicable and demonstrates high perfor-
mance almost throughout the entire nuclear chart, from the
oxygen mass region to super-heavy nuclei [119,127].

Recently, the R(Q)TBA was re-derived in a model-
independent equation of motion (EOM) framework based
on the bare fermionic Hamiltonian without applying time-
blocking operators [126]. The EOM formalism allows for ab
initio descriptions and further extensions of RNFT. Overall,
the original and extended versions of the R(Q)TBA demon-
strate significant improvements in describing nuclear collec-
tive excitations and soft modes compared with the standard
(Q)RPA theories.

3.3 EDF-QPM

A microscopic approach based on self-consistent EDF and
quasiparticle random phase approximation (QRPA) for-
malism complemented by multiphonon configurations was
developed and used in various studies on the nuclear structure
of low-energy excited states, pygmy, and giant resonances
[25,128]. Currently, the EDF + three-phonon QPM theory
[26,129] is a successful method that allows for a unified
description of low-energy single-particle and multiphonon

states and giant resonances. For example, a uniform treatment
is required to separate the multiphonon states, PDR and GDR
strengths. An essential advantage of the QPM compared to
other methods with quasiparticle-phonon coupling is the use
of sufficiently large configuration spaces, including up to
three-particle-three-hole (3 p —3h) components. They are the
most important prerequisites for quantitative descriptions of
the fine and coarse properties of nuclear spectral functions
and the description of nuclear data with highest accuracy
[25,26,128,130-132]. Furthermore, the approach was able
to predict the nuclear structural properties and dynamics of
new modes of nuclear excitation at low energies, and in par-
ticular, the PDR and its higher multipole extension, and the
pygmy quadrupole resonance (PQR) [133]. In this respect,
the calculations of the branching ratios to the ground and low-
energy excited states serve as highly sensitive observables for
distinguishing simple one-particle-one-hole (1p — 1h)-type
configurations and multiphonon structures [132, 134].

With this study, we intend to apply the EDF-QPM
approach to studies of electric and magnetic low-energy exci-
tations with complex structures, pygmy, and giant resonances
in atomic nuclei with masses around and below A = 60. Cal-
culations of the transition strengths and branching ratios of
PDR and GDR to the lowest-lying excited states and ground
state can provide insight into the mechanism of decay of
these excitation modes [132]. The PDR can contribute to
the neutron capture cross-sections of the nuclear reactions
of the s- and r-processes of nucleosynthesis in astrophysics
[130,135,136]. In addition, multiparticle-multihole excita-
tions related to nuclear polarization can cause redistribution
and fragmentation of the low-energy 1 p — 14 strength, which
can significantly affect the radiation capture cross-sections
[26,136]. In this regard, EDF-QPM spectral distributions
can be implemented in nuclear reaction code to evaluate and
predict the nuclear reaction rates of astrophysical importance.

3.4 AMD

The electric dipole states of light nuclei will be stud-
ied using the AMD model [19,20] combined with the
shifted-basis method [137] or the real-time evolution method
(REM) [138]. Furthermore, the decay branches (n, p, y, and
o decays) will also be studied within the same framework
using the Laplace expansion method [139].

The AMD framework uses the Slater determinant wave
function of the nucleon wave packets to describe the structure
and response of the atomic nuclei. To incorporate with the
particle-hole states, which are relevant to the electric dipole
states, the shifted-basis method or recently developed REM
will be combined with AMD. The shifted-basis method has
already been applied to 2°Ne and has successfully described
the PDR, GDR, and their decay patterns [138].
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The advantages of the model are as follows. (1) The AMD
wave function can describe both the collective states and
cluster states, such as « clustering, which is essential for
estimating the a-decay branch. (2) Rotational symmetry is
restored by the angular momentum projection. This enables
us to describe the rotational modes and rotation-vibration
coupling in addition to the vibrational modes. (3) The REM
handles many-particle-many-hole states, which enables the
investigation of many-body correlations beyond the PRA
approximation. (4) The decay branches can be reasonably
estimated using the Laplace expansion model.

The following issues are planned to be resolved. (1) An
effective interaction that reasonably describes the structure
and response of the light nuclei needs to be developed
because the current Skyrme density functionals do not work
well for very light nuclei. (2) This project will be the first
application of REM to AMD, and thus computer code devel-
opment and benchmarking are required.

3.5 Large-scale shell-model (LSSM) calculations

Shell-model calculations are considerably successful in sys-
tematically reproducing low-lying states, and can be a
promising option for describing photonuclear reactions. The
photonuclear reactions introduce a parity change in the exci-
tation from the ground state, demanding significantly larger
valence shells. The minimum model space to satisfy the
E1 sum is the Ofiw space for the ground state and liw
space for the E 1-excited states. In particular, when the Fermi
surface is located in the major shell having the harmonic-
oscillator quantum number Npfiw, three major shells with
M — Dhw, Noho, and (N + 1)hw have to be consid-
ered as the valence shell, and all the possible basis states
whose harmonic-oscillator quantum numbers 17 have to
be considered as larger than the lowest. Such calculations
are usually referred to as the 1% calculations.

Figure 12 presents the M -scheme basis dimensions for the
1~ states of N = Z even-even nuclei ranging from '°0 to
5Ni. The circles denote those of the 17w calculations. For
the nuclei with 16 < A < 40, the valence shell consists of
No = 1, 2, 3 major shells, and the M-scheme basis dimen-
sion peaks at the middle of the sd shell, 288i. For nuclei with
A > 40, the valence shell changes to Ny = 2, 3, 4 major
shells. The dimension steeply increases with the mass num-
ber than that for 16 < A < 40, and reaches approximately
10" at °Ni. Because recent large-scale shell-model codes
can handle 10'°-10!! M-scheme dimensions, w1fiw calcu-
lations can be carried out for almost all the nuclei of interest
using the KSHELL code [140].

The next leading order to be included as the basis states are
the 37w ones. These states consist of (i) one-nucleon excita-
tion to the 37w larger shell and (ii) three-nucleon excitations
to the 17w larger shells. Because the basis states of (i) require
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Fig. 12 M-scheme dimensions for the 1~ states of N = Z even-even
nuclei

significantly more valence shells beyond the capability of the
current version of KSHELL, currently only the basis states
of (ii) can be included. We confirmed that the missing E'1
strengths owing to the lack of (i) are negligible, and such
approximate calculations are referred to as (1 + 3)%w calcu-
lations. As shown in Fig. 12, the (1 4 3)7Zw basis dimensions
are ~ 3 orders larger than the 17w ones. However, the dimen-
sions of the sd-shell nuclei (i.e., 16 < A < 40 ones) are still
below the considerable limit. The 14w and (1 4+ 3)Aw cal-
culations are compared in Ref. [27] for 48Ca. While the E1
strengths below the GDR peak are approximately the same,
those above the GDR peak are reduced in the (14-3)%w calcu-
lation and appear closer to the experimental data, probably
owing to improved correlations. Therefore, we considered
that the best strategy for the current study is to carry out
(1 + 3)hw calculations for the sd-shell and lighter pf-shell
nuclei and to perform 174w calculations with empirical cor-
rections for higher excitation energies included.

Furthermore, numerical calculations derived from differ-
ent LSSM codes and interaction schemes can be compared
and used for theoretical predictions of nuclear excitations in
light nuclei of interest for the present study.

3.6 Ab initio no-core shell model calculation

Recently ab initio studies of the giant dipole resonance were
performed in light nuclei, such as 4He [141], OB, [142]
and '90 [143]. In these ab initio approaches, one of the
most challenging obstacles is to treat the hard-core nature
of nuclear forces, which often demands a prohibitively large
model space in no-core shell model calculations.

In Ref. [142], no-core shell model calculations success-
fully described the giant dipole resonance by employing
modern chiral N3LO interactions. In this study, similarity-
renormalization-group (SRG) evolution was applied to the
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Fig. 13 TALYS prediction of the dominant photoreaction cross sec-
tions on '°0 and 70 with or without including the IFT corrections

chiral N3LO interaction to soften the hard-core nature of the
nuclear force, and it was demonstrated that the giant dipole
resonance obtained by the no-core shell model approach con-
verged with a relatively small model space. In this study,
we will perform no-core shell model calculations to obtain
the giant dipole resonances of light nuclei using other soft-
ened interactions, such as the Daejeon 16 interaction [144],
employing the KSHELL code [140]. To treat large active
shells required in no-core shell model calculations, we may
have to develop the KSHELL code further. Moreover, it is
desirable to construct an effective £ 1 operator, to which the
bare E 1 operator is renormalized in the model space. In paral-
lel, we will perform no-core shell model calculations employ-
ing conventional phenomenological interactions such as the
WBT interaction [145] for simplicity and comparison with
the ab initio approaches.

4 Reaction calculations

To estimate the photoreaction cross-sections of interest in
this study, the different reaction mechanisms had to be simu-
lated. One of the modern reaction codes called TALYS [146]
includes many state-of-the-art nuclear models to cover all
the main reaction mechanisms encountered in light particle-
induced nuclear reactions. It provides a complete descrip-
tion of all the reaction channels and observables. The code
includes photons, neutrons, protons, deuterons, tritons, 3He,
and a-particles as both projectiles and ejectiles, and single-
and multi-particle emissions and fission. All the experimen-
tal information on nuclear masses, deformation, and low-
lying state spectra is considered, whenever available [147].
If not, various local and global input models have been incor-
porated to represent the nuclear structure properties, opti-
cal potentials, level densities, y-ray strengths, and fission
properties. The TALYS code was designed to calculate the
total and partial cross-sections, residual and isomer produc-
tion cross-sections, discrete and continuum y -ray production
cross-sections, energy spectra, angular distributions, double-
differential spectra, and recoil cross-sections. Furthermore,
TALYS estimates the thermonuclear reaction rates relevant
to astrophysics [148].

The treatment of the photon strength function is par-
ticularly relevant to this study. Different models of the
dipole strength function are available in TALYS in partic-
ular, the Simple Modified Lorentzian model (SMLO) [149],
or the Gogny DIM+QRPA model [150], but the experi-
mental strength can also be directly introduced. In addition,
for the present project, two recent improvements have been
brought to the TALYS code: (i) an updated description of
the nuclear level density of light nuclei within the constant-
temperature model [151], where the model parameters have
been adjusted individually to all light targets of interest in
the present project, and (ii) the account of isospin forbidden
transitions (IFT) both in the single and multiple particle emis-
sion channels. For the latter, a phenomenological correction
reflecting the hindrance of dipole emission in self-conjugate
nuclei is introduced, as detailed in Ref. [152]. Including IFT
corrections can lead to rather different predictions of pho-
toemission cross-sections in targets, such as 160 or 170, as
illustrated in Fig. 13.

Based on the statistical model of Hauser—Feshbach,
TALYS is a successful code for medium- and heavy-mass
target nuclei. Such a model assumes that the capture pro-
cess occurs with the intermediary formation of a compound
nucleus in thermodynamic equilibrium. The energy of the
incident particle is then shared almost uniformly by all
the nucleons before releasing the energy through particle
emission or y-de-excitation. The formation of a compound
nucleus is generally justified by assuming that the level den-
sity in the compound nucleus at the projectile incident energy
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Fig. 14 Observed cosmic-ray flux distribution as a function of the
(total) energy [154] above 10 TeV, including data from major UHECR
observatories such as Pierre Auger (the orange circles) and Telescope
Array (the green stars). A cut-off is visible above a few 10!° eV

is sufficiently large to ensure an average statistical continuum
superposition of the available resonances. However, when the
number of available states in the compound system is rela-
tively small, as for light targets, the validity of the Hauser-
Feshbach predictions has to be questioned. Therefore, a pri-
ori, the statistical model is not well suited for describing the
reaction mechanisms occurring with the light species inves-
tigated in the current project. However, it appears to provide
sufficiently fair rates that can be used as a first estimate for
sensitivity analysis and further adjusted in specific cases, as
shown in Ref. [153]. As shown in Fig. 13, the IFT corrections
can be used to tune the photoreaction cross-sections close to
the N = Z line.

5 UHECR physics
5.1 Observations and open questions

Even after more than fifty years of experimental efforts,
the origin of UHECRs, the cosmic-rays above 10'8 eV
remains a mystery. Understanding the production of these
cosmic rays, which are considered the most energetic par-
ticles in the universe, is one of the most intense research
fields in high-energy astrophysics. High-resolution and high-
statistics measurements of the UHECR spectrum, compo-
sition, and arrival direction have recently become possible
through experiments, such as AGASA [157], HiRes [158],
the Pierre Auger Observatory [159], and Telescope Array
(TA) [160], based on the detection of giant air showers trig-
gered by the interaction of UHECRs in the Earth’s atmo-
sphere. Evidence of suppression of the UHECR flux above
3-5 x 10'? eV observed by HiRes [161], the Pierre Auger
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Fig. 15 The atmospheric depth of the maximum air shower, <
Xmax >, as a function of the UHECR energy from the Pierre Auger
Observatory in comparison with three model predictions for the cases
of primary UHECR particles of protons and irons (left panel) [155].
The observed UHECR flux distribution above 10'® eV from the Pierre
Auger Observatory compared with an example mass-composition anal-
ysis (right panel) [156]

Observatory [162], and TA [163,164] (see Fig. 14) is one
of the most anticipated observations at the highest ener-
gies. Composition analyses at the Pierre Auger observa-
tory strongly favor a mixed composition with an evolution
toward heavier elements (but most probably not heavier than
Fe nuclei) above a few 10'8 eV [155,165,166] (Fig. 15).
This quite unexpected trend demonstrates the central impor-
tance of complex nuclei (A = 2 and heavier) in UHECR
physics. In addition, the presence of these complex nuclei
shows that UHECRs are accelerated in astrophysical sources
rather than being directly produced by exotic high-energy
particle physics phenomena. Anisotropies in the arrival direc-
tions of UHECRs are additional critical pieces of information
that constrain their origins. Recent data have provided the
first clear evidence (above the 5o significance threshold) of
large-scale anisotropy (a dipole modulation) in the distribu-
tion of the arrival direction of the highest energy events [167].
Moreover, Auger and TA data show hints of anisotropies at
smaller angular scales (~ 20-25°) with claimed excesses in
the direction of the Centaurus [168] and Ursa Major [169].
Despite this evidence of anisotropies, the astrophysical pro-
duction sites of UHECRs remain challenging to trace. This
is probably a consequence of the significant angular deflec-
tions experienced by UHECRs, owing to the cosmic magnetic
fields, during their journey from their sources to the Earth.
Nevertheless, these anisotropic observations seem to support
the general idea that UHECRs are of extragalactic origin (as
already accepted based on simple theoretical considerations).

5.2 Extragalactic propagation of UHECRs

Owing their likely extragalactic origin, the UHECR spec-
trum and composition measured on Earth must be shaped by
the effect of propagation of the particles in the extragalactic
medium. During their journey from the sources (expected to
be distributed somewhat like ordinary matter throughout the
entire universe) to Earth, the injected cosmic-ray spectrum
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Fig. 16 Left: energy evolution of the photodisintegration cross-section
for 5Fe, the contributions of the GDR, quasi-deuteron (QD) and baryon
resonances (BR) are shown in addition to the contributions of different
nucleon multiplicities (for GDR and QD). The cross-sections in the
GDR and QD regimes were obtained using the TALYS code. Right: total
photodisintegration mean free path for various species as a function of
the Lorentz factor (refer the labels) at redshift z = 0 (adapted from
[88])

and mass composition are modified by the interactions of
UHECRs with background photons (resulting in energy and
mass losses) and cosmic magnetic fields (resulting in deflec-
tions). Detailed modeling of the extragalactic propagation of
UHECRSs is necessary for the astrophysical interpretation of
the data. One key feature induced by the UHECRs extragalac-
tic propagation is the prediction of a cut-off in the observed
spectrum above a few 10'° eV related to the interactions of
UHE protons or nuclei with photons from the CMB as well
as with infrared, optical, and ultraviolet extragalactic back-
grounds (hereafter IR/Opt/UV). This prediction [170,171]
of the so-called GZK cut-off (named after the authors of the
original studies Greisen, Zatsepin, and Kuzmin) was made in
1966, shortly following the discovery of the CMB, and seems
to be consistent with the aforementioned spectral measure-
ments.

Only the photointeractions are relevant in the extragalac-
tic medium, except in the immediate vicinity of the UHECRs
acceleration site. The principle of the photo-interactions suf-
fered by the UHECR protons and nuclei during their inter-
galactic journey, with photon backgrounds of energies rang-
ing from 1073 eV (CMB) to a few eV (UV) in the Earth
frame, is relatively simple. Cosmic-ray protons or nuclei
with a Lorentz factor large enough would see photons of
these low-energy backgrounds as multi-MeV photons in their
proper reference frame, that is, above the threshold ener-
gies for the eTe™ pair production or pion production for
protons or nucleon separation for complex nuclei. When-
ever this occurs, each of these interactions results in energy
losses for the incoming ultra-relativistic cosmic rays either by
decelerating or losing nucleons. As a result, complex nuclei
contained in UHECRs suffer mainly from IVGDR, hereafter
more shortly GDR excitations with extra-galactic photons
for Lorentz factors above ~ 108 with far-infrared photons
and ~ 10%5 with CMB photons (see Fig. 16). This results
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Fig. 17 lllustration of the effect of the & decay channel on the expected
flux after propagation in the intergalactic space, assuming a uniform
distribution of sources in the universe, for a few different theoretical
assumptions on the GDR cross-sections corresponding to the various
TALYS settings. The graph shows the relative difference between the
predicted UHECR fluxes on Earth as a function of energy for the various
assumptions. The flux obtained for the cross-sections of [172] are used
as the reference

in nucleon losses and modification of the UHECR composi-
tion with respect to that produced in the unknown sources.
Note that excitation of GDR is the most important photo-
disintegration process for UHECR nuclei because it has the
largest cross-section and lowest energy threshold. Thus it has
a dominant contribution to the UHECR nuclei with a photo-
disintegration mean free path for the Lorentz factor ranging
from ~ 107 to 10! (Fig. 16).

The most significant early study of UHECR nuclei prop-
agation was certainly performed by Puget, Stecker, and Bre-
dekamp (PSB) [173], who treated, in great detail, the propa-
gation of nuclei (A < 56) and provided simple parametriza-
tions based on the available data for the GDR and quasi-
deuteron (QD) excitation cross sections. More recently, Khan
etal. [172] proposed new estimates of the GDR cross-section
based on a theoretical calculation using the TALYS nuclear
reaction code [89], which showed better agreement with the
available data than that with the previous parametrizations
from PSB [173]. The improvement in the UHECR estimates
owing to these new calculations rely not only on the use of
microscopic cross sections but also on the implementation
of a photodisintegration network involving many nuclei in
contrast to the previous methodology, where only one given
nucleus was considered for each A below 56.

In recent years, the interest in the propagation of UHECR
nuclei has increased significantly (Ref. [88] for recent review
and references therein). This further holds because the recent
composition analyses at the Pierre Auger Observatory now
firmly indicate a significant (and increasing with energy) con-
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tribution of nuclei at the highest energies. The availability
of GDR cross-section models, as well constrained and as
realistic as possible, is critical for obtaining the most infor-
mation from extragalactic UHECR propagation studies. In
some predictions of nuclear reaction codes, such as TALYS
(see the previous sections), for instance, the importance of
the «-decay reaction channels for low-mass nuclei, depend
on the chosen settings of nuclear reaction code and are, con-
trarily, not ell constrained currently by nuclear physics mea-
surements. The latitude left by the lack of experimental con-
straints, together with the dependence on the nuclear reaction
code settings, can lead to a sizeable dispersion of the pre-
dicted UHECR spectrum after accounting for the UHECR
extragalactic propagation for a given source spectrum and
composition model as illustrated in Fig. 17. The dispersion
of the UHECR spectrum was also evaluated in Ref. [174]
using the RPA-EDF model [24,175] with several Skyrme-
EDF parameters.

An exhaustive campaign of measurements of GDR cross-
sections for various nuclei and reaction channels, as proposed
in the PANDORA framework could significantly improve
the description of nuclear reactions relevant to the propa-
gation of UHECRs. Likewise, these improvements would
also benefit the modeling of UHECR acceleration in poten-
tial UHECR astrophysical sources, including active galactic
nuclei [176-181], gamma-ray bursts [182—-185], star-burst
galaxies [186-188], galaxy clusters [189—191], or tidal dis-
ruption events [192], where photo interactions could also play
an important role.

6 Applications
6.1 Astrophysical applications beyond UHECRs

In addition to their relevance to a proper understanding of
the UHECR composition and energy spectrum as detected
on Earth (Sect. 5), photoreactions play an important role
in stellar evolution and nucleosynthesis applications [193].
More specifically, at high temperatures (typically in excess
of 10°K), nuclei may be subject to (y, n), (y, p) or (y, «)
photodisintegration. These transformations have become
increasingly important as the evolution of a star proceeds
beyond C-burning in the non-explosive history of massive
stars. The first major stage of photodisintegrations is the
Ne-burning episode governed by the *°Ne(y, a)!60 reac-
tion, which also produces a significant amount of recaptured
a-particles responsible for the production of elements heav-
ier than Ne. Photodisintegration culminates at the Si-burning
phase, terminating at a nuclear statistical equilibrium. Explo-
sive situations favor photodisintegrations owing to the higher
temperatures reached under these conditions. Notably, some
occur during the various hot modes of H-burning [194] and
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are essential components of the p— and r— processes of
nucleosynthesis [195,196].

The photodisintegration rates in a photon bath obeying
the Plank distribution law that applies to stellar interiors are
briefly discussed in Ref. [194]. In view of the difficulties in
deriving photodisintegration rates through direct approaches,
they have traditionally been estimated based on the detailed
balance theorem applicable to the reverse radiative capture
of nucleons or a-particles (e.g. [152,194]). However, pho-
toreaction experiments can be of great interest to constrain
the reverse cross-sections, especially when dealing with an
unstable target in radiative capture, which cannot be mea-
sured in the laboratory. For example, the photodisintegration
of °Be through the 1/2% state near the neutron threshold
[197] helped to constrain the important three-body inverse
reaction (e¢an) of relevance during nucleosynthesis in the
neutron-rich v-driven wind of Type-II supernovae.

6.2 Application to other fields

Precise knowledge of the E1 transition strength distribu-
tion and decay processes is essential for various applica-
tions related to y-ray irradiation and photoexcitation. The
excitation-energy distribution of the E1 transition strength
determines the photoabsorption cross sections and, thus, the
reaction rate under y-ray irradiation. Reliable predictions of
the decay processes are indispensable for simulating radia-
tion effects, e.g. the number of nuclei produced after photoex-
citation, energy dissipated by the emitted charged particles,
amount of neutron radiations produced and the activation by
neutrons, production of radioactivity, and emission of char-
acteristic y-rays used for elemental or isotopic analysis. The
photonuclear reaction data and predictions of light nuclei are
briefly summarized as follows.

The photonuclear reaction data are essential inputs for the
simulation of radiation shielding design, radiation transport
analysis, and estimation of radioactivity for decommission-
ing at industrial, scientific, and medical facilities.

The photon activation analysis (PAA) method has been
developed for the non-destructive identification of nuclides in
a sample material by detecting the induced radioactivity after
exposure to high-energy photons [198]. PAA is more suitable
than neutron activation analysis (NAA) for detecting light
elements, such as Be, C, N, O, F, Si, P, and Ni [199]. Super-
intense Laser-driven photon activation analysis is proposed
using photons produced by high-power laser irradiation of a
solid material [200]. Gamma-ray imaging by combining the
techniques of nuclear resonance fluorescence (NRF) spec-
troscopy with computer tomography (CT) has been devel-
oped for the non-destructive investigation of the distribution
of specific isotopes in a material [201].

The inspection of fissile materials by applying photonu-
clear reactions has been discussed in several studies on inter-
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national safeguards and security [202-204]. Although the
photo-neutron response of fissile heavy elements is beyond
the scope of this study, the photo-neutron response of the
surrounding materials, such as the 18O()/, n) reaction, needs
to be evaluated because the reactions produce noise signals
for the detection of the target material [203]. In addition,
photoneutron spectroscopy using monoenergetic y-rays for
detecting bulk explosives was studied by measuring the spec-
trum of emitted characteristic neutrons to identify nuclei
associated with the explosives (H, C, N, O) [205]

The production of medical isotopes through photon irra-
diation was investigated for **Sc and *’Ca via (y, n), 4’Sc
voa (y, p), and 4Ti via (y, 2n) reactions [206]. Precise data
on photonuclear reactions on elements of the human body
are essential for simulating the absorbed doses during radio-
therapy.

Recently, photonuclear reactions triggered by lightning
discharge were observed using terrestrial scintillation y
detectors [207,208]. However, the ignition process and light-
ning discharge development are still poorly understood. The
accelerated electrons in the thundercloud emit y rays by
bremsstrahlung, which produce >N and 'O nuclei via
14N(y, n) and 16O(y, n) reactions in the atmosphere. The
produced nuclei emit positrons with half-lives of several min-
utes. The annihilation y -rays are observed using scintillation
y-detectors. Precise knowledge of the photonuclear reactions
on the relevant nuclides is required to describe the lightning
mechanism in thunderclouds before and after discharge.

7 Summary and outlook

Photonuclear reactions of light nuclei below a mass of A =
60 are essential for the nuclear structure and reaction studies,
particle and nuclear astrophysics, and various other applica-
tions. The PANDORA project aims to systematically inves-
tigate the photonuclear reactions, and comprises experimen-
tal nuclear physics, theoretical nuclear physics, and parti-
cle astrophysics. Two modern experimental methods, virtual
photon excitation through proton scattering and real photo
absorption using a high-brilliance y-ray beam produced by
laser Compton scattering, will be applied to measure the
photoabsorption cross-sections and decay branching ratio of
each decay channel. Several nuclear models, such as anti-
symmetrized molecular dynamics, mean-field and beyond-
mean-field models, a large-scale shell model, and ab initio
no-core shell model will be employed to predict photonu-
clear reactions. Uncertainties in the model predictions will
also be studied. The results will be implemented in the reac-
tion calculation code TALY'S for application in various fields.
The photodisintegration process of ultra-high-energy cosmic
rays in inter-galactic propagation using the theoretical pre-
dictions and uncertainty originating from the accuracy of the

nuclear model predictions are the focus of the PANDORA
project.

The first beamtimes of the project’s nuclear physics exper-
iments are planned for 2023 at the RCNP and iThemba
LABS. The first commissioning of the LCS y -ray facility at
the ELI-NP is expected at the end of the year 2023. System-
atic data will be obtained in 5-10 years. Simultaneously, the
development of nuclear models [91] and their application to
UHECR propagation simulations [174] are ongoing. We note
that an experimental study on photoneutron cross sections on
13C measured at New SUBARU has been reported [209] after
the first submission of this manuscript.
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