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Abstract. The perspectives for photonuclear experiments at the new Extreme Light Infrastructure - Nuclear Physics (ELI-NP) facility are discussed in view of the need to accumulate novel and more precise
nuclear data. The parameters of the ELI-NP gamma beam system are presented. The emerging experimental program, which will be realized at ELI-NP, is presented. Examples of day-one experiments with the
nuclear resonance ﬂuorescence technique, photonuclear reaction measurements, photoﬁssion experiments
and studies of nuclear collective excitation modes and competition between various decay channels are discussed. The advantages which ELI-NP provides for all these experiments compared to the existing facilities
are discussed.
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1 Introduction
Some of the major questions which the international nuclear physics community addresses at present are: i) what
new data will be obtained with new or upcoming experimental facilities, and ii) how could global collaboration be
improved to enhance the quality of evaluated data. Here
we introduce research opportunities and the experimental program which is under preparation at the Extreme
Light Infrastructure - Nuclear Physics facility. ELI-NP is
under construction in Magurele, Romania and is expected
to become operational in 2018. It is a state-of-the-art laboratory dedicated to nuclear physics research with extreme
electromagnetic ﬁelds and will host two 10 PW lasers and
a very brilliant gamma-beam system. ELI-NP is designed
to cross the frontiers of known physics and, in particular,
thanks to the unique parameters of the gamma beam system, to allow precise photonuclear measurements in the
energy region from 200 keV to 20 MeV. The experimental
program of the facility was outlined in the ELI-NP White
book [1] and presented in a number of papers [2, 3].
Electromagnetic probes were among the ﬁrst tools of
investigating the atomic nucleus. The major problem of
the photonuclear experiment is the type of photon source
that is used. Most of the available data so far are obtained using bremsstrahlung photons. However, for precise
measurements of, e.g., photonuclear cross-sections, intense
beams of monoenergetic photons are needed. ELI-NP will
deliver intense very narrow bandwidth photon beams,
which will be produced in inverse Compton backscattering
of laser photons oﬀ a relativistic electron beam.
Several classes of experiments will be possible at ELINP, such as precise nuclear resonance ﬂuorescence (NRF)
experiments, direct measurements of photonuclear reaction cross-sections, photoﬁssion experiments and studies
of nuclear collective excitation modes, as well as studies
of the competition between various decay modes.
In NRF experiments photons are scattered oﬀ bound
nuclear states. The method is proven to be an outstanding
tool to investigate low-lying dipole excitations in atomic
nuclei and to provide detailed spectroscopic information.
For a recent review see [4]. These experiments will beneﬁt from the ELI-NP high-ﬂux, narrow bandwidth, nearly
100% polarized gamma beams and the availability of gamma-spectrometers of excellent energy resolution and high
eﬃciency. The sensitivity and the spin-selectivity are essential for detailed studies of the fragmentation of the

strength of speciﬁc collective dipole modes even at excitation energies where the total level density is high. In
addition, the pencil beams at ELI-NP will allow the usage
of small-size targets, which open opportunities for NRF
research for nuclei which were not accessible so far, e.g.
isotopes in the actinide region.
In the last decades accurate measurements revealed
high importance of the pygmy dipole and M1-resonances
built on top of the low-energy tail of giant dypole resonance (GDR). At ELI-NP, the 0.3% bandwidth of the
polarized γ-ray beam will facilitate these studies and will
provide an opportunity to investigate in detail the fragmentation of the strength of these excitations.
Reliable information on cross-sections of total and partial photoneutron reactions is extensively used in basic research to solve a number of fundamental problems of electromagnetic interactions. The traditional studies of the
photonuclear reaction cross-sections in the region of the
GDR explore roles of diﬀerent types of nuclear excitations
in photoabsorption and their coupling to collective nuclear
degrees of freedom, competition of diﬀerent ﬁnal states
and diﬀerent mechanisms in the exit channels of the reactions and so on with the one of the ultimate goals to obtain
good model description of observed cross-sections over the
complete range of nuclei. Moreover, data on cross-sections
for partial photoneutron reactions are widely used in various realms of science and technologies (nuclear physics
and nuclear power engineering; radiation chemistry, geology, and medicine; materials science; ecology; monitoring
luminosities of colliding beams of relativistic nuclei in accelerators and many other ﬁelds).
In recent years there is also a growing interest to measurements of near-threshold cross-sections of photoneutron reactions, which are required by many applications
in astrophysics. These studies will beneﬁt from the intense, narrow bandwidth γ-ray beams at ELI-NP. Since
the radiative neutron capture cross-sections for shortlived radioactive nuclei are diﬃcult to measure due to
the fact that the measurements require both highly radioactive samples and intense neutron sources and assuming the Brink hypothesis, photodisintegration can be used
to improve prediction of radiative neutron capture crosssections by experimentally constraining the – strength
function entering the statistical model calculations.
Photoﬁssion experiments at ELI-NP aim at studies of
the ﬁssion-barrier landscape and investigation of rare ﬁssion modes. For a recent review see [5]. In addition, ﬁssion
fragments produced in photoﬁssion, will be separated and
manipulated in such way, that pure ion beams of radioactive isotopes will be produced and delivered to diﬀerent
measurement stations. This will provide a wealth of new
experimental data on neutron-rich nuclei lying away of the
β-stability valley.

2 ELI-NP gamma beam system
Until recently, fast positron in ﬂight annihilation, tagged
bremmstrahlung and radioisotopes produced by neutron
or proton capture reactions represented the main sources
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Table 1. Energy range, energy resolution and intensity within
bandwidth values characteristic for the two existing facilities
NewSUBARU [6, 9] and HIγS [10] and the expected ones for
ELI-NP [11].
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p

Fig. 1. Geometry of the inverse Compton scattering of a laser
photon with kp momentum, incident at a polar angle θp with
respect to the z-axis, and of a relativistic electron with momentum pe , incident along the z-axis. The scattering takes place in
the center of the coordinate system. The photon is scattered at
an angle θγ with respect to the z-axis and with a momentum
kγ . An in-plane scattering is represented. The angle between
the direction of the incident and of the scattered photon is ∆θ.

for monochromatic γ-ray beams. During the last two decades, several facilities have been developed which provide
quasi-monochromatic, pencil-like and highly polarized γray beams using the inverse scattering of laser photons on
relativistic electrons.
The geometry of the inverse Compton scattering between a laser photon of kp momentum, incident at a polar angle θp with respect to the z-axis, and a relativistic
electron with momentum pe , incident along the z axis is
shown in ﬁg. 1. The energy of the photon of kγ momentum scattered at an angle θγ is given by
Eγ =

(1 + β cos θp )Ep
,
1 − β cos θγ + (1 − cos ∆θ)Ep /(γ · m0 c2 )

(1)

where Ep is the energy of the incident laser photon, m0 c2
is the rest mass energy of an electron, β = v/c is the speed
of the incident electron relative to the speed of light, γ is
the Lorentz factor for electron and ∆θ is the angle between
the momenta of the incident and scattered photons.
In collisions with relativistic electrons of several hundred megaelectronvolts, laser photons are scattered into a
very narrow cone oriented closely to the direction of the
incident electrons and their energy is ampliﬁed by a factor
of 106 –107 , from eV to MeV energy range.
Because the energy of the scattered photons is strongly
dependent on the scattering angle, collimators are used
to produce quasi-monochromatic γ-ray beams. Up to a
certain limit, the energy resolution of the laser Comptonscattered (LCS) γ-ray beam can be improved by decreasing the collimator opening. This limit is determined by
the phase space distribution of the electron beam which
is generally characterized in terms of the electron beam
emittance. A small electron beam emittance lowers the
limit on the collimator opening and increases the energy
resolution of the γ-ray beam accordingly.
A currently operating γ-ray beam facility in Japan
that employs conventional laser photons Compton-backscattered from relativistic electrons in a storage ring is
the NewSUBARU synchrotron radiation facility [6]. At
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Fig. 2. Diagram of ELI-NP γ-ray beam time structure where
(a) represents the 100 Hz macro-structure and (b) the γ-ray
beam micro-structure. See text for details.

NewSUBARU, low-energy γ-ray beams at a few MeVs
can be produced using a CO2 laser (λ = 10.59 µm)
and high-energy γ-ray beams at a few tens of MeVs using a Nd:YVO4 laser (λ = 1.064 µm) in collisions with
0.5–1.5 GeV electrons. The highest γ-ray energy available
at NewSUBARU is 76 MeV, which is achieved with use
of a frequency-doubler module for the Nd:YVO4 laser
(λ = 532 nm). Real photon beams in the MeV region have
been developed also at the National Institute of Advanced
Industrial Science and Technology (AIST) in head on collisions of laser photons with electrons from the TERAS
storage ring [7].
At the High-Intensity Gamma-Ray Source (HIγS) facility at Duke University [8], an electron beam is used
to produce a Free Electron Laser beam in the eV range.
Compton backscattering of this nearly 100% polarized
beam from the several hundred MeV electrons in the storage ring leads to a photon beam in the MeV range.
At ELI-NP, γ-ray beams with energies between 0.2
to 19.5 MeV will be produced using a Yb:YAG laser
(λ = 515 nm in the second harmonic) in collision with
a high brightness electron beam provided by a warm
linac. A comparison between the γ-ray beam energy
range, energy resolution and intensity within bandwidth
of NewSUBARU, HIγS and the ones expected at ELI-NP
is made in table 1.
Up to 2.6 · 105 photons in FWHM bandwidth per one
laser shot - electron beam interaction are expected to be
provided by the ELI-NP gamma beam system. The 100 Hz
laser pulses will be recirculated 32 times using a multipass recirculating system with a ﬁxed focus point, constant crossing angle θp of 7.5◦ and shot to shot separation
of 16 ns. A diagram of the ELI-NP gamma beam system
time structure is displayed in ﬁg. 2.
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Table 2. Input parameters used for generating the spectra displayed in ﬁg. 3: the electron beam emittance; σele – electron
beam transverse spot size at focal point; Eele – electron beam energy; ∆Eele – electron beam relative energy resolution; λlaser
– laser beam wavelength; θp – laser beam incident angle with respect to the electron beam axis; gamma-ray beam collimator
opening; and the energy and energy resolution in FWHM of the simulated LCS γ-ray beams – Eγ and ∆EγFWHM , respectively.
Emittance
[nm rad]
ELI-NP
NewSUBARU

σele
[µm]

Eele
[MeV]

∆Eele
[%]

λlaser
[nm]

θp
[deg]

Collimator
aperture

Eγ
[MeV]

∆EγFWHM

18.55

0.5%
93 keV

Eγmax = 18.68
Eγavg = 17.79

2.2%
411 keV

0.41

30
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0.1

515

7.5

0.5 mm

x: 40
y: 4

x: 300
y: 180

1056.56

0.04

1064

0.

C1: 3 mm
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Fig. 3. Examples of simulated energy spectra for collimated
LCS γ-ray beams incident on target typical for NewSUBARU
and expected at ELI-NP. The input parameters and the energy and energy resolution for the two spectra are listed in
table 2. The inset displays the two spectra on a wider energy
range and shows the entire low-energy component typical for
the NewSUBARU γ-ray beam.

2.1 Simulations of expected ELI-NP γ-ray beams
Figure 3 shows examples of energy spectra for collimated LCS γ-ray beams incident on target typical for
NewSUBARU and expected at ELI-NP, where the latter is calculated in conformity with the electron and laser
beam parameters published by the EuroGammaS consortium [11], the organization responsible for the development and delivery of the ELI-NP gamma beam system.
The electron and laser beam energy, energy resolution and
collision parameters used for generating the spectra displayed in ﬁg. 3 are listed in table 2.
The spectra displayed in ﬁg. 3 were obtained with a
simulation code of the LCS γ-ray source developed using
the Geant4 toolkit for the simulation of the passage of
particles through matter [12, 13]. A realistic model of laser
photon - relativistic electron interaction was implemented
in the code which takes into consideration the phase
space distribution of the electron and laser beams. The
simulation code was tested against experimental data
taken at the LCS γ-ray beam facility NewSUBARU and
it successfully reproduced both γ-ray energy and intensity
proﬁles [9, 14].

A 720 MeV electron beam energy with 0.1% relative
energy resolution in collision with a 515 nm wavelength
laser beam was considered for generating an example of
an expected γ-ray beam spectrum on a target placed at 33
meters from the laser photons-electrons interaction point
at ELI-NP. A 24 cm thick tungsten collimator with 0.5 mm
diameter opening was employed for the ELI-NP scenario.
For a γ-ray beam typical for NewSUBARU, a 1056.56 MeV
electron beam energy with 0.04% relative energy resolution in collision with a 1064 nm wavelength laser beam
were considered as input parameters. In this case, the γray beam passes through two 10 cm thick lead collimators with 3 mm and 1 mm diameter openings, respectively,
and the target is placed at 26 meters from the interaction
point.
Although the ELI-NP electron beam is expected to
have a 0.1% central energy resolution, higher than the
0.04% one at NewSUBARU, the electron beam emittance expected for ELI-NP is signiﬁcantly lower than the
one characteristic for NewSUBARU. Because of this, in
the example given for ELI-NP, the energy spectrum of
the scattered photons in a small angular spread ∆θγ selected by collimation is a narrow —0.5% energy resolution in FWHM— and nearly simmetric distribution centered at the energy value Eγ = 18.55 MeV correponding
to θγ = 0◦ , θp = 7.5◦ and given by eq. (1), where the collimator is placed along the electron beam axis. The typical
γ-ray beam spectrum for NewSUBARU has a sharp highenergy front and a long low-energy tail. The maximum
energy spectrum component at Eγmax = 18.68 MeV corresponds to photons backscattered in head-on collisions
(θp = 0◦ and θγ = 0◦ ) and its sharp front is given by the
small electron beam energy resolution of 0.04%. The lowenergy tail correponds to photons scattered at θγ ≈ 0◦
from non head-on collisions with θp > 0◦ , which have
a signiﬁcant contribution to the total number of colisions
given by the electron beam emittance value. The relative
energy resolution of 2.2% in FWHM is obtained for this
example. The low-energy tail shifts the average energy of
the spectrum to Eγavg = 17.79 MeV, approximately 1 MeV
lower than the maximum energy.
Figure 4 shows the state and degree of polarization
for a 19.5 MeV maximum energy uncollimated LCS γ-ray
beam using the formalism of the Stokes parameters, where
the ﬁrst Stokes parameter represents the degree of linear polarization along the x-axis of a chartesian coordinate reference system having the z-axis along the electron
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Fig. 4. Left: distribution of the ﬁrst Stokes parameter for a
LCS γ-ray beam with respect to the γ-ray energy. Right: the
average of the same distribution for each energy bin. A 100%
linearly polarized laser was employed.

beam direction. The γ-ray beam is generated assuming a
100% linearly polarized laser beam with polarization angle
τ = 90◦ incident at a θp = 7.5◦ with respect to the electron beam axis. As can be observed from the ﬁgure, the
laser type and degree of polarization is conserved for the
photons scattered in the direction along the electron beam
axis, which corresponds to backscattering angles selected
by collimation. The ELI-NP γ-ray beams are expected to
be > 99% linearly polarized.

3 Study of electromagnetic responses of
atomic nuclei
Photon-induced nuclear reactions mainly excite low-spin
collective states like the isovector giant dipole resonance (IVGDR or simply GDR) which was discovered in
1937 [15] and characterized in 1947 [16] by sistematic studies on various nuclei. The IVGDR represents the strongest
electric dipole response of nuclei originating from an outof-phase dipole oscillation between protons and neutrons.
In addition, the GDR mode can be excited not only when
it is built on the ground state, but also when it is built on
excited states (see, e.g., [17, 18]).
Such nuclear excited states decay by emission of particles or photons from the initial 1p-1h excitations or,
due to internal mixing, are damped into a dense spectrum of more complex np-nh states toward a compound
nucleus. The former process is characterized by the escape width Γ ↑ , while the damping is characterized by the
spreading width Γ ↓ (see ﬁg. 5). The internal mixing occurs
through a hierarchy of couplings towards more and more
complex degrees of freedom. Collective motion is preferentially damped by 2p-2h components of the many-body
wave function. The photon decay of GDR to the ground
state and excited states provides information on the electromagnetic decay strength of GDR with multipole selectivity and the coupling of GDR to low-frequency collective
modes.
The search for experimental evidence of scales associated with the coupling between collective states and internal and external degrees of freedom is a long-standing
problem. Namely, the question whether or not the whole
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Fig. 5. Schematic view of the process of the direct decay and
damping of giant resonances.

hierarchy of couplings (2p-2h, 3p-3h, etc.) manifests itself
by giving evidence of ﬁner structures in the line shape as
the experimental resolution increases, is not fully solved.
The ﬁne structure measurement of the giant resonances
decay may carry relevant information on the dominant
damping mechanism and coupling scale. This can be achieved through the comparison between GDR excitation
cross-section and the measurement of the GDR gamma
decay direct to the ground state or low-lying states.
The pygmy dipole resonance (PDR) was discovered in
the 21st century in the low-energy tail region of GDR as
a new excitation mode related to the dipole oscillation
of a neutron skin against a core nucleus [19, 20] though
there may be a diﬀerent interpretation like low-energy E1
strength that fails to participate in the GDR excitation.
The extra E1 strength exhausts a small fraction of the
Thomas-Reiche-Kuhn (TRK) sum rule, typically below
1% for the stable N = 82 isotones [21], a few percent
for 117 Sn [22], 7(3)% for 130 Sn, 4(3)% for 132 Sn [23] and
5(1.5)% for 68 Ni [24]. Besides the GDR, understanding
the PDR is important to clarify the entire E1 response of
nuclei.
M1 resonance of spin-ﬂip nature (∆l = 0, ∆j = 1)
may emerge near neutron threshold in the tail of GDR
typically in nuclei with the shell gaps starting from the
magic number larger or equal to 28. Indeed, PDR and
M1 resonances were reported in the nuclear resonance
ﬂuorescence [21, 25–34], (p,p′ ) reactions [35–41], (γ, n) reactions [42, 43], Coulomb dissociation [23] and the (3 He,
3
He′ γ) reaction [22].
The Brink hypothesis [44] linking photo-deexcitation
process to photoabsorption tells that the gamma-ray
strength function of the low-energy tail of GDR governs
the radiative neutron capture cross-section. Since they
constitute extra strength of the low-energy tail of GDR,
experimental information on the strength and resonance
energy of PDR and M1 resonance is indispensable for a
comprehensive understanding of the gamma-ray strength
function. Indeed, it is shown that the PDR increases reaction rates of photodisintegration in the p-process nucleosynthesis [45] and radiative neutron capture on nuclei
along the line of β-stability in the s-process nucleosynthesis [46]. The increase of the neutron capture rate occurs even more drastically on neutron-rich nuclei in the
r-process nucleosynthesis [47–49].
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We report here on various experimental methods employed to study the electric dipole response of atomic nuclei, focusing on real photon beams experiments. We treat
separately experiments with γ-ray beams below and above
neutron separation threshold, mainly because of the different characteristic detection systems.

Real photon beams based experiments provide reliable data on both excitation and decay modes of nuclear
excited states. In this type of experiments, nuclei are irradiated with continuous or quasi-monochromatic γ-ray
beams. For excitation energies below the particle separation threshold, (γ, γ ′ ) photon scatterings are induced and
the nuclear resonance ﬂuorescence method is employed
for spectroscopy of γ decays. Photon beams with energies above the particle separation threshold induce mainly
photo-dissociation reactions with emission of neutrons or
charged particles. In this section we discuss angular and
energy diﬀerential experiments of inelastic photon scattering and photo-neutron reactions. Absolute cross-sections,
energies and angular distributions of decay products of
photon scattering and photo-neutron reactions are the
direct observables of such experiments. Because of the
purely electromagnetic excitation mechanism, the energies, spins and parities of excited states, as well as decay
branching ratios, multipole mixing ratios, decay widths
and transition strengths can be extracted in a model
independent way from them. Besides experiments using
real photon beams, Coulomb excitation and hadronic excitation based experiments are also used for the investigation of nuclear collective modes.

Coulomb excitation experiments, such as inelastic proton scattering at intermediate energies at forward angles including 0◦ are an excellent tool for ﬁne scanning
of the photoabsorption cross-section in the GDR region.
Recently, such experiments revealed PDR and M1 resonances in 208 Pb [41] and 90 Zr [40] and thus have drawn
refreshed attention as a good probe of PDR and M1 resonance as well as GDR. Figure 6 shows E1 (upper panel)
and M1 (lower panel) strength distributions in 90 Zr [40].
The dotted lines are the best-ﬁt Lorentzian functions for
PDR and M1 resonance. In the (p,p′ ) experiment, the E1
component is singled out as Coulomb excitation which
dominates at very forward angles near 0◦ . In contrast, the
determination of the M1 strength is rather indirect because it relies on the multipole-decomposition analysis of
the proton angular distribution. Furthermore, the M1 excitation is induced strongly by nuclear interactions in the
(p,p′ ) reaction. Therefore, the M1 strength observed in the
(p,p′ ) reaction does not purely represent electromagnetic
excitation strength. In this regard, γ-ray beams are obviously the best probe of investigating the electromagnetic
property of nuclei. Also, although this type of experiment
provides the excitation cross-section of the GDR, it gives
no information on the GDR decay to ground or high-lying
states through gamma or neutron emission.

Fig. 6. E1 and M1 strength distributions in 90 Zr observed in
(p,p′ ) reactions at 295 MeV. Reprinted ﬁgure with permission
from ref. [40]. Copyright (2012) by the American Physical Society.

Fig. 7. Comparison of cross-sections measured in the (α, α′ γ)
experiment (upper part) with B(E1) strengths derived from
(γ, γ ′ ) (lower part) for 140 Ce. Reprinted ﬁgure from ref. [50]
with permission from IOP publishing.

Hadronic interaction experiments at intermediate energies, such as inelastic alpha-particle scatterings, alongside
experiments based on electromagnetic interaction, allow
the investigation of the isoscalar and isovector nature of
collective modes from the point of view of nuclear structure. Recent investigations by (17 O, 17 O′ γ) and (α, α′ γ)
reactions in comparison with those by (γ, γ ′ ) reactions
have shown that two E1 excitation modes are present in
well-separated energy regions. Figure 7 shows a comparison of (α, α′ γ) cross-sections for 140 Ce [51] with B(E1)
strengths derived from (γ, γ ′ ) reactions. One can see a
strength over 3–6 MeV that is excited by both (α, α′ γ)
and (γ, γ ′ ) reactions and a strength over 6–9 MeV that is
excited only by (γ, γ ′ ) reactions. Similar results have been
observed also when comparing the inelastic scattering of
17
O and (γ, γ ′ ) reactions [52–54].
According to the theoretical interpretation [55] based
on the relativistic time blocking approximation [56] and
quasi-particle phonon model [57], the low-energy strength

Eur. Phys. J. A (2015) 51: 185

Fig. 8. Schematic picture of the NRF method. Excited states
are populated by photons from the ground state and de-excite
to the ground state either directly or via γ-ray cascades.

is consistent with the isospin mixed mode, while the highenergy strength with the isovector mode. Investigations by
(α, α′ γ) and (17 O, 17 O′ γ) reactions are extended to 90 Zr,
138
Ba, 124 Sn 140 Ce, 208 Pb and 94 Mo, showing similar excitation patterns [20, 52–54, 50].

3.1 Nuclear resonance fluorescence
Nuclear resonance ﬂuorescence or real-photon scattering
is an ideal tool to obtain high-precision nuclear data below the particle threshold [59, 4]. In NRF experiments the
nucleus of interest is irradiated by an intense beam of photons with energies below the neutron and proton separation energies. Electromagnetic dipole (E1 and M1) and
quadrupole (E2) transitions to bound states excited from
the ground state are dominant. The subsequent γ decay
of these excitations back to the ground state (“resonant
de-excitation”) and to excited energy levels of the nucleus
(see ﬁg. 8) can be observed with adequate photon detectors and allow the detailed analysis of the γ-ray transitions. Using HPGe semiconductor detectors for the γ-ray
spectroscopy yields an excellent energy resolution in the
range of a few keV, even at γ-ray energies close to the particle threshold. Scintillation detectors like LaBr3 detectors
have an inferior energy resolution to HPGe detectors, but
deliver high detection eﬃciency and fast timing signals
needed for certain applications. Due to the pure electromagnetic interaction for excitation and decay, NRF makes
it possible to derive a large number of observables of a nucleus in a completely model-independent way which makes
it an ideal tool for obtaining reliable nuclear data. These
observables include:
– excitation energies (from ground-state decays), transition energies;
– spins of the excited states (from the measurement of
angular correlations);
– parities of the excited states (in polarization sensitive
experiments);
– decay branching ratios, decay widths;
– multipole mixing ratios (M1/E2 ratio);
– scattering cross-sections, absolute transition strengths.
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Fig. 9. Photon scattering spectrum of 138 Ba measured at the
DHIPS facility at the S-DALINAC at TU Darmstadt. One can
nicely identify isolated peaks mostly stemming from the E1
transition of J π = 1− states to the ground state, 11 B calibration lines, and the strongly increasing continuous background
at low energies. Reprinted from ref. [58], Copyright (2002),
with permission from Elsevier.

There are two diﬀerent types of γ-ray sources which
are commonly used for the production of intense photon
beams for NRF experiments: bremsstrahlung and laser
Compton backscattering photon sources. The γ-ray beams
delivered by these sources diﬀer in basic beam properties, such as, the photon energy proﬁle and polarization
and, therefore, give access to the experimental observables
mentioned above in slightly diﬀerent ways. In the following we compare experiments using bremsstrahlung photons with experiments using photons from laser Compton
backscattering facilities.
Bremsstrahlung photon beams generated by intense
electron beams stopped in radiator targerts have been
used to perform most NRF experiments in the past. This
produces a continuous spectrum of photons up to the energy of the electron beam. Levels from the lowest energies up to this endpoint energy are excited in a single
experiment simultaneously and their properties can be
analyzed. One diﬃculty arises from a strongly increasing background from elastically scattered photons at lower
energies which makes the observation of low-energy transitions to excited states challenging or even impossible.
Figure 9 shows a typical γ-ray spectrum measured with
a HPGe detector after irradiation of the target material
with a bremsstrahlung beam. It was taken in a measurement on 138 Ba with an endpoint energy of 9.2 MeV [58].
Ground-state transitions from the various close-lying excited J π = 1− states are clearly visible in the energy region between around 5 to 7 MeV and can be well separated
with the excellent energy resolution of the HPGe detectors. Excitation energies, transition energies, spins, and
cross-sections can be directly deduced from the observed
ground-state transition strengths at 90◦ and 130◦ with respect to the beam axis.
In bremsstrahlung experiments, polarization observables can be obtained by using either the partly polarized oﬀ-axis part of the bremsstrahlung beam, or by us-
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Fig. 11. The narrow bandwidth of the photon beam at HIγS
allows a sensitive study of elastic (σγγ ), inelastic (σγγ ′ ), and
total (σγ ) photon-scattering cross-sections via the study of
ground-state transitions, as well as secondary transitions of
low-lying excited states. Reprinted ﬁgure with permission from
ref. [60]. Copyright (2013) by the American Physical Society.
Fig. 10. The nearly 100% linearly polarized beams from laser
Compton backscattering allow a straightforward parity determination by comparing decay spectra measured in- and out-ofplane with the polarization axis of the incoming photon beam.
The dashed line in the upper panel indicates the beam-energy
proﬁle of the photon beam. Reprinted ﬁgure with permission
from ref. [30]. Copyright (2002) by the American Physical Society.

ing Compton polarimetry for the photons in the decay
channel. Both methods are challenging and require usually
time-consuming experiments, especially for excited states
at higher energies. As a result, comprehensive parity studies are available from bremsstrahlung experiments for only
a few selected isotopes. In the last decades, the dipole
strength distribution of numerous isotopes has been studied systematically using the bremsstrahlung technique,
mostly at the measuring sites of the electron accelerator at
Gent University [61], the Stuttgart Dynamitron [59], the
S-DALINAC (TU Darmstadt) [62], and the ELBE accelerator (FZ Dresden Rossendorf) [63]. A list of all isotopes
studied in bremsstrahlung experiments has been published
recently [64].
Laser Compton scattering γ-ray beams —nearly completely polarized and with quasi-monochromatic energy
spectrum— allow to overcome many limitations of NRF
experiments using bremsstrahlung. At energies relevant
for nuclear structure studies, this technique was well exploited by experiments at the High-Intensity Gamma-Ray
Source (HIγS) at Duke University [30]. At the TERAS
storage ring an external laser has been used as the photon
source [65], the same is true for the NewSUBARU storage
ring [66]. Polarization is conserved during the Comptonscattering process which makes laser Compton backscattering an ideal tool for polarization physics (see ﬁg. 10).
Parity information for the known J = 1 states shown
in ﬁg. 10 is gained by a quantitative comparison of the

ground-state transitions in the γ-ray spectra measured at
θ = 90◦ in and out of the plane of the polarization axis
of the incoming γ-ray beam. The experimental asymmetry of the photon intensities in the horizontal and vertical
detectors is an ideal parity observable since the angular
distribution of the de-exciting γ-rays strongly depends on
the parity. The use of linearly polarized intense photon
beams in NRF experiments allows for unambiguous and
straightforward parity assignments, especially for dipole
states in spin-zero nuclei.
The bandwidth (“monochromaticity”) of the HIγS
beam amounts to a few hundred keV which allows a selective excitation of states in a rather narrow energy window (see ﬁg. 10(a)). The narrow beam energy proﬁle has
further advantage compared to continuous beam proﬁles.
The selective excitation window increases the sensitivity
to the determination of branching ratios via low-lying primary and secondary transitions to and from other excited
states. These transitions have typically transition energies
below the excitation window and can therefore be exclusively distinguished from elastic transitions decaying back
to the ground state. Depending on the γ-ray spectroscopy
setup single or γγ coincidence data can be acquired and
used to deduce decay branchings. For coincidence measurements a higher coincidence eﬃciency can be achieved
by using a combination of high-resolution HPGe detectors and high-eﬃciency LaBr3 detectors as, e.g., implemented for the high-eﬃciency γγ coincidence setup γ 3 at
HIγS [68]. The determination of mean branching ratios
from singles γ-ray spectra measured with HPGe detectors
is possible by selecting the ground-state transitions of lowlying states which were prevously populated by the higherlying states within the excitation-energy window. In this
way, the inelastic part of the scattering cross-section is
obtained in addition to the elastic scattering cross-section
(see ﬁg. 11).
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dicular to the plane of polarization. In this experiment,
the only limitations in achieving a higher analyzing power
are the real size of the irradiated target and the distance
between target and detectors. In other words, a higherintensity and better focused gamma beam compared to
the one from HIγS would be beneﬁcial for this type of experiments. Also a higher energy resolution would allow a
smoother levels scan. Thus, the superior characteristics of
the ELI-NP γ-ray beam promise a higher degree of precision for this technique of parity violation studies.
Fig. 12. Results of parity violation study using LCS γ-ray
beams at HIγS. Summed spectra for the detectors placed perpendicular (top) and parallel (bottom) to the plane of polarization of the incident γ-ray beam. The spectra obtained with incoming linearly polarized beams (blue) use the right axis while
the ones obtained with circularly polarized beams (black) use
the left axis. The 20 Ne doublet states are represented in the
insets. The energy diﬀerence between them is determined from
the small energy shift between the linear and circular polarization in the detectors placed perpendicular to the polarization
plane. The original ﬁgure is displayed in [67].

Experimental studies of parity doublets J +/− performed with almost completely polarized quasi-monochromatic γ-ray beams are a good method to observe the
parity violation in nuclei. Usually, contributions of the
weak interaction to the nuclear eﬀective Hamiltonian are
not well known, comparatively small, and neglected. Due
to the parity-violating character of weak interaction, the
physical doublet states contain an admixture of the opposite parity. Theory shows that this parity-violating admixture is enhanced if energy splitting of the double states
has a comparable magnitude to the weak matrix element
(typically of the order of 1 eV). In other words, good candidates are the parity doublets situated at very close energy to each other. One of the best candidates of such
a study is the 1+ /1− parity doublet in 20 Ne situated at
∼ 11.25 MeV, which was recently investigated with Compton backscattering gamma rays at HIγS facility [67]. This
experiment proved that the energy splitting of the doublet is ∼ 3.2(7) keV. One can imagine that using classical
gamma spectroscopy methods is very diﬃcult, if not impossible to disentangle the decays of the doublet to the
ground state, not only because the corresponding gamma
rays are very close in energy comparing to the capabilities of the best gamma spectrometers that exist nowadays,
but also the intensity of the two lines diﬀers by a factor
of 45 (I(M1) ≫ I(E1)). For this reason, in the previous
experiments, not only that the energy splitting was measured with poorer precision (7.7 ± 5.5 keV), but also the
order of the levels was diﬀerent.
Using the correlation between the polarization plane
of the incident gamma beam and the azimuthal emission
angle of electric and magnetic radiations, it was possible
to measure the energy splitting and gamma ray intensities
with higher precision. Figure 12 shows how the centroid of
∼ 11.25 MeV transitions shifts from the spectra acquired
with HPGe detectors placed in the plane of polarization to
the spectra acquired with HPGe detectors placed perpen-

The ELI-NP photon beam will be produced via Compton backscattering of an external laser beam on relativistic electrons. The unique property of the ELI-NP photon
beam from the gamma beam system with respect to NRF
measurements is the concentration of the photon ﬂux in
a very narrow bandwidth which allows the eﬀective and
selective population of single nuclear states. In addition
the very small beam diameter allows the high-precision
study of rare or even radioactive isotopes because NRF
experiments with target masses of a few mg become feasible (compared to several 100 mg of target material which
are needed at existing facilities). Furthermore, an increase
in beam intensity of more than a factor of 10 as compared to what is presently available at the HIγS facility is
anticipated. One limitation of ELI-NP arises from the anticipated time structure of the beam. The macropulse rate
of 100 Hz will make it necessary to use segmented HPGe
Clover detectors in order to avoid serious pile-up problems
in the spectra. Nevertheless, ELI-NP will not only make
it possible to study physics beyond the existing frontiers,
but it will also become an important source of new nuclear data. This will include systematic and comprehensive studies of the parities of bound J = 1 states, highprecision determinations of the decay patterns of exited
states and cross-sections for the dipole and quadrupole
excitations in rare and radioactive isotopes.

3.2 Gamma above neutron threshold experiments
Experiments above the neutron separation threshold (Sn )
will be performed alongside NRF studies for a complete
investigation of the nuclear photon absorption process
and its decay modes. Energy and angular diﬀerential photoneutron reactions and elastic and inelastic (γ, γ ′ ) scatterings are discussed in this section, while photon-induced
charged particles emission and integral photo-neutron experiments will be discussed in the following sections.
Figure 13 depicts the complex branchings of neutron
and gamma decay of excited states above neutron threshold. Excited states above the Sn of nucleus A X undergo
with highest probability neutron decays to the ground
state and excited states in the residual nucleus A−1 X. The
neutron decays to excited states below the neutron emission threshold in A−1 X followed by γ cascades towards
the ground state belong to the (γ, 1n) channel. The neutron decay is in competition with the signiﬁcantly less
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Fig. 13. Schematic view of complex neutron decays of giant
resonances.

probable γ-ray decay mode to the ground state or to excited states in A X. Photoexcitations above S2n can lead
also to neutron decays to excited states above the neutron
emission threshold in the residual nucleus A−1 X, which in
turn decay by neutron emission to excited states or to the
ground state of the residual nucleus A−2 X in the (γ, 2n)
channel. The observation of the energy and angular distibution of neutron and gamma decays of the photon excited giant resonance states in stable and unstable nuclei
provide valuable nuclear data such as:
– energy of excited states, neutron decays and γ-ray
transitions;
– neutron/gamma decay branching ratios;
– (γ, xn), (γ, γ) and (γ, γ ′ ) excitation cross-sections, absolute transition strengths;
– multipolarity of reaction neutrons, multipole mixing
ratios of γ transitions;
– spin and parity of excited states.
For bremsstrahlung photon beams based experiments,
which represent the majority of the photonuclear experiments, the energy of the nuclear states excited by photons is determined by spectroscopic measurements of decay products, as the energy spectrum of the incident beam
is continuous. While in the case of NRF measurements
high energy resolution detectors as HPGe are available for
the analysis of γ transitions, for photoneutron reactions
the neutron measurements generally lack the energy resolution needed for identifyng the populated nuclear state.
Therefore, experimental data of E1 and M1 resonances
above Sn are very scarce, especially for high excitation
energies, where neutron decays to both excited states
and the ground state of the residual nucleus are possible and therefore the energy of the emitted neutron does
not uniquely determine the energy of the photon which
induced the reaction. Individual states starting from the
neutron threshold up to ∼ 1 MeV excited using bremsstrahlung photon beams were resolved by time-of-ﬂight
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Fig. 14. Diﬀerential 207 Pb(γ, n) cross-section measured at
135◦ using the neutron threshold technique using bremsstrahlung beam of 8.4 MeV end-point energy. Contaminating
peaks from 208 Pb and transitions to excited states in 206 Pb
are indicated by arrows. The (γ, n) cross-section averaged with
a 40 keV square smoothing function is shown in the inset.
Reprinted ﬁgure with permission from ref. [69]. Copyright
(1971) by the American Physical Society.

spectroscopy of slow and intermediate energy neutrons in
nuclei such as 206,207,208 Pb, 56,57 Fe, 52,53 Cr, 24,25,26 Mg,
19
F [70] using the neutron threshold method described
in [71]. Figure 14 shows 135◦ diferential photoneutron
cross-sections for 207 Pb obtained with the threshold neutron technique [69], where one can see prominent peak
structure with E1 and M1 nature. Spin assignments were
determined in such experiments by measuring the diﬀerential (γ, n) cross-section for the nucleus of study at two
diﬀerent angles, 90◦ and 135◦ , as in the case of 208 Pb described in [70, 42]. This technique is limited to a narrow excitation energy range between the neutron threshold and
the ﬁrst excited state in a residual nucleus, where only
neutron decay to the ground state in a residual nucleus is
detected.
Laser Compton scattering γ-ray beams selectively excite the nuclear states in a narrow energy window given
by the energy resolution of the LCS γ-ray beam and are
more suitable than continuous spectrum beams for the
investigation of the competition between various decay
modes of E1 and M1 resonances above neutron emission
threshold. In LCS γ-ray beam experiments, information
on the excitation energy is given both by the incident
quasi-monochromatic photon beam and by spectroscopy
of reaction products.
Recently, partial photoneutron reaction cross-sections
on 207 Pb and 208 Pb have been measured at the AIST facility using LCS γ-ray beams of 4.6%–16.8% energy resolution in FWHM and ∼ 93% degree of polarization [72].
An attempt was made of separating E1 and M1 photoexcitations above neutron threshold in 207 Pb and 208 Pb by
measuring anisotropies of neutron emission to separate sand p-wave neutrons with slow neutron detectors of longcounter type. Although this measurement has successfully
identiﬁed the total strength of PDR above neutron threshold, it lacked great energy resolution.

Eur. Phys. J. A (2015) 51: 185

Energy and angular distributions of neutron and γ
decays of nuclear states excited by the γ-ray beam are
proposed to be recorded at ELI-NP with a high energy
resolution, high detection eﬃciency array of appropriate
neutron and photon detectors covering large energy and
angular ranges.
Scintillation detectors such as LaBr3 or CeBr3 ones
are proposed to be used for detection of γ-rays emitted
following neutron decays or in (γ, γ) and (γ, γ ′ ) reactions.
Such detectors allow to distinguish the full-energy peak of
> 10 MeV γ-rays from the ﬁrst escape peak and provide
fast response highly necessary because of the 16 ns repetition structure of the ELI-NP γ-ray beam. High energy
resolution HPGe detectors may be used for ﬁne selections
of γ-rays emitted following neutron decays.
Neutron energies are determined with the time-of ﬂight
technique and neutron angular distributions are measured
to identify E1 and M1 resonances. The Li glass scintillator
is suited to detection of low-energy neutrons because of the
large reaction Q-value (4.78 MeV) of the 6 Li(n, α)3 H reaction, while the liquid scintillation detector with relatively
low light output against recoil protons in the n + p scattering is suited to detection of high-energy neutrons.
A multi-detector array consisting of 34 3×3 inch LaBr3
or CeBr3 detectors placed at 25 cm from the irradiated
target and 62 20 × 5 cm BC501 liquid scintillator and 6 Li
neutron detectors placed at 1.5 m from the target is envisioned at ELI-NP.
Neutron decay branching ratios of excited states of
GDR to diﬀerent states in the residual nuclei will be investigated in detail for the ﬁrst time using the combination between the highly monochromatic γ-ray beam and
the complex detection system proposed at ELI-NP.
The maximum energy of the ELI-NP γ-ray beam of
19.5 MeV is well above the centroid of the GDR and below the three neutron emission threshold in most nuclei.
As shown in ﬁg. 13, excited states below the S3n of the
A
X nucleus can decay either by (γ, 1n) channel with emission of neutrons to excited or ground state of A−1 X or
by (γ, 2n) channel with succesive neutron emissions to excited or ground state of A−1 X and A−2 X nuclei. Minute
experimental data of such exclusive decays of GDR provide invaluable information on nuclear structure of GDR.
The energy of the excited states in nuclei irradiated
with the best monochromatic γ-ray beam of ELI-NP will
be precisely known with 0.3% energy resolution in 1σ and
the energy of neutrons will be known within ∼ 10% using
the TOF method. However, it is not possible to pin down
individual exclusive decays of GDR in heavy nuclei solely
by neutron detection because of the limited energy resolution and dense level schemes of residual nuclei. Thus, to
unambiguously identify all the branchings in the neutron
decay of GDR, neutron (n) - gamma (γ) or n-γ-γ coincidences with neutron and γ-ray detectors are required.
Elastic and inelastic photon scattering at excitation
energies above the particle emission threshold is strongly
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supressed by the particle decay channel. Experimental
data on (γ, γ) and (γ, γ ′ ) reactions above Sn are extremely
scarce because of their very low cross-sections and the difﬁculty of precisely determining the excitation and decay
energy. The unique intensity, energy resolution and polarization parameters of the ELI-NP γ-ray beam will allow
for the ﬁrst time the measurement of the excitation function and the branching ratio of the decay to the ground
state and to low-lying excited states in the energy region
around and above the particle binding energy.
The electric or magnetic type of the emitted radiation
can be experimentally extracted because of the polarization of the ELI-NP beam and this provides, in very detail,
the nature of the dipole excitation. In even-even nuclei,
the reaction mechanism is purely electromagnetic and we
can easily assume that the main excited states are dipole
states because of the 0+ ground state. As the ground state
decay should scale as E3 ×B(E1), the experiment provides
a measurement of the energy dependence of the B(E1).
The measurement of both σ(γ, γ) (which is sensitive to
the B(E1)), and σ(γ, n) (which is sensitive to the wave
function) is an important and challenging point for the
theory.
An experimental campaign focused on the measurement of gamma decay of GDR and PDR states decay to
the ground state and to excited states in 208 Pb is proposed
as a ﬁrst day experiment at ELI-NP. The dipole response
of 208 Pb was widely studied theoretically and the excitation photo-absorption cross-section was recently measured by [41], therefore the GDR excitation cross-section
measured at ELI-NP will be cross-checked for validation
with precise data existing in literature. Only few data
on gamma decay (for E ∗ > particle binding energy) with
large uncertainties on the excitation energy are available
and will be used as a calibration [73]. These data provide a
ground-state photon branching ratio in the energy interval
9.5–25 MeV of 0.019 ± 0.002.

E1 and M1 photoexcitations above the neutron emission threshold will be identiﬁed and separated by measuring angular distributions of neutron emission with the detection array described above. Special emphasis is placed
on odd-N nuclei with neutron thresholds as low as 6 MeV.
Nearly full strengths of PDR and spin-ﬂip M1 resonance
are expected to emerge above neutron threshold for oddN nuclei. The present investigation of PDR and M1 resonance with emphasis on odd-N nuclei above neutron
threshold is complementary to the investigation with the
NRF technique with emphasis on even-even nuclei below
neutron threshold.
The excitation energy of interest is expected not to exceed the two-neutron separation energy (S2n ). When photoexcitation does not exceed the
ﬁrst excited state in a
st
residual nucleus (Eγ < Sn + Ex1 ), neutron decay of PDR
and M1 resonance takes place to the ground state as in
the case of the threshold neutron experiment. However,
when it exceeds, neutron decays to excited states can take
place in competition with the ground-state decay.
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Fig. 15. Excitation and neutron decays of PDR and M1 resonance in 207 Pb.
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Figure 15 depicts E1 and M1 photoexcitations of
Pb. The selection rule of spin and parity tells that the
E1 excitation of the 207 Pb in the ground state (1/2− ) to
the 1/2+ and 3/2+ states is followed by s- and d-wave neutron decay to the ground state 206 Pb, while the M1 excitation into 1/2− and 3/2− states is by p-wave neutron decay.
In the photoexcitation near neutron threshold, the d-wave
neutron emission is strongly suppressed by the centrifugal
potential compared to the s-wave neutron emission. One
can ﬁnd the same correlation of E1 (M1) photoexcitation
with the s-wave (p-wave) neutron emission for 208 Pb.
Obviously s-wave neutrons are emitted isotropically. In
contrast, when the photoexcitation is induced by linearly
polarized γ-rays, the p-wave neutron emission is characterized by the angular distribution,
207

Wp (θ, Φ) =

3
[sin2 θ · (1 + cos 2Φ)],
8π

(2)

where θ is the polar angle with respect to the z-axis chosen
along incident direction of the γ-ray beam and Φ is the
azimuthal angle with respect to the x-axis chosen along
the electric ﬁeld (linear polarization).

4 Photoneutron reaction cross-section
measurements
The main problem of a photonuclear experiment is the
type of the photon source that can be used to obtain intense beams of monoenergetic photons. Diﬀerent methods
of eﬀectively generating quasi-monoenergetic photon energy spectrum were used to measure photonuclear crosssections. Most of the available cross-sections were obtained
using bremsstrahlung (BR) [74] and quasi-monoenergetic
annihilation (QMA) photons [75, 76] produced by positron
annihilation in ﬂight.
4.1 Present situation of photonuclear reaction data
bases
The BR spectrum is continuous. Therefore, the reaction yield Y (Em ) which is measured experimentally corresponds to the cross-section folded with the spectrum
 Em
Y (Em ) =
W (Em , E)σ(E)dE,
(3)
Eth

where σ(E) is the reaction cross-section and W (Em , E) is
the BR-spectrum with end-point energy Em .
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Fig. 16. 63 Cu(γ, 1n)62 Cu reaction cross-sections (a) obtained
in the BR- experiment [80] (∆E = 210 keV); (b) obtained by
re-processing of the QMA yield diﬀerence Ye+ − Ye− [81] with
∆E = 210 keV and (c) the published [81] cross-sections corresponding to the QMA yield diﬀerence Ye+ − Ye− ≈ σ(E) with
∆E ∼ 200–400 keV.

The cross-section σ(E) can be obtained from the yield
Y using standard mathematical methods to solve the inverse problem [77]. If the BR end-point energies used in
a series of measurements of the reaction yield are close
enough, the reaction cross-section can be obtained as if
the eﬀective photon spectrum takes a form of a quasimonoenergetic (close to Gaussian) line.
Real QMA spectra produced by annihilation of
positrons in ﬂight [75, 76] allows to avoid the unfolding
procedure and measure the cross-section directly. The
majority of measurements with the QMA photons were
performed at Lawrence Livermore National Laboratory
(USA) and Centre d’Etudes Nucleaires de Saclay (France).
However, since the QMA photons are mixed with the BR
generated by positrons, three steps are needed to ﬁlter out
the unwanted contribution: 1) measurements of the reaction yield Ye+ (Em , E) with the QMA photons which are
accompanied by the BR; 2) measurements of the reaction
yield Ye− (Em , E) with the BR produced by electrons at
the same energy; 3) after normalization and subtraction
of the latter yield from the former one, the resulting quantity Y (Em , E) = Ye+ (Em , E) − Ye− (Em , E) is interpreted
as a measured reaction cross-section. The QMA-photon
intensity is typically low, and the resultant cross-sections
suﬀer from two ﬂaws: the accuracy of the normalization
is often poor and the energy resolution is of the order of
several hundred keV at best.
Compared to the BR-based experiments, the QMAbased experiments reveal noticeably less structure in the
reaction cross-section for the majority of nuclei exception
several nuclei with A < 30. The eﬀective line width of
the QMA-photons is broadened due to the presence of a
prominent BR continuum produced by positrons. It is possible to reﬁne the energy resolution by performing some
additional processing (unfolding) [78]. An example of such
re-processing of the experimental 63 Cu(γ, 1n)62 Cu reaction yields [77] using the method of reduction [79] is shown
in ﬁg. 16 in comparison with the original data and the re-
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sult of the BR experiment [80] for the energy range up to
the (γ, 2n) reaction threshold B2n = 19.7 MeV.
One can see that the structure of the cross-section unfolded from the results of the QMA photon experiment is
very close to that obtained in the BR experiment. Similar
results were obtained after reprocessing [82] of the photoneutron yield reaction cross-sections,

Rint
1.4

σ(γ, Sn) = σ(γ, 1n) + 2σ(γ, 2n) + 3σ(γ, 3n) + . . . , (4)

0.9

for 16 O [83, 84] and 197 Au [85]. Therefore, it is concluded
that the QMA cross-sections are strongly over-smoothed
(real energy resolution is 3–4 times less than previously believed) in comparison with the characteristic width of the
intermediate structure of the GDR. Due to the eﬀective
resolution of the QMA technique being signiﬁcantly lower
than expected (∼ 1.3–1.6 MeV), ﬁne structures (such as
the PD and M1 resonances) visible in the cross-sections
obtained in BR experiments are not observed when using
QMA. It would be very helpful if new intense monoenergetic γ-beams, that will become available at the ELI-NP
facility, could be used to re-measure some of the singleneutron reaction cross-sections.
The eﬀective photon line shapes are very diﬀerent in
the QMA- and BR-based experiments, which also leads to
apparent systematic discrepancies in both amplitudes (absolute value) and shapes (intermediate structure) of the
cross-section. A detailed comparison [80] of the 18 O(γ, 1n)
cross-sections obtained using BR photons [86] and QMA
photons [82] showed that the resonances have larger amplitudes and smaller widths in BR as compared to the QMA
photon cross-sections: the amplitude ratio ABR /AQMA
varies from 1.00 to 1.28, while the width ratio wQMA /wBR
varies from 1.00 to 2.25.

0.8

Partial photoneutron cross-sections obtained with the
QMA photons at Livermore and Saclay suﬀer from systematic discrepancies (∼ 100%) [87, 88]: in many cases,
the (γ, 1n) reaction cross-sections are noticeably larger
at Saclay than at Livermore, whereas the (γ, 2n) crosssections in turn are larger at Livermore than at Saclay.
The systematics of integrated cross-section ratios (Saclay/Livermore) R = σS /σL calculated in [87, 88] for 19
nuclei (51 V, 75 As, 89 Y, 90 Zr, 115 In, 116,117,118,120,124 Sn,
127
I, 133 Cs, 159 Tb, 165 Ho, 181 Ta, 197 Au, 208 Pb, 232 Th,
238
U) is shown in ﬁg. 17. One can see large discrepancies in the ratios for the 1n and 2n channels. The average
ratio is ∼ 1.08 in the 1n channel, while it is 0.82 in the 2n
channel, as shown by the dotted lines in the ﬁgure.
It has been suggested [89, 90] that the discrepancy in
the partial reaction cross-sections originated from the procedure of neutron multiplicity sorting. Additionally using
the activation technique, it was shown that the Saclay
data of σ(γ, 2n) is signiﬁcantly underestimated (and correspondingly σ(γ, 1n) overestimated) because of large systematic uncertainties.
In order to further examine the discrepancy, a new
approach has been developed for evaluating partial photoneutron cross-sections [91, 92].
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Fig. 17. Systematics of integrated cross-section ratios
(Saclay/Livermore) R = σS /σL for 1n (squares) and 2n (triangles).

The objective criteria for analyzing systematic uncertainties are proposed based on the ratios of partial
photoneutron reaction cross-sections to the photoneutron
yield cross-section
Fx = σ(γ, x n)/σ(γ, Sn)
= σ(γ, x n)/[σ(γ, 1n) + 2σ(γ, 2n) + 3σ(γ, 3n) + . . .].
(5)
According to the deﬁnition given by eq. (5), F1 is the ratio
of σ(γ, 1n) to the sum [σ(γ, 1n)+2σ(γ, 2n)+3σ(γ, 3n)+. . .]
and, therefore, can never be greater than 1.00; correspondingly F2 can never be greater than 0.50 and so on. If the
experimental Fx value is larger than the corresponding
upper limit, 1/x, it is an unambiguous indication of unreliable neutron multiplicity assignment.
Several studies [87, 91–96] of experimental data for
90,91,94
Zr, 115 In, 112,114,116,117,118,119,120,122,124 Sn, 159 Tb,
181
Ta, 188,189,190,192 Os, 197 Au and 208 Pb show that, as
a rule, the partial reaction cross-sections do not satisfy
the proposed criteria of reliability. The eﬀect is the most
evident in the case of 116 Sn and 159 Tb [93]. The corresponding experimental data in comparison with the results
of theoretical calculations [97, 98] are shown in ﬁgs. 18
and 19.
One can see that both the 116 Sn(γ, 1n) reaction
cross-section in the energy range of 21–26 MeV and the
156
Tb(γ, 1n) reaction cross-section in the range of 18–
22 MeV take negative values which are correlated with
values Fexp
> 0.5. This is an indication of incorrect sort2
ing of neutrons into multiplicity 1 and 2. For 116 Sn the
at energies E > 26 MeV (just below the
sharp fall of Fexp
2
3n threshold B3n ) means that additionally sorting of neutrons into multiplicity 2 and 3 is incorrect. For 156 Tb at
the energy E > 25 MeV Fexp
have the values near 2.0 (it
2
means that σ(γ, 2n) is twice as large as σ(γ, Sn)!). It again
indicates that sorting of neutrons into multiplicity 2 and
3 is deﬁnitely incorrect.
A new method of evaluating partial photoneutron reaction cross-sections was proposed to examine the unrelia-
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reaction cross-sections:

(a)

σexp (γ, Sn)
σeval (γ, xn) = Ftheor
i
= [σtheor (γ, xn)/σtheor (γ, Sn)]σexp (γ, Sn). (6)
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Numerous comparisons [87, 91–96] show that the evaluated cross-sections often signiﬁcantly disagree with the
results of the neutron multiplicity sorting experiments,
but agree with the results of activation experiments. Independent measurements of the (γ, 1n) and (γ, 2n) reaction
cross-sections using the highly monoenergetic γ-beam at
ELI-NP are indeed of great importance to resolve the discrepancy issue.
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Fig. 18. Comparison of experimental (γ, 1n) reaction crosssections (a) and functions Fexp
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bility of the available experimental data sets. The method
is based on the neutron yield cross-section σexp (γ, Sn)
(eq. (4)) that is not aﬀected by neutron multiplicity and
the combined model of photonuclear reactions [97, 98]
and
which is used to calculate theoretical functions Ftheor
x
decompose the neutron yield cross-section into the partial

Laser Compton scattering γ-ray beams are an ideal
tool for direct measurements of photoneutron reaction
cross-sections because of their quasi-monochromatic spectra obtained by collimation, as described in sect. 2. During the last decade, using laser Compton backscattered
γ-ray beams and a detection system based on the moderation of reaction neutrons, photoneutron cross-sections
have been measured for 13 elements (D, Be, Se, Mo, Zr,
Pd, Sn, La, Pr, W, Re, Os, Ta, Au, Pb) and 38 isotopes
at AIST [7], and for 4 elements (Ge, Nd, Sm, Dy) and 15
isotopes at the NewSUBARU synchrotron radiation facility. The measurements were however limited to (γ, n)
cross-sections near neutron threshold.
A high-eﬃciency 4π neutron detector developed at the
Konan University is currently in use at the NewSUBARU [9]. The reaction neutrons emitted from the irradiated target with energies up to ∼ 1 MeV in the (γ, n)
cross-section measurement, are moderated in a polyethylene block and recorded by 20 3 He neutron counters placed
in three concentric rings around the beam axis. The neutron detection eﬃciency varies from approximately 75%
for thermal neutrons down to ∼ 60% for 1 MeV neutrons.
Because no information on the energy of the neutrons
can be obtained from the detector’s signal, the so-called
ring ratio technique developed by Berman and Fultz [75] is
employed for determining the average energy of the neutron spectra. As the volume of moderating material between the neutron source and each ring of counters is different, the ratio of the numbers of neutrons detected in
two diﬀerent rings of 3 He proportional counters depends
on the neutron energy. As the three ring ratios in a diﬀerent way depend on the original neutron energy, they can
be used to determine the average neutron energy.
Figure 20 represents experimental cross-sections for
the 142,144 Nd(γ, n) reactions. The 142 Nd(γ, n) reaction was
investigated independently using QMA γ-ray beams at the
Saclay facility [100], BR γ-ray beams [103] and LCS γ-ray
beams produced at the AIST facility [101]. Cross-sections
for the 144 Nd(γ, n) reaction were measured using QMA
γ-ray beams at the Saclay facility [100] and LCS γ-ray
beams produced at NewSUBARU [102].
While a good agreement is observed between the BR
data and the LCS measurements performed at AIST for
the 142 Nd(γ, n) reaction, the QMA data are sistematically
higher than the LCS and BR ones by a ∼ 1.18 factor
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and
Nd = N2 · ε(E2 )2 ,

Fig. 20. Experimental photoneutron reaction cross-sections
for 142,144 Nd measured with QMA [100], LCS [101, 102] and
BR [103] beams. The energy region in the close vicinity of
the neutron emission threshold values for the two isotopes is
magniﬁed and represented in the inset for better visualization.

for both reactions. As can be observed in the inset from
ﬁg. 20, the LCS γ-ray beams with energy resolutions as
low as 1.2% provided at the NewSUBARU facility enable
accurate cross-section measurements much closer to the
neutron emission threshold compared to the ∼ 8% energy
resolution γ-ray beams provided at the AIST facility.

4.2 Neutron multiplicity sorting measurements at
ELI-NP
Because the discrepancies between the Livermore and
Saclay data cannot be resolved in any systematic way [78,
92], there is a growing interest in an improvement of the
IAEA-TECDOC-1178 [104] based on such research activities as acquisition and evaluation of new data. Experimental eﬀorts will be dedicated at ELI-NP to partial and total
photoneutron cross-section measurements for the GDR.
The maximum γ-ray energy is 19 MeV at ELI-NP so that
the maximum neutron multiplicity is limited to 2. A novel
technique of sorting the neutron multiplicity is required to
address the serious discrepancy in (γ, 1n) and (γ, 2n) cross
sections between the Livermore and Saclay data [78, 92].
We present here details of the neutron multiplicity sorting
technique with a ﬂat-eﬃciency neutron detector.
Let us consider (γ, xn) cross-section measurements
with a 4π neutron detector similar to the one developed
at the Konan University, described in sect. 4.1. We limit
our discussion to (γ, xn) cross-section measurements with
x = 1 and 2 at ELI-NP with the intense and monochromatic γ-ray beam whose maximum energy is 19 MeV. The
number of single neutron (1n) and double neutron (2n)
events experimentally observed, Ns and Nd , are respectively expressed by
Ns = N1 · ε(E1 ) + N2 · 2 C1 · ε(E2 )(1 − ε(E2 ))

(7)

(8)

where N1 and N2 are the number of neutrons emitted
from the (γ, 1n) and (γ, 2n) reactions, respectively, and ε
is the total neutron detection eﬃciency of the 4π neutron
detector. Obviously, the N1 and N2 are proportional to
the reaction cross-sections, σ(γ, 1n) and σ(γ, 2n).
The ring-ratio technique can be applied to the double
neutron event (Nd ) to deduce the average neutron energy,
E2 . However, the average neutron energy E1 for the (γ, 1n)
channel cannot be determined by applying the technique
to the single neutron event (Ns ) because Ns consists of
two contributions from the (γ, 1n) and (γ, 2n) reactions
(see eq. (7)). Namely, the detection eﬃciency cannot be
determined separately for the (γ, 1n) and (γ, 2n) reaction
channels. This is a fatal defect associated with the ringratio technique in the neutron multiplicity sorting with
a 4π neutron detector whose detection eﬃciency strongly
depends on neutron energy.
To overcome the defect of the ring-ratio technique in
neutron multiplicity sorting, it is essential to develop a ﬂat
eﬃciency 4π neutron detector whose detection eﬃciency is
independent of neutron energy. Using Monte Carlos simulations with the Geant4 code, the neutron detection system used at NewSUBARU was modiﬁed in search of a
conﬁguration which ensures a ﬂat eﬃciency. The ﬂatness
was achieved by compensating the strong energy dependence of the eﬃciency of the inner ring, which rapidly
decreases with increasing neutron energy, by those of the
middle and outer ring, which increases with increasing energy. For this, the total number of detectors was increased
to 30 keeping the number of counters on the inner ring
constant and each of the three rings was placed further
away from the beam axis. A total eﬃciency of 40–37.5%
over a neutron energy range 0–4 MeV and 40–35% over
0–5 MeV was obtained.
4.3 High-efficiency (γ, n) measurements for p-process
nucleosynthesis
The majority of nuclides heavier than iron are synthesized
by the slow (s) and rapid (r) neutron captures with nearly
equal (∼ 50%) shares of nucleosynthesis, which proceed
along the line of β-stability and in the neutron-rich region of the chart of nuclei, respectively. On top of them,
there are thirty-ﬁve nuclei referred to as the p-nuclei produced by the reprocessing of pre-existing seed nuclei of
the s- and r-type by a combination of (p, γ) captures and
(γ, n), (γ, p) or (γ, α) photoreactions complemented by β +
decay, electron captures, and (n, γ) reactions. As a natural result of the re-processing, the p-process nuclides are
neutron-deﬁcient and rare in natural abundance (0.01 to
1%, exceptionally of the order of 10% in the A ∼ 90 region,
as listed in table 3).
Photodisintegrations play the leading role in the pprocess, whereas the (p, γ) reactions appear to contribute
only and probably marginally, to the production of the
lightest p-nuclei. Temperatures larger than about T9 = 1.5
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Table 3. List of the 35 isotopes classiﬁed as p-nuclei, with
their solar system abundances relative to 106 Si atoms proposed by the Anders and Grevesse compilation [105]. There
are no experimental data on photon induced reactions on the
nuclei marked with ∗ in the fourth column.
Nucleus
74

Se
Kr
84
Sr
92
Mo
94
Mo
96
Ru
98
Ru
102
Pd
106
Cd
108
Cd
113
In
112
Sn
114
Sn
115
Sn
120
Te
124
Xe
126
Xe
130
Ba
132
Ba
138
La
136
Ce
138
Ce
144
Sm
152
Gd
156
Dy
158
Dy
162
Er
164
Er
168
Yb
174
Hf
180
Ta
180
W
184
Os
190
Pt
196
Hg
78

Natural abundance
[%]
0.89
0.35
0.56
14.84
9.25
5.54
1.87
1.02
1.25
0.89
4.29
0.97
0.66
0.34
0.09
0.09
0.09
0.106
0.101
0.09
0.185
0.251
3.07
0.2
0.06
0.1
0.14
1.61
0.13
0.16
0.012
0.12
0.02
0.014
0.15

Abundance
(106 Si) [105]
0.55
0.153
0.132
0.378
0.236
0.103
0.035
0.0142
0.0201
0.0143
0.0079
0.0372
0.0252
0.0129
0.0043
0.00571
0.00509
0.00476
0.00453
0.000409
0.00216
0.00284
0.008
0.00066
0.000221
0.000378
0.000351
0.00404
0.000322
0.000249
2.48E-06
0.000173
0.000122
0.00017
0.00048

∗

∗

∗

∗
∗

∗
∗
∗

∗
∗

∗

(T9 = T /109 K, where T is the temperature in Kelvin) are
required for photodisintegrations to take place on time
scales comparable to stellar evolutional ones, and may not
exceed T9 = 3.5 in order to avoid the photoerosion of all
the heavy nuclei to more stable nuclei in the “iron peak”.
It is also necessary to freeze-out the photodisintegrations
on a short enough time scale, typically of the order of one
second. Those constraints are nicely met in the deep ONe layers of massive stars exploding as type II supernovae
(SNa-II). The SNe-II is undoubtedly the most studied and

the most successful scenario for the p-process [106–108].
Other plausible sites for the p-process, like presupernova
burning phases of massive stars or the explosion of type-Ia
supernovae, have been explored [109].
The signiﬁcance of photonuclear reactions has revived
in the context of the p-process nucleosynthesis, which was
triggered and has been enhanced by the emergence of the
laser Compton-scattering (LCS) γ-ray beam [110]. Photoneutron cross-sections can be measured with the LCS
γ-ray beams at existing facilities like HIGS [8] and NewSUBARU [6] using ∼ 1 g isotopic targets. Since the natural abundance of the p-nuclides is small, σ(γ, n) measurements relevant for the p-process require γ-ray beams with
intensity higher by three orders of magnitude than that
available at the existing facilities, provided that typically
1 mg samples of p-nuclides are available commercially.
Among the 35 p-nuclei, especially two odd-odd p-nuclides,
180
Ta and 138 La await an experimental challenge to measurements of the 180 Ta(γ, n)179 Ta and 138 La(γ, n)137 La reactions [109, 110].
The odd-odd nuclide 180 Ta has the remarkable property of having a short-lived (T1/2 = 8.15 h) J π = 1+
ground state (180 Tag ) and a very long-lived (T1/2 >
1.2 × 1015 yr) J π = 9− isomeric state (180 Tam ). Its minute
abundance (180 Tam /181 Ta ≈ 10−4 ) gives 180 Tam the status of the only naturally occurring isomer and the rarest
element in nature. The 180 Tam yield predictions are affected by uncertainties concerning the 181 Ta(γ, n)180 Ta
and 180 Ta(γ, n)179 Ta photodisintegrations rates which
most directly inﬂuence the 180 Tam production and destruction.
The 181 Ta(γ, n)180 Ta reaction has been measured directly by [45], the relative production by this reaction of
the ground and isomeric states of 180 Ta being obtained experimentally as well by [111, 112]. The 180 Tam (n, γ)181 Ta
cross-section has been measured by [113]. This experimental information can enter the calculation of the rate of the
reverse photodisintegration of direct interest through the
application of the reciprocity theorem. It is however noted
that the total 181 Ta(γ, n)180 Ta cross-section suﬃces to determine the production rate of 180 Tam under the condition
of thermalization between the ground state and the isomeric state in 180 Ta which is considered to hold in the
deep O-Ne layers of exploding massive stars (SNa-II).
The 180 Ta(γ, n)179 Ta cross-section cannot be estimated from experimental data using the reciprocity theorem, the radiative neutron capture cross-section on the
unstable 179 Ta being unmeasured. Therefore, the measurement of the rate of 180 Ta(γ, n)179 Ta is a highly necessary
complement to the already measured one on 181 Ta in order
to correctly predict the 180 Tam yield.
In spite of its very small abundance (138 La/139 La ≈
−3
10 ), the odd-odd neutron deﬁcient heavy nuclide 138 La
is underproduced in all p-process calculations performed
so far. This results from an unfavorable balance between
its main production by 139 La(γ, n)138 La and its main destruction by 138 La(γ, n)137 La, even in the p-process layers which are the most favorable to the 138 La production.
These zones are the O-Ne layers of the considered mas-
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sive stars explosively heated to peak temperatures around
T9 = 2.4. While the (γ, n) cross-section has been measured for 139 La [114], that for 138 La has long been out of
experimental reach. It is also noted that the two measurements of the β − spectra of 138 La suﬀer from a signiﬁcant
disagreement with the standard theory [115, 116].
The nuclear reaction input adopted for the p-process
calculations concerning the 138,139 La photodisintegration
rates of direct relevance to the question of the production
of 138 La is represented by the reverse (n, γ) reaction rates.
Using these values, the (γ, n) rates are evaluated by the
application of the reciprocity theorem. A direct measurement of the photodisintegration of 138 La would be highly
valuable for the p-process calculations concerning the nucleosynthesis of 138 La. Due to the scarcity of 138 La, the
high-intensity gamma beam provided by ELI-NP is the
perfect tool to induce measurable (γ, n) on this isotope.

5 Charged particle emission in photoreactions
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Fig. 21. The structure of 12 C predicted by the U(7)
model [137] of a triangular spinning top with a D3h symmetry
compared to measured states. Note the “missing” low-spin (2+ ,
3− ) states predicted by this model that can be measured with
gamma-beams at the ELI-NP facility. Reprinted ﬁgure with
permission from ref. [137]. Copyright (2014) by the American
Physical Society.

A Silicon Strip Detector (SSD) and electronic readout
TPC (eTPC) are proposed for measuring charged particles
emanating from the interactions of high-energy gammarays of the ELI-NP. These studies will provide several research opportunities in nuclear structure physics and nuclear astrophysics. We discuss below a few examples of
such research projects. We do not present a complete list
of experiments that we envisage with charged particle detectors at the ELI-NP facility, but we rather expand on
some of the highlights of our proposed research projects.
5.1 Nuclear structure
The structure of light nuclei, and speciﬁcally of clustering
received new impetus due to major developments of ab
initio calculations of light nuclei and in particular of 12 C.
Theoretical ab initio shell model [117] and symmetry
inspired shell model [118] calculations as well as ab
initio Eﬀective Field Theory (EFT) calculations on the
lattice [119, 120], Fermionic Molecular Dynamics (FMD)
model [121] and Antisymmetrized Molecular Dynamics
(AMD) model [122], are employed to yield a microscopic
foundation for the clustering phenomena that naturally
occurs in cluster models [123, 124]. For example, one issue
of current concern [125] is the structure of the three
alpha-particles in the Hoyle state at 7.65 MeV in 12 C
(e.g., linear chain, obtuse triangle or equilateral triangle)
and the Hoyle rotational band built on top of the Hoyle
state [126–130].
A recent experiment performed at the HIγS gammaray facility [131] using an optical readout TPC (OTPC) [132] indeed provided unambiguous identiﬁcation
of the 2+ member of the Hoyle rotational band. As an
example of Nuclear Structure studies that we propose to
perform at the ELI-NP with our proposed e-TPC and SSD
detectors, we consider measurements of the multi-alpha
decay of 12 C and 16 O with a TPC detector. Such measurements of multi-alpha decay of 12 C were also performed in
the past with SSD [133–135] hence similar measurements

Fig. 22. All thus far observed T = 0 states in 12 C grouped into
the (K = 0, 3) ground state band and Hoyle state band and
the (K = 1, 2) bending mode band shown in ﬁg. 21. Note the
predicted (but “missing”) 3− and 4− states in the Hoyle band
and the predicted (but “missing”) degenerate 2+ state in the
bending mode band shown in ﬁg. 21. We propose to search for
such 2+ states in 12 C. Reprinted ﬁgure with permission from
ref. [137]. Copyright (2014) by the American Physical Society.

with SSD are also considered for the ELI-NP. We emphasize that the measurements we discuss below in 12 C and
16
O are considered as typical examples of studies in nuclear structure that can be performed with our proposed
detectors at the ELI-NP and such measurements in other
light nuclei will lead to a new perspective on the clustering
phenomena in light nuclei.
One of the most tantalizing models of clustering in 12 C
and 16 O uses the geometrical symmetry of an equilateral
triangle (D3h ) and a tetrahedral (Td ) to describe 12 C [136,
137] and 16 O, respectively [138]. Triangular conﬁgurations
are indeed ubiquitous in physics as observed in the structure of hadrons (proton) [139, 140], the H+
3 molecule [141]
and predicted for 12 C [136]. This U(7) model [136] predicts the existence of parity doublets as shown in ﬁg. 21
and the most unusual rotational band sequence including
the states: 0+ , 2+ , 3− , 4± , 5− , etc. [137] shown in ﬁg. 22.
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This unusual rotational band resembles the 0+ , 1− , 2+
and 3− rotational band with enhance E1 decays observed
for the α + 14 C structure in 18 O [142] as predicted by the
U(4) model of diatomic molecules [143].
First indication of such a rotational band including the
predicted (almost) degenerate 4+ and 4− states appears
to have been observed in 12 C [144] including a newly discovered 5− state [137], as shown in ﬁg. 22. Hence it is of
great importance to search for the other states predicted
by this U(7) model [136, 137] shown in ﬁg. 21. Indeed the
predicted 2+ states in 12 C can be measured with intense
gamma-ray beams as was done at the HIγS facility [131].
The discovery of the missing predicted states will allow
for example to elucidate the (geometrical) structure of
the Hoyle state that is predicted by this U(7) model to
be the ﬁrst excitation vibrational breathing mode of the
three alpha-particles arranged in an equilateral triangular
conﬁguration.
The high-lying states of 12 C and 16 O decay primarily
by the emission of three and four alpha-particles, respectively. Hence their study was best measured by large area
silicon strip detectors utilizing Dalitz plots [133–135] or OTPC [132, 131]. As was demonstrated in the measurement
with the O-TPC [131] broad overlapping and interfering
resonances can be studied by measuring complete angular
distributions and employing a phase shift analysis. We intend to use the large area SSD and the e-TPC detectors
proposed for ELI-NP to measure the three and four alpha
decay of high-lying states in 12 C and 16 O, respectively,
following the photo-nuclear reaction with intense gamma
beams from the ELI-NP facility. Such measurements of
12
C(γ, 3α) and 16 O(γ, 4α) will provide a detailed description of the clustering phenomena in these nuclei and in
particular we propose to search for the predicted (“missing”) 2+ state(s) shown in ﬁg. 21 as was previously done
in the HIγS facility [131] with the 12 C(γ, 3α) reaction.
5.2 Gamma-charged particle reactions relevant to
nuclear astrophysics
The SSD and the e-TPC detectors that we propose to
employ at the ELI-NP facility will be mostly used to perform accurate measurements of (very small) cross-sections
of nuclear reactions of the hydrogen and helium burning processes and hence the astrophysical S-factors (as
deﬁned in [145]) that are essential for stellar evolution
theory. Most importantly, we plan to measure the crosssection of the 16 O(γ, α)12 C reaction, the time reverse of
the 12 C(α, γ)16 O reaction relevant for stellar helium burning. Indeed the production of 12 C via the Hoyle state in
the “three alpha reaction” and of 16 O in the 12 C(α, γ)16 O
reaction, represent one of the ﬁrst and still perhaps the
most vivid examples of the anthropic principle [145]. We
refer the reader to [145] for a thorough review of stellar
evolution theory and the deﬁnition of the nomenclatures
used in this ﬁeld.
Measuring capture reactions by means of the inverse photodisintegration reaction, besides being inherently low-background measurements, have the advantage
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of having a diﬀerent systematic uncertainty than those
of characteristic charged-particle–induced reactions measured at low energies of astrophysical interest. Systematic
issues for example involving the target and its deterioration, (eﬀective) beam energy deﬁnition, etc., lead to different systematic errors and thus may allow us to resolve
conﬂicting data.
5.2.1 The

16

O(γ, α)12 C reaction

After hydrogen is exhausted in the stellar core, stars leave
the main sequence and undergo subsequent nuclear core
burning stages involving heavier nuclear species, namely,
helium, carbon, neon, oxygen and silicon burning, provided that stellar masses are large enough (M > 8M⊙ ).
The outcome of helium burning is the formation of the two
elements: carbon and oxygen [145]. The ratio of carbonto-oxygen (C/O) at the end of helium burning has been
identiﬁed three decades ago as one of the key open questions in nuclear astrophysics [145] and it remains so today. To solve this problem one must determine the pwave [SE1(300)] and d-wave [SE2(300)] cross-section Sfactors, deﬁned in [145], of the 12 C(α, γ)16 O reaction at
the Gamow peak (300 keV) with an accuracy of approximately 10% or better [145].
The importance of the C/O ratio for the evolution of
massive stars (M > 8M⊙ ) that evolve to core collapse
(Type II) supernova has been discussed extensively [146]
but more recently it was shown that the C/O ratio is also
important for understanding the 56 Ni mass fraction produced by lower-mass stars (M ∼ 1.4M⊙ ) that evolve into
Type Ia supernova (SNeIa) [147]. Thus the C/O ratio is
also important for understanding the light curve of SNeIa.
Such SNeIa are used as cosmological “standard candles”
with which the accelerated expansion of the universe and
dark energy were recently discovered [148].
Several new measurements of the 12 C(α, γ)16 O reaction using gamma-ray detectors have been reported [149–
153] with center of mass energies in the vicinity of
1.0 MeV. However, the astrophysical S-factors were determined with very low accuracies (±40%–80%) and most importantly one cannot rule out a low value (∼ 10 keV b) of
the extrapolated E1 S-factor [154,155]. The new data also
point out to a signiﬁcant ambiguity in the value of the extrapolated E2 S-factor [156]. These new experiments used
some of the highest-intensity alpha-particle beams (100–
500 µA) with impressive luminosities of 1033 cm−2 s−1 and
1031 cm−2 s−1 , and 4π arrays of HPGe and BaF2 detectors, that provided large counting statistics. Yet the accuracies of the measured S-factors were limited by the
quality of the measured angular distributions needed to
separate the E1 and E2 components.
A major disadvantage of measuring gamma-rays is
the large background from neutrons emitted from the
13
C(α, n) reaction, room background gamma-rays, cosmic
rays and cosmic rays induced background and Compton
scattering background. Such backgrounds were not observed in the HIγS measurements of the 16 O(γ, α) reaction [132, 131] and are not expected in our proposed exper-
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Fig. 23. The measured E2 astrophysical cross-section factors of the 12 C(α, γ) reaction (Reprinted ﬁgure with permission
from ref. [156]. Copyright (2013) by the American Physical Society) and simulated E1 astrophysical cross-section factors with
gamma-beams (Reprinted from ref. [158], Copyright (2014), with permission from Elsevier).

iments utilizing gaseous TPC with the gamma-ray beams
of the ELI-NP facility. In addition we will measure with
the e-TPC detector detailed angular distributions, thus
obtaining accurate values of the E2/E1 ratio. We however note that the proposed experiment can only measure
direct-capture to the ground state. The small (less than
5%) contribution of cascade gamma-rays [157] from the
12
C(α, γ)16 O reaction will not be measured in this experiment utilizing gamma-ray beams.
The principle of detailed balance allows the determination of the cross-section of an (α, γ) process from the measurement of the time inverse (γ, α) reaction with gammaray beams. Since both the electromagnetic and nuclear interactions are time reversal symmetric the cross-sections
are related to each other in terms of the spin factors (ω)
and De Broglie wavelengths by
ωA

σB (γ, X)
σA (X, γ)
= ωB
.
2
–
λα
λ–2β

(9)

One of the advantages of measuring the photodissociation of 16 O is a (50–100) gain in cross-section
due to detailed balance. Such an experiment requires a
gamma-ray beam of energies 10 MeV and less (approaching 8 MeV) since the Q value of the 12 C(α, γ)16 O reaction
is 7.162 MeV. For example a measurement of an angular distribution (2,000 counts) with the gas e-TPC detector proposed for ELI-NP, at Eγ = 8.26 MeV (Ec.m. =
1.1 MeV) with beam intensity of 109 s−1 (on target) will
require 21 days of beam time. Such a measurement with
the gas TPC will be a continuation of the measurement
with O-TPC carried out at the HIγS facility of TUNL as
shown in ﬁg. 23 [132, 131].
We emphasize that the proposed measurements of the
16
O(γ, α) photo-dissociation reaction with the gas e-TPC
detector are a continuation of the studies performed at the
HIγS facility [132, 159, 131]. As such the background and
count rate estimates are well known and rely on measured
values. The ELI-NP facility will provide superior gammabeams with good energy resolution (∼ 0.5%) and higher
intensity (109 s−1 ) on target.

5.2.2 The

24

Mg(γ, α) reaction

Silicon burning sets the chemical composition, and hence
the neutron excess, of the star right before the core
collapse and the subsequent supernova explosion. This
demonstrates the importance of silicon burning in the understanding of core-collapse supernovae [160–162].
When 16 O is depleted at the conclusion of core oxygen burning, the most abundant nuclei are 28 Si and 32 S.
The stellar core contracts and the temperature increases,
reaching values as large as T = 2.8–4.1 GK, depending
on the stellar mass. Fusion reactions such as 28 Si + 28 Si
or 28 Si + 32 S are too unlikely to occur owing to the
Coulomb barrier between interacting nuclei, even at such
high temperatures [163]. Instead, nucleosynthesis takes
place through photodisintegration of less bound nuclei and
radiative captures of the dissociated light particles (protons, neutrons, and α-particles) to create gradually heavier and more tightly bound nuclei [164]. In detail, since αparticle captures on 20 Ne are less likely to occur than the
competing (γ, α) reactions, the 24 Mg(γ, α)20 Ne reaction
governs the downward ﬂow from 24 Mg to 4 He. It means
that the eﬀective rate of 28 Si destruction is established
by the photodisintegration of 24 Mg, making its reaction
rate critically important to stellar models of silicon burning [162].
The 24 Mg(γ, α)20 Ne reaction rate has been calculated
from the 20 Ne(γ, α)24 Mg rate. Near T ≈ 3.6 GK, the
20
Ne(α, γ)24 Mg reaction rate may be subject to systematic errors of the order of a factor of ≈ 2, as can be seen
from the diﬀerent results reported by [165, 166] and [167].
This is connected to the presence of a large number of
resonances aﬀecting the reaction cross-section.
A direct 24 Mg photodissociation measurement using gamma beams of energies 10.4–12 MeV will allow
us to determine a much more accurate cross-section to
be used in nuclear reaction network calculations to improve the knowledge of the pre-supernova chemical composition. Performing Hauser-Feshbach calculations of the
20
Ne(α, γ)24 Mg cross-section [168] a value of approximately 0.5 mb is obtained for the reverse process in this
gamma-ray energy region, corresponding to about 3 × 104
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Fig. 24. Cross-section of the 24 Mg(γ, α)20 Ne reaction estimated by applying the detailed balance principle to the
20
Ne(α, γ)24 Mg cross-section, calculated using the HauserFeshbach approach [168].

reaction events per day, using a conservative beam intensity of 5×103 γ/s/eV. The estimated 24 Mg(γ, α)20 Ne crosssection is displayed in ﬁg. 24.
Photodissociation reactions are in principle easier to
study as the phase space factor enhances the (γ, α) crosssection with respect to the inverse process, provided that
a high-quality gamma beam is available, such as the one
delivered by the ELI-NP facility. It is worth noting that
alpha particles are emitted with energies of about 2 MeV,
making it necessary to use a low-threshold detector.
It is important to note that particle identiﬁcation
and background suppression, due to reactions on impurities and especially on the target backing, can be eﬀectively achieved if the reaction kinematics is recorded, since
the 24 Mg(γ, α)20 Ne reaction is a binary process. This is
possible because at a known ﬁxed angle alpha particles are
emitted with a well-determined energy, making it possible
to gate on this region to determine the diﬀerential crosssection. For instance, 12 C photodissociation leads to three
alpha-particles in the exit channel (Q = −7.27 MeV), with
a reaction kinematics totally diﬀerent from the one of a
two-body process. Further simulations are necessary to
verify that three-alpha kinematics is smooth, thus easily separable from the 24 Mg(γ, α)20 Ne one. In any case,
silicon detectors allow for particle identiﬁcation through
pulse-shape analysis and TOF to reject (γ, p) events.
5.2.3 Reactions relevant to the p-process
A common feature of p-process calculations is the underproduction of species such as 92 Mo, 94 Mo, 113 In and 115 Sn,
pointing at an unsolved problem of current p-process computations [162]. Nuclei such as 74 Se, 78 Kr, 84 Sr, 92 Mo,
and 96 Ru show a very strong dependence on the (γ, p)
cross-section, making it necessary a more thoroughly investigation of the corresponding photodissociation reactions [169]. Another critical process is the 96 Ru(γ, α)92 Mo
reaction, whose cross-section changes the ﬁnal abundance
of 96 Ru by a factor of 2 if the reaction rate is changed
by a factor of 3, which is a very realistic posibility taking into account the uncertainties in the nuclear model
calculation [169]. It is worth noting that most the reac-
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Fig. 25. Cross-section of the 96 Ru(γ, α)92 Mo reaction estimated by applying the detailed balance principle to the
92
Mo(α, γ)96 Ru cross-section, calculated using the HauserFeshbach approach [168].

Fig. 26. Cross-section of the 74 Se(γ, p)73 As reaction estimated by applying the detailed balance principle to the
73
As(p, γ)74 Se cross-section, calculated using the HauserFeshbach approach [168].

tions above involve nuclear species that are unavailable in
gaseous form, making the use of a silicon strip detector
very useful for the investigation of the corresponding photodissociation reactions. An exception is 78 Kr, which is a
gas at NTP.
Hauser-Feshbach calculations of the 92 Mo(α, γ)96 Ru
cross-section [168] yield a value of approximately 18 mb
for the reverse process at a gamma-ray energy of 9.3 MeV,
that is, the energy at which such photodissociation reaction is most eﬀective in astrophysical environments (type
II supernova). Using this cross-section would yield about
6.6 × 105 reaction events per day, using the conservative
beam intensity of 5×103 γ/s/eV onto a 100 µg/cm2 target.
The estimated 96 Ru(γ, α)92 Mo cross-section is displayed
in ﬁg. 25.
Using the same Hauser-Feshbach approach for the
74
Se(γ, p)73 As cross-section [168], a value of approximately 250 mb is obtained by applying the detailed balance principle to the reverse process for a gamma energy
of 11.1 MeV. This is the energy at which such photodissociation reaction is most eﬀective in type II supernovae.
Such cross-section would yield about 1.2 × 107 reaction
events per day, using the conservative beam intensity of
5 × 103 γ/s/eV onto a 100 µg/cm2 target. The estimated
74
Se(γ, p)73 As cross-section is displayed in ﬁg. 26.
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6 Photofission studies
Photoﬁssion measurements enable selective investigation
of extremely deformed nuclear states in the light actinides
and can be utilized to better understand the landscape
of the multiple-humped potential energy surface (PES)
in these nuclei [170, 171]. The selectivity of these measurements originates from the well-deﬁned amount of angular momentum transferred during the photoabsorption
process. High-resolution studies can be performed on the
mass, atomic number, and kinetic energy distributions of
the ﬁssion fragments following the decay of states in the
ﬁrst, second and third minima of the PES in the region
of the light actinides. We aim at investigating the heavy
clusterization and the predicted cold valleys of the ﬁssion
potential. Moreover, a special focus on the ﬁssion dynamics and clusterization eﬀects in super- (SD) and hyperdeformed (HD) compound states will be addressed. On
the other hand, by mapping the PES of the actinides
the harmonicity of the potential barrier can be examined and the parameters of the ﬁssion barrier can be extracted. Fission barrier parameters are crucial inputs for
cross-section calculations in the thorium-uranium fuel cycle of 4th-generation nuclear power plants. The selectivity
of the photoﬁssion measurements allows high-resolution
investigation of ﬁssion resonances in photoﬁssion in the
2nd and 3rd minimum of the ﬁssion barrier of the light
actinides. Detailed study of SD and HD states via transmission resonance spectroscopy is relevant also for a much
cleaner energy production by an eﬃcient transmutation
of the long-living, most hazardous radioactive component
of the nuclear waste, and by controlling the ﬁssion process with using entrance channels via HD states. Another
topic which can be addressed is the search for exotic ﬁssion modes like true ternary ﬁssion, collinear cluster tripartition (CCT) and “lead radioactivity”. It will be very
interesting to study the nuclear ﬁssion accompanied by
light charge particle emission, to measure the light particle decay of excited states and to search for the predicted
enhanced α decay of HD states of the light actinides.
6.1 Previous results obtained by photofission
Until now, sub-barrier photoﬁssion experiments have been
performed only with bremsstrahlung photons and have determined integrated ﬁssion yields [170, 171]. In these experiments, the ﬁssion cross-section was convolved with the
spectral intensity of the photon beam, resulting in a typical eﬀective γ-ray bandwidth of only ∆E/E ≈ 6 × 10−2 .
However, a plateau was observed in the ﬁssion crosssection, referred to as the “isomeric shelf”, presumably
as a result of the competition between prompt and delayed photoﬁssion [3, 4]. Due to the lack of high-resolution
photoﬁssion studies in the corresponding energy region
(E ≈ 4–5 MeV), no experimental information exists to
conﬁrm this concept. ELI-NP oﬀers an opportunity to
overcome previous limitations. The capabilities of this
next-generation γ source allow one to aim at identiﬁcation of sub-barrier transmission resonances in the ﬁs-
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Fig. 27. Schematic illustration of the resonant tunneling process through the ﬁssion potential.

sion decay channel with integrated cross-sections down to
Γ σ ≈ 0.1 eV b. The narrow energy bandwidth will also allow for a signiﬁcant reduction of the presently dominant
background from non-resonant processes. Thus, ELI-NP
is expected to allow preferential population and identiﬁcation of vibrational resonances in the photoﬁssion crosssection and ultimately to enable observation of the ﬁne
structure of the isomeric shelf.
6.2 Excited states related to the fission barrier
It has been known for a long time that the ﬁssion barrier can be studied by measuring the ﬁssion probability as
a function of the excitation energy [170, 171]. If the energy
is well below the ﬁssion barrier, then one is dealing with
a classical tunneling process via the barrier. The ﬁssion
probability increases exponentially with the energy. In the
WKB approximation, the probability of tunneling through
the barrier can be calculated by assuming a parabolic ﬁssion barrier with two parameters: the height and the curvature. The experimentally determined ﬁssion probabilities can then be compared to the results obtained with
the WKB expression and the height and the curvature of
the barrier can be determined.
However, the experimental ﬁssion probability is usually more complicated by the so-called ﬁssion or transmission resonances. The presence of the transitional states
introduced by Bohr [172] above the top of the ﬁssion barrier, are expected to give a resonant structure in the ﬁssion
probability. Several experiments observed such transition
states, and gave their spectra [173].
If the ﬁssion barrier has a more complicated structure,
than we may expect resonances also below the ﬁssion barrier, which can be caused by the resonant tunneling process via the excited states associated to the diﬀerent minima of the ﬁssion potential as illustrated in ﬁg. 27 [5].
6.3 Theoretical predictions and experimental data
available for the fission barrier
In the actinide region, the appearance of a deep, local
superdeformed second minimum in the potential energy
surface of the nucleus at large quadrupole deformations
was already observed experimentally and described within
the macroscopic-microscopic theoretical framework long
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Fig. 28. Proton spectrum measured in coincidence with the
ﬁssion fragments [179].

time ago [174]. Later, unexplained structures in the ﬁssion cross-sections of the light actinides pointed to extend
the existing picture with the triple-humped ﬁssion barrier concept with a shallow 3rd minimum in the PES at
extremely large quadrupole and large octupole deformations [175–177]. Recently, it was found experimentally in
several measurements on the Uranium isotopes [178–181,
5] that the 3rd minimum is in fact as deep as the 2nd
minimum.
Theoretical considerations also predicted that the HD
minimum in a cluster description consists of a spherical 132 Sn-like component with magic neutron and proton numbers of N = 82 and Z = 50, respectively, complemented by an attached elongated second cluster of
nucleons. Since the ﬁssion mass distribution is distinctly
determined by the conﬁguration at the scission point, and
the 3rd minimum is very close to the scission conﬁguration, we expect that the mass distributions originating
from the 3rd minimum exhibit a much more pronounced
asymmetric mass distribution. However, such a dramatic
eﬀect of the shell structure has not been observed so far.
The richness of the resonances is illustrated in ﬁg. 28
for 234 U. The 233 U(d, pf)234 U reaction has been studied
with a very high energy resolution of ≈ 3 keV (∆E/E =
0.1%). The observed ﬁssion resonances were described
as members of rotational bands with rotational parameters characteristic to the hyperdeformed nuclear shape
(2 /2θ = 2.1±0.2 keV) [179]. Information on the K values
of the bands has been obtained from ﬁssion fragment angular distribution measurements. The level density of the
most strongly excited J = 3 states has been compared to
the prediction of the back-shifted Fermi-gas formula and
the energy of the ground state in the third minimum has
been estimated to be EIII = 3.1 ± 0.4 MeV [179].
In order to illustrate the reliability of the method for
determining the depth of the third minimum, in ﬁg. 29 the
experimentally observed 0+ level distances in the transmission resonance groups of 240 Pu [182] (open circles) are

Fig. 29. Distance of the J π = 0+ levels in 240 Pu [182] as a
function of the excitation energy. The solid line on the left side
of the ﬁgure corresponds to the level distances in the ﬁrst minimum calculated in the framework of the back-shifted Fermi gas
model in a parameterization by Rauscher and co-workers [183].

compared to calculations of the level density in the ﬁrst
minimum according to diﬀerent models.
The solid line on the left side of the ﬁgure corresponds
to the level distances in the ﬁrst minimum calculated in
the framework of the back-shifted Fermi gas model in the
parameterization by Rauscher and co-workers [183]. In order to reproduce the experimentally observed 0+ level distances, this curve was shifted by 2.25 MeV, corresponding to the ground-state energy in the second minimum
of 240 Pu. For comparison, also shown are the level distances in the ﬁrst minimum calculated with the Bethe
formula and within the “constant temperature” formalism in a parameterization by von Egidy et al. [184]. The
value of EII = (2.25 ± 0.20) MeV —extracted for the excitation energy of the ground state in the second minimum
of 240 Pu— is in good agreement with the ﬁssion isomer
energy obtained from the well-known method of extrapolated excitation functions of various experiments ([171]
and references therein). Thus, having proven the reliability of this method, an excellent tool has been obtained to
address the question of the depth of the hyperdeformed
third minimum of the potential surface.

6.3.1 The fission-barrier landscape
All presently available information on ﬁssion barrier parameters in the actinide mass region is shown in ﬁg. 30 [5].
Solid blue and red squares display the barrier heights
for 236 U as well as an estimate for the inner barrier in
232
Th. The solid lines represent the trends visible in the
data. While previous publications favored the increase of
EA with decreasing Z [185] as shown by the dashed blue
line, the more recent experimental information, in agreement with earlier calculations, indicates a lowering of EA
as illustrated by the solid blue line below Pu. This discrepancy is explained by the fact that at the time of Bjornholm
and Lynn [185] the existence of a deep third minimum was
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barrier in Ra and Th. Open squares show calculated barrier
heights taken from Howard and Möller [186], while open triangles contain, in addition to the calculations by Howard, information on the depth of the third potential well according to
Cwiok et al. [187].

not known. In the paper of Britt et al. [188], unease about
the obvious discrepancy to the theoretical expectations for
EA in 228 Th is explicitly expressed; however, the interpretation of the experimental data was misguided by the
assumption of a double-humped ﬁssion barrier. In view of
the present knowledge, the theoretical trend of a drastic
lowering of the inner barrier height with decreasing Z is
clearly conﬁrmed. Figure 30 impressively locates the occurrence of the island of ﬁssion isomers in the mass region
of the light actinides. With the continuous decrease of the
outer barrier height EB with increasing Z, the correspond-

ing half-life of isomeric ﬁssion drops below the picosecond
region for Z > 98. Quite similarly, the decrease of the
inner barrier height EA with decreasing Z results in subpicosecond half-lives for the γ back-decay in the region of
Z < 88 thus marks the lower limit for the island of shape
isomers.
Figure 31 shows the experimentally determined ﬁssionbarrier parameters for U isotopes as a function of mass
number. The innermost barrier heights and the depths of
the third well are marked by full circles and stars, respectively.
The value for the third minimum of the ﬁssion barrier of 238 U results from a theoretical calculation, taken
from Royer and Bonilla [190]. In ﬁg. 31, the ﬁssion-barrier
parameters (assuming double-humped ﬁssion barrier)
obtained by Back et al. [191] are indicated by open circles.
The data for the inner barrier heights EA (full circles) reveal a clear trend within the isotopic chain. Figure 31 also
shows a nice agreement between the latest experimental
and theoretical results for the ﬁssion-barrier parameters
supporting strongly the claim that a third minimum exists. The ﬁndings assemble into a ﬁrm evidence for the
existence of a deep third minimum of the ﬁssion potential.
On the other hand, recent theoretical calculations using a macroscopic-microscopic approach do not predict
the existence of a deep third minimum for the even-even
uranium isotopes [192, 193]. This puzzle was more recently
addressed within a self-consistent theoretical model, where
the conditions for the existence of HD potential minima
were studied in details [194].
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6.3.2 Fission barrier parameters needed in data evaluation
The multi-humped ﬁssion barrier as a function of the
quadrupole deformation, can be either described numerically by microscopic predictions or parametrized as
parabolas smoothly joined deﬁned by heights and widths.
Such barriers are associated to the diﬀerent excited states
of the nucleus representing Bohr’s ﬁssion channels. For
the deformations corresponding to the saddle points these
states are known as transitional states. For the deformations corresponding to the ﬁrst, second (if the case third)
minima of the ﬁssion path they are classiﬁed as class I,
II (and III) respectively. The transitional states have a
discrete and continuous energy spectrum. The continuous
part is described by level densities which include collective enhancement factors speciﬁc to the asymmetry of the
nuclear shape at each saddle point.
The parameters which describe the fundamental barrier, the discrete transitional states, the class II (and III)
states and the level densities at the saddle points represent
the typical input for the ﬁssion formalism presently used in
ﬁssion cross-section evaluation. Such a formalism, implemented in the EMPIRE code [195], which calculates the
transmission through multiple humped barriers was developed based on the optical model for ﬁssion and WKB
approximation by using a recursive method [196]. It accounts for the ﬁssion mechanisms associated to the diﬀerent degrees of damping of the vibrational states accommodated by the minima of the ﬁssion path and therefore can
describe ﬁssion cross-sections on extended energy ranges
including the resonance structure at subbarrier energies.
Most of the theoretical predictions in literature and
systematics as those presented in the previous subsection
provide the maxima and minima of the ﬁssion path [197],
and sometimes the associated level densities [198]. They
are important because they set trends, but the accuracy
of their predictions is not yet good enough for evaluation.
Therefore the experimental information remain crucial.
A condition to extract barrier parameters from the
analysis of experimental ﬁssion cross-sections or ﬁssion
probabilities is to populate the ﬁssioning nucleus in states
with excitation energies lower than barrier. This happens
in neutron induced ﬁssion on fertile actinides, in direct
transfer reactions such as (d,pf) and in photoﬁssion.
The advantages of the neutron induced ﬁssion are the
wealth of experimental data and the capability of an accurate modelling. In this case, the barrier parameters deduced by analyzing the slope and the threshold of the
cross-section, the position and the shape of the resonances
combined with information from other sources such as
the lifetime of the isomeric state or the asymmetry of
the nuclear shape at saddles can be tested by comparing
the model calculations with the experimental data. The
biggest disadvantage is that ﬁssile nuclei are populated
in states with excitation energies higher than the fundamental barrier and extracting inependent information on
diﬀerent parameter types from the analysis of the experimental ﬁssion cross-section is almost impossible. The capability of the optical model for ﬁssion to describe the ﬁssion cross-section of light actinides was tested in [199] for

Eur. Phys. J. A (2015) 51: 185
232

Th and 231 Pa. The spectacular resonance structure of
these nuclei with triple-humped ﬁssion barrier was nicely
reproduced using shallow third minima.
As proven in the previous Section, the experimental
study of transfer reactions followed by ﬁssion such as
(d,pf) represents a source of very valuable information.
The only disadvantage is related to the diﬀerent mechanisms (break-up, stripping, compound nucleus) contributing to (d,p) reaction which makes its modelling rather
uncertain.
Photo-ﬁssion in turn, does not seem to have disadvantages, except the present scarcity of data. By
photo-absorption actinide nuclei can be populated in excited states with energies well below the ﬁssion threshold.
Usually, the photo-ﬁssion cross-section becomes measurable for incident photon energies above 3–4 MeV, meaning excitation energies lower than the top of the groundstate barrier with 1–3 MeV. This allows to explore the
ﬁssion barrier and the transmission resonances. On the
other hand, due to the predominantly E1 interaction, a
high spin and parity selectivity occurs reducing the number of ﬁssion channels. All these make the interpretation of
experimentally measured cross-sections signiﬁcantly easier for all nuclei, irrespective on their even-odd character.
The obtained information is cleaner and richer and equally
important for nuclear structure and nuclear reactions, for
basic and applied physics.
Ideally, a reliable, model-independent systematics for
the parameters entering the description of the ﬁssion barrier should be created by corroborating all the available
information provided by photo-ﬁssion, neutron-induced
ﬁssion, direct transfer reactions followed by ﬁssion and
global microscopic predictions. This is based on the assumption that the ﬁssion parameters are related mainly
to the structure properties of the nucleus, therefore they
should be independent of the way the nucleus was populated. More reliable and consistent constraints can be
impose by using chains of isotopes and ensuring that for a
given nucleus, the same set of parameters describes, within
uncertainty limits, the ﬁrst, second or third chance ﬁssion.
This cross-checking procedure is expected to conduct towards an improved set of ﬁssion parameters, a validation
of the reaction models and parameters and more accurate
cross-section evaluations. It would provide also information about the ﬁssion parameter uncertainties, diﬃcult to
estimate otherwise and extremely important for covariance calculations.
In ﬁg. 32 is presented the ﬁrst chance of the neutroninduced ﬁssion cross-section 234 U(n, f) calculated with the
latest ﬁssion formalism implemented in EMPIRE code
(not published yet) compared to experimental data from
EXFOR. Figure 33 shows the ﬁrst chance photoﬁssion
cross-section 235 U(n, f) calculated with the same ﬁssion
formalism, the very same triple-humped ﬁssion barrier parameters and EMPIRE’s default models and parameters
for the competing channels. To get the same excitation energy of the compound nucleus in both cases, we mention
that the neutron separation energy in 235 U is approximately 5.3 MeV. Comparing these excitation function is
very instructive. The fair description of the experimen-
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Fig. 32. Neutron-induced ﬁssion cross-section of 234 U. EMPIRE calculations are compared with selected experimental
data retrieved from EXFOR [200].
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Fig. 34. Inset of ﬁgs. 32 and 33, where the neutron-induced ﬁssion cross-section of 234 U and the photon-induced ﬁssion crosssection of 235 U are represented versus the excitation energy of
the 235 U compound nucleus.

6.3.3 Experimental plans at ELI-NP

Fig. 33. Photon-induced ﬁssion cross-section of 235 U. EMPIRE calculations are compared with selected experimental
data retrieved from EXFOR [200].

tal photoﬁssion at excitation energies higher than 8 MeV
proves mainly the correctness of the humps parameters
and of the level densities at the saddle points. The right energies of the resonances conﬁrm the depth of the wells and
the energies of class II and III vibrational states. The overestimation of the photoﬁssion around the threshold could
indicate a wrong distribution of spin projection and parity
of the transitional states. Continuing this comparison one
can get information not only on ﬁssion parameters but also
on the models speciﬁc to each reaction. One can notice also
in ﬁg. 34 around 7.5 MeV a hump in experimental photoﬁssion and a dip in the neutron induced cross-section which
would need further investigation. This example proves the
need of experimental photoﬁssion measurements as support for the evaluators to reach the tight target uncertainties for the ﬁssion data required by the sensitivity analyses
for GenIII+, GenIV, Accelerator Driven Systems, Th-U
fuel cycle etc.

Our experimental approach to investigate extremely deformed collective and single particle nuclear states of the
light actinides is based on the observation of transmission
resonances in the prompt ﬁssion cross-section. Observing
transmission resonances as a function of the excitation energy caused by resonant tunneling through excited states
in the 3rd minimum of the potential barrier, allows us to
identify the excitation energies of the HD states. Moreover, the observed states can be ordered into rotational
bands, with moments of inertia proving that the underlying nuclear shape of these states is indeed a HD conﬁguration. For the identiﬁcation of the rotational bands, the
spin information can be obtained by measuring the angular distribution of the ﬁssion fragments. Furthermore, the
PES of the actinides can be parametrized very precisely by
analyzing the overall structure of the ﬁssion cross-section
and by ﬁtting it with nuclear reaction code (EMPIRE 3.1
and TALYS 1.2) calculations.
So far, transmission resonances have been studied primarily in light- particle-induced nuclear reactions. These
studies do not beneﬁt from the same selectivity found in
photo-nuclear excitation and consequently they are complicated by statistical population of the states in the 2nd
(and 3rd) minimum with a probability of 10−4 –10−5 . This
leads to a typical isomeric ﬁssion rate from the groundstate decay of the shape isomer in the 2nd minimum of
only ∼ 1/sec. These measurements have also suﬀered from
dominating prompt-ﬁssion background.
In order to test the feasibility of the experiments, the
photoﬁssion cross-section of 238 U was measured at subbarrier energies as a function of the γ-ray energy using
a monochromatic, high-brilliance, Compton-backscattered
γ-ray beam [201]. The experiment was performed at the
High-Intensity γ-ray Source (HIγS) facility at beam energies between Eγ = 4.7 MeV and 6.0 MeV and with
∼ 3% energy resolution. Indications of transmission resonances have been observed at γ-ray beam energies of
Eγ = 5.1 MeV and 5.6 MeV with moderate amplitudes.
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The triple-humped ﬁssion barrier parameters of 238 U have
been determined by ﬁtting EMPIRE-3.1 nuclear reaction
code calculations to the experimental photoﬁssion crosssection.
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6.4 Rare fission modes, ternary fission
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Information about ternary ﬁssion comes from neutroninduced and spontaneous ﬁssion experiments [171]. Since
ternary particles are released close to the scission point,
they provide valuable information about the scission point
and the ﬁssion dynamics itself.
Ternary photoﬁssion has never been studied. Compared to neutron-induced or spontaneous ﬁssion experiments, the use of polarized γ beam ﬁxes the geometry
of the process, which is an advantage for detail studies.
Among the open problems related to the process are the
mechanism of emission of ternary particles and the role
of the deformation energy, the role of the spectroscopic
factor, the formation of heavier clusters, to list a few.
Experiments at ELI-NP will provide ﬁrst information
about ternary photoﬁssion. The availability of brilliant γ
beams will make possible detailed studies of the angular
distribution of the ternary particles and provides a unique
probe of the nucleus at the scission point.

40
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6.5 Detector developments
These studies call for developments of state-of-the-art ﬁssion detectors to exploit the unprecedented properties of
the high-ﬂux, Compton backscattered γ beams having a
very small, sub-millimeter beam spot size. A multi-target
detector array is under development at MTA Atomki, consisting of position sensitive gas detector modules based on
the state-of-the-art THGEM technology [202]. The foreseen unprecedented sub-millimeter γ beam-spot size allows to develop considerably more compact photoﬁssion
detectors than those of before. Besides, the well-focused
γ beam also deﬁnes a distinct ﬁssion position, so a remarkably improved angular resolution can be achieved.
For the measurement of the mass and atomic number distribution of the ﬁssion fragments a highly eﬃcient, ﬁvefolded, Frisch-gridded twin-ionization chamber [203] (used
as Bragg ionization chamber [204]) is under development
at MTA Atomki. The chamber will be equipped with
double-sided Si strip detectors in order to measure light
particle (α) emission probability from the highly deformed
compound state and to detect any ternary particles from
ﬁssion. An increased α decay probability would also be a
conclusive evidence for the HD structure of the ﬁssioning
system. Atomic numbers will be extracted by tracking the
range of the fragments using fast digitizers and advanced
digital signal processing (DSP) techniques.
6.6 Simulations on photofission experiments
In order to asses the production rates of photoﬁssion fragments and the eﬃciencies of the various experimental se-
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Fig. 35. Isotopic production rates from Geant4 simulations of
the photoﬁssion of 800 mg 238 U exposed to 2.4 · 1010 photons/s
in the 10–18.6 MeV energy interval, corresponding to a total
rate of 107 ﬁssions/s.

tups described below, the photoﬁssion process was implemented in the Geant4.10 simulation software, deriving
from its G4HadronInelasticProcess class. The photoﬁssion
process, which was not available in Geant4, has been implemented as a new G4PhotoFission class [205]. The new
process for gamma particles uses the existing measurements of the photoﬁssion GDR cross-sections on several
actinide targets [206]. The ﬁnal state of the interaction
is modeled using the various measurements of photoﬁssion product distributions in the 5–20 MeV photon energy
range [207–209].
In particular, preliminary simulations on the production rates of photoﬁssion fragments in a stack of thin 238 U
targets were performed. The material used for the simulation is 800 mg. Figure 35 shows the (Z, A) distribution
of the 107 ions/s which were generated.
A vast program of simulations, employing not only
the Geant4 package, but also software packages like
SIMION [210], SRIM [211], and other, is being developed
at ELI-NP to fully characterize all the proposed experimental setups.
6.7 Separation and manipulation of neutron-rich
isotopes
Diﬀerent ISOL and in-ﬂigth facilities focus on multiple
aspects of studies of the structure of neutron-rich nuclei,
lying away of the valley of stability. Facilities which explore photon-induced ﬁssion use intense electron beams
which hit a convertor, broducing bremsstrahlung with
high enough energy to excite the GDR of 238 U. The unique
feature of ELI-NP is that the isotopes of interest can be
produced in photon-induced ﬁssion using the directly the
γ-ray beams with optimized energies that cover the GDR
of 238 U. Suﬃcient yields of exotic nuclei are expected utilizing 10–19.5 MeV high-energy γ-ray beams.
At ELI-NP, the wide bandwidth γ-ray beam of intensity ≈ 5 · 1010 γ/s will be sent on a 800 mg 238 U target
mounted in a gas cell. Geant4 simulations of the isotope
yields were performed, see ﬁg. 35, which demonstrate that
the ELI-NP IGISOL facility will be competitive to the

Eur. Phys. J. A (2015) 51: 185

existing or under construction ISOL facilities for nuclear
structure studies of refratory elements.

6.8 Summary on photofission experiments
The actuality of the proposed project is best represented
by the previous (2010) long range plan of the Nuclear
Physics European Collaboration Committee (NuPECC),
in which the investigation of the ﬁssion process, in particular the low-energy collective excitations of heavy nuclei
and the ﬁne structure of the fragment mass distributions
are key issues to be focused on in the following years. On
the other hand, the exploration of the ﬁssion barrier landscape of the light actinides has a number of important aspects beyond fundamental nuclear physics. Development
of more eﬃcient nuclear power plants (using the Thorium
fuel cycle) requires the potential energy surfaces of major
and minor actinides as inputs for cross-section calculations. Nuclear ﬁssion represents a breaking-point in the
astrophysical r-process, which is controlled by the ﬁssion
barrier of the heavy isotopes. The precise knowledge of the
PES of these nuclei is thus essential for the calculation of
the heavy element abundances in the Universe, which is
still one of the most compelling open problem in nuclear
physics [212].
In short, in studies of ﬁssion resonances at ELI-NP one
should take advantage of the resolution of the γ beam,
which is about 5–7 keV in the region of interest. The γ
probe excites well-deﬁned states. There are a number of
open questions related to the resonance cross-section, the
resonance structure, etc., which can be addressed.
At ELI-NP an IGISOL beam line is being designed.
This will provide the opportunity to study the structure of
neutron-rich nuclei, isotopes of refractory elements can be
extracted eﬃciently with the IGISOL method and, after
mass and charge separation, sent to diﬀerent measurement
stations. Isotopes, which are diﬃcult or impossible to be
studied at ISOL facilities which use diﬀusion from a hot
target, lie in the Ni region, in the Zr-Mo-Rh region (light
fragment) and in the rare-earth region (heavy fragment).
Nuclear structure studies at ELI-NP will be focused on
the isotopes in the Zr-Mo-Rh region and on the rare-earth
nuclei.

Conclusions
The ELI-NP facility will provide a wealth of new data
related to nuclear structure, photonuclear reactions and
photoﬁssion. The experiments will beneﬁt from the beams
which will be delivered by the ELI-NP gamma beam system, which are characterized by their small diameter,
high-ﬂux, narrow bandwidth and nearly 100% polarization.
At ELI-NP, NRF experiments on few mg targets become feasible, which opens the avenues for studies of rare
or even radioactive targets.
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In odd-N nuclei, nearly the full strength of PDR and
spin-ﬂip M1 resonances is expected to be above the neutron emission threshold. Experimental observations of the
neutron and gamma decay of there resonances will be possible at ELI-NP. These studies will be complementary to
the investigation of these resonances in even-even nuclei
below the neutron emission threshold using the NRF technique.
In both cases, the experiments will beneﬁt from the
quality of the beams delivered by the ELI-NP. In particular, the high energy resolution and the high degree of
polarization of the beams provide the possibility tu study
in detail the framgmentation of the strength and to distinguish between E1 and M1 resonances.
There are noticeable and complex disagreements between total and partial photonuclear reaction data obtained in diﬀerent experiments. The main reason of the
disagreements is the absence of intense beams of monoenergetic photons. Because of that the results of both BR
and QMA experiments are obtained indirectly and with
signiﬁcant systematic uncertainties which arise from usage
of complicated procedures (unfolding and/or subtraction).
Additionally there are signiﬁcant systematic uncertainties
in partial photoneutron reaction cross-sections obtained
using the method of neutron multiplicity sorting primarily in QMA experiments.
A large part of photonuclear data should be remeasured in experiments free from the shortcomings mentioned above. The outstanding parameters of very brilliant
intense monoenergetic γ-beam of ELI-NP project that will
be obtained by means of laser Compton backscattering on
accelerated electrons would produce the principally new
conditions for direct measurements of photonuclear reaction cross-sections.
Nuclear reaction studies related to nuclear astrophysics will beneﬁt from the ELI-NP γ-ray beams. Several nuclear reactions which are of key interest for
present day astrophysics, like the 16 O(γ, α)12 C and the
24
Mg(γ, α)20 Ne reactions, are foreseen as ﬁrst day experiments at ELI-NP. A special research program will focus
on studies of p-process nuclei.
In the ﬁeld of photoﬁssion, the eﬀort is towards studies of ﬁssion barrier landscape and studies of rare ﬁssion
events. These experiments will proﬁt from the intense,
narrow width beams of ELI-NP.
The parameters of the ELI-NP γ-ray beam provide the
possibility to construct an IGISOL beamline for production of bmeas of exotic neutron-rich nuclei by photoﬁssion. This allows to study key observables of the structure of these isotopes, sending the RIBS to diﬀerent measurement stations, like a β-decay spectrometer, a massmeasurementn trap, etc.
For the preparation of the program described above,
a variety of codes for computer simulations have been developed. These include simulations of the γ-ray beam parameters, as well as of diﬀerent photonuclear processes.
As a next step, all these processes will be implemented in
the Geant4.10 simulation software. Note that for some of
these, as e.g. photoﬁssion, this is already done. This will
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provide the ELI-NP team, as well as the broader user and
research community, with tools to prepare experiments
and evaluate physics processes.
In summary, a rich and versatile program is being prepared for the ELI-NP facility. After commisssioning in
2018, it will begin to deliver nuclear structure information from NRF experiments, data from direct measurements of photonuclear reactions, studies of nuclear collective excitations, investigations of the ﬁssion-barrier landscape and of mass, charge and angular distributions of
ﬁssion fragments, as well as spectroscopic and structure
studies of neutron-rich nuclei produced in photoﬁssion.
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