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Producing radioactive beams i.e. exotic nuclei 

relativistic fragmentation/fission of 
heavy nuclei on thin targets
• > 50 MeV/u è production of 

cocktail beams of many nuclei
• Use of spectrometers to 

transport/separate nuclei of 
interestè Relatively long decay 
paths Dt > 150-300 ns

• Nuclei are brought to rest in final 
focal plane and let decay

+ cocktail beam: many nuclei at once
+ both short and long-living species
+ get information already with few ions

- Low cross sections
- Limitation on rate to distinguish 

contribution from each species

spallation/fission/fragmentation on thick targets, 
followed by chemical/physical processes to extract 
desired nuclei
• beams produced at very low energies (~60 keV)
• Mono-isotopic beams sometimes achieved. 

Impurities due to few contaminant species è
usually long-living though

+ high cross section
+ no need to re-accelerate beams
+ high rates accepted

- short-living species might not be accessed 
easily

- Refractory elements
- Presence of long-living impurities
(isobaric contamination)

IN-FLIGHT ISOL method
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Measuring b decay

Implantation 
point

Decay point

Tape decay stations

BeamPlastic b
detector

HPGe
LaBr3 ta

pe
ta

pe

IN-Flight facility

ISOL facility

IDS @ CERN

Eurica@RIKEN

DESPEC phase0  @GSI/FAIR

b-DS @ SPES
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BEDO @ ALTO



• Region in chart of nuclides difficult to access
• Increasing Qb values (up to 15 MeV) 
• Lowering of Sn
• Large range of half-lives ~ 10ms -100 s
• Possible competing modes  (a decay, cluster decay, delayed fission)

Sn

Exotic nuclei: b-decay key features
Qb
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• New orbitals being occupied
• Occurrence of intruder states
• Highlighting the contribution from high-lying states   

and regions of increased level density

è Opening of competing channels
è Increased competition with forbidden transitions
è Access to large portion of GT strength
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a complete picture of the β-decay process requires high-resolution, high-efficiency studies 
and exclusive measurements

- high-resolution: aiming at a detailed reconstruction of decay scheme. Exploits
combination of HPGe detectors, coupled to ancillaries such as LaBr3(Ce) to enhance the 
sensitivity to specific observables (levels)

- high-efficiency: Total Absorption Spectrometry technique, requires instead the use of 
highly efficient scintillator detectors aiming at measuring the full decay strength

- exclusive measurements: aiming at studying specific quantities, such as delayed neutron 
emission probability and spectroscopy
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https://people.physics.anu.edu.au/~ecs103/chart/

How does the nuclear interaction evolve with the
isospin? What is the isospin dependence on the
spin-orbit interaction? How do the shell closures
evolve far away from the stability?

How to explain the collective phenomena from
individual nucleon interaction? Can it be
possible to describe the effects of spherical mean
field and correlations beyond mean field?

Is there physics beyond the Standard Model?

What is the origin of the elements of the
universe? What are the nuclei relevant for the
astrophysical process? How the nuclear
properties affect the nucleosynthesis models?

Questions related to Heavy and 
Super Heavy elements

20-22/03/2023



20-22/03/2023 G.Benzoni @ INFN-Milano 8
PHYSICAL REVIEW C 95, 064304 (2017)

Mismatching of parity btw ground-state neutron and proton levels 

The total β-decay rate can expressed as
λβ = λallowed + λfirst-forbidden
= λF + λGT + λ(0)1+ λ(1)1+ λ(2)1

the Fermi transition
Gamow-Teller transition
first forbidden transitions  L = 0, 1, and 2



E.M. Ney, J. Engel, T.Li. N. Schunck, PRC102,034326 (2020)

T. Marketin, L. Huther, G. Martinez-Pinedo,  PRC93, 025805 (2016)

First-forbidden beta decay
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self-consistent microscopic description based on the Relativistic
Hartree-Bogoliubov (RHB) model for ground state of open- and 
closed-shell nuclei with
the proton-neutron relativistic quasiparticle random phase 
approximation (pn-RQRPA)

microscopic description based on Skyrme density functional, EFA 
applied to describe odd-A and odd-odd nuclei



First-forbidden beta decay

20-22/03/2023 G.Benzoni @ INFN-Milano 10



First-forbidden beta decay
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First-forbidden beta decay

20-22/03/2023 G.Benzoni @ INFN-Milano 12

The impact of FF transitions which can be important for 
neutron-rich nuclei in this region with neutrons filling the 1p3/2 
orbital by comparing the measured T1/2 and Pn values with SM 
calculations with and without FF transitions included. 

• P isotopes with N = 27, 28, 29 displayed a larger 
contribution from FF transitions in their β decay. For the 
case of 42P decay there are clear indicators of states which 
could be populated in FF decay with log f t values consistent 
with the predictions of the SM calculations. 

• Both the half-life and Pn value of 44P also indicate influence 
of FF transitions. Comparison with SM calculations of states 
populated in 42S in the decay of 42P both via allowed GT 
and FF decays suggests a Jπ of 2− or 3− for the ground state 
of 42P contrary to earlier suggestion of 0−. 

• The Gamow-Teller (GT) strength distribution depends on 
the deformation and affects the half-life (T1/2) and β-
delayed neutron emission probability (Pn).



First-forbidden beta decay
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Impact on Nuclear structure First-forbidden beta decay
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Impact on Nuclear structure First-forbidden beta decay
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Impact on Nuclear structure First-forbidden beta decay
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log ft > 8.8 (95% confidence limit)

(Non-)population of the g7/2 state  <3.9x10-3%

The 2g9/2 -> 1g7/2 beta decay (207Hg-> 207Tl)

(only one other, less stringent, test of ∆n=0: 209Tl->209Pb)

g7/2

s1/2

d3/2

s1/2x3-

d5/2

20-22/03/2023 G.Benzoni @ INFN-Milano 17



20-22/03/2023 G.Benzoni @ INFN-Milano 18

3d3/2
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lifetime of heavy neutron-rich (Z<82, N>126) nuclei 
strongly affected

These increase dramatically for extremely neutron-rich 
nuclei, when either exploring deeper into the proton 
shell below Z=82 or extending further into N>126

The same selection rule also affects nuclei ‘south-east’ of 132Sn due to the 
existence of n =1, l =0 neutron-proton orbital pairs in the region of N>82and Z<50. 
Experimental investigation of the forbiddenness in this mass region is an interesting 
possibility but remains challenging due to the large Qb values



Nuclear Structure information from the E1 response in Nuclei 

q low energy part à isoscalar character
(neutron-skin oscillations)

q high-energy states à isovector nature
(transition towards the GDR)

(*) figure from J. Endres et al., Phys. Rev. Lett. 105, 212503 (2010)

Commonly studied via:
(g,g’), (a,a’), Inelastic scattering of 17O,12C, 
virtual phonon scattering 

A. Bracco,  F.C.L. Crespi and E.G. Lanza, EPJA (2015) 51: 99
F.C.L. Crespi, et al., PRL113 (2014) 012501
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Resonances populated via β decay in n-rich nuclei
• The large Qβ-value window (> 12 MeV) allows populating at least the PDR

• The β decay could populate states which are the PDR on the IAS(R)  of the 
mother nucleus

reported only for levels up to an energy of 4.5 MeV. Hence,
the assignment of level energies based on γ-ray energies
is not unambiguous. Despite this ancient equipment by
present standards, the authors performed outstanding work
and report γ-ray branches to lower-lying excited states
for several levels. Because of the background, none of
these branching transitions was resolved in a recent ðγ; γ0Þ
experiment [42]. However, the ðγ; γ0Þ spectra clearly
demonstrate that the strong branching transition of the
5322-keV level reported in β decay is, if at all present,
much weaker than reported. In Fig. 1 it is also evident that
considerable numbers of γ-ray decays were observed
exclusively with one of the methods. This observation
can have experimental reasons. For example, due to the
missing coincidence information in ðγ; γ0Þ, only the Ritz
combination principle can be used to assign decays to
lower-lying excited states. Consequently, some of the γ rays
in Fig. 1(a) might correspond to decays to lower-lying
excited levels and not to ground-state transitions.
Furthermore, levels populated in β decay can have a too
small excitation probability in ðγ; γ0Þ and are below the
sensitivity limit or are subject to the previously mentioned
branching ratio problem. In particular, the levels at 4454
and 5016 keV, strongly populated in β decay but not
observed in NRF, exhibit large branching transitions to
lower-lying exited states. Moreover, in Ref. [42] a negative
parity of the observed J ¼ 1 levels was assumed, but so far
not firmly established. As a result of the parity change, the

degree of forbiddenness is higher and the population
probability of 1þ levels is reduced in β decay.
Consequently, β-decay data provide valuable additional
spectroscopic information, but not for all 1− levels
below Qβ.
A second possibility for the different patterns in Fig. 1 is

the role of the populating nuclear reaction. We discuss
below the differences in excitation of 1− states in inelastic
particle scattering and NRF experiments with the popula-
tion of the same set of states in β decay. For simplicity,
we restrict the calculations in this initial study to Fermi
β decays.
In comparison to 136Xe in its ground state, the nucleus

136I has an extra neutron in the jfi≡ j2f7=2i level and a
proton hole in the jgi≡ j1g7=2i level which couple to the
ð1−Þ total angular momentum. Theoretically, the ground
state of 136I is described as the lowest energy 1− pn phonon
built on top of the 136Xe ground state. The QRPA
calculation predicts that this state has an almost pure
(> 99.9%) ½νf; πg−1&1− particle-hole configuration.
If only 1p1h excitations in the daughter nucleus are

considered, then the Fermi β decay of the neutron in the
f level leaves 136Xe in either ½πf; πg−1&1− [as drawn in
Fig. 2(a)] or in the ½νf; νg−1&1− excited states.
Alternatively, a neutron in some other subshell jji may

also undergo a β decay [e.g., jji≡ j1h11=2i in Fig. 2(b)]
leaving the daughter nucleus in the 2p2h excited state
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FIG. 1. Candidates for 1− levels in 136Xe. Part (a) shows
the BðE1Þ-strength distribution as extracted from the ðγ; γ0Þ
reaction [42], part (b) shows the relative level population intensity
in the 136I Jπ ¼ ð1−Þ β decay [41], and part (c) the ground-state
branching ratios extracted from β decay. Levels marked with red
bars were populated in both reactions. The BðE1Þ strengths in
part (a) are so far not corrected for the branching ratios
from β decay.

(a)

(b)

FIG. 2. Schematic picture of 136I β decay. Part (a) shows the
population of a 1p1h configuration in β decay of a neutron (ν)
near the Fermi surface and part (b) shows the population of a
2p2h configuration in β decay of a neutron initially situated
below the Fermi surface. For simplicity, only unpaired particles
(full circles) and holes (empty circles) are presented. For a
detailed discussion, see text.
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½πj; νf; πg−1; νj−1"1− [see Fig. 2(b)]. The probability of

finding the daughter nucleus in the 136I!β 136Xe reaction in
these particular 1p1h and 2p2h configurations is predicted
to be of the same order. The level jji located between the f
and the g levels allows it to have simultaneously a neutron
hole and proton particle.
To obtain a more realistic picture of the 136Xe states

populated in β decay, it is necessary to project this simple
mean-field picture onto more realistic eigen-wave-
functions of the final 1− excited states. The QPM is capable
of providing such a set. In Refs. [22,42], there is a good
description of the E1 fragmentation pattern in 136Xe below
the neutron threshold employing wave functions which
contain one-, two-, and three-phonon components. The
BðE1Þ-strength distribution over this set of states of 136Xe
is presented in Fig. 3(a).
For the purpose of this Letter, the QPM was extended to

describe the β decay of odd-odd nuclei to excited states of
even-even nuclei. Previous β-decay studies [43,44] dealt
with even-even mother nuclei.
Within the QPM, the 1p1h configurations ½πf; π1g−1"1−

and ½νf; νg−1"1− are fragmented over one-phonon 1−i states
(where i ¼ 1; 2;… is the order number of the phonon
with particular λπ quantum numbers). Analogously, the
2p2h ½πj; νf; πg−1; νj−1"1− configurations are distributed
over two-phonon states with structure ½λπ11 i1 × λπ22 i2"1− . The
intensity Iβ of the population of the QPM states in the
136I!β 136Xe reaction has the form

Iβ ¼
!!!!
X

i

Riffiffiffi
8

p ½fð0Þf uπfu
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fX
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where fð0Þj ¼ hjðpÞ∥τ∥jðnÞi is the reduced matrix element
of the Fermi β decay, λ̂ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2λþ 1

p
, u and v are

Bogoliubov’s coefficients (their squares are the occupation
probabilities for holes and particles, respectively), X are the
QRPA forward amplitudes, and R and P are the amplitudes
of one- and two-phonon components of the QPM wave
function, respectively. The calculated intensities Iβ are
shown in Fig. 3(d).
The intensities of β decays to 1− states in 136Xe [the

first term of Eq. (1)], which are constructed from the
½νf; νg−1"1− and ½πf; πg−1"1− 1p1h states whose energies
are calculated to be 6.9 and 9.7 MeV, respectively, are
presented in Fig. 3(e). In fact, only the decays via the
neutron component are shown in this figure. The decays via
the proton component have excitation energies exceeding

8.5 MeV and are not shown in the plot. Figure 3(f) shows
the transition intensities predicted by the second term of
Eq. (1) corresponding to β decay to two-phonon compo-
nents of the 1− state. The sum of the intensities from panels
(e) and (f) including the interference between them are
plotted in panel (d).
The decays to two-phonon components of 1− state

wave functions is 12.6 times stronger than those to the
one-phonon component. This is dramatically different from
the case when the 1− states of 136Xe are excited from
the ground state of 136Xe in NRF or when using other
inelastically scattered probes. In the latter processes, the
excitation proceeds predominantly via the one-phonon
components as seen in panels (b) and (c) of Fig. 3. It is
worthwhile mentioning that the quantities shown in all six
panels of Fig. 3 are plotted for the same set of 1− states.
Since the QPM often calculates the PDR energy some-

what higher than experiment, the experimental limit of a
maximum Qβ value was neglected in the calculations.
Consequently, the influence of the phase-space factor for
electrons and antineutrinos on the level population prob-
ability is so far not implemented. Nevertheless, the com-
parison of the distinct level population properties calculated
within the QPM (Fig. 3) allows, when applied to the
experimental data shown in Fig. 1, conclusions to be drawn
about the structure of the observed levels. For example,
the calculations predict that the states with a strong
½νf7=2; νg−17=2" configuration in their wave function should

: 136I (J0)
136Xe
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FIG. 3. Comparison of level population of 136Xe in ðγ; γ0Þ (a)
and β decay (d) of the 136IðJπ ¼ 1−Þ ground state calculated in the
QPM. Panel (b) shows the population of 1p1h components in
ðγ; γ0Þ and panel (e) in β decay. The population of 2p2h
components in ðγ; γ0Þ is shown in panel (c) and for β decay in
panel (f). The calculations are elucidated in the text.
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Proof of principle in a recently published paper

States seen in NRF are seen in b decay 
b decays shows greater number of 

states è access to 2p2h excitations

Useful tool to complement the studies 
BUT relies heavily on theory for the 

interpretation of nature of states

(g,g’)

136I Jp=1- b decay

QPM

Investigating the Pygmy Dipole Resonance Using β Decay
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In this contribution it is explored whether γ-ray spectroscopy following β decay with highQ values from
mother nuclei with low ground-state spin can be exploited as a probe for the pygmy dipole resonance. The
suitability of this approach is demonstrated by a comparison between data from photon scattering,
136Xeðγ; γ0Þ, and 136I ½Jπ0 ¼ ð1−Þ%→136 Xe& β-decay data. It is demonstrated that β decay populates
1− levels associated with the pygmy dipole resonance, but only a fraction of those. The complementary
insight into the wave functions probed by β decay is elucidated by calculations within the quasiparticle
phonon model. It is demonstrated that β decay dominantly populates complex configurations, which are
only weakly excited in inelastic scattering experiments.

DOI: 10.1103/PhysRevLett.116.132501

In the last few decades an additional structure in the
E1-strength distribution of atomic nuclei has been estab-
lished near the particle-separation thresholds. It appears as
a resonancelike accumulation of 1− levels on top of the
low-energy tail of the isovector giant dipole resonance
(GDR) [1] and is denoted as the pygmy dipole resonance
(PDR) [2]. While the GDR exhausts 100% or even more
of the E1 strength predicted by the Thomas-Reiche-Kuhn
sum rule, the E1 strength of the PDR is typically of the
order of a few percent or even less. A detailed survey of
experimentally determined E1 strengths for nuclei where
they have been measured and the method used to extract
those are summarized in Ref. [2]. The geometric picture
that is most commonly associated with this additional
E1 strength is an out-of-phase motion of excess neutrons
versus an almost isospin-saturated (N ≈ Z) core. Indeed,
transition densities calculated within microscopic
models [3], such as the quasiparticle phonon model
(QPM) [4] or relativistic quasiparticle time-blocking
approximation [5] confirm a neutron surface excitation
for 1− levels with enhanced BðE1Þ excitation probabilities
(e.g., see Refs. [6,7]). However, other mechanisms such as
toroidal or compression flows (e.g., see Refs. [8,9]) and
clustering effects, here in particular α clusters [10], are also
proposed to contribute to low-lying E1 strength.
The importance of the low-energy E1 strength is

manifold. The neutron-skin oscillation picture suggests
a separation of proton and neutron matter in the neutron
skin. Some theoretical approaches, e.g., Refs. [11–13],
show a connection to the symmetry term of the nuclear

binding energy and the nuclear equation of state.
However, other approaches employing a correlation
analysis [14,15] conclude that there is only a marginal
correlation between the low-lying E1 strength and these
quantities. At present, the situation remains controversial.
In any case, the presence of additional E1 strength near the
neutron separation threshold has an impact on neutron-
capture rates in astrophysical calculations [16–18]. The
1− levels forming the PDR have lifetimes in the lower
femtosecond or even attosecond range. As a consequence
of the associated broad resonance width Γ, these levels act
as wide open doorway states in the neutron-capture
process. Additionally, the short lifetimes, which approach
typical neutron evaporation times, permit a fast depopu-
lation of the capture levels to lower-lying bound states,
which stabilizes the newly formed nucleus against sub-
sequent neutron emission. Applying detailed balance, in
the photon bath of an astrophysical r-process environ-
ment, the PDR levels above the threshold enhance the
reverse process of ðγ; nÞ photodissociation. Consequently,
for the astrophysical r process that proceeds via neutron-
rich nuclei, where the PDR is predicted to be most
pronounced, the amount of E1 strength and its positio-
ning relative to the neutron separation threshold is of
importance.
However, the experimental picture of the E1 strength

is not consistent. As outlined in Ref. [2], the extracted
E1 strengths vary significantly depending on the employed
experimental technique. At present, the most complete
approach is the (p; p0) inelastic proton scattering at small

PRL 116, 132501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
1 APRIL 2016

0031-9007=16=116(13)=132501(5) 132501-1 © 2016 American Physical Society
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Resonances populated via β decay:

134Sn SkI3

PDR

Example: 134In -> 134Sn (Qβ= 14.7 MeV)
νf7/2 -> πg9/2

β decay: ν2f7/2 -> π2f7/2,π2f5/2 ;

1g9/

2

2f7/2
2f7/2

E1

π ν
2.6. �-DECAY AND ASTROPHYSICS 19

Mother J⇡ Daughter Sn[keV] Q� [keV] I [pps] @5µA I [pps] @200µA
84Ga (0�) 84Ge 5243 12900 1.01⇥103 4.02⇥104
86Br (1�) 86Kr 9857 7626 1.93⇥107 7.73⇥108
96Y 0� 96Zr 7856 7096 1.12⇥107 4.47⇥108
98Y (0�) 98Zr 6415 8824 5.30⇥105 2.12⇥107
130In 1(�) 136Sn 7596 10249 1.93⇥104 7.72⇥105
136I (1�) 136Xe 8084 6930 2.6⇥108 1.04⇥1010

140Cs 1� 140Ba 6428 6220 8.53⇥108 3.4⇥1010
142Cs 0� 142Ba 6181 7325 3.35⇥107 1.34⇥109
144Cs 1(�) 144Ba 5901 8500 4.35⇥106 1.74⇥ 108
146Cs 1� 146Ba 5495 9370 1.12⇥105 4.46⇥106

Table 2.1

Here is a table of cases which can be studied with both methods where the
expected intensity at SPES is also indicated, both in first day operation (5 µA)
and full power (200 µA).

In order to measure such e↵ect one needs to have a setup composed on a
beta counter, HPGe detectors for discrimination of low-lying transitions and high
energy � detectors to pick up transitions from high-lying states. The use of large
volume LaBr3:Ce detectors, (3“⇥3“) can o↵er a good solution for their good energy
resolution, fast response to discriminate neutron emission and high e�ciency for
energetic � rays.

2.6 �-decay and Astrophysics

The production of neutron-rich nuclei above Fe follows two main processes: the
slow neutron-capture process (s-process), responsible for the production of nuclei
in close vicinity to the valley of stability, and the rapid neutron-capture process
(r-process), responsible for the formation of more than half of the nuclear species
heavier than iron.

Sites and stellar conditions that define the environment for the two processes
to occur are still under debate within the two communities of nuclear physicists
and astrophysicists.

A productive feedback for the two communities has been established to de-
fine the physical inputs needed for extended network calculations which aim at
reproducing the stellar abundances and provide a plausible scenario for stellar
nucleosynthesis.

The two processes can be viewed in terms of the competition between three

Mylar tape

HPGe

BC508 

LaBr3:Ce

HPGe

HPGe

HPGe

LaBr3:Ce

QRPA calculations with the SkI3 
interaction: PDR at 10 MeV

Set-up

Large volume 
scintillators: 
PARIS etc..
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https://people.physics.anu.edu.au/~ecs103/chart/

How does the nuclear interaction evolve with the
isospin? What is the isospin dependence on the
spin-orbit interaction? How do the shell closures
evolve far away from the stability?

How to explain the collective phenomena from
individual nucleon interaction? Can it be
possible to describe the effects of spherical mean
field and correlations beyond mean field?

Is there physics beyond the Standard Model?

What is the origin of the elements of the
universe? What are the nuclei relevant for the
astrophysical process? How the nuclear
properties affect the nucleosynthesis models?

Questions related to Heavy and 
Super Heavy elements

20-22/03/2023
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r-Process nucleosynthesis in gravitational-wave and other explosive

astrophysical events

Daniel M. Siegel

NaTuRe RevIeWS volume 4 | May 2022 |
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Waiting point
(n,g)-(g-n) equilibrium

b-decay

Seed

High neutron density

r-process basics: Element formation beyond iron involving rapid 
neutron capture and radioactive decay 

• Classical picture based on (n,g) <-> (g,n) equilibration interrupted at waiting points

• New approach sees r-process arising from an interplay between many processes such as

(n, g) <-> (g,n) <-> b decay <-> b -n decay

Crucial inputs from experimental nuclear physics are
Ø Masses
Ø b-decay rates
Ø Branching Ratios
Ø n-capture cross sections



Measuring half-lives for r-process 

Newly measured T1/2

KTUY mass model



Measuring half-lives for r-process 

Newly measured T1/2
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+1A X Z
+1 A Y +1Zβ 

¯
γ

γ
γ

Qβ¯

γ γ
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E

ρ[ ] → -E Quasicontinuum
 states

Pβ

Pβn

γ

γ

Qβn

γ
e *AY +1Z-1N

AY +1Z-1N
AY +1Z-1N

Discrete  s ta tes

Pandem
onium

effect

γ

b-delayed neutron emission occurs when Qb > Sn in 
the daughter nucleus
T1/2 and Pn convey information related to b feeding

T1/2 yields information on the average b feeding
Pn yields information on b feeding above Sn

Pn are difficult to predict theoretically since the reflect 
the “shape” of the b strength function and fine 
structure on the nucleus

Experimental data are needed for : 
- astrophysics :  

r process nucleosynthesis of elements heavier  than Fe 

- nuclear structure : 
-properties of neutron rich nuclei 
- nuclei at the drip line 
- nuclei at the closed shell 
- ... 

- nuclear energy : 
reactor design, performance and safety

- delayed neutron fraction
àPn needed accuracy 1-5 %

- average energy !! à energy spectra Relation to the Pandemonium effect



1- n/b: coincidences btw n-b !! = "
#!

$"!
$"

2- n/b separate but simultaneous  !! =
#"
#!

$"!
$"

3- Ion counting Pn= $!#$%&'()$*+!)

4- g-g: Total  counting  of  all  g-rays  emitted  by  daughter  and/or  bn-daughter,  but  no 
counting  of  neutrons  is  carried  out.  

!! = ##,,$'./01%2∗ &'3),$'./01%2,,
$$'./01%2.,

#,,5*!'6∗&'3),5*!'6,,
$5*!'6,,

è best method. Only one absolute efficiency  is needed, for the   
neutron detector

è the true signal has to be separated from contaminants using the 
decay curves,  for which the proper knowledge of the different 
half-lives (T1/2) is needed. 

èneeds two efficiencies
èthis  method  could  be advantageous in cases were the 

detectors cover a solid angle close to 4pi

è The “ion” method relies on direct ion-counting. Difficult at low-energy ISOL 
facilities

è Absolute  g-intensities  are  required,  that means  a  complete  
knowledge  the  decay  scheme  including  b’s  going  to  the ground state or 
eventually competing g-decays from levels above the neutron separation 
energy. 

How to evaluate   Pn

G.Benzoni NEDA Workshop Sept.2018

= $!#$%&'()$$%&'()
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Existing arrays
• 3He counters
Ø B-Riken (Japan)
ØTetra (Dubna-Orsay) 
Ø3Hen (Oak Ridge)
ØBELEN (GSI-FAIR)

üHigh angular coverage
üHigh efficiency (~65 %)
~ Flat efficiency in large range 

of energies
X No energy information
X Difficult to disentangle 

1n,2n

• TOF counters
Ø VANDLE (Oak Ridge)
Ø MONSTER (GSI-FAIR)
ØTONNERE (GANIL)
ØDESCANT (TRIUMF)

üHigh angular coverage
ü 1n – 2n discrimination
~ Good Resolution
~ Position independent eff.
X low detection threshold
X high background
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Z>57

Z<57



Completing the suite of detectors: n-detection arrays

31G.Benzoni @ INFN-Milano

BEta-deLayEd Neutron detector (BELEN):
48 3He cylindrical counters in Polyethylene moderator 

- Successful 5-years BRIKEN campaign to measure b1n and b2n emission

Courtesy of A.Tarifeño Saldiva, F.Calvino, I.Dillman,G.Cortes Rossel  
20-22/03/2023

Nuclear Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment
Volume 925, 1 May 2019, Pages 133-147

https://www.sciencedirect.com/science/journal/01689002
https://www.sciencedirect.com/science/journal/01689002
https://www.sciencedirect.com/science/journal/01689002/925/supp/C
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The P1n values reported in this work show a regular trend 
for most elements, of increasing neutron emission 
probability as neutron number increases. Some odd-even 
staggering in the P1nvalues is observed for the lighter 
elements, such as Tc, Ru and Rh, though this is seen to 
diminish for nuclei close to Z=50where a smoother 
increase is observed. 
The predictions of the FRDM+QRPA and FRDM+QRPA+HF 
calculations reproduce this trend well across all isotopic 
chains, matching much of the stagger-ing that is observed 
in the experimental values
BUT models who work for T1/2 do not reproduce P1n

FRDM+QRPA= cut-off approach: above Sn a neutron is emitted
FRDM+QRPA+HF = statistical decay and γ-ray emission explicitly at 

every stage

EDM = semiempirical effective density model
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The new data not only constrain the theoretical predictions of 
half-lives and β-delayed neutron-emission probabilities, but also
allow for probing the mechanisms of formation of the high-mass 
wing of the rare-earth peak located at A ≈ 160 in the r-process 
abundance distribution through astrophysical reaction network 
calculations
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https://people.physics.anu.edu.au/~ecs103/chart/

How does the nuclear interaction evolve with the
isospin? What is the isospin dependence on the
spin-orbit interaction? How do the shell closures
evolve far away from the stability?

How to explain the collective phenomena from
individual nucleon interaction? Can it be
possible to describe the effects of spherical mean
field and correlations beyond mean field?

Is there physics beyond the Standard Model?

What is the origin of the elements of the
universe? What are the nuclei relevant for the
astrophysical process? How the nuclear
properties affect the nucleosynthesis models?

Questions related to Heavy and 
Super Heavy elements

20-22/03/2023
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CKM is a unitary matrix. If not there is physics beyond SM
To test this we concentrate to the first line, which is known with 
greater precision

=

Quark
Weak 
states

Quark
Mass 
states

Standard model description of the mixing btw quark flavours:
CKM (Cabibbo Kobayashi Maskawa) mixing matrix

Vud from b decay
Known with highest 
precision
Leading term

Vus from K meson 
decay:
K+-> p0e+n

Vub B meson decay
small contributions

=1
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Ft values of the mirror β transitions and the weak-magnetism-induced 
current in allowed nuclear β decay, N. Severijns et al., 
PHYSICAL REVIEW C 107, 015502 (2023)
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ℱ% = &% 1 + )!" 1 + )#$ − )% = +
2-&(1 + Δ")

d’R, dNS and DR are radiative corrections, 
dC is an isospin-symmetry breaking term
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Ft values of the mirror β transitions and the weak-magnetism-induced 
current in allowed nuclear β decay, N. Severijns et al., 
PHYSICAL REVIEW C 107, 015502 (2023)
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ZAN

Z+1AN-1

β- decays

ZAN

Z+1AN-1

β- decays

• HPGe detectors are conventionally used to construct the level scheme populated in 
the decay

è Higher Qvalue higher possibility of missing feeding

•From the g intensity balance we deduce the β-feeding 

Pandemonium effect implies

è Wrong definition of gamma feeding and branching ratios

Ib and logftGe
ne
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Since the gamma detection is the only reasonable
way to solve the problem, we need a highly efficient
device:

A TOTAL ABSORTION SPECTROMETER

But there is a change in philosophy. Instead of
detecting the individual gamma rays we sum the
energy deposited by the gamma cascades in the
detector.

A TAS is like a calorimeter!

Big crystal, 4π (BaF2/NaI/HPGe)

TAGS measurements



R is the response function of the spectrometer, Rij
means the probability that feeding at a level j gives 
counts in data channel i of the spectrum

The response matrix R can be constructed 
by recursive convolution:

kjkj RgR å
-

=

Ä=
1

0

j

k
jkb

gjk: γ-response for j è k transition
Rk: response for level k
bjk: branching ratio for j è k transition 0

1

2

3

Mathematical formalization by Tain, Cano, et al.

TAGS analysis

β-decay

1' = 2
()*

(7'8

3'(4 5(

dj = exp. data in channel I
I(Ej) = beta feeding of j state



Rasco et al. PRC95 (2017) 054328 

TAS measurement for decay heat
evaluation

2200 pounds of NaI(Tl) - Modular Total 

Absorption Spectrometer (MTAS)

and its 12,000 pound shielding

Qb=4162(3) keV

Qb=6027(8) keV

MTAS spectrum
Simulation based on ENSDF
Contribution from n

Compared to the ENSDF β-feeding data there 
are many more g rays measured by MTAS in 
the continuously binned region above Sn 
energy than previously reported

The average g energy for 137I decay measured 
with MTAS increases   by  19% compared  to  
the   ENSDF   data

G.s. feeding increases from 45.2±0.7% to 
49±1%.



Ø Broad field of application:
• Inputs for stellar nucleosynthesis
• Nuclear structure studies
• Inputs for Nuclear Energy

Ø Simple equipment
Ø Versatile flexible and modular:

Ø Minimal setup to extract T1/2, Pn, b-g coincidences
Ø g detectors to construct level schemes
Ø Fast-timing setup: lifetimes ~ns range
Ø E0 measurements and long-living activity
Ø Complete spectroscopy using TAS

Ø Strong complementarity with in-beam spectroscopy
Ø Access to structure information already with few pps beams
Ø No need for post-acceleration 
Ø Need for purified beams, even though known contribution from strong 

contaminants can be removed by off-line analysis 
è HRMS & RILIS & TRAPS

Conclusions

Half-life, branching ratios, and intensities lead to beta 
strength function

β— →  n =  p + e— + ν—

Z,A

n
β¯

Z+1,A-1

Z+1,A
Sβ strength function

(determined)
f = Fermi function

(calculated)
Iβ = Beta feeding intensity 

(measured)

MTAS

VANDLE

Ge, MTAS

Sn
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