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Quenching of N = 20 shell gap

Fusion evaporation reactions populating high energy, high spin states

Phys. Scr. T152 (2013) 014005 R V F Janssens

nuclei in the region close in mass to the heavy colliding
partner. Conversely, species on the neutron-rich side of the
light reaction partner were found to be favored as well. It
is possible to understand these yield distribution patterns in
terms of a general tendency toward N/Z equilibration of
the dinuclear systems formed in deep-inelastic reactions. As
stated above, this experimental approach is complementary
to techniques with fast beams in that it provides a means
to investigate neutron-rich nuclei to fairly high angular
momentum, herewith providing the data required (i) to
characterize further changes in shell structure while testing
in detail large-scale shell-model calculations with the most
modern interactions, and (ii) to characterize global properties,
such as the evolution of the nuclear shape with spin.

This presentation will first discuss data gathered in nuclei
close to the ‘island of inversion’ centered around 32Mg
and highlight challenges in describing the observations with
modern effective interactions. It will subsequently review the
nature of excitations in neutron-rich fpg-shell nuclei between
Ca and Ni, where interactions incorporating the monopole
tensor force are proposed to be responsible for a neutron
sub-shell closure at N = 32. Also of particular interest in
this region is the role of the g9/2 orbital in driving the
nuclear shape as has been demonstrated by the presence
of collective excitations at moderate spin in neutron-rich
Cr and Fe isotopes. This suggests that mixing between the
‘deformed’ and the ‘shell-model’ states may have a strong
influence on their properties. This presentation will conclude
with a discussion of recent results obtained in the direct
vicinity of 68Ni.

2. Structure of 30Mg and cross-shell excitations near
the island of inversion

The ‘island of inversion’ in the neutron-rich sd shell is
a region of the nuclear chart where the effects of shell
evolution in nuclei far from stability have been studied for
some time. Unexpectedly high binding energies, observed
via mass measurements of 31,32Na [5], were later reproduced
in Hartree–Fock calculations when neutron f7/2 intruder
configurations were included [6]. The same effects were
subsequently seen in Mg and Ne isotopes around N = 20 [7].
Systematic trends in E(2+

1) and B(E2; 0+ ! 2+) values
have added weight to the arguments for large deformation
in the ground- and low-lying states of N = 20 isotones
below Z = 12, while data for Si, S, Ar, and Ca nuclei
are characteristic of a large N = 20 shell gap. The large
ground-state deformation of nuclei within the island of
inversion is understood as resulting from deformed neutron
states of f7/2 and p3/2 spherical parentage falling below
similar states arising from the d3/2 orbital as the neutron
number increases. Recent theoretical efforts to account for
the experimental observations have focused on the monopole
component of the nucleon–nucleon interaction [8], revealing
that both the central and the tensor forces dominate shell
evolution. The central force is always attractive, with similar
strength between two d orbitals as for a d-and-f pair of states.
The additional effect of the tensor force between protons and
neutrons, however, is attractive between the d5/2 and the d3/2

orbitals and repulsive between the d5/2 and f7/2 states. As the

central force is stronger than the tensor force, the net effect
is that of an attraction between both the d5/2 and d3/2 and the
d5/2 and f7/2 orbitals, but less so in the latter case.

The nucleus 30Mg is located at the boundary of the
island of inversion. Recent neutron knockout experiments
have confirmed this by contrasting the spectroscopic strength
associated with the negative-parity orbitals in the ground
states of 30Mg and 32Mg [9]: The strength in 30Mg is a
third of that found in 32Mg, highlighting a dramatic change
when entering the region of inversion. 30Mg is, therefore,
not expected to have significant ground-state deformation.
However, the N = 20 gap should be smaller than for stable
nuclei and, as such, configurations involving the f7/2 and
p3/2 neutron orbitals should be observed at relatively low
excitation energy. Furthermore, if intruder configurations
involve f2

7/2 excitations, enhanced proton–neutron interactions
may lead to collectivity in these excited states. These
considerations motivated the quest for high-spin states in
30Mg carried out by Deacon et al [10].

30Mg was populated with the 14C(18O,2p) reaction which
provides access to states of higher energy and spin than had
been studied previously. The cross section for the reaction
channel of interest being rather small, the measurement
required the resolving power of the Gammasphere array [3]
in combination with the mass and isotope selection provided
by the Argonne fragment mass analyzer [11]. The 30Mg level
scheme can be found in figure 4 of [10]: of the 11 transitions
identified, only two had been reported previously. Moreover,
the coverage provided by Gammasphere enabled spin and
parity assignments following an angular correlation analysis.

The experimental levels are compared to the results of
the calculations in figure 1. An initial shell-model calculation
was carried out with the universal sd (USD) effective
interaction [12] within a full sd model space. The calculated
states lie higher than those observed experimentally, and there
also appear to be additional observed states compared to
the calculation. In particular, states with negative parity are
clearly outside the model space considered. Thus, calculations
within the sd model space are insufficient to account properly
for excitations in 30Mg, even at relatively low spin. Extensions
to the model space are needed to produce counterparts for
all experimental states, and increase the overall level of
mixing, compressing the lowest-lying states in energy, to give
a better match in energies. Such calculations were performed
using the Monte Carlo shell-model method (MCSM) with the
SDPF-M interaction [13], to judge the influence of excitations
into the fp-shell orbitals. This interaction has previously
been used in calculations for a number of neighboring
nuclei, including data on 31Mg [14]. To illustrate the role
of cross-shell excitations, the positive-parity states from the
MCSM calculations are shown on the right-hand side of
figure 1, where states are labeled by spin-parity, excitation
energy, and Nfp, the average number of neutron excitations
into the fp shell. A pure 0p–0h state would have Nfp = 0,
whereas a pure 2p–2h state has Nfp = 2, if the contribution
of 4p–4h excitations is considered to be negligible. As
discussed in [10], the MCSM calculations provide a way to
disentangle cross-shell excitations from those involving the
sd orbitals only. Specifically, they provide a means to account
for the deexcitation patterns observed experimentally. For
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40 Nuclear Physics News, Vol. 19, No. 3, 2009

24O: A Doubly Magic Nucleus at the Neutron-Drip Line 
Nucleon magic numbers have

formed a fundamental basis of the
nuclear shell structure for the last fifty
years. The magic numbers (N, Z = 2,
8, 20, 28, 50, 82, 126) were thought to
be invariant over the entire nuclear
chart. Recent investigations with
nuclei far from β- stability have, how-
ever, sprung a new world of surprise.
The first empirical signatures from
systematics related to nuclear binding
showed that the conventional magic
numbers disappear in very neutron- or
proton-rich regions. This does not
mean that shell structure is dissolved.
On the contrary, new nucleon num-
bers seem to show magic (or shell clo-
sure) characteristics. The first such
new shell closure was suggested at N
= 16 for neutron-rich nuclei. System-
atic trends of proton separation ener-
gies showed that the conventional Z =
8 shell closure persists in these neu-
tron-rich regions. These features sug-

gest that 24O, which is the last bound
oxygen isotope, is potentially a candi-
date for being a new doubly magic
nucleus. 

To establish 24O as doubly magic,
an international team of scientists
investigated how the neutrons in this
nucleus are arranged. The experiment
was performed at the fragment sepa-
rator FRS at GSI, Darmstadt Germany
(Figure 1). The synchrotron at GSI
was used to produce 24O at a rate of
only 3 particles per second, acceler-
ated to relativistic energy of 920A
MeV. This highly energetic beam hit
a thick block of carbon. The interac-
tion process removed a neutron from
24O. The detectors placed at the final
focal plane of the fragment separator
FRS at GSI recorded the momentum
distribution of this process. The
momentum distribution is directly
linked to the wavefunction of the neu-
tron being removed. In this way, it

was confirmed that the outermost
neutrons in 24O almost solely reside in
the s-orbital (l = 0) with no observable
occupancy in the neighboring d-
orbital (l = 2) (Figure 2). This obser-
vation therefore establishes a spheri-
cal magic number at N = 16 in 24O,
confirming suggestions for it to be a
new doubly magic nucleus at the neu-
tron drip-line. The article is published
in Phys. Rev. Lett. 102 (2009),
152501. 

For the S322 collaboration:

RITUPARNA KANUNGO

Saint Mary’s University,
Halifax, Canada

CHIARA NOCIFORO

GSI, Darmstadt, Germany

FRAGMENT SEPARATOR (FRS)

Figure 1. View of the experimental set-up at the FRS, GSI.

Figure 2. The longitudinal
momentum distribution data (circles)
for one-neutron removal from 24O.
The red (blue) curves show
theoretical predictions for the
neutron being removed from the s-
(d-) orbital.
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No Core Shell Model with chiral force 
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High Excitation energy ~ Ex ~ 3.5 
MeV : closed shell N = 6 
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M. Holl, R.K.,  Z.H, Sun et al. Phys. Lett. B 822 (2021) 135748

No dipole resonance l = 1 excitation

8He : doubly-magic  (N = 6) deformed !

8He beam  ~ 104 pps

compared to the giant dipole resonance peak. There has been
no identification so far of the isoscalar dipole resonance
in 11Li.
The pion double charge exchange reaction

11Bðπ−; πþÞ11Li [12] found indications of a peak at
1.2$ 0.1 MeV. However, since this reaction does not favor
the excitation of a collective state, and the dipole L ¼ 1
nature was not established, it did not allow a firm conclusion
on the soft dipole resonance. Proton inelastic scattering
measurements reported a resonance peak at 1.3$ 0.1 MeV
with a width Γ ¼ 0.75$ 0.6 MeV [13]. The poor resolution
in the experiment, 2.2 MeV (FWHM), made it difficult to
confirm the existence of a resonance state and define its
properties.An analysis of the ðp; p0Þ data in the frameworkof
multiple scattering expansion of the total transition ampli-
tude [14] proposed that, while there is a strong dipole
contribution, it is nonresonant in character. These calcula-
tions suggested anL ¼ 0 resonance at an excitation energyof
0.5 MeV with a width Γ ¼ 0.6 MeV. The pion capture
reaction 14Cðπ−; pdÞ11Li exhibited a peak at 1.02$
0.07 MeV [15], but this experiment did not allow a deter-
mination of the nature of the resonance or its width. Peaks
were also found atEx ¼ 2.07$ 0.12 and 3.63$ 0.13 MeV.
The 9Li-n-n relative energy spectra from the different

Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an enhance-
ment around Ex ¼ 1.25 MeV with C and Pb targets, while
a second broad structure was seen around 2 MeV with a Pb
target only. The measurement at MSU [17], on the other
hand, showed an enhancement of the E1 strength peaked at
Ex ∼ 1 MeV. The most recent data from RIKEN [18]
showed the dissociation spectrum with a Pb target peaked
at a much lower Ex ∼ 0.6 MeV.
The low-lying dipole strength observed from Coulomb

dissociation in the one-neutron halo nucleus 11Be has been
understood to be of nonresonant character originating from
the long tail of the halo wave function [19]. The 1=2−
excited state at 3.103 MeV [20] in 15C is a dipole excitation
but is not observed as a peak in the Coulomb dissociation
spectrum [21]. These observations demonstrate that the
Coulomb dissociation spectrum is dominated by nonreso-
nant E1 strength associated with direct breakup from the
halo density tail. Therefore, one needs studies through
different experiments to investigate if the 0.6 MeV peak
most recently observed in the Coulomb dissociation of 11Li
is a resonance state.
In order to conclusively establish a resonance in 11Li

and understand its nature, we performed the first meas-
urement of deuteron inelastic scattering using a novel thin
solid deuterium target. The experiment was performed at
TRIUMF, Canada with the 11Li beam reaccelerated to
5.5A MeV by using the superconducting linear accelerator
at the ISACII facility. The study was undertaken using
the newly developed ISAC charged particle spectros-
copy station, IRIS [22], that is pioneering the use of a

windowless thin, ∼100 μm, solid deuterium target. The
experiment setup is shown in Fig. 1(a). The incoming 11Li
beam is counted throughout the experiment by using a low-
pressure (19.5 Torr isobutane) ionization chamber. A total
of ∼8 × 108 11Li bombarded the target with average
intensity of ∼3000 pps. The measured energy loss con-
firmed that the beam was devoid of isobaric contaminants.
The beam then interacts with the solid D2 target formed on
a 5.4 μm Ag foil backing that faced the beam direction. A
copper shield cooled to 30 K with an opening for the
scattered particles surrounds the copper target cell (cooled
to 4 K) to reduce the radiative heating. The targetlike
reaction products, i.e., p; d; t, were identified [Fig. 1(b)] by
using annular ΔE-E arrays of 100 μm thick segmented
silicon detectors Si(YY1) followed by 12 mm thick CsI(Tl)
detectors. The silicon detector array is composed of eight
independent sectors forming an annulus and providing
azimuthal segmentation. Each sector is segmented into 16
rings which provide the scattering angle. The detector array
covered θlab ¼ 32°–58°. The CsI(Tl) array is segmented
into 16 sectors where two sectors match one sector of
the silicon detector. From the ΔE-E spectrum shown in
Fig. 1(b), the scattered deuterons can be clearly identified.
The energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.
The heavy beam-like particles scattered at very forward

angles pass through the hole in the annular Si(YY1)-CsI(Tl)
array and are detected by using anotherΔE-E array of double-
sided silicon strip detectors. Each detector is segmented on
one side into 24 rings which determine the scattering angle
and on the reverse side into 32 azimuthal sectors. The ΔE
layer is60 μm thick, and the particles stop in the500 μmthick

YY1- CsI(Tl)

d
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FIG. 1 (color online). (a) A schematic layout of the experiment.
(b) Particle identification (PID) spectrum of light ejectiles using
the Si(YY1)ðΔEÞ silicon array and the stopping (E) CsI(Tl) array.
(c) PID spectrum of heavy reaction residues in coincidence with
deuterons using the S3d1ðΔEÞ and the S3d2, stopping (E) silicon
arrays.

PRL 114, 192502 (2015) P HY S I CA L R EV I EW LE T T ER S
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  New magic number N = 32

R.V.F. Janssens et al.  PLB 546 (2002) 55

GXPF1

Ti   isotopes

54Ti, N = 32 shell gap

N = 28 N = 30 N = 32

Ca   

52,54Ca, N = 32,34 shell gap

D. Steppenbeck et al. Nature 502 (2013) 207

50Ca(d,p)51Ca   @ IRIS - TRIUMF

50Ca ~ 400 pps S. Ishida et al. (in prep.)

PRELIMINARY
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93Kr(d,p)94Kr (N = 58)
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J. Dudouet et al., PRL (2017) E(4+) / E(2+) trend different in Kr  
Lack of collectivity at N = 60 in Kr

neutron-rich

Structure evolution beyond N = 50

02+  :  experimental data needed in 94Kr to assess shape co-existence

Stableneutron-rich

Spherical HFB calculation
SkOT  function with tensor term

J.A. Winger et al., PRC (2010)

Competing population of 
the 3s1/2, 2d3/2, and 1g7/2 

orbitals determine the shape 
and structure evolution.

R.-B. GERST et al. PHYSICAL REVIEW C 105, 024302 (2022)

FIG. 3. Doppler-corrected γ -ray energy spectra of DALI2 in
prompt coincidence with the 95Kr(p, pn) 94Kr reaction channel. The
spectra were fitted with simulated response functions (red) and a
two-component exponential background (blue dashed curve). (a) Full
spectrum with γ multiplicity Mγ < 6. (b) Spectrum gated on the 2+

1
to 0+

1 665.5 keV transition (marked in green) without background
subtraction.

The uncertainties of newly determined transition energies are
dominated by the systematic error from these lifetime effects.
The error was determined from χ2 profiles of different energy-
lifetime combinations. The final uncertainties also include
a statistical contribution from the fitting procedure and the
calibration error. Doppler-corrected spectra for 94Kr popu-
lated in the 95Kr(p, pn) 94Kr reaction are presented in Fig. 3.
In order to obtain the energies of the identified transitions,
the spectrum was least-squares fitted with simulated response
functions of the DALI2 array and a two-component exponen-
tial background.

Figure 3(a) shows the full spectrum for a γ multiplic-
ity Mγ < 6. In addition to the 551.2(2), 665.5(1), 695.3(2),
853.8(1), 1001.8(1) and 1267.1(2) keV transitions, already
known [13,30,33], the spectrum exhibits three so far unob-
served lines at 428(17), 880+22

−17, and 1083+29
−27 keV. Figure 3(b)

shows a γ -γ coincidence spectrum gated on the 2+
1 → 0+

1
transition without background subtraction. This spectrum was
fitted with the same response functions as in the case of
the full spectrum shown in Fig. 3(a). The intensities of all
transitions are enhanced with this gate, with the strongest
coincidence being the 551.2 and 853.8 keV transitions known
to be in direct coincidence with the 2+

1 → 0+
1 transition. When

looking only at multiplicity Mγ = 1 events, no transitions are
enhanced in comparison to the full fit. Therefore, one can

FIG. 4. Doppler corrected γ -ray spectrum measured with DALI2
for the 94Kr(p, p′) 94Kr reaction channel. The spectrum was fitted
with simulated response functions (red) and a two-component expo-
nential background (blue dashed curve). The inset shows part of the
spectrum gated on the newly observed 1350(38) keV transition with
background subtraction.

assume that the transitions not placed in the level scheme (see
Fig. 5) are not ground state transitions.

As described above, half-life estimates can be determined
via the GEANT4 aided data analysis based on the line shape
of the γ transition which is affected by the decay half-life.

FIG. 5. Level scheme constructed for 94Kr based on observed
transitions in this work. Energies are given in keV. The widths of the
transition arrows correspond to their observed efficiency-corrected
intensities normalized to the strongest transition. The newly placed
1350(38) keV transition is shown in red (see Fig. 4). In addition,
transitions with energies 428(17), 880+22

−17, and 1083+29
−27 keV were

observed, showing increased intensities when gating on the 2+
1 → 0+

1
transition, but could not be placed in the level scheme.

024302-4

R. -B. Gerst et al., PRC (2022) 
95Kr(p,pn)94Kr  & 

94Kr(p,p)94Kr*

94Kr
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Shape Coexistence @ IRIS  93Kr(d,p)94Kr (N = 58)

93Kr beam only 200 pps !

S1772
93Kr(d,p)94Kr  and 93Kr(d,t)92Kr

• Exploring shell structure in neutron rich Kr isotopes with one neutron transfer reactions
• Looking for trend of excited 0+ state to inform shell evolution in Kr isotopes

Beam

DSSDS3

S3 

YY1
YY1 – CsI(Tl)

Ionization 
Chamber  

p

D2

p  in upstream array Ex ~ 1.5 MeV : Jπ = 0+

02+ First observation of 02+ state in 94Kr

Shape Coexistence in 94Kr  93Kr(1/2+)(d,p)94Kr (N = 58)

93Kr beam only 200 pps !

S1772
93Kr(d,p)94Kr  and 93Kr(d,t)92Kr

• Exploring shell structure in neutron rich Kr isotopes with one neutron transfer reactions
• Looking for trend of excited 0+ state to inform shell evolution in Kr isotopes
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 02+ spherical configuration → stronger 
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94Krgs more deformed? → small overlap 
with 93Krgs   ;  upper limit S(3s1/2) ~ 0.25

First observation of 02+ state in 94Kr
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Soft resonances - 11Li Halo excitation 

R. Kanungo

compared to the giant dipole resonance peak. There has been
no identification so far of the isoscalar dipole resonance
in 11Li.
The pion double charge exchange reaction

11Bðπ−; πþÞ11Li [12] found indications of a peak at
1.2$ 0.1 MeV. However, since this reaction does not favor
the excitation of a collective state, and the dipole L ¼ 1
nature was not established, it did not allow a firm conclusion
on the soft dipole resonance. Proton inelastic scattering
measurements reported a resonance peak at 1.3$ 0.1 MeV
with a width Γ ¼ 0.75$ 0.6 MeV [13]. The poor resolution
in the experiment, 2.2 MeV (FWHM), made it difficult to
confirm the existence of a resonance state and define its
properties.An analysis of the ðp; p0Þ data in the frameworkof
multiple scattering expansion of the total transition ampli-
tude [14] proposed that, while there is a strong dipole
contribution, it is nonresonant in character. These calcula-
tions suggested anL ¼ 0 resonance at an excitation energyof
0.5 MeV with a width Γ ¼ 0.6 MeV. The pion capture
reaction 14Cðπ−; pdÞ11Li exhibited a peak at 1.02$
0.07 MeV [15], but this experiment did not allow a deter-
mination of the nature of the resonance or its width. Peaks
were also found atEx ¼ 2.07$ 0.12 and 3.63$ 0.13 MeV.
The 9Li-n-n relative energy spectra from the different

Coulomb dissociation measurements are not entirely con-
sistent. The measurement at GSI [16] showed an enhance-
ment around Ex ¼ 1.25 MeV with C and Pb targets, while
a second broad structure was seen around 2 MeV with a Pb
target only. The measurement at MSU [17], on the other
hand, showed an enhancement of the E1 strength peaked at
Ex ∼ 1 MeV. The most recent data from RIKEN [18]
showed the dissociation spectrum with a Pb target peaked
at a much lower Ex ∼ 0.6 MeV.
The low-lying dipole strength observed from Coulomb

dissociation in the one-neutron halo nucleus 11Be has been
understood to be of nonresonant character originating from
the long tail of the halo wave function [19]. The 1=2−
excited state at 3.103 MeV [20] in 15C is a dipole excitation
but is not observed as a peak in the Coulomb dissociation
spectrum [21]. These observations demonstrate that the
Coulomb dissociation spectrum is dominated by nonreso-
nant E1 strength associated with direct breakup from the
halo density tail. Therefore, one needs studies through
different experiments to investigate if the 0.6 MeV peak
most recently observed in the Coulomb dissociation of 11Li
is a resonance state.
In order to conclusively establish a resonance in 11Li

and understand its nature, we performed the first meas-
urement of deuteron inelastic scattering using a novel thin
solid deuterium target. The experiment was performed at
TRIUMF, Canada with the 11Li beam reaccelerated to
5.5A MeV by using the superconducting linear accelerator
at the ISACII facility. The study was undertaken using
the newly developed ISAC charged particle spectros-
copy station, IRIS [22], that is pioneering the use of a

windowless thin, ∼100 μm, solid deuterium target. The
experiment setup is shown in Fig. 1(a). The incoming 11Li
beam is counted throughout the experiment by using a low-
pressure (19.5 Torr isobutane) ionization chamber. A total
of ∼8 × 108 11Li bombarded the target with average
intensity of ∼3000 pps. The measured energy loss con-
firmed that the beam was devoid of isobaric contaminants.
The beam then interacts with the solid D2 target formed on
a 5.4 μm Ag foil backing that faced the beam direction. A
copper shield cooled to 30 K with an opening for the
scattered particles surrounds the copper target cell (cooled
to 4 K) to reduce the radiative heating. The targetlike
reaction products, i.e., p; d; t, were identified [Fig. 1(b)] by
using annular ΔE-E arrays of 100 μm thick segmented
silicon detectors Si(YY1) followed by 12 mm thick CsI(Tl)
detectors. The silicon detector array is composed of eight
independent sectors forming an annulus and providing
azimuthal segmentation. Each sector is segmented into 16
rings which provide the scattering angle. The detector array
covered θlab ¼ 32°–58°. The CsI(Tl) array is segmented
into 16 sectors where two sectors match one sector of
the silicon detector. From the ΔE-E spectrum shown in
Fig. 1(b), the scattered deuterons can be clearly identified.
The energy and scattering angle of the deuterons is used to
reconstruct the excitation energy spectra.
The heavy beam-like particles scattered at very forward

angles pass through the hole in the annular Si(YY1)-CsI(Tl)
array and are detected by using anotherΔE-E array of double-
sided silicon strip detectors. Each detector is segmented on
one side into 24 rings which determine the scattering angle
and on the reverse side into 32 azimuthal sectors. The ΔE
layer is60 μm thick, and the particles stop in the500 μmthick
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FIG. 1 (color online). (a) A schematic layout of the experiment.
(b) Particle identification (PID) spectrum of light ejectiles using
the Si(YY1)ðΔEÞ silicon array and the stopping (E) CsI(Tl) array.
(c) PID spectrum of heavy reaction residues in coincidence with
deuterons using the S3d1ðΔEÞ and the S3d2, stopping (E) silicon
arrays.
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Low-energy dipole states : 64Ni @ HIγS
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Sn = 9.7 MeV

E1  &  M1 transition measurements by photon scattering

Continuous energy Bremsstrahlung 
Quasi monoenergetic linearly polarized

Two types of photon beams used  

(γ,γ’)

@  HIγS - TUNL
@  γELBE - HZDR

(90∘,90∘) : E1 detector

(90∘,0∘) : M1 detector

(θ∘,φ∘)  

Strong E1 peak seen below Sn

M1 transitions are small

M. MÜSCHER et al. PHYSICAL REVIEW C 109, 044318 (2024)

investigations of the dipole response in medium-mass nu-
clei. Real-photon scattering measurements have already been
performed on the two lightest stable, even-even Ni isotopes
58,60Ni up to 10 MeV [21–23] and the N = 36 isotone 66Zn
up to the neutron-separation energy Sn = 11.1 MeV [24,25].
The combination of complementary (γ , γ ′) experiments using
bremsstrahlung as well as polarized quasimonoenergetic pho-
ton beams from laser-Compton backscattering (LCB) enabled
the clear identification of the observed transitions and the
determination of absolute physical quantities.

This article starts with a short introduction to real-photon
scattering experiments and continues with descriptions of the
experiments and the analysis techniques. Finally, the experi-
mental results for the E1 channel are compared to calculations
in the equation of motion (EOM) framework, and the M1
ground-state transitions of resolved states are discussed with
respect to shell-model calculations.

II. NUCLEAR RESONANCE FLUORESCENCE METHOD

The nuclear resonance fluorescence (NRF) method is based
on real-photon scattering [26–28]. Real photons predom-
inantly induce dipole and, with a lower probability, also
quadrupole transitions from the ground state because they
can only transfer small angular momenta. The deexcitation
of the photoexcited state can either happen directly back to
the ground state by the emission of a single photon (elastic
transition) or via intermediate states and, subsequently, back
to the ground state by emitting more than one γ ray (inelastic
transition). Because real photons are used in the entrance and
in the exit channel, many quantities can be extracted in a
model-independent way. In this section only a short introduc-
tion to the formalism of NRF based on Refs. [26–28] is given.
For further information, the reader is referred to these review
articles.

A. State-to-state analysis

One measure for the probability that a certain transition
occurs, which can directly be extracted from NRF experi-
ments, is the so-called energy-integrated cross section IS . It
is calculated by correcting the number of recorded events
at the respective γ -ray energy Eγ , i.e., the integrated peak
area A in the deexcitation spectrum, for the number of target
nuclei NT , the number of incident photons per energy and area
at the corresponding excitation energy Nγ (Ex ), the detection
efficiency ϵ(Eγ ), and the angular distribution W#L(θ ,φ):

IS = A
NT Nγ (Ex )ϵ(Eγ )W#L(θ ,φ)

. (1)

The scattering angle θ is defined as the angle between the
incoming and the outgoing photons. The angle between the
polarization plane, spanned by the direction of the electric
field of the incoming photons and its direction of movement,
and the direction of movement of the outgoing γ rays is
denoted as φ. If an unpolarized photon source is utilized for
the excitation, the angular distribution W (θ ) is independent of
φ. Since the angular distribution is dependent on the multipole
order L and the radiation character #, i.e., electric (E ) or

magnetic (M), the observed transition has to be characterized
first.

To assign the multipolarity L, the ratio ω of the angular
distributions at two different scattering angles has to be calcu-
lated according to

ω = W (90◦)
W (127◦)

= A(90◦)
A(127◦)

ϵ(Eγ , 127◦)τ (127◦)
ϵ(Eγ , 90◦)τ (90◦)

. (2)

For this purpose, θ = 90◦ and θ = 127◦ are best suited since
the difference between the ratios for pure dipole, ω(L = 1) =
0.73, and quadrupole transitions, ω(L = 2) = 2.28, is the
largest. The theoretical ratios are compared to the number
of recorded events at the different scattering angles corrected
for the corresponding detection efficiencies ϵ(Eγ , θ ) and the
effective measuring times τ [see Eq. (2)].

For the determination of the radiation character #, among
others, a linearly polarized γ -ray beam in the entrance channel
can be used via the so-called analyzing power (hv . This is
defined by the angular distributions W (θ ,φ) ([29]):

(hv = W (90◦, 0◦) − W (90◦, 90◦)
W (90◦, 0◦) + W (90◦, 90◦)

= qϵhv. (3)

The factor q corrects for the finite opening angles of the
detectors and the degree of polarization. The quantity ϵhv

denotes the experimental observable, i.e., the so-called asym-
metry between the horizontal and the vertical detectors with
respect to the polarization plane. It is calculated by replacing
the theoretical angular distributions W (θ ,φ) by the number of
recorded counts at the corresponding angles (θ ,φ), corrected
for ϵ(Eγ , θ ) and τ according to Eq. (2). The theoretically
expected angular distributions of an electric (magnetic) dipole
transition equal W (90◦, 0◦) = 0 (1.5) for a detector in the
polarization plane and W (90◦, 90◦) = 1.5 (0) for a detector
positioned perpendicular to this plane. Therefore, the analyz-
ing power is (hv = +1 for an M1 transition and (hv = −1
for an E1 transition. In the following, the detector in the po-
larization plane is denoted as the M1 detector and the detector
perpendicular to the polarization plane as the E1 detector, due
to the angular distributions.

The total decay width ) equals the sum of all partial decay
widths ) f , with f being the populated state, including the
ground-state decay width )0. When the ratio )/)0, which
is the inverse ground-state decay branching ratio, is known,
the reduced transition strengths B(#L) ↓ for the deexcitation
process can be deduced via

B(E1)↓ [e2fm2] = 8.29 × 10−4 × )

)0

IS[keV fm2]
Eγ [MeV]

B(M1)↓
[
µ2

N

]
= 7.46 × 10−2 × )

)0

IS[keV fm2]
Eγ [MeV]

, (4)

where it was assumed that Eγ = Ex. To calculate the reduced
transition strength for the excitation process, the following
equation holds:

B(#L) ↑= 2J + 1
2J0 + 1

B(#L) ↓ . (5)

Here, J and J0 are the spin quantum numbers of the excited
and the ground state, respectively.
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investigations of the dipole response in medium-mass nu-
clei. Real-photon scattering measurements have already been
performed on the two lightest stable, even-even Ni isotopes
58,60Ni up to 10 MeV [21–23] and the N = 36 isotone 66Zn
up to the neutron-separation energy Sn = 11.1 MeV [24,25].
The combination of complementary (γ , γ ′) experiments using
bremsstrahlung as well as polarized quasimonoenergetic pho-
ton beams from laser-Compton backscattering (LCB) enabled
the clear identification of the observed transitions and the
determination of absolute physical quantities.

This article starts with a short introduction to real-photon
scattering experiments and continues with descriptions of the
experiments and the analysis techniques. Finally, the experi-
mental results for the E1 channel are compared to calculations
in the equation of motion (EOM) framework, and the M1
ground-state transitions of resolved states are discussed with
respect to shell-model calculations.

II. NUCLEAR RESONANCE FLUORESCENCE METHOD

The nuclear resonance fluorescence (NRF) method is based
on real-photon scattering [26–28]. Real photons predom-
inantly induce dipole and, with a lower probability, also
quadrupole transitions from the ground state because they
can only transfer small angular momenta. The deexcitation
of the photoexcited state can either happen directly back to
the ground state by the emission of a single photon (elastic
transition) or via intermediate states and, subsequently, back
to the ground state by emitting more than one γ ray (inelastic
transition). Because real photons are used in the entrance and
in the exit channel, many quantities can be extracted in a
model-independent way. In this section only a short introduc-
tion to the formalism of NRF based on Refs. [26–28] is given.
For further information, the reader is referred to these review
articles.

A. State-to-state analysis

One measure for the probability that a certain transition
occurs, which can directly be extracted from NRF experi-
ments, is the so-called energy-integrated cross section IS . It
is calculated by correcting the number of recorded events
at the respective γ -ray energy Eγ , i.e., the integrated peak
area A in the deexcitation spectrum, for the number of target
nuclei NT , the number of incident photons per energy and area
at the corresponding excitation energy Nγ (Ex ), the detection
efficiency ϵ(Eγ ), and the angular distribution W#L(θ ,φ):

IS = A
NT Nγ (Ex )ϵ(Eγ )W#L(θ ,φ)

. (1)

The scattering angle θ is defined as the angle between the
incoming and the outgoing photons. The angle between the
polarization plane, spanned by the direction of the electric
field of the incoming photons and its direction of movement,
and the direction of movement of the outgoing γ rays is
denoted as φ. If an unpolarized photon source is utilized for
the excitation, the angular distribution W (θ ) is independent of
φ. Since the angular distribution is dependent on the multipole
order L and the radiation character #, i.e., electric (E ) or

magnetic (M), the observed transition has to be characterized
first.

To assign the multipolarity L, the ratio ω of the angular
distributions at two different scattering angles has to be calcu-
lated according to

ω = W (90◦)
W (127◦)

= A(90◦)
A(127◦)

ϵ(Eγ , 127◦)τ (127◦)
ϵ(Eγ , 90◦)τ (90◦)

. (2)

For this purpose, θ = 90◦ and θ = 127◦ are best suited since
the difference between the ratios for pure dipole, ω(L = 1) =
0.73, and quadrupole transitions, ω(L = 2) = 2.28, is the
largest. The theoretical ratios are compared to the number
of recorded events at the different scattering angles corrected
for the corresponding detection efficiencies ϵ(Eγ , θ ) and the
effective measuring times τ [see Eq. (2)].

For the determination of the radiation character #, among
others, a linearly polarized γ -ray beam in the entrance channel
can be used via the so-called analyzing power (hv . This is
defined by the angular distributions W (θ ,φ) ([29]):

(hv = W (90◦, 0◦) − W (90◦, 90◦)
W (90◦, 0◦) + W (90◦, 90◦)

= qϵhv. (3)

The factor q corrects for the finite opening angles of the
detectors and the degree of polarization. The quantity ϵhv

denotes the experimental observable, i.e., the so-called asym-
metry between the horizontal and the vertical detectors with
respect to the polarization plane. It is calculated by replacing
the theoretical angular distributions W (θ ,φ) by the number of
recorded counts at the corresponding angles (θ ,φ), corrected
for ϵ(Eγ , θ ) and τ according to Eq. (2). The theoretically
expected angular distributions of an electric (magnetic) dipole
transition equal W (90◦, 0◦) = 0 (1.5) for a detector in the
polarization plane and W (90◦, 90◦) = 1.5 (0) for a detector
positioned perpendicular to this plane. Therefore, the analyz-
ing power is (hv = +1 for an M1 transition and (hv = −1
for an E1 transition. In the following, the detector in the po-
larization plane is denoted as the M1 detector and the detector
perpendicular to the polarization plane as the E1 detector, due
to the angular distributions.

The total decay width ) equals the sum of all partial decay
widths ) f , with f being the populated state, including the
ground-state decay width )0. When the ratio )/)0, which
is the inverse ground-state decay branching ratio, is known,
the reduced transition strengths B(#L) ↓ for the deexcitation
process can be deduced via

B(E1)↓ [e2fm2] = 8.29 × 10−4 × )

)0

IS[keV fm2]
Eγ [MeV]

B(M1)↓
[
µ2

N

]
= 7.46 × 10−2 × )

)0

IS[keV fm2]
Eγ [MeV]

, (4)

where it was assumed that Eγ = Ex. To calculate the reduced
transition strength for the excitation process, the following
equation holds:

B(#L) ↑= 2J + 1
2J0 + 1

B(#L) ↓ . (5)

Here, J and J0 are the spin quantum numbers of the excited
and the ground state, respectively.
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Summary and outlook

Reactions at different energies unevil new exotic nuclear & transformation 
of nuclear shells -  challenging our knowledge of the nuclear force. 
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