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The N =5283Ga B decay was studied at ALTO. The radioactive 83Ga beam was produced through the ISOL
photofission technique and collected on a movable tape for the measurement of y-ray emission following
B decay. While B-delayed neutron emission has been measured to be 56-85% of the decay path, in this
experiment an unexpected high-energy 5-9 MeV y-ray yield of 16(4)% was observed, coming from states
several MeVs above the neutron separation threshold. This result is compared with cutting-edge QRPA

calculations, which show that when neutrons deeply bound in the core of the nucleus decay into protons
via a Gamow-Teller transition, they give origin to a dipolar oscillation of nuclear matter into the nucleus.
This leads to large electromagnetic transition probabilities which can compete with neutron emission,
thus affecting the B-decay path. This process is enhanced by an excess of neutrons on the nuclear surface
and may thus be a common feature for very neutron-rich isotopes, challenging the present understanding
of decay properties of exotic nuclei.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The description of B8 decay as a weak interaction process has
reached such a level of precision that it has become a power-
ful tool in the search for evidence of physics beyond the Stan-
dard Model [1]. In nuclei, global 8 decay properties are driven by
the strongly interacting nuclear medium [2,3]; concentrations of
Gamow-Teller (GT) B strength at several-MeV energies have been
predicted and observed [2,4-7]. However, the understanding of the
role of neutron overabundance on radioactive emission in very ex-
otic nuclei is still in its infancy. Current scenarios in several nuclear
applications and astrophysics [8] can be substantially affected.

In very neutron-rich nuclei the total energy released through g
decay, Qg, can go beyond 10 MeV and subsequently even deeply
bound neutrons can decay into protons. When the daughter nu-

E-mail address: gottardo@ipno.in2p3.fr (A. Gottardo).

http://dx.doi.org/10.1016/j.physletb.2017.06.050

cleus is produced in a high-energy configuration above the neutron
separation threshold S;, it usually de-excites through B-delayed
neutron emission. This process is generally favored in nuclei far
from stability by the low S, value (<5 MeV) [9]. It is nevertheless
an open question how the transformation of a deeply bound neu-
tron into a proton affects the nucleus as a whole. When such an
abrupt change of the nuclear density of the decaying parent is in-
duced, the rearrangement of nuclear matter could proceed through
collective modes of de-excitation in the daughter isotope, involving
also the most superficial nucleons. In this context, the interplay
between the closed-core neutron holes after GT B decay and ex-
cess surface neutrons remains to be investigated. The presence of a
neutron skin in neutron-rich systems can favor particular coherent
nuclear excitation modes such as the so-called “pygmy” dipole res-
onance (PDR) [10]. It is an accumulation of electric dipole strength

0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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Fig. 1. A sketch of the BEDO detector arrangement.

(E1) in the 5-10 MeV excitation-energy region. The PDR is inter-
preted as the result of an oscillation of the isoscalar (balanced
number of protons and neutrons) inner core against the neutron
skin [10].

Recent time-dependent Hartree-Fock-Bogoliubov calculations
[11] point out several mass regions of the nuclide chart where
these surface effects should be more manifest. Among them, a sud-
den increase in the neutron skin around 78Ni, beyond the N = 50
shell closure, has been predicted [11]. This leads to an enhance-
ment by a factor ~ 3 in the E1 strength at energies between 5
and 10 MeV, exactly where the PDR is expected to occur [11].
The increase is particularly important at atomic number Z = 32,
in neutron-rich Ge isotopes such as 33-84Ges; s,. This is related to
the shell-model space beyond the N = 50 shell closure, where the
underlying microscopic structure involves v2ds,; and v3sq,; neu-
tron orbitals. Their wave functions extend further in space than
that of the last proton orbital 71fs5/, and so the neutron skin
thickness is increased. In addition, the Qg values beyond N = 50
for Ga isotopes decaying to Ge nuclei are above 11 MeV already
in 83Gas, [9]. The phase space for the decay of neutrons belonging
to the N =50 and N = 28 shell closures is thus large, making this
region pivotal for the study of the combined effects of neutron ex-
cess and decay of inner core neutrons. The present investigation of
the highest-energy part of the 8%-83Ge g-delayed gamma emission
spectrum was further encouraged by two recent studies [12,5]. In
Ref. [12] it was pointed out that, as long as the spin-parity com-
binations of mother-daughter nuclei permit, Fermi 8 decay may
populate PDR states. In neutron-rich nuclei, however, GT B decay
is the dominant process. Madurga et al. [5] report on the 8 decay
of 83Ga, where high-energy states in the daughter 83Ge are popu-
lated following GT selection rules. The energy spectra of S-delayed
neutrons from 83-84Ga decays are clearly constrained by the under-
lying nuclear structure, as opposed to a structureless level-density
dependence [5].

This letter reports on the S-delayed y emission of the %3Ga
nucleus, from 5-10 MeV levels in the 83Ge daughter. These levels
are neutron unbound and, contrary to expectations, a significant
amount of y radiation was observed in competition with neutron
emission. Results will be compared with theoretical calculations.

The measurement was performed using the low-energy ra-
dioactive 8%-83Ga ion beams, which were produced at the photofis-
sion Isotope Separation On Line (ISOL) facility ALTO, operated at
the IPN in Orsay [13]. The beam was then selected following a
standard procedure [14] and delivered to the BEDO setup [15],
consisting of a tape station dedicated to S-delayed y -spectroscopy
studies, depicted in Fig. 1. The cylindrical plastic scintillator around
the implantation point is for 8 electron detection, with an average
efficiency of 56%. Four Ge detectors and a 2 x 2 x 4 inch LaBr3
scintillator were used for y spectroscopy. While the Ge detec-
tors were set with an energy range at around 2.5 MeV, the LaBr3;
scintillator had an 11 MeV range, matching roughly the 11.7 MeV
Q-value of the 33Ga g decay [9]. Germanium semiconductor detec-
tors and the LaBrs scintillator in the setup BEDO [15] were cali-
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Fig. 2. The y-ray energy spectrum as measured in coincidence with S electrons
from the decay of 80:83Ga. The neutron separation energies of the daughter nuclei
80.83Ge are also indicated. The two spectra are normalized to the same number of
B-decay events.

brated in energy and efficiency using standard y -ray sources up to
1.5 MeV and for the scintillator also with known y rays from %°Ga
radioactivity up to 5.5 MeV. The response function and energy lin-
earity of the LaBrs detector were investigated up to 11 MeV with
the 27Al(p, y)?8Si reaction at the ARAMIS accelerator operated at
CSNSM in Orsay [16]. The resolution of the scintillator is 30 keV at
1 MeV and 120 keV at 6-7 MeV.

The 80-83Ga yields were measured to be ~ 10* and ~ 10 pps,
respectively. lons were implanted on tape in 3 s spurts, followed
by 2 s intervals of decay measurements. The collection time corre-
sponds to roughly ten times the half-life of the 5/2~ #Ga ground
state, 308(1) ms [17].

Fig. 2 shows the y spectra registered by the LaBrs detector
coincident with a g8 particle detected in the cylindrical plastic scin-
tillator surrounding the implantation point.

The Qg value of 89Ga decay is 10.3 MeV [9], and the y-rays are
observed to extend up to 8 MeV. This is consistent with previous
findings [18] and with the 8.1 MeV neutron separation energy (Sy)
of 80Ge [9]. In the case of 33Ga, the decay has a slightly larger Qg
value of 11.7 MeV [9], but the 83Ge daughter has an S, value of
only 3.6 MeV [9]. Consequently, the y-rays from the decay would
be expected to reach up to roughly 4 MeV. Surprisingly, the energy
spectrum is observed to extend all the way up to ~8-9 MeV. The
slope of 83Ga B-delayed y emission is identical to the one from
80Ga until 5 MeV, although with a larger intensity. The slope does
not present any kind of change at 3.6 MeV, where the neutron
separation threshold lies. After 5 MeV, a broad structure appears:
the gamma-ray yield from 83Ga exceeds that from 8°Ga by two or-
ders of magnitude until about 8-9 MeV. Several observables were
studied to cross-check this result. The time distribution of y rays
in the 5-9 MeV range is compatible with 83Ga half life. The 83Ga
B-delayed neutron emission probability has been measured to be
large, between 56(7)% and 85(6)% of the total decay strength [5,19].
Levels populated in 82Ge from 33Ga gn decay have been studied in
detail in Refs. [19,20], and no y-rays were reported above 3.4 MeV,
thus excluding a contribution from 8Ga gn branch. Moreover, y
rays above 5 MeV from this branch would imply the population of
states less than 2 MeV below the Q4 value in #Ge. Such process
is strongly suppressed by the Fermi function. The analysis of y-y
coincidences between the LaBr; and the Ge detectors is shown in
Fig. 3. The 1238 keV line in 33Ge [20] is coincident with y-rays
below 4 MeV and then in the 5-5.5 MeV range, proving that the
high-energy photons emitted following the decay of 33Ga do in-
deed feed the lower energy levels in 33Ge previously observed
[21,20]. The statistical significance of the coincidence is >99%.
Finally, the absence of the 1348 keV transition in the y-y coin-
cidence spectrum excludes a relevant neutron contribution to the
5-9 MeV signals in the scintillator. The photons in the 5-9 MeV
range must therefore have their source in the 83Ge high-energy
levels populated in the 83Ga g decay.

An estimate of the relative neutron and y-ray branchings was
obtained from a simulation of the detector response function. This
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was done with GEANT4 code [22] and the model was validated up
to 11 MeV using the aforementioned ARAMIS y source [16]. The
83Ge total y-ray spectrum observed with the LaBrs detector was
then unfolded using the simulated response function. The result-
ing y-ray intensity spectrum provides an estimate of the total g
feeding proceeding through y-ray emission, Ig,, of states between
5 and 9 MeV relative to those of known intensity for low-energy
y transitions. The 1348 keV line in the B-delayed neutron daugh-
ter 82Ge, with an absolute y intensity of 62.8(3)% [20], was taken
as a reference. With the hypothesis of direct 8 feeding for all tran-
sitions observed, the total Ig, value for states in the 5 to 9 MeV
interval works out at 16(4)%. This value, when normalized to the
2.0(4) MeV~! B(GT) deduced from neutron emission in 83Ga [5],
corresponds to an average integrated B(GT) going through y ra-
diation of 0.4(1) MeV~!. This strength has escaped observation
in Ref. [5,21,20]. The present measurement suggests that this y
branching of the neutron-unbound states accounts for a large part
of the B strength previously attributed to the low-lying 8 Ge states.

Significant branching ratios from neutron-unbound states up to
2 MeV in less exotic nuclei have been attributed to neutron emis-
sion hindrance due to a centrifugal barrier [6]. In the present case
the ¢ transferred by the emitted neutron can be as low as 1, so
the centrifugal barrier effects are less relevant. A hindrance of neu-
tron emission can come from core-neutron removal spectroscopic
factors [7], but even a strong 10 suppression factor [7] would im-
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x 2 1
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w 5~ 900 1200 1500 1800
E r Energy (keV)
O rLaBr, spectrum

C . | | | |

0 2000 4000 6000 8000

Fig. 3. y rays registered by the LaBrs scintillator in coincidence with the $3Ge
1238 keV y ray from the Ge detectors. In the inset the inverse coincidence: the
y rays registered by the Ge detectors in coincidence with 5-6 MeV y rays regis-
tered by the LaBrs scintillator.
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ply neutron emission lifetimes of the order of only 10-16-10-17 s.
The high branching ratio measured for y-ray emission from states
up to 5 MeV above the S, value in 8Ge is all the more surpris-
ing. Only fast, possibly collective E1 transitions can compete with
neutron emission from levels in this energy range. Other parity-
changing electromagnetic transition, like M2 or E3, are suppressed
by at least three orders of magnitude due to their higher multipo-
larity.

Fully microscopic Quasi particle Random Phase Approximation
(QRPA) calculations [23,24], with no free parameters, were per-
formed to explore the E1 y strengths of states populated by ra-
dioactivity in 89-83Ge. The sole input of the QRPA framework of this
work is the effective nucleon-nucleon Gogny D1M interaction [25],
effective over the whole nuclear chart [26]. The coherent QRPA
solutions are built from the quasi-particle spectrum obtained in
Hartree-Fock-Bogoliubov (HFB) calculations. Protons and the neu-
trons are described as pairs of time-reversed companions, and then
the standard equal filling approximation, discussed in Ref. [27], is
used. For the odd-mass 83Ge, the blocking procedure [28], impos-
ing a fixed value to the occupation of given single-particle orbitals,
has been used in order to obtain the quasi-particle (qp) spec-
trum associated with nuclear states. Several blocked configurations
of the unpaired nucleon involving relevant single-particle orbitals
were analyzed. Subsequently, the QRPA coherent excitations are
built on the same basis as in the HFB calculations, preserving the
axial symmetry. In these in-nuclear excitations, all the 2gp pro-
ton pair and all 2gp neutron pair are considered in the coherent
summation building the phonon excitation. However, for odd-mass
nuclei, only one component of the two time-reversed components
of the blocked quasi-particle level, the “down” one, can take part
in the 2qp excitations. For the 8 decays of 8%-83Ga to 80:83Ge, the
charge exchange code of Ref. [3] (pn-QRPA) provided the popu-
lation of states in the daughter nuclei. The pn-excitation phonon
operator results from the summation on proton-neutron 2gp.

Fig. 4 illustrates the transition densities of the GT g-decay
phonon and E1 phonon, for proton and neutron fluids. The 83Ge
mean nuclear radius is ~5.5 fm. The 8 decay from the calculated
deformed 83Ga ground state induces a depletion in neutron den-

b)
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5/2 B
Yo, —— —
Py R
Py, ==
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f7/2 - O
P n
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O
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Fig. 4. The transition densities 5o of the GT and E1 phonon for the ~6 MeV states populated in the decay, in blue for neutrons, in red from protons. Panel a) Allowed B
decays will mostly convert a deeply-bound neutron from the N =50 core into a proton in the Fermi surface. Panel b) These excited states fed by S-decay (7/27, 5/27, 3/27)
correspond to particle-hole E1 excitations on the 5/2% ground state of 83Ge. 83Ge can then de-excite via E1 transitions when the neutron hole in the core is filled by one
of the neutrons in the v2ds,; and v3sy; shells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig.5. GT B-decay and E1 strength distributions from microscopic Gogny-QRPA cal-
culations.

sity at around 3 fm and a corresponding increase in proton density
at 5 fm. This peculiar variation of matter initiates a dipolar oscil-
lation, de-exciting by an E1 transition to the low-energy excited
states of 83Ge. The displayed transition densities show that co-
herent excitations take place at the nuclear surface, leading to an
increase of density around 6 fm. Neutrons and protons contribute
jointly, nevertheless the neutron transition density is dominant
and peaks more at the surface. This is indeed the expected feature
of an isoscalar PDR in neutron-rich nuclei. Fig. 4 also presents a
schematic view of the typical elementary spherical single-particle
processes which coherently sum-up to build the QRPA GT and E1
strengths.

The calculated GT and E1 spectra are presented in Fig. 5 for the
80Ge and 83Ge nuclei. No quenching is included in the calculation
of any of these strengths. The histograms of 83Ge transition prob-
abilities for the GT phonon, B(GT), and the E1 phonon, B(E1),
show an accumulation of strength at 5-7 MeV and then again be-
yond 8 MeV, well in agreement with the y-ray spectrum in Fig. 2.
The B(E1) strengths are as large as 0.4 e2fm?, or 0.2 W.u. The
lifetime of a 6 MeV state de-exciting by an E1 transition with a
strength of 0.1 W.u. is 1.5- 10717 s. This compares well with the
typical neutron emission lifetimes of 107161019 s, thus justify-
ing the existence of a significant y-decay branch from neutron-
unbound states. Consequently, microscopic calculations confirm
that the states populated by the GT decay have strong E1 tran-
sitions to ground (or low-excited) states. On the contrary, the 3°Ge
isotope GT and E1 strengths are suppressed in the region of in-
terest, and shifted at higher energies. The calculation thus fully
reproduces the lack of B-delayed y-ray strength in 8°Ge with re-
spect to 83Ge.

This result helps to open a new, broader perspective on the
pivotal study by Madurga et al. [5]. At the first place, a large
part of B feeding to low energy states previously attributed to FF
transitions actually seems to proceed through E1 transitions from
GT-fed high-lying levels. This dominance of GT over FF decays is
in contrast with previous calculations beyond N = 50 and close to
78Ni [29], with consequences on the r-process path. A second point
is that GT decays of deeply-correlated neutrons of the closed core
need the presence of coherent core-excited levels as final states in
the daughter nucleus, well lower in energy than the Qg value to
allow for a sufficient phase space. When the spin-parity combina-
tion of mother and daughter nucleus allows it, GT can populate
collective E1 excitations. A significant high-energy y -ray radiation
then may occur in competition with neutron emission. Only the
combination of neutron and y radiation measurements can reveal
the microscopic nature of these states, as it is the case for 33Ga.
This mechanism must by general for neutron rich nuclei, impact-
ing also heavier nuclei (N =82, N = 126 shell closures).

In summary, a significant y-ray emission was detected in the
5-9 MeV range from the decay of N =51 83Ga. It originates from
the decay of states neutron-unbound by several MeVs, populated
by the GT B decay of 83Ga. State-of-the-art microscopic QRPA
calculations show that the GT decay of deeply-bound neutrons

can trigger coherent dipolar oscillations (PDR) which in turn en-
gender a significant emission of E1 y radiation. The process is
favored by the rapid development of a neutron skin beyond the
neutron shell closure N = 50. In this regard, the observed change
in radioactive emission may be a common feature of very ex-
otic nuclei. It remains for future measurements to better quantify
the phenomenon, and explore its evolution in even more neutron-
rich nuclei. The low production yields of such species in present
and future radioactive ion-beam facilities makes it difficult to in-
vestigate the PDR in very neutron-rich systems via the standard
charge-exchange or coulomb-excitation reactions. The possibility of
using B decay to at least partially study the PDR can thus help
a better understanding of radiative capture (n, y) cross sections
in neutron-rich matter. These are pivotal quantities for nucleosyn-
thesis scenarii of heavy elements via the rapid neutron capture
process (r-process) [8,5]. The observed high-energy y rays feed-
ing low-lying states also leads to a reduction of measured first-
forbidden B-decay probabilities, challenging present understanding
of their role in very exotic nuclei [29]. The global properties of the
B-delayed radiation emission are also relevant for reactor physics
and related topics [30,31].

Acknowledgements

We acknowledge the work of the ALTO technical staff for the
operation of the ISOL source. Use of Ge detectors from the French-
UK IN2P3-STFC Gamma Loan Pool is acknowledged. We are grate-
ful to Mushin Harakeh for discussions. We thank Luc Petizon for
helping in the preparation of the figures. We acknowledge fruit-
ful discussions with Muriel Fallot. We express our gratitude to
the ISOLDE collaboration for having provided the ISOL target. We
acknowledge the use of the code SToGs by Olivier Stezowski for
Geant4 simulations. C. A. acknowledges the support from the Nat-
ural Sciences and Engineering Research Council of Canada.

References

[1] N. Severijns, M. Beck, O. Naviliat-Cuncic, Rev. Mod. Phys. 78 (2006) 991.
[2] Y. Fujita, B. Rubio, W. Gelletly, Prog. Part. Nucl. Phys. 66 (2011) 549.
[3] M. Martini, S. Péru, S. Goriely, Phys. Rev. C 89 (2014) 044306.
[4] Y. Fujita, et al., Phys. Rev. Lett. 112 (2014) 112502.
[5] M. Madurga, et al., Phys. Rev. Lett. 117 (2016) 092502.
[6] J.L. Tain, et al., Phys. Rev. Lett. 115 (2015) 062502.
[7] A. Spyrou, et al., Phys. Rev. Lett. 117 (2016) 142701.
[8] S. Goriely, Phys. Lett. B 436 (1998) 10.
[9] M. Wang, et al., Chin. Phys. C 36 (2012) 1603.
[10] N. Paar, D. Vretenar, E. Khan, G. Colo, Rep. Prog. Phys. 70 (2007) 691.
[11] S. Ebata, T. Nakatsukasa, T. Inakura, Phys. Rev. C 90 (2013) 024303.
[12] M. Scheck, et al., Phys. Rev. Lett. 116 (2016) 132501.
[13] E. Ibrahim, et al., Nucl. Phys. A 787 (2007) 110.
[14] A. Gottardo, et al., Phys. Rev. Lett. 116 (2016) 182501.
[15] A. Etilé, et al.,, Phys. Rev. C 91 (2015) 064317.
[16] E. Cottereau, et al., Nucl. Instrum. Methods Phys. Res. B 45 (1990) 293.
[17] E. Mccutchan, Nucl. Data Sheets 125 (2015) 201.
[18] P. Hoff, B. Fogelberg, Nucl. Phys. A 368 (1981) 210.
[19] D. Testov, et al., Phys. Rev. C (2017), to be submitted.
[20] J.A. Winger, et al., Phys. Rev. C 81 (2010) 044303.
[21] M.E. Alshudifat, et al., Phys. Rev. C 93 (2016) 044325.
[22] S. Agostinelli, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 506 (2003) 250.
[23] S. Péru, et al.,, Phys. Rev. C 83 (2011) 014314.
[24] S. Péru, H. Goutte, Phys. Rev. C 77 (2008) 044313.
[25] S. Goriely, S. Hilaire, M. Girod, S. Péru, Phys. Rev. Lett. 102 (2009) 242501.
[26] M. Martini, S. Péru, S. Hilaire, S. Goriely, F. Lechaftois, Phys. Rev. C 94 (2016)
014304.
[27] S. Perez-Martin, L.M. Robledo, Phys. Rev. C 78 (2008) 014304.
[28] M. Versteegen, et al., Phys. Rev. C 94 (2016) 044325.
[29] LN. Borzov, Phys. Rev. C 71 (2005) 065801.
[30] A. Algora, et al., Phys. Rev. Lett. 105 (2010) 202501.
[31] B.C. Rasco, et al., Phys. Rev. Lett. 117 (2016) 092501.

http://dx.doi.org/10.1016/j.physletb.2017.06.050

Please cite this article in press as: A. Gottardo et al., Unexpected high-energy y emission from decaying exotic nuclei, Phys. Lett. B (2017),

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



	Unexpected high-energy γ emission from decaying exotic nuclei
	Acknowledgements
	References


