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Gamma Decay of Unbound Neutron-Hole States in >3Sn
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Excited states in the nucleus '*3Sn, with one neutron outside the double magic '*2Sn core, were
populated following one-neutron knockout from a '3*Sn beam on a carbon target at relativistic energies at
the Radioactive Isotope Beam Factory at RIKEN. Besides the y rays emitted in the decay of the known
neutron single-particle states in '*3Sn additional y strength in the energy range 3.5-5.5 MeV was observed
for the first time. Since the neutron-separation energy of '3*Sn is low, S, = 2.402(4) MeV, this observation
provides direct evidence for the radiative decay of neutron-unbound states in this nucleus. The ability of
electromagnetic decay to compete successfully with neutron emission at energies as high as 3 MeV above
threshold is attributed to a mismatch between the wave functions of the initial and final states in the latter
case. These findings suggest that in the region southeast of '32Sn nuclear structure effects may play a
significant role in the neutron versus y competition in the decay of unbound states. As a consequence, the
common neglect of such effects in the evaluation of the neutron-emission probabilities in calculations of

global p-decay properties for astrophysical simulations may have to be reconsidered.
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The atomic nucleus offers a unique opportunity to study
the competition between three of the four fundamental
forces known to exist in nature, namely, the strong nuclear,
the electromagnetic, and the weak nuclear interaction. In
general, the decay of an excited nuclear state follows the
hierarchy of these forces. The emission of one or more
particles mediated by the strong interaction dominates the
decay of unbound states while bound excited states usually
decay by electromagnetic radiation until the ground state is
reached. Finally, the latter decays via f decay mediated by
the weak nuclear interaction. The different strengths of
these interactions are reflected by the time scales of the
above mentioned processes, ranging from typically 1072% s
for fast particle decays to 107 s for slow p decays and
10°° s for double S decays. Of course there are exceptions
to this general rule. There are many cases known in which
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decay wins against electromagnetic decay because the latter
requires the emission of a y ray of high multipolarity and/or
low energy. In the case of the strong force the Coulomb
barrier can defer the emission of charged particles and
allow electromagnetic decay to compete above the sepa-
ration energy. In the case of neutron emission on the
neutron-rich side of the nuclear chart, in the absence of a
Coulomb barrier, only the angular momentum barrier may
hinder the neutron emission and thus favor y decay. Indeed
y-decaying high-spin states above the neutron-separation
energy have been identified in several neutron-rich nuclei.
In general, however, it is assumed that neutron decay
dominates for all low- to moderate-spin states above the
neutron threshold. This assumption is commonly used in
theoretical calculations of global -decay properties that are
employed for astrophysical calculations, for example, for
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the description of the rapid neutron-capture process
(r process) of nuclear synthesis.

However, according to Fermi’s golden rule the proba-
bility of a certain decay process occuring does not only
depend on the strength of the interaction and the density of
final states, but also on the overlap between the wave
functions of the parent and daughter states [1]. By means of
this latter ingredient, nuclear structure effects can influence
decay rates and thus have an impact, for example, on the
competition between neutron emission and y deexcitation
above the neutron-separation energy in neutron-rich nuclei.
In recent years several cases have been reported in which
electromagnetic decay successfully competes with neutron
emission in the decay of unbound states with excitation
energies up to more than 2 MeV above the neutron-
separation energy [2-5], i.e., well beyond the first few
hundred keV where neutron emission is hindered by the
low penetrability. In some of these works nuclear structure
arguments based on theoretical calculations have been put
forward to explain the experimental findings. On the
neutron-deficient side of the nuclear chart, the y decay
of isobaric analog states far above the proton-separation
energy has been observed in fp shell nuclei and explained
by the fact that proton emission is isospin forbidden in
these cases [6,7].

In this Letter we investigate the nuclear structure aspect
in the decay of unbound states by means of a very simple
nuclear system, namely, the nucleus '*3Sn. This nucleus has
only one valence neutron in the N = 82—126 major shell
outside '32Sn, which is generally considered as a very
robust double magic core. Neutron single-particle energies
(SPE) of 854, 1367, 1561, and 2002 keV for the 2ps,,
2pi/2, Ohg)p, and 1f5, orbitals, respectively, relative to the
1f7/, orbital, have been established combining the infor-
mation from both f decay and (d, p) neutron-transfer
experiments [8—11]. For the 0i;3/, SPE an energy range of
2360-2600 keV has recently been proposed based on the
systematics of 13/2% levels in N = 83 nuclei in compari-
son with shell-model calculations [12]. The neutron single-
hole states in '*3Sn are expected at excitation energies far
above S,. In Ref. [8], a line at 1.26 MeV in the neutron
spectrum measured following the f decay of '**In has
tentatively been assigned to the decay of the Ohy/ /> hole

state in '*3Sn, positioning this state at an excitation energy
of around 3.66 MeV [S, =2.402(4) MeV [13]]. The
present work reports on the study of the y decay of excited
states in '3*Sn populated via one-neutron knockout from
134Sn at relativistic energies.

The experiment was performed at the Radioactive
Isotope Beam Factory at RIKEN. Secondary radioactive
beams were produced via projectile fission of a
345 MeV/u ?U beam with an average intensity of
15 pnA, impinging on a 4-mm thick Be target. The ions
of interest were separated from other reaction products and

identified on an ion-by-ion basis by the BigRIPS in-flight
separator [14]. The particle identification was performed
using the AE-TOF-Bp method in which the energy loss
(AE), time of flight (TOF) and magnetic rigidity (Bp) are
measured and used to determine the atomic number Z and
the mass-to-charge ratio A/q of the fragments [15]. The
identified '**Sn ions then impinged with a kinetic energy of
165 MeV /u on a 3-mm thick C target. Reaction products
created via nucleon removal were identified in the
ZeroDegree (ZD) spectrometer [14], employing again the
AE-TOF-Bp method. Total reaction cross sections for the
removal of x neutrons, o,,, were determined from the yield
of the respective reaction products and the number of
incoming projectile ions taking into account the trans-
mission through the ZD spectrometer, losses due to
reactions with detector material along the beam line, and
the properties of the C target. To detect y radiation emitted
from excited reaction residues the secondary target was
surrounded by the DALI2 spectrometer [16]. DALI2
consisted of 186 Nal(Tl) detectors, covering polar angles
in the range from 20° to 150°, and had a photo peak
efficiency of 15% for the 1.33-MeV y ray emitted by the
stationary ®°Co source.

Figure 1 shows the Doppler-corrected y-ray spectrum
measured in coincidence with '**Sn ions detected in
BigRIPS and '3*Sn nuclei detected in the ZD spectrometer.
The three lines at energies of 854, 1561, and 2002 keV
correspond to the decays of the 2p3/,, Ohgy, and 1f5/,
single-particle states to the 1f7,, ground state while the
513-keV y ray depopulates the 2p, /, state at 1367 keV to
the 2p;/, level at 854 keV [11]. Besides these known y
rays, clearly additional y strength is observed above the
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FIG. 1. Doppler-corrected y-ray spectrum (for y-ray multiplic-

ity M, = 1 after add back) of '**Sn populated via one-neutron
knockout from '3*Sn. The response function fit to the exper-
imental spectrum is shown by the thick red line while the
individual components are shown as thin black lines. The
background is indicated as the gray area. The inset shows
the high-energy region of the spectrum on a linear scale.
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neutron separation energy, reaching up to about 5.5 MeV.
To describe the experimental spectrum the response of the
DALI2 array to the incident y radiation was simulated using
GEANT4 [17]. In these simulations the precise y-ray energies
determined in Ref. [11] were employed. To increase the
detection efficiency for high-energy y rays and to improve
the peak-to-total ratio over the full energy range an add-
back algorithm was applied. All energy depositions regis-
tered in Nal crystals within a range of 15 cm from the center
of the crystal with the highest energy signal were summed.
Doppler correction was performed using the midtarget
velocity of f = 0.497. The background in the spectrum
shown in Fig. 1 has been parametrized by the sum of two
exponential functions cut off at low energy with an error
function. Up to the neutron separation energy the exper-
imental spectrum is well described by the sum of the
background and the DALI2 response to the listed y rays.
For the 854-keV line, however, a small shift with respect to
the nominal energy was observed when only the most
forward crystals of DALI2 were considered as shown in
Fig. 2(a). This shift points to a lifetime of a few tens of ps
for the 854-keV state because in that case the y ray emission
takes place at a lower average recoil velocity than assumed
in the simulation. Comparing the experimental line shapes
obtained for two different angular ranges of DALI2
detectors to simulations, a value of 7 =30(15) ps was
deduced for the state at an excitation energy of 854 keV
(see Fig. 2). From this lifetime a transition strength of
B(E2) = 1.6(8) W.u. is calculated for the 2p3/, — 1f7,
E2 transition in '33Sn. This strength is comparable to
that of the 2ds,, — 1gy9/, and 3s,/, — 2ds;; neutron
single-particle transitions in 2“Pb [B(E2) = 2.5(7) and
B(E2) = 2.13(8) W.u., respectively, [18]]. Coming back
to the spectrum shown in Fig. 1, the strongest peak above
S, is well described by the DALI2 response to a single y ray
with an energy of 3570(50) keV. With respect to the y
strength at even higher energy, unfortunately the limited
statistics and poor energy resolution prohibit a more
detailed analysis.

To interpret the y-ray spectrum of !33Sn, the reaction
process that led to the population of excited states in this

250

[N
i=3
(=3

counts/20 keV
g B

%3
=3

05 | ! I ]
500 600 700 800 900 1000 1100 1200
y-ray energy (keV)

1 1 1 1 1 1 1
500 600 700 800 900 1000 1100 1200
y-ray energy (keV)

FIG. 2. Comparison between the experimental shape of the
854-keV line observed in the DALI2 detectors at polar angles
(a) < 67° and (b) > 67° and simulations assuming lifetimes of
7 =0 (blue) and 7 = 30 ps (red) for the 854-keV state.

nucleus has to be considered. In principle, the neutron
removal can proceed from any neutron orbital that is
occupied in the ground state of the projectile nucleus, in
this case '3*Sn. Considering the single-particle energies in
133Sn it is expected that the valence-neutron pair in '**Sn
occupies dominantly the 1f5/, orbital. A knockout from
this orbital results in the ground state of '33Sn and,
consequently, no y ray is emitted in this case. However,
also the other neutron orbitals of the N = 82-126 shell
contribute to the composition of the wave function; i.e.,
there is a certain probability for the neutron pair to occupy
the 2p3/2, 2p1/2, Ol’lg/z, 1f5/2, and Oil3/2 orbitals. Shell-
model calculations using realistic effective interactions [19]
predict an 80% probability for the valence-neutron pair to
occupy the 17/, orbital and contributions between 1.6%
and 5.2% for all other orbitals of the N = 82—-126 shell.
One-neutron knockout from the 2ps;,, 2py/,, Ohgj,, and
1fs/, orbitals will populate the known bound single-
particle states in '3*Sn, which decay via y-ray emission
to the ground state. Consequently, the 513-, 854-, 1561-,
and 2002-keV transitions are all clearly visible in the
spectrum shown in Fig. 1. With respect to the yet unknown
position of the 0iy3,, orbital we note that in the present
experiment no y ray is observed in the expected energy
range (E, = 2360-2600 keV [12]).

Besides the removal of one of the two valence neutrons
also the knockout of a neutron from the closed N = 82 core
can occur. In this case neutron-hole states in '33Sn are
populated as illustrated in Fig. 3(a). Although knockout can
proceed from all five orbitals of the N = 50-82 shell, the
largest cross section is expected for the Ok, orbital since
it is close to the Fermi level and occupied by as many as
twelve neutrons. We therefore suggest that the 3570(50)-
keV transition corresponds to the decay of a 11/2~ state to

13Sn_ (a)

2+

(b)

FIG. 3. (a) Schematic of the neutron orbital occupancies after
the knockout of a 0hj;/, neutron from the 134Sn projectile,
followed by y decay or neutron emission; (b) Illustration of the
population of bound (gray regions) and unbound (blue region)
excited states in '*>133Sn following one-neutron knockout (KO)
from either the valence space (N > 82) or the N = 50-82 core
(N < 82). Energies are quoted in MeV.
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the ground state. Note that this energy is close to the
3.66 MeV proposed in Ref. [8]. Since this excited state lies
above the neutron-separation energy, it can decay either via
neutron emission or electromagnetic decay; see Fig. 3(b).
Because of the high excitation energy of the first excited
state in '¥2Sn, E,(27) = 4.041 MeV, the presumed 11/2~
state at 3570(50) keV can only neutron decay to the ground
state of 132Sn, i.e., via the emission of an Z = 5 neutron
with a kinetic energy of about 1.2 MeV (E, = E, - S§,).
The expected lifetime for this decay amounts to less than
10717 s. To estimate the lifetime for an E2 y decay to the
7/2~ ground state, we assume a transition strength of
2 W.u. in line with the experimental strength of several
single-particle E2 transitions in '*3Sn and ?%°Pb as dis-
cussed above. This estimate yields a lifetime of about
10~'% s. Therefore, at the level of pure single-particle
transitions, the neutron decay is expected to be roughly
3 orders of magnitude faster as compared to y-ray emission.

As mentioned above, an additional factor, which can
affect the competition between neutron and y-ray emission,
is the overlap of the wave functions of the initial and final
states. After the knockout of a core neutron, e.g., a Ok,
neutron, from the projectile '**Sn, 13Sn is populated with a
neutron configuration as shown in Fig. 3(a). In the case of y
decay, the hole in the N = 50-82 core is filled by one of the
two neutrons occupying primarily the 1f7,, orbital in the
ground state of '3*Sn and a 3570-keV y ray is emitted. The
final state corresponds to the ground state of '3Sn. Neutron
emission, on the other hand, yields a '3>Sn nucleus with
two holes in the 0%y, /, orbital and two neutrons above the
N = 82 gap, i.e., in a two-particle—two-hole (2p-2h) state.
The ground state of '32Sn, however, is not expected to
contain large contributions of 2p-2h configurations and,
consequently, the overlap of the wave function of the parent
state with that of the daughter state plus a neutron is small.
It is this wave function mismatch which hinders neutron
emission and allows electromagnetic decay to compete in
the decay of highly excited neutron-hole states in '3Sn.
Note that the above reasoning is valid for all hole states in
the N = 50-82 shell, not only the 0h,;/, hole.

In order to quantify the average y-ray branching for states
above the neutron-separation energy in '*3Sn, we will
discuss in the following the total cross sections for one-
neutron knockout from !33Sn and '3*Sn projectiles, o,
which are shown together with the cross sections for
multineutron removal ¢, in Fig. 4. The measured cross
sections, o, = 183(21) mb for '*3Sn and o, =
69(10) mb for '34Sn, comprise contributions from both
the removal of a neutron from the valence space (N > 82)
o}, as well as knockout from the N = 50-82 core, 65, as
discussed above. These contributions were calculated using
eikonal reaction theory [20,21] and employing the ground
state wave functions from the shell model, the known SPE
in 133Sn and excitation energies for the neutron-hole states

from a spherical Hartree-Fock (HF) calculation. These
calculations yield values of o}% ~14/20 and o5 ~
186/152 mb for knockout from '3*Sn/!3*Sn. For removal
from '33Sn it is expected that due to the high neutron-
separation energy in the daughter nucleus '*’Sn, S, =
7.343(7) MeV [13], most of the highly excited states
populated following the removal of a neutron from the N =
50-82 core are bound and decay via y-ray emission as
illustrated in Fig. 3(b). Indeed, the calculated value,
o1, = 6} + 69° ~ 200 mb, is in good agreement with
the measured cross section. In the case of knockout from
1348, in contrast, the residual nucleus '33Sn has a low
neutron-separation energy of only S, = 2.402(4) MeV
[13] and, as a consequence, neutron removal from the
core populates unbound states which can decay either via
neutron or y-ray emission. In the case of neutron emission
the final nucleus is identified as '*Sn in the ZD spec-
trometer and the corresponding cross section is, therefore,
assigned to the two-neutron removal reaction. As a con-
sequence the measured value of o5, is larger as compared
to o1, (see Fig. 4). The cross section corresponding to
y-decaying unbound states in '*3Sn can be estimated
by subtracting the calculated cross section for neutron
removal from the valence space to bound final states in
13Sn, amounting to o} ~20 mb, from the measured
61, = 69(10) mb. The resulting value of ~49 mb, com-
pared to the calculated value of 6% ~ 152 mb for knock-
out from the core, suggests that 25%-35% of the decay of
unbound states in '33Sn, populated in the one-neutron
knockout reaction, proceeds via y-ray emission. Although
this estimate is subject to several uncertainties it clearly
shows that the contribution of y decay is significant.

The effect of nuclear structure on the competition
between neutron and y decay of unbound states may have

200

150

100
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50

number of removed neutrons x

FIG. 4. Total experimental cross sections for the removal of x
neutrons, 6,,, from '33Sn (open squares) and '**Sn (filled circles)
projectiles. Lines are drawn to guide the eye. The vertical bars for
x = 1 indicate the cross sections for knockout from the N > 82
valence space (black) and from the N = 50-82 core (gray) as
calculated using eikonal reaction theory. The contribution from
the Ohyy/, orbital to the latter amounts to 67 and 56 mb,
respectively.
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more general and further-reaching consequences. The j-
decay properties of nuclei in the region southeast of '32Sn
are of great importance for the description of the r process
of nuclear synthesis [22,23]. In this region, the f-decay
energies O are large and the neutron-separation energies
S, low, so that unbound excited states in a wide energy
window of more than 10 MeV can be populated in the
decays. Experimental information is scarce so that in many
cases theoretical calculations of global f-decay properties
have to be relied upon. In the latter f-delayed neutron
emission probabilities are deduced from calculated strength
functions under the assumption that neutron emission
occurs whenever it is energetically possible [see, for
example, Eq. (21) of Ref. [24]]. It is well known that
for nuclei with Z <50 and N =82, the S decay is
dominated by the v0g;/, — 70g9/, Gamow-Teller transi-
tion [24,25]. Also the first-forbidden v0hy;/, — 70gy/»
decay is known to play a significant role. Beyond
N = 82, once the 1f7,, neutron orbital starts being occu-
pied, both these transitions populate core-excited states at
high excitation energy in the daughter nuclei. In '32Sn and
31Tn, populated in the B decays of the N = 83 isotones
132In [26] and '3'Cd [27], excited states comprising a
neutron hole in the Ohy;/, (0g7/,) orbital have been
identified in the energy range of 4-5 MeV (6-7 MeV).
For the decay of these states, the same structure arguments
apply, which have been put forward above in the discussion
of the decay of highly excited neutron-hole states in '*3Sn.
It therefore seems advisable to fully elucidate the neutron
versus y-ray competition in the decay of unbound excited
states in exotic nuclei southeast of '*?Sn in future
experiments.

To conclude, we presented clear evidence for the
electromagnetic decay of states in '33Sn at excitation
energies up to more than 3 MeV above the neutron-
separation energy. These excited states are interpreted as
neutron-hole states that are populated following the knock-
out of a neutron from the closed N = 50-82 shell of the
134Sn projectile ion at relativistic energies. The ability of y-
ray emission to compete with neutron decay, despite a
hindrance of 3 orders of magnitude at the single-particle
level, is explained taking into account the structure of the
initial and final states and the resultant wave-function
overlap. Our study raises the question whether, due to
nuclear structure effects, the y-ray emission may play a
much more significant role than generally assumed in the
decay of highly excited states populated following f decay
in the region southeast of '32Sn.
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