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Inelastic scattering cross sections to individual bound excited states of 1%4Sn were measured at
150 MeV/u beam energy and analyzed to evaluate the contribution of neutron and proton collectivity.
State-of-the-art Quasi-Particle Random Phase Approximation (QRPA) with the D1M Gogny interaction
reproduces the experimental proton collectivity and our inelastic scattering cross sections once used
as input for a reaction calculation together with the Jeukenne-Lejeune-Mahaux (JLM) potentials.
Experimental inelastic scattering cross section decreases by 40(24)% from '2Sn to '94Sn. The present
work shows that (i) proton and neutron collectivities are proportional over a large range of tin isotopes
(including 1%4Sn), as is typical for isoscalar excitations, and (ii) the neutron collectivity dominates. It
suggests that the plateau in the mass range A = 106-112 displayed by E2 transition probabilities is
driven by neutron collectivity.

© 2015 The Authors. 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 evolution of nuclear shell structure along isotopic or iso-
tonic chains has revealed unexpected onsets of collectivity or shell
gap modifications [1-3]. The proton-closed shell Sn isotopes form
an ideal testing ground to study the evolution of shell structure
and collectivity with isospin. Experimental results reported in [4,5]
provide a signature of the magicity of 1°°Sn and '32Sn. Accord-
ing to the seniority scheme, the reduced transition probabilities
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B(E2; OT — 21+) (B(E2) in the following) in Sn isotopes are ex-
pected to exhibit a parabolic trend with a maximum at mid-shell.
The experimental trend instead is asymmetric with a persistence
of proton collectivity approaching the doubly magic 1%°Sn [6-11].
Three Coulomb excitation experiments have been reported recently
[12-14] for 1%4Sn, the most neutron-deficient isotope for which
the 0] — 2 transition probability has been accessed to date.
While [12] claims a drop of the experimental B(E2) in agreement
with large-scale shell model calculations, the authors of [13,14]
have measured a smoother decrease at N = 54. Up to now, no
shell model calculation can explain satisfactorily the tins’ B(E2)
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systematics [6-9,12-14]. Calculations systematically underestimate
collectivity from '2Sn down to 1%4Sn. Truncations applied to the
valence space used to run shell model calculations are pointed out
as responsible for the missing collectivity in 1%4-1%sn [13-15] and
no clear microscopic understanding has been achieved yet.

Beyond-mean field approaches, which do not suffer from va-
lence space restrictions, have been also applied to tin isotopes
[16-19]. Different calculations using the QRPA approach find an
increase of collectivity going from the mid-shell towards the light-
est tin until 196:198Sn. The QRPA approach was compared to a
Generator-Coordinate-Method-based model using the same mean
field [19]. The former is found to be more suitable to describe the
spectroscopy of rather spherical nuclei such as semi-magic tin iso-
topes.

No information is available on neutron collectivity in light tin
isotopes. The neutron transition matrix element M, can be es-
timated from proton inelastic scattering cross sections provided
the proton transition matrix element My (L) = 4/B(EL)/(2L+1) is
known [20-22].

Inelastic scattering experiments have been performed only for
stable tin isotopes (112Sn-124Sn) [20,23]. We report here on the
first measurement of inelastic scattering on hydrogen for a neutron
deficient tin, namely 1%4Sn.

The experiment was performed at the Radioactive Isotope Beam
Factory operated by the RIKEN Nishina Center and the Center for
Nuclear Study (CNS) of the University of Tokyo. The 1%4Sn beam at
150 MeV/u was produced with an intensity of 350 pps via frag-
mentation of a 1>4Xe primary beam at 6 pnA on a 0.555 g.cm—2
9Be target and separated via the BigRIPS separator [24]. A mea-
surement with a '12Sn beam at 170 MeV/u was performed as
a reference. The beam impinged on a CH; (C) target of 192.1
(370.5) mg.cm™2. The cross section on hydrogen was extracted by
subtracting from the CH, spectrum the one measured on carbon,
after normalization. The setup consisted of the DALI2 array com-
posed of 186 Nal scintillators [25] for gamma-ray detection and
the ZeroDegree Spectrometer for downstream particle identifica-
tion [26]. A mass resolution of o ~ 0.001 was achieved, allowing
for an unambiguous isotopic identification. A total of 1.5 x 10’
and 1.7 x 107 194sSp jons was identified at the ZeroDegree focal
plane during the measurement with CH, and C targets, respec-
tively. The scintillators of the DALI2 array were calibrated in energy
with 137Cs, 8Y and %°Co sources, with gamma emission ranging
between ~600 and ~1800 keV. The efficiency of the DALI2 array,
covering angles between 19 and 150 degrees, was 14% at 1.33 MeV.
This value was in relative agreement within 6% with the Geant4
simulation [27] and was rather independent of the angular distri-
bution of the emitted gamma radiation thanks to the large solid
angle coverage. The FWHM intrinsic energy resolution evaluated
from Cs, Co and Y sources scaled as 2.4+/E, consistently with [25].
The gamma spectra of 1%4Sn (112Sn) inelastically scattered on C
and CH; targets were Doppler corrected with 8 = 0.47 and 0.45
(0.495 and 0.485), respectively.

The gamma spectrum of 12Sn shown in Fig. 1 displays a transi-
tion at 1245(15) keV and a broad structure around 800-1100 keV.
This structure was found in coincidence with the 1245 keV tran-
sition as shown in the inset of Fig. 1. Since the spectroscopy of
12gn is well known [28], we considered three transitions in this
peak: 930(30), 985(30) and 1090(30) keV, corresponding to the
0 — 27, 47 — 2] and 3] — 2] transitions, respectively.

In order to extract the cross section to the excited states ob-
served in this experiment, the spectrum was adjusted with the
sum of a double-exponential background and the simulated re-
sponse function of the DALI2 array to the gamma-transitions men-
tioned above. The background originated mainly from atomic pro-
cesses (bremsstrahlung in the target) at low energy (E, <500 keV),
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Fig. 1. (Color online.) Gamma spectra of 1'2Sn inelastically scattered on C (red) and
H (blue). The solid line is the fit function used to extract the cross sections (sum and
contributions from each transition, for H only). The inset shows the gated gamma
spectra (CHz + C) of "'2sn in coincidence with the 2 — 07 transition and with
an adjacent gamma energy window.

from Compton scattering and target breakup at higher gamma en-
ergy. We could not extract the angular distribution of the observed
transition, due to the limited statistics. We quantified the effect
of the uncertainty on the angular distribution through simulations.
The photo peak efficiency for a 1 MeV transition emitted isotropi-
cally in the center of mass at 8 ~ 0.5 was 24%, whereas the same
transition emitted with an anisotropic angular distribution as the
one shown in [25] leads to a detection efficiency of 22%. This was
considered in the error bars of the inclusive cross sections. The ad-
justment procedure was performed using spectra with and without
addback between adjacent crystals of DALI2 array, yielding consis-
tent results. If a state was both directly excited and populated by
the feeding from higher-lying states, as happens here for 27, the
feeding was subtracted in order to obtain the direct population
cross section. The error on the cross section was obtained as the
sum of the error issued from the x2 minimization (which includes
statistical error), the uncertainty on DALI2 efficiency (6% relative
systematic error), the statistical error on the number of incident
beam particles, and a 2% uncertainty on target thickness. Note that
for overlapping peaks (as in the case of the structure observed in
12gn at energy between 800 and 1100 keV, see Fig. 1) the adjust-
ment procedure was affected by a large uncertainty whereas the
sum of the cross sections to the states feeding the 2% state was
reliable.

As a cross check, the cross section on H was also obtained as
the difference of the cross sections on CH, and C, namely oy =
(ocH, — 0¢)/2, where ocy, is the effective cross section per atom
of the target. Results were found consistent with the ones obtained
on the H spectrum.

We finally obtained cross sections on H of 9.1(38), 3.6(26),
4.0(24) and 4.6(20) mb for the 21, 4], 0J and 3] states, respec-
tively. The cross sections on C target for the same states were
found to be 22.5(35), 5.9(32), 4.7(29) and 12.3(27) mb.

In the 194Sn spectrum shown in Fig. 2 (up), four transitions are
visible at 670(20), 1040(20), 1260(15) and 1950(50) keV. The tran-
sitions at 670(20) and 1260(15) keV are in good agreement with
the known energy of 47 — 2] decay at 682 keV and 2] state [28].
The 1260 keV transition was found in coincidence with the three
other ones, which therefore correspond to the decay of feeders to
the 21+ state (Fig. 2, bottom). Prompt transitions are consistent only
with E1, M1, E2 multipolarities. Since the final state is a 2, the
initial state spin must be ] = 0 to 4 for angular momentum con-
servation. Inelastic scattering measurements on nuclei with few
neutrons outside the closed shell show that the 3] state is strongly
populated. The inelastic scattering cross section to the 3] state of
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Fig. 2. (Color online.) Top: gamma spectra of '%4Sn inelastically scattered on C (red)
and H (blue). The solid line is the fit function used to extract the cross sections
(sum and contributions from each transition, for H only). Bottom: gamma spectra
(CHa + C) of 1%sn in coincidence with the peak at 1260 keV and with an adjacent
gamma energy window.

200 [29], 44Ca [30] and 24Zr [31] is of the same order of magni-
tude of the cross section to the ZT state (03-/02+ = 0.5-1). We
therefore propose a spin-parity assignment of 37 for the state at
3210 keV, consistent with the systematics of 3] excitation ener-
gies in stable tin isotopes [28]. The state at 2300 keV is weakly
populated so its feeding contribution is negligible. Nevertheless, it
was clearly observed in coincidence with the 1260 keV transition
and therefore assigned to a 22+ state on the basis of systematics of
heavier tin isotopes. The measured cross sections for 194Sn inelas-
tic scattering on H are 5.4(24), 4.2(8)(*9,), 1.7(9) and 3.9(14)("(°)
mb for 2, 4], 25 and the proposed 3] states, respectively. The
systematic error of 1 mb accounts for the possibility that the
3210 keV state feeds the 4}L state via a 1280 keV transition that we
cannot completely rule out due to the proximity with the strong
1260 keV transition. The cross sections on the C target for the
same states are 18.6(41), 3.5(13), 0.88(155) and 5.0(27) mb. If one
believes the proposed 3] spin-parity assignment of the 3210 keV
state, this state lies higher energy with respect to the 3] states
measured for A > 110. Its excitation energy of 3210 keV is in good
agreement with the prediction of [18].

Fig. 3 shows 2% and 3~ experimental excitation energies com-
pared to theoretical values. The latter are obtained from consis-
tent Hartree-Fock-Bogoliubov + QRPA calculations [32] using the
Gogny D1M interaction [33]. The Gogny D1M interaction param-
eters are fitted to all measured masses, with the constraints to
provide reliable nuclear matter and neutron matter properties and
also radii, giant resonance and fission properties for a selected set
of nuclei. The excitation energy of ZT states is correctly repro-
duced. The calculated 3] excitation energies overestimate the ex-
perimental values by a roughly constant factor. This remains valid
for our 1%4Sn measurement, if one believes the proposed spin-
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Fig. 3. (Color online.) Systematics of 2+ and 3~ excitation energies in tin isotopes
from experiment and HFB + QRPA calculations using the Gogny D1M interaction.

. Mp 0" ->2"
0.4+1 A Mn 7
0.2} B @ R 4 g :
)
8 T
N
g 02f 03 ]
=
ui
01} . ]

100 104 108 112 116 120
A

Fig. 4. M;, () and M; (A) from QRPA calculations with the Gogny D1M interaction
compared to experimental My (V: RIKEN [14], o: NSCL [9,13], x: GSI Doppler Shift
Attenuation Method [34], A: GSI Coulomb excitation [6,10-12], o: ISOLDE [7,8], [J:
NNDC [28]). Top: ZT. Bottom: 3] . Experimental M, values are taken from the liter-
ature [22].

parity assignment. Thus both experimental and theoretical values
would suggest a 3] excitation energy rise towards 100gp,

M, and M, of the transitions from the ground state to the ZT
and 3] states obtained within this same theoretical framework
are shown in Fig. 4. Both M, and M, to the ZT state display a
maximum of collectivity at 11°Sn and a minimum at 192Sn, while
experimental data show a rather flat dependence on mass between
1065n and 122Sn. An increase of collectivity with decreasing mass
until 1%Sn was already predicted by relativistic QRPA calculations
[17]. We note that DIM QRPA Mp’s to the 2] of '941%sn are in
agreement with recent measured values [14,9]. M, and M, to the
3] state decrease linearly from A =120 to A = 102. This loss of
collectivity is consistent with the high 3 state excitation energy
in 1%4Sn measured in this experiment. This calculation shows that
neutron collectivity is the dominant contribution to the ZT and
3] configurations, as expected in proton-magic isotopes. More im-
portantly, these M, and M, values show that the trend of proton
collectivity follows the neutron one, except for the doubly magic
nucleus 9°Sn, The maximum of collectivity predicted at A =110
and the drop at A = 102 indicate that the proton configuration
is influenced by neutron excitations. Such a change in both pro-
ton and neutron collectivity from '2Sn to '94Sn appears in our
measured inelastic cross section in conjunction with the B(E2):
the ZT inelastic excitation cross section decreases by 40(24)% from
9.1(38) mb ('12Sn) to 5.4(24) mb (1%4Sn), while the B(E2) value
evolves by 26(12)% from 0.240(14) e?b? to 0.176(22) e?b? [13,14].

In order to give credit to this interpretation, we calculated
(p, p’) inelastic cross sections within a parameter free approach.
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Fig. 5. Differential proton inelastic cross sections. Calculated cross sections from the
JLM convolution model (full curves) are compared to experimental data (symbols)
for the incident energy 133.8 MeV for ''6Sn [37] and 103.5 MeV for '20Sn [38].

This formalism uses one body neutron and proton local transition
densities from QRPA and the semi-microscopic JLM potential [35].
The JLM potential is well suited for inelastic scattering on spheri-
cal and near-spherical nuclei with mass 40 < A < 209 at energies
up to 200 MeV/u [36]. First, to estimate the uncertainty related to
calculated inelastic cross sections, we compare theoretical and ex-
perimental differential cross sections for 116:120sp for the first 2+
and 3~ states. As seen from Fig. 5, predicted angular distribution
shapes and magnitudes are in good agreement with measurements
without using any normalization factor. We roughly estimate that
this agreement is typically within 20%.

Even though M, values are routinely extracted from such stud-
ies, we choose here to discuss only cross sections since only these
are observables. Our choice is motivated by the difficulty to as-
sess uncertainties from reaction models. We therefore acknowledge
that the following discussion, even though benchmarked on stable
nuclei data and performed with care, depends on the details of the
chosen reaction model.

Angle integrated calculated cross sections are then compared to
the experimental data from this work in Table 1. A good agree-
ment is observed for the population of the 2;“ and 37 states both
for the 112Sn benchmark and the 194Sn case. This consistency gives
significant credit to (i) the decrease by a factor ~2 of M, for
the 07 — 2t transition going from the stable 112Sn to 1%4Sn and
(i) the predominance of My over M, for all Sn isotopes from sta-
bility to 192Sn predicted by QRPA calculations. Note that the second
conclusion differs from [14] where the nuclear contribution was
roughly estimated from a macroscopic model as a correction to
the Coulomb scattering cross section.

One may argue that the calculated M values are different from
the measured ones for some tin isotopes (e.g. 112Sn) and such an
effect may impact our conclusions. We therefore performed addi-
tional cross section calculations only for 12Sn (since for 194Sn the
measured and calculated M, coincide) by keeping fixed the theo-
retical M, and renormalizing M, to the experimental value. This
yields 5.8(12) and 3.4(7) mb for the cross section to the ZT and
the tentatively assigned 37 state, respectively. The effect is siz-
able but conclusions are conserved: the decrease of the inelastic
cross section is still predicted in agreement with the strong M,
reduction. Indeed, a simple relation exists between the inelastic
scattering cross section ojpe and My, p:

Oinel o (by x My +bp X Mp)2 (1)

where by , are the neutron and proton field strengths [20].
In the present work, the ratio of inelastic cross sections to
the 2% of 112Sn and 1%4Sn is 1.7(10), while the ratio of theoreti-

Table 1

Gamma-transition energies and extracted inelastic scattering cross sections for ex-
cited states in ''2Sn and '94Sn. Spin-parities displayed between parentheses are
those suggested by the present analysis. Theoretical cross sections from QRPA cal-
culations with the Gogny D1M interaction are shown for comparison.

125n on H

1 Eex (keV) E, (keV) Oexp (Mb) oy, (mb)
2t 1245 1245(15) 9.1(38) 6.5(13)
o 2175 930(30) 4.0(24) <0.1
4f 2230 985(30) 3.6(26) 1.8(4)
3 2335 1090(30) 4.6(20) 3.6(7)
1045n on H

1 Eex (keV) E, (keV) Oexp (mMb) oy, (mb)
2t 1260 1260(15) 5.4(24) 3.2(6)
4} 1930 670(20) 42(8)° 1) 0.7(1)
2 2300 1040(20) 1.8(9) 0.3(1)
37) 3210 1950(50) 3.8(14)(F1%) 3.0(6)

cal estimates is 2.0(6). The strengths of proton and neutron fields
are known to be proportional, with a factor that depends on the
kind of probe and the beam energy [21]. We have calculated this
value for several beam energies and found that the factor b,/b,
is 2.0-2.5 at beam energy of ~ 130 MeV/u, while it approaches 3
at lower beam energies (10-50 MeV/u), in agreement with exper-
imental findings [21]. Therefore, relation (1) can then be approx-
imated by ojne ~ b3 x (2.25 x My 4 Mp)2. If we use this simple
relation, we expect a reduction of the cross section to the 27 state
by a factor 2.8(7) going from 12Sn to 194Sn, Within the error bars,
the ratios are still consistent confirming the robustness of the in-
formation extracted from inelastic scattering cross sections.

In summary, we measured the inclusive proton-induced inelas-
tic scattering of low lying states in 194Sn, the first measurement
of this kind in a light tin isotope. We performed a similar mea-
surement with 12Sn as a benchmark. We tentatively identify the
transition at 1950(50) keV in 1%4Sn with the decay of a 3~ state at
3210(50) keV, the first one observed in neutron deficient tin iso-
topes. The measurement is at the limits of feasibility, due to the
low, although most intense worldwide, 1%4Sn beam intensity. We
have performed QRPA calculations with the Gogny D1M interac-
tion and adopted them as input for the cross section calculation
using the JLM convolution model. The QRPA calculations display a
dominance of neutron over proton collectivity, with M,/M, =1.4
and 1.6 for 1941125n(2+). We have observed a reduction in the
population of the 27 state from '12Sn to '%4Sn, in agreement with
predictions. This gives credit to the interpretation of a strong neu-
tron collectivity (M) reduction from '2Sn to 1%4Sn. The predicted
isoscalar excitation of protons and neutrons suggests that the M,
(L = 2) plateau observed from stable tin isotopes to 1%Sn is in-
duced by an increased neutron collectivity.
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