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Abstract: We propose to study states in the isotope 135Sn populated by a 134Sn(d,p) one-

neutron transfer reaction at 10 MeV/u in inverse kinematics. The experimental set-up will

consist of MINIBALL and T-REX. We aim for the identification excited states in this nucleus

for the first time. Excitation energies, spin-parity assigmentments and spectroscopic factors

extracted from the data will allow for a stringent test of predictions by state-of-the-art shell

model calculations in this region.

Requested shifts: [24] shifts, (split into [1] runs over [1] years)
Installation: [MINIBALL + T-REX]
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1 Physics case

The understanding of doubly-magic shell closures is the benchmark for any nuclear theory.
On the neutron-rich side of the nuclear chart, the region around 132Sn is the focus of many
efforts in both experimental and theoretical nuclear physics. Additional interest comes
from nuclear astrophysics as the r-process1 approaches 132Sn from the neutron-rich N = 82
waiting point nuclei, and then proceeds along the Z = 50 isotopic chain towards more
neutron-rich nuclei. Masses, β halflifes and (n,γ) rates, all directly linked to the nuclear
structure of the involved isotopes, are crucial inputs for the description of the A ≈ 130
peak in the solar element abundances [1, 2]. Extrapolation towards heavier Sn isotopes
therefore requires a strong anchor point at the doubly-magic 132Sn. First spectroscopy
and neutron spectroscopic factors for 135Sn will therefore serve as a benchmark for nuclear
theory and also give important information on the direct neutron capture process.
Our programme to investigate the nuclear structure in this region at HIE-ISOLDE is
sketched in our LoI which has been endorsed by the INTC in 2010 [4]. Based on this,
experiments to study the collective properties by Coulomb excitation have been approved,
e.g. 134,136Sn (IS549), or even performed, e.g. 142Xe (IS548) or 132Sn (IS551).
Single-particle properties are investigated most directly by nucleon transfer reactions, e.g.
(d,p), closely related to (n, γ) neutron capture, or (t,p). Main observables are the cross
sections as well as the energies and the angular distributions of the outgoing protons which
allow for the determination of excitation energies, transferred angular momenta and spec-
troscopic factors. For heavy beams around 132Sn well-pronounced angular distributions
require beam energies of 10 MeV/u as they become available at HIE-ISOLDE in 2018.
Transfer reactions in this region have been pioneered at Oak Ridge National Laboratory
some years ago [5]. The reaction 132Sn(d,p) has been investigated at a beam energy of
4.77 MeV/u detecting only the emitted protons. The ground state and 3 excited states
with excitation energies of 854 keV, 1363 keV, and 2005 keV were populated. The energy
resolution was just sufficient to resolve these states. Although the angular distributions
of the emitted protons were rather smooth at this beam energy, for the two lowest states
an assignment of the transferred orbital angular momentum to be ∆` = 1 or 3 was
possible. Guided by shell model predictions spin-parity assignments of 7/2− and 3/2− for
the ground state and the first excited state could be concluded. The tentative (1/2−) and
(5/2−) assigments for the other two excited states as the respective spin-orbit partners
are reasonable, but experimentally not confirmed. The (9/2−) candidate at 1561 keV
was not populated (or only weakly populated and therefore not resolved within the given
energy resolution). Theory expects also two further states with 11/2− and 13/2+. The
11/2− state was found at 3570 keV recently populated in one-neutron knockout from
134Sn and turned out to be neutron-unbound (Sn = 2402 keV) [6]. However, a γ-branch
to the ground state of 133Sn was observed nevertheless. Being a hole-state in the N = 82
neutron core, it is not populated in one-neutron transfer anyway.
Excited states in 133Sn have been also observed by detecting γ-rays following a 132Sn(9Be,
8Be) one-neutron reaction [7]. Here, no sensitivity on the transferred orbital angular

1In 2017, for the first time observations confirmed a binary neutron star merger as an astrophysical
site of the r-process with the light curves as indicator for the composition of isotopes produced and their
decay [3].
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Figure 1: Shell model predictions for 135Sn with 3 different interactions (see text). The
length of the coloured bars for each level corresponds to the spectroscopic factor.

momentum exists. Due to the more complicated wave function, in particular the α cluster
structure of C (and Be, see below), the extracted (relative) spectroscopic factors may be
affected. In addition to the states populated in (d,p), with much smaller intensities γ-rays
depopulating the (9/2−) state as well as a few counts which may indicate the “missing”
13/2+ state to be at 2792 keV have been observed. These complete the expected level
scheme for 133Sn.
The region north-east of 132Sn has been studied at Oak Ridge as well by (9Be, 8Be) and
(13C,12C) reactions on the more abundant beams of 134Te and (stable) 136Xe at 4.2 MeV/u
and 4.1 MeV/u, respectively [8]. The higher statistics allowed not only for particle-γ-γ
coincidences but also for particle-γ angular correlations giving further confidence in the
spin-parity assignments. Noteworthy, the properties of the 3 excited states populated
in 137Xe only partially agree with states among the 18 excited states from 136Xe(d,p) in
inverse kinematics at 10 MeV/u performed at Argonne National Laboratory [9].
In conclusion, transfer reactions, in particular (d,p), are a valuable tool to populate states
in exotic nuclei in this region2 and the combination of a particle detector with large angular
coverage to detect the protons witn an efficient HPGe array to detect γ-rays in coincidence
is the most powerful instrumentation.
Experimentally, no excited state in 135Sn is known so far. Fig. 1 shows the shell
model predictions obtained with 3 different interactions concerning the neutron sector
[10, 11, 12] which are used in this region of the nuclear chart3. For clarity, only states
with a spectroscopic factor larger than 0.1 are plotted. The excitation energies of the first
two excited states don’t differ much, whereas for the next states, i.e. the 5/2− and the the

2For completeness: spectroscopic information for even Sn isotopes beyond 132Sn is known from
Coulomb excitation of 134Sn [19] and isomer decays in 134,136,138Sn [20, 25].

3Other calculations with similar predictions can be found in Refs. [23, 13].
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9/2−, even the ordering is predicted differently. Only one of the interaction predicts the
13/2+ state to be bound (Sn(135Sn) = 2271 keV). However, also if unbound its γ-decay
may be observed (as for the 11/2− and 13/2+ states in 133Sn). The length of the coloured
bars shows the respective spectroscopic factors. Mostly, the values are well above 0.5
indicating that a strong population of these states can be expected. The fragmentation
of the 5/2− strength predicted by one of the calculations is a noteable exception.
Various approaches have been used to generate shell-model interactions capable of predic-
iting the behavior of neutron-rich nuclei beyond N = 82. Calculations with empirical
interactions even predict a new shell closure at N = 90 when the νf7/2 orbital is filled,
e.g. Ref. [22]. Such an effect is not found in calculations with realistic interactions based
on nucleon-nucleon potentials, e.g. Refs. [23, 21]. Including three-body forces, the new
shell closure occurs with realistic interactions too [24].
Shell model calculations need, apart from a set of interaction matrix elements, also spec-
troscopic information from the nuclei neighbouring the doubly-magic cores. E.g. the
region north-east of 132Sn requires the single-particle energies of states in 133Sn and 133Sb
as input. The validity of the calculations can be tested only with nuclei further away from
the core and therefore, keeping the magic closure at Z = 50, the spectroscopy of 135Sn is
the straightforward challenge for the predictive power towards neutron-rich isotopes.
The structure of the Sn isotopes is particularly important to test the neutron-neutron part
of shell-model interactions as proton-proton and proton-neutron terms do not contribute
at low energies and, therefore, low-lying states have a pure neutronic character. The
results of the proposed experiment will aid the understanding of the evolution of neutron-
neutron two-body matrix elements in nuclei with large neutron excesses.

2 Experimental method and set-up

We will apply the method of particle spectroscopy in combination with γ-ray spectroscopy
following a one-neutron (d,p) transfer reaction. The set-up will consist of MINIBALL [29]
and T-REX [30]. This set-up with T-REX in slightly differing configurations adapted to
the particular experiment has been successfully used to study transfer reactions at REX-
ISOLDE, e.g. Refs. [14, 15, 16, 17, 18].
Fig. 2 shows the calculated angular distributions of the protons following the 134Sn(d,p)
(Q0 = 45.2 keV) reaction in inverse kinematics at 10 MeV/u. The optical model param-
eters from Ref. [32] have been used. The main part of the transfer cross section is in the
backward hemisphere in the laboratory system (Fig. 2, right). The transferred orbital
angular momenta ∆` = 1 and 3 are clearly distinguishable. Even for the large ∆` = 5
and 6, a different slope above 100◦ in the lab system is easily seen (Fig. 2, right).
The higher beam energy at HIE-ISOLDE compared to our previous experiments at REX-
ISOLDE results in larger energies of the detected particles. In forward direction, most
elastically scattered deuterons, needed to adapt the optical model parameters and to
determine the normalisation luminosity, as well as protons from the reaction are not
stopped in the present T-REX configuration. Our simulations have shown that measuring
twice an energy loss is sufficent to determine the energy and identify the particle. As in
previous experiments, a thin mylar foil will be placed in front of the forward detectors to
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Figure 2: Angular distributions of protons following the 134Sn(d,p) reaction at 10 MeV/u.
Excitation energies and spectroscopic factors are calculated with the cw5082 interaction.

stop elastically scattered 12C ions from the target.

The weakest point of T-REX in its present implementation are the backward barrel de-
tectors (100◦ < ϑLab < 150◦) because of their low segmentation and large sensitivity to
noise, pickup and δ-electrons. For the proposed experiment this angular region is essential
(see Fig. 2, right). We will replace them by segmented Si strip detectors. The detectors
are available from another experiment [28] and are compatible once the internal hold-
ing structure of T-REX is appropriately modified. The improvement can be seen in the
results from a full GEANT simulation in Fig. 3 with a 1 mg/cm2 target4. Some levels
populated in the reaction are clearly resolved, even without the help of coincident γ-rays.
The protons from the 134Sb(d,p) reaction will be detected too, at higher energies because
of the larger Q0 = 1516.5 keV.

Backward 
Barrel

Backward 
CD

Figure 3: Simulated proton energy versus scattering angle in the laboratory system.

From the experience with 132Sn (IS551, 2016) [26], we expect only Sb as contamination.
As the Sn/Sb production ratio at A = 134 is less favourable compared to A = 132

4For clarity, only the first 4 states as predicted with the cw5082 interaction have been included.
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(measured value for beam on target was 2.18), we expect a rather large contamination.
In addition, the isotope 134Sn (T1/2 = 1.06 s [27]) will decay to a small amount during
trapping and breeding to 134Sb, about 10 %. Similar values have been measured for 142Xe
(T1/2 = 1.23 s) during the IS548 campaign in 2016.
The separation of isobars of two neighbouring elements with A = 134 is on the edge of
the capability of the IC-Si telescope in the beamdump. The beam composition will be
determined from the characteristic γ-rays from the decay of the Sn and Sb isotopes too.
Occasionally, the beam may be stopped at the target position within MINIBALL.

3 Rate estimate and beam time request

The Sn isotope is produced with a standard UCx/graphite target irradiated with the
proton beam from the PS Booster. In order to eliminate the Cs contamination, as used in
experiment IS551 (2016), we will extract SnS+ molecules which will be cracked afterwards
in the EBIS [33]. Natural sulphur contains the isotopes 32,33,34,36S (94%, 0.75%, 4.2%,
0.02%). To produce 134Sn, a A = 166 beam would contain 134Sn32S+ but also a strong
contamination from the more abundant Sn isotope, hence 132Sn34S+. Therefore, we will
use isotopically enriched 34S and produce a very clean A = 168 beam containing only
134Sn34S+ molecules [33]. Newer developments of the ISOLDE target group with the
VADIS ion source enable a yield of about 105/µC for 134Sn [34].
The isotope 134Sn decays subsequently to the stable Xe isobar. The decay products
involved with longest half-lifes are 134I (52 min) and 134Te (41.8 min). Therefore, activation
by long-lived decay products is no issue for the experiment and radiation protection.
Assuming a proton current of 2 µA and, conservatively, an efficiency of HIE-ISOLDE of
5% the expected beam intensity will be 104/s. We require the slow extraction from the
EBIS to reduce the instantaneous particle rate.
Assuming a standard deuterated PE target of 1 mg/cm2 thickness the count rate per 1 mb
of cross section and 104/s incoming particles is 650/day. The integrated cross section for
the region covered by the backward barrel of T-REX is about 2-8 mb (taking into account
a reduction of the spectroscopic factors by a factor of 0.7). Dividing the data set into
6-10 angular bins results in about 300 counts per bin and day. In 8 days of beam time, a
statistical error per bin of 2% can be achieved.
However, in most cases the coincident γ-rays are needed to separate the states and to
determine, in particular in 135Sn the exact excitation energies. New γ-rays not belonging
to 135Sb, whose level scheme is well known from decay spectroscopy at ISOLDE [35, 36],
in coincidence with protons having the corrrect kinematics unambiguously assign these to
135Sn. The rates for proton-γ coincidences will be, depending on the energy of the γ-ray,
by a factor of about 10-30 smaller. Hence, the statistical error per bin will be around
10% (assuming only one decay branch), which is sufficient to distinguish the different
orbital angular momentum transfers ∆` (see Fig. 2, right). In case, if a weak transition is
observed or if γ-γ-coincidences turn out to be helpful from the online analysis, a thicker
target can be used for a limited time too.

Summary of requested shifts: we request 8 days (24 shifts) of 134Sn beam.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (MINIBALL + T-REX )

Part of the Availability Design and manufacturing

(if relevant, name fixed ISOLDE
installation: [MINIBALL + T-
REX]

� Existing � To be used without any modification

[MINIBALL]

� Existing � To be used without any modification
2 To be modified

2 New 2 Standard equipment supplied by a manufacturer
2 CERN/collaboration responsible for the design
and/or manufacturing

[CD]

� Existing � To be used without any modification
2 To be modified

2 New 2 Standard equipment supplied by a manufacturer
2 CERN/collaboration responsible for the design
and/or manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards
named in the document relevant for the fixed [MINIBALL + T-REX] installation.

Additional hazards:

Hazards [Part 1 of experiment/
equipment]

[Part 2 of experiment/
equipment]

[Part 3 of experiment/
equipment]

Thermodynamic and fluidic

Pressure [pressure][Bar], [vol-
ume][l]

Vacuum

Temperature [temperature] [K]

Heat transfer

Thermal properties of
materials

Cryogenic fluid [fluid], [pressure][Bar],
[volume][l]

Electrical and electromagnetic

Electricity [voltage] [V], [cur-
rent][A]

Static electricity

Magnetic field [magnetic field] [T]

Batteries 2
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Capacitors 2

Ionizing radiation

Target material [mate-
rial]

Beam particle type (e,
p, ions, etc)

Beam intensity

Beam energy

Cooling liquids [liquid]

Gases [gas]

Calibration sources: 2

• Open source 2

• Sealed source 2 [ISO standard]

• Isotope

• Activity

Use of activated mate-
rial:

• Description 2

• Dose rate on contact
and in 10 cm distance

[dose][mSV]

• Isotope

• Activity

Non-ionizing radiation

Laser

UV light

Microwaves (300MHz-
30 GHz)

Radiofrequency (1-300
MHz)

Chemical

Toxic [chemical agent], [quan-
tity]

Harmful [chem. agent], [quant.]

CMR (carcinogens,
mutagens and sub-
stances toxic to repro-
duction)

[chem. agent], [quant.]

Corrosive [chem. agent], [quant.]

Irritant [chem. agent], [quant.]

Flammable [chem. agent], [quant.]

Oxidizing [chem. agent], [quant.]

Explosiveness [chem. agent], [quant.]

Asphyxiant [chem. agent], [quant.]

Dangerous for the envi-
ronment

[chem. agent], [quant.]

Mechanical
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Physical impact or me-
chanical energy (mov-
ing parts)

[location]

Mechanical properties
(Sharp, rough, slip-
pery)

[location]

Vibration [location]

Vehicles and Means of
Transport

[location]

Noise

Frequency [frequency],[Hz]

Intensity

Physical

Confined spaces [location]

High workplaces [location]

Access to high work-
places

[location]

Obstructions in pas-
sageways

[location]

Manual handling [location]

Poor ergonomics [location]

Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): [make a rough estimate of the total power consumption of the additional equip-
ment used in the experiment]
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