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| Abstract

Multinucleon-transfer reactions are a competitive and promising tool to provide access to hard-to-reach
and exotic nuclei. In the present work, reaction products in the 136Xe + 238U multinucleon-transfer
reaction at 1 GeV were investigated employing the high-resolution position-sensitive γ-ray track-
ing array AGATA coupled to the large-solid-angle mass spectrometer PRISMA at the Laboratori
Nazionali di Legnaro (INFN, Italy). Beam-like reaction products were identified and selected by the
PRISMA spectrometer. Recoils and fission fragments were tagged by DANTE micro-channel plate
detectors installed within the scattering chamber. Fission and transfer events are discriminated by
exploiting kinematic coincidences between the binary reaction products. Mass yields and relative
cross-section distributions are extracted and compared with calculations based on the GRAZING
model for multinucleon-transfer reactions. Furthermore, population yields for nuclei in the actinide
region are obtained and compared to X-ray yields measured by AGATA. Perspectives and limitations
for the production of the hard-to-reach neutron-rich isotopes are discussed. A Doppler correction
for the target-like nuclei enables γ-ray spectroscopy of the heavy reaction partner. Nuclear structure
information of neutron-rich actinide nuclei are a benchmark for theoretical models providing predic-
tions for the heaviest nuclei. An extension of the ground-state rotational band in 240U is achieved
and evidence for an extended first negative-parity band in 240U is found. The results are compared to
recent mean-field and density-functional theory calculations. Furthermore, multinucleon-transfer
reactions are a gateway to nuclei in the vicinity of the Z = 50 and N = 82 shell closures. Nuclei
in this region serve as a benchmark for nuclear shell-model calculations based on modern effective
interactions, but are difficult to populate due to a lack of suitable beam-target combinations. Excited
reaction products were measured after multinucleon transfer in 136Xe + 238U at 1 GeV and 136Xe +
208Pb at 930 MeV with the AGATA tracking array coupled to PRISMA at LNL (INFN, Italy) as well as
in the 136Xe + 198Pt multinucleon-transfer reaction employing the high-efficiency γ-ray spectrometer
GAMMASPHERE in combination with the gas-detector array CHICO at LBNL. Moreover, Xe and
Ba isotopes were populated in fusion-evaporation reactions using the HORUS γ-ray array at the
University of Cologne. The high-spin level schemes of 132Xe, 133Xe, 134Xe, 135Xe and 137Ba were
considerably extended to higher energies. The 2058-keV state in 135Xe is identified as a 9.0(9)-ns
isomer, closing a gap in the systematics along the N = 81 isotones. Latest shell-model calculations
reproduce the experimental findings. The experimentally-deduced reduced transition strengths of
the isomer decays are compared to shell-model predictions. A detailed picture of the lower-mass
N ≤ 82, Z ≥ 50 region of the Segrè chart is drawn. Another part of this thesis covers double-sided
silicon strip detectors (DSSSD) which are employed for the detection of charged particles providing
position and energy information. Intersecting areas of both p- and n-side strips form individual pixel
segments resulting in a high detector granularity. However, due to limitations in fabrication and
the response of the readout electronics, the performance of different channels may vary. Typically,
charged particles do not illuminate homogeneously the detector surface during in-beam experiments.
Consequently, radiation damages of the detector are distributed non-uniformly. Position-resolved
charge-collection losses for front- and back-side segments were investigated for an in-beam exper-
iment and by performing radioactive source measurements. A novel position-resolved calibration
method for radiation-damaged DSSSDs, based on mutual consistency of p-side and n-side charges,
was developed. It yields a significant enhancement of the energy resolution and the performance of
radiation-damaged parts of the detector.
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| Zusammenfassung

Multinukleontransferreaktionen sind ein vielversprechender Zugang zur Produktion schwer zugängli-
cher und exotischer Atomkerne. Der erste Teil der Arbeit umfasst eine Reaktionsstudie zur Schwe-
rionenkollision zwischen 136Xe und 238U bei einer Strahlenergie von 1 GeV, durchgeführt mit dem
hochauflösenden und positionssensitiven Gamma-Tracking-Array AGATA am Laboratori Nazionali di
Legnaro (INFN, Italien). Strahlähnliche Reaktionsprodukte wurden mit dem Massenspektrometer
PRISMA identifiziert und selektiert. Targetähnliche Teilchen und Spaltfragmente wurden mittels
DANTE-Mikrokanalplattendetektoren innerhalb der Strahlkammer detektiert. Kinematische Koinzi-
denzen zwischen den verschiedenen Reaktionsprodukten erlauben eine Diskriminierung zwischen
Spaltung und erwünschtem Multinukleontransfer. Massenspektren und relative Wirkungsquerschnitte
wurden aus den Daten extrahiert und mit Modellrechnungen des GRAZING-Codes verglichen. Die
Ausbeute an überlebenden Aktinidenkernen wurde mit der von AGATA gemessenen Röntgenstrah-
lung, einem charakteristischen Fingerabdruck des jeweiligen Elements, verglichen. Die Diskussion
der Ergebnisse zeigt Perspektiven und Limitierungen für die Produktion von schwer zugänglichen
neutronenreichen Isotopen in der Aktinidenregion auf. Die Kernstruktur neutronenreicher Aktinide ist
eine wichtige Richtgröße zur Bewertung theoretischer Modelle zur Beschreibung schwerster Transak-
tinide. Die Grundzustandsbande von 240U konnte zu höheren Energien erweitert werden. Weiterhin
gelang der Nachweis einer negativen Paritätsbande. Die Ergebnisse werden mit jüngst publizierten
Mean-Field- und Funktionaldichtetheorie-Rechnungen verglichen. Multinukleontransferrreaktionen
eignen sich ebenfalls als Zugang zu Kernen in der Region der magischen Schalenabschlüsse bei
Z = 50 und N = 82. Kerne nordwestlich von 132Sn sind wichtige Prüfmarken für moderne effektive
Schalenmodellinteraktionen. Bedingt durch das Fehlen geeigneter Strahl-Target-Kombinationen ist
die Produktion dieser Kerne jedoch oftmals sehr anspruchsvoll. Multinukleontransfer-Experimente
an AGATA+PRISMA (136Xe+ 238U sowie 136Xe+ 208Pb), und an GAMMASPHERE+CHICO am LBNL
(136Xe+ 198Pt) erlauben eine detaillierte Spektroskopie von diversen schwer zugänglichen Isotopen
in dieser Region der Nuklidkarte. Ferner wurden Xenon- und Bariumisotope mittels Fusionsver-
dampfungsreaktionen am HORUS-Aufbau an der Universität zu Köln spektroskopiert. Die Hochspin-
Termschemata von 132Xe, 133Xe, 134Xe, 135Xe und 137Ba wurden signifikant zu höheren Energien
erweitert. Im Kern 135Xe wurde der Zustand bei 2058 keV als Isomer mit einer Halbwertszeit von
9.0(9) ns identifiziert. Dieses Ergebnis schließt eine letzte verbliebene Lücke in der Systematik der
Isotonenkette mit Neutronenzahl N = 81 und ergibt ein detaillierteres Bild der Isotopenregion. Die ex-
perimentell bestimmten reduzierten Übergangswahrscheinlichkeiten der isomeren Zustände werden
mit Vorhersagen von Schalenmodellrechnungen konfrontiert. Ein weiterer Teil der Arbeit behandelt
doppelseitig segmentierte Siliziumstreifen-Detektoren, welche in der Niederenergie-Kernphysik häufig
zur Detektion geladener Teilchen eingesetzt werden. Diese Detektoren stellen nicht nur eine Energie-,
sondern auch eine Ortsinformation mit hoher Detektorgranularität zur Verfügung. Überkreuzende
Flächen von p- und n-dotierten Streifen formen hierbei einzelne Pixel. Bedingt durch Fabrikations-
beschränkungen und Limitierungen der Ausleseelektronik kann die Leistungsfähigkeit einzelner
Kanäle drastisch variieren. Weiterhin illuminieren geladene Teilchen die Detektoroberfläche nicht
gleichmäßig. Dies kann zu inhomogenen Strahlenschäden führen. Positionsabhängige Verluste bei der
Ladungssammlung werden in einem In-Beam-Experiment sowie in einem dedizierten Testexperiment
durch Bestrahlung mit einem radioaktiven Präparat untersucht. In diesem Zusammenhang wurde
eine neuartige positionsabhängige Kalibrierungsmethode entwickelt, die auf der wechselseitigen
Abhängigkeit der Ladungssammlung in der jeweils p- und n-dotierten Detektorseite beruht. Diese
Kalibriermethode erzielt eine signifikante Verbesserung der Energieauflösung und Messbefähigung
von strahlengeschädigten Teilen des Detektorsystems.
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| Introduction

1.1 Nuclear reactions close and above the Coulomb barrier

Collisions between heavy ions close and above the Coulomb barrier yield a vast and diverse spectrum

of reaction modes. Nuclear reactions can be classified by timescales, involved masses and kinetic

energies, and by the impact parameter b. Simplified sketches of the different reaction mechanisms with

varying penetration energy and impact parameter are given in Fig. 1 and in Fig. 2. Elastic Rutherford

scattering and Coulomb excitation dominate for distant collisions, i.e. large impact parameters. If the

energies of the colliding nuclei do not reach the Coulomb barrier, the trajectories are mostly governed

by the electromagnetic interaction and are calculable with a high precision [1, 2].

At low impact parameters, a di-nuclear system is formed as a basic transitional stage between the

entrance channel and the formation of reaction products [4]. At this initial phase of the reaction,

the two fragments are linked by a neck [5]. In a head-on collision scenario at energies above the

Coulomb barrier, fusion-evaporation reactions take place. The projectile is incorporated into the

target nucleus and a hot compound nucleus, in which all degrees of freedom are populated, is formed.

This highly-excited system reaches thermodynamic equilibrium in timescales of t > 10−20 s and,

subsequently, within 10−15 s, it evaporates nucleons and high-energy γ rays until the excitation energy

is smaller than the particle-separation energy above the yrast line [6]. Depending on the number of

emitted particles, various residual nuclei are populated which may further decay via γ-ray emission.

Formation and decay of the compound nucleus are independent; the initial identities of projectile

and target are lost. The excitation energy depends on the initial kinetic energy and the Q value

Inelastic scattering
(Coulomb excitation)

Elastic (Rutherford) scattering

Complete fusion

Deep-inelastic transfer
& incomplete Fusion

Quasi-elastic scattering

b

Figure 1: Reaction channels depending on the impact parameter. In the two regimes of multinucleon
transfer, quasi-elastic and deep-inelastic transfer, beam- and target-like fragments retain a
partial memory of the initial reaction channel. Production cross sections are maximized
around a reaction-specific grazing angle. Adapted from Ref. [3].
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Figure 2: Regimes of nuclear reactions between heavy ions. Quasi-elastic reactions, deep-inelastic
transfer and quasi-fission processes happen within small timescales in the early stages of
the reaction, the so-called di-nuclear phase. Fusion-evaporation or fusion-fission reactions
require the formation of a compound system. See text for details.

for the compound formation. If the transferred angular momentum is above a certain critical limit

given by the mass of the compound nucleus, the compound system might also undergo fission. To be

differentiated from this statistical fission is the so-called quasi-fission (QF) process [7] which occurs

in the early di-nuclear stage of the collision in non-equilibrium before forming a compound nucleus:

a nucleon transfer occurs from the heavy fragment toward the lighter one and the two fragments

re-separate with a greater mass symmetry than in the initial entrance channel.

Between the two extremes of elastic scattering and fully-damped collisions leading to compound

nuclei, there is a wealth of partially-damped inelastic collisions at intermediate impact parameters that

are often referred to as multinucleon-transfer reactions [8]. Two regimes, nonetheless transitional

in nature [9–12], can be distinguished: (i) quasi-elastic processes including inelastic scattering and

the transfer of few nucleons, accompanied by small energy losses and (ii) deep-inelastic reactions

with smaller impact parameters enabling larger-scale nucleon flow between the fragments. Latter is

characterized by high values of total kinetic energy loss. Generally, essential features are the transfer

of nucleons (from simple one-step transfers to complicated multistep reactions) and the partial

conversion of kinetic energy of the projectile into internal excitation energy of the reaction residues.
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The collisions keep the binary character of the system and the ejectiles retain some resemblance

with the initial nuclei. Therefore, the reaction products are often called beam- and target-like

fragments. There is a fast redistribution and rearrangement of nucleons among the colliding nuclei

(N/Z equilibration), governed by strong driving forces associated with surface modes, single-particle

degrees of freedom and tunneling probabilities in the di-nuclear complex. The reactions take place

within approx. 10−22 s [6], similar to transfer reactions utilizing very light ions.

Since multinucleon-transfer reactions are peripheral collisions, the relative-motion angular momentum

is dissipated into intrinsic spin of the reaction partners, although not as efficiently as in fusion-

evaporation reactions. Experimentally, a precise knowledge of the grazing angle θgrazing is crucial

since it is the scattering angle at which the binary reaction cross section is maximized, rather than the

ones of inelastic Coulomb or elastic interactions. Thus, to properly measure the highest production

yields of reaction products, the solid-angle of a mass spectrometer measuring either of the reaction

partners should cover a range around that specific angle. θgrazing is approximated as the scattering

angle that corresponds to the impact parameter when the two nuclei are just touching each other.

There, the distance d is the sum of the radii of the nuclei participating in the reaction:

d =

�

Zt Zpe2

4πε0Ekin

��

1+ csc
θgrazing

2

�

≈ 1.2
�

A1/3
t + A1/3

p

�

[fm] (1.1)

Zpe and Zt e correspond to the nuclear charges of the projectile and the target, Ap and At are their

respective masses. Ekin is the kinetic energy of the impinging beam. The angular distributions

of the reaction products are bell-shaped around the grazing angle [14, 15]. The evaporation of

light particles from the primary fragments, especially neutrons, strongly influences the final isotopic

yield distribution [8]. Figure 3 displays a typical production yield distribtion of the 40Ca+ 208Pb

multinucleon-transfer reaction at Elab = 235 MeV. Pure proton stripping and neutron pickup are

M (channels)

Z 
(c

ha
nn

el
s)

Figure 3: Distribution of mass and nuclear charge for the beam-like products of the 40Ca+ 208Pb
reaction at a beam energy of 235 MeV. The dashed lines label pure proton stripping and
neutron pickup. The solid line depicts the N/Z charge equilibration. Reprinted figure with
permission from Ref. [13]. Copyright by the American Physical Society.
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labeled by dashed lines; the solid line depicts the confinement imposed by N/Z charge equilibration

as well as by the optimum Q-value of the reaction. In this case, massive transfer of protons is

accompanied by a drift towards lower masses, illustrating the role of particle (in this case neutron)

evaporation. Thus, a specific reaction product may be accompanied by several binary partners. In the

case of reaction systems involving heavier nuclei, especially actinide targets, the presence of fission

may contaminate the genuine transfer channels [16].

For beam energies of 30 MeV/nucleon and above, so-called intermediate to relativistic energies,

nuclear fragmentation is favored, populating a large range of exotic nuclei. These violent collisions

can be described by the abrasion-ablation model in which the incoming projectile shears off the

overlapping sector of the target nucleus (abrasion). The non-overlapping parts remain undisturbed in

the collision and are often called spectators. The highly-excited, hot fragment of the overlap region

(participant) decays via the emission of nucleons or further fragments; the spectator excess surface

energy after the sudden abrasion is transformed into excitation energy [17]. Beam-like fragments

carry on with a velocity similar to that of the initial beam. Projectile fragmentation is of interest

in the production of radioactive ion beams employing large fragment separators [18] at in-flight

fragmentation facilities like RIKEN, Japan [19], at the future facility FAIR in Darmstadt, Germany [20]

or at its U.S. counterpart FRIB. Higher center-of-mass energies lead to even more violent reactions

such as vaporization, leaving the area of low-energy nuclear-structure physics.

1.1.1 Theory of multinucleon-transfer reactions

The transfer of several nucleons between beam and target isotopes is a non-equilibrium quantum

transport phenomenon which is not trivially computable. Several models aim for a description

of partially-damped reactions in both the quasi-elastic and deep-inelastic regimes. Models with a

reasonable predictive power should especially be able to predict how the total reaction cross section

is shared among the different reaction channels. Multinucleon-transfer reactions have also been

extensively analyzed by direct-reaction theories such as GRAZING and complex Wentzel-Kramers-

Brillouin (CWKB) theory [21]. In these theories, the relative motion of the reaction partners is treated

in a semi-classical approximation. The GRAZING model, based on the framework of direct reaction

theory, is able to compute total reaction cross sections, angular distributions, excitation functions, and

isotopic distributions for both pre- and post-neutron evaporation. The fundamentals of this model

are briefly discussed in the following section.

Several models have been proposed for the description of deep-inelastic heavy-ion collisions, such

as Fokker-Planck [22] equations, the so-called master equations [23], or the improved quantum

molecular dynamics (ImQMD) model [24]. A successful description of mass transfer in multinucleon

transfer was achieved within the time-dependent Hartree-Fock (TDHF) theory. This mean-field theory

offers a microscopic framework yielding a full description of not only transfer, but all stages in the

evolution of a nuclear collision. Recent developments were pursued by Sekizawa and Yabana [25,

26] employing the particle-number projection method [27, 28] for various reaction systems like
40Ca + 208Pb, 58Ni + 208Pb, 40,48Ca + 124Sn, or 136Xe + 198Pt. The colliding nuclei are treated as

composite systems of individual neutrons and protons in their respective orbitals. Calculations are

10



performed in a three-dimensional grid with spatially separated projectile and target regions. While

interacting, the two single-particle orbitals of the two nuclei extend to both spatial regions. Then, the

probability distribution of the number of protons and neutrons in each region after the collision in the

final wave function is calculated. By now, TDHF calculations yield not only encouraging quantitatively

descriptions of multinucleon-transfer cross sections, but also insights into the time evolution and the

reaction dynamics. Another recent macroscopic approach combines the two-center shell model and

an unified adiabatic potential-energy surface with Langevin-type dynamical equations of motion for

the description of the nucleon transport in low-energy multinucleon transfer. The potential energy

surfaces depend on the distance, nuclear deformation, and the mass asymmetry of the colliding

nuclei. A multitude of studies were published by Zagrebaev and Greiner [29, 30]; in particular, the

prospects of multinucleon transfer for the production of superheavy nuclei using heavy beams and

targets received much attention [31–35].

Grazing The GRAZING model, originally developed by A. Winther [36–38] is implemented in

the computer code GRAZING maintained by G. Pollarolo [39]. It uses a microscopic approach to

multinucleon transfer, covering both the quasi-elastic and the deep-inelastic regimes. In the GRAZING

model, colliding nuclei are assumed as ensembles of independent nucleons vibrating around their

spherical equilibrium shapes. As the nuclei are many-body quantum systems, the wave functions are

a superposition of a set of intrinsic states. The structure of the nucleus strongly affects the reaction

dynamics and the evolution of the multinucleon-transfer reaction is an interplay between reaction

mechanism and the intrinsic states of the colliding nuclei. Therefore, GRAZING calculates the evolution

of the reaction in a coupled-channel formalism considering the orbits of the relative motion in a

classical limit. This semi-classical treatment is justified as the reduced wavelength λ associated with

the relative motion of two masses A1 and A2 and the incident center-of-mass energy E on top of the

Coulomb barrier VCB, approximated [40] as

λ [fm]≈
√

√A1 + A2

A1A2

20
(E − VCB) [MeV]

, (1.2)

is much smaller than the interaction region, i.e., the distance d between two nuclei (cf. equation 1.1).

The GRAZING model defines the total wave function as follows [41]:

ψ(t) =
∑

β

cβ(t)ψβ exp
�

i
ħh
�

Eβ t +δβ(t)
�

�

. (1.3)

The coefficients cβ (t) are the amplitudes for the system in channel β at time t. Eβ is the corresponding

energy. The time-dependent phases δα and δβ are defined as the integrals over the Lagrangian of

the relative motion and describe the curved trajectory of the two ions: δβ =
∫ tLβ(t)dt. In the

following, the reaction is labeled as a + A→ b + B. The channel wave functions ψα, expanded in

terms of intrinsic states of the different involved mass partitions, here (A,a), are given as

ψα(t) =ψ
a(t)ψA(t) exp

�

iδ(~R)
�

. (1.4)
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To consider non-linear motion in the Coulomb plus nuclear field, a semi-classical phase δ(~R), ~R being

the distance between the center-of-mass of the two nuclei, is introduced. By inserting equation 1.3

into the time-dependent Schrödinger equation

iħh
d
dt
ψ(t) = iħhψ̇(t) = (H0 + V ) ψ(t) , (1.5)

one obtains a system of semi-classical coupled equations describing the time evolution of the collision

process [41, 42]:

iħhċβ(t) =
∑

α

cα(t) 〈β |Hint |α〉exp
�

i
ħh
(Eβ − Eα)t + i(δβ −δα)

�

(1.6)

The labels α and β denote the entrance and exit channels, respectively. All equations are solved under

the condition that for t = −∞ the system is in its entrance channel α (i.e. cβ (t = −∞) = δαβ). The

intrinsic Hamiltonian and the interaction operator for the projectile (a) and the target (A) are defined

as:

H0 = Ha +HA+ Vint =
(a)
∑

i≡(nl jm)

εia
†
i ai +

(a)
∑

λµ

ħhωλa†
λµ

aλµ + (A) + Vtransfer + Vinel. +∆UaA (1.7)

The operators a and a† are the fermion operators to annihilate or create a particle with energy εi and

quantum number i ≡ (nl jm) on the single-particle level. The second term parametrizes the excitation

of surface modes with multipolarity λµ. The interaction potential Vint contains three terms. Vtransfer

includes form factors for the single-nucleon stripping- and pick-up transfer reactions. Vinel. holds the

corresponding form-factors for inelastic excitation, thus, surface degrees of freedom such as the first

quadrupole (2+) and octupole (3−) vibrations and higher-lying giant resonances. The colliding ions

a and A interact via a Coulomb-plus-nuclear interaction [38]. Resulting modifications of the effective

potential for the radial motion are parametrized in the term ∆UaA. The Coulomb part is described by

two point charges, while the nuclear potential is approximated by a Woods-Saxon potential in the

so-called Akyüz-Winther parametrization [43].

Cross sections are obtained by evaluating with which probabilities Pαβ the two ions exchange nucleons

during the collision. Considering the trajectory of the Newtonian motion, the transition from channel

α to β can be approximated as

Pβα =

√

√

√
1

16πħh2|r̈0|κ
�

� fβα(0, r0)
�

�

2
exp

�

−(Q−Qopt)2

ħh2 r̈0κ

�

(1.8)

The optimum Q value, at which the maximum probability is reached, is defined as

Qopt =
�

Zd

ZA
− Zd

Zb

�

EB +
�

md

mb
− md

mA

�

(E − EB) +
md r̈

ma +mA
(RAmb − RaMB) (1.9)

with md and Zd the mass and charge of the transferred particle and EB the Coulomb barrier [38].
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r̈0 is the radial acceleration at the distance of closest approach r0 between the two nuclei. The

matrix element fβα describes the overlap of initial and final states in the transfer, the coefficient κ

contains the energy of the single-particle binding energy at the beginning of the channel transition.

The transfer of more than one nucleon is estimated in a successive approximation [8]. Thus, for

example, a two-neutron transfer is computed as a sequential transfer of two uncorrelated neutrons.

The assumption of an independent particle transfer is supported by the experimental observation

that neutron pick-up yields decrease by a constant factor for each transferred neutron. Predictions

from the GRAZING model were successfully confronted with complex DWBA calculations [44] and a

variety of experimental data (cf. Refs. [14, 45, 46]). Besides single-particle transfer modes, other

degrees of freedom may also be of high importance. For instance, the role of pair-transfer modes or

the exchange of clusters seem to be crucial and remain a current subject of research [16, 47, 48].

1.2 Nuclear structure northwest of 132Sn

1.2.1 Reaction pathways for the study of high-spin states

Detailed nuclear-structure data of very neutron-deficient nuclei extends to nuclei at or even beyond

the proton-drip lines [49–51]. It is possible to form very neutron-deficient compound systems at

the extremes of angular momentum using fusion-evaporation reactions with stable beam-target

combinations. Imparting the largest possible angular momentum into the nucleus of interest, fusion-

evaporation reactions are the best way to produce high-spin states at high excitation energies with

large production cross-sections. The Segrè chart plotted in Fig. 4 shows the compound nuclei (unfilled

boxes) which are accessible via stable (black boxes) beam- and target combinations. It is recognizable

that standard fusion-evaporation experiments indeed favor the production of more neutron-deficient

systems in the nuclear landscape. Especially on the neutron-rich side, the pattern on the chart is

not to be mistaken with the accessible yield of evaporation residues as the evaporation of neutrons

dominates for compound nuclei with a large N/Z ratio along the valley of stability. Therefore, the

observation of high-spin structures, e.g. yrast sequences up to energies at which interesting effects

such as backbending occur [52], new features such as shape coexistence [53] or deformed collective

bands [54, 55] is quite demanding for (even moderate) neutron-rich nuclei.

There is a considerable and not negligible number of only slightly neutron-rich nuclei near the valley

of stability that cannot be easily populated up to high excitation energies since fusion-evaporation

reactions are not applicable due to a lack of suitable stable beam-target combinations. Only for a

few cases of β-stable nuclei and nuclei with a few nucleons to the neutron-rich side of the valley of

stability, fusion-evaporation reactions are appropriate experimental techniques. Noticeable examples

are reactions involving the exposed neutron-rich nucleus 48Ca [58–63]. Further cases are nuclei

northwest of 132Sn in the Segré chart, among them Xe and Ba isotopes like 131−134Xe or 136,137Ba.

There, the basic concept is to form a compound system with the largest neutron excess possible

and to employ a charged-particle detector array to detect evaporated charged particles such as

protons and α-particles. However, for neutron-rich compound systems, charged-particle evaporation
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Figure 4: Segrè chart showing the compound nuclei [56] (open boxes) which can be formed in
fusion-evaporation reactions using stable beam/target combinations. Fusion-evaporation
reactions favor the production of neutron-deficient systems. The population of slightly
neutron-rich nuclei beyond the valley of stability (filled black boxes) is very challenging
employing compound reactions. The nuclear drip lines (blue lines) are taken from a
covariant density-functional theory calculation using the NL3? functional by Agbemava et
al. published in Ref. [57]. Magic shell closures are shown by solid black lines. The inset
presents the color code of the different decay types present in the chart.

is hindered by the Coulomb barrier of the compound nucleus leading to integrated cross sections of a

few mb. Therefore, a clean selection of the elusive reaction channels is crucial to overcome the larger

neutron-evaporation cross sections and to perform spectroscopy studies.

In the region northwest of 132Sn, the most neutron-rich stable targets are 124Sn and 130Te. Direct

reactions with light ions (protons, deuterons, tritons, et cetera), which are well-suited to probe

single-particle properties such as spectroscopic factors, are unfortunately highly selective regarding

energy and angular momentum transfer. Alpha-induced fusion-evaporation reactions on 130Te would

not provide the required angular momentum and energy transfer. A beam of 9Be impinging on

Sn or Te targets would be well-suited to populate the neutron-rich Xe and Ba isotopes, yielding a

pure neutron-evaporation channel with large production cross sections. Unfortunately, since inhaled

beryllium dusts are highly toxic, 9Be beams are often not provided in accelerator facilities. The isotope
134Xe may be populated in a 130Te(7Li,p2n) fusion-evaporation reaction, however, the population

cross section in the proton-evaporation channel yields only a few mb. 135Xe would not be accessible

by this reaction. Nonetheless, a higher mass of the projectile is preferred since it provides a higher

angular momentum transfer and, therefore, leads to higher excitation energies in the residual nuclei.
10,11B or even carbon beams would result in an adequate angular momentum transfer, nevertheless,

the cross sections are again rather small. The advent of radioactive ion beam (RIB) facilities [18] opens
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novel possibilities for studies employing fusion-evaporation reactions with low-energy radioactive

nuclear beams. Recently, radioactive 17N beams were successfully employed at the Research Center

for Nuclear Physics (RCNP), Osaka to study the high-spin structure of 136La [64]. However, these

secondary beams are hard to produce, not yet widely accessible to the nuclear-physics community,

and the beam intensities are still relatively small.

Another preferable way to study intermediate and high-spin features of neutron-rich nuclei in the

vicinity of 132Sn is to perform prompt γ-ray spectroscopy of fission fragments which are populated by (i)

spontaneous fission sources, (ii) thermal neutron-induced fission of actinides or (iii) the exploitation of

fusion-fission following fusion-evaporation reactions. Particularly successful experimental campaigns

were undertaken employing 248Cm and 252Cf fission sources [65] at the GAMMASPHERE [66] array,

the EUROBALL [67] setup at the Vivitron accelerator of IReS (Strasbourg) and the Tandem XTU

accelerator in Legnaro or the EUROGAM [68] array at ILL. By exploiting triple- and higher-fold

γ-coincidence events, the data enabled a plethora of new discoveries and have given great insight

into the structure of very neutron-rich systems. One example is the observation of alternating-parity

bands in various barium, lanthanum and cerium isotopes [69–71], confirming theoretical predictions

of enhanced octupole collectivity in this region. However, slightly neutron-rich nuclei such as 136Ba

or 137Ba are not accessible with sufficient yields [72, 73] employing spontaneous fission. Another

efficient gateway to neutron-rich systems is fusion-fission after fusion evaporation reactions. For

instance, various reaction products of 12C+ 238U and 18O+ 208Pb reactions were studied utilizing the

EUROBALL γ-ray array [74] at the Legnaro XTU Tandem accelerator and at the Strasbourg Vivitron

accelerator complex. Comprehensive results on high-spin structures were obtained for several nuclei

in the 50≤ Z , N ≤ 82 region, such as for five N = 82 nuclei ranging from 136Xe to 140Ce [75], for the

odd-odd N = 81 isotones 136Cs [76] and 138La [77], and for the 119−126Sn [78] and 124−131Te [79]

chains. Nevertheless, all of these approaches pose a certain common challenge: the experiments

require very selective coincidences to individually identify the often elusive reaction channels from

hundreds of populated channels. An unambiguous assignment of new γ rays requires coincidences

between complementary fission fragments, thus, neutron evaporation has to be treated with great

caution.

Multinucleon-transfer reactions involving heavy ions offer an efficient gateway for the synthesis

of neutron-rich nuclei along the valley of stability and towards the neutron-rich side that cannot

be produced by means of other production methods [8, 80]. In the last decades, multinucleon

transfer was mainly employed in thick-target experiments with large arrays of germanium detectors.

Pioneering work was performed by Broda et al. [81, 82] and Cocks et al. [83]. Nowadays, by employing

high-resolution and large-acceptance mass spectrometers with trajectory reconstruction, sensitive

experiments are also possible employing thin targets. Particle-γ coincidences enable a significant

increase of the detection limits. Moreover, γ-ray transitions can be uniquely attributed to the specific

isotopes by identifying both mass and charge. A very precise Doppler correction for γ rays emitted by

both beam- and target-like fragments is achievable by state-of-the-art γ-ray tracking spectrometers

like the European Advanced Gamma Tracking Array (AGATA) [84].
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Several multinucleon-transfer experiments were carried out at the AGATA+PRISMA setup and the

former CLARA+PRISMA setup at the Laboratori Nazionali di Legnaro (LNL, Italy), as well as at the

VAMOS+EXOGAM and VAMOS+AGATA setups at the Grand Accélérateur National d’Ions Lourds

(GANIL, France). During the physics campaign at the LNL from 2010 to 2011, the AGATA spectrometer

in the demonstrator configuration [85] consisted of five cluster detectors [86], each holding three high-

purity germanium crystals. These large-volume crystals are electronically divided into 36 segments,

yielding a total of 555 high-resolution spectroscopy channels. By using an online pulse-shape analysis

and tracking algorithms, the segmentation enables a position determination of each γ-ray interaction

within the crystal with a precision of few mm [87]. The AGATA demonstrator was installed around

the target position and employed together with the magnetic mass spectrometer PRISMA [88] which

is able to fully identify mass A, nuclear charge Z and atomic charge state q of the incoming ions.

This detector combination is especially suited for the spectroscopy of exotic nuclei populated in

multinucleon-transfer reactions since the selectivity of the reaction channel in a mass spectrometer

is far superior to that of γγ or γγγ coincidences in thick-target experiments if no γ-ray transitions

are known for the nucleus of interest. Noticeable cases from the recent past are the challenging

γ-ray spectroscopy study of neutron-rich 196Os in the −2p channel after 82Se+ 198Pt multinucleon

transfer [89] by John et al. and the yrast-band spectroscopy of 168,170Dy in the 82Se+ 170Er reaction

by Söderström et al. [90].

1.2.2 Isomeric states northwest of 132Sn

The 50 ≤ Z , N ≤ 82 nuclei outside the doubly-magic nucleus 132Sn can be described within the

valence space made up by the major shells 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2. The correspond-

ing orbital arrangement is depicted in Fig. 5. Excitations in nuclei near to 132Sn are expected to

exhibit predominantly single-particle characteristics. Metastable, long-lived nuclear excited states,

i.e. isomers, are important signatures for sudden changes in the underlying nuclear structure [91].

Small overlap and large differences between the initial and final wave functions of the states involved

in the decay cause a transition hindrance. Hence, it is of particular interest to study the evolution

of isomers and states built on top as a function of the gradual filling of shell-model orbitals along

shell closures. Isomers can be caused by various underlying mechanisms. Large changes in spin

(spin trap) require higher-order multipole decays which are accompanied by lower transition rates

and, hence, longer lifetimes. Other mechanisms involve drastic changes in the structure or shape

(e.g. fission isomers), the underlying symmetry (K-isomers), or small transition energies between

states as the electromagnetic transition rate depends on E(2λ+1)
γ favoring high-energy transitions and

the lowest possible multipolarity λ. Latter cases can often be characterized as seniority isomers in

the 50≤ Z , N ≤ 82 region. The seniority quantum number υ is defined as the number of unpaired

nucleons; a seniority isomer is a nuclear state with an electromagnetic decay that is hindered by

selection rules related to the seniority quantum number.

A rather large energy gap between the 0g7/2 and 1d5/2 orbitals and the 1d3/2, 2s1/2, and 0h11/2

orbitals gives rise to a subshell-closure at Z = 64 and is reflected in the magicity of 146Gd. However,
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Figure 5: Excerpt of single-particle orbitals in the nuclear shell model. The 0g7/2, 1d5/2, 1d3/2, 2s1/2,
and 0h11/2 orbitals lie between the Z , N = 50 and 82 magic numbers, Z , N = 64 is a
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no discontinuity in the level structure is observed for the N = 64 counterpart nucleus along the Z = 50

chain, 114Sn. Several typical isomeric states and level systematics are observed in the nuclei outside

proton number 50 and neutron number 82. A compilation of all hitherto known Jπ = 6+, 7−, 10+, and

11/2− isomers is displayed in a simplified Segrè chart in Fig. 6. The broad presence of 11/2− isomers

in the odd-mass nuclei with 64< N < 82 and 50≤ Z < 64 (cf. blue points in Fig. 6) demonstrates

the essential role of the high- j , h11/2 intruder orbital in this region. Predominantly, these isomers

decay to the 3/2+ ground state by M4 γ-ray emission. Microsecond isomers of spin Jπ = 19/2+

were observed in 119−129Sn isotopes. Here, the dominant single-particle configuration is h−1
11/2 ⊗ 5−;

corresponding 5− states are isomeric too, mostly with lifetimes in the ns regime, some in the µs range.

Yrast isomers with spin Jπ = 23/2+ and Jπ = 27/2− are present throughout the Sn chain [78, 92].

These multiplets of seniority υ = 3 have dominant ν
�

d−1
3/2 h−n

11/2

�

and h−n
11/2 configurations, respectively.

The decomposition of states in the Te and Xe isotopes is more complicated as the wave functions

contain also proton- and not only neutron components; in addition, also proton-pair breaking has to

be taken into account [79].

There is an increased occurrence of yrast isomeric 10+ states in the even-even Sn and Te isotopes

with N < 82, many of them with half-lives in the µs region. The energies of the transitions deexciting

the isomers are generally very small and strongly converted. Likewise, 10+ isomers accumulate in

moderately neutron-rich Xe and Ba isotopes, as well throughout the N = 78, N = 80, and more

proton-rich N = 82 isotones above the Z = 50 shell closure. Along the N = 80 isotones, between 130Sn

and 142Sm, these isomers are predominantly of νh−2
11/2 character and seniority υ= 2. The 10+→ 8+

isomeric transitions of 132Te and 134Xe have very low energies of 22 and 28 keV, respectively [94]. A

similar small level spacing of 18 keV was found in 130Te [79]. In 132Xe, the 8+1 level is still unknown.
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Figure 6: Simplified Segrè charts showing (top) all known 10+ (red circles), 11/2− (blue circles),
(bottom) 6+ (purple circles), and 7− (green circles) isomers with half-lives longer than
10 ns. Solid black lines depict magic numbers. Isomer data extracted from Ref. [93].

The 10+ isomers in the proton-rich N = 82 isotones above the sub-shell closure at Z = 64 can be

attributed to πh11/2 configurations and the presence of a pair excitation out of the Z = 64 core [95].

Furthermore, several even-even isotopes, especially along the N = 80 chain, exhibit mixed-orbital 7−

isomers (green points in Fig. 6) that are in many cases of ν(h−1
11/2 d−1

3/2) character. Along the even-even
118−126Sn isotopes, the 7− states decay via E2 transitions to the 5− states with a dominant ν(s−1

1/2h−1
11/2)

quasi-particle configuration. In contrast, the 5− state is above the 7− state in the neutron-rich 128Sn
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and 130Sn isotopes due to a reduced s1/2 component in their wave functions. Here, the half-lives of

the 7− states exceed the µs range. In 120−132Te and 134Xe, the 7− states predominantly decay to the

yrast 6+ states, whereas in 130Xe and 132Xe the decay to the 5− state is favored again. It is worthwhile

to mention that in both 132Te and 132Xe the 7− state is fed by the decay of the 10+ isomer via an

E3 γ-ray transition [96]. Also, higher-seniority isomers with υ= 4 and spin 15− have been recently

identified in several even-even Sn isotopes from A= 120 to 130 [97, 98].

The even-even N = 82 nuclei with fully-filled neutron orbitals exhibit typical yrast 6+ isomers from
132Sn up to 144Sm. Lifetimes span from hundreds of ns to few µs. These isomers are explained by

the breaking of one proton pair [75]. For example, in the simplest two-proton state of 132Sn, 134Te,

the 6+ state is predominantly of the πg2
7/2 configuration and two protons are coupled to maximum

angular momentum. For 137Cs and 138Ba it was pointed out, that also νh−1
11/2 f 1

7/2 neutron cross-shell

excitations to the N = 82-126 shells have to be considered for the description of intermediate-spin

states [75, 99].

1.2.3 Existing experimental data in the 50≤ Z,N≤ 82 region

Precise and extensive experimental information is crucial to test nuclear models such as the nuclear

shell model and to ascertain their ability to provide reliable predictions and to give insight into the

shell evolution and its underlying driving forces. Detailed studies of nuclei in the vicinity of magic

numbers are of utmost importance to establish single-particle energies and two-body matrix elements

for shell-model residual interactions. The proximity of 132Sn is a unique region around a heavy,

neutron-rich nucleus with doubly-closed shells far-off stability that is experimentally accessible today.

The other neutron-rich closed-shell nuclei are either stable (48Ca and 208Pb) or hardly accessible like
78Ni which is much further away from the stability line.

Nuclei south (Z < 50) and (north)east (N > 82) of 132Sn are of great importance for the description

of the A≈ 130 peak in nucleosynthesis and solar r-process abundance calculations. Corresponding

nuclei can be produced and separated at radioactive ion-beam facilities via in-flight fission. The exotic

nuclei of interest are implanted into Si detector arrays. Thereafter, the γ radiation after β decay or

β-delayed neutron emission is studied with HPGe detectors. Important results on neutron-rich Pd,

Cd, In, Sn and Sb isotopes and the evolution of the N = 82 shell gap were recently obtained at RIKEN

and GSI [100–105].

The 50 ≤ Z , N ≤ 82 nuclei are not as exotic as their aforementioned counterparts around 132Sn,

nonetheless, the region provides a fertile study ground for the evolution of nuclear structure and the

interplay between single-particle and collective degrees of freedom. Several nuclei, such as 130Te

or 136Xe, attracted attention as candidates for the yet unobserved neutrino-less 0ν2β decay [106,

107]. Figure 7 presents a partial Segrè chart of the 50≤ Z , N ≤ 82 nuclei northwest of 132Sn. The

color code shows the maximum excitation energy, affiliated with high spins, which were obtained

in γ-ray spectroscopy experiments. A plethora of experimental information is available for nuclei

with Z > 54 and N < 78. Detailed spectroscopy was performed up to highest spins and energies in
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Figure 7: Partial Segrè chart of nuclei northwest of 132Sn. The color code represents the maximum
excitation energy which was observed in γ-ray spectroscopy experiments aiming at the
measurement of high spins. High-lying low-spin excitations such as giant resonances are
not taken into account. Black horizontal lines mark stable isotopes.

several transitional nuclei. For example, the maximum measured excitation energies are 17.3 MeV in
131La [108] and 26.8+ x MeV in 132Ce [109]. Various super-deformed bands have been observed

in these nuclei. On the other hand, there is only scarce information on xenon isotopes with masses

ranging from A= 131 to 135. Although stable, level schemes and high-spin data for 131Xe, 132Xe,

and 134Xe are only available for excitation energies up to approx. 3 MeV [110, 111]. In 133Xe, excited

states are only known up to 2.1 MeV [112]. Similarly, the level scheme of 137Ba is measured up to

2.4 MeV [113]. Further “blank spots” visible in Fig. 7 are located along the antimony and iodine

isotopic chains. Figure 8 shows the evolution of the yrast positive-parity states and the first 7− states.

Moving toward midshell, there are only minor changes in the excitation spectra, which are rotational

in character, i.e. E∝ J(J + 1). Toward the N = 82 shell closure at 136Xe, a characteristic transition

to a vibrational character (E∝ J) is observed. Here, crucial information on high-spin states above

the isomeric 10+ states in 132Xe and 134Xe is missing.
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1.2.4 Shell-model interactions for the description of 50≤ Z,N≤ 82 nuclei

The 50 ≤ Z , N ≤ 82 nuclei are theoretically accessible by state-of-the-art large-scale shell model

(LSSM) calculations with either 100Sn or 132Sn as inert cores. As x neutron particles with regard to
100Sn are equivalent to 32−x neutron holes from the perspective of 132Sn, calculations are manageable

with existing shell-model codes and were performed within this work. Two different shell-model

codes were used in this thesis: (i) NUSHELLX@MSU [115] based on the coupled jj scheme and, (ii),

KSHELL [116] which is based on the uncoupled m scheme. The jj scheme has the advantage of yielding

shell-model Hamiltonian matrices of relatively small dimensions. On the other hand, these matrices

are very dense and have complex algebraic structures. Contrarily to NUSHELLX@MSU, the KSHELL

does not provide detailed information on the shell-model configurations, spin decompositions, and

couplings. However, the KSHELL code enables massive parallel computation employing an OpenMP-

MPI (Message Passing Interface) hybrid with a speed advantage of up to a factor of 30 compared to

NUSHELLX@MSU on the servers installed at IKP Cologne. The eigenvalues of the Hamiltonian matrix

are solved “on-the-fly” by utilizing the Thick-Restart Lanczos method. The Lanczos vectors are stored

in the random-access memory.

The m-scheme dimension, i.e. the number of Slater determinants to be solved, is a measure of

calculability and expected computing time. Dimensions up to the order of 109 are computationally

accessible today without truncations of the model space. The m-scheme dimensions in an untruncated

shell-model calculation without core excitations are presented in Fig. 9 for nuclei with N ≥ 73 and

Z ≥ 50. For all cases that are subject to this thesis – namely the xenon isotopes 132−135Xe and 137Ba

– the number of valence nucleons does not necessitate a truncation of the full model space and

calculations can be performed within a reasonable amount of computing time on parallel processors.
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Figure 9: Partial Segrè chart of the 50≤ Z , N ≤ 82 region. The color code indicates the magnitude of
the m-scheme dimension in an untruncated shell-model calculation without core excitations
employing the SN100PN interaction by Brown et al. [117].

Various realistic effective shell-model interactions derived from modern nucleon-nucleon potentials

as well as phenomenological interactions are available for the description of the nuclear structure

northwest of 132Sn. At best, an interaction gives not only an accurate description of nuclear-structure

features such as excitation energies, transition strengths and magnetic moments, but should also

demonstrate predictive power for quantities which are not measured yet. Furthermore, a unified

view on the nuclear structure requires as little as possible free parameters. The entanglement of

single-particle and collective modes towards the midshell regime is another challenge. Early realistic

interactions for the description of protons and neutrons in the valence space of the 0g7/2, 1d5/2,

1d3/2, 2s1/2, and 0h11/2 orbitals date back to the early 1980s. For example, the N82 interaction by

Kruse and Wildenthal was derived from a least-squares fit to binding energies with a surface-delta

interaction as a starting point and attempted to describe proton excitations along N = 82 isotones

north of 132Sn [118]. Recent progress and present-day realistic interactions are briefly described

below.

22



SN100PN interaction

The SN100PN interaction is a realistic interaction by Brown et al. for the description of the 0g7/2, 1d5/2,

1d3/2, 2s1/2, and 0h11/2 orbitals in the valence space outside the 100Sn core between the magic numbers

50 and 82. The interaction was originally developed to investigate magnetic moments of 2+1 states

around 132Sn [117] and consists of separate neutron-neutron, proton-proton, and proton-neutron

effective interactions plus a Coulomb-repulsion part. The two-body residual interaction is based on a

renormalized G matrix derived from the CD-Bonn nucleon-nucleon two-body potential [119]. Single-

particle energies (SPE) are based on experimentally observed states in 133Sb (proton SPEs) and 131Sn

(neutron SPEs). In particular, the predictive power of the neutron-neutron and the proton-proton

part were thoroughly tested in experiments. The neutron-neutron part of the SN100PN effective

interaction yields a good description of the excited states up to highest spins of the heavy Sn isotopes

(cf. Ref. [78]). Detailed studies were also performed for the N = 82 chain [75]. For the heavy Te

isotopes, the agreement between the calculated and experimental states is slightly reduced, but still

reasonable [79, 120]. Despite some studies of odd-odd systems like 136Cs [76] or 138La [77], detailed

and stringent tests of the proton-neutron part are still pending.

PQM130 interaction

Another independent approach is the pair-truncated shell model. Recent years have seen some

promising developments and systematic studies for the description of nuclei around mass 130 within

the shell comprising the five single-particle orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 [121–123].

The approach of the pair-truncated shell model is very similar to the concept of the interacting boson

model (IBM). However, to include Pauli effects, the bosons are replaced by correlated nucleon pairs.

Odd-mass and doubly-odd nuclei are treated by coupling additional unpaired nucleons to the nuclear

states calculated for the even-even nuclei. A plethora of results for nuclei ranging from Sn to Ba,

including excitation energies, transition rates, and magnetic moments, were obtained by Teruya et

al. [124] with a phenomenological interaction called PQM130 (Pairing+QQ+Multipole for mass

region 130). Here, the effective Hamiltonian is given by H = Hν +Hπ +Hνπ where Hν, Hπ, and Hνπ
represent the neutron-neutron, proton-proton, and neutron-proton interactions, respectively. The

interaction is constructed from a pairing-plus-quadrupole interaction that consists of spherical single-

particle energies, the monopole-pairing (MP) interaction, the quadrupole-pairing (QP) interaction, as

well as the quadrupole-quadrupole (QQ) interaction. It is combined with newly introduced higher

multipole-pairing (HMP) interactions with multipolarities L = 4,6,8,10. Valence neutrons and

protons are treated as holes and particles relative to the closed shells. Single-particle energies are

extracted from experimental excitation energies in 131Sn (neutron SPEs) and 133Sb (proton SPEs).

Both neutron 0h11/2 SPE and the proton 0g7/2 SPE are scaled linearly with increasing numbers of

valence neutrons and protons, respectively. Quadrupole-quadrupole strengths of two-body effective

interactions are tuned to reproduce first excited states of positive parity in odd-mass isotopes. Other

two-body effective-interaction strengths are fitted to several even-even Sn, Te, and Te isotopes to

mirror experimental energy levels of yrast and other low-lying states. Hamiltonians of the proton
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and neutron spaces, Hν and Hπ, are diagonalized separately; eigenenergies and wavefunctions are

obtained for each of the proton and neutron systems; subsequently ordered by energy and coupled

to proton-neutron basis states. Truncations are applied by restricting the number of levels from the

lowest state in each of the proton and neutron spaces for the calculation of the proton-neutron basis.

Finally, the total Hamiltonian of neutrons and protons is diagonalized in the truncated space.

GCN5082 interaction

The GCN5082 interaction is a new development by Gniady, Caurier, and Nowacki for the gdsh valence

space for both protons and neutrons (unpublished, cf. Refs. [125–127]). Like the SN100PN interaction,

the interaction is derived from a realistic G matrix based on the CD-Bonn potential. However, empirical

corrections are added to the monopole part and certain pairing and other multipole matrix elements

of the original G matrix by fitting different combinations of two-body matrix elements to sets of

experimental data from the even-even and even-odd semi-magic nuclei, from all odd-even Sb isotopes

and N = 81 isotones, and from some odd-odd nuclei around 132Sn. In this way, a set of about 320 low-

spin states in 87 nuclei within the 50≤ Z , N ≤ 82 region was reproduced within a root-mean-square

deviation of 110 keV [125, 127]. Among others, the interaction has been employed for shell-model

studies of neutrinoless ββ decays in even-even Sn, Te and Xe isotopes [128], high-spin structures of
134Xe [126], the analysis of electromagnetic transition rates for the understanding of mixed-symmetry

states (MSS) along the N = 80 isotones [125], and even in studies of dark-matter scattering on xenon

isotopes [129].
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1.3 Outline of this thesis

The primary scope of this cumulative thesis is the population of neutron-rich actinide nuclei via

multinucleon transfer and to utilize different reaction paths to study 50 ≤ Z , N ≤ 82 nuclei in the

vicinity of the doubly-magic nucleus 132Sn. The thesis is structured as follows:

The first paper presents a dedicated study on the features of the 136Xe+238U multinucleon-transfer re-

action employing the large-solid-angle magnetic spectrometer PRISMA coupled to the high-resolution

Advanced Gamma Tracking Array (AGATA). Mass yields, transformed into relative cross sections, are

compared with calculations based on the GRAZING model. Contributions of multinucleon-transfer

reaction products and fission fragments as well as the extent of neutron evaporation on the final

yields are investigated. Additionally, limitations of this experimental technique are discussed, since

no sizable yield of actinide nuclei beyond Z = 93 is found at the grazing angle.

The second publication focuses on the neutron-rich actinide 240U. Besides an extension of the ground-

state band, evidence for an extended first negative-parity band is found. Energy spectra and the

upbend in moment of inertia are confronted with latest theoretical calculations.

Both the identification and characterization of isomers near magic numbers are important for estab-

lishing the two-body matrix elements for modern-day shell-model interactions. Two publications and

one manuscript provide new insights and a detailed picture on transition probabilities of isomeric

decays and high-spin excitations above long-lived isomers in 132Xe, 133Xe, 134Xe, 135Xe, and 137Ba.

Datasets from five different γ-ray spectroscopy studies, among them data from the next-generation

γ-ray tracking array AGATA, the established “gold standard” high-performance array GAMMASPHERE

and the smaller university-based HORUS array are exploited for this goal. Furthermore, the results

reveal differences in the population patterns between the different reaction processes: fission and

multinucleon transfer. The experimental findings are interpreted using state-of-the-art shell-model

calculations.

Dedicated experiments in the 50≤ Z , N ≤ 82 region require detector systems to track down elusive

charged-particle channels in fusion-evaporation reactions. Preparatory tests of double-sided silicon-

strip detectors yielded a novel calibration method which is presented in the last paper. Finally, the

results of the six papers are briefly summarized before a synopsis of ongoing work and an outlook on

possible future activities are given.
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5Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy
6Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
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Background: Multinucleon transfer reactions (MNT) are a competitive tool to populate exotic neutron-rich
nuclei in a wide region of nuclei, where other production methods have severe limitations or cannot be used at
all.
Purpose: Experimental information on the yields of MNT reactions in comparison with theoretical calculations
are necessary to make predictions for the production of neutron-rich heavy nuclei. It is crucial to determine the
fraction of MNT reaction products which are surviving neutron emission or fission at the high excitation energy
after the nucleon exchange.
Method: Multinucleon transfer reactions in 136Xe + 238U have been measured in a high-resolution γ -ray/particle
coincidence experiment. The large solid-angle magnetic spectrometer PRISMA coupled to the high-resolution
Advanced Gamma Tracking Array (AGATA) has been employed. Beamlike reaction products after multinucleon
transfer in the Xe region were identified and selected with the PRISMA spectrometer. Coincident particles were
tagged by multichannel plate detectors placed at the grazing angle of the targetlike recoils inside the scattering
chamber.
Results: Mass yields have been extracted and compared with calculations based on the GRAZING model for MNT
reactions. Kinematic coincidences between the binary reaction products, i.e., beamlike and targetlike nuclei, were
exploited to obtain population yields for nuclei in the actinide region and compared to x-ray yields measured by
AGATA.
Conclusions: No sizable yield of actinide nuclei beyond Z = 93 is found to perform nuclear structure
investigations. In-beam γ -ray spectroscopy is feasible for few-neutron transfer channels in U and the −2p
channel populating Th isotopes.
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I. INTRODUCTION

Recent studies of multinucleon transfer (MNT) reactions
are based on the powerful combination of selective large
solid angle magnetic spectrometers and highly efficient γ -ray
spectrometers enabling simultaneously in-depth studies of
the reaction mechanism and the nuclear structure of the
involved reaction partners. Especially for the production of
heavy and neutron-rich actinide nuclei, MNT reactions may
provide a tool for population of these nuclei which cannot
be synthesized by neutron capture or fusion reactions. The
very first investigations of this type were based on transfer
reactions employing actinide targets together with light and
heavy projectiles. Identification of the reaction products relied
on chemical separation of the actinide isotopes of interest
[1–6]. These results showed production of neutron-rich ac-
tinide nuclei up to Fm and even one isotope of Md was
identified. Cross-section values varied from a few micro- to
millibarns [7].

Surprisingly, nuclear reactions between two 238U nuclei
and the U+Cm reaction at energies close to the Coulomb
barrier showed enhanced cross sections for the production of
very heavy actinide isotopes and even superheavy elements.
The measured cross sections for surviving heavy actinides
exceeded those in Ar+U, Kr+U, and Xe+U reactions by
typically one order of magnitude [1,8,9]. Analyses of the sur-
vival probabilities of these highly fissionable nuclei revealed
that their formation is associated with the low-energy tails of
the excitation-energy distributions. To understand the different
production yields for the highly fissile actinide nuclei, refined
and exclusive experiments are needed. It is crucial to determine
the fraction of MNT reaction products which are surviving the
interplay between neutron emission and fission at the high
excitation energy after the nucleon exchange.

The necessity to clarify the dynamics of dissipative
collisions in very heavy nuclear systems at low excitation
energies spurred different theoretical investigations implying
a search for new ways for the production of neutron-rich
superheavy nuclei [10]. Multinucleon transfer processes in
heavy-ion reactions at energies slightly above the Coulomb
barrier are investigated in a fully microscopic framework of
the time-dependent Hartree-Fock (TDHF) theory in Ref. [11].

Another approach to multinucleon transfer processes is
based on direct reaction theories, which incorporate important
nuclear structure properties of the interacting nuclei. In
particular, the GRAZING [12–14] code and complex Wentzel-
Kramers-Brillouin (CWKB) [15] semiclassical theories have
been extensively developed and successfully applied to
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different sets of data [16]. In these models, MNT processes
are described via a multistep mechanism.

Experimental results from reaction studies of MNT with
136Xe beams and heavy targets from 208Pb to 249Cf are avail-
able for the following systems: the study of the 136Xe + 208Pb
reaction allowed to investigate nuclear structure effects and
their influence on the flow of nucleons in low-energy mult-
inucleon transfer reactions towards both the Z = 82 and
N = 126 closed shells. Mass-energy distributions of the
136Xe + 208Pb reaction have been measured [17,18]. The re-
action 136Xe + 244Pu was used to produce and study the decay
properties of the neutron-rich isotopes 243Np and 244Np [5].
The 136Xe + 248Cm reaction was employed to determine
the formation cross sections of unknown actinide nuclei
by chemical separation [4]. The 136Xe + 249Cf reaction was
measured in order to study the feasibility of using low-energy
multinucleon transfer reactions to produce new actinide and
transactinide isotopes [7]. Prior to the new study presented in
this paper, the system 136Xe + 238U was investigated by means
of chemical separation in the 1970s and, for a small subgroup
of individual isotopes, results were shown in comparison with
yields from other reactions [1,8,9].

The experiment described here exploits the coupling of a
magnetic and a γ -ray spectrometer, allowing for the first time
the complete and detailed detection of all reaction products,
separation of fission products, and determination of the total
kinetic energy loss for the 136Xe + 238U reaction.

Additional motivation and interest in multinucleon transfer
reactions is given by the possibility of producing neutron-rich
heavy nuclei for studies using x-ray and nuclear spectroscopy.
Recently, several γ -ray spectroscopy studies were based on
transfer and multinucleon transfer reactions and managed to
explore unknown actinide nuclei. One group of experiments
is performed with thick actinide targets to produce the heavy
reaction products. The target- and beamlike reaction products
are stopped immediately, allowing spectroscopy of γ rays
emitted at rest with the most efficient spectrometers available.
The technique depends on available cross coincidences with
known γ -ray transitions of the beamlike reaction partners
in order to identify unknown transitions. The feasibility of
these measurements was demonstrated in Rn and Ra nuclei
which were produced in a series of experiments with different
beams on thick 232Th targets. The measured cross sections
as a function of different beam-target combinations and the
populated high spin range are described in Ref. [19]. In
agreement with previous reaction studies [7], heavy projectiles
allow for highest production yields. Excited states of MNT
products with collective angular momentum up to 30 � were
identified [20] in Rn and Ra isotopes.

Another group of measurements rely on few-nucleon trans-
fer reactions with light oxygen beams and were successfully
exploited to detect excited states, e.g., in neutron-rich 236Th
and 240,242U isotopes. γ Rays were detected in coincidence
with the outgoing transfer products. However, for the most
neutron-rich cases the rotational ground-state band was de-
tected up to lower spin values of 8 to 10 � [21,22].

The article reports on results from the multinucleon transfer
reactions 136Xe + 238U at 1 GeV. The combination of the most
neutron-rich stable U isotope as target material and the heavy
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neutron-rich 136Xe beam were employed, as multinucleon
transfer reactions depend on optimum Q values. With neutron-
deficient stable beams, only neutron pickup and proton-
stripping channels are available. With neutron-rich beams,
also neutron stripping and proton-pickup channels become
available, leading to the possibility to populate neutron-rich
heavy nuclei [23].

The combination of the PRISMA spectrometer [24–26] and
the Advanced Gamma Tracking Array (AGATA) demonstrator
array [27] provides an unprecedented sensitivity for these types
of experiments. It allows the selection of the products of
interest after multinucleon transfer reactions on an actinide
target by identification of the beamlike reaction products
in the PRISMA spectrometer. The corresponding targetlike
reaction product is detected, in coincidence, by a position-
sensitive multichannel plate detector of the Detector Array for
multiNucleon Transfer Ejectiles (DANTE) array [28].

The experiment yielded results on mass distributions of
lighter reaction products and on mass-integrated Z distribu-
tions for the heavy transfer products. Simultaneously, a spec-
troscopic study of the reaction products provides additional
experimental information for the identification of individual
isotopes via characteristic γ -ray transitions or chains of
isotopes by x-ray detection.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

A beam of 136Xe was accelerated onto 238U targets by
the PIAVE-ALPI accelerator complex at the INFN Laboratori
Nazionali di Legnaro (LNL) with a bombarding energy of
1 GeV and an average intensity of �2 pnA. The 238U targets
had target thicknesses of 1 and 2 mg/cm2 with a 0.8 mg/cm2

Nb backing. The mean energy loss for the beam particles in the
target is about 60 MeV [29]. Projectile-like reaction products
were selected with the magnetic mass spectrometer PRISMA
placed at the grazing angle of θlab = 50

◦
.

γ Rays from excited states in both beam- and targetlike
nuclei were measured employing the high-resolution position-
sensitive γ -ray spectrometer AGATA [30] in its demonstrator
configuration placed 23.5 cm from the target position. It
consists of 15 large-volume electronically segmented high-
purity Ge (HPGe) detectors in five triple cryostats [31]. The
solid angle coverage of the AGATA demonstrator at its nominal
position is ≈7% of 4π and the full-energy efficiency is about
3% for 1 MeV and about 4% at 100 keV taking into account
absorbing materials. The counting rate of the individual HPGe
crystals was maintained between 20 and 30 kHz during the
whole experiment.

Three 40 × 60 mm2 large DANTE multichannel plate de-
tectors were mounted in the reaction plane covering the angle
range which corresponds to the grazing angle for the targetlike
reaction product. The main purpose is to request a kinematical
coincidence among the different reaction products. In this
experimental setup (see Fig. 1), the focal-plane detector of
PRISMA, a multiwire parallel-plate detector (MWPPAC) was
taken as a trigger to start the data acquisition.

PRISMA covers a large solid angle of �80 msr with ±6◦
for θ and ±11◦ for φ. A two-dimensional position-sensitive
microchannel plate (MCP) detector [32] is located at the

MWPPAC

segmented IC array

136Xe beam

entrance
MCP

Dipole

Quadrupole

 demonstrator

FIG. 1. The experimental setup comprised the γ -ray spectrom-
eter AGATA, the ejectile-detecting heavy-ion mass spectrometer
PRISMA, and the particle detector DANTE (not to scale). The
DANTE MCP on a 58◦ ring [27] in the scattering chamber covers the
grazing angles of the binary reaction products.

entrance of the spectrometer, 25 cm downstream the target
ladder. It provides a delayed stop signal for the time-of-flight
measurement along the spectrometer and a (x,y) position
information with a ±1-mm resolution. The magnetic system
consists of a magnetic quadrupole singlet and a magnetic
dipole. After a total flight distance of �6.5 m from the
start detector through the optical elements, the ions enter the
position-sensitive focal-plane detector system consisting of a
MWPPAC divided into 10 sections and an array of 10 × 4
segmented CH4 gas-filled transverse-field multiparametric
ionization chambers (IC) [33]. The MWPPAC is used as
the start detector for the time-of-flight measurement. Each
segment of the IC acts as a �E section and provides a signal
proportional to the energy loss of the passing fragment. The
detector system (see Fig. 1) gives all the necessary information
for complete ion identification. An event-by-event trajectory
reconstruction algorithm uses the entrance angle, the position
on the focal plane, and the properties of the magnetic fields
to calculate iteratively the trajectory length L(θ,φ) of the
ions and the curvature radius R inside the dipole magnet.
The length L(θ,φ) in combination with the time-of-flight
measurements yields the velocity vector of reaction products
entering PRISMA.

Different nuclear charges Z of the measured nuclei are
selected by applying two different sets of graphical polygonal
cuts in matrices of (i) the energy released in the first layer of
the IC versus the total deposited energy and (ii) the energy
deposited in the first two layers versus the total deposited
energy. The latter energy loss matrix is shown in Fig. 2. The IC
provides a resolution of Z/�Z = 52.7(1). The huge yield of
beam like Xe isotopes did not allow an unambiguous selection
of the neighboring ±1p reaction channels Cs and I. A precise
determination of the mass-over-charge ratio A/q requires a
well-calibrated time-of-flight and a well-determined trajectory
length [34]. Using the trajectory length L(θ,φ), the time-of-
flight tToF, and the dipole bending radius R inside the magnetic
field B, we obtain

BR tToF

L(θ,φ)
∝ A

q
, (1)
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FIG. 2. (Color online) (a) IC energy loss matrix of the energy
deposited in the first two layers versus the total deposited energy.
(b) Yield distribution of nuclear charges from Ga (Z = 31) to La (Z =
57). The peak around Z = 42 results from asymmetric actinide fission
residues. Corresponding fission partners in the Xe region overlap with
the multinucleon transfer products in the vicinity of 136

54Xe.

which is proportional to A/q. Nonlinearities and aberrations
of the magnetic system, visible in systematic dependencies
between A/q and the position coordinates of both the entrance
MCP and the focal plane MWPPAC, need to be corrected.
Effects of the magnetic fringe fields are partly reabsorbed by
an effective quadrupole length. Remaining nonlinearities are
corrected for by straightening deviations in the matrices of A/q
against the MCP and MWPPAC coordinates using polynomial
fit functions. Examples of pre- and postcorrected A/q spectra
are presented in Fig. 3. The aberration correction improves the
A/q spectra considerably and was crucial for the construction
of high-resolution mass spectra.

The different atomic charge states were separated employ-
ing the relationship

EtToF E
q. (2)

BRL(θ,φ)
=

BR β
∝

The two-dimensional plane of the total energy released in the
IC, EIC, versus Rβ is plotted and charge states are selected
by two-dimensional gates. The broad charge-state distribution
ranges from q � 33 to 43.

The different charge-state
�

gated A/q qi
distributions need

to be aligned. Mass spectra are obtained
|
by assigning correct

mass values in terms of atomic mass units to the corresponding
peaks in the various A/q qi

spectra still given in arbitrary|
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FIG. 3. (Color online) Results of the software-based aberration
correction of nonlinear distortions of A/q as a function of the position
information of PRISMA start and stop detectors.

units. The masses are finally determined by inspecting the
characteristic γ rays in ejectile-like Doppler-corrected γ -ray
spectra in coincidence with the separated masses. Calibrated
A/q |qi

spectra are subsequently summed up. Masses are
selected via graphical two-dimensional cuts in matrices of A
plotted against the focal plane coordinate x.

Figure 4 shows the final projected mass distribution of all
analyzed Z channels from Te to Ba. The final mass resolution
accounts to A/�A = 298 ± 1 for the Ba channel and 262 ± 1
for the Te channel.

With the complete information on the kinematics of the
lighter fragments, the velocity vector for the targetlike recoils
is reconstructed event by event using relativistic two-body
reaction kinematics assuming a pure binary reaction without
any particle evaporation taking into account the energy loss of
beam- and targetlike particles. The simultaneous measurement
of both the momentum and the angle of the beamlike recoils
with PRISMA enables a reconstruction of the total kinetic
energy loss (TKEL) value of the reaction [35] (see Fig. 8).
As the experiment was performed with a rather thick target,
no angle-dependent yield distribution is deduced. The TKEL
is broadened due to the integration over a range of effective
bombarding energies.

The measured signals of the AGATA demonstrator were
analyzed online and all relevant information was written to
disk. The complete experiment was replayed offline with
optimized calibrations of time and energy. The full width at
half maximum of the prompt coincidence peak for the time
difference between AGATA and PRISMA is about 16 ns for
identified beamlike particles. Pulse-shape analysis of the fully
digitized detector pulses was applied to determine the individ-
ual interaction points. These information is used by the Orsay
forward-tracking algorithm [36] to reconstruct the individual
emitted γ -ray energies, determine the first interaction point
of the γ ray in the germanium and, thus, the emission angle.
Combining this with the kinematic information from PRISMA,
a precise Doppler correction for beam and targetlike nuclei was
performed [34].

Direct detection and identification of actinide particles in
PRISMA was not feasible due to their low kinetic energies. To
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FIG. 4. Mass spectra for beamlike particles in the range from Te to Ba identified with PRISMA. The resolution in the Ba channel accounts
to A/�A = 298 ± 1. Along the Xe channel, neutron pickup is not favored, whereas the ±xp channels are more evenly distributed. Dashed
lines mark mass A = 136 to guide the eye.

select surviving actinides, kinematic coincidences between the
binary reaction products, i.e., beamlike and targetlike nuclei,
were exploited. The position information of the DANTE
detectors could not be resolved. Information on the binary
partner of the reaction was obtained with a time-amplitude
converter (TAC) signal between the PRISMA entrance detector
and the DANTE detector inside the scattering chamber (see
Fig. 1). The total data set consists of 4.203 × 107 events
with identified Z and A; 59% of those events contain γ -ray
interaction hits within AGATA, 9.17 × 106 events hold a
coincidence between PRISMA and DANTE, and 5.30 × 106

of these events contain tracked γ rays.

III. EXPERIMENTAL RESULTS

The fast anode signals of the entrance MCP of PRISMA
and the DANTE MCP allow us to measure the time-of-flight
differences (�ToF) between different coincident reaction
products entering the PRISMA spectrometer. In case of fission
of the targetlike nuclei, one of the two fission fragments causes
a signal in the MCP detectors. A significant time difference is
measurable due to the different kinetic energies and velocities
of the fission products. The correlation of the nuclear charge Z
versus the �ToF information shows two different components
which are separated in �ToF as depicted in the left part of
Fig. 5. The right component comprises a wide range of nuclear
charges ranging from Ga up to La. These events are caused
by fission products. The distribution resembles the expected
yield distribution from asymmetric fission of actinide nuclei
around 238U. As magnetic fields and gas pressures of PRISMA
were tuned to detect preferably multinucleon transfer products
in the Xe region, the transmission and Z identification of
lower nuclear charges in the fission yield distribution was not
optimal.

In order to understand the difference between the two
components of Fig. 5 the corresponding γ -ray transitions were
inspected. Figure 6 shows a γ -ray spectrum of properly iden-
tified quasielastic 136Xe events which are Doppler-corrected

for the binary partner 238U. Two different gates are set on
the two different regions in the PRISMA-DANTE �ToF
difference spectrum. By gating on the left peak the clear γ -ray
spectrum of 238U, i.e., signatures of the rotational band up
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FIG. 5. (Color online) (a) Time-of-flight �ToF difference spec-
trum between PRISMA and DANTE plotted against the nuclear
charge Z. In the region near Xe the left maximum of the distribution
is caused by multinucleon transfer products; these are marked by
MNT. The left part of the distribution is caused by fission products
and is clearly separated from transfer products. The fission fragments
cover a broad Z range and show for lower Z values below Z = 50
one distinct �ToF peak. Selected �ToF projections for (b) Ba,
(c) Xe, (d) Te, and (e) Sn are shown at the right side.
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FIG. 6. (Color online) Recoil Doppler-corrected spectrum of
238U with transfer and fissionlike �ToF gates. A gate on the right
fissionlike �ToF peak yields a flat γ -ray background spectrum (red).
The spectrum gated by the left part of the �ToF distribution shows
distinct known peaks from the 238U rotational band up to spin 22 �.

to spin 22 � is visible. A gate on the right �ToF peak yields
an unstructured, flat background spectrum originating from
fission fragments produced in reactions like 238U( 136Xe ,Fγ ).
Remaining uranium and lead x-ray peaks originate from
abundant atomic excitation in the target and the beam dump
which are slightly shifted in energy due to a false Doppler
correction. Therefore, the �ToF spectra of the binary partners
allow us to successfully discriminate fission from multinucleon
transfer reaction products.

The Z-gated �ToF difference spectra are shown in the
right part of Fig. 5. The corresponding intensities of the right
fission peak and the left multinucleon transfer peaks give first
indication for actinide production rates. For the Xe ejectile
channel, the left peak is mainly associated with multinucleon
transfer. For the −2p channel 52Te only a few multinucleon
transfer events are present. In the −4p channel 50Sn, which
corresponds to Cm in the target, no distinct transferlike �ToF
peak is left. No sizable yield of actinide and transactinide
nuclei beyond Z = 93 is found to perform nuclear structure
investigations.

The relative contributions of multinucleon transfer reaction
products and fission fragments are shown in Fig. 7 as a function
of Xe isotope mass number. The area of the left multinucleon
transferlike (red) and the right fissionlike (blue) �ToF peak
is divided by the absolute number of the different identified
isotopes along the Xe chain. As expected, the left peak shows
a maximum for nearly elastic and inelastic scattering where
no neutrons are transferred to the actinide reaction partner. For
the same isotope the relative area of the right peak shows
a minimum. Already for ±2n neutron transfer, the fission
contribution is higher or comparable to multinucleon transfer.
Hence, the discrimination of fission is mandatory to determine
properties of multinucleon transfer reactions involving heavy
reaction partners.

Figure 8 shows a matrix of the time difference between
PRISMA and DANTE plotted against the total kinetic energy
loss for ejectiles identified as Xe. Three different domains
are distinguishable: transferlike, fissionlike, and elastically
scattered events with TKEL ≈ 0. The latter ones are located
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FIG. 7. (Color online) Area of the left (transferlike) and right
(fissionlike) peak in the �ToF spectrum between DANTE and
PRISMA divided by the absolute number of the different identified
Xe isotopes. A dashed line marks mass A = 136 to guide the eye.

around �ToF channel 3500, right between the two main
peaks in the projections, and can be rejected with this method
to enhance the discriminability between transfer and fission
events. The multinucleon transfer displays a tail towards large
TKEL. The computed TKEL value in the fission channel
is not meaningful since the TKEL calculation requires a
binary-partner reaction system.

A detailed study of the mass-spectrometer transmission has
to be performed to extract correct cross-section information
from measured mass yields. For the determination of the
PRISMA response function f (E,θ,φ) [37], a Monte Carlo
computer simulation is performed taking into account the
kinematics of the reaction and the geometry of the magnetic
system. The magnetic fields and the gas pressures in the focal
plane detectors are carefully tuned in the same way like in
the real experiment. An input event distribution uniform in
Ekin, θ , and φ is created. Those events are then transported
event by event with a simulation based on the ray-tracing code
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FIG. 8. (Color online) Matrix of the time difference between
PRISMA and DANTE plotted against the total kinetic energy loss
for Xe events. Transfer, fission, and elastically scattered 136Xe
particles with TKEL ≈ 0 are distinguishable. The multinucleon
transfer displays a tail towards large TKEL. For the fission channel,
the computed TKEL is only qualitative since it is constructed
assuming a binary reaction.
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FIG. 9. Cross sections of a GRAZING calculation (points) and experimental yields (histogram bars) normalized to the calculated cross section
of the +1n channel 137Xe. The mass yields are corrected for Xe contamination in the I and Cs channels. Fission events are excluded by a cut
in the time-difference spectra between PRISMA and DANTE. Gray-shaded bars indicate the efficiency correction by applying the PRISMA
response function to the experimental data.

provided by the PRISMA analysis software library. f (E,θ,φ)
is defined as the ratio between the output distribution of events
No(θlab,Ekin) detected at the focal plane and the uniform
input distribution Ni(θlab,Ekin) at the MCP. Applied to the
mass yield N (A), fA(E,θ,φ) × N (A) gives a transmission-
corrected event distribution as depicted in the Fig. 9.

As described before, the experimental data have been cor-
rected for fission events by carefully applying two-dimensional
gates on the transfer component in matrices of the �ToF
information plotted against the TKEL value. The extent of Xe
contaminations in the ±1p reaction channels I and Cs is identi-
fied and corrected by fitting characteristic Xe γ -ray signatures
in the ejectile Doppler-corrected γ -ray spectra of isobaric
mass channels. The 1313-keV and 812-keV transitions of
the predominant 136Xe channel and the 847-keV transition in
134Xe are used as contamination probes. Contaminations are
substracted from the yield of each mass channel according to
the measured Xe production yield. Even-mass isobars of 136Xe
are odd-odd nuclei with high level densities, so overlapping
transitions in the region of 1313 keV [38] have to be taken into
account in the fit model. The contamination of 136Xe in 136Cs
accounts to 55.8(27)%, the one of 136Xe in 136I to 87.8(28)%.

Multinucleon transfer events were discriminated against
fission fragments and subsequently selected by employing
two-dimensional gates in matrices of the �ToF between
PRISMA and DANTE against the computed TKEL value
as depicted in Fig. 8. The correction of the measured mass
yields by applying response functions and subtracting Xe
contaminations in the adjacent ±1p channels results in final
mass yields which can be compared to multinucleon transfer
reaction theory.

IV. COMPARISON WITH REACTION THEORY

The semiclassical GRAZING code has been used to calculate
the total cross sections for the multinucleon transfer channels

using standard parameters with both low-lying and high-lying
collective nuclear excitation modes. This model calculates the
evolution of the reaction by taking into account, besides the
relative motion variables, the intrinsic degrees of freedom of
projectile and target. These are the isoscalar surface modes
and the single-nucleon transfer channels. The multinucleon
transfer channels are described via a multistep mechanism.
The relative motion of the system is calculated in a nuclear
plus Coulomb field where for the nuclear part the empirical
potential of Ref. [39] has been used. The excitation of the
intrinsic degrees of freedom is obtained by employing the
well-known form factors for the collective surface vibrations
and the one-particle transfer channels [40,41]. The model takes
into account in a simple way the effect of neutron evaporation.

The corrected experimental data have been normalized
to the computed cross section of the +1n channel, which
is proven to be in good agreement to experimentally ex-
tracted cross sections in recent multinucleon transfer stud-
ies [25,26,42,43]. The same normalization constant has been
kept for all other neutron-pickup and the proton-stripping
channels. Figure 9 shows the results of the GRAZING calculation
in comparison to the normalized experimental transferlike
mass yields, with and without response correction.

The experimental yields agree well with the GRAZING

results up to at least the +5n and the −4n Xe channels.
The intensities of the neutron-pickup peaks in the Xe mass
spectra drop rapidly. For 140Xe, only a fraction of 0.4% with
respect to 136Xe was identified. In contrast, the −8n channel
128Xe still contains 5.6% of the 136Xe yield. For the first
picked-up neutron, the Xe mass yield drops by a factor of
∼3. The second neutron-pickup accounts for a further drop
by a factor of ∼4.4. The distributions of the yields are not as
symmetric as predicted by the calculation, especially in the
lower masses. In the Cs channel, the highest populated isotope
is 137Cs in agreement with the prediction of the calculation,
although the yield differs here by a factor of 2.3. The drop in the
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cross section in the neutron-pickup as well as in the first four
neutron-stripping channels is reproduced satisfactorily. As in
the Xe isotopes, the channels with higher neutron stripping
seem to be underestimated by the calculation. The GRAZING

calculation underestimates considerably the +2p channels,
nonetheless the position of the maximum at 138Ba agrees
with the experimental distribution. The yields of neutron-rich
species above 136I of the −1p are described well; however,
the centroid of the experimental distribution is shifted by
four mass units to the neutron-poor side. A similar shift can
also be observed in the −2p Te channel. This discrepancy
between experiment and theory at large charge transfers was
also observed in a recent 64Ni + 238U study [43].

The fission-corrected mass yields reveal typical character-
istics of multinucleon transfer reactions [16]. For few-nucleon
transfers in the Xe channel, the reaction cross sections are
strongly determined by form factors and Q values. The
mass-spectra envelopes of the ±1,±2 p multinucleon transfer
channels are distributed over more masses and are more
Gaussian-like. The pure proton-transfer channels without
neutron exchange become less favorable as more protons are
transferred in the reaction. Concomitant neutron stripping is
favored here. When more protons are stripped off the ejectile
fragment in the multinucleon transfer reaction, the centroid of
the mass distributions shifts to lower neutron numbers. This
effect on the isotopic distribution may be mostly influenced
by neutron evaporation from the primary reaction fragments,
as the fragments are produced hot at quite high excitation
energies.

The overall intensities of the Cs and Ba channels are higher
compared to I and Te. The tendency to pick up neutrons in the
−1p and −2p channels only occurs to a limited extent. The
most neutron-rich produced Te isotope is 136Te. The behavior
of the experimental yields on the neutron-deficient side of the
Xe, I, and Te distributions differ from what was observed in
previously measured lighter systems [25].

V. ACTINIDE POPULATION

In order to investigate the population and the survival of
actinide binary partners, different observables provided by the
AGATA array were employed. The signatures of surviving
actinide nuclei are the observation of the corresponding x
rays, the detection of neutron-induced γ rays, and, finally,
the direct detection of γ rays from the de-excitation of the
actinide reaction products.

A. x-Ray detection

Characteristic x rays in the spectra are a clear signature
for the presence of the nuclei of interest in the corresponding
Z channels. x-Ray emission from the atomic shells depends
mainly on the nuclear charge and not on nuclear structure
properties. Figure 10 shows the low-energy parts of γ -ray
spectra, Doppler-corrected for recoil fragments ranging from
89Ac to 94Pu. Here a gate on the transferlike �ToF part is
employed. The strongest lines in the spectra belong to the
KL1-3 and KM1-5 lines of Pb which was used as a beam dump
material.
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FIG. 10. Tracked singles γ -ray spectra with a gate on the
transferlike �ToF peak, Doppler-corrected for different actinide
recoils ranging from Ac (Z = 89) to Pu (Z = 94) showing the x-ray
energy region. 92U KL x rays are indicated with dashed lines. The
Pa (corresponding to Z = 55 Cs ejectiles) and Np (corresponding
to Z = 53 I) channels are corrected for U contamination. The Pu
channel corresponding to 52Te ejectiles is only weakly populated.

Strong x-ray lines are visible in the uranium channel. The
KL1-3 transitions at 93.8, 94.7, and 98.4 keV; KM1-5 transitions
around 111 keV; and KN transitions around 114.5 keV are
identified. Three peaks at 90.1(2), 93.3(1), and 105.3(2) keV
are visible in the Th spectrum. They correspond to overlapping
KL1-3 and KM1-5 x-ray transitions. The relative intensity of
the Th x rays is substantially smaller than the ones in the
U spectrum. Almost no Pu fragment candidates leaving the
target were recorded with the DANTE detectors in coincidence
with Te isotopes within PRISMA (see Fig. 5). There are only
≈5.0 × 104 Te events in the left PRISMA-DANTE �ToF peak
and 79(15) counts in the corresponding KL3 x-ray peak. The
Pa and Np x-ray spectra show contaminations of U arising
from the broad Xe peak in the Z distribution. Both spectra
show characteristic KL and KM x-ray peaks of Np and
Pa, respectively. x-Ray yields are extracted by employing a
multi-Gaussian fit model to the depicted spectra in Fig. 10.
The prominent U KL3 peak is used for comparison. The Pa
and Np spectra are corrected for a uranium contamination
by subtracting the appropriately scaled U γ -ray spectrum.
Consequently, close-lying x-ray peaks of Pa and Np have to
be disentangled by adequate fit procedures.

Figure 11 shows the x-ray yields (pink triangles), yields
given by the before-mentioned PRISMA-DANTE transfer co-
incidence �ToF (black points) and theoretical mass-integrated
cross sections calculated by GRAZING (blue rhomboids). All
values are normalized to the yield of the channel 94Pu. The
Th KL3 x-ray peak contains 264(29) counts. Both x-ray and
�ToF distributions are in a good agreement for Th and Np.
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FIG. 11. (Color online) Mass-integrated yields of actinide nuclei
Y from to their x-ray yields in the recoil Doppler corrected γ -ray
spectra (black points) and from the PRISMA-DANTE �ToF yield
scaled to the x-ray distribution (red triangles) together with theoretical
cross sections calculated by GRAZING (blue rhomboids). All of the
distributions are normalized to the Pu channel.

The values for the Pa channel agree within a factor of 2. This
higher x-ray yield is due to more converted transitions in the
odd-Z neighbors.

A normalization to uranium is not applicable since there is
a considerable amount of secondary target x-ray excitation in
the elastic and quasielastic channel which cannot be separated
from the interesting x-ray yield from MNT reactions. Hence,
the U x-ray yield is higher by a factor of ∼3.1 than predicted by
the PRISMA-DANTE particle coincidences. For the actinide
binary partners, proton-stripping reactions are favored over
proton pickup. Products in the +1p channel Pa have about
twice the survival probability as compared to the −1p channel
Np. Similar behavior for the survival rate is observed in the
±2p Pu and Th channels. Pu is hardly accessible via this kind
of reaction.

Despite those from the U channel, x-ray yields are con-
sistent with the yield extracted on basis of the PRISMA-
DANTE �ToF, demonstrating that the technique of kinematic
coincidences employing a recoil-tagging detector system is
suitable to discriminate fission background successfully from
true multinucleon-transfer events. The GRAZING calculations
normalized to Pu reproduce the x-ray yields of Np and U,
whereas they underestimate the population of Pa and Th
significantly.

B. Neutron evaporation

Neutron evaporation strongly affects the final yield distri-
bution of both binary partners and it hinders the production
of very neutron-rich nuclei. Free neutrons are detected by the
employed γ -ray detector array. Fast-neutron-induced delayed
γ -ray lines originating from (n,n′γ ) scattering on 27Al,
70Ge, 72Ge, and 74Ge are visible in the AGATA energy
spectra [44,45]. In the time spectrum, the hits are delayed
due to the longer time-of-flight of the neutrons.

The fast-moving neutrons scatter and interact with the 74Ge
of the AGATA detector by exciting the first 2+ state via the
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FIG. 12. (Color online) γ -ray intensities of neutron-induced
background radiation with gates on the transfer- and fissionlike �ToF
peak. In the channels in which neutrons were stripped from the ejectile
nucleus, more neutrons react with the surrounding HPGe detectors,
hindering the production of actinide binary partners.

74Ge(n,n′γ ) reaction. The corresponding 2+
1 → 0+

1 transition
at 596 keV is clearly visible in the not-Doppler-corrected γ -ray
spectra. The areas of the 596-keV line along the Xe isotopic
chain divided by the area of the 511-keV line is depicted in
Fig. 12. The 511-keV line was taken as a normalization factor
as it does not depend on the amount of evaporated neutrons.
Gates were applied on the individual isotopes, on the delayed
part of the time signal, and on the fission- and transferlike
�ToF areas.

After neutron transfer, primary products may be highly
excited due to the effects of large energy loss, in turn leading
to particle (mainly neutron) evaporation. As expected, the
transfer channels after neutron stripping show more neutron
interactions in the germanium (red points in Fig. 12). With
increasing number of neutrons which are transferred to the
target nucleus, more evaporated neutrons are detected. Fission
fragments (blue points) are related to much more neutron-
induced background since several neutrons are produced in
each fission process.

C. γ -Ray emission

γ -Ray spectra of actinide reaction channels are obtained by
gating on the mass channel of the lighter binary partner and
on the transferlike �ToF region in two-dimensional matrices
shown in Fig. 8. The Doppler correction for the actinide
reaction partner is performed using the first interaction point
of the γ ray within AGATA. The velocity vector of the
targetlike nucleus is determined on an event-by-event basis
using relativistic two-body reaction kinematics.

A Doppler-corrected γ -ray spectrum for the actinide
partner 240U is shown in Fig. 13 which corresponds to
the identified 134Xe fragments in PRISMA with a gate on
the transferlike �ToF events. In the top panel, neutron-
evaporation channels to 239U and 238U are clearly visible in
the spectrum. For example, in the region around 260 keV
one observes three peaks belonging to 239U, 238U, and 240U.
The total excitation energy can be restricted by gating on
the TKEL in the analysis. This yields for targetlike nuclei
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FIG. 13. Tracked singles γ -ray spectra of identified 134Xe frag-
ments in PRISMA with a gate on the transferlike �ToF peak,
Doppler-corrected for the actinide binary partner 240U. (Top) Neutron
evaporation to 239U and 238U dominate the spectrum. (Bottom) A
cut on TKEL > −65 MeV yields a neutron-evaporation suppressed
spectrum revealing the rotational band of 240U.

a suppression of neutron-evaporation channels in the actinide
spectra. Especially events with small TKEL values are related
to reaction products with a lower excitation energy and
therefore reduced neutron evaporation. As the TKEL is shared
between the two reaction products, it is not distinguishable to
which amount beam- and targetlike fragments are individually
excited. After applying a cut on TKEL > −65 MeV and
therefore suppressing neutron evaporation, the 238U and 239U
contributions are less prominent in the γ -ray spectra, revealing
the rotational band of 240U with possible spins up to 18 �.
The rotational band was already observed up to the decay
of the 12+ state in a previous work [21], and the extension to
higher-lying states and other results from discrete spectroscopy
from this experiment are described in Refs. [34,46,47] and will
be subject of a forthcoming publication [48].

Neutron evaporation becomes negligible for neutron-
pickup channels in the actinide region, as already indicated in
Fig. 12. Figure 14 shows the singles γ -ray spectrum of 236U
without cuts on particle coincidence or TKEL requirements.
The spectrum does not exhibit lines from neighboring nuclei
after neutron evaporation. The ground-state band is visible up
to spin 14 �. Channels corresponding to a higher number of
transferred neutrons are not observed. In fact, in the spectrum
corresponding to 242U, there is no evidence of the de-excitation
γ rays characteristic of this nucleus [22]. Cuts on TKEL and
�ToF particle coincidences do not improve the results.

VI. CONCLUSIONS

The present experiment and its results demonstrate the
synergies of the high efficiency γ -ray tracking spectrometer
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FIG. 14. Tracked singles γ -ray spectra of identified 138Xe frag-
ments, Doppler corrected for the binary actinide partner 236U, no
TKEL cut is applied. All observed transitions can be attributed to
236U, and neutron evaporation channels are suppressed.

AGATA in combination with the mass spectrometer PRISMA
and the ancillary multichannel-plate detector DANTE. It was
shown that the setup is able to track down the elusive γ rays
from weakly populated submillibarn reaction channels under
demanding conditions caused by the high fission background
from the employed actinide target.

The obtained results confirm that population of neutron-rich
actinide nuclei without proton transfer is indeed favored,
especially the −2n channel leading to 240U. Therefore,
this type of reaction provides a promising tool to study
the nuclear structure of heavier actinides used as target
material. The results are in line with the measurement of Ishii
et al. where the −2n transfer channel was strongest for the
248Cm( 18O, 16O) 250Cm reaction [49]. However, the transfer
of two protons into the target nucleus is clearly much weaker
and only few Pu isotopes were detected as transfer products
via the corresponding x-ray yield. There was no measurable
yield observed beyond Pu or the −2p channel.

Comparison of experimental mass distributions after
multinucleon-transfer with the GRAZING calculations yields a
fair agreement for few-nucleon transfer channels. However,
there are clear discrepancies, especially on the neutron-
deficient side. The measured cross sections are off by more
than a factor of 10 for the +2p channel or the barium isotopes.
The experimental cross-section values are considerably higher
than GRAZING results. Neutron evaporation from excited
actinide reaction products dominates the γ -ray spectra in the
targetlike reaction channels and has to be treated carefully
since it obstructs the correct assignment of γ -ray transition
candidates to the corresponding targetlike nuclei.

Along the proton-transfer chains, GRAZING calculations
underpredict proton pickup channels, fairly well reproduce
the Xe isotopes, and overpredict channels involving proton
stripping, though generally quite well reproducing the trend
on the neutron-rich side of each isotopic distribution. First,
an underprediction for the Cs isotopes is obtained in the +1p
channel. A fair reproduction of the Xe spectrum is obtained.
An increasing overprediction by GRAZING from the −1p to the
−2p channel is found. The last two channels deviate strongly
in the overall distributions. Population of actinide nuclei with
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higher Z is clearly disfavored for this reaction. GRAZING,
with its coupled-channel semiclassical formalism, considers
only surface degrees of freedom and single-particle transfer
(stripping and pickup) channels. Other degrees of freedom
such as pair transfer modes may be important yet very few
data exist on those effects up to now.

Another obvious discrepancy is visible on the neutron-poor
side for all the measured distributions. The experimental
results were clearly improved by demanding particle coin-
cidences of ejectile nuclei with surviving recoil fragments
measured at the grazing angle. Hence, a rigorous fission
suppression could be successfully obtained. Besides fission,
the effect of neutron evaporation may be very strong which is
not reproduced for these heavy systems by GRAZING. In the
near future it will be very interesting to compare the observed
production rates with the results of the extended GRAZING-F

code [50].
However, with respect to fission probabilities, we note

that in Ref. [42] the theoretical excitation energy and angular
momenta provided by GRAZING for the light and heavy reaction
products have been successfully used for comparison with the
experimental multinucleon transfer cross sections and fission
probability in the 58Ni + 208Pb system.

As Zagrebaev and Greiner [51] pointed out, high cross
sections for the production of targetlike actinide nuclei are
expected in the forward direction. In a recent study of
multinucleon transfer reactions in 58,64Ni + 207Pb collisions
at the velocity filter SHIP at GSI [52] transfers of up to seven

protons from the beam to the target nucleus were observed
in the strong forward direction. The experimental geometry
of our measurement did exclude the observation of large
transfers in the narrow cone around zero degrees. Therefore,
no similar experimental observation is expected from these
results. Nevertheless, the refined detection capabilities and its
new observables allow us to extract hard-to-reach nuclei in the
low-statistics recoil channels for both few-neutron transfer and
proton stripping. It will be of high interest to perform more
detailed systematic investigations of this kind in the actinide
region in the future.
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Kara, and J. Nyberg, Nucl. Instr. Meth. Phys. Res. A 607, 554
(2009).

[45] J. Ljungvall and J. Nyberg, Nucl. Instrum. Methods A 550, 379
(2005).

[46] K. Geibel, Ph.D. thesis, Universität zu Köln, 2012.
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Addendum: Simulation of the PRISMA spectrometer

The identification of the individual reaction products in PRISMA is based on a software reconstruction

of the ion trajectories. Incoming ions are transmitted and dispersed by their mass-over-charge ratio

A/q from the MCP start detector down to the focal plane through the magneto-optical imaging system

consisting of a quadrupole followed by a dipole magnet. The motion of a charged particle inside

the quadrupole and the dipole is determined by the corresponding magnetic rigidities BR. Using

precise measurements of position, time, and total energy signals both at the entrance and at the focal

plane, the flight path L(θ ,φ) as well as the curvature bending radius R(θ ,φ) in the dipole magnet

are reconstructed iteratively using a ray-tracing algorithm. Of course, unlike in an ideal instrument,

non-linearities, inhomogeneous magnetization, and aberrations of any order due to misalignment and

magnetic fringe fields may yield systematic dependencies between A/q and the position coordinates

at the entrance and at the focal-plane detectors. Most of the magneto-optical aberration effects are

compensated by the software trajectory reconstruction or reabsorbed with carefully chosen effective
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Figure 10: Simulation of the PRISMA mass spectrometer. (a) OpenGL visualization of the PRISMA
detector setup with the first 100 virtual events transported through the magnetic system
by the Monte-Carlo simulation. Further details on the detectors and magnets are available
in Publication I of this thesis and Ref. [130]. A schematic view of the employed coordinate
system in the PRISMA frame of reference is shown in the top-left inset. (b) Simulated
charge-state distributions of 136Xe with a kinetic energy of 519(3) MeV plotted in a matrix
of the horizontal positions at the MCP entrance-detector and at the MWPPAC focal plane.



lengths between the different detector parts. Remaining aberration effects vanish after applying

elaborate aberration-correction procedures. This procedure is thoroughly described in the preceding

master thesis in Ref. [130]. In order to obtain relative cross sections, the mass yields also have to be

corrected for the efficiency and the response of the PRISMA mass spectrometer. For this purpose, an

isotropic event distribution uniform in energy is transported through the spectrometer employing a

Monte-Carlo simulation as introduced in Refs. [131, 132].

The initial uniform input distribution is generated by the program GENERALGENERATOR with an

energy in a range from 290 to 650 MeV, corresponding to the measured β2 distribution or rather the

device’s momentum acceptance, and a (polar) angular range θlab = 50◦ ± 8◦ around the reaction’s

grazing angle. Also slightly larger as in the experiment, the azimuthal angular range is chosen from

−40◦ to +40◦. Each event contains the nuclear charge Z , mass A and a four-momentum vector

(E, ~p). Subsequently, the program EVENTGENERATOR assigns an atomic charge state by evaluating a

probability distribution which follows the semi-empirical formula by R.O. Sayer for heavy-ion stripping

data [133, 134].

Finally, the program PRISMA transports each virtual ion event-by-event through PRISMA using the

ray-tracing code of the PRISMA software library. Magnetic fields are set the same way as in the

experimental analysis. Energy losses in Mylar® windows and gas volumes along the ion flight

path are accounted for as well. The output is converted and stored in ROOT trees containing all

PRISMA observables such as the time of flight, path length, curvature radius, deposited energies in the

ionization chambers, and hit positions on entrance and focal-plane detectors. A simulated charge-state

transmission of 136Xe with a gate on Ekin = 519(3) MeV is visible in Fig. 10(b). Horizontal positions

of the MCP entrance-detector and MWPPAC focal plane are plotted in the bottom-right matrix.

Adjustment of the magnetic fields

The simulated charge-state transport and deflection must be consistent with experimental data.

Therefore, both dipole and quadrupole fields are one by one adjusted to align the simulated event

distributions with the experimental ones. The dipole field determines the ion trajectory along the

optical axis. Accordingly, the trajectory off the optical axis is influenced by the quadrupole field. The

tuning of the dipole field is performed by selecting a narrow gate around the horizontal and vertical

centers of the MCP entrance detector. Distortions caused by the quadrupole are excluded in this way

since the quadrupole field vanishes along the optical axis (cf. Fig. 10).

First, to compare the charge-state distributions, experimental absolute charge states are calculated

from the ion velocity β , mass m and curvature radius R:

q
e
=

β cm
p

1− β2 BR
(2.1)

Spectra of charge-state distributions in dependence of the kinetic energy are shown in the right

panels of Fig. 11. Generally, the employed semi-empirical expression reproduces the experimental
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Figure 11: Tuning of the magnetic fields in the PRISMA simulation. Left: Projected experimental
and simulated charge-state distributions detected at the focal plane of PRISMA. A gate
is placed around xMCP ≈ 0 and yMCP ≈ 0. Right: Dependence of the charge state on
the ejectile’s kinetic energy (with a gate on the MCP center). The experimental absolute
charge states have to be calculated from the kinetic energy, mass and curvature radius.
The simulation reproduces the experimental behavior quite well.

behavior. The left panels show projected charge-state distributions as detected at the focal plane.

After increasing the dipole field by 2.3% in the simulation, the simulated charge-state distribution

matches the experimental one. Note that the peak intensities are mismatched in the order of∆q ≈ 2 e.

Possible effects caused by the thick target or further electron stripping when passing the carbon foil at

the entrance detector, which is not taken into account in the simulation, may be responsible for this

shortcoming. Once the dipole field is set, the magnetic field of the quadrupole is tuned. To verify how

the simulated event distributions are in comparison to the experimental ones, various small gates

on the horizontal plane of the MCP (i.e. at y = 0 and at different x positions) are examined. The

quadrupole field is reduced by 40% to match the experimental distribution.

Response function

The response function is defined as the ratio of transported events over the initial ones for each energy

and angle. The corresponding correction factor reads as follows:

f (Ekin,θ ,φ) =
Ninput, entrancedetector(Ekin,θ ,φ)

Noutput, focalplane(Ekin,θ ,φ)
(2.2)
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Figure 12: Response function for 135Xe in a matrix of θlab plotted against the kinetic energy Ekin of
the incoming ion. The color code parametrizes the correction factor f (Ekin,θ ,φ).

It is easily extracted from the simulation data by comparing the event distributions at the MCP

entrance detector and the MWPPAC at the focal plane. The gating conditions are chosen as follows:

the ion has to be successfully transported to the MWPPAC detector, there has to be a signal in the

ionization chamber (IC), and no IC veto signal is allowed. An example response function of the
135Xe channel is presented in Fig. 12. The correction factor is plotted in a matrix of θlab against the

kinetic energy Ekin of the incoming ion. Applied to the measured mass yield eY , the resulting response

function f (Ekin,θ ,φ) gives transmission-corrected yields Y :

Y = f (Ekin,θ ,φ) · eY (2.3)

Contamination correction

The extent of Xe contamination in the ±1p reaction channels I and Cs is identified and corrected by

fitting characteristic Xe γ-ray signatures in the ejectile Doppler-corrected γ-ray spectra of isobaric

mass channels. The 1313-keV and 812-keV transitions of the dominant 136Xe channel and the 847-keV

transition in 134Xe are used as contamination probes. Each contamination is subtracted from the

yield of the corresponding mass channel YA according to the measured Xe production yield. The

percentage of the Xe contaminant κ is defined as follows:

κ=
Ycont.

YA
=

N cont.
γ

NXe
γ

YXe

YA
(2.4)

where Ycont. is the contaminant yield, N cont.
γ the integral of the corresponding Xe γ-ray peaks in the

γ-ray spectrum of the examined mass channel, YXe the yield of 134Xe or 136Xe, and NXe
γ the integral

of the peaks in the 134Xe or 136Xe γ-ray spectra. Next-neighbor even-mass isobars of 136Xe are
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odd-odd nuclei with high level densities, so that overlapping transitions in the region of 1313 keV

have to be taken into account in the fit model. The contamination of 136Xe in 136Cs amounts to

κ = 55.8±2.7%, the one of 136Xe in 136I to 87.8±2.8%. Figure 13 presents xenon, iodine, and caesium

mass distributions before and after the contamination correction. Especially the iodine channel is

severely distorted by an overlapping distribution around mass A= 136; the corrected distribution

shows the expected bell-shaped behavior. The xenon channel exhibits significant contamination in

the ±1n, −3n, and in the −4n channels due to repetitive characteristics in the magnetic system of the

PRISMA mass spectrometer.
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Figure 13: Xe, I, and Cs mass distributions before and after the contamination correction.
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F-91405 Orsay Campus, France
9Instituto de Fı́sica Corpuscular, CSIC-Universidad de Valencia, E-46071 Valencia, Spain
10Department of Physics and Astronomy, Uppsala University, SE-75121 Uppsala, Sweden

11Department of Physics, University of Oslo, Post Office Box 1048 Blindern, N-0316 Oslo, Norway
12Institut de Recherche sur les lois Fondamentales de l’Univers (IRFU), CEA/DSM, Centre CEA de Saclay,

F-91191 Gif-sur-Yvette Cedex, France
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Background: Nuclear structure information for the neutron-rich actinide nuclei is important since it is the
benchmark for theoretical models that provide predictions for the heaviest nuclei.
Purpose: γ -ray spectroscopy of neutron-rich heavy nuclei in the actinide region.
Method: Multinucleon-transfer reactions in 70Zn + 238U and 136Xe + 238U have been measured in two
experiments performed at the INFN Legnaro, Italy. In the 70Zn experiment the high-resolution HPGe Clover
Array (CLARA) coupled to the magnetic spectrometer PRISMA was employed. In the 136Xe experiment the
high-resolution Advanced Gamma Tracking Array (AGATA) was used in combination with PRISMA and the
Detector Array for Multinucleon Transfer Ejectiles (DANTE).
Results: The ground-state band (g.s. band) of 240U was measured up to the 20+ level and a tentative assignment
was made up to the (24+) level. Results from γ γ coincidence and from particle coincidence analyses are shown.
Moments of inertia (MoI) show a clear upbend. Evidence for an extended first negative-parity band of 240U is
found.
Conclusions: A detailed comparison with latest calculations shows best agreement with cranked relativistic
Hartree-Bogoliubov (CRHB) calculations for the g.s. band properties. The negative-parity band shows the
characteristics of a Kπ = 0− band based on an octupole vibration.
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I. INTRODUCTION

The heavy nuclei beyond the last doubly magic nucleus
208Pb in the actinide region from radium to nobelium show a
variety of shapes in their ground states and at higher excitation
energies. Besides a pronounced ground-state deformation in
the quadrupole degree of freedom, also higher multipole orders
are relevant and necessary to understand the basic properties
of these nuclei. This is especially relevant for the extrapolation
into the region of the heaviest elements, where a reduced
deformation beyond the midshell region is a clear indicator for
the next magic number. At this point not only the deformation
as a function of proton number but also its dependence on the
neutron number are of highest interest for the understanding
of the shell closures of super-heavy elements.

Several theoretical predictions based on different models
are put forward to describe shapes and collective excitations
and await experimental verification. The ground-state energies,
first excited states, and deformation parameters of a wide range
of heavy nuclei from Ra up to the superheavy region were
calculated in a macroscopic-microscopic approach [1]. The
Yukawa-plus-exponential model is taken for the macroscopic
part of the energy and the Strutinsky shell correction is used for
the microscopic part. Detailed predictions for the even isotope
chains 226−236Th and 226−242U are given with a minimum
of excitation energy of the first 2+ state and a maximum
of deformation energy at N = 144,146 exactly at the border
where experimental data are available.

A second macroscopic-microscopic model [2] is based on
the Lublin-Strasbourg drop, the Strutinsky shell-correction
method, and the Bardeen-Cooper-Schrieffer approach for
pairing correlations used with the cranking model, taking into
account a dynamical coupling of rotation with the pairing field.
The results describe rotational bands in even-even Ra to Cn
isotopes.

The g.s. band and low-lying alternative parity bands in
the heaviest nuclei are also calculated within a cluster model
[3]. The model is based on the assumption that reflection
asymmetric shapes are produced by the motion of the nuclear
system in the mass asymmetry coordinate. For the lightest
N = 148 isotones including 240U, detailed results on the levels
of the ground-state rotational band and states of the alternative
parity band are obtained. This includes transitional electric
dipole, quadrupole, and octupole moments for the transitions
from the ground state to the states of alternative parity band.

A very extensive theoretical study in the region from tho-
rium to nobelium isotopes covered nearly all aspects of heavy
actinide nuclei [4]. As part of the analysis, collective rotational
excitations in the even-even nuclei 226−236Th and 228−242U
were calculated employing the Gogny D1S force together with
the constrained Hartree-Fock-Bogolyubov (HFB) mean-field
method as well as the configuration mixing, blocking, and
cranking HFB approaches. The experimental results from the
present paper will be directly compared with the values for
kinetic moments of inertia for the yrast normal deformed band
of 240U as a function of rotational frequency calculated in this
theoretical work.

Recent theoretical results on sequences of heavy nu-
clei from Th to No are obtained within self-consistent

relativistic Hartree-Bogolyubov mean-field calculations
which provide a unified description of particle-hole and
particle-particle correlations on a mean-field level [5]. Predic-
tions are made for unknown ground-state axial quadrupole and
hexadecapole moments along the isotopic chains of various
actinide nuclei.

Octupole deformation properties of even-even 220−240U
isotopes were also studied within the HFB mean-field frame-
work employing realistic Gogny and Barcelona-Catania-Paris
energy density functionals [6]. Here, an octupole collective
Hamiltonian is used to obtain information on the evolution of
excitation energies and E1 and E3 transition probabilities of
the first negative-parity bandheads.

Afanasjev et al. [7,8] employed cranked relativistic Hartree-
Bogoliubov (CRHB) calculations for a systematic study of
pairing and normally deformed rotational bands of even-
even and odd-mass actinides and transactinide nuclei within
the relativistic (covariant) density functional theory (CDFT)
framework. The calculations have been performed with the
NL1 and NL3∗ parametrizations of the relativistic mean-field
Lagrangian. Pairing correlations are taken into account by
the Brink-Booker part of the finite-range Gogny D1S force.
The stabilization of octupole deformation at high spin is
suggested by an analysis of discrepancies between theory and
existing experimental information in the band-crossing region
of A ≈ 240 nuclei.

The experimental results from in-beam γ -ray spectroscopy
on excited states are either obtained in the vicinity of the few
isotopes suited as target material in this mass region or have
been measured after fusion evaporation reactions. In both cases
mainly neutron-deficient actinide nuclei were investigated.
Another approach is based on multinucleon-transfer (MNT)
reactions as a tool for spectroscopy of heavy nuclei [9]. One
type of experiments relies on the high resolving power and
efficiency of a powerful γ -ray detector array to separate
the γ rays from the multitude of reaction products and a
tremendous background from fission [10]. A second group
of measurements relies on few-nucleon transfer reactions with
light oxygen beams and were successfully exploited to detect
excited states, e.g., in neutron-rich 236Th, 240,242U isotopes
[11,12]. γ rays were detected in coincidence with the outgoing
transfer products. For the most neutron-rich cases the rotational
g.s. band was detected up to spin 8 to 10 �.

In this paper we report and discuss the results of two
experiments based on different MNT reactions which were
performed at the INFN Laboratori Nazionali di Legnaro (LNL)
in order to study the structure of neutron-rich actinide nuclei.
Experimental details and data analysis are described in the
following two sections. Final results are deduced from γ -ray
spectra in Sec. III. A detailed comparison with theoretical
predictions and an interpretation of the new findings are
given in Sec. IV before the paper closes with a summary and
conclusions.

II. EXPERIMENTAL SETUP

In the first experiment, the tandem van de Graaff accelerator
in combination with the postaccelerator ALPI delivered a 70Zn
beam with an energy of 460 MeV and a current of 2–2.5 pnA.
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TABLE I. Details of the experimental setups.

Beam
Particle 70Zn 136Xe
Energy 460 MeV 1000 MeV
Current 2–2.5 pnA 2 pnA

Target
Isotope 238U 238U
Backing 93Nb
Target thickness 1 mg/cm2 1/2 mg/cm2

Backing thickness 0.8 mg/cm2

The beam impinged onto a 1-mg 238U target. The lighter
beamlike reaction products were identified with the magnetic
spectrometer PRISMA [13–15] and the γ rays were measured
with the HPGe detector array CLARA [16]. The PRISMA
spectrometer was placed at angles of 61◦ and 64◦ with respect
to the beam axis that corresponds to the grazing angle for
the multinucleon-transfer (MNT) reaction. The details of the
targets and the beams are summarized in Table I. Details of
the PRISMA analysis are reported in Ref. [17].

In the second experiment a beam of 136Xe with an energy of
1 GeV, accelerated by the PIAVE-ALPI accelerator complex,
impinged on a 238U target. Again the PRISMA spectrometer
was used to identify the beamlike particles following the
MNT reaction. Experimental details are listed in Table I.
γ Rays from excited states in both beam- and targetlike
nuclei were measured, employing the high-resolution position-
sensitive γ -ray spectrometer AGATA [18] in its demonstrator
configuration [19] placed 23.5 cm from the target position. The
array consisted of 15 large-volume electronically segmented
high-purity Ge (HPGe) detectors in five triple cryostats [20].
The solid-angle coverage of the AGATA demonstrator was
about 7% of 4π . During the experiment, the count rate of
each individual HPGe crystals was maintained between 20
and 30 kHz. A 40 × 60 mm2 large DANTE (Detector Array for
Multinucleon Transfer Ejectiles) microchannel plate detector
[19] was mounted in the reaction plane covering the angle
range which corresponds to the grazing angle for the targetlike
reaction product in order to request a kinematic coincidence
between the different reaction products.

III. DATA ANALYSIS

Details of the PRISMA analysis are reported in Ref. [17]
for the CLARA experiment and in Refs. [21,22] for the
AGATA experiment. The measured quantities allow univocal
identification and determination of the velocity vector for
the individual lighter MNT reaction products. This enables
the calculation of the element, the mass number, and the
velocity vector of the binary reaction partner prior to neutron
evaporation or fission has occurred. Therefore, by gating on a
particular isotope of the lighter beamlike reaction products,
the actinide targetlike reaction products are identified. In
addition, the total kinetic energy loss (TKEL) in the system
after the reaction was determined [14]. The resolution of
the TKEL value is limited by the target thickness and the
position uncertainty of the beam spot on the target. Most of
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FIG. 1. (Color online) Single γ -ray spectra for 68Zn identified in
PRISMA. The corresponding binary partner of the reaction is 240U.
The spectra are Doppler corrected for the targetlike actinide nuclei.
The inset shows the TKEL value in arbitrary units divided in three
regions: 1, 2, and 3. The color code of the γ -ray spectra corresponds
to the three different TKEL regions.

the produced actinide nuclei are excited up to an energy higher
than the neutron-separation energy which enables neutron
evaporation. Nonetheless, a gate on the TKEL value is helpful
to constrain the excitation energy of the nuclei and to suppress
fission events [21].

Results from the 70Zn experiment are shown in Fig. 1.
The selected nucleus after the identification with PRISMA is
68Zn and the corresponding binary partner is 240U. The γ -ray
spectra are Doppler corrected for the targetlike actinide nuclei.
The TKEL distribution is given in the inset. It is divided into
three regions. The γ -ray spectrum corresponding to TKEL
region 1 (blue [gray, bottom]) shows a constant structureless
background caused by fission [21]. The γ -ray spectrum
of region 2 (red [gray, middle]) shows high background
contributions and indications of overlapping peaks. Events
from fission and neutron evaporation are visible. In the γ -ray
spectrum corresponding to the third TKEL cut (black [top]),
distinct peaks of 238−240U can be identified. Known transitions
from 240U dominate and are indicated in the figure. Decays of
the g.s. band up to the 12+ state are visible, and the energies
compare well with previous measurements [11]. In addition,
unobserved lines of the rotational sequence can be identified.

To ensure that different γ -ray decays are part of the g.s.
band, particle gated γ γ coincidences are analyzed. The overall
projection of the γ γ matrix is shown in the top part of Fig. 2.
Similar to the single spectrum (see Fig. 1) the γ rays from
the transitions of the g.s. band in 240U are clearly visible. In
addition, candidates for the decay of the 14+ up to the 20+
levels are visible. By gating on the different energies up to 381
keV the expected coincidences show up; see Figs. 2(b)–2(g).
In Fig. 2(h) the sum of all coincidence gates is shown. Up to
an energy of 409.9 keV, intraband transitions are identified.

The second experiment employed the heavier 136Xe beam
with an energy of 1 GeV. The AGATA demonstrator was
used for γ -ray detection and in addition to PRISMA the
DANTE detector was mounted inside the scattering chamber.
The trigger requested a signal from the focal plane detector
of PRISMA. Data from all validated events including the
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FIG. 2. Particle gated coincidence spectra for 240U from the
CLARA experiment. Projection on one axis of the γ γ matrix (a),
gate on 162 keV (b), gate on 215 keV (c), gate on 264 keV (d), gate
on 307 keV (e), gate on 347 keV (f), gate on 381 keV (g), and the
sum of all the shown gated spectra (h).

full information of the digitized preamplifier responses of
all AGATA channels were acquired and stored. This opened
the opportunity to optimize energy and timing settings by
replaying the complete experiment. An improved Doppler
correction, possible due to the position resolution and tracking

FIG. 3. (Color online) Two-dimensional (2D) histogram of
�ToF and TKEL values for all events with 134Xe identified in
PRISMA. The 2D gate selecting primarily MNT events is plotted
as a solid black line.

capabilities of the AGATA spectrometer [23], was performed.
By gating on the prompt time peak between AGATA and
PRISMA, random background could be significantly sup-
pressed. Similar to the Zn experiment, the targetlike actinide
nuclei are selected by gating on the binary partner identified
in PRISMA. As introduced in Ref. [21], the time-of-flight
difference (�ToF) between the two reaction products was
measured at the entrance detector of PRISMA and the DANTE
detector inside the scattering chamber. A 2D histogram in
which �ToF and the calculated TKEL are correlated is shown
in Fig. 3 for 134Xe. A gate is applied to select transfer events.

The resulting γ -ray spectra are presented in Ref. [21] (see
Fig. 6 for 238U and Fig. 13 for 240U in Ref. [21]) in order to
demonstrate the selectivity and quality of the MNT reaction;
however, no results of the following detailed analysis were
given. Different isotopes, namely 238−240U, contribute to the
γ -ray spectrum of 240U. An additional gate on the TKEL
allows suppression of neutron evaporation.

The resulting spectra are shown in Fig. 4 for 238U and in
Fig. 5 for 240U. The spectrum of 238U shows γ rays from
the de-excitation of states belonging to the g.s. band up to spin
22+. In addition, transitions from the first negative-parity band
are observed up to spin 17−, and the (I → I − 1) interband
transitions are clearly visible.

In the γ -ray spectrum of 240U the same transitions as in
the γ γ sum spectrum of Fig. 2 are seen up to the one with
431.9 keV. Additional weaker lines are visible in the spectrum
which will be tentatively assigned to decays from higher spin
states. Several peaks are candidates for the decay of states from
the first negative-parity band, similar to the energies reported
in Ref. [11]. Unfortunately, some of the observed lines are
close in energy with decays of the first 2+ and 4+ states of the
binary partner 134Xe. Energies are shifted and their line width
is broadened due to the Doppler correction made for 240U.
Two interband transitions from the 3− state, the I → I ± 1
decays, are visible. For the decays from the 5−, 7−, and 9−
states only the I → I − 1 transition could be identified. For
none of the lines is the statistics sufficient to perform a γ γ
analysis and the proposed assignment is therefore tentative.
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FIG. 4. Doppler-corrected single γ -ray spectrum for 238U gated
by 136Xe identified in PRISMA. Beside the applied gate for MNT an
additional cut on the TKEL value was performed (see black region in
inset).

In summary, the spin assignment for the observed tran-
sitions of the ground-state rotational band up to spin 20+
are based on the γ γ coincidences relation (see Fig. 2). All
transitions were clearly observed in the CLARA and AGATA
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FIG. 5. Doppler-corrected single γ-ray spectrum for 240U gated
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(see Fig. 3) an additional cut on the TKEL value was performed (see
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TABLE II. γ -ray energies and spin assignments for 240U. Relative
intensities are determined from the γ γ projection; see Fig. 2(a).

This work Ishii et al. [11]

Eγ [keV] Rel. intensity Ii → If Eγ [keV] Ii → If

105.6 (1) 4+ → 2+

161.9 (10) 0.630 (86) 6+ → 4+ 162.1 (1) 6+ → 4+

215.4 (10) 1.00 (11) 8+ → 6+ 215.4 (1) 8+ → 6+

263.9 (10) 0.84 (10) 10+ → 8+ 264.1 (2) 10+ → 8+

307.5 (10) 0.495 (70) 12+ → 10+ 307.6 (3) 12+ → 10+

346.5 (10) 0.289 (54) 14+ → 12+

379.4 (10) 0.228 (49) 16+ → 14+

409.9 (10) 0.138 (44) 18+ → 16+

431.9 (10) 0.068 (40) 20+ → 18+

448.6 (10) (22+ → 20+)
(455.1) (10) (24+ → 22+)
475.8 (10)
513.7 (10) (21− → 20+)
565.1 (10) (19− → 18+)
601.6 (10) (17− → 16+)
(642.0) (10) (15− → 14+)
675.2 (10) (13− → 12+)
697.2 (19) 3− → 4+ 696.4 (5) 3− → 4+

710.0 (10) (11− → 10+)
749.0 (20) 9− → 8+ 747.5 (3) 9− → 8+

778.1 (32) 7− → 6+ 774.5 (3) 7− → 6+

791.9 (35) 5− → 4+ 794.0 (3) 5− → 4+

800.8 (20) 3− → 2+ 801.9 (5) 3− → 2+

experiments. The two transitions at 449 and 455 keV most
probably originate from the decay of the 22+ and 24+ states
of the g.s. band. Level energies for the 3−, 5−, 7−, and 9−
states are taken from Ref. [11] due to experimental difficulties
explained above. All the measured γ -ray energies and the
assignments are listed in Table II; included are also results
reported in Ref. [11]. The corresponding level scheme is
presented in Fig. 6.

IV. INTERPRETATION

In Fig. 7, a comparison between the energies of the g.s.
band levels obtained in this experiment, the data obtained by
Ishii et al. [11] and theoretical predictions are shown. The
experimental data agree well with the level scheme calculated
within the cluster model [3]. For the macroscopic-microscopic
model two results are given [2]. The dynamical coupling of
rotation and pairing mode agrees well with the experimental
data. The level energies predicted by the I (I 1) rule are
increasingly too high as a function of spin underlining

+
the

necessary coupling as reported in Ref. [2].
A refined comparison between the experimental results

and predictions from theory is based on the kinetic moment
of inertia Jkin (MoI), which is deduced from the transition
energies Eγ of the ground-state rotational band [24–26]:

Jkin = I

ω
= �2 (2I − 1)

Eγ (I → I − 2)
. (1)
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The rotational frequencies are calculated using the expression

�ωkin = Eγ√
I (I + 1) − √

(I − 2)(I − 1)
. (2)

The deviations in energy differences between the consecutive
rotational transition energies are used as the basis to define a
dynamic MoI Jdyn:

Jdyn = dI

dω
≈ �2�I

�Eγ

= 4�2

Eγ 1 − Eγ 2
(3)

with Eγ 1 = E(I → I − 2) and Eγ 2 = E(I − 2 → I − 4).
The corresponding dynamic rotational frequencies are defined
as

�ωdyn = Eγ 1 + Eγ 2

4
. (4)

With the following parametrization by Harris [27], the kinetic
and dynamic MoI are found:

Jkin = J1 + J2ω
2,

(5)
Jdyn = J1 + 3J2ω

2.

The transitions below the 4+ state are not visible in the
γ -ray spectra due to decay by internal electron conversion.
For the two lowest unobserved transitions, the energies and
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mined level energies with theoretical predictions. (a) Data from this
work. (b) Theoretical prediction from cluster model [3], and from a
macroscopic-microscopic approach [2] with (c) dynamical coupling
or (d) I (I + 1) sum rule.

spin-parity assignments from Ishii et al. [11] [Eγ (4+ → 2+) =
105.6 keV] and previous α-decay [28] and 238U(t,p) [29]
measurements [Eγ (2+ → 0+) = 45(1) keV] are taken.

The spins for the ground-state rotational band are linked to
the rotational frequency and the Harris fit parameters [30]:

I = J1ω + J2ω
3 + 1

2 . (6)

In this way the transition energies of the 2+ → 0+ and
4+ → 2+ states are determined to be 45.5(3) and 104.9(6) keV,
respectively. These values agree well with the given literature
values.

The Harris parametrization provides a good indicator for a
comparison of the experimental MoI with the regular I (I + 1)
behavior. Both MoI values, Jkin and Jdyn [see Eq. (5)], are fitted
to the experimental data up to the 12+ g.s. band state. The
determined parameters are J1 = (65.8 ± 0.4) �2 MeV−1 and
J2 = (369 ± 27) �4 MeV−3 for 240U. The ground-state value
of the MoI compares well with the value of 66.9 �2 MeV−1

calculated by Sobiczewski et al. [1].
The fits and the experimental data points are shown in

Fig. 8. The evolution of the moments of inertia as a function of
rotational frequency ω are also shown for the lighter even-even
isotopes 236,238U (experimental values for 236,238U are taken
from Ref. [31]). TheJ1 values are similar for all three isotopes;
only the J2 value of 240U is smaller than for 236,238U. For the
higher transitions beyond the 12+ state an increasing deviation
to the fit, an upbend, is observed. The smooth upbend [32]
in 240U beyond the 18+ g.s. band state is more pronounced
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FIG. 8. (Color online) Fits employing the Harris parametrization
of Jkin and Jdyn for the U isotopic chain from 236U to 240U. Data for
A = 236 and 238 are taken from Ref. [31].

than in the corresponding neutron-deficient isotopes along the
U isotopic chain. A similar behavior was also observed in
neutron-rich Pu, Cm, and Cf isotopes [8,33].

The experimental kinetic MoI of 240U is compared to
kinetic MoIs from various theoretical calculations (red [gray]
data points versus black lines in Fig. 9). For the model by
Delaroche et al. [4] the absolute numbers of the kinetic MoI are
consistently higher than the experimentally determined MoI.
The slope of the upbend of the kinetic MoI around a rotational
frequency of 0.2 MeV �−1 is in reasonable agreement with
the experimental data. The macroscopic-microscopic model
by Nerlo-Pomorska et al. [2] underestimates the beginning of
the experimental upbend. The cluster model by Shneidman
et al. [3] does not include predictions for the behavior at
higher rotational frequencies. The behavior of the MoI is best
reproduced by the relativistic CRHB approach by Afanasjev
et al. [7,8]. Up to 18 � the LN(NL3∗) parametrization is in very
good agreement with the data points, while at even higher spins
the LN(NL1) parametrization provides the best agreement.

Both CRHB + LN(NL1) and CRHB + LN(NL3∗) calcu-
lations suggest a sharp increase of the kinetic MoI above
�ω ≈ 0.2 MeV. Indeed a change of slope is observed at this
energy. This upbend is predominantly due to the alignment of
i13/2 protons and j15/2 neutrons which take place at similar
rotational frequencies [7].

Besides the extension of the g.s. band, the AGATA
experiment also yielded results on the first negative-parity
(octupole) band. The first states of the alternative-parity band
of 240U were reported in Ref. [11] at higher energies than in
236,238U.
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FIG. 9. (Color online) Kinetic MoI, Jkin, from this work (red
[gray] points) in comparison to various theoretical predictions.
The CRHB + LN(NL1) and CRHB + LN(NL3∗) calculations
by Afanasjev et al. best reproduce the experimental data. The
experimental values for the decays of the 4+ and 2+ g.s. band states
were taken from the literature [11,28,29].

To disentangle the octupole correlations or deformation
from octupole vibration, properties of the negative-parity band
were scrutinized. In the case of strong octupole correlations
an alternating parity band occurs. Here, the odd-spin negative-
parity states lie much lower in excitation energy and form
an alternating parity band together with the adjacent positive-
parity even-spin states. A characteristic feature of vibrational
octupole motion is that the negative-parity states appear
at higher excitation energies and are well separated from
the positive-parity states [34]. In the top panel of Fig. 10,
the energy staggering (or parity splitting) S(I ) between the
odd-spin, negative-parity and even-spin, positive-parity bands
of 236,238,240U is presented.

S(I ) = E(I ) − E(I − 1)(I + 1) + E(I + 1)I

2I + 1
. (7)

S(I ) displays to which extent the odd spin I of the negative-
parity band has an excitation energy located in between those
of the two neighboring even-spin states with spins I − 1 and
I + 1, therefore parameterizing to which extend the two bands
of opposite parity can be regarded as a single, rotational
octupole excitation [33,35]. The staggering observed in the
three uranium isotopes is largest for 240U at low spins as
expected for a vibrational band. With increasing spin the S(I )
value comes down to values between 236U and 238U. A similar
behavior is found at the even-even 242,244Pu isotopes [33].

Another indicator is given by the ratio between the
rotational frequencies of the positive- and the negative-parity
bands:

ω−(I )

ω+(I )
= 2

E−(I + 1) − E−(I − 1)

E+(I + 2) − E+(I − 2)
. (8)
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FIG. 10. (Color online) (a) Staggering S(I ) in the three uranium
isotopes 236U, 238U, and 240U. The staggering parameter for 240U
continues to decrease up to the highest spins while S(I ) saturates
in the lighter U isotopes. (b) Ratio of rotational frequencies of the
positive- and negative-parity bands as a function of spin. 236,238U data
taken from Ref. [31].

Values are presented in the bottom panel of Fig. 10. The ratio
approaches 1 for a stable octupole deformation and is (2I −
5)/(2I + 1) in the limit of an aligned octupole vibration [35].

Another approach to evaluate the behavior of the negative-
parity band was introduced by Jolos and von Brentano [34].
The model suggests a formula for the angular momentum
dependence of the parity splitting in alternating parity bands
from a solution of the one-dimensional Schrödinger equation
with a double-minimum potential. The normalized parity
splitting is defined as �ε(I ) ≡ �E(I )/�E(2) with �E(I )
being the parity splitting averaged over three neighboring
values of I :

�ε(I ) = exp

[
− I (I + 1)

J0(J0 + 1) [1 + a I (I + 1)]

+ 6

J0(J0 + 1)(1 + 6a)

]
. (9)

The deduced values of − ln[�ε(I )] for 236−240U with two
fits for a = 0 (dashed lines) and a as a free parameter (solid
line) are plotted in Fig. 11. The general behavior for all three
isotopes is comparable: Starting with a linear increase at low
spins, for higher spin values a positive parameter a describes
the data. This behavior is unambiguously assigned to octupole
vibrational nuclei in Ref. [34]. Moreover, the good agreement
of the fit and the data supports the validity of the experimental
findings.
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FIG. 11. (Color online) Experimental data, parametrized as
− ln �ε(I ) vs I (I + 1)/6 for 236U (a), 238U (b), and 240U (c). Fits
with a = 0 are shown as dashed lines; solid curves include a as a free
parameter. 236,238U data taken from Ref. [31].

V. SUMMARY AND CONCLUSIONS

In summary, we have measured γ rays in 240U fol-
lowing multinucleon transfer induced by 70Zn + 238U and
136Xe + 238U reactions. The magnetic spectrometer PRISMA
was employed, in the first experiment coupled to the γ -ray
detector CLARA and in the second one coupled to the
γ -ray tracking detector AGATA together with the particle
detector DANTE. Neutron-rich 240U was selected by gat-
ing on the binary partner 134Xe identified by PRISMA.
Neutron-evaporation channels were suppressed by restrictions
on the TKEL value. Conditions on particle-particle coinci-
dences were employed to suppress the fission-induced back-
ground. The information on the beamlike reaction products
from PRISMA was combined with a Doppler correction for the
targetlike nuclei to study the structure of 240U. Especially for
the second experiment, the advanced opportunities of the novel
γ -ray tracking technique yielded improved Doppler-corrected
γ -ray spectra.

The heavy-ion-induced reactions involved higher angular
momentum, allowing an extension of the g.s. band of 240U up
to the 20+ state, and tentative assignments up to the (24+) state
were made. The kinetic and dynamic moments of inertia were
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extracted and compared to theoretical predictions. The low-
energy, low-spin part is well described by both cluster models
and macroscopic-microscopic approaches. The population of
high-spin states allowed for the first time the observation of
an upbend at rotational frequencies around 0.2 MeV �−1. This
behavior is best reproduced by recent relativistic mean-field
calculations within the CDFT framework [7,8].

Despite experimental difficulties, there is convincing evi-
dence for the Kπ = 0− negative-parity band which was ex-
tended up to a tentatively assigned (21−) state. Three different
parametrizations such as energy staggering and parity splitting
between the g.s. band and the negative-parity band yield
consistent results. The experimental findings suggest that the
newly observed band is interpreted best as a collective octupole
vibrational excitation. This interpretation is supported by the
similarities with the neighboring 236−240U isotopes.

Our new experimental results are a further step in the
understanding of more neutron-rich uranium isotopes and
actinide nuclei in general. However, further experimental
evidence is highly desirable and improved experiments with

higher statistics are needed to corroborate the results. For this
endeavour high-efficiency detection devices are mandatory to
overcome the reported low cross sections in the microbarn
region for these type of reactions [21].
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Detailed spectroscopic information on the N ∼ 82 nuclei is necessary to benchmark shell-model calculations
in the region. The nuclear structure above long-lived isomers in 134Xe is investigated after multinucleon transfer
(MNT) and actinide fission. Xenon-134 was populated as (i) a transfer product in 136Xe + 238U and 136Xe + 208Pb
MNT reactions and (ii) as a fission product in the 136Xe + 238U reaction employing the high-resolution Advanced
Gamma Tracking Array (AGATA). Trajectory reconstruction has been applied for the complete identification of
beamlike transfer products with the magnetic spectrometer PRISMA. The 136Xe + 198Pt MNT reaction was studied
with the γ -ray spectrometer GAMMASPHERE in combination with the gas detector array Compact Heavy Ion
Counter (CHICO). Several high-spin states in 134Xe on top of the two long-lived isomers are discovered based on
γ γ -coincidence relationships and information on the γ -ray angular distributions as well as excitation energies
from the total kinetic energy loss and fission fragments. The revised level scheme of 134Xe is extended up to an
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excitation energy of 5.832 MeV with tentative spin-parity assignments up to 16+. Previous assignments of states
above the 7− isomer are revised. Latest shell-model calculations employing two different effective interactions
reproduce the experimental findings and support the new spin and parity assignments.

DOI: 10.1103/PhysRevC.93.054325

I. INTRODUCTION

The nuclear structure of high-spin states in the vicinity
of the N = 82 magic number is of high interest to
benchmark nuclear shell-model calculations. Isomeric yrast
Iπ = 10+ states of νh−2

11/2 character have been reported in

all the even-mass N = 80 isotones ranging from 130Sn to
142Sm [1–8]. Comprehensive shell-model (SM) calculations
and detailed predictions for these nuclei are the subject of
several recent studies, which are either based on the jj coupled
scheme or on the uncoupled m scheme. The jj scheme is
adopted by the codes NATHAN [9,10] and NUSHELLX [11]. It has
the advantage of yielding shell-model Hamiltonian matrices of
relatively small dimensions. On the other hand, these matrices
are very dense and have complex algebraic structures. The Xe
isotopes with four valence protons and increasing deformation
have come within reach of these types of advanced shell-model
calculations. With respect to the Sn isotopes, the number
of neutron holes is increased and the deformation is driven
by the proton-neutron force, which acts efficiently in Xe
isotopes. Therefore, the Xe isotopes provide an intriguing
and important test case for new shell-model developments. In
summary, the following theoretical studies were performed
employing pair-truncated shell-model calculations [12],
large scale shell-model calculations [13], and shell-model
frameworks with the monopole and quadrupole pairing plus
quadrupole-quadrupole interaction employed as an effective
interaction [14].

This work focuses on the N = 80 isotone 134
54Xe, located in

the proton midshell between the Z = 50 shell closure and
the Z = 64 subshell one. The data on low-spin states in
134Xe originate from earlier work employing β decay [15–
18] and Coulomb excitation [19,20]. The most recent study
was performed by Ahn et al. [21]. The authors obtained
absolute E2 and M1 transition strengths in 134Xe in an inverse
kinematics 12C(134Xe ,134Xe ′) Coulomb excitation experiment
employing the GAMMASPHERE array at the superconduct-
ing Argonne Tandem Linac Accelerator System (ATLAS)
accelerator. The 1100-keV transition was validated to connect
the mixed-symmetry 2+

3 state with the first excited 2+
1 state.

Excited states above the yrast Iπ = 10+ isomeric state
were identified only recently. The first relevant results were
obtained by Fotiades et al. [22], measuring a variety of
fusion-fission fragments from the 226Th compound nucleus via
triple-γ coincidences using the GAMMASPHERE array at the
Lawrence Berkeley National Laboratory (LBNL) in 2007. A
cascade based on a 1323-keV γ -ray transition was attributed
to 135Xe by means of γ γ coincidences. However, the same
sequence of γ rays with energies of 218, 320, and 1323 keV
was found in an experiment by Shrivastava et al. [23] in 2009.
The reaction products of the fusion-fission reaction 12C(238U,
134Xe)Ru were unambiguously identified with the magnetic
mass spectrometer VAriable MOde high acceptance Spec-

trometer (VAMOS). γ -ray decays of excited states in 134Xe
were measured with two EXOGAM Compton-suppressed
segmented clover detectors at the Grand Accélérateur National
d’Ions Lourds. The γ rays with energies of 218, 320, and 1323
keV and additional lines at 612 and 1100 keV were observed in
coincidence with 134Xe, correcting the assignment by Fotiades
et al. Shrivastava et al. argue that all observed lines feed the
long-lived 10+ [T1/2 = 5(1)μs] [2] and 7− [T1/2 = 290(17)
ms] isomers [24]. The authors claim that the transitions
below those isomeric states are not observed, although a clear
indication for the 847-keV 2+

1 → 0+ transition below the
isomeric states is visible in the corresponding γ -ray spectrum.
The observed γ -ray transitions were ordered into cascades
above the aforementioned isomers. Due to low statistics, no
γ γ coincidences were analyzed [23]. The placement of the
excited states and spin/parity assignments were guided and
suggested by the results of a large-scale shell model (LSSM)
calculation.

These findings, together with recent theoretical advances,
motivated a refined investigation of the nuclear structure in
134Xe, especially regarding high-spin states above the two
long-lived isomers. In this article, we report and discuss
new results for the nucleus 134Xe obtained in three different
experiments, which are based on direct identification of 134Xe
and coincident prompt γ -ray spectroscopy. The combination
of the high-resolution position-sensitive Advanced Gamma
Tracking Array (AGATA) [25] and the PRISMA magnetic
mass spectrometer [26–28] was employed to study 134Xe after
136Xe + 208Pb multinucleon transfer (MNT) and 136Xe + 238U
MNT and fission reactions, respectively. Further, 134Xe was
measured after a 136Xe + 198Pt MNT reaction using the
GAMMASPHERE+CHICO setup [29,30] at LBNL.

This paper is organized as follows: the experimental setup,
data analysis, and the results of the three experiments are
described in Sec. II. A detailed comparison with two modern
shell-model calculations is presented in Sec. III, before the
paper closes with a summary and conclusions.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. 136Xe + 238U

In this experiment, the PIAVE+ALPI accelerator complex
provided a 136Xe beam with an energy of 1 GeV and a beam
current of 2 pnA, impinging onto 238U targets. The 238U targets
had thicknesses of 1 and 2 mg/cm2, respectively, with a
0.8-mg/cm2 Nb backing facing the beam. Projectile-like
reaction fragments in the Xe region were identified with the
magnetic mass spectrometer PRISMA placed at the grazing
angle of θlab = 50◦. The measured quantities allowed unequiv-
ocal determination of the atomic and mass numbers and the
velocity vector for the individual lighter reaction products. A
40 × 60 mm2 microchannel plate detector DANTE (Detector
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FIG. 1. Doppler-corrected γ -ray spectra gated on 134Xe identified in PRISMA (a) in the 136Xe + 238U experiment and (b) in the 136Xe + 208Pb
experiment with indicated γ -ray energies in keV. The spectra are obtained with a cut on the prompt time peak between AGATA and PRISMA.
Remaining contaminations of the U and Pb binary reaction partners are marked in the spectra. Italic numbers label newly observed γ -ray
transitions.

Array for Multinucleon Transfer Ejectiles) [31,32] covered
the angular range which corresponds to the grazing angle for
the targetlike reaction product in order to request a kinematic
coincidence between the different reaction products. γ rays
from excited states in both beam- and targetlike nuclei were
detected with the AGATA array [25] in the demonstrator
configuration [31] placed 23.5 cm from the target position. The
array consisted of 15 large-volume electronically segmented
high-purity Ge (HPGe) detectors in five triple cryostats [33].
An event registered by the PRISMA focal-plane detector in
coincidence with an AGATA event was taken as a trigger for
the data acquisition. Pulse-shape analysis of the fully digitized
detector signals was applied to determine the individual
interaction points. This information is used by the Orsay
forward-tracking algorithm [34] to reconstruct the individual
emitted γ -ray energies and determine the first interaction point
of the γ ray in the germanium and, thus, the emission angle.
Combining this information with the kinematic information
of PRISMA, a precise Doppler correction for beam- and
targetlike nuclei was performed. Details and results of the
analysis procedure are reported in Refs. [35,36].

The Xe Doppler-corrected singles γ -ray spectrum of 134Xe
is shown in Fig. 1(a). The corresponding mass spectrum of
the Xe isotopes is depicted in the inset. Random background
is significantly suppressed by gating on the prompt time-
difference peak between AGATA and PRISMA. The full

width at half maximum (FWHM) of the prompt coincidence
peak is approximately 16 ns for identified beamlike particles.
Transitions belonging to both primary binary partners are
present in the γ -ray spectra. Results on the heavy binary
partner 240U are presented in Ref. [37].

The ground-state band of 134Xe is visible up to the 6+
1

state at an excitation energy of 2272.0 keV. The corresponding
6+

1 → 4+
1 , 4+

1 → 2+
1 , and 2+

1 → 0+
1 decays at 405, 884, and

847 keV, respectively, can be seen in the singles spectrum.
Furthermore, a peak at 1073 keV can be identified as the
3+ → 2+

1 transition, de-exciting the 1920-keV level. A smaller
peak at 1614 keV was reported as the decay of the 2+

2 state to
the stable ground state [24]. Transitions with energies of 135,
162, 541, and 678 keV were already observed in studies of the
β decay of 134I [18].

As reported in Ref. [23], we also unambiguously identify
the 218-, 320-, 1099-, and 1323-keV γ rays to be transitions of
134Xe. However, the peak intensities in our experiment exceed
the previous work by three orders of magnitude. The broad
peak at 320 keV in the singles spectrum consists of two peaks
with energies of 320 and 323 keV. New peaks well above the
background level are observed at 152, 207, 350, 415, 448, 454,
623, and 1219 keV. Peaks at 207, 415, and 448 keV were also
visible in the γ -ray spectrum by Shrivastava et al., but were
neither marked nor listed as transitions belonging to 134Xe.
However, transitions with energies of 152 and 350 keV were
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FIG. 2. Matrix of the time difference �ToF between PRISMA
and DANTE plotted against the total kinetic energy loss for 134Xe
events in the 136Xe + 238U experiment. Transfer and fission are clearly
separated. Note that for the fission channel, the computed TKEL is
only qualitative since a binary reaction is assumed.

previously reported and tentatively assigned to low-spin states
in an preliminary published level scheme of a natXe(n,n′γ )
experiment [38].

The 136Xe + 238U experiment allows to distinguish the two
production modes of 134Xe, which is populated both as a

fission fragment and as a two-neutron transfer product via
particle-particle coincidences. The population of 134Xe in the
multinucleon transfer is observed with a cross section of
∼70 mb [35]. Simultaneously, 134Xe is populated as a highly
excited actinide fission fragment of the 238U(136Xe ,Fγ )
reaction. In this way, the separation between highly excited
fission fragments and preferentially colder transfer products
gives valuable additional information related to the population
modes of excited states in the identified ejectile nuclei and
their level scheme.

In the 136Xe + 238U experiment the fast anode signals of the
entrance detector of PRISMA and the DANTE MCP enabled
the measurement of time-of-flight differences (�ToF) between
different coincident reaction products entering the PRISMA
spectrometer. A significant time difference is observed due
to the different kinetic energies and velocities of the fission
products compared to the transfer products. The simultaneous
measurement of both the momentum and the angle of the
beamlike recoils with PRISMA enables a reconstruction of
the total kinetic energy loss (TKEL) value of the reaction [39].
As presented in Fig. 2, transferlike and fissionlike fragments
are separated as two different domains in a matrix of �ToF
plotted against the TKEL for ejectiles identified as Xe. The
computed TKEL value for the fission fragment is not complete
and correct since the TKEL calculation is based on the binary-
partner reaction system.

The ejectile Doppler-corrected γ -ray spectrum is shown
in Fig. 3(a) for transferlike events while γ rays originating
from 134Xe fission fragments are sorted into Fig. 3(b). The
ground-state 2+

1 → 0+
1 transition at 847 keV and the 4+

1 → 2+
1

FIG. 3. Doppler-corrected 134Xe γ -ray spectra from the 136Xe + 238U experiment with (a) a gate on transferlike events and (b) events
originating from actinide fission.
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transition at 884 keV are visible in both spectra, but dominate
in the transferlike spectrum. In the transfer case the integral
of the 847-keV peak is ten times larger than the integral of
the 1323-keV line. For the fission case this factor is reduced to
∼1.4. The fission spectrum shows prominent peaks from 207-,
218-, 320-, 415-, and 1323-keV transitions, which are clearly
suppressed in the transfer spectrum. Hence, those decaying
states are mainly populated in highly excited fission residues.
The peak at 1099 keV is visible in both transfer- and fissionlike
spectra. In contrast, the 448- and 1219-keV transitions prevail
in the transferlike spectrum.

By exploiting the position sensitivity for γ -ray interaction
points in AGATA and for ejectile nuclei in the PRISMA
entrance detector, it is possible to investigate γ -ray angular
distributions of the measured γ rays with respect to the
momentum of 134Xe nuclei. In this way, the multipolarities
of observed γ -ray transitions are compared and constrained in
comparison with well-known and documented γ -ray decays.

The spin alignment is perpendicular to the reaction
plane and defined by the magnetic spectrometer itself. In
contrast to fusion-evaporation reactions, the spin alignment
after multinucleon-transfer reactions is reduced, yet it is
large enough to perform detailed angular distributions [40].
However, multinucleon-transfer shows an asymmetry of the
spin alignment with respect to the azimuthal angle [41].
Contrarily to traditional detector arrays with single detectors,
the AGATA demonstrator can be considered as an extended
and continuous HPGe detector. Examples of such continuous
distributions are given in Ref. [42]. For each γ ray the
first interaction point within AGATA and the reconstructed
momentum vector by PRISMA are used to calculate the
corresponding angles θγ,Xe between the ejectile fragments
and the emitted γ rays. The isotropic angular distributions
of 1408-keV γ rays from a 152Eu source placed at the
target position serve as a geometrical efficiency correction
for the detector setup. Moreover, background contributions
are carefully selected and subsequently subtracted from the
measured angular distributions. The degree of spin orientation
with respect to the beam axis strongly depends on the initial
formation process and the reaction mechanism. Thus, the
angular distributions yield qualitative and tentative results on
the γ -ray multipolarities.

The five AGATA triple cluster detectors were placed
at backward angles with respect to the PRISMA entrance
window. Figure 4 shows the ratio W (θγ,Xe) between the number
of counts in the angular range from 161◦ to 180◦ over the
number of counts in the 150◦ to 161◦ angular range for various
strong transitions of known multipolarity � in 134,135,136,138Xe.
The horizontal dashed line depicts the mean value W�=2 of the
measured ratios for evaluated E2, � = 2 transitions [24,43–45]
that are also labeled in the figure. As anticipated, the 1073-keV
3+ → 2+

1 M1 + E2 transition in 134Xe with a mixing ratio
of δ = +0.16(2) [24] exhibits a considerable deviation from
the mean � = 2 value. Similarly, W (θγ,Xe) of the 320-keV
transition in 134Xe is more than 2σ off with respect to
W�=2, corroborating the assumption that this transition is of
� = 1 dipole character. The angular-distribution ratio of the
1323-keV transition is consistent with an E2 multipolarity of
� = 2.

FIG. 4. Ratio W (θγ,Xe) from γ -ray angular distributions between
the number of counts in the angular range from 161◦ to 180◦ over
the number of counts in the 150◦ to 161◦ angular range, measured
with AGATA in the 136Xe + 238U experiment for various transitions
in Xe isotopes (see labels). The horizontal line depicts the weighted
mean ratio for evaluated I → I − 2 transitions. Dashed lines mark
the corresponding standard deviation.

Events with γ -ray multiplicities Mγ � 2 are sorted into a
γ γ -coincidence matrix. Coincidence spectra are created by
projecting the matrix onto one of its axes. A corresponding
gate on the 1323-keV peak is shown in Fig. 5; it demonstrates
that the 1323-keV transition is coincident with the 218-, 320-,
and 207-keV γ rays. Extended results on an improved γ γ -
coincidence analysis are the subject of the paragraph related
to the 136Xe + 198Pt experiment.

To summarize, the 136Xe + 238U experiment yields results
on two different population paths, multinucleon transfer and
fission. By means of particle identification, several previously
reported transitions as well as new transitions are unambigu-
ously assigned to 134Xe. In the fission-gated γ -ray spectra,
six transitions are enhanced with respect to the transfer-gated
spectra, suggesting that states with larger excitation energies
as well as higher angular momentum are populated.

B. 136Xe + 208Pb

In this experiment, a 136Xe beam provided by the
PIAVE+ALPI accelerator complex at an energy of 930 MeV
impinged onto a 1 mg/cm2 thick 208Pb target. PRISMA was
placed at the grazing angle of θlab = 42◦. γ rays were measured

FIG. 5. γ γ -coincidence spectrum of the 136Xe + 238U experiment
with a gate around Eγ = 1323 keV (shown in the inset panel).
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FIG. 6. Doppler-corrected 134Xe γ -ray spectra with gates on low and large TKEL values from the 136Xe + 208Pb experiment: (a) gate on
low TKEL and (b) gate on large TKEL corresponding to higher excitation energies after the deep-inelastic MNT reaction. The applied gates on
the TKEL distributions are shown in the insets. Both spectra are obtained with a cut on the prompt time peak between AGATA and PRISMA.

by the AGATA demonstrator in an earlier configuration in
which only three triple clusters were available. The experi-
mental configuration, trigger conditions, as well as the data
analysis resemble those described in Sec. II A. The singles
γ -ray spectrum depicted in Fig. 1(b) exhibits the same lines as
in the 136Xe + 238U experiment, yet there is much less random
background from fission present in the spectrum. Further
details of the analysis are presented in Refs. [46,47].

Multinucleon transfer reactions populate excitation ener-
gies and spins differing substantially from the ones reached
by fusion-evaporation reactions or fission residues [27,48].
The total excitation energy can be restricted by gating on
the TKEL, which was calculated in a similar way to that
described in Sec. II A. In particular, events with small TKEL
values are related to reaction products with a lower excitation
energy. We remind the reader that as the TKEL is shared
between the two reaction products, the excitation energy of
both light and heavy reaction products is included in the TKEL
distribution. Due to the presence of the two long-lived isomers
in the level scheme of 134Xe, the TKEL-gated prompt in-beam
γ -ray spectra are excellent tools to discriminate between γ -ray
transitions below and above the isomeric states. Thus, TKEL
spectra are correlated with coincident γ rays of AGATA. By
gating on different TKEL regions, γ -ray transitions between
states with different excitation energies and angular momenta
can be suppressed or enhanced [27,28]. Figure 6 shows γ -ray
spectra for 134Xe obtained with different conditions on the
TKEL. The TKEL spectra are presented in the top right insets.

By gating on the low-TKEL region (a), the three lowest
6+

1 → 4+
1 , 4+

1 → 2+
1 , and 2+

1 → 0+
1 yrast transitions are

clearly enhanced in the spectrum. As expected, the 1073-keV
transition connecting the low-lying 1920-keV 3+ state with
the 2+

1 state is only visible in panel (a). Transitions of other
low-lying non-yrast states such as the (5+) → 4+

1 at 541 keV,
the (5+) → 6+

1 at 135 keV γ rays, and a new peak at 1219 keV
are visible as well. The gate also reveals transitions with a small
branching ratio such as the 189 keV γ ray connecting the 1920
keV 3+ state with the 4+

1 yrast state. All these lower-energy
transitions, including the yrast γ -ray transitions below the 10+
isomer vanish for gates on large TKEL values in Fig. 6(b). The
peaks at 207, 218, 415, 623, and 1323 keV and a broad peak
at 320 keV only appear at large TKEL. The 1099-keV line
is visible for both TKEL domains in Fig. 6. In conclusion,
due to the presence of two long-lived isomers, gates on large
TKEL can indeed entirely suppress de-excitations of states
below the isomeric states. Hence, there is strong evidence that
the above-mentioned transitions (207, 218, 320, 415, 623, and
1323 keV) are in fact located at higher excitation energies in the
level scheme. The singles spectra of both AGATA experiments
exhibit a high-statistics peak at 1099 keV.

C. 136Xe + 198Pt

In this experiment, a 850-MeV 136Xe beam provided
by the 88-inch cyclotron at LBNL impinged onto a 92%
isotopically enriched self-supporting 420-μg/cm2 198Pt target.
γ rays were detected by the GAMMASPHERE array, which
consisted of 103 Compton-suppressed HPGe detectors in
this experiment [29]. Both polar and azimuthal angles and
the time-of-flight difference �ToF between the detection of
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FIG. 7. Partial experimental level scheme of 134Xe with the
newly observed γ -ray transitions above the 10+ and 7− isomers.
Intensities of the yrast cascade below the isomer are extracted from
the out-of-beam delayed γ γ matrix and normalized to the 2+

1 decay;
intensities above the isomer are extracted from the prompt matrix and
normalized to the intensity of the 1323-keV transition. The intensity
balance between the ground-state sequence and the high-spin states
is extracted from the 136Xe + 208Pb dataset.

beamlike and targetlike reaction products were measured
with the gas-filled parallel-plate avalanche chamber ancillary
detector CHICO (Compact Heavy Ion Counter) [30], thus
allowing for an event-by-event Doppler shift correction for
emitted γ rays. Detailed descriptions of the channel selection
and data analysis are given in Ref. [3].

The experimental data were sorted into three two-
dimensional matrices gated on beamlike fragments: (i) an
in-beam Doppler-corrected prompt γ γ matrix, (ii) an out-of-
beam delayed-delayed γ γ matrix, and (iii) a delayed-prompt
γ γ matrix. The time window for the delayed γ rays was 45
to 780 ns. Matrix (i) enables the identification of prompt
transitions which feed the long-lived 5-μs 10+ isomer at
3025 keV.

Spins and parities have been established for levels in 134Xe
up to the 10+ state at 3025 keV [24] (see level scheme in

FIG. 8. (a) Sum of GAMMASHERE delayed-prompt γ γ -
coincidence spectra with gates on the delayed 847-keV 2+

1 → 0+
1 ,

884-keV 4+
1 → 2+

1 , and 861-keV 8+
1 → 6+

1 yrast transitions (as
indicated in the inset miniature levelscheme). (b) to (d): Prompt
γ γ -coincidence spectra with gates on 218, 320, and 1323 keV. A
closeup of the energy region around 320 keV is shown in the inset in
panel (c).

Fig. 7). The 10+ isomer decays via 28- and 861-keV γ rays to
the 8+

1 and 6+
1 states. Due to electron conversion, the 28-keV

transition is not observable in either one of the experiments, yet
the 861-keV γ -ray decay is visible by gating on the transitions
of the 4+

1 and the 2+
1 yrast states at 847 and 884 keV in the

136Xe + 198Pt out-of-beam delayed γ γ matrix, respectively.
A sum of gates on the delayed 847-, 884-, and 861-keV γ
rays in the prompt-delayed matrix in Fig. 8(a) yields prompt
coincidence peaks at 207, 218, 320, 454, 538, 623, and 1323
keV. Therefore, these transitions are located above the 10+
state feeding the isomer.

Background-subtracted prompt γ γ -coincidence spectra
with gates on 218, 320, and 1323 keV are shown in Figs. 8(b)–
8(d). The 1323-keV transition is mutually coincident with
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the 218- and 320-keV γ rays, verifying these transitions
to be members of a cascade above the 10+ isomer. In this
measurement the 1323-keV gate exhibits contamination due
to the nearby 1313-keV 2+ → 0+ transition in 136Xe. A broad
accumulation of counts around 400 keV is subsequently caused
by falsely Doppler-corrected targetlike 198Pt γ rays. The
6.3(1)-keV FWHM of the 320-keV peak is broader than that
of the neighboring peaks (e.g., FWHM218 keV = 3.54(9) keV).
A gate on the left part of the 320-keV peak reveals a second
peak at 323 keV, as depicted in Fig 8(c). Coincidences with
623-keV γ rays are present in all gated spectra; a coincidence
with the 207-keV line is observed except for the 218-keV gate.

The construction of the level scheme which is built on
top of the 10+ isomeric state is based on the prompt γ γ
coincidences and the efficiency-corrected γ -ray intensities
from the GAMMASPHERE experiment. The extended and
modified level scheme is presented in Fig. 7. Intensities of
the yrast cascade below the isomer are extracted from the
out-of-beam delayed γ γ matrix and normalized to the 2+

1
decay; intensities above the isomer are normalized to the
intensity of the 1323-keV transition. The intensity balance
between the ground-state sequence and the high-spin structure
is extracted from the 136Xe + 208Pb dataset.

The intensity relations affirm the placement of the
1323-keV transition on top of the isomer, fed by the 320-
and 218-keV transitions. Fotiades et al. reported two more
lines to be in coincidence with the 1323-keV line: 323 and
541 keV [22]. The intensity of the 323-keV line corroborates
a placement directly above the 4886-keV state. The 541-keV
transition expected to be in coincidence with the 320- and the
1323-keV transition is neither observed in the prompt spectra
nor in the large-TKEL gated AGATA data. The 541-keV line
visible in the low-TKEL gated γ -ray spectrum in Fig. 6(a) can
be attributed to the low-spin structure below the isomer [24].
However, a line at 538 keV is visible in the delayed-prompt
coincidence spectrum in Fig. 8(a) and, consequently, it is part
of a cascade above the isomer. Indeed, the sum of the 320- and
218-keV transitions suggests that the transition of 538 keV
bypasses the 320- and 218-keV γ rays. The 623-keV transition
is coincident with all transitions of the cascade and, thus,

placed on top of the 5209-keV state based on its low intensity.
The line at 207 keV coincides with the 320- and 1323-keV γ
rays, but not with the 218-keV transition or other decays from
higher-lying states. It is assumed to feed the 4668-keV state.

Shrivastava et al. tentatively assigned a 1100-keV line to
be a (9−) → 7− transition feeding the 290-ms Ex = 1965 keV
7− isomer [23]. This assignment was based on a comparison
with results of a LSSM calculation. A 1100-keV transition
was also found to connect the mixed-symmetry 2+

3 state with
the 2+

1 yrast state in a later experiment [21]. As shown in
Sec. II B, the 1099-keV transition appears in both TKEL-gated
γ -ray spectra of the 136Xe + 208Pb experiment in Fig. 6.
Consequently, it is interpreted as a doublet. The gate on low
TKEL in the 136Xe + 208Pb experiment predominantly selects
the 2+

3 → 2+
1 transition. On the other hand, the decay of

the 2+
1 state to the ground state is not present in the γ -ray

spectrum gated on large TKEL. Subsequently, the 1099-keV
transition visible in Fig. 6(b) is not connected to the yrast
band and has to be placed on top of an isomeric state. Due
to missing coincidences with any known or newly observed
transitions above the 10+ isomer, it is placed on top of the
second isomer feeding directly the 7− isomer at 1965 keV.
A 612-keV (11−) → (9−) transition, which was suggested in
Ref. [23] to sit on top of the 1099-keV transition is not observed
in either AGATA or GAMMASPHERE spectra. It was shown
before that the 415-keV γ ray was found in the 136Xe + 238U
fission γ -ray spectrum as well as in the γ -ray spectrum of
the 136Xe + 238U experiment gated on large TKEL. Since the
415-keV transition is also not observed in coincidence with
any transitions above the 10+ isomer, the transition is placed
above the long-lived 7− isomer feeding the 3064-keV state.
The newly found 454-keV transition also does not show any
γ -ray coincidences with members of the band above the 10+
isomer. The 454-keV transition is placed directly above the
10+ isomer decaying from the (already introduced) excited
(11−) state at 3479 keV into the 10+ isomer. The energy
differences between the 3479-keV state and the 3025-keV
10+ state match nicely. In this way, a decay branch connects
the negative-parity states above the 7− isomer with the 10+
excited state. The 448-keV transition present in the AGATA

TABLE I. Energies, assignments, and relative in-beam intensities for transitions observed in 134Xe above the 10+ and 7− isomers. The
energies are fitted in the AGATA datasets; intensities are taken from the GAMMASPHERE measurement. The uncertainties in the transition
energies are ±0.5 keV. Possible spin-parity assignments are discussed in Sec. III.

Eγ (keV) Ei Ef Iπ
i I π

f Iγ

Transitions feeding the 10+ isomer
207 4875 4668 (13+) 2.3(2)
218 4886 5290 (14+) (13+) 10.4(2)
320 4668 4348 (13+) (12+) 16.1(25)
323 5209 4886 (15+) (14+) 7.2(24)
454 3479 3025 (11−) 10+ 4.7(3)
538 5209 4668 (14+) (12+) 2.7(3)
623 5290 4668 (16+) (15+) 5.9(2)
1323 4348 3025 (12+) 10+ 27.6(7)

Transitions feeding the 7− isomer
415 3479 3064 (11−) (9−)
1099 3064 1965 (9+) 7−
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FIG. 9. Comparison of the experimental energy spectra (left panel) with the results of the shell-model calculations within the jj55 effective
interaction (middle panel) and by Teruya et al. [51] (right panel). Note that in all panels the states are separated into three columns for the
positive-parity, negative-parity, and higher-lying 2+ states.

spectra is not visible in any coincidence spectra and could
not be included in the level scheme. The γ -ray transitions
above the isomeric states and their corresponding intensities
are summarized in Table I. Possible spin-parity assignments
are discussed in Sec. III. In brief, the 136Xe + 198Pt data yields
crucial results on the extended and revised level structure above
the two isomers by exploiting delayed-prompt and prompt γ γ
coincidences.

III. SHELL MODEL CALCULATION

The extended level scheme was compared to results of
two different shell-model calculations for 134Xe. The first
calculations were carried out in the proton-neutron formalism
without any truncations for positive- and negative-parity
states in the full gdsh valence space outside the 100Sn
core between the magic numbers 50 and 82, including the
0g7/2,1d5/2,1d3/2,2s1/2, and 0h11/2 orbitals for both protons
and neutrons. The shell-model code NUSHELLX@MSU [11]
was employed using the jj55 effective interaction obtained
by Brown et al. [49] based on a renormalized G matrix
derived from the CD-Bonn nucleon-nucleon interaction [50]
considering 132Sn as the core nucleus.

An independent extensive theoretical study of nuclei
around mass 130 was published by Teruya et al. [51]. The

results include excited states and electromagnetic transition
probabilities for Xe isotopes within the shell model in the
gdsh model space including the 0g7/2, 1d5/2, 1d3/2, 2s1/2,
and 0h11/2 orbitals. The effective interaction consists of
spherical single-particle energies and phenomenological two-
body effective interactions consisting of monopole-pairing,
quadrupole-pairing, and quadrupole-quadrupole terms. Fur-
ther newly introduced higher-order pairing interactions are
also taken into account. Single-particle energies (SPE) were
adopted from the experimental excited states of 133Sb (proton
SPEs) and 131Sn (neutron SPEs) [51].

In Fig. 9 the results of both shell-model calculations (middle
and right panels) have been compared to the experimental
levels (left panel). Note that in all panels the states are
separated into three columns for (i) positive-parity and (ii)
negative-parity states visible in the experiments from this
work and (iii) 2+

2,3,4 states from the literature as a further
benchmark for the validity of the shell-model calculations.
Good agreement is obtained for the even-spin states of the
yrast band up to spin 10+. In particular, both calculations
reproduce the small energy spacing between the 8+ and the
10+ state. Only the 3+

1 state with a 61% πg3
7/2d

1
5/2 configuration

is placed in both theoretical results too high in energy above the
6+

1 state with respect to the experimentally obtained sequence.
The spin of the (3+

1 ) state was only assigned tentatively in the
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literature [18]. The position of the experimental 7− isomer state
with regard to the even-spin yrast cascade is also mirrored with
high precision in the calculations. Both calculations reproduce
the three low-lying 2+

2,3,4 states.
Above the 10+ isomeric state, both shell-model approaches

predict 11+ and 12+ states more than 1200-keV higher-lying
in energy. Within the jj55 interaction, the 12+ state is located
below the 11+ state with nearly degenerate excitation energy.
The 1323-keV γ ray, de-exciting the 4348-keV state, is
inferred to be a stretched E2 transition (see Sec. II A). This
would be a consistent scenario and the two shell-model
calculations suggest the 4348-keV state to be tentatively
assigned a spin-parity value of 12+. In the jj55 calculation,
states on top of the 12+ and 11+ pair are predicted to
have positive parity with consecutive spin differences of
�I = 1, giving the corresponding transitions M1 character.
This calculation also adequately reproduces the experimental
energy spacings of states in the energy range from 4.3 up
to 5.8 MeV, besides the yet unresolved 4875-keV state that
de-excites via a weak 207-keV γ ray. From this point of view,
the states on top of the 4348-keV state up to spin 16+ are of
positive parity, connected by magnetic dipole transitions.

The calculation performed by Teruya et al. suggests that the
14+ state lies, nearly degenerate in energy, below the 13+ state.
According to the tentative (12+) assignment for the 4348-keV
state and the measured multipolarity �l = 1 of the feeding
320-keV transition, the spin parity of the 4668-keV state is
possibly 13+.

Moreover, the SM results provide insight into the structure
of the isomeric states and the levels built on top. The 10+ state
is calculated to be of νh−2

11/2 character with a configuration
of 68% ν10+ ⊗ π0+ and 23% ν10+ ⊗ π2+ by the jj55 shell-
model calculation. Up to spin 16+, the first high-spin states
above the 10+ state consist of a neutron 10+ configuration
coupled to even-spin proton configurations. The 7− isomer is
dominated by the νd−1

3/2h
−1
11/2 neutron configuration. According

to the calculated level schemes there is strong evidence to
interpret the 1099-keV transition, placed above the 7− isomer,
as the decay of the 9− state. Teruya et al. as well as the jj55
calculation describe the negative-parity states above the 7−
isomer with a stretched angular momentum of 7� coupled to

the proton quadrupole excited states (0+, 2+, 4+). Further on, a
sequence of 12− and 13− states is predicted at higher excitation
energies.

IV. CONCLUSIONS

In summary, new high-spin states in 134Xe on top of the
two long-lived isomers have been discovered. The results
are based on γ -ray spectroscopy after MNT reactions and
fission fragment spectroscopy. γ γ coincidence relations, γ -ray
angular distributions, and excitation energies from the total
kinetic energy loss and fission fragments are used to construct
an extended decay scheme including several newly observed
states and γ -ray transitions. The high-spin structure above
the 10+ isomer could be unambiguously identified for the
first time by delayed-prompt γ γ coincidences. The extended
and revised level scheme of 134Xe is constructed up to an
excitation energy of 5.832 MeV with tentative spin-parity
assignments up to 16+. Previous assignments of states above
the 7− isomer, with the exception of the 3064-keV level, have
been revised by introducing two newly observed γ rays in two
decay branches. Recent shell-model calculations reproduce the
experimental findings remarkably well and corroborate most
of the suggested assignments.
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Rosso, E. Şahin, M. D. Salsac, F. Scarlassara, P.-A. Söderström,
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22Radioactivity Group, National Physical Laboratory, Teddington, Middlesex, TW11 0LW, United Kingdom

23The Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark
24Université de Lyon, Université Lyon-1, CNRS/IN2P3, UMR5822, IPNL, F-69622 Villeurbanne Cedex, France
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(ii) 136Xe +208Pb MNT reactions employing the high-resolution Advanced Gamma Tracking Array (AGATA)
coupled to the magnetic spectrometer PRISMA, (iii) in the 136Xe +198Pt MNT reaction employing the γ -ray
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of 135Xe and 137Ba are considerably extended to higher energies. The 2058-keV (19/2−) state in 135Xe is
identified as an isomer, closing a gap in the systematics along the N = 81 isotones. Its half-life is measured
to be 9.0(9) ns, corresponding to a reduced transition probability of B(E2,19/2− → 15/2−) = 0.52(6) W.u.
The experimentally deduced reduced transition probabilities of the isomeric states are compared to shell-model
predictions. Latest shell-model calculations reproduce the experimental findings generally well and provide
guidance to the interpretation of the new levels.

DOI: 10.1103/PhysRevC.95.024316

I. INTRODUCTION

The nuclear structure of high-spin states in the vicinity
of the N = 82 magic number is a benchmark for nuclear
shell-model (SM) calculations based on modern effective
interactions in the region above the doubly magic nucleus
132Sn. N = 81 nuclei with one neutron hole with respect to the
closed neutron shell offer an especially fertile study ground for
the ingredients of nucleon-nucleon effective interactions and
nucleon-nucleon correlations in the shell-model framework.
The N = 81 chain is accessible by advanced large-scale
shell-model calculations. Several effective interactions have
been developed recently [1–5], heading toward a unified de-
scription of the 50 � N,Z � 82 region. Particularly, neutron-
neutron and proton-proton correlations up to highest spins
were thoroughly investigated along the semimagic Z = 50
isotopes [6,7] as well as the semimagic N = 82 [8,9] isotones.
However, the evolution of the proton-neutron force remains
an ongoing subject of discussion in this region. Tests of all
components of effective interactions, including the proton-
neutron correlations as a function of isospin and spin, have to
be performed, either in nuclei having several neutron holes in
the presence of a few proton particles, or vice versa with few
neutron holes and a larger number of protons. Comprehensive
studies were carried out, for example, along the Te isotopes
[10–12].

This work focuses on the N = 81 isotones 135Xe and 137Ba
with one neutron hole, and four and six valence protons outside
the Z = 50 closed shell, respectively. Detailed data on the
low-spin states in 135Xe were obtained in β-decay studies of
135I [13,14]. The 11/2− neutron-hole isomer at 526.551(13)
keV with a half-life of 15.29(5) min [15] has been known since
the 1940s [16,17]. First results on the high-spin structure were
obtained by Fotiades et al. [18] in 2007, who measured 135Xe
as a fusion-fission fragment from the 226Th compound nucleus
via triple-γ coincidences using the GAMMASPHERE array
at Lawrence Berkeley National Laboratory (LBNL). The level
scheme was extended up to 3.17 MeV in energy. Tentative
spin-parity assignments were given up to the 2058-keV level.
High-spin isomers were not subjects of the experiment.

The data on low-spin states of the stable isotope 137Ba
originate from earlier work utilizing β decay [19,20], neutron-
induced reactions [21], and Coulomb excitation [22]. The
spins and parities of the ground state and the 11/2− isomer
at 661.659(3) keV with a half-life of 2.552(1) min are well
established [23]; the 661.657(3)-keV M4 γ -ray transition
is even one of the best-known energy calibration standards
in nuclear physics. The decay of this νh−1

11/2 state attracted
renewed attention with the recent observation of both a com-
petitive E5 decay [24] and double-γ decay [25]. A pioneering

work on medium-spin states was performed by Kerek et al. in
1973 [26]. The authors irradiated a 136Xe-enriched gas target
with 20–29 MeV α particles to populate 137Ba. Excited states
were observed up to excitation energies of approx. 3 MeV,
among them the T1/2 = 590(10) ns isomeric state at 2349.1
keV with possible spin assignments Jπ = (15/2,17/2,19/2).
This state was found to decay via a cascade of 120.2- and
1567.3-keV γ rays, finally populating the long-lived 11/2−
isomer. A 274.7-keV γ -ray decay was observed to connect
another higher-lying nonisomeric 2623.8-keV state with the
2349.1-keV isomeric state. The half-life of this 2623.8-keV
state was constrained to be smaller than 70 ps.

Low-lying Jπ = 11/2− yrast-trap isomers are a common
and unifying feature of even-odd nuclei along the N = 81
isotone chain ranging from 131Sn up to 151Yb. These states
correspond to one-neutron hole in the h11/2 orbital and decay
predominantly via M4 γ -ray transitions to the positive-parity
d3/2 ground states or the first excited 3/2+ states [35,36].
Another characteristic nuclear-structure feature along the
lower-mass N = 81 isotones are shorter-lived high-spin iso-
mers above the 11/2− states. A compilation of several partial
level schemes is shown in Fig. 1. Besides the aforementioned
J = (15/2,17/2,19/2) 0.6-μs isomer at 2.349 MeV in 137

56Ba,
high-spin isomers were also found in 133

52Te and 139
58Ce. The level

scheme of 133Te was extended up to 6.2 MeV with tentative
spin assignments up to Jπ = (31/2−) [30]. A Jπ = (19/2−)
state at 1.610 MeV was found to be isomeric with an adopted
half-life of T1/2 = 100(5) ns [37]. The level scheme of 139Ce
is known up to 8.0 MeV in excitation energy and 43/2−
in spin [31,38]. The half-life of the first Jπ = 19/2− state
at 2.632 MeV was observed to be T1/2 = 70(5) ns [39]. A
[νh−1

11/2 ⊗ |4+; 140Ce〉 ] configuration was assigned via g-factor
measurements [40]. The most elaborate nuclear structure
information along the N = 81 isotone chain is available for
141Nd. Recently, the level scheme was extended up to an
excitation energy of 18.9 MeV and spin (81/2)h̄ [32,41].
Several dipole and quadrupole bands above 4.4 MeV were
discovered. The dipole bands were interpreted as magnetic
rotational bands, with transition probabilities that show the
characteristic decrease with angular momentum caused by
the shears mechanism. Furthermore, they exhibit a shape
evolution from low-deformation triaxial to spherical shape. In
an earlier (α,5nγ ) experiment, delayed time distributions were
measured for the 349-keV 17/2− → 15/2− and the 1781-keV
15/2− → 11/2− transitions depopulating the 2886-keV level.
An isomeric state with T1/2 = 26(5) ns was deduced to be
located at an energy of 2886 + x keV [33]. However, this
isomer was not confirmed by the later studies in Refs. [32,41].
Thus, the typical feature of Jπ = 19/2− isomers is first
discontinued in 141Nd. In 143Sm (cf. Fig. 1) a Jπ = 23/2(−)
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FIG. 1. Comparison of high-spin states and isomer half-lives along the N = 81 isotones; data taken from Refs. [18,26–34]. A sequence of
J π = 19/2− isomers is found in the isotones ranging from 133Te to 139Ce. Tentative assignments are written in parentheses.

isomer with a half-life of 30(3) ms is located at 2795 keV [42].
The level scheme is known up to 12 MeV with spin (57/2)−.
The 2795-keV isomer is explained as a three-quasiparticle
[νh−1

11/2 ⊗ π (g−1
7/2d

−1
5/2)6+] configuration [43]. Again, the high-

spin structure evolves by adding two more protons with
respect to the 143Sm nucleus. In 145Gd, a 2200-keV 13/2+
isomer with a half-life of 20.4(16) ns decays predominantly
by a strongly collective E3 transition to the 7/2− state. The
13/2+ state is proposed to be a mixing of the one-phonon
[ν1f7/2 ⊗ |3−; 146Gd〉 ] and the ν0i13/2 configurations [34,42]

A significant piece of experimental information is missing
for two nuclei along the presented N = 81 isotonic chain,
namely 135Xe and 137Ba. The available data concern either
low-spin levels observed in single-nucleon transfer reactions
or levels with spin values limited by the β−-decay selection
rules. The existing data on the states above the 11/2−
isomers in 135Xe and 137Ba are rather scarce and the spin-
parity assignments of the known levels are only tentative.
The lifetime of the expected Jπ = (19/2−) isomer in 135Xe
is unknown. The limited experimental data, together with
recent theoretical advances, motivate a refined investigation
of nuclear-structure features in both nuclei and a test of the
predictive power of modern shell-model calculations.

In this article, we report and discuss new results for
135Xe and 137Ba obtained in four different experiments. Two
of these experiments were based on direct identification of
the nuclei of interest and coincident prompt γ -ray spec-
troscopy. The combination of the high-resolution position-
sensitive Advanced Gamma Tracking Array (AGATA) [44]
and the PRISMA magnetic mass spectrometer [45–47] was
employed to study the nuclei after 136Xe +208Pb multinucleon-
transfer (MNT) and 136Xe +238U MNT and fission reactions,
respectively. Another experiment to study both nuclei of
interest was conducted at the GAMMASPHERE+CHICO
setup [48,49] at Lawrence Berkeley National Lab (LBNL),
using a 136Xe +198Pt MNT reaction. In addition, 137Ba was

populated via the fusion-evaporation reaction 130Te(11B ,p3n)
employing the High-efficiency Observatory for γ -Ray Unique
Spectroscopy (HORUS) [50] at the Institute of Nuclear
Physics, University of Cologne.

This paper is organized as follows: the experimental setup
and data analysis of the four experiments are described in
Sec. II, followed by the experimental results in Sec. III. A
detailed comparison with shell-model calculations is presented
in Sec. IV before the paper closes with a summary and
conclusions.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The 136Xe +238U and 136Xe +208Pb MNT experiments,
performed at the Laboratori Nazionali di Legnaro at beam
energies of 7.35 and 6.84 MeV/nucleon, respectively, de-
livered an isotopic identification of the nuclei of interest.
Correlations between prompt γ -ray transitions populating
isomers and delayed deexciting γ -ray transitions were enabled
by the pulsed-beam 136Xe +198Pt experiment employing the
GAMMASPHERE+CHICO setup at LBNL. Furthermore,
137Ba was populated via the fusion-evaporation reaction
130Te(11B ,p3n) with a beam energy of 54 MeV at the
FN Tandem accelerator of the Institute of Nuclear Physics,
University of Cologne, providing detailed γ γ -coincidence
data. Details of the four complementary experiments are
described below.

A. 136Xe +238U

The PIAVE+ALPI accelerator complex at the Laboratori
Nazionali di Legnaro provided a 136Xe beam with an energy of
1 GeV and a beam current of 2 pnA. The beam was used to sub-
sequently bombard two different 238U targets with thicknesses
of 1 and 2 mg/cm2. A 0.8-mg/cm2 Nb backing faced the beam.
The light projectile-like reaction fragments were identified
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with the magnetic mass spectrometer PRISMA [45–47] placed
at the grazing angle of θlab = 50◦. Nuclear charge, mass and the
velocity vector for the individual lighter reaction products were
determined via an event-by-event trajectory reconstruction
within the magnetic system. γ rays from excited states in both
beam- and target-like nuclei were detected with AGATA [44]
in the demonstrator configuration [51] placed 23.5 cm from
the target position. The array consisted of 15 large-volume
electronically segmented high-purity Ge (HPGe) detectors in
five triple cryostats [52]. An event registered by the PRISMA
focal-plane detector in coincidence with an AGATA event was
taken as a trigger for the data acquisition. Pulse-shape analysis
of the digitized detector signals was applied to determine the
individual interaction points [53]. This information is used
by the Orsay forward-tracking algorithm [54] to reconstruct
the individual emitted γ -ray energies, to determine the first
interaction point of the γ ray in the germanium and, thus,
the emission angle. Combining this information with the kine-
matic information of PRISMA, a precise Doppler correction
for beam- and target-like nuclei was performed. Further details
on the analysis are available in Ref. [55].

B. 136Xe +208Pb

In this experiment, a 136Xe beam from the PIAVE+ALPI
accelerator complex at an energy of 930 MeV impinged onto a
1-mg/cm2-thick 208Pb target. PRISMA was placed at the graz-
ing angle of θlab = 42◦. γ rays were measured by the AGATA

Demonstrator in a configuration of three triple clusters. The
further setup, trigger conditions, and the data analysis are
similar to those described in Sec. II A. The measurement of the
momentum vector of beam-like recoils with PRISMA enabled
a reconstruction of the total kinetic energy loss (TKEL) value
of the reaction which is defined as the energy transferred to
internal degrees of freedom and corresponds to the reaction’s
Q value with an opposite sign [46,56]. Further details on the
analysis can be found in Refs. [57,58].

C. 136Xe +198Pt

A 850-MeV 136Xe beam provided by the 88-Inch Cyclotron
impinged onto a self-supporting 420-μg/cm2 198Pt target,
isotopically enriched to >92%. γ rays were detected by the
GAMMASPHERE array, which in this experiment consisted
of 103 Compton-suppressed HPGe detectors [48]. Both polar
and azimuthal angles and the time-of-flight difference �tTOF

between the detection of beam-like and target-like reaction
products were measured with the gas-filled parallel-plate
avalanche detector array CHICO, allowing for an event-
by-event Doppler-shift correction for emitted γ rays. The
experimental trigger required two CHICO elements and at least
three germanium detectors to fire. Further details are given
in Ref. [59]. The data from the experiment were sorted into
four two-dimensional matrices gated on beam-like fragments:
(i) an in-beam Doppler-corrected prompt γ γ matrix,
(ii) an out-of-beam delayed-delayed γ γ matrix, (iii) a

024316-4



ISOMERS AND HIGH-SPIN STRUCTURES IN THE . . . PHYSICAL REVIEW C 95, 024316 (2017)

0

20

40

60

100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

0

150

300

450

600

0

30

60

90

120

C
o
u
n
ts

/
1

k
eV

Eγ (keV)

C
ou

n
ts

/
1

k
eV

C
ou

n
ts

/
1

k
eV

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

0

150

300

450

600

−50 0 50 100 150

TKEL (arb. units)

(a)

20
9 P

b

28
8

(b)

(c)

12
22 13
6 X

e

14
58

11
32

51
3

51
3

28
8

14
49

24
3

25
0

12
60

60
029

8
31

0
31

0

81
4

81
4

12
22

12
22

11
32

65
9

65
9

nn

60
9

6
09

2
09
P

b
17

06

17
91

2046

14
17

21
4

63
3

65
0

49
3

4
70

10
39

83
6

16
78

83
6

15
8

11
80

12
41

2112

FIG. 3. Doppler-corrected 135Xe γ -ray spectra from the 136Xe +208Pb experiment: (a) Gate on low TKEL, (b) gate on intermediate TKEL,
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distributions are shown in the three insets, respectively. The main peaks of the TKEL distributions are shifted to negative values due to large
energy losses in the thick Pb targets. A gate on the prompt time peak between AGATA and PRISMA is applied to all spectra.

delayed-prompt γ γ matrix, and (iv) a delayed-γ -time matrix
for extracting isomeric decay half-lives. The time window
for the delayed γ rays was set from 45 to 780 ns. The
RADWARE analysis package [60] was used to project and
background-subtract the gated spectra.

D. 11B +130Te

In a fourth experiment, 137Ba was populated via the
fusion-evaporation reaction 130Te(11B ,p3n)137Ba, employing
a 54 MeV 11B beam delivered by the FN Tandem accelerator
of the Institute of Nuclear Physics, University of Cologne. The
99.3% enriched 130Te target with a thickness of 1.8 mg/cm3

was evaporated onto a 120 mg/cm3 thick Bi backing plus a
132 mg/cm3 thick Cu layer for heat dissipation. All residual
reaction products are stopped inside the Bi backing. The
reaction codes PACE4 [61] and CASCADE [62] predict a relative
cross section of approx. 0.8% for the population of the p3n
channel at this beam energy. γ rays from excited states
were measured employing the HORUS array [50] comprising
14 HPGe detectors, six of them equipped with BGO Compton-
suppression shields. The detectors are positioned on the eight
corners and six faces of a cube geometry. Evaporated charged
particles were detected with a double-sided silicon strip
detector mounted at backward direction covering an angular
range from 118◦ to 163◦. The count rate of the individual
HPGe crystals was maintained around 20 kHz during the
experiment. γ γ coincidences were processed and recorded

utilizing the synchronized 80 MHz XIA Digital Gamma Finder
(DGF) data-acquisition system. The data were sorted into
various two- and three-dimensional matrices with a time gate
of 250 ns using the SOCO-V2 code [63]. In total, 1.5 × 1010 γ γ
and 8.0 × 109 γ γ γ coincidence events were collected. The
analysis was performed with the program TV [64].

III. RESULTS

A. 135Xe

The level scheme of 135Xe deduced in the present work is
presented in Fig. 2. Ejectile Doppler-corrected singles γ -ray
spectra of 135Xe produced in the 136Xe +208Pb experiment
are shown in Fig. 3 with gates on (a) low, (b) intermediate,
and (c) large total kinetic energy losses (TKEL). The applied
gates on the TKEL distributions are shown in the three insets
and are marked in black. Gates on the TKEL distributions
restrict the total excitation energy of the reaction system.
In particular, events with small TKEL values are related to
reaction products with a lower excitation energy. Thus, by
correlating the TKEL distributions with coincident γ rays
of AGATA, γ -ray transitions between states with different
excitation energies and angular momenta can be suppressed
or enhanced [46,65]. 135Xe is produced by a one-neutron
stripping reaction; therefore, a multitude of low-lying excited
states with spins J < 11/2h̄ are populated with a gate on low
TKEL, cf. Figs. 3(a) and 2. In contrast, γ -ray spectra with
gates on larger TKEL show prominent γ rays with energies of
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TABLE I. Energies, assignments and relative in-beam intensities
for transitions observed in 135Xe above the 11/2− isomer. Fitted
energies and intensities normalized to the 1222-keV transition are
taken from the 136Xe +208Pb AGATA experiment.

Eγ (keV) Ei (keV) Ef (keV) Iπ
i I π

f Iγ

158 weak
214 2571 2356 5(2)
243 3414 3171 12(2)
250 3664 3414 6(2)
298 2356 2058 (19/2−) 26(2)
310 2058 1749 (19/2−) (15/2−) 22(2)
470 weak
493 3664 3171 weak
513 2571 2058 (19/2−) 24(2)
600 3171 2571 12(3)
609 9(2)
633 weak
659 4073 3414 3(1)
814 3171 2356 28(3)
1222 1749 527 (15/2−) 11/2− ≡100

298, 310, 513, 600, 814, and 1222 keV that were reported by
Fotiades et al. [18] to be transitions depopulating medium-spin
states above the 11/2− isomer. New γ rays identified in the
present work with energies of 158, 214, 243, 250, 470, 493,
609, 633, and 659 keV are labeled in italic characters in Fig. 3
and summarized in Table I. Intensities are taken from the
136Xe +208Pb experiment. Various GAMMASPHERE prompt
γ γ -coincidence spectra are shown in Figs. 4(a) to 4(g).
Coincidences are marked with arrows. Some spectra are
over-subtracted due to considerable nonuniform background
contributions by falsely Doppler-corrected target excitations.

The placement of the 298-, 513-, 600-, and 814-keV
transitions by Fotiades et al. is verified; the 298–814- and 513–
600-keV cascades are mutually coincident. Their placement
above the 2058-keV state is also consistent with the TKEL-
gated AGATA spectra: The 1222-keV line is already visible
for low TKEL in Fig. 3(a), while the 310-keV and the four
aforementioned transitions first appear for intermediate TKEL
values. The 214-keV γ ray fits the energy difference of the
2571- and 2356-keV state and emerges in the intermediate-
TKEL gated spectrum in Fig. 3(b). Furthermore, it is mutually
coincident with the 298-keV transition as shown in Figs. 4(a)
and 4(g). Consequently, the transition is placed between
the two states. The 243-keV γ -ray transition first appears
in Fig. 3(b) with a gate on intermediate TKEL; the 250-
and 493-keV γ -ray transitions are only visible in panel (c)
with gates on large TKEL. Moreover, the 243-keV γ ray is
coincident with all major transitions between the 2058- and
3171-keV levels and placed on top of the 3171-keV level.
In accordance with the intensity balance, the 250-keV γ ray,
which is coincident with the 243-keV γ ray, is placed directly
on top. The 493-keV γ ray corresponds to the sum energy
of the two aforementioned transitions and is not coincident
with either the 243- or the 250-keV transitions. Additionally,
Fig. 4(f) shows that the 659-keV transition is coincident with
the lines at 243, 298, and 814 keV. The transition is placed
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parallel to the 250-keV transition. No conclusive coincidences
and placements are found for the 158-, 470-, 609-, and 633-keV
γ rays.

The systematics along the N = 81 isotones ranging from
133Te to 139Ce suggests the Jπ = (19/2−) state at 2058 keV
to be of isomeric character (cf. Fig. 1 in Sec. I). Figures 5(a)
and 5(b) show the GAMMASPHERE delayed out-of-beam
γ -ray spectra gated by 310 and 1222 keV. Both delayed
transitions are mutually coincident with low peak intensities.
However, both 310- and 1222-keV transitions depopulating
the 2058 keV level are also clearly observed in the prompt
AGATA γ -ray spectra. Thus, the lifetime of the 2058-keV
state has to be of the order of the width of the prompt
peak in the time-difference spectrum between PRISMA and
AGATA, i.e. �tPRISMA-AGATA ≈ 16 ns. The precise lifetime is
determined using the GAMMASPHERE γ -time matrix. The
1222-keV peak is contaminated by the delayed 1220.1-keV
11/2− → 7/2−

g.s. transition which is part of the depopulating
γ -ray cascade of the 19/2− isomer with T1/2 = 10.1(9) ns in
137Xe [23]. Nonetheless, the peak at 310 keV has an expected
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(d) Same as (c), but with a logarithmic scale. The fitted half-life is
T1/2 = 9.0(9) ns.

FWHM of 1.5 keV and shows no sign of contamination. The
corresponding background-subtracted time projection (black
points) and the fitted decay curve (solid line) are shown in
Fig. 5(c). A time spectrum of a nearby background region
around 307 keV is plotted with solid steps. Any residual
background of the prompt peak in the time spectrum is
negligible for the decay-curve fit. The fit function of the time
spectrum N (t) is chosen as N (t) = a exp [t ln (2)/T1/2] + b.
The background parameter b is fitted between 200 and 780 ns
and held constant in the decay-curve fit. The fitted half-life is
9.0(9) ns for the 2058-keV state.

B. 137Ba

The level scheme of 137Ba deduced in this work is presented
in Fig. 6. Corresponding γ -ray transitions are summarized
in Table II. The intermediate-spin region below the long-
lived (19/2−) isomer is accessible by utilizing delayed-
delayed as well as delayed-prompt coincidences from the
GAMMASPHERE+CHICO dataset. Figure 7(a) presents the
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FIG. 6. Level scheme assigned to 137Ba in the present work.
Transition and excitation energies are given in keV. The decay of
the 11/2− isomer is not observed due to its long half-life. γ -ray
intensities of transitions above the 2349.9-keV isomer are deduced
from the 11B +130Te experiment and normalized to the 274.5-keV
transition. Isomeric states are marked with thick lines and labeled with
the corresponding half-lives. Spins and parities of the states below
2.35 MeV follow the systematics of the N = 81 isotonic chain. New
γ -ray transitions are marked with an asterisk. See text for details.

delayed γ -ray spectrum with a gate on the delayed 120-keV
transition. The spectrum shows the expected prominent peak
at 1568 keV. Some contaminant peaks are caused by the
nearby delayed 121-keV (10+) → (8+) transition in 134Ba
[66]. The gate on the 1568-keV γ -ray transition, which directly
feeds the 11/2− isomer, shows a distinct peak at 120 keV in
Fig. 7(b). Intense peaks at 110 and 197 keV in the spectra
originate from the γ -ray decay of long-lived excited states
which were populated in 19F(n,n′γ ) reactions of neutrons
evaporated after MNT with fluorine present in Teflon R© tapes
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TABLE II. Energies, assignments and relative in-beam intensities
for transitions observed in 137Ba above the 11/2− isomer. Fitted
energies and intensities normalized to the 274.5-keV transition are
taken from the 11B +130Te HORUS experiment. The uncertainties in
the transition energies are ±0.5 keV. Possible spin/parity assignments
are discussed in Sec. IV.

Eγ (keV) Ei (keV) Ef (keV) Iπ
i I π

f Iγ

120.1 2349.9 2229.8 (19/2−) (15/2−)
245 �3840.5 10(3)
264.9 4497.6 4232.7 19(2)
274.5 2624.4 2349.9 (21/2−) (19/2−) ≡100
279.6 4119.7 3840.5 29(3)
288.8 2913.2 2624.4 38(7)
295.6 3840.5 3544.9 43(7)
621.6 3534.8 2913.2 30(3)
678.9 4798.6 4119.7 23(4)
697.9 4232.7 3534.8 20(5)
780 �3840.5 10(4)
1113 (4953.5) (3840.5) 4(2)
1195.0 3544.9 2349.9 (19/2−) 43(8)
1216.0 3840.5 2624.4 34(3)
1238.6 4151.8 2913.2 22(6)
1568.2 2229.8 661.7 (15/2−) 11/2−

within the HPGe detector configuration. As no significant
contamination of other delayed γ rays is present in the
1568-keV gated spectrum, the γ -time matrix is exploited for
this transition. The inset in Fig. 7(b), marked as 7(c), shows the
corresponding decay curve obtained by a gate on the delayed
1568-keV transition. Fits are performed for six different time
windows between 100 ns and 700 ns. The half-life of the
2349.9-keV excited state is determined to be 589(20) ns using
the weighted arithmetic mean of the individual fits. It is in good
agreement with the previously measured value of 590(10) ns
[26]. No evidence is found for further few-ns lifetimes above
the 2349.9-keV state.

A gate on the GAMMASPHERE delayed 1568-keV transi-
tion is applied to generate the prompt γ -ray spectrum shown in
Fig. 7(d) that contains the transitions feeding the 2349.9-keV
isomer. A series of densely located peaks stands out around
the dominating 275-keV peak which was already reported
by Kerek et al. [26]. Fifteen of the 23 transition candidates
visible in the delayed-prompt γ -ray spectrum are also present
in the ejectile Doppler-corrected singles γ -ray spectrum of the
136Xe +238U AGATA experiment in Fig. 8(a). The improved
energy resolution of the AGATA array allows a clear separation
of the closely lying lines of the GAMMASPHERE data set.
The spectrum is corrected for remaining contaminations of
the nearby isobar 137Cs [8] by subtracting the corresponding
normalized mass-gated γ -ray spectrum. A smoothed back-
ground spectrum including Compton steps is modeled and
subsequently subtracted. The corresponding PRISMA mass
spectrum along the Ba isotopes is depicted in the inset (b). Ran-
dom background is significantly suppressed by gating on the
prompt time-difference peak between AGATA and PRISMA.
In total, the γ -ray spectrum features 24 peaks; 23 of them were
previously unknown. The excitation pattern of 137Ba is differ-
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FIG. 7. (a) GAMMASPHERE delayed out-of-beam γ -ray spec-
trum gated by the delayed 120-keV transition in 137Ba. Contaminants
from 134Ba are labeled in the spectrum. Contaminants are marked
with c; Ge(n,n′γ ) edges with n. (b) Same spectrum as in (a), gated on
the 1568-keV transition; no major contaminants are visible. (c) Time
spectrum gated by the 1568-keV transition (data points) from which
the decay curve (solid line) is obtained with a half-life of T1/2 =
589(20) ns. (d) GAMMASPHERE delayed-prompt γ γ -coincidence
spectrum with a gate on the delayed 1568-keV transition (partial level
scheme shown in the inset). The spectrum contains prompt transitions
feeding the 2349.9-keV isomer.

ent compared to that of 135Xe as more nucleons are transferred.
None of the known low-spin positive-parity excited states [23]
are observed. Therefore, all new levels and their transitions
have to be placed above the 2349.9-keV isomer.

Both γ γ -double and γ γ γ -triple coincidences are exploited
in the analysis of the Cologne fusion-evaporation experiment.
Various HORUS prompt γ γ -coincidence spectra are shown
in Figs. 9(a) to 9(e). Coincidences are marked in the spectra.
We note that no mass identification was performed in the
LBNL and Cologne experiments. Thus, only transitions
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identified in the AGATA singles spectrum (see Fig. 8) and the
GAMMASPHERE delayed-prompt coincidence spectrum are
considered in order to construct the level scheme above the
2349.9 keV isomer. γ -ray energies and intensities, normalized
to the intensity of the 274.5-keV γ -ray transition, are listed in
Table II.

The 274.5-keV transition is observed to be the most intense
one and was already known to directly feed the 2349.9-keV
isomer [26]. γ rays with energies of 288.8, 621.6, 698,
and 265.9 keV are mutually coincident with the 274.5-keV
transition and constitute a cascade feeding the 2624.4-keV
state. A 1238.6-keV γ ray is observed to be coincident with
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& 289 keV. Coincidences are labeled by filled arrow heads. Thin grey lines corresponding to peak energies observed in Figs. 8 and 7(d) are
drawn to guide the eye.
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the 274.5- and 288.9-keV γ rays, but not with the other
transitions of the aforementioned cascade. Hence, the tran-
sition has to feed a 2913.2-keV state, decaying by the 288.9-
keV transition. The intensity of the 698-keV γ ray in the
γ γ -coincidence spectrum gated on 274.5 keV exceeds the
one of the 288.9-keV line. However, the intensity balance in
the γ γ γ projection gated on 274.5 and 288.9 keV suggests
the 697.9-keV transition to be placed above the 2913.2-keV
state. Hence, the line at 698 keV is in fact a doublet, as
presented in Fig. 6. The ordering of the 697.9- and 264.9-keV
transitions is tentative since the intensities are equal within
their uncertainties.

Coincidences with the 1568.1-keV transition [see Fig. 9(a)]
as well as the intensity balance require the newly-observed
1195.0-keV transition to be placed parallel to the 274.5-keV
transition, directly feeding the isomer. Since the 295.6-, 279.3-
and 678.9-keV lines are in mutual coincidence with the
1195.0-keV γ ray [cf. Figs. 9(b) and 9(c)], all three transitions
are placed on top of the newly established 3544.9-keV state
according to their intensity balance. Peaks at 245 and 780 keV,
also observed in the 136Xe +198Pt experiment in Fig. 7(d),
appear in the γ γ γ spectrum double-gated on 1195 and
296 keV, but cannot be placed unequivocally in the level
scheme. A 1216.0-keV γ ray connects the 3840.5- and 2624.4-
keV states. This placement is also supported by γ γ - and γ γ γ
coincidences as shown in Figs. 9(d) and 9(e). The 1113-keV
transition is tentatively placed above the 3840.5-keV state.
The obtained maximum excitation energy is consistent with
other populated reaction channels in the present experiments
[65]. Two 555.6- and 620.2-keV γ rays that were tentatively
assigned by Kerek et al. [26] to feed the 2624-keV state are not
observed in this work. No conclusive placement is obtained for
the other low-intensity transitions.

IV. SHELL-MODEL CALCULATIONS

The extended level scheme and the features of long-lived
isomers are compared to results of two different large-
scale shell-model calculations for 135Xe and 137Ba. The
first calculations were carried out without any truncations
for positive- and negative-parity states in the jj55pn model
space with the jj55pna Hamiltonian [1] (referred to as the
SN100PN interaction) using the code NUSHELLX@MSU [67].
The SN100PN interaction is based on a renormalized G matrix
derived from the CD-Bonn nucleon-nucleon interaction [68];
single-particle energies were chosen to reproduce excited
states in 133Sb and 131Sn. The model space comprises the
full gdsh valence space outside the 100Sn core between the
magic numbers 50 and 82, including the 0g7/2, 1d5/2, 1d3/2,
2s1/2, and 0h11/2 orbitals for both protons and neutrons.
The corresponding single-particle energies for the neutrons
are −10.609, −10.289, −8.717, −8.694, and −8.815 MeV,
respectively. Those for the protons are 0.807, 1.562, 3.316,
3.224, and 3.605 MeV.

An independent extensive theoretical study of nuclei
around mass 130 was published by Teruya et al. [3]. The
results include excited states and electromagnetic transition
probabilities for Xe and Ba isotopes within the shell model in
the gdsh model space including the 0g7/2, 1d5/2, 1d3/2, 2s1/2,

and 0h11/2 orbitals for both protons and neutrons. The inter-
action [in the following referred to as Pairing+Quadrupole-
Quadrupole+Multipole for the mass region 130 (PQM130)]
is composed of spherical single-particle energies and phe-
nomenological two-body effective interactions consisting
of monopole-pairing, quadrupole-pairing, and quadrupole-
quadrupole terms. Further newly introduced higher-order
pairing interactions are also taken into account. Single-particle
energies (SPEs) were adopted from the experimental excited
states of 133Sb (proton SPEs) and 131Sn (neutron SPEs)
[3].

The shell-model calculations provide insight into the
structure of the isomeric states and the levels built on top.
Results of both calculations (middle and right panels) are
compared to the experimental levels (left panel) of 135Xe in
Fig. 10(a) and to the ones of 137Ba in Fig. 10(b), respectively.
The states are separated into columns for the negative- and
the positive-parity states. The lowest neutron-hole states with
Jπ = 3/2+, 1/2+, and 11/2− are well reproduced by both
shell-model calculations for 135Xe as well as for 137Ba. In
addition, the excitation energies of the first excited 7/2+ and
5/2+ states are fairly reproduced by both the PQM130 and the
SN100PN interactions; however, the ordering of the states is
reversed in both nuclei.

The (15/2−) and the (19/2−) states in 135Xe are well
reproduced by the SN100PN interaction with deviations to
lower energies of only 47 and 86 keV, respectively. The
PQM130 interaction predicts both states at slightly higher
energies with deviations of 138 and 173 keV. Larger discrep-
ancies between the two calculations emerge in the high-spin
regime; e.g., the prediction for the first 25/2− state differs
by 0.5 MeV. The 2356-keV state is interpreted as the 21/2−
state, as for lower spin values a dominant decay branch to the
15/2− state is expected, which is not observed in this study.
Accordingly, the state at 2571 keV has the possible spins
Jπ = (21/2−,23/2−). Positive-parity states with J > 15/2
are predicted by both calculations to appear at excitation
energies larger than 2.8 MeV. States with spin 25/2− are
expected to be located at excitation energies above 3.2 MeV.
In comparison with the experimental energy spectrum, neither
interaction yields a conclusive assignment of states beyond
2.5 MeV.

The 11/2− and the (15/2−) states in 137Ba are well
reproduced by the PQM130 interaction. In contrast, the
SN100PN interaction underestimates the 11/2− level energy
by 184 keV. The ordering of the first excited 17/2− and 19/2−
levels is predicted differently by the two calculations. The
experimental (19/2−) state is overpredicted by the PQM130
interaction, and underpredicted by the SN100PN interaction,
both with an offset of 245 keV. However, the relative positions
of the (15/2−) and (19/2−) states is better reproduced by
the SN100PN interaction. Going to higher spins, the energy
differences in the two calculations between states of same
spin and parity amount for up to 1 MeV. The 2624.4-keV
excited state can most likely be interpreted as the first 21/2−
state. Positive-parity states of similar spin are predicted by
both calculations to appear only at higher energies; states
with spin Jπ < 15/2+ would also decay into the 15/2−
state or the 11/2− isomer. Moreover, the 2913.2-keV state
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TABLE III. Summary of the experimental and theoretical results for B(E2; 19/2− → 15/2−) values of 133Te, 135Xe, and 137Ba. Experimental
γ -ray transition energies are taken from Refs. [15,23,37]. The experimental results are compared to shell-model calculations employing (i)
the PQM130 interaction [3] and (ii) the SN100PN interaction by Brown et al. [1]. In the SN100PN calculations effective neutron and proton
charges are eν = 0.81e and eπ = 1.52e. Experimental B(E2) values are corrected for internal conversion [69]. See text for details.

A Ei (keV) Experiment J π
i → J π

f Theory

This work / Previous work PQM130 SN100PN

T1/2 (ns) B(E2) (W.u.) Ei (keV) B(E2) (W.u.) Ei (keV) B(E2) (W.u.)

133Te 1610.4 100(5) 2.58(29) 19/2−
1 → 15/2−

1 1798 2.26 1606 2.58
19/2−

2 → 15/2−
1 2171 0.02

135Xe 2058 9.0(9) 0.52(6) 19/2−
1 → 15/2−

1 2231 0.49 1972 0.02
19/2−

2 → 15/2−
1 2449 2.29 2171 1.94

137Ba 2349.9 589(20) 0.46(3) 19/2−
1 → 15/2−

1 2595 0.31 2105 0.01
19/2−

2 → 15/2−
1 2688 0.41 2452 1.19

is most probably of spin 23/2−. The 25/2− state is only
predicted above 3.5 MeV. Lower-spin states would preferably
decay into states of spin J < 19/2. Consequently, the states
at 3322, 3534.8, and 4232.7 keV are interpreted to have
a spin of J > 21/2. Otherwise, they would directly decay
to the 19/2− state. The 3544.9-keV state is proposed to
be the bandhead of a positive-parity band, which fits the
systematics of the calculated level scheme. In the same way,
the state at 4151.8 keV may be interpreted as either the 25/2−
or the 27/2− state. However, due to the large density of
predicted levels above 3.5 MeV, spins and parities cannot be
assigned unambiguously solely on the basis of shell-model
calculations.

Reduced transition probabilities [B(E2) values] are calcu-
lated for the (19/2−) → (15/2−) transitions in 133Te, 135Xe,
and 137Ba. The decays of both the first and the second
excited states are considered. In the SN100PN calculations
the effective neutron and proton charges are defined as
eν = δeν and eπ = 1e + δeπ with polarization charges δeν =
0.81e and δeπ = 0.52e. The effective neutron polarization
charge is tuned to reproduce the reduced transition strength
of the first excited 2+ state in the Z = 50 isotope 128Sn,
B(E2; 2+ → 0+) = 4.2(3) W.u. [70]. The obtained value of
δeν = 0.81e is in very good agreement with the effective
charges used in a previous study of the nearby nucleus 136Ba
(δeπ, ν = 0.82e) [59]. Keeping δeν fixed, δeπ is modified
to reproduce the B(E2; 19/2− → 15/2−) value in 133Te. In
the PQM130 interaction, effective charges are chosen as
eν = −0.60e − 0.10Nν e for neutrons and eπ = +1.80e −
0.05Nπ e for protons. Nπ and Nν are the proton-particle
and neutron-hole numbers with respect to 132Sn. Note that
the neutron effective charge is chosen to be negative, as
the calculations are performed for valence-neutron holes.
The results are summarized in Table III. The B(E2) value
corresponding to the isomeric (19/2−) → (15/2−) transition
in 133Te is well reproduced within the experimental error by
the PQM130 interaction and by the SN100PN interaction with
modified effective charges. However, the excitation energy of
the isomeric state is overpredicted by the PQM130 interaction.
In 135Xe the transition probability of the 310-keV transition
deexciting the 9.0(9)-ns isomer at 2058 keV yields B(E2) =

0.52(6) W.u. assuming a pure E2 multipolarity. The transition
probability for the 120-keV transition deexciting the 589(20)-
ns isomer at 2349.9 keV in 137Ba is 0.46(3) W.u. Particularly,
the B(E2) value of 135Xe is well reproduced by the PQM130
interaction. The calculation locates the second 19/2− states
slightly higher (0.2 MeV for 135Xe and 0.09 MeV for 137Ba)
than the first 19/2− states. Therefore, in 137Ba the calculated
states might be reversed, i.e., the second calculated 19/2− state
might correspond to the first experimental 19/2− state. In fact,
the theoretical B(E2) value of the second excited 19/2− state
obtained by the PQM130 interaction generally agrees with
the experimental value of 137Ba. The SN100PN interaction
does not reproduce the experimental B(E2; 19/2− → 15/2−)
values for 135Xe and 137Ba. The Weisskopf hindrance factors
of the (19/2−) isomers are FW = T

exp
1/2 /T W

1/2 = 1.8 for 135Xe

and 1.1 for 137Ba, respectively.
The decomposition of the total angular momentum of the

15/2−
1 , 19/2−

1 , and 19/2−
2 states in 133Te, 135Xe, and 137Ba

into their neutron (Iν) and proton (Iπ ) spin components in the
SN100PN calculation is presented in Fig. 11 while Table IV
shows the average proton occupation numbers of each orbital
of the gdsh model space for the 15/2−

1 , 19/2−
1 , and 19/2−

2
states in the PQM130 and SN100PN calculations. The decay
of the 19/2− isomer to the 15/2− state in 133Te is comparable
to the isomeric πg2

7/2 → πg2
7/2 6+ → 4+ transition in the

neighboring N = 82 nucleus 134Te, and the B(E2; 19/2− →
15/2−) in 133Te is found to be only slightly larger than the
B(E2; 6+ → 4+) in 134Te [71]. The SN100PN interaction
computes the first excited 19/2− and 15/2− states to have
νh−1

11/2 ⊗ πg2
7/2 configurations with fractions of 88% and 92%,

respectively. The 15/2−
1 state is predicted to have a 75% fully

stretched [ν 11/2− ⊗ π 2+] and a 21% [ν 11/2− ⊗ π 4+] con-
figuration, whereas the 19/2−

1 state is predominantly ν 11/2−
coupled to π -4+ (41%) and π -6+ (58%) configurations. The
similar g7/2 occupation numbers of the 19/2− and 15/2−
states in both interactions (see Table IV) emphasize the
πg2

7/2 → πg2
7/2 character of the 19/2−

1 → 15/2−
1 transition

which B(E2) is well reproduced by both calculations (see
Table III). For the 19/2−

2 state, the occupancy of the d5/2 orbital
is predicted to be much larger by the SN100PN calculation.
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FIG. 11. Decomposition of the total angular momentum of the
15/2−

1 , 19/2−
1 , and 19/2−

2 states in 133Te, 135Xe, and 137Ba into
their neutron (Iν) and proton (Iπ ) spin components in the SN100PN
calculation. The area of the boxes corresponds to the percentage of the
particular Iν ⊗ Iπ configuration. Percentages above 1% are shown;
percentages of the largest component are also given in numbers for
scale.

TABLE IV. Average proton occupation numbers in each single-
particle orbit of the gdsh model space for the 15/2−

1 , 19/2−
1 , and 19/2−

2

states in 133Te, 135Xe, and 137Ba, calculated using the SN100PN and
the PQM130 interactions.

Isotope J π g7/2 d5/2 d3/2 s1/2 h11/2

PQM130

133Te 15/2−
1 1.96 0.01 0.02 0.00 0.00

19/2−
1 1.97 0.02 0.01 0.00 0.00

19/2−
2 1.96 0.02 0.02 0.00 0.00

135Xe 15/2−
1 3.28 0.51 0.12 0.03 0.06

19/2−
1 3.45 0.39 0.08 0.02 0.06

19/2−
2 3.28 0.55 0.08 0.03 0.06

137Ba 15/2−
1 4.06 1.46 0.23 0.12 0.13

19/2−
1 4.36 1.30 0.15 0.06 0.13

19/2−
2 4.37 1.28 0.15 0.07 0.13

SN100PN

133Te 15/2−
1 1.90 0.06 0.02 0.01 0.01

19/2−
1 1.88 0.11 0.01 0.00 0.00

19/2−
2 1.09 0.89 0.01 0.01 0.00

135Xe 15/2−
1 3.00 0.69 0.12 0.05 0.14

19/2−
1 3.05 0.71 0.09 0.03 0.12

19/2−
2 2.97 0.84 0.07 0.03 0.09

137Ba 15/2−
1 3.48 1.81 0.25 0.13 0.34

19/2−
1 3.75 1.70 0.18 0.08 0.28

19/2−
2 3.74 1.67 0.19 0.10 0.30

Likewise, the observed high-spin level structures in 135Xe and
137Ba are interpreted as the coupling of the h11/2 neutron
hole to proton configurations. However, the theoretical wave
functions of the high-spin states are much more complex
and fragmented than in 133Te. While the character of the
19/2− → 15/2− transition is clear for 133Te, it is not trivial
for 135Xe and 137Ba. In 135Xe, the first two 19/2− states are
predicted by the PQM130 interaction to consist mainly (64%)
of the (νh−1

11/2 ⊗ πg4
7/2) configuration, approximately 23% of

the (νh−1
11/2 ⊗ πg3

7/2d
1
5/2) configuration, and about 9% of the

(νh−1
11/2 ⊗ πg2

7/2d
2
5/2) configuration. The SN100PN interaction

computes the 19/2−
1 state as a mixture of 42% (νh−1

11/2 ⊗ πg4
7/2)

and 26% (νh−1
11/2 ⊗ πg3

7/2d
1
5/2) configurations. The 19/2−

2 state

is predicted to have a dominant 51% νh−1
11/2 ⊗ πg3

7/2d
1
5/2

and a 26% νh−1
11/2 ⊗ πg4

7/2 configuration. Couplings of the

νh−1
11/2 hole to proton configurations with spins of 4+ (28%),

5+ (13%), and 6+ (54%) contribute to the configuration
of the 19/2−

2 state. The calculated B(E2; 19/2−
2 → 15/2−

1 )
value reproduces the experimental transition strength better
than the decay of the corresponding 19/2−

1 state, although
overestimating it. The SN100PN interaction predicts in 135Xe
a higher degree of d5/2 occupancy than in 133Te (see Table
IV). A similar situation is found in 137Ba, suggesting a
reduced spacing between the πg7/2 and πd5/2 orbitals. Both
the SN100PN and PQM130 interactions predict the 19/2−

1,2

states in 137Ba to mainly consist of the [νh−1
11/2 ⊗ π (g7/2d5/2)6]

configuration. The configurations are predicted to be highly
fragmented. Like in 135Xe, the occupation numbers are almost
the same between the two 19/2− states, but internal couplings
are different. The g6

7/2 configuration is nearly missing in the
SN100PN calculation, which is further evidence for easy
redistribution of protons from g7/2 to d5/2 orbitals, i.e., these
orbitals are close together. Continuing the analogy to the iso-
meric 6+ → 4+ decays along the N = 82 isotones, the
SN100PN interaction yields the transition probability of the
19/2−

1 → 15/2−
1 decay to be 0.02 W.u. in 135Xe and 0.01 W.u.

in 137Ba, missing the experimental transition strengths (see
Table III) by an order of magnitude; but they are very similar
to the measured values of B(E2; 6+ → 4+) = 0.013(1) W.u.
in 136Xe [72] and 0.055(7) W.u. in 138Ba [73]. Therefore, we
assume that the calculated proton configurations follow the
nuclear structure of the closed N = 82 shell nuclei, validating
the proton-proton part of the SN100PN interaction. Thus, most
probably, the proton-neutron part falls short in reproducing
the decay features of the isomeric states in 135Xe and 137Ba.
Similar conclusions were discussed in Ref. [74]. There, the p-n
monopole part of the SN100PN interaction was replaced by
new shell-model developments. The new interaction combines
the well-established proton-proton part of the SN100PN
interaction with the semiempirical SNBG3 neutron-neutron
interaction by Honma et al. [75] and the novel universal
VMU interaction [76] for the proton-neutron part. The SNBG3
interaction is obtained by combining the next-to-next-to-next-
to-leading order (N3LO) interaction with a χ2 fit of levels in-
cluding 3− states in 50 < N < 82 Sn isotopes. The interaction
successfully described the shell evolution along Sb isotopes
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[74] and may provide insight into Xe and Ba isotopes in the
future.

V. CONCLUSIONS

In summary, four experiments employing the 136Xe +198Pt,
136Xe +208Pb, and 136Xe +238U multinucleon-transfer reac-
tions as well as the 11B +130Te fusion-evaporation reaction
were used to measure lifetimes of high-spin isomers and to
establish high-spin states in 135Xe and 137Ba. Several new
levels and γ -ray transitions are assigned to 135Xe. The level
scheme of 137Ba is extended up to an excitation energy
of 5.0 MeV. The half-life of the 2058-keV (19/2−) state
in 135Xe is measured to be 9.0(9) ns, corresponding to a
transition probability of B(E2,19/2− → 15/2−) = 0.52(6)
W.u. The identification of this isomeric state completes the
systematics for the N = 81 isotones. Large-scale shell-model
calculations employing the novel PQM130 interaction perform
well in predicting electromagnetic transition probabilities of
high-spin isomers in the N = 81 isotones that cannot be
reproduced by the SN100PN interaction. Some ambiguities
remain for the interpretation of high-spin states in both
interactions. In the future, a novel microscopic effective
interaction by Utsuno, Otsuka, Shimizu et al. [74] may
provide a more unified description of the 50 � Z,N � 82
shells.

Although 137Ba and 135Xe are stable or located between two
stable isotopes, respectively, there is a lack of beam and target
combinations to populate high spins via nuclear reactions. Re-
fined detection capabilities are needed to address these indeed

hard-to-reach nuclei via MNT or fission reactions. In future,
detailed angular correlation and polarization measurements are
desirable to determine proper spin, parity, and multipolarity
assignments. In perspective, the extended AGATA spectrom-
eter coupled to the Variable Mode Spectrometer at the Grand
Accélérateur National d’Ions Lourds will allow for a more
detailed spectroscopy of the N = 81 nuclei.
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[69] T. Kibédi, T. W. Burrows, M. B. Trzhaskovskaya, P. M.
Davidson, and C. W. Nestor, Jr., Evaluation of theoretical
conversion coefficients using BrIcc, Nucl. Instrum. Methods
Phys. Res., Sect. A 589, 202 (2008).

[70] J. M. Allmond, D. C. Radford, C. Baktash, J. C. Batchelder,
A. Galindo-Uribarri, C. J. Gross, P. A. Hausladen, K.
Lagergren, Y. Larochelle, E. Padilla-Rodal, and C.-H. Yu,
Coulomb excitation of 124,126,128Sn, Phys. Rev. C 84, 061303
(2011).

[71] P. Bhattacharyya, P. J. Daly, C. T. Zhang, Z. W. Grabowski, S. K.
Saha, B. Fornal, R. Broda, W. Urban, I. Ahmad, D. Seweryniak,
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A B S T R A C T

Double-sided silicon strip detectors (DSSSD) are commonly used for event-by-event identification of charged
particles as well as the reconstruction of particle trajectories in nuclear physics experiments with stable and
radioactive beams. Intersecting areas of both p- and n-doped front- and back-side segments form individual
virtual pixel segments allowing for a high detector granularity. DSSSDs are employed in demanding
experimental environments and have to withstand high count rates of impinging nuclei. The illumination of
the detector is often not homogeneous. Consequently, radiation damage of the detector is distributed non-
uniformly. Position-dependent incomplete charge collection due to radiation damage limits the performance
and lifetime of the detectors, the response of different channels may vary drastically. Position-resolved charge-
collection losses between front- and back-side segments are investigated in an in-beam experiment and by
performing radioactive source measurements. A novel position-resolved calibration method based on mutual
consistency of p-side and n-side charges yields a significant enhancement of the energy resolution and the
performance of radiation-damaged parts of the detector.

1. Introduction

Segmented silicon-strip detectors are indispensable detectors for
charged particles in nuclear physics experiments to obtain precise
information on the position (x,y), energy E, and energy loss EΔ of
impinging particles. Typically, particles and energies may vary from
electrons or protons with a few hundreds of keV up to heavy ions with
energies of some hundreds of MeV/u [1]. When employed as ancillary
detectors in in-beam γ-ray spectroscopy experiments for event-by-
event particle identification as well as reconstruction of particle
trajectories, both energy and precise position information are crucial
for an accurate Doppler correction of emitted γ rays [2–5]. In
particular, segmented silicon detectors are used to investigate super-
heavy elements [6] and exotic radioactive nuclei by detecting the heavy
ions that are implanted into the detector and measuring the subsequent
light charged decay products like electrons/positrons from β decay [7],
protons [8] or α particles [9].

Double-sided segmented silicon strip detectors (DSSSD) are man-
ufactured from large silicon wafers and are segmented with doped p-

side and n-side contacts on their front and back side, respectively.
Intersecting areas of both Np p- and Nn n-side segments form N N×n p
individual pixel segments allowing for a high two-dimensional detector
granularity. This is required to obtain an optimum position resolution,
to measure high multiplicities, and to reject signal pile-up. DSSSDs are
often employed in demanding experimental environments and have to
withstand high count rates of impinging nuclei.

Livingston et al. reported on heavy ion radiation damage induced
by α particles and fission fragments of a 252Cf source in a 100 µm thick
DSSSD in 1995 [10]. The amount of collected charge was observed to
increasingly decline, resulting in a gradual downward shift of the
measured particle energies and a reduced energy resolution for an
integrated incident particle flux of up to ≈4 × 106 particles/mm2. In
addition, higher accumulated radiation doses caused a fatal resistance
breakdown of the SiO2 inter-strip isolation on the detector side facing
the impinging ions, effectively destroying the segmentation of the
detector. Barlini et al. [11] reported on the impact of radiation damage
on the pulse-shape analysis performance of silicon detectors irradiated
by heavy ions with A ∼ 120 − 130. A linear decrease of the total
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collected charge was observed as a function of the increasing fluence.
These effects limit the lifetime of the detector in an experiment and,

in an early stage, the quality and the resolution of the recorded energy
spectra. The illumination of the detector is often not homogeneous due
to the angular dependence of scattering cross sections, beam de-
focusing, local target inhomogeneities or diverging target thicknesses.
Consequently, radiation damage of the detector may also be distributed
non-homogeneously. Position-dependent effects of radiation damage in
DSSSDs were first described by Iwata et al. [12]. The group measured
signal amplitudes as a function of the bias voltage and hit position on
irradiated detectors by using a laser test stand. Position-dependent
signal amplitudes and charge losses were observed both below and
above the full depletion voltage.

A careful energy calibration of the detector system is crucial for e.g.
spectroscopic applications in which a precise energy has to be
measured. Modern self-consistent or intrinsic calibration approaches
[13–15] employ the information from the strips on one side of the
detector as references to calibrate the strips on the other side and vice
versa. However, these calibration methods require that the response
and the resolution of the segments are independent of the position of
the impinging particle on the detector. Detector parts that are subject
to heavier radiation damage yield an incomplete charge collection on
the front- and back-side electrodes which needs to be corrected in
calibration procedures that are highly position dependent.

This paper discusses the impacts of radiation damage and degrada-
tion effects on the detector response of double-sided silicon strip
detectors and is organized as follows: The experimental setup and
the data acquisition are comprised in Section 2. Data from an in-beam
experiment employing a DSSSD, presented in Section 3, show an
advancing degradation with increasing irradiation. A refined analysis of
another irradiated detector is featured in Section 4. The response of
both p and n-side faces is investigated. A position-resolved calibration
method is presented in Section 6. It is based on the fact that each event
is registered simultaneously on the p- and n-side segments. This
enables an optimum performance of the degraded detector. The paper
closes with a summary and conclusions.

2. Experimental setup and detectors

The two circular DSSSDs described in this article are ∼ 310(10) μm
thick. They have a geometrical outer diameter of 100 mm and an inner
hole of 28 mm diameter. Inner and outer diameter of the active area
are 32 and 85 mm, respectively. The silicon wafers were manufactured
by RADCON Ltd. (Zelenograd, Russia). The silicon disks were mounted
and bonded onto printed circuit boards at the University of Lund,
Sweden. The active area is divided into 64 radial segments (sectors) on
the p-type junction side and into 32 annular segments (rings) on the
ohmic n-side. Therefore, the detectors have a granularity of 2048
virtual pixels by combining the intersecting areas on the front and back
side. The pixels cover areas from (innermost) 5.3 to (outermost)
13.7 mm2. Photographs of both front and back side are presented in
Fig. 1. Full depletion in reversed bias is reached at a voltage of 50 V.
The SiO2 surface passivation layer is reported to be 0.48 µm thick on
the junction side and 1.9(2) μm on the ohmic side. Adjacent sectors
and rings are isolated against each other by an inter-sector or inter-ring
area of quoted 110 µm width.

Surface features of a DSSSD of the same type as described above
were investigated employing atomic-force microscopy (AFM). The
AFM measurements were obtained on an Asylum Research MFP-3D
Infinity (Santa Barbara, CA, USA), using the non-contact AC mode
under ambient conditions. The used cantilevers were AC200TS-R3
(Olympus, Tokyo, Japan) with a nominal resonance frequency of
115 kHz and a spring constant of 9 N/m. Fig. 1(c) shows an area of
90 × 90 μm2 from an AFMmeasurement of the sector side. The image is
made at the edge between a sector and an inter-sector area as visible as
black lines in Fig. 1(a). The roughness [16] in the measured section is

R = 0.322 μma . A one-dimensional projection along the white line in
Fig. 1(c) is shown in panel (d). The coating at the ≈5 μm wide sector
boundary between the sector and the inter-sector area has a height of

zΔ = 1.6 μm. The DSSSD's SiO2 passivation layer surface features
irregular piles and valleys with relative heights of up to 1 μm. More
detailed images of the depicted insets in Fig. 1(c) are presented in
Figs. 1(e) and (f). Here, different substructures exhibit grainy textures
with height differences in the order of zΔ = 100 to 200 nm.

A first DSSSD was investigated in a dedicated experimental setup at
the University of Cologne. The detector was previously used in an in-
beam experiment to detect light particles from (d,p) reactions in
inverse kinematics using a 48Ti beam at an energy of 100 MeV,
impinging on a deuterated titanium target [4,17]. The detector was
mounted under forward direction with respect to the target position.
The detector was then stored in darkness at room temperature for five
years. In the present setup the DSSSD was operated under a vacuum of
2.0 × 10−2 mbar at room temperature with an operating voltage of 60 V.

Fig. 1. (a) Photography of the front side of the DSSSD segmented into sectors, (b) back
side of the detector with ring segments. Closeups of the ring and sector segmentation are
shown in the insets. (c) 90 × 90 μm AFM image of the DSSSD surface of the sector side at

the edge between a sector and an inter-sector area. (d) One-dimensional projection along
the white line marked in (c). (e) and (f): Closeup AFM measurements of the insets
marked in (c).

L. Kaya et al. Nuclear Instruments and Methods in Physics Research A 855 (2017) 109–117

110



The leakage currents of 1.6 μA did not change with larger voltages. The
DSSSD was irradiated with a 3 kBq mixed triple-α source containing
239Pu, 241Am, and 244Cm with α energies of 5157, 5486, and 5805 keV,
respectively. The radioactive source was aligned to the center of the
DSSSD and mounted within a distance of ≈3 cm, facing the ring side.
The signals of the DSSSD are amplified by custom-made, charge-
sensitive preamplifiers. Thereafter, the differential preamplifier signals
are transmitted via shielded cables to Mesytec™ STM-16 shaping/
timing filter amplifiers and are then digitized by three Caen™ V 785
analog-to-digital converters. Time signals relative to time stamps
produced by the data-acquisition system are recorded by a
Caen™ V 775 time-to-digital converter. Data readout, event building
and data transport is managed by a front-end VME PowerPC (PPC)
with a 200 MHz CES RIO2-8064 WL processor running the head- and
diskless operating system LynxOS together with the GSI Multi-Branch
System (MBS) software [18]. The PPC sends blocks of formatted events
to a linux host computer via ethernet running the data-acquisition
software [19]. A Triva 5 trigger module [20] synchro-
nizes the readout. This setup enables the readout of all 96 DSSSD
channels independently and simultaneously.

A second DSSSD detector was employed in combination with the
Advanced Gamma-Ray Tracking Array (AGATA) in its demonstrator
configuration [21,22] in an in-beam γ-ray spectroscopy experiment
[5,23] performed in inverse kinematics to populate excited states in
140Ba at the Laboratori Nazionali di Legnaro (LNL). A beam of 136Xe
was accelerated by the PIAVE-ALPI accelerator complex with an
intensity of 0.5–1 pnA onto a 0.915(11) mg/cm2 thick self-supporting
target made of natC. Runs were performed at two different beam
energies of 500 and 546 MeV, respectively. The data acquisition
required at least one particle and one γ-ray in coincidence. Hence,
the detection of elastically (Rutherford-) scattered beam ions did not
trigger the data-acquisition system. The detector was mounted under
forward angles covering a polar-angular range from 25.6° to 51.8° at a
distance of 33.4 mm from the target. The radial sector segments faced
the beam. The DSSSD detected recoiling 12C ions, target-like few-
nucleon transfer products, and α particles from the breakup of 8Be
produced in the α-transfer reaction 12C(136Xe,140Ba)8Be. All heavy ions
were completely stopped in the DSSSD. The accumulated radiation
dosage during the experiment is estimated to be approx. 3 × 106 12C
ions/mm2, which is comparable to the dosage described by Livingston
et al. [10] to cause deteriorated energy spectra. Two adjacent sectors
were interconnected to reduce the 64 back-side sectors to only 32
channels. In the following, the outermost ring is labeled as 0 and,
subsequently, the innermost one as ring 31. The sectors are labeled
counterclockwise from 0 to 63 (Cologne DSSSD) or 0–31 (AGATA
+DSSSD setup), respectively.

3. Degradation in in-beam experiments

During the AGATA+DSSSD experiment, a drastic change of the
detected energy spectrum is observed with increasing irradiation. The
pulse-height spectrum of DSSSD ring 5 as a function of the event
number is presented in Fig. 2 for the 546-MeV run with a thin carbon
target. The label (i) denotes events of impinging 12C nuclei after
Coulomb excitation of the 136Xe beam. 11B and 10Be recoils after
proton pick-up reactions are labeled as (ii). The pattern labeled as (iii),
originates from fusion-evaporation reactions with α particles in the exit
channel. The corresponding detector signal even drops below the
detector threshold and gradually disappears after half of the run time.
Hence, these events of interest could not be recorded by the data-
acquisition system any more. Moreover, the shape of the measured
pulse-height distribution changes with increasing irradiation; the
separability between the distributions (i) and (ii) becomes less pro-
nounced and vanishes at the end of the experiment (marked as B). The
decrease in pulse height over the experiment is attributed to the
advancing degradation of the detector and a reduced charge collection

as discussed before.
As the generated electron and hole charges have to be registered on

both p-side and n-side for each event, mutual consistency of p-side and
n-side charges is anticipated. To cope with the observed pulse-height
shifts and the peak-shape distortions, the 64-fold electric segmentation
of the DSSSD into 32 rings and 32 combined sectors is discarded.
Instead, a software-based segmentation into 1024 virtual pixels,
characterized by the intersection between one sector and one ring, is
employed to study the response of the detector.

Fig. 2(b) shows an example of a two-dimensional matrix of the
pulse-height measured by the fifth front-side ring plotted against the
back-side sector number in which a coincident signal above 300 arb.
units was detected. Only the first 25% of the recorded dataset (1.0 × 105

particles impinged into the ring, marked as region A in Fig. 2(a)) were
taken into account. In this representation the pulse-height spectrum of
ring 5 is split with respect to the simultaneously hit sector and
comprises all 32 single pixel spectra along the ring. The shapes of
the pulse-height distributions are expected to be the same in all pixels
along the ring for a non-degraded detector. Small deviations are

Fig. 2. (a) Spectrum of measured pulse heights in ring 5 as a function of the event
number in the 546 MeV run with a thin carbon target. The first 25% events of the run are
labeled as region A, the last 25% of the data are labeled as region B.(b) Front-back
coincidence matrix of ring 5 for region A. (c) A similar matrix for region B. Pairs of
adjacent strips are short-circuited and joined together. The resulting 32 sectors are
labeled counterclockwise.
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observed already at the beginning of the experiment, partially, due to
the breaking of the symmetry of the setup as a consequence of a small
displacement of the detector with respect to the beam axis. Fig. 2(c)
shows a similar plot for the last 25% of the events (after 3.2 × 105

impinging particles, marked as region B in Fig. 2(a)) of the run.
Obviously, the detected pulse heights decrease substantially by approx.
30% after a considerable irradiation of the detector. Furthermore, a
strong dependence of the detected pulse heights on the location of the
impinging particles within the ring area is observed. A much larger
decrease in pulse-height is observed for the pixels formed by the
sectors from no. 8 to no. 24. These differences in the deduced particle
energies result in a broadening of the peak when summing over all
sectors, and, therefore, a worse energy resolution.

The non-uniform decrease in measured pulse height is quantified
by introducing a damage parameter κj which is defined as follows:

∑κ
A
A

E
E

= 1 −j
j

i

i
j

j0 =0

31

(1)

In this definition, Ej is the mean pulse height of all peak positions in the

pixel pulse-height spectra for ring j; Ei
j is the peak position in the

spectrum of the i-th pixel for ring j. The damage parameter is
normalized to the area by weighting the area Aj of ring j to the one
of the outermost ring, A0. In the case of an ideal detector, E E=j i

j is
expected for a given ring number j and all involved pixels i ∈ [0: 31];
consequently, the damage parameter κj would be zero. κj is plotted
against several accumulated event numbers for the rings 1, 2, 5, 14, 21,
28, and 30 in Fig. 3. In the example given in Fig. 2, κring 5 increases from
0.40 up to 1.70 at the end of the experiment.

The first κj values are calculated after an overall accumulated dose
of 1.0 × 105 particles in the experiment. The damage parameters of all
rings already have a small non-zero value at the beginning of the
measurement due to a slight displacement of the detector within the
scattering chamber. The particle load of the DSSSD is dominated by
Rutherford-scattered beam particles. The Rutherford cross section's
maximum is at 0° and rapidly decreases with increasing angles θ in the
center-of-mass system. In inverse kinematics, θ = 0°cm for recoils
corresponds to θ = 90°lab in the laboratory system; here the scattering
cross section for 12C target particles reaches its maximum and
decreases to smaller scattering angles. 136Xe beam particles are
maximally scattered by 5° and do not impinge the DSSSD.
Consequently, more severe radiation damage is expected at the outer
rings with the 12C(136Xe,x) reaction. Indeed, a large increase of κj is
observed along outer rings which were exposed to larger accumulated
radiation doses. On the contrary, the damage parameters of the inner

rings stay constant during the beam time as the scattering cross section
is much lower for those small angles. It is worthwhile to mention that
the extent of radiation damage, quantified by the damage parameter,
does not increase linearly with the number of impinging particles.

4. Detector response and energy correlations

Precise knowledge of the detector response and correlations
between the detector segments is crucial in order to investigate the
behavior of a DSSSD after degradation. In-depth studies of charge-
sharing effects along inter-ring and inter-sector gaps between adjacent
segments were subject to recent publications. Yorkston et al. [24] first
reported on anomalous charge-sharing effects for α particles penetrat-
ing the inter-strip gaps in silicon strip detectors in 1987. Signals of
opposite polarity were induced on adjacent strips and explained by a
model that incorporates surface charges trapped on the Si-SiO2 inter-
face between the adjacent strips. The effect was also described for
impinging α particles [25], proton and Li beams [26], γ rays [27],
infrared laser light [28,29], as well as low-energy x rays [30]. Positive
charges within the SiO2 surface layers induce an electron-accumulation
layer at the interface between the SiO2 and n-type silicon. Ionizing
radiation may further increase the density of positive oxide charges
and, therefore, produces hole traps at the Si-SiO2 interface, resulting in
charge collection losses [30].

Recently, Torresi et al. [31] characterized the impact of 7Li and 16O
beams at various energies from 6 to 50 MeV and different applied bias
voltages on inter-strip gaps. Signals of positive and negative polarities
were recorded at the same time. The study showed that when particles
are injected from the ohmic side, opposite-polarity signals for inter-
strip events are observed in the front strips and disappear in the back
strips. In 2014, Grassi et al. [32] performed a systematic study of signal
amplitudes from adjacent strips and energy correlations at the inter-
strip gaps. Two DSSSDs of different thicknesses at various detector bias
voltages were scanned along front and back inter-strip regions using
proton micro-beams. Again, the group detected inverted-polarity
signals at the front-face. Inverted polarity signals in the back were
only observed for protons punching through a thinner detector. The
experimental observations were compared with the results of simula-
tions based on the Shockley-Ramo-Gunn framework. A qualitative
reproduction of all the observed charge-sharing effects was obtained by
assuming a buildup of positive charge at the oxide interface in the front
inter-strip region.

Compatible results were obtained in this study; Fig. 4(a) shows a
correlation matrix of the pulse heights detected in sector 9 plotted
against the pulse heights of sector 8 of the DSSSD in the Cologne setup.
The pedestal, labeled as region A, was not calibrated to zero in order to
investigate charge-sharing effects in detail. The additional event
clusters in the pedestal region originate from crosstalk with full-energy
depositions in next-neighboring sectors. Events within region B
correspond to full-energy events in sector 8 or sector 9, respectively.
Events located along the diagonal line C joining the two regions B
correspond to a charge sharing between two adjacent sectors when a
particle impinges the inter-sector gap. Both the ratio of the inter-gap
area and the geometric active area as well as the ratio of inter-gap
events and full-energy events amount to ∼1.2%. The lines between A
and B are not perpendicular but close in a scissors-like manner due to
electronic crosstalk within the preamplifiers. Events between A and B
correspond to charge sharing between sectors 8 and 7, or 9 and 10,
respectively.

A typical pulse-height correlation of adjacent rings is shown in
Fig. 4(b). The measured pulse-height of ring 5 is correlated to the one
of ring 6. Whereas a more pronounced region A and the full-energy
deposition in region B resemble the behavior of the sector-sector
correlation shown in Fig. 4(a), the events on the charge-sharing diagonal
are not present. A more complicated structure, marked as region C,
emerges in the matrix. These structures are interpreted as signals of

Fig. 3. Damage parameters κj of several DSSSD rings which were exposed to varying
accumulated doses in the AGATA experiment. The outermost ring is labeled as 0 was
exposed to the highest dose, the innermost ring is labeled as 31 and was exposed to the
lowest dose. See text for details.
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reversed polarity, comparable to the ones observed in Refs. [24,27,31,32].
We note that the employed analog-to-digital converters are only able to
read out one signal polarity. Signals with opposite polarity are only visible
in the correlation matrix since the electronic crosstalk creates measurable
signals above the baseline in adjacent rings, even though no particle is

impinging that segment. The electronic crosstalk between adjacent rings is
more pronounced than between neighboring sector, possibly due to a
stronger capacitive coupling. Crosstalk with other neighboring rings
causes the structures labeled as D.

A correlation matrix between sector 6 and ring 10 is depicted in
Fig. 4(c). The pedestal is labeled as region E, region K comprises
particles depositing their full energy in the pixel defined by ring 10 and
sector 6. The region labeled as F comprises particles which impinge
into ring 10 and a corresponding front sector different than sector 6.
Similarly, region G contains all events in which the particles enter
sector 6 and not ring 10. Events for which the particles impinge
through the inter-sector area of sector 6 and deposit their full energy in
ring 10 are highlighted in region H. The charge collection of inter-ring
events is, as aforementioned, influenced by an effective surface charge,
yielding a reduced pulse-height measured at the (back) sector side of
the detector. Therefore, sector 6 never registered the full energy in
region J. Front-back coincidence matrices as shown in Fig. 2(b) and (c)
are independent from the behavior of the electronics since only the
pulse-height of one ring or sector is plotted with a gate on the energy
detected by the segment behind. All of these events are comprised in
region K of the front-back correlation matrices in Fig. 4(c).

The radiation damage of the Cologne DSSSD is visualized in Fig. 5.
The color code displays the absolute energy difference between the
5.486 MeV 241Am α-particle and the measured energy for each pixel
after fitting the peaks in the front-back correlation matrices (cf. region
K in Fig. 4(c)). Black-colored pixels do not show sufficient peak
resolution. The innermost parts of the detector are subject to more
severe radiation damage compared to the outer parts of the detector in
the Cologne experiment, resulting in reduced measured energies due to
incomplete charge collection on one of the ring or sector electrodes.
Summarizing, radiation damage has no significant effects on the
general behavior of the DSSSD, as previously described by Torresi
et al. [31] and by Grassi et al. [32].

5. Position-resolved degradation effects

The dependence of the detected pulse heights with respect to the
location of the impinging particle is investigated in detail with the
Cologne DSSSD setup. In a first approach, all ring and sector channels
are calibrated by fitting linear functions to the ring and sector pulse-
height spectra. Thus, the 2×96 absolute calibration coefficients (gain
and offset) map the measured amplitudes to units of energy. Fig. 6(a)

Fig. 4. Pulse-height correlation matrices of (a) two neighboring back sectors and (b) two
neighboring front rings. (c) Pulse-height correlation between front-side ring 10 and back-
side sector 6. See text for details.

Fig. 5. Visualization of all 2048 virtual pixels formed by 32 ring and 64 sector segments
of the Cologne DSSSD. The color code displays the absolute value of the deviation of the
measured peak position with respect to the expected one at 5.486 MeV. This deviation is
a measure for the effects of the radiation damage on the charge collection within the
pixels.
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and (c) show all calibrated sector and ring pulse-height spectra
arranged in a matrix. For an ideal detector, three peaks above the
background are expected for all ring and sector spectra. Instead,
additional features are observed: The sector spectra in 6(a) exhibit
low-energy tails and double-peak structures with a repetitive pattern
along the sector number. Blurred and unresolved spectra are observed
in the seven innermost rings (see Fig. 6(c)) where the most severe
radiation damage is expected. In contrast to the detector used in the
AGATA+DSSSD setup (Fig. 2), the Cologne DSSSD had been used,
among others, in a d(48Ti, 49Ti)p experiment with a deuterated
titanium target of 220 μg/cm2 thickness. The ring side of the DSSSD
faced the beam. Despite the use of a thin Al absorber foil in front of the
DSSSD, scattering Ti ions as well as 16O target contaminants could still
reach the detector. In the case of 48Ti+16O and symmetric 48Ti+Ti
scattering, the Rutherford cross section is maximum for small scatter-
ing angles in the laboratory frame. The impinging ions deposited their
full energy within the first 30 μm of the detector. Inhomogeneous
radiation damage is expected due to a 4.5° misalignment of the detector
with respect to the plane perpendicular to the beam axis. Further
details on the experiment and the rates are given in Ref. [4,17].

Fig. 7(a) shows a two-dimensional matrix of the pulse height
measured by sector 17 plotted against the ring number in which a
signal above 3 MeV was simultaneously detected [similar to the
matrices in Figs. 2(b) and (c)]. Therefore, each bin on the abscissa
contains the pulse-height spectrum of a single pixel formed by sector
17 with the corresponding ring behind. The projection onto the pulse-
height axis yields the complete one-dimensional pulse-height spectrum
of sector 17 and corresponds to the pulse-height spectrum in the bin
for sector number 17 in Fig. 6(a). It exposes double-peak structures
and tails. Fluctuations and a decrease in pulse-height are observed
along the rings that were hit simultaneously with the sector –
uncorrelated to the interconnected channels of the four sector pre-

amplifiers. The observed incomplete charge collection, especially in the
innermost rings, is due to radiation damage as described by Livingston
et al. [10]. A similar two-dimensional matrix shown in Fig. 7(c) shows
the same decomposition of ring 20 into its 64 pixels (defined by the
sectors). Again, the projection of the complete pulse-height spectrum is
depicted on the right hand side and shows a wiggly pattern instead of
the expected three straight lines. The projection corresponds to the
spectrum in the bin corresponding to ring 20 in Fig. 6(b) and exhibits
broad, overlapping peaks with a non-Gaussian shape. Subsequently, it
is apparent that a precise energy calibration of the DSSSD is not
feasible by means of a basic calibration set employing two parameters
(offset and gain) for each ring and sector.

As there are no unexpected structures in the front-back correlation
matrices for a single detector pixel as shown in Fig. 4(c), the origin of
the distortions and the pulse-height shifts have to be attributed to the
condition of the silicon wafer. Comprehensive measurements employ-
ing a signal generator (pulser) were performed to exclude any
contributions of the preamplifiers and the subsequent electronics. In
order to generate a correlation matrix as shown in Fig. 7(c), the pulser
signal was injected into the read-out channel of a sector.
Simultaneously, the pulser signal was also used to generate a signal
in one of the ring-side read-out channels. This procedure was subse-
quently repeated for each of the 32 ring channels. The variation in the
amplitude of the pulser signal is in the range of 0.2%, compared to
observed shifts in pulse height of the order of several percent along the
sectors. Thus, pulse-height shifts caused by the electronics are negli-
gible.

6. Position-resolved calibration method

In order to correct for the distortions and pulse-height shifts, the
software-based segmentation into virtual pixels is exploited. The

Fig. 6. (a) Calibrated pulse-height spectra of all 64 sectors of the Cologne DSSSD employing a linear calibration for each sector. Alongside the expected three peaks of the mixed triple-α
source with α energies of 5157, 5486, and 5805 keV, additional repetitive patterns and tails are observed. (b) Same diagram as (a), with the new position-resolved calibration method
based on front-back correlation; see text for details. (c) Similar diagram as presented in (a) for all 32 rings. The outermost ring is labeled as 0 and, consequently the innermost as 31.
Note the broadening and blurring of the spectra in the seven innermost rings. (d) All ring spectra calibrated by the new position-resolved method.
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granular segmentation of the DSSSD enables a position-resolved
calibration which is employed by fitting all 2048 pixel ring-sector
coincidence spectra like the examples in Figs. 7(a) and (c). In a brute-
force approach a function comprising three Gaussian distributions,
each with two exponential tails, is automatically fitted to the ring-sector
coincidence spectra. Following the fit procedure, the spectra of all 2048
pixels are properly calibrated to the three α energies of the mixed-α
source and reassembled to the corresponding 64 sector and 32 ring
spectra.

As an example, the resulting spectra of ring 27 and sector 17 in
their matrix representation are shown in Figs. 7(b) and (d) after the
position-resolved calibration. All pixel pulse-height spectra are now
well-calibrated in both the sector and ring matrices, exhibiting three
Gaussian-like peaks at the energies of the mixed α source. The
resulting one-dimensional projections are shown in the left panels of
Figs. 7(b) and (d). The energy resolution for each entire ring and
each entire sector is only limited by the resolution of the individual
pixels, and, thus, is the optimum achievable with the detector. If the
observed height variance presented in Figs. 1(c) and (d) also
corresponds to a variation of the dead-layer thickness, and, thus, a
variation in energy loss of the impinging particles, the energy
resolution of the single pixels might a priori be limited – besides
by microscopic defects or by the influence of the detector tempera-
ture. The results of the position-resolved calibration method are
summarized in Fig. 6. Subfigs. (b) and (d) show all ring and sector
pulse-height spectra summed over all simultaneously hit sector and
rings, respectively, comprised in a two-dimensional matrix. The
additional tails and repetitive patterns, that were visible after the
conventional calibration in Fig. 6(a), vanish. Remaining tails origi-
nate from the local radiation damage effects in the individual pixels
or changes in radiation damage level on scales smaller than the
detector segmentation. Such cases cannot be treated by the position-
resolved calibration method. The pulse-height spectra of the inner-
most rings, initially heavily distorted as shown in Fig. 6(c), show
three distinct and resolved peaks for all rings after employing the
new calibration procedure. Note that few of the pixels do not have a
sufficient energy resolution to be fitted with three Gaussians due to
severe radiation damage. Consequently, these pixels are excluded in
the further analysis (cf. black colored pixels in Fig. 5), reducing the

statistics for the innermost rings in Fig. 6(d). However, the poor
energy resolution of such pixels renders them useless for typical
applications of DSSSD detectors such as particle identification. The
corresponding events would mainly contribute to background and,
thus, degrade the overall quality of the data. Regarding the example
of ring 27, a total of 28 out of 64 pixels do not show resolvable peak
structures. The corresponding ring pulse-height spectrum is shown
in the inset of Fig. 8. However, by restricting the analysis to the
remaining 36 pixels for that ring, approx. 60% of the ring's active
area can be calibrated by the new method and provides good energy
resolution. The whole ring would have been discarded by employing
a standard calibration procedure. The number of excluded pixels per
ring is given in the top panel of Fig. 8, in total, 89.7% of the active
area is recovered by employing the position-resolved calibration
method.

The energy resolution and valley-to-peak ratio of the Cologne
DSSSD prior and after the enhanced position-resolved calibration are
presented in Fig. 8. The damage parameters κ, introduced in Section 3
are shown in the bottom panel of Fig. 8. An improvement of approx.
one order of magnitude is observed for most of the rings. The
parameter κ is close to 0 in the outer rings and is significantly reduced
along the severely radiation-damaged inner rings. The mid panel of
Fig. 8 compares the FWHM and the valley-to-peak ratio at 5.5 MeV
prior and after the calibration. The resolution for the severely-damaged
inner rings is improved drastically by up to a factor of 3.5. The valley-
to-peak ratio is defined as the inverse ratio of the peak height at
5486 keV and the valley between that peak and the one at 5157 keV
(marked by arrows in the inset of Fig. 8). It decreases significantly
along the innermost rings. Altogether, the quality of the peaks is
considerably increased.

7. Conclusions and outlook

The response and pulse-height correlations of two radiation-
damaged DSSSDs were subject of this study. A first DSSSD was
investigated in a dedicated experimental setup at the University of
Cologne, another one was employed in an in-beam experiment in
combination with the Advanced Gamma-Ray Tracking Array (AGATA).
The DSSSDs are divided into 64 radial sectors and into 32 rings,

Fig. 7. (a) Right: Front-back pulse-height coincidence matrix of sector 17 of the Cologne DSSSD with the calibration as applied in Fig. 6(a). The outermost ring is labeled as 0, the
innermost ring as 31. Left: Projection of the front-back pulse-height coincidence matrix on the y-axis, note the distorted spectrum with severe tails. (b) The same matrix as in (a),
employing the new position-resolved calibration method. Note the improved energy resolution in the projection. (c) Front-back pulse-height coincidence matrix of ring 20. The 64
sectors are labeled counterclockwise. The projection of the pulse-height spectrum of the whole ring exhibits a poor energy resolution, due to the wiggly pattern in the coincidence matrix.
Applying the new position-resolved calibration method (d), the resolution is improved dramatically.
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yielding a granularity of 2048 individual virtual pixels. After a
considerable irradiation of the detector, the detected pulse heights
decrease substantially. Different parts of the detector were exposed
non-homogeneously to varying accumulated doses. A strong depen-
dence of the detected energies on the location of the impinging
particles within the ring or sector area is observed. Position-dependent
incomplete charge collection due to radiation damage leads to different
responses along single detector rings and sectors. This position-
resolved radiation damage is quantified by introducing a damage
parameter κj. A software-based segmentation into virtual pixels and
corresponding front-back energy correlations were exploited to obtain
a position-resolved calibration of DSSSDs. This calibration method
allows for a significant enhancement of the energy resolution of
radiation-damaged detectors. Single locally damaged pixels are ex-
cluded without losing the information of complete p- or n-side sectors.
As DSSSDs are often employed in demanding experimental environ-
ments with high count rates of impinging nuclei for several days of
beam time, the new calibration method is eminently suitable to cope
and correct for advancing degradation and position-resolved radiation
damage. Nevertheless, also non-instrumental modification of the pulse
height is subject of the calibration procedure and is corrected for. In the
future, an extension to correct for dead-layer effects can be straight-
forwardly implemented in the analysis. The introduced damage para-
meter κ may be applied in acceptance tests of segmented silicon
detectors to judge the quality and homogeneity of the SiO2 dead layers
of factory-fresh DSSSDs. In a future study, one may further investigate
to which extent annealing and a variation of the bias voltage might
partially recover the standard calibration of each ring and strip and
improve the spectroscopy performance. Ion-surface interactions of
charged ions with grown mono-crystalline silicon and silicon-dioxide
layers are subject to an active field of research. The formation of deep
crater structures with widths of some few nanometers after heavy-ion
impacts was observed in a variety of experiments [33–35]. Moreover,
heavy-ion irradiation was found to induce phase separation at Si/SiO2

interfaces [36]. In the future, surface features of silicon detectors
before and after radiation damage are accessible to atomic-force
microscopy or equivalent imaging techniques.
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N. Yoshinaga,5 K. Arnswald,1 D. Bazzacco,6 A. Blazhev,1 A. Bracco,7 B. Bruyneel,8 R. S. Chakrawarthy,9 R. Chapman,10

D. Cline,11 L. Corradi,3 F. C. L. Crespi,7 M. Cromaz,12 G. de Angelis,3 J. Eberth,1 P. Fallon,12 E. Farnea,6,† E. Fioretto,3

C. Fransen,1 S. J. Freeman,9 B. Fu,1 A. Gadea,13 W. Gelletly,14 A. Giaz,7 A. Görgen,15,16,12 A. Gottardo,3 A. B. Hayes,11

H. Hess,1 R. Hetzenegger,1 R. Hirsch,1 H. Hua,11 P. R. John,2,6 J. Jolie,1 A. Jungclaus,17 V. Karayonchev,1 L. Kaya,1

W. Korten,16 I. Y. Lee,12 S. Leoni,7 X. Liang,10 S. Lunardi,2,6 A. O. Macchiavelli,12 R. Menegazzo,6 D. Mengoni,18,2,6
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The transitional nuclei 132Xe and 133Xe are investigated after multinucleon-transfer (MNT) and fusion-
evaporation reactions. Both nuclei are populated (i) in 136Xe + 208Pb MNT reactions employing the high-
resolution Advanced GAmma Tracking Array (AGATA) coupled to the magnetic spectrometer PRISMA,
(ii) in the 136Xe + 198Pt MNT reaction employing the GAMMASPHERE spectrometer in combination with
the gas-detector array CHICO, and (iii) as an evaporation residue after a 130Te(α,xn)134−xnXe fusion-evaporation
reaction employing the HORUS γ -ray array at the University of Cologne. The high-spin level schemes are
considerably extended above the J π = (7−) and (10+) isomers in 132Xe and above the 11/2− isomer in 133Xe.
The results are compared to the high-spin systematics of the Z = 54 as well as the N = 78 and N = 79 chains.
Furthermore, evidence is found for a long-lived (T1/2 � 1 μs) isomer in 133Xe which closes a gap along the N = 79
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isotones. Shell-model calculations employing the SN100PN and PQM130 effective interactions reproduce the
experimental findings and provide guidance to the interpretation of the observed high-spin features.

DOI: 10.1103/PhysRevC.96.024321

I. INTRODUCTION

The 50 � N,Z � 82 region of the Segrè chart, spanning
the nuclei “northwest” of doubly-magic 132Sn, is an intriguing
study ground to test the suitability and predictive power of
nuclear models at both low and high spins. Low-spin excited
states in the nearly spherical nuclei near proton- and neutron-
shell closures are well described as anharmonic vibrations [1]
with a gradual change to rotational structures further away
from the closed shells. Further on, quasiparticle excitations
play a key role and are responsible for the presence of yrast-trap
isomers. These long-lived states interrupt and fragment the
decay flux in spectroscopic investigations. High-j couplings
involving the unique-parity h11/2 neutron-hole orbital give
rise to a wealth of high-spin states with multi-quasiparticle
character. In particular, detailed knowledge of isomers is
crucial to ascertain the active quasiparticle configurations in
the specific nucleus.

132Xe and 133Xe are located in the proton midshell between
the Z = 50 shell and the Z = 64 subshell closures. Three
and four neutrons away from the N = 82 shell closure, the
respective Xe isotopes have come within reach of advanced
untruncated shell-model calculations. Several recently devel-
oped effective shell-model interactions [2–7] take aim toward
a unified description of the 50 � N,Z � 82 region.

The available data on low-spin states in both 132Xe
and 133Xe originate from earlier work employing β decay,
Coulomb excitation [8–10], and neutron scattering [11].
Intermediate-spin states were investigated via 130Te(α,2nγ )
[12] and 130Te(α,nγ ) [13] reactions, respectively. The lack of
suitable stable beam-target combinations obstructs the popu-
lation of high-spin states via fusion-evaporation processes in-
volving higher-mass reaction partners. Multinucleon-transfer
(MNT) reactions offer an efficient gateway to moderately
neutron-rich nuclei that cannot be reached by means of fusion-
evaporation reactions. These heavy-ion collisions proved to be
capable of populating both high spins and excitation energies.
The identification of the often elusive multinucleon-transfer
channels takes advantage of the high analyzing power of
modern detector arrays and mass spectrometers [14,15].

Isomeric Jπ = 10+ states were reported in all even-mass
N = 78 isotones from 128Sn up to 142Gd. The states are inter-
preted as fully aligned νh−2

11/2 two-neutron hole configurations.
A decreasing trend in lifetimes is observed with increasing
proton number Z [12,16–22]. Compared to the other N = 78
isotones, the yrast 10+

1 state in 132Xe has an exceptionally long
half-life of T1/2 = 8.39(11) ms [23] and decays predominantly
via an 538-keV E3 γ ray to the (7−

1 ) state, whereas the location
of the 8+

1 state in the level scheme is still unknown [8]. In fact,
the long half-life suggests that the 10+

1 state might be located
very close to the 8+

1 state. The (7−
1 ) state in 132Xe is also an

isomer with a half-life of T1/2 = 87(3) ns and a ν(h−1
11/2 d−1

3/2)
configuration [12,24].

For the odd-mass 50 � N,Z � 82 nuclei, a long-lived
11/2− isomer above the 3/2+ ground state is a typical feature
which is also present in 133Xe at 233.221(15) keV with a
half-life of 2.198(13) days [9]. Lönnroth et al. [13] assigned
three γ rays with energies of 247.4, 947.8, and 695.2 keV
to form a (23/2−) → 19/2−

1 → 15/2−
1 → 11/2−

1 cascade on
top of the 11/2− isomer. Firm spin-parity assignments in
the intermediate-spin regime were made up to Jπ = 19/2−.
Along the N = 79 chain [partial level schemes presented
in Figs. 1(a) to 1(f)], Jπ = (23/2+) isomers were reported
in 129Sn [T1/2 = 2.22(14) μs at 1762 keV] [25,26], 131Te
[93(12) ms at 1941 keV] [27], and 139Nd [277(2) ns at
2617 keV] [28]. These states are explained as ν(h−2

11/2d
−1
3/2)

configurations [26,29,30]. Further Jπ = 19/2+ isomers below
and Jπ = 27/2− isomers above the 23/2+ state were observed
with half-lives in the ns to μs regime in 129Sn [31,32].

First spectroscopic data on the (23/2+) isomer in 131Te were
obtained in a 64Ni + 130Te multinucleon-transfer experiment
at the GASP γ -ray spectrometer [33]. A 361-564-833-keV
triple coincidence was assigned to a (21/2−) → (19/2−) →
(15/2−) → 11/2− band based on isotopic systematics. A
delayed component (T1/2 � 1 μs) in the off-beam spectra
led to the assumption that a 23/2+ isomer was located
above the (21/2−) state. Fogelberg et al. determined a very
long half-life of 93(12) ms employing thermal fission of U
isotopes at the OSIRIS mass separator [34] and assigned
an E3 character to the 361-keV transition. Furthermore, a
conversion-electron measurement corroborated that only the
361-keV transition is the delayed transition depopulating the
(23/2+) state. Finally, the 15/2−

1 and 19/2−
1 levels were

confirmed and a prompt negative-parity cascade was added
to the level scheme by Astier et al. [29]. The half-life of the
(23/2+) state was constrained to be longer than 10 μs and
the decay to the 19/2−

1 state was reaffirmed to be of M2
character. Based on the OSIRIS result, a reduced transition
strength of B(M2; 23/2+

1 → 19/2−
1 ) = 2 × 10−6 W.u. was

deduced [29].
The elusive 23/2+ isomer in 139Nd was first reported by

Müller-Veggian et al. who observed a long-living delayed
component in off-beam γ γ -coincidence spectra and reported
a first lower half-life limit [35]. Later, the isomer’s location
was constrained to be above the 19/2+

1 state and a first precise
half-life of T1/2 = 272(4) ns could be obtained [36]. Recently,
in 2013, Vancraeyenest et al. [30] confirmed these results
employing the sophisticated Jyväskylä recoil-decay tagging
setup. The group finally achieved an unambiguous placement
of the isomer in the level scheme as it is populated by the decay
of three higher-lying (25/2−) states. In 137Ce, a J = (31/2)
state was observed to be isomeric with a half-life of 5 ns [37].
Up to now, no high-lying isomeric states have been reported for
133Xe and 135Ba. Any experimental information on high-spin
states is missing for 132Xe beyond 2.8 MeV and for 133Xe
beyond 2.1 MeV. The scarce experimental data together with
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FIG. 1. Comparison of high-spin states and isomer half-lives along the N = 79 isotones ranging from 129Sn to 139Nd; data are taken from
Refs. [13,25,28–30,32,38–40]. Tentative assignments are written in parentheses. See text for details.

recent theoretical advances motivate a refined investigation of
high-spin features in both nuclei.

In this article, we report and discuss new results for
the high-spin regimes of 132Xe and 133Xe. Excited states
of 132Xe and 133Xe were populated in three different ex-
periments: The combination of the high-resolution position-
sensitive Advanced GAmma Tracking Array (AGATA) [41]
and the PRISMA magnetic mass spectrometer [42–44] was
employed to study the nuclei after 136Xe + 208Pb multinu-
cleon transfer. Moreover, excited states in both nuclei were
populated after a 136Xe + 198Pt MNT reaction employing
the GAMMASPHERE+CHICO setup [45,46] at Lawrence
Berkeley National Laboratory (LBNL). The 130Te(α,n)133Xe
and 130Te(α,2n)132Xe fusion-evaporation reactions were uti-
lized in a third experiment employing the High-efficiency
Observatory for γ -Ray Unique Spectroscopy (HORUS) [47]
at the Institute of Nuclear Physics, University of Cologne.

During the preparation of this manuscript, we became aware
of a parallel study of 133Xe by Reed, Lane et al. [48]. The
results are consistent with those presented in the current work.

This paper is organized as follows: the experimental setup
and data analysis of the three experiments are described in
Sec. II, followed by the experimental results in Sec. III. A
comparison with modern shell-model calculations is presented
in Sec. IV before the paper closes with a summary and
conclusions.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

132Xe and 133Xe were populated in a 136Xe + 208Pb
multinucleon-transfer experiment at the Laboratori Nazionali
di Legnaro, Italy. In this experiment, a 6.84 MeV/nucleon
136Xe beam was accelerated by the PIAVE+ALPI accelerator
complex onto a 1-mg/cm2 208Pb target. The Advanced
GAmma Tracking Array (AGATA) [41] in a first demonstrator
configuration [49] was placed at a distance of 18.8 cm from

the target position to measure γ rays from excited states. The
array consisted of nine large-volume electronically segmented
high-purity Ge (HPGe) detectors in three triple cryostats
[50]. An isotopic identification of the nuclei of interest was
provided by the magnetic spectrometer PRISMA placed at
the reaction’s grazing angle of θlab = 42◦. An event registered
by the PRISMA focal-plane detector in coincidence with an
AGATA event was taken as a trigger for the data acquisition.
Pulse-shape analysis of the digitized detector signals was
applied to determine the individual interaction points within
the HPGe shell [51], enabling the Orsay forward-tracking
algorithm [52] to reconstruct the individual emitted γ -ray
energies and to determine the first interaction point of the
γ ray in the germanium and, thus, the emission angle.
Together with the kinematic information from PRISMA, a
precise Doppler correction is performed. Furthermore, the
fully reconstructed momentum vector of the ejectile nucleus
enables a reconstruction of the total kinetic energy loss
(TKEL) of the reaction by assuming a binary process and by
incorporating the excitation energies of both binary partners.
The TKEL is defined as the reaction’s Q-value distribution
with an opposite sign [43,53].

In a second experiment, the 88-Inch Cyclotron facility
at LBNL provided a 6.25-MeV/nucleon 136Xe beam that
impinged onto a 92% isotopically enriched self-supporting
420-μg/cm2 198Pt target. The GAMMASPHERE array, which
in this experiment consisted of 103 Compton-suppressed
HPGe detectors, was employed for γ -ray spectroscopy [45].
Both polar and azimuthal angles and the time-of-flight differ-
ence �tTOF between the detection of beam-like and target-like
reaction products were measured with the gas-filled parallel
plate avalanche chamber ancillary detector CHICO, allowing
for an event-by-event Doppler-shift correction for emitted
γ rays. The time window for prompt events was set to ±45 ns
around the master trigger, requiring three prompt γ rays
and the binary fragments being detected in CHICO; the one
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for the delayed γ rays was set from 45 to 780 ns. Further
details are given in Ref. [24]. The data of the experiment
were sorted into four two-dimensional matrices gated on
beam-like fragments: (i) an in-beam Doppler-corrected prompt
γ γ matrix, (ii) an out-of-beam delayed-delayed γ γ matrix,
(iii) a delayed-prompt γ γ matrix, and (iv) a delayed γ -time
matrix. The RADWARE analysis software [54] was used to
project and background-subtract the gated spectra.

Furthermore, 132Xe and 133Xe were populated via the
fusion-evaporation reaction 130Te(α,xn)134−xnXe, employing
a 19-MeV α beam delivered by the FN Tandem accelerator
located at the Institute for Nuclear Physics, University of
Cologne. The 130Te target with a thickness of 1.8 mg/cm2

was evaporated onto a 120 mg/cm2 thick Bi backing plus a
132 mg/cm2 thick Cu layer for heat dissipation. All residual
reaction products as well as the beam were stopped inside
the Bi backing. γ rays from excited states were measured
employing the Cologne fast-timing setup, comprising eight
HPGe detectors from the HORUS array [47] and eight
LaBr3:Ce scintillators. The count rate of the individual HPGe
crystals was maintained around 20 kHz during the experiment.
Coincident events were processed and recorded utilizing the
synchronized 80-MHz XIA Digital Gamma Finder (DGF)
data-acquisition system and stored to disk. The data were
analyzed offline using the SOCO-V2 [55,56] and TV [57] codes.
Recorded γ rays were sorted into (i) a general symmetrized
two-dimensional matrix to study γ γ coincidence relations, (ii)
a three-dimensional cube, and (iii) a total of six group matrices
each corresponding to different relative angles θ1, θ2, and φ
between all HPGe detector pairs with respect to the beam axis
to investigate multipolarities via angular correlations.

Spins and parities of excited states are investigated with the
γ γ angular-correlation code CORLEONE [59,60] employing the
DCO (directional correlation from oriented states) formalism
based on the phase convention by Krane, Steffen, and Wheeler
[61,62]. The angular distribution of two coincident γ rays in
a recoiling nucleus, subsequently emitted from the initial state
J1 through an intermediate state J2 to the final state J3, is
described by the following equation:

W (θ1,θ2,φ) =
∑

λ,λ1,λ2

Bλ1 (J1)Aλ1λ2
λ (γ1,δ1)Aλ2 (γ2,δ2)

×Hλλ1λ2 (θ1,θ2,φ), (1)

where Bλ1 (J1) is a statistical tensor describing the orientation
of the initial state with respect to the orientation axis.
Correlation coefficients A

λ1λ2
λ and Aλ2 parametrize the spins Ji

and multipole-mixing ratios δi of the corresponding transitions
between the excited states of interest. The angular-correlation
function Hλλ1λ2 (θ1,θ2,φ) depends on the polar angles of
emission θ1 and θ2 of γ1 and γ2 in the polarization plane and on
the azimuthal rotation φ of the emission (cf. Fig. 2 for further
definition). The tensor ranks λ1 and λ2 describe the orientation
of the states J1 and J2, and λ is defined as the tensor rank of
the radiation field. Detailed expressions for the coefficients
A

λ1λ2
λ , Aλ2 , Bλ1 , and Hλλ1λ2 are given in Ref. [62]. Different

hypotheses of involved spins and multipole-mixing ratios are
evaluated in χ2 fits of experimental transition intensities in the
different angular-correlation groups to the correlation function

FIG. 2. Correlation of two coincident γ rays between excited
states of spin Ji . The transitions are further characterized by their
multipole-mixing ratios δi (adapted from Ref. [58]).

W (θ1,θ2,φ) ≡ W (J1,J2,J3,δ1,δ2,σ ). The parameter σ denotes
the width of the alignment distribution, i.e., the distribution of
the magnetic substates m of J1.

A small anisotropic behavior of theoretically isotropic
γ -ray transitions required a correction of the measured
intensities in the individual angular-correlation groups [63].
This anisotropy of the efficiency-corrected intensities is
mainly caused by different dead times in the digital data-
acquisition system as count rates differed between the 226Ra
efficiency-calibration source run and the actual experiment.
A fit to the well-known 4+

1 → 2+
1 → 0+

1 cascade in 132Xe,
comprising two pure electric quadrupole transitions, was used
to renormalize the initial efficiency-corrected intensities of the
angular-correlation groups to their theoretical values with the
assumption that both transitions are of pure E2 character. The
anisotropy corrections are in the order of 2% to 11% and were
subsequently applied to fits of other cascades.

III. RESULTS

A. 132Xe

A partial level scheme of 132Xe obtained in the present work
is displayed in Fig. 3 (followed by the level scheme for 133Xe in
Fig. 4). Intensities above the isomers are extracted from the in-
beam 136Xe + 208Pb data and normalized to the intensity of the
650-keV transition. Correlations of the reconstructed TKEL
with coincident prompt in-beam γ rays of AGATA allow the
total excitation energy of the nucleus of interest to be restricted.
Gates on different TKEL regions either suppress or enhance γ -
ray transitions between states with different excitation energies
and angular momenta. Due to the presence of the two long-
lived isomers in the level scheme of 132Xe, TKEL gates allow
for a discrimination between γ -ray transitions below and above
the isomeric states. AGATA γ -ray spectra of 132Xe identified
in PRISMA are presented in Fig. 5 with gates on (a) small
TKEL and (b) large TKEL. The applied gates are shown in
the corresponding insets. The 668-keV 2+

1 → 0+
1 , 727-keV

5+
1 → 4+

1 , and 773-keV 4+
1 → 2+

1 transitions dominate the
low-TKEL gated γ -ray spectrum, which can be attributed to
the low-spin structure below the isomers [8]. In contrast, all
transitions between low-spin states are completely suppressed
with the gate on large TKEL. Seven new γ -ray transitions with
energies of 208, 298, 476, 559, 650, 1133, and 1240 keV are
observed in this spectrum. A new 940-keV line is visible in
Fig. 5(a).
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FIG. 3. Partial level scheme of 132Xe with the newly observed γ

rays above the 8.39(11)-ms (10+
1 ) and 87-ns (7−

1 ) isomers. Energies
are given in keV. Intensities above the isomers are extracted from the
in-beam 136Xe + 208Pb AGATA data and normalized to the intensity
of the 650-keV transition.

γ γ coincidences are exploited in the 136Xe + 198Pt dataset.
The 650- and 1133-keV, as well as the 1240- and 476-
keV transitions are mutually coincident. Corresponding gated
spectra are depicted in Figs. 5(e) to 5(h). Correlations of
prompt transitions populating isomers with the respective
depopulating γ rays were enabled by the 136Xe + 198Pt
experiment. Delayed-prompt γ γ coincidences with a gate
on the delayed 668-keV 2+

1 → 0+
1 transition are presented

in Fig. 5(h). The 8.39(11)-ms half-life of the (10+) isomer
is too long to observe delayed-prompt coincidences within
the experimental time window. Instead, a gate on the delayed
transitions provides a spectrum only containing the transitions
feeding the 87(3)-ns 7− isomer. The corresponding half-life
of the delayed component of the 668-keV transition used
in the gate is validated to be 88(5) ns. Consequently, the
940-keV transition is placed on top of the 2214-keV state.
The line at 614 keV is identified as the decay of a (7,8,9−)
state, previously observed in a β-decay study of 132mI [64].
Other lines visible in Fig. 5(h) at 348, 373, 402, 451, 783, and
869 keV are not observed in the AGATA spectra. Since the
high-lying 650-, 1133-, 476-, and 1240-keV γ -ray transitions
are not present in the delayed-prompt coincidence spectrum,
these transitions have to feed the (10+) isomer. The intensity
balance suggests the 1133-keV transition to be placed above
the 650-keV γ ray feeding the (10+) isomer. Furthermore, the
1133-keV transition is in coincidence with another close-lying

FIG. 4. Partial level scheme of 133Xe. Energies are given in keV.
Intensities above the isomers are extracted from the in-beam 136Xe +
208Pb AGATA data and normalized to the intensity of the 695-keV
transition.

line at 1130 keV. A peak at 1130 keV is also visible in the
AGATA data; thus, the transition is tentatively placed on top of
the 4535-keV state. With no connection to the 1133-650-keV
cascade, the 1240- and 476-keV γ -ray cascade is tentatively
placed parallel, assuming no unobserved low-energy γ ray.
A 298-keV transition feeds the new 3402-keV state. Excited
states above the (10+) level were not measured in the HORUS
experiment.

B. 133Xe

The level scheme of 133Xe obtained in the present work is
presented in Fig. 4. Again, intensities are extracted from the
in-beam 136Xe + 208Pb data and normalized to the intensity
of the 695-keV transition. AGATA γ -ray spectra of 133Xe
identified in PRISMA are presented in Fig. 6 with gates on
(a) small TKEL and (b) large TKEL. The applied gates are
shown in the corresponding insets (c) and (d). The small-TKEL
gated spectrum exhibits several transitions between known
positive-parity states with small excitation energies. Peaks
located at 695.2 and 947.6 keV are identified as members of the
previously known negative-parity band on top of the long-lived
11/2−

1 state. The intensities of these 15/2−
1 → 11/2−

1 and
19/2−

1 → 15/2−
1 transitions are significantly enhanced in the

spectrum gated on large TKEL. Further previously unknown
peaks at 450.9, 464.7, 467.7, 654, 908.0, 941, 1096, 1160,
and 1253.2 keV are observed in Fig. 6(b). An analysis of the
prompt γ γ matrix obtained with GAMMASPHERE yields
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FIG. 5. Left: AGATA γ -ray spectra for 132Xe identified with PRISMA after the 136Xe + 208Pb MNT reaction. (a) Gate on small TKEL.
(b) Gate on large TKEL; the transitions below the long-lived (10+

1 ) and (7−
1 ) isomers are not present any more. The applied gates on the

TKEL distributions are presented in the insets (c) and (d). Previously unknown γ rays are labeled with italic characters. Right, (e)–(g):
Prompt GAMMASPHERE γ γ coincidences from the 136Xe + 198Pt experiment, gated on 650, 1133, and 1240 keV. (h) Delayed-prompt
GAMMASPHERE coincidence spectrum with a gate on the delayed 668-keV 2+

1 → 0+
1 transition. Asterisks mark transitions not observed in

the HORUS and AGATA experiments. See text for details.

coincidences between the 695.2- and 947.7-keV γ rays and
the newly observed 450.9- and 908.0-keV transitions [cf.
Fig. 6(e)]. The 908.0-keV transition has to be placed on top
of the 1876.1-keV state, which is further supported by the
HORUS γ γ coincidences. As presented in Figs. 6(h) and 6(j),
both gates on 695 and 948 keV show coincident 908-keV
peaks. Vice versa, a gate on 908 keV, although contaminated
by the 910.1-keV decay of the 2350.6-keV level in 132Xe [8],
shows clear mutual coincidence with the two established γ -ray
transitions. Also the 695-, 1160- and 311-keV γ -ray transitions
are coincident with each other in γ γ gates [cf. Figs. 6(h) and
6(k)]. The newly established state at 2089 keV decays via a
213-keV γ -ray to the 19/2−

1 state. The 213-keV transition also
appears in the prompt GAMMASPHERE data in gates on 695
and 948 keV.

As observed in the prompt GAMMASPHERE γ γ coinci-
dences in Figs. 6(f) and 6(g), the 1253-keV γ -ray transition
is mutually coincident to the ones at 465 and 468 keV.
Moreover, these three γ rays appear only for gates on large
TKEL in Fig. 6(b). Thus, the transitions have to be located
at comparatively large excitation energies. However, there is
no connection to any previously observed γ ray: neither to
the bands based on the previously known positive-parity states
nor to the negative-parity states above the 11/2−

1 state. This
observation corroborates the presence of a yet unobserved
isomer in 133Xe, fed by the 464.7-, 467.7-, and 1253.2-keV

γ rays. A 390-keV transition is coincident to 468 and 1253
keV and placed parallel to the 465-keV transition. Based on
intensity relations and γ γ coincidences, the 451- and 941-keV
transitions are placed parallel, feeding the 2784-keV state. The
654- and 1096-keV γ -ray transitions are not visible in the
coincidence data. None of the known transitions between low-
spin or negative-parity intermediate-spin states appear in the
delayed GAMMASPHERE data. Consequently, in accordance
with previous studies performed with the GAMMASPHERE
dataset [24], the half-life of the new isomer is estimated to be
T1/2 � 1 μs.

Strong peaks at 231- and 247-keV are mutually coincident
with 695- and 948-keV lines in the HORUS dataset. The 231-
keV transition is not to be confused with the isomeric 233.2-
keV transition from the 11/2−

1 state to the ground state, which
is too weak to be observed. No coincidence is found with the
908-keV γ ray. Moreover, triple-γ coincidences and intensity
relations support the placement of a 440-keV γ ray on top of
the 247-keV transition. Although these transitions are clearly
visible in the HORUS coincidence data, neither of them are
observed in the AGATA or in the GAMMASPHERE in-beam
data. Arrows mark the expected positions in Figs. 6(a) and
6(b). The 247-keV γ ray was first reported by Lönnroth et al.
[13]. The group measured an � = 2 multipolarity and assigned
a (23/2−) → 19/2−

1 transition. An M2 character was excluded
since no delayed component was observed in the data. Due to
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FIG. 6. AGATA γ -ray spectra of 133Xe selected by PRISMA with gates on (a) small TKEL and (b) large TKEL; corresponding TKEL
spectra in (c) and (d) with gates marked in black. Previously unknown γ -ray transitions are labeled with italic characters. Arrows label the
supposed positions of the 231- and 247-keV γ -ray transitions. (e)–(g) GAMMASPHERE prompt γ γ coincidences with gates on 948, 1253, and
468 keV. (h), (j), (k) HORUS prompt γ γ coincidences with gates on 695, 948, and 1160 keV. Contaminations originating from the dominating
2n evaporation channel 132Xe are labeled with filled black circles.

the prompt character of the 213- and 908-keV transitions in
both AGATA and GAMMASPHERE experiments, both the
2089- and 2784-keV states can be excluded to be isomeric or
as a corresponding decay path of an isomeric state.

Spin assignments can be tested in the HORUS experiment
with the procedure discussed in Sec. II. Angular-distribution
functions W (θ1,θ2,φ) of two coincident γ -ray transitions are
fitted to experimental γ -ray intensity distributions obtained
by gates on depopulating transitions in the γ γ -coincidence
matrices of six angular-correlation groups. Figure 7(a) shows
a benchmark angular-correlation fit of the 727-keV 5+

1 → 4+
1

decay from the quasi-γ band of 132Xe. Anisotropy corrections
to the intensity distributions, applied to all six angular-
correlation groups, are validated in this way. The fit of a

5+ δ−→ 4+ E2−→ 2+ hypothesis yields a good agreement with

the experimental distribution. Moreover, the obtained E2/M1
multipole-mixing ratio of δexp. = +0.40(5) compares well
with the evaluated value of δlit. = +0.41+7

−8 [8]. Similarly,
Fig. 7(b) shows angular correlations for the 247-948-keV
cascade in 133Xe. Obviously, a pure E2 transition does

not fit the data. A 19/2
δ−→ 19/2− −→ 15/2− hypothesis

with δ = −0.69(11) (χ2 = 0.8) yields the best agreement
with the experimental W (θ1,θ2,φ) distribution. Nevertheless,

based on the fit quality, neither a 21/2
δ−→ 19/2− scenario

with δ = +0.24(3) (slightly worse agreement with χ2 = 3.7)

nor a 23/2
δ−→ 19/2− transition with δ = −0.32(6) (χ2 =

5.4) can be entirely excluded. Statistics are not sufficient
to perform fits for the 213-, 231-, and 1160-keV γ -ray
transitions.
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FIG. 7. (a) γ γ angular correlations for the 5+
1

δ−→ 4+
1

E2−→ 2+
1

727-773-keV cascade in 132Xe. Experimental values (data points)
are compared to calculated angular-correlation functions W (θ1,θ2,φ)
(lines) for six correlation groups (θ1,θ2,φ) using the code CORLEONE.
The known multipole-mixing ratio of the 727-keV transition in 132Xe
is well reproduced by the CORLEONE calculation. (b) Same as (a), but
for the 247-948-keV cascade in 133Xe. Several spin hypotheses are

plotted. The 19/2
δ−→ 19/2− −→ 15/2− hypothesis (solid line) with

δ = −0.69(11) yields the best agreement.

IV. DISCUSSION

Shell-model calculations for both positive- and negative-
parity states were performed in the 50 � Z,N � 82 single-
particle space generated by the valence nucleons occupying
the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 orbitals. Two different
interactions were employed: (i) The first calculation was
carried out using a phenomenological interaction, called
PQM130 (Pairing + Quadrupole-Quadrupole + Multipole for
mass region 130), constructed from a pairing-plus-quadrupole
interaction that consists of spherical single-particle energies,
a monopole-pairing interaction, a quadrupole-pairing interac-
tion, and a quadrupole-quadrupole interaction. It is combined
with newly introduced higher multipole-pairing interactions.
Valence neutrons and protons are treated as holes and particles
relative to the closed shells. Details on the calculation are
given in Ref. [4]. (ii) The second calculation was performed
in the above mentioned model space (also called jj55pn)
outside 100Sn using the jj55pna Hamiltonian [2] (referred to
as the SN100PN interaction) employing the computer code
NUSHELLX@MSU [65] without any truncations. The SN100PN
interaction is constructed from a renormalized G matrix
derived from the CD-Bonn nucleon-nucleon interaction [66];
single-particle energies are deduced from the experimentally
observed level energies in 133Sb and 131Sn. The interaction has
four parts: neutron-neutron, neutron-proton, proton-proton,
and Coulomb repulsion between the protons.

A comparison of experimental energy spectra with the
results of the shell-model calculations is presented in Fig. 8
for (a) 132Xe and (b) 133Xe. Both calculations reproduce the
hitherto known members of the yrast ground-state band of
132Xe quite well. Furthermore, both interactions reproduce
the position of the 5+

1 state. However, the 3+
1 and 4+

2 states
are interchanged in the SN100PN calculation, while in the
PQM130 calculation the 4+

2 state is calculated to be above
the 6+

1 . The negative-parity 5−
1 , 7−

1 , and 7−
2 states are well

reproduced by the SN100PN interaction; on the other hand,
5−

1 and 7−
1 states are permuted in the PQM130 calculation.

Another ambiguity remains for the ordering of the 7−
2 and

8−
1 states. The experimental location of the 8+

1 state is still
experimentally unresolved. The SN100PN calculation predicts
the state to be degenerate with the 10+

1 state in excitation
energy, whereas the PQM130 interaction computes the first
two 8+ levels below the 10+

1 state. Earlier pair-truncated shell-
model calculations predicted the yrast 8+

1 about 0.05 MeV
above the 10+

1 state [67]. The next even-even isotope 134Xe
exhibits a 10+

1 → 8+
1 transition of 28 keV. Likewise, in 130Te

the corresponding transition amounts to only 18 keV [17].
Backbending phenomena in the yrast bands were observed
systematically in 122–130Xe, among others, visible in a reduced
energy spacing between the 8+

1 and 10+
1 states [68]. It is

explained by the band crossing of the quasi-ground-state band
with another quasiband with a ν(h2

11/2) configuration [68]. As
mentioned in Sec. I, the long 8.39(11)-ms half-life of the 10+

1
state and its dominant E3 decay to the 7−

1 state even suggest
a placement below the 8+

1 state. Therefore, each assignment
above the 10+

1 state is tentative. Nonetheless, both shell-
model calculations support a 14+

1 → 12+
1 → 10+

1 assignment
to the 1133-650-keV cascade based on the predicted energy
differences. Although the 10+

1 state is underpredicted by 423
keV in the SN100PN calculation, the calculated transition
energies of 1024 and 685 keV match well the observed 1133-
and 650-keV γ -ray transitions. The 10+

2 state is predicted to
be 29 keV above the 12+

1 state by the PQM130 interaction,
and 203 keV above by the SN100PN calculation. Thus,
the observed 476-1240-keV cascade might be interpreted as
the (12+

2 ,13+
1 ) → 11+

1 → 10+
1 decay. However, no conclusive

assignment can be made, since, foremost, the exact position of
the 8+

1 state with respect to the 10+
1 state remains unclear.

Above the 7−
1 isomer, the (7,8,9)− level at 2829 keV may

be interpreted as the 8−
1 state. Therefore, the 3155-keV state is

most probably of spin 9−
1 . This assignment is also supported

by the PQM130 interaction. Figure 9(a) shows the evolution
of the positive-parity ground-state band and of 7−

1 and 9−
1

states along the N = 78 isotones from Z = 50 to Z = 64.
Accordingly, positive-parity yrast states along the Xe chain are
shown in Fig. 9(b). The newly assigned states are marked with
thicker lines. The 9−

1 , 12+
1 , and 14+

1 candidates in 132Xe fit the
systematics. Moreover, the systematics suggest the 5665-keV
level to be interpreted as the 16+

1 state. Nonetheless, transposed
8+

1 and 10+
1 states could also fit into the isotone systematics.

The level structure of the even-odd isotope 133Xe is
more complex. Both interactions reproduce the low-spin
positive-parity states generally well but predict several possi-
bly yrare states in a reversed order with regard to the yrast
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FIG. 8. Comparison of experimental energy spectra with the results of shell-model calculations for (a) 132Xe and (b) 133Xe. Experimental
energy spectra are shown in the left panels. The middle panels present the results obtained with the PQM130 interaction [4]. The right
panels show the computed levels using the SN100PN interaction. For clarity, the states are separated into columns for the negative- and the
positive-parity states.

levels. The PQM130 interaction overpredicts the 233-keV
11/2−

1 state by 214 keV while the SN100PN interaction
places the 11/2− state at an excitation energy of only 35 keV.
The SN100PN interaction reproduces the 19/2−

1 → 15/2−
1 →

11/2−
1 cascade very well. Deviations amount to only 12 and

65 keV for the 695- and 948-keV transitions, respectively.
The 23/2−

1 state is predicted to be located 766 or 466 keV
above the 19/2−

1 state by the SN100PN and the PQM130
interactions, respectively. Additionally, the 21/2−

1 → 19/2−
1

transition is computed as Eγ = 329 keV by the SN100PN
or Eγ = 259 keV by the PQM130 interaction. Therefore, the
novel 908-keV γ -ray transition may be assigned to the decay of
the 23/2−

1 state. The 465-468-1254-keV cascade, unconnected
to any other band, implies the existence of an isomer with
a half-life of T1/2 � 1 μs in 133Xe. A prompt character
excludes the 908-keV transition as following an isomeric
decay. Hence, the newly observed isomer is placed at 2107 + x
keV. Excluding a nonobserved transition, it could decay either
via a 440-247-keV cascade or via the 231-keV transition to the
19/2−

1 state. An isomeric Jπ = 19/2+
1 state with a half-life of

14(3) ns, decaying into the 19/2− state, is observed in the
neighboring isotope 131Xe [27]. The (23/2+) state is observed

well above the isomer in this nucleus. Nevertheless, in both
133Xe and the −2p isotone 131Te, the SN100PN as well as the
PQM130 interaction predict the two unobserved 19/2+

1 and
21/2+

1 states to be above the 23/2+
1 state. Therefore, a 23/2+

1
assignment to the (2107 + x)-keV isomer is most likely. Based
on angular correlations, the 247-keV transition needs to be
revised to be the decay of either the 19/2−

2 or the 21/2−
1 state.

The 19/2+ → 19/2− or 21/2+ → 19/2− assignments with
multipolarity E1 + (M2) cannot be necessarily excluded in the
present angular-correlation measurements, but the spin-trap
character of the 23/2+

1 state, as computed by both shell-model
calculations, obstructs this assignment. This makes a 440-
247-keV two-step decay via positive-parity states unlikely.
Consequently, the 440-keV transition could be explained as
the decay of a higher-lying 21/2−

1,2 state. The decay of the
(23/2+) isomer may proceed via a 21/2− state (via either
231 or 440-247 keV). This requires the presence of a yet
unobserved low-energy γ -ray transition, which could also
be highly converted. In fact, the energy difference between
the calculated 21/2−

1 and 23/2+
1 states amounts to only 125

keV in the PQM130 and 19 keV in the SN100PN interaction.
Otherwise, the shell-model calculations would also support the
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FIG. 9. Evolution of excited states (a) along the N = 78 isotones
from Z = 50 to Z = 64, (b) along the Xe isotopes, and (c) along the
odd-mass N = 79 isotones. Data are from Refs. [40,69–71]. Newly
discovered states are marked with thick lines.

231-keV transition to be a long-lived (23/2+) → 19/2−
1 decay

with an assumed M2 multipolarity. Considering the single-step
decay via a 361-keV γ ray in 131Te, isotone systematics
suggest the 231-keV transition to follow the (2107 + x)-keV
isomer decay. In 133Xe, for Eγ = 231 keV, the half-lives
corresponding to one Weisskopf unit are 1.8 μs for an M2
and 32 ms for an E3 transition. Without experimental lifetime
information, there is yet no decisive distinction between these
possibilities. In the case of a 231-keV transition with pure
M2 character, the reduced transition strength is constrained to
B(M2; 23/2+

1 → 19/2−
1 ) < 1.4 W.u.

The nuclear structures of 133Xe and the −2p isotone 131Te
have similar characteristics. Figure 10 shows the decomposi-
tion of the total angular momentum I = Iπ ⊗ Iν into its proton
and neutron components for several selected states in these

FIG. 10. Decomposition of the total angular momentum I =
Iπ ⊗ Iν of the SN100PN calculation into its proton and neutron
components for several selected negative-parity states as well as the
J π = 23/2+ isomer candidate in (a) to (f) 131Te and (g) to (l) 133Xe.
Strongest components are labeled with corresponding percentages.

two nuclei using the SN100PN interaction. Although more
fragmented in 133Xe, the structures of the negative-parity states
above Jπ = 11/2−

1 resemble the ones in 131Te. The SN100PN
interaction predicts the 23/2+

1 state in 133Xe to predominantly
have 56% stretched ν 23/2+ ⊗ π 0+ and 29% ν 23/2+ ⊗ π 2+
configurations. Neutron ν(h−2

11/2d
−1
3/2) components account for

75% of the configurations. Significant proton configurations
coupled to this neutron configuration are 33% of πg4

7/2, 23%
of π (g3

7/2d
1
5/2), and 8% of π (g2

7/2h
2
11/2). Also, the occupation

numbers of the PQM130 calculation support a dominant
ν(h−2

11/2d
−1
3/2) neutron configuration. In the 131Te isotone, the

SN100PN interaction locates the 23/2+
1 state at 1870 keV,

close to the experimental value of 1941 keV. Here, the domi-
nant configuration is 69% ν(h−2

11/2d
−1
3/2) ⊗ πg2

7/2. The stretched
ν 23/2 ⊗ π 0+ character in the decomposition of the 23/2+

1
state strongly hinders a decay to the other states whose neutron
configurations involve an Iν = 11/2 spin. The SN100PN
interaction computes the B(E2; 19/2−

1 → 15/2−
1 ) value to be
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154 e2fm4 in 131Te and reproduces the experimental transition
strength of B(E2; 19/2−

1 → 15/2−
1 ) = 139+54

−30 e2fm4 employ-
ing standard effective charges of eπ = 1.5e and eν = 0.5e.
However, the small experimental B(M2; 23/2+ → 19/2−)
value of 1.9 × 10−6 W.u. in 131Te is overpredicted by two
orders of magnitude (8.8 × 10−4 W.u.) considering free
nuclear g factors. A similar calculation for 133Xe yields a
branching ratio of 81.2% for the 23/2+

1 → 19/2−
1 decay. The

corresponding theoretical M2 transition strength is 3.4 × 10−3

W.u. Moreover, the transition strength to the 19/2−
2 state,

predicted to be 54 keV higher in energy than the calculated
19/2−

1 state, is computed to be 1.8 × 10−3 W.u.
Similar to the N = 78 chain, Fig. 9(c) presents the evolution

of several excited states along the N = 79 isotones. The novel
23/2+

1 candidate fits well into the isotone systematics. As
yet, no 19/2+ and 21/2+ states have been observed in 131Te,
supporting the validity of both shell-model calculations, which
locate these levels above the 23/2+

1 state. The presence of
isomeric (23/2+) states in the energy regime below 2.5 MeV
is discontinued in 135Ba and 137Ce, before emerging again
in 139Nd. However, the 2389-keV state in 135Ba, which was
assigned with spin J = (21/2) by both Che et al. [72] and
Cluff [70], later revised to spin J = (23/2) by Kumar et al.
[38], could be an isomer candidate. Higher-lying (first excited)
23/2+ states are known in 135Ba and 137Ce which do not
fit the N = 79 systematics. Besides, the recent discovery of
the 277(2)-ns Jπ = 23/2+ isomer in 139Nd [30] results in a
smooth onset of 23/2+ states along the isotone chain from
the high-Z side. Therefore, the existence of a lower-lying
first 23/2+ state, possibly isomeric, might be anticipated at
approximately 2.6 MeV in 137Ce.

V. CONCLUSIONS

In summary, the high-spin level schemes of 132Xe and 133Xe
were extended to excitation energies of 5665 and 4293 + x
keV, respectively. The observation of a band unconnected
to any known γ -ray cascade corroborates the existence of a
long-lived isomer in 133Xe. Based on isotonic systematics,
shell-model calculations, and comparisons of in-beam and
stopped-beam experiments, a minimum excitation energy of
E = 2107 + x keV is deduced for this state, and a spin-parity
assignment of Jπ = (23/2+) is suggested. The half-life is
estimated to be T1/2 � 1 μs. This observation of a (23/2+)

isomer fills in a missing cornerstone along the N = 79 isotones
between 129

50 Sn, 131
52 Te, and 139

60 Nd. Future conversion-electron
measurements will identify and resolve the multipole character
of the isomer decay in 133Xe. The well-established structure
for the N = 79 isotonic chain still lacks some information.
Specifically, detailed high-spin studies need to be pursued
in forthcoming work, with due attention to the onset of
Jπ = 23/2+ isomerism as a function of proton filling in
the gdsh orbitals. Thus far, there are no experimentally
observed states which populate the 23/2+ isomer in the
hard-to-reach nucleus 131Te. Although studies of 135Ba and
137Ce were performed up to highest spins and excitation
energies, no isomer candidates below 3 MeV were found yet.
The observation of a (23/2+) isomer in this work and the recent
observation of a 277(2)-ns isomer in 139Nd corroborate the
existence of Jπ = 23/2+ isomers also in the aforementioned
two nuclei. Hence, thorough searches for isomers in 135Ba and
137Ce should be performed in the future to shed light on the
onset of isomerism in this region.
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| Summary and conclusions

In the first part of this thesis, a complete and detailed detection of all reaction products, separation of

fission products, and determination of the total kinetic energy loss for the 136Xe+ 238U reaction is

presented in the publication “Light and heavy transfer products in 136Xe + 238U multinucleon-transfer

reactions”. A sophisticated analysis of the mass spectrometer yielded the nuclear charge Z , the atomic

charge q and the mass A. In order to obtain correct mass yields and to extract cross sections from

the mass-yield distributions, a detailed study of the mass-spectrometer transmission and efficiency

was performed. An event distribution uniform in energy and entrance coordinates was transported

through the spectrometer employing a Monte-Carlo simulation. Applied to the measured mass yield,

the resulting response function f (E,θ ,φ) gave efficiency-corrected yields. The magnetic fields and

the gas pressures in the focal plane detectors had to be tuned carefully in the same way as in the real

experiment. Events were then transported event-by-event with a simulation based on the PRISMA

ray-tracing code. The nuclear charge of the Xe-like ejectiles is at the limits of PRISMA’s specifications.

Therefore, the Xe main channel is severely contaminated by the neighboring iodine and cesium

channels. Likewise, the extent of xenon contaminations in the ±1p reaction channels were identified

by fitting characteristic Xe γ-ray signatures in the ejectile Doppler-corrected γ-ray spectra of isobaric

mass channels. The contaminations were subsequently subtracted from the raw mass yields. Moreover,

actinide fission strongly affects the multinucleon-transfer yield. Kinematic coincidences between

PRISMA and the particle-tagging DANTE detector were used to discriminate both transfer and fission.

In addition, transfer and fission contributions were identified and selected in matrices of the nuclear

charge plotted against the time difference between PRISMA and DANTE.

After all corrections were applied, the yields were compared to calculated cross sections using the

semi-empirical GRAZING multinucleon-transfer model. The experimental data were normalized to

the usually well-reproduced +1n channel, here 137Xe. Experiment and theory are in good agreement

for the neutron-transfer modes as well for neutron-rich nuclei in one-proton transfer channels. AGATA

served as a complementary tool to investigate the population of actinide nuclei by comparing the

X-ray yields in recoil Doppler-corrected γ-ray spectra. X-ray contributions are observed for actinide

nuclei ranging from thorium to neptunium. The X-ray yields, scaled and normalized to the plutonium

channel, are in a good agreement with the yields obtained by the kinematic coincidences between

PRISMA and DANTE. This demonstrates the feasibility of binary-partner coincidences in in-beam

γ-ray spectroscopy of heavy actinides. However, the population of heavier actinide nuclei beyond

uranium is highly suppressed, thus, yields beyond plutonium are not observed at all.

The second publication of this thesis, “Spectroscopy of the neutron-rich actinide nucleus 240U following

multinucleon-transfer reactions”, presents results on the collective properties of 240U. The spectroscopy

of 240U was performed in kinematic coincidence, i.e. the binary partner channel 134Xe was selected

with PRISMA. The Doppler correction was calculated assuming binary-partner kinematics. Time

differences between PRISMA and DANTE were exploited to cope with the background and to suppress
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the overwhelming fission events. The ground-state band of 240U was extended up to the 24+ state.

Kinetic and dynamic moments of inertia were compared to theoretical predictions. An upbend at

rotational frequencies of ħhω = 0.2 MeV could be observed for the first time. Despite the experimental

challenges, the K = 0− negative-parity band was extended up to a tentatively assigned 21− state.

The parity-splitting, defined as the ratio of rotational frequencies of yrast and first negative-parity

band, and the staggering parameter S(I) are good indicators for the collective features and octupole

correlations. For higher spins, 240U is best interpreted as an aligned octupole vibrator - similar to

the neighboring 236U and 238U isotopes. Recent cranked relativistic Hartree-Bogoliubov (CRHB)

calculations within the relativistic covariant density-functional theory (CDFT) framework [135, 136]

show the best agreement with the experimental data.

The publications “High-spin structure of 134Xe” and “High-spin structures and isomers in the N = 81

isotones 135Xe and 137Ba” comprise results on various intermediate-mass nuclei in the vicinity of

the Z = 50 and N = 82 closed shells. The synergies of four different experiments employing the
136Xe+198Pt, 136Xe+208Pb, and 136Xe+238U multinucleon-transfer reactions as well as the 11B+130Te

fusion-evaporation reaction were required to perform detailed γ-ray spectroscopy of these nuclei.

The 136Xe+ 238U AGATA experiment allowed for a discrimination of the two different population

paths, multinucleon transfer and fission. In 134Xe, several new high-spin states were discovered

on top of the two long-lived 10+ and 7− isomers. The high-spin structure above the 10+ isomer

could be unambiguously identified for the first time by delayed-prompt γγ coincidences solving a

“puzzle” of two former contradicting publications [126, 137]. The results are supported by prompt

γγ-coincidence relations, γ-ray angular distributions, and detailed investigations of the total kinetic

energy loss from the 136Xe+ 208Pb experiment.

The identification and characterization of isomers near magic numbers are important for establishing

the two-body matrix elements for modern-day shell-model interactions. High-spin isomerism has

been well established in the N = 81 isotones ranging from Z = 50 (Sn) to Z = 64 (Gd), where

the neutron h11/2 orbital plays a crucial role. In 137Ba, spins and parities of the ground state and

the 11/2− isomeric state at 661.659(3) keV were already well established. The 11/2−→ 3/2+ M4

γ-ray transition is even one of the best known energy calibration standards [138–140]. However, the

available data concern either low-spin levels observed in the single-nucleon transfer reaction or levels

with spin values limited by the β -decay selection rules [113, 141, 142]. The existing data on the states

above the isomer were rather scarce. Moreover, important experimental details on higher-spin isomers

were missing in 135Xe, i.e. the lifetime of the purported 19/2− isomer in 135Xe was still unknown. In

the present thesis, the high-spin regimes of 135Xe and 137Ba could be significantly extended to higher

excitation energies. Data from the 136Xe+ 198Pt GAMMASPHERE+CHICO experiment gave not only

detailed γγ- but also γ-time coincidences. A new 9.0(9)-ns isomer was identified in 135Xe, finally

closing a gap in the systematics of the N = 81 isotonic chain.

The experimental findings were confronted with modern large-scale shell-model interactions consid-

ering both neutrons and protons in the full gdsh model space. The calculations perform generally

well in reproducing the energies of the Xe- and Ba level schemes and corroborate most of the sug-

122



gested assignments. The novel PQM130 (Pairing+Quadrupole-Quadrupole+Multipole for the mass

region 130) interaction by Teruya et al. [124] predicts the electromagnetic transition probabilities

of (19/2−) isomer decays in 133Te, 135Xe, and 137Ba with a remarkable accuracy. However, the

well-established SN100PN interaction [117, 119] partially fails in reproducing the experimental

B(E2; 19/2−→ 15/2−) values for 135Xe and 137Ba. A comparison with the structure of 133Te guides

the interpretation of the more complex high-spin structures in 135Xe and 137Ba that are farther apart

from the 132Sn double-magic nucleus. The short-lived Jπ = (19/2−) high-spin isomers above the

11/2− states exhibit a strong proton component that is parallel to the yrast 6+ isomers observed in

the N = 82 isotones. The calculated proton configurations follow the nuclear-structure features of

the adjacent isotopes in the closed N = 82 shell, validating at least the proton-proton part of the

SN100PN interaction. Most probably, the monopole-part of the proton-neutron interaction may be

responsible for not reproducing the nuclear structure in the higher-mass N = 81 isotones.

In the manuscript “High-spin structures in 132Xe and 133Xe and evidence for isomers along the N = 79

isotones” the high-spin level schemes were considerably extended above the Jπ = (7−) and (10+)

isomers in 132Xe and above the 11/2− isomer in 133Xe. Besides the AGATA and GAMMASPHERE data,
133Xe was also studied as an evaporation residue after a 130Te(α,xn)134−xnXe fusion-evaporation

reaction employing the HORUS γ-ray array at the University of Cologne. Evidence was found for

a long-lived (T1/2 � 1 µs) isomer in 133Xe, possibly of spin 23/2+, which fills in a missing corner

stone along the N = 79 isotones between 129
50Sn, 131

52Te, and 139
60Nd. The experimental results were

compared to the high-spin systematics of the Z = 54 as well as the N = 78 and N = 79 chains and

confronted with shell-model calculations employing the SN100PN and PQM130 effective interactions.

Dedicated fusion-evaporation experiments in the 50 < Z , N < 82 region require clean particle

triggers to detect the elusive charged-particle evaporation channels. Tools of choice are double-sided

silicon strip detectors (DSSSD) which were already in use in in-beam experiments at the tandem

accelerator at the University of Cologne. In order to achieve the necessary readiness and the full

level of performance, extensive tests of the detectors were carried out by irradiation with mixed

triple-α sources. Results of the characterization are presented in the publication “Characterization and

calibration of radiation-damaged double-sided silicon strip detectors”. The study showed that different

parts of the detector were exposed non-homogeneously to varying accumulated doses in previous

experiments. The also non-homogeneous radiation damage yields a position-dependent incomplete

charge collection and varying responses along single detector segments. A newly-developed position-

resolved calibration method based on the mutual consistency of p- and n-side segments allows for a

significant enhancement of the energy resolution of radiation-damaged parts of the DSSSD.

Further experiments in the N< 82 region

Despite some limitations outlined in this thesis, multinucleon transfer proves to be an excellent tool

for the spectroscopic study of many nuclei that can only be scarcely populated by means of other

production methods, for example due to a lack of stable beam-target combinations. Notable cases are

especially nuclei along the N = 82 closed shells. Similar to the cases of 132−135Xe and 137Ba presented
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Figure 14: (a) Doppler-corrected γ-ray spectrum gated on 131Xe identified in PRISMA in the 136Xe+
238U experiment. (b) Mass spectrum of the Xe isotopes obtained with PRISMA. The
mass gate is marked in black. (c) Similar data from the 136Xe+ 208Pb experiment; (d)
mass spectrum with gate in black. Random background is subtracted with a gate on the
prompt peak in the spectrum of time differences between AGATA and PRISMA. Remaining
contaminations are marked in the spectrum.

in this thesis, further experiments focusing on other Z > 50, N < 82 nuclei are either planned or

already in analysis.

Only the combination of several experimental approaches including multinucleon transfer provides

the necessary experimental information to extend our knowledge on high-spin structures in the

N < 82 region around xenon and barium. For instance, the high-spin regime of the (stable) N = 77

isotone 131Xe is yet unknown. Most of the nuclear-structure information originates from β decay,

Coulomb excitation, and (γ,γ′) experiments [143]. Data on intermediate spins are only available

from 128Te(α, nγ) and 130Te(α, 3nγ) experiments up to an excitation energy of 3.2 MeV and spin

J = (21/2) [110, 112, 144]. Like in the other even-odd Xe isotopes discussed in this work, a

characteristic νh−1
11/2 neutron-hole isomer with spin Jπ = 11/2− at 163.930(8) keV, decaying via

an M4 γ-ray transition to the 3/2+ ground state, is present in 131Xe. The adopted half-life is

T1/2 = 11.84(4) d. A (21/2)−
902 keV−−−−→ 19/2−

810 keV−−−−→ 15/2−
642 keV−−−−→ 11/2− negative-parity band feeds

the isomer. Furthermore, a (19/2+) isomer at 1805 keV was reported with a half-life of 14 ns,
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comparable to a corresponding state in the +2p isotone 133Ba with a half-life of 3.5 ns. This isomer

decays predominantly via a 189.1-keV γ-ray to the 19/2− state. Only two excited states of unknown

spin and parity are known above the (19/2+) isomer [143].
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Figure 15: Block diagram of the employed electronics in the HORUS+DSSSD experiments. The
DSSSD ring signals are merged pairwise, pre-amplified, converted to single-ended signals,
and subsequently digitized by DGF-4C modules.

131Xe was populated in both 136Xe+ 208Pb and 136Xe+ 238U AGATA+PRISMA experiments. Singles γ-

ray spectra are shown in Fig. 14, corresponding mass gates are depicted in insets. In order to overcome

the limited statistics in the available AGATA data, 131Xe was also populated in an experiment via a
124Sn(11B,p3n) fusion-evaporation reaction at the HORUS γ-ray array at the University of Cologne.

The beam was provided by the tandem accelerator with an energy of 56 MeV. The 3.0-mg/cm2 124Sn

target was enriched to 95.3% and evaporated onto a 2.7 mg/cm2 thick Ta foil. All evaporation

residues were stopped within the target. Since the population cross section in the p3n evaporation

channel is lower than 1% of the total fusion cross section, but approx. 30% of the corresponding

charged-particle evaporation cross section, a clean and selective trigger was crucial. Therefore, a

double-sided silicon strip detector (DSSSD) as presented in paper IV was employed as a particle

trigger. Inner and outer diameter of the active silicon area are 32 and 85 mm, respectively; the silicon

disk has a thickness of ∼ 310(10) µm. The active area is divided into 64 radial segments (sectors) on

the p-type junction side and into 32 annular segments (rings) on the ohmic n-side. The pixels cover

areas from (innermost) 5.3 to (outermost) 13.7 mm2. Adjacent sectors and rings are isolated against

each other by an inter-sector or inter-ring area of 110 µm width.

Figure 15 shows a block diagram of the employed data-acquisition system. Photographs and a

sketch of the experimental setup are depicted in Figs. 16(a) to (c). The DSSSD was biased by a

Mesytec™ MHV-4 quad-channel module; the applied voltage was chosen to be 70 V. Full depletion is
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Figure 16: Experimental setup at HORUS, employed for the measurement of high-spin structures in
131Xe and 137Ba (see Paper V for details). (a) Photography of the DSSSD+HORUS setup.
Vacuum feedthroughs are located next to the scattering chamber on the right side. Note
the shielding against external electronic noise with aluminum foil around the feedthoughs
and the preamplifier setup in the bottom part. (b) GEANT4 simulation of the experimental
setup. (c) Detailed view into the scattering chamber with the DSSSD. A tantalum foil was
mounted in front of the detector to stop all scattered beam particles. The thickness was
chosen in such a way that only evaporated protons could reach the Si detector disk.

typically reached at 50 V. Due to the limited number of digital data-acquisition channels, only ring-side

segments were read out. Each two neighboring ring channels are merged using a custom-made

connector mounted on a PCB board next to the vacuum feedthrough. These pooled raw signals of

the DSSSD are then amplified by charge-sensitive preamplifiers built by the electronics workshop of

the IKP Cologne. Thereafter, the differential preamplifier signals are transmitted to a NIM converter

module in which a circuit converts the differential input to a single-ended output. Finally, the signals

are digitized by XIA™ DGF-4C Rev. F modules and written to disk. A global first-level trigger (GFLT)

was set up, requiring at least two DGF channels to fire. Prior to the experiment, the employed DSSSD

was thoroughly investigated in a dedicated analog experimental setup employing the GSI Multi-Branch

System (MBS) software [145] in combination with the data-acquisition software MARaBOOU [146].

Details of the tests and the detector performance, leakage currents, and energy resolutions are given

in Paper V and in Ref. [147].
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Figure 17: First preliminary results of the 131Xe experiment at the HORUS+DSSSD setup. (a) γ-
ray spectrum of all recorded events. The spectrum is severely contaminated by the
181Ta(11B,4n)188Pt reaction channel, γ-ray transitions of the elusive 131Xe channel cannot
be observed. (Inset) Evaporation residues are identified in the matrix of the energy
detected by the DSSSD versus the HORUS γ-ray energy. Evaporated protons are expected
in an energy range from approx. 1 to 6 MeV. Random coincidences are mainly caused by
the detection of low-energy δ electrons and β particles. (b) HORUS γ-ray spectrum with
a gate on evaporated particles; several yrast transitions are now prominently visible and
marked in the spectrum.

First preliminary spectra are displayed in Fig. 17. Subfigure (a) shows a γ-ray spectrum of all recorded

events. Apparently, the tin target formed an alloy with the tantalum backing, yielding a significant

contribution of a 181Ta(11B,4n)188Pt reaction channel. The γ-ray transitions of 188Pt and the 4n and

5n neutron-evaporation channels 130,131Cs dominate the spectrum. Transitions of the elusive 131Xe

proton-evaporation channel cannot be observed. Evaporation residues are selected in matrices of

the energy detected by the DSSSD plotted against the HORUS γ-ray energy. The evaporated protons

are expected in an energy range from approx. 1 to 6 MeV. Random coincidences are mainly caused

by the detection of low-energy δ electrons and electrons from β decay. A gated γ-ray spectrum is

presented in Fig. 17(b). Several 131Xe γ-ray transitions are now prominently visible and marked

in the spectrum. Further details of the data analysis of the 11B+ 124Sn experiment, final results on

particle-γγ coincidences in 131Xe, and detailed comparisons to modern shell-model calculations are

presented in Ref. [148].

Further and complementary experiments in the Xe-Ba region could be performed in upcoming beam

times at the Grand Accélérateur National d’Ions Lourds (GANIL) [149] employing 132,134,136Xe beams.

The extended AGATA spectrometer coupled to the Variable Mode Spectrometer (VAMOS) will allow

for a more detailed spectroscopy of many N < 82 nuclei with small or medium effort. In particular,

detailed angular-correlation and polarization measurements are needed to determine proper spin,
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parity, and multipolarity assignments. More specifically, upcoming AGATA campaigns with 136Xe will

allow to study the onset of isomerism as function of proton number above the Z = 50 shell closure

along the N = 79 chain. Even though studies of 135Ba and 137Ce were performed up to highest spins

and excitation energies, no candidates for isomers below 3 MeV were found to date. The new discovery

of a (23/2+) isomer in 133Xe and the recent observation of a 277(2)-ns isomer in 139Nd affirm the

existence of Jπ = 23/2+ isomers also in these two nuclei. Both 135Ba and 137Ce are accessible in

suitable multinucleon-transfer reactions. Furthermore, conversion-electron measurements are in

order to resolve the multipole character of the isomer decay in 133Xe.

Future experiments in the actinide region

The study of nuclear-structure features in neutron-rich actinides remains of utmost interest. Various

theoretical predictions await experimental verification in the actinide region. Excitation energies

and collective properties are predicted by studies employing mean-field and beyond mean-field,

microscopic-macroscopic, and cluster-model approaches. Recent studies employing state-of-the-art

complex density functionals [135, 136] predict sharp upbends in the kinetic moments of inertia along

neutron-rich Th and U nuclei. From the experimental point of view, there is still scarce information on

high-spin excitations beyond 240U and 234Th. The spectroscopy work of neutron-rich 240U presented

in this thesis paves the way for the spectroscopy of the collective properties of even heavier actinides

and transactinide nuclei which will become feasible at next-generation facilities. Future experiments

employing multinucleon-transfer reactions will require the same dedicated triggers and synergies

of γ-ray-tracking spectrometers in combination with mass spectrometers and other sophisticated

ancillary detectors to suppress the large fission background.

It has to be noted that the production yield of neutron-rich actinides is not necessarily favored at the

reaction’s grazing angle. Instead, optimum cross sections may be achieved under forward direction.

Meanwhile, corresponding theoretical predictions for energies slightly above the Coulomb barrier

are convincingly backed by several experimental results, especially from reaction studies performed

at GSI [150, 151]. However, the small cross-sections down to the sub-µb region require a clean

separation and possibly a single-event detection with refined detector systems.

New experimental studies and relevant improvements to previous experiments go hand in hand with

refined detection capabilities. AGATA as a 1π tracking array with more than fifteen triple cryostats

or 45 high-volume, high-efficiency, position-sensitive HPGe detectors will be an ideal setup and a

unique opportunity for a comprehensive investigation of not only the reaction mechanisms, but

also for the nuclear structure of several hard-to-reach isotopes, among them neutron-rich actinides.

Future experiments will take advantage of an unprecedented high count-rate capability of the AGATA

electronics and data-acquisition system which was successfully demonstrated in the Legnaro, GSI,

and GANIL campaigns. Single AGATA crystals were running with a count rate of more than 50 kHz.

AGATA in combination with VAMOS at GANIL equipped with a Gas-Filled Separator (GFS) mode [153,

154] under zero degrees will offer a novel approach to measure elusive reaction channels not only
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via fusion-evaporation reactions, but also via multinucleon transfer. Like PRISMA, VAMOS is a large-

solid-angle mass spectrometer employing numerical methods for the reconstruction of the particle

trajectory and a complete identification of reaction products. In the standard vacuum mode, the

ions are selected depending on their magnetic rigidity, equivalent to the momentum over charge

state ratio, BR = p/q. Contrarily, in the GFS mode, the reaction products travel through a gas at

low pressure. The concept is illustrated in Fig. 18. In the case of multinucleon transfer, the beam-

and target-like fragments reach different mean charge states q̄ along their transport trajectory in the

spectrometer. Thus, the magnetic rigidity is, to the first order, proportional to the mass. Undesirable

ion species are directed into a beam dump. Beam rejection factors greater than 1010 are possible to

be achieved with the GFS setup [153]. As shown in the top-left inset of Fig. 18, a separation of the

reaction products after an example 136Xe+207Pb multinucleon-transfer reaction cannot be achieved

in the standard vacuum mode (cf. region (i)). Contrarily, beam and target-like species are separated

in the GFS mode, as seen in region (ii). However, the ion transmission through the gas volume

highly deteriorates the mass resolution. Therefore, it is necessary to isotopically identify the reaction

products by their characteristic decay in a detector at the focal plane. The recoil nuclei are implanted

into the highly-segmented window-less Si array MUSETT [155]. In case the nuclei decay via α, β

or delayed fission in a suitable time window, the recoil-decay tagging technique is employed. Both

position of the recoil and energy of the decay are measured and correlated with prompt γ-rays at the

target position.
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Clean trigger conditions and the high count-rate capability of AGATA will allow to address the nuclear

structure of various heavy nuclei. Interesting physics cases are for example nuclei in the 84< Z < 92

region. In addition, the γ-ray spectroscopy will contribute via the measurements of X-ray yields,

survival probabilities, maximum excitation-energies, and spin distributions to a better understanding

of the actual reaction and will help to further explore the possibilities of multinucleon-transfer

reactions for the population of heavy and superheavy systems.

Detailed studies on the formation of neutron-rich nuclei in the N = 82 Xe-Ba and N > 144 actinide

regions via 136Xe+238U multinucleon transfer could be addressed with the stand-alone magnetic spec-

trometer PRISMA in conjunction with its new second-arm detector array. This detector system consists

of a position-sensitive Parallel-Plate Avalanche Counter (PPAC) followed by an axial-field ionization

chamber (Bragg chamber), mounted at the kinematically correlated angles of the binary reaction,

enabling the coincident detection of the complementary light and heavy MNT fragments [156]. First

kinematic-coincidence experiments with the new PRISMA setup were performed for the 136Xe+ 208Pb

systems close to the Coulomb barrier at 6.4 MeV/nucleon [157]. A recent experiment focused on the
197Au+ 130Te system at 1070 MeV to study projectile-like cross sections in the Pt-Os region [158].

In this reaction, also target-like yields around mass A= 130 are of high interest since nuclei in the

vicinity of 132Sn may be accessible by few-proton stripping and neutron pick-up.

It would be desirable to remeasure mass and charge yields, differential and total cross sections,

and total kinetic energy distributions of the different multinucleon transfer channels in the 136Xe+
238U reaction with the sensitivity of the enhanced PRISMA plus second-arm setup. Such a setup

would overcome the shortcomings due to the missing position information of DANTE in the present

experiments. Furthermore, it is of great interest to continue the study of the fission part in the 136Xe+
238U reaction. In general, different kinds of fission processes may generate the final fission yields:

(i) quasi-fission (QF), with masses located in between deep-inelastic transfer and symmetric fission

from compound nuclei, (ii) fission after Coulomb excitation, and (iii) transfer-induced symmetric

or asymmetric fission from the target. Each of these processes will be differently selected by the

spectrometer and by the adjusted magnetic fields. Moreover, each of the processes will yield different

∆tToF structures. A dedicated study would especially clarify the nature of the two different peaks in

the ∆tToF spectrum observed in paper I.

A detailed study of nucleon-nucleon correlation and channel-coupling effects in the heavy 136Xe+238U

system would be of high interest. However, within the present experimental setup angular distributions

and TKEL spectra are very broad, mainly due to the employed thick target. Thus, the angular

distributions and TKEL spectra are integrated over a large range of effective bombarding energies. The

computer code GRAZING estimates the transfer cross section for a small range of impact parameters that

are close to the grazing one, so all transfer channels have very similar angular distributions. Moreover,

the corresponding energy spectra are also bell-shaped, centered at the optimum Q-value [159].

As a consequence, thick-target experiments cannot yield any selectivity on impact parameters. A

given channel, normally selected by angles and Q-values, may be populated by far more complicated
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mechanisms; measured angular and energy distributions do not necessarily reflect the original reaction

mechanism. Consequently, the main challenge of such an experiment would be the production of

a sufficiently thin 238U target. If available, applicable and permitted, analog experiments could be

envisaged employing 232Th, 234U, 235U or even Pu targets.

From the theoretical point of view, it might be worth the effort to review the multinucleon-transfer

reaction dynamics in terms of explicitly calculating the angular-momentum distributions for the

projectile-like and target-like fragments in dependence of the nuclear deformation. A large nuclear

deformation of the target can be associated with a larger angular-momentum transfer. The reaction

partners may collide at a larger impact parameter because of the deformation, leading to differences

in the entrance population and feeding of high-spin states. In the experiments reported in this thesis,
136Xe impinged onto three targets with various nuclear shapes: the doubly-magical nucleus 208Pb is

spherical, 198Pt is oblately deformed [160], and 238U exhibits most likely an prolate deformation [161].

The microscopic framework of the time-dependent Hartree-Fock (TDHF) theory is continuously

developed further and may shed light to this issue. Employing the particle-number projection

technique that was proposed in Ref. [28], the average angular momentum could be computed for

each of the reaction products in the near future [162].
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