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Chapter 1

Introduction

The atomic nucleus is a quantum many-body system comprised of protons and neutrons held together by the

strong interaction. A successful description of properties of atomic nuclei and their constituent nucleons (protons

and neutrons) is the goal of theoretical nuclear physics. This directly relates to an understanding of the strong

force which is responsible for binding the nucleons together and forming a nucleus. Nuclei can be described

in different ways, for example, microscopic approaches that treat nucleons individually or collective motions of

protons and neutrons representing a macroscopic picture.

1.1 Nuclear models: independent particles vs. collective motions

In the 1930’s, Gamow proposed the description of the atomic nucleus as a charged liquid drop [1]. The essential

assumption of this approach is that the nuclear force saturates, i.e., the binding energy per nucleon reaches a

constant value for (unrealistically) high masses. This energy describes the mass excess of a nucleus compared

to its individual nucleons. The semi-empirical mass formula derived by Bethe and Weizsäcker describes the

binding energy per nucleon B/A as a function of mass number A and charge number Z [2].

B

A
(Z,A) = aV −

aS
A1/3

− aC
Z2

A4/3
− aA

(Z −A/2)2

A2
+

ap
A3/2

(1.1)

The coefficients {ai} in Eq. (1.1) are identified as volume (aV ), surface (aS), Coulomb (aC), asymmetry (aA)

and pairing terms (aP ), respectively. Packing nucleons of the same size together into the smallest possible

volume, results in a nuclear energy proportional to the volume due to the short range of the nuclear potential.

1
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Nucleons at the surface have fewer interaction counterparts leading to a smaller binding energy. The same

result holds for the Coulomb repulsion that scales approximately with Z2. The asymmetry term quantifies the

proton or neutron excess reflecting empirical observations and vanishes when N = Z. The last term can either

increase, decrease or have no effect on the binding energy depending on the number of protons and neutrons

(see Eq. (1.2)).

ap =


|ap| for A and Z even

0 for A odd

−|ap| for A even and Z odd

(1.2)

Plotting the nuclear mass as a function of Z for a specific set of isobars yields a parabola with one minimum.

Nuclei in such a minimum are stable with respect to β decay and form the line of stability. Nuclei far from this

region are called exotic.

While being successful in describing the overall trend of the nuclear binding energy as a function of mass

and charge, it turns out that the binding energy is particularly high for so-called magic nuclei, i.e., nuclei with N

or Z ∈ {2, 8, 20, 28, 50, 82, 126}. Further experimental evidences for magicity such as high relative abundances,

high excitation or nucleon separation energies are summarized in Ref. [3]. The reproduction of these magic

numbers by Mayer and Jensen starts by assuming that the nucleons mainly move independently from each

other in an average field generated by all the nucleons [4]. The corresponding Hamiltonian can consequently

be written in terms of a mean field H0 and a residual interaction V as described in Eq. (1.3).

H = H0 + V =

A∑
i=0

ti +
1

2

A∑
i 6=j

Vij (1.3)

ti is the kinetic energy of the i-th particle and Vij describes the residual interaction between particles i and

j.

Calculating the eigenvalues by solving the Schrödinger equation leads to degenerate states according to

their respective quantum numbers, meaning that different wave functions carry the same energy. By choosing

a Harmonic Oscillator or Woods-Saxon potential as residual interaction, magic numbers are only described up

to 20. The addition of a spin-orbit force by Mayer and Jensen lead to the reproduction of all the magic numbers
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Figure 1.1: Energy spectrum of the shell model from a Harmonic Oscillator potential without (left) and with
(right) spin-orbit coupling. The magic numbers are given to the right which correspond to the number of particles
occupying the closed shells and the resulting energy levels are taken from Ref. [3].

[4, 5]. This spin-orbit force depends linearly on the scalar product of orbital angular momentum ~l and spin ~s, i.e.,

V (r) = V (r) + Vls(r) ·
(
~l ·~s
)

= V (r) + Vls(r) ·


l for j = l + 1/2

−(l + 1) for j = l − 1/2

, (1.4)

where ~j = ~l + ~s is the total angular momentum. The resulting energy spectrum is shown in Fig. 1.1 and

shell closures are characterized by a relatively large energy spacing between two consecutive shells. The

shell model as independent-particle model has been valuable in describing nuclei near magic numbers. For

an increasing number of valence particles outside a closed shell, collective properties of atomic nuclei tend

to be more important than the microscopic structure. Starting from the liquid-drop model, Bohr and Mottelson

described the collective excitations either as a rotation of a non-spherical core or vibration of the surface around

a spherical ground state [6].

The surface of a nucleus can be expanded in terms of spherical harmonics as [7]

R(ϑ, φ) = R0

1 +

∞∑
λ=0

λ∑
µ=−λ

aλµY
µ
λ (ϑ, φ)

 , (1.5)
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R0 describing the undistorted nuclear radius, aλµ specifying the dynamic surface coordinates and Y µλ being

the spherical harmonic functions. For a statically deformed nucleus, the coefficients aλµ are time independent.

For a surface vibration around a spherical ground state, they periodically oscillate around zero. Depending

on the summands in Eq. (1.5), nuclei can have different vibrational modes. Similar to the quantum theory of

electromagnetism, the energy of nuclear vibrations is quantized in phonons with energies given as multiples of

the energy of a single phonon ~ω, i.e., En = n~ω. Vibrational spectra are thus characterized by equidistant

spacing between energies of different multiplets, as can be seen in Fig. 1.2(a).

}ħωl = 1

l = 2

Prolate

Oblate

(a) Vibrational modes (b) Static deformation
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Figure 1.2: Schematic representation of collective motions in atomic nuclei. (a): Vibrational modes of dipole
(l = 1) and quadrupole type (l = 2) around a spherical shape (dash-dotted line). The resulting energy spectrum
is shown with equidistant spacing of the phonon energy ~ω. (b): Rotational spectrum with two different types of
deformation indicated as prolate and oblate. Idea taken from Refs. [3, 8].

For constant aλµ values, nuclei with deformed equilibrium shapes are represented by an ellipsoid with a

surface described by [9]

R(ϑ, φ) = R0 [1 + βY20] , (1.6)

where the quadrupole deformation parameter β = a20 is defined as:

β =
4

3

√
π

5

∆R

Rav
. (1.7)
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In Eq. (1.7), ∆R denotes the difference between semi-major and semi-minor axes of the ellipse and Rav ≈

R0A
1/3 is the average radius of a nucleus with mass A. If β > 0, the nucleus has the form of a prolate ellipsoid

and if β < 0 the nucleus appears in the flattened form of an oblate ellipsoid, see Fig. 1.2(b). The kinetic energy

of a rotating deformed object is given by
1

2
Θω2, Θ being the moment of inertia. In representation of total angular

momentum J , this expression yields

E(J) =
~2

2Θ
J(J + 1). (1.8)

From Eq. (1.8), an energy sequence with increasing spacing is obtained known as a rotational band, as

shown in Fig. 1.2(b). The approximation in Eq. (1.8) is known as rigid rotor and deviations are expected due to

the nucleus behaving more like a fluid rather than a rigid object with fixed moment of inertia.

1.2 Observables in γ-ray spectroscopy experiments

Nuclei in excited states may decay to lower-lying (excited) states via the emission of γ rays or conversion

electrons [9]. The study of de-excitation via γ-ray spectroscopy allows for a detailed study of nuclear excited

states and their properties. The following section describes observables relevant for this work that can be

obtained in γ-ray spectroscopy experiments.

Transitions between different nuclear states can be described by changing the wave function from an initial

state ψi to a final state ψf characterized by their respective quantum numbers. During γ decay, a photon is

emitted with an energy equal to the difference between the initial (Ei) and final (Ef ) state, minus the energy

imparted to the recoiling nucleus of mass M [9].

Eγ = Ei − Ef −
E2
γ

2Mc2
(1.9)

The energy of the recoiling nucleus E2
γ/2Mc2 is usually very small compared to the energy of the photon, Eγ .

The emitted radiation field is specified by its type σ (electric or magnetic) and its multipole order L. The latter

quantifies the angular momentum of the photon and can be determined via the triangle rule [9]:

|Ji − Jf | ≤ L ≤ Ji + Jf , (1.10)

Ji and Jf being the angular momentum of initial and final states, respectively. Spins can be deduced ex-

perimentally by measuring the multipole order from an angular distribution of a given γ-ray transition W (ϑ, ϕ)
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[9]. The azimuth angle ϑ and polar angle ϕ specify the direction of radiation with respect to the orientation axis

[9]. In addition to the energy and angular momentum conservation, the parity π is a conserved quantity and

can be either +1 or −1. The radiation emitted by the photons can be of electric or magnetic character which is

determined by the parity according to the following rules [9]:

πf = (−1)Lπi for electric radiation,

πf = (−1)L+1πi for magnetic radiation.
(1.11)

The first excited state of most even-even nuclei is a 2+ state. From the selection rules it is evident that its

decay to the 0+ ground state is of E2 character. It has to be noted that E0 transitions, i.e., from 0+ → 0+, are

forbidden with respect to the γ decay. A photon carries an intrinsic angular momentum of 1~ and L = 0 would

violate the conservation of angular momentum. On the other hand, a 0+ → 0+ transition is possible via the

emission of conversion electrons.

Internal conversion

The de-excitation of an excited nuclear state via γ rays is in competition with the decay via internal conversion.

Instead of directly emitting a photon, an electron (typically K or L electrons) is emitted with a probability related

to the overlap of its wave function with the one from the atomic nucleus [9]. A typical conversion electron

spectrum shows discrete peaks on a continuous background. Similar to the decay via γ rays, the conversion

electrons carry the energy difference between initial and final state of the nucleus (minus the binding energy

of the electron). The total conversion strength increases with rising multipolarity, increasing Z and decreasing

energy. For example, low energy transitions have a strong decay via the emission of conversion electrons. To

correct for such a decay, the total transition probability Tt has to be taken into account, i.e.,

Tt = Tγ + Te, (1.12)

where Tγ and Te are the probabilities for γ-ray emission and internal conversion, respectively. The conversion

coefficient αT describes the probability for electron emission relative to the decay via γ rays [9]:

αT =
∑
i

αi =
Te
Tγ
, (1.13)
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where αi has to be summed over all electron sub-shells (i.e., i = K,L,M, ..). By measuring the γ-ray intensity

Iγ , the total intensity of the transition is given by It = Iγ(1 + αT ).

1.2.1 Lifetimes and isomers

Another important property of nuclear states is the half-life T1/2 which denotes the time period after which half

the number of a given state have decayed. The mean lifetime τ = T1/2/ln(2) = 1/λ is related to the decay

constant λ and obeys the general decay law [9].

When the probability of transitions to occur is low, the lifetime of the state is large and the probability to

de-excite is linked to metastability. These meta-stable states are called isomers and are generally referred to

states with half-lives significantly longer than 1 ns [10]. Some of the reasons for the existence of isomers will be

briefly mentioned in the following.

• Spin traps. When Ji and Jf differ by a comparably large number, a high amount of angular momentum

transfer is required for the transition to occur, see Eq. (1.10). This results in a small transition probability

which corresponds to a long half-life.

• Shape isomerism. A change in shape of a particular nucleus can result in a local energy minimum which

leads to a lowered transition strength [10]. These minima can be analyzed using, for example, potential

energy surfaces that map the energy according to the deformation parameters introduced in the previous

section.

• K isomers. In deformed nuclei, K is the projection of the total angular momentum upon the nucleus’ axis

of symmetry [6]. If the difference in K quantum number ∆K = Ki −Kf is larger than the multipolarity of

the transition L, the transition is called K-forbidden [10, 11].

A specific type of meta-stable states are called seniority isomers [12]. The seniority quantum number ν

denotes the number of nucleons or holes that are not coupled to J = 0 [8, 13]. These isomers occur especially

around (semi)magic nuclei where the low-lying states often have ν ≈ 2. The energy difference between two

states decreases with increasing spin due to the residual interaction leading to long-lived states. This effect is

strongest for high-j orbitals such as the ν(0h11/2) orbital around 132Sn [14] or the π(0g9/2) orbital below 100Sn

[15].

To gain insights into a configuration of such an isomer, the static magnetic moment can be used. Experi-
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mentally, it is found that a nucleus in a state with non-zero spin J has a magnetic moment µ defined as [9]

µ = gJµN , (1.14)

where g is the gyromagnetic ratio, µN = e~/mp the nuclear magneton and mp the proton mass. In the

following, if not mentioned explicitly, the nuclear magnetic moments are given in units of µN . There are two

sources of nuclear magnetism [9]: 1.) the orbital movement of charged particles and 2.) the intrinsic spin of the

nucleons. The magnetic dipole operator ~µ can be written as a summation over all A nucleons, i.e.,

~µ = µN

A∑
k=1

(
gkl
~lk + gks~sk

)
. (1.15)

~lk and ~sk denote the orbital and spin angular momentum for the k-th nucleon with their respective gyromag-

netic ratios gkl and gks . The gyromagnetic ratios, in short g factors, for free protons (π) and neutrons (ν) are

experimentally deduced to be [9]:

gπl = 1, gπs = 5.586

gνl = 0, gνs = −3.826.

To calculate the magnetic moment of a nuclear state, the z component of the operator in Eq. (1.15) has to be

applied onto a state with magnetic substate M = J . If the wave function of a nuclear state is denoted as |J,M〉,

the magnetic moment is defined as

µ = gJ = 〈J,M = J |µz|J,M = J〉. (1.16)

The magnetic moment µ(j) of a single-particle in orbital j = l ± 1/2 is uniquely defined by the quantum

numbers l and s occupying the single-particle orbit [9]:

µ(j) =

[
gl ±

gs − gl
2l + 1

]
j. (1.17)

From Eq. (1.17) it can be seen that the g factor is very sensitive to the single-particle orbitals. Magnetic

moments for two- and multi-particle configurations can be calculated using the single-particle values via the

additivity relation [9]. Thus, together with the lifetime, the measurement of the magnetic moment can give

valuable insight into the configurations of a given state.
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1.2.2 Reduced transition probabilities

The decay constant λ can be calculated via [16, 17]:

λ(σL) =
2(L+ 1)

~L[(2L+ 1)!!]2

(ω
c

)2L+1

|〈ψf |Ô(σL)|ψi〉|2. (1.18)

In Eq. (1.18), the energy of the photon is related to ω via Eγ = ~ω. The transition probability decreases with

increasing multipole order by a factor of approximately 10−5 [9]. The last part in Eq. (1.18) describes the overlap

between initial and final wave functions after applying the transition operator Ô. This matrix element can be

linked to the so-called reduced transition probability B(σL) [17]:

B(σL; Ji → Jf ) =
1

2Ji + 1
|〈ψf ||Ô(σL)||ψi〉|2. (1.19)

B(σL) is given in units of e2fm2L for electric and µ2
N fm2L−2 for magnetic transitions. At this point it is noted

that the matrix element in Eq. (1.19) is a reduced matrix element (indicated by the double vertical lines). It is

related to the matrix element in Eq. (1.18) by summing over all possible magnetic substates m and applying the

Wigner-Eckart theorem [18]. For an E2 transition, Eq. (1.19) can be simplified to [9]

B(E2 : Ji → Jf ) =
816

E5
γτp

e2fm4MeV5ps, (1.20)

where τp is the partial mean lifetime of the excited state [9]. Electric transitions are always more likely to

occur compared to magnetic ones of the same multipole order. For example, E2 and M1 transitions can have

similar probabilities and mixing of both types can occur. The purity of a such a transition is quantified by the

multipole mixing ratio δ [19]. It is defined as the ratio of probabilities for E2 and M1 transitions, i.e., [19]

δ =
〈ψf ||Ô(E2)||ψi〉
〈ψf ||Ô(M1)||ψi〉

. (1.21)

Weisskopf estimate

The reduced transition strengths can be linked to single-particle behavior by introducing the Weisskopf estimate

[17]. It expresses transitions in terms of the motion of a single nucleon, for example a proton. It is based on the

assumption that the radial parts of the nuclear wave functions ψi and ψf are constant up to the nuclear radius
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R and vanish for r > R. Then, the radial part of the transition probability is given by [9]:

∫ R
0
r2rLdr∫ R

0
r2dr

=
3

L+ 3
RL, (1.22)

where the integral in the denominator arises from normalization and r2 is due to its dependence of the

volume element dr. By including this factor in the matrix element and replacing the angular integrals by 4π, the

transition probabilities can be estimated by [9]:

λ(EL) u
8π(L+ 1)

L[(2L+ 1)!!]2
e2

4πε0~c

(
E

~c

)2L+1(
3

L+ 3

)2

cR2L (1.23)

for electric and

λ(ML) u
8π(L+ 1)

L[(2L+ 1)!!]2
e2

4πε0~c

(
E

~c

)2L+1(
µp −

1

L+ 1

)2( ~
mpc

)2(
3

L+ 2

)2

cR2L−2 (1.24)

for magnetic transitions. The proton mass is denoted as mp, µp is the magnetic moment of a single proton

and e2/(4πε0~c) ≈ 1/137 is a dimensionless factor known as the fine structure constant. The final simplification

comes from the assumption that the nuclear radius is related to the mass of a nucleus A according to R =

R0A
1/3. Thus, Weisskopf Units (W.u.) for a given transition can be calculated using A and Eγ . One W.u.

corresponds to the equivalent of the strength of a single nucleon being involved in that transition. This formalisim

indicates whether or not a transition is collective (B(E2) ' 10 W.u.) or of single-particle nature (B(E2) / 2 W.u.).

B(E2) values are small near closed shells and can reach very high values of more than 102 W.u. in mid-shell

regions. The evolution of collectivity with increasing neutron number and the determination of the onset of

collectivity above a closed shell is of particular interest in current nuclear structure research.

1.3 Nuclear structure far from stability: production of rare isotopes

Large effort has been put into the development of experimental techniques to explore the unknowns of the

nuclear landscape known as ‘terra incognita’. New production mechanisms that produce a wide range of exotic

nuclei like spallation, fragmentation and fission had to be considered. The downside of these reactions is the

production of a large variety of products due to the high number of reaction channels. Therefore, new procedures

had to be developed to study their properties. This led to the radioactive ion beam (RIB) physics which is one of

the main fields of interest in nuclear structure physics today. In general, two major types of production facilities

can be distinguished and will be introduced in the following: the isotope separation on line (ISOL) method and
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the complementary in-flight separation of projectile fragments [20].

A schematic overview of both methods is shown in Fig. 1.3. Time and energy scales for those production

mechanisms depend on the apparatus and beam lines but typical values are given in Fig. 1.3.

Figure 1.3: Schematic representation of the in-flight (left) and ISOL (right) technique for the production of ra-
dioactive ion beams. Typical time and energy scales are also given for comparison. Adapted from Ref. [20].

The ISOL technique is based on the production of radioactive isotopes through (usually) light particles on

sufficiently thick targets to stop the beam and subsequent extraction out of target. After the extraction, the

atoms are ionized, mass separated and can be transported to the experimental setup. All these steps take time,

therefore the ISOL technique is limited to exotic nuclei with lifetimes in the millisecond range and above. For

more details the reader is referred to Refs. [20, 21].

In contrast to the ISOL technique, the in-flight method generally uses highly energetic, heavy primary beams

impinging on thin, lighter targets. One major advantage is the short time span between production and delivery

of radioactive species to the experimental setup. This provides the opportunity to study most exotic nuclei with

extremely short nuclear lifetimes restricted by the flight time which is typically below 1 µs. In contrast to the ISOL

method, the in-flight technique is insensitive to chemical properties. The method takes advantage of the fact

that the kinematics of certain nuclear reactions at high incident energies show a clear forward focusing. This

enables experimenters to separate the desired products in mass-over-charge (A/Q) by means of combinations



——————————12

of several magnetic (and electric) fields. An additional selection in atomic number is achieved through profiled

degraders which add a selectivity through the Z dependence of the energy-loss process inside the degrader

matter.

The in-flight facilities commonly use two production mechanisms, projectile fission or projectile fragmentation

[22]. The latter one was first investigated in reactions of heavy ions with kinetic energies of 200 MeV/u or more

[23]. The process involves a peripheral interaction of the projectile with a target nucleus where some nucleons

are removed and the excited residue undergoes a de-excitation. The reaction is well described by the abrasion-

ablation model [24]. It is a semi-microscopic description of the reaction where the collision of target and projectile

is described by a geometrical macroscopic model and the following evaporation via statistical de-excitation [25].

While some light neutron-rich nuclei can be produced by projectile fragmentation it is mainly the source of

neutron-deficient nuclei.

For the production of heavier, neutron-rich nuclei, nuclear fission has been an extremely useful method. By

utilizing an inverse kinematics (i.e., heavy beam and light target), the momenta of the fragments are focused

towards the beam direction. Furthermore, the resulting fragments are fully stripped of electrons and the charge

states are equal to the atomic number. Projectile fission was first investigated in Ref. [26] which demonstrated

the capabilities of producing neutron-rich isotopes with cross section as low as a few µb [22]. Other fission

reactions such as neutron-induced or spontaneous fission are other methods for the production of neutron-rich

isotopes (e.g., Ref. [27]).

1.4 Shell evolution in the region around 132Sn

The tin isotopic chain with Z = 50 has the most stable and two doubly magic isotopes, the neutron-deficient

100Sn and the neutron-rich 132Sn.

Figure 1.4 shows a section of the nuclear chart around 132Sn between Z = 50 (Sn) and Z = 54 (Xe)

together with the active orbitals above 132Sn. With the advances in experimental techniques and detection

processing, these exotic nuclei become accessible to study the magicity and evolution of nuclear shells far

away from stability. The robustness of the 132Sn core was confirmed by the investigation of single-particle

states in 133Sn [28]. The purity of single-neutron excitations in 133Sn studied in a 132Sn(d,p) reaction shows

signatures of the magic nature of 132Sn [29]. Further evidence for the doubly magic nature of 132Sn was provided

through the measurement of transition probabilities in 132Sn [30], various spectroscopy experiments around

132Sn [31, 32, 33, 34, 35], mass measurements [36] or the determination of charge radii from laser spectroscopy
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Figure 1.4: Section of the nuclear chart around the doubly magic 132Sn. Proton and neutron magic numbers are
labeled in black. The relevant shells around 132Sn are also shown.

experiments [37].

For nuclei near closed shells, the interplay between single-particle behavior and collective motion results

in coexisting nuclear shapes and exotic excitations. Some experimental signatures of collectivity in even-even

nuclei will be presented in the following, taken from Ref. [8]. Collective states result from many interactions

of simpler entities (e.g., single particle, two quasi-particle). Indications for an increased collectivity arise from

a drop in the excitation energy of the first excited 2+ state, Ex(2+1 ). A low excitation energy of the 2+1 state

corresponds to a highly collective state. On the other hand, excitation energies of the 2+1 state are particularly

high for closed-shell nuclei. In 132Sn, the first excited state is a 2+ state at an excitation energy of about 4 MeV.

Further information on the shape of the nucleus and degree of collectivity can be obtained when looking at the

quotient of Ex(4+1 )/Ex(2+1 ) known as R4/2 ratio. Nuclei near closed shells have typical values of R4/2 < 2.

When moving further away from the magic numbers, the value increases from about R4/2 = 2 to 3.33 for mid-

shell nuclei. These limits correspond to nuclear shapes coherently behaving in a macroscopic way. R4/2 = 2

describes a spherical vibrator and R4/2 = 3.33 is the ratio for an axially symmetric rotor [38], see Fig. 1.2.

Another more sensitive probe of collectivity are transition probabilities because they are indirectly linked to the

wave functions, more precisely the overlap of wave functions of initial and final states.

The increase of collectivity with increasing number of valence nucleons is well established for most regions

close to stability but less data is available for exotic nuclei due to experimental challenges. The excitation energy

of the 2+1 state and the reduced transition probability of the 2+1 → 0+1 transition in even-even nuclei around 132Sn

are shown in Fig. 1.5. In panel (a), the excitation energy of the 2+1 state is plotted as a function of neutron

number. The energy reaches its maximum at N = 82 and decreases when moving away from the N = 82 shell
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Figure 1.5: Evolution of collectivity for nuclei between 50 ≤ Z ≤ 54 and 74 ≤ N ≤ 90 expressed in terms of (a)
E(2+1 ) excitation energy and (b) B(E2) = B(E2; 2+1 → 0+1 ) transition strength. Data taken from Ref. [39] and
from Ref. [40] for 126Sn.

closure. For spherical magic nuclei, a R4/2 ratio much lower than 2 is expected which is the case for 132Sn with

R4/2 = 1.1 [41]. In a similar way, the B(E2; 2+1 → 0+1 ) strength is lowest at N = 82, see Fig. 1.5(b). Thus, the

development of collectivity can be traced by looking at these experimentally accessible quantities and is one of

the major goals of this work.

While the behavior of proton and neutron shells is well understood for nuclei near the valley of stability, they

tend to behave differently for exotic nuclei and may form new magic numbers [43]. The evolution of nuclear

shells for exotic systems has been understood through extensive theoretical studies by Otsuka and colleagues

and a recent review can be found in Ref. [44] and references therein. The effect that single-particle energies

shift when different orbits are occupied by protons and neutrons is due to the monopole effect of the tensor force

and an analytic expression is given in Ref. [45]. The monopole component of an interaction V can be computed

from its diagonal matrix elements [46].

The single-particle energies corrected for the monopole shift according to the occupation of orbitals are

called effective single-particle energies (ESPE) [47]. An example for such a shift as a function of neutron or

proton number is shown for Z > 50, N > 82 in Fig. 1.6 calculated using a Vlow-k realistic interaction provided in

Ref. [42]. The calculations are performed for one-valence proton (Z = 51) and neutron (N = 83) nuclei. In this

example, a lowering of all single-particle energies can be observed when pairs of nucleons are added. However,

the decrease is not the same for all levels, leading to a variation of single-particle gaps and, consequently,

single-particle spectra that differ substantially from the one valence nuclei. Another important key ingredient
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as expected from theoretical calculations given in Ref. [42]. Figure taken and adapted from Ref. [42].

in understanding the evolution of shells far off stability is the tensor force. This force is, on average, attractive

between j< and j′> and repulsive between j> and j′> for two nucleons in orbits j and j′. The subscript < or

> defines the relation between the orbital angular momentum l and the spin j, i.e., j> = l + 1/2 and j< =

l − 1/2. This effect manifests itself in a high sensitivity of evolution of states with increasing N to the proton

shell occupation, for example in 139Sb which shows an indication for the π (d5/2) − π (g7/2) orbital inversion,

resulting in a long-lived isomer in 140Sb [48]. Hence, investigating states with single-particle character above

Z = 50, N = 82 is of major importance for the understanding and mapping of the shell evolution beyond 132Sn.

The nuclei ‘north-west’ of 132Sn (i.e., Z > 50, N < 82) are under investigation since many decades. The

relevant neutron shells for N < 82 are indicated in the schematic in Fig. 1.4. The active valence space contains

the major single-particle orbitals 0g7/2, 1d5/2, 2s1/2, 1d3/2 and 0h11/2 for both, protons and neutrons. The unique

parity 0h11/2 neutron hole orbital lies close to the Fermi surface and leads to high-spin seniority isomers below

132Sn see, for example, Refs. [49, 50, 51]. The existence of these seniority isomers extends down to the middle

of the neutron shell for the semimagic tin isotopes but vanishes rather quickly for the higher Z nuclei.

The objective of this thesis is to contribute and extend the knowledge of nuclear structure around the dou-

bly magic 132Sn through state-of-the-art experiments and improving the theoretical description of nuclei in this

region. Two experiments at different facilities and with different goals were performed in the scope of this work
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which yield complementary information. In chapter 2, an experiment is presented that was performed to de-

termine lifetimes of excited states in the sub-ns/ns range using a hybrid array of fast scintillation detectors and

high-purity germanium (HPGe) detectors. The second experiment is presented in chapter 3 and was conducted

to investigate isomeric states and gain insights into the precise configurations of such long-lived states. Both

measurements utilized different fission mechanisms and provide crucial insights from a nuclear reaction point-

of-view. Each chapter starts with a motivation before explaining the experimental details and data analysis

procedures. Results will be presented and compared to theoretical calculations. A summary of both experi-

ments and a conclusion of the importance of this work for the understanding of the nuclear structure around

132Sn will be given in chapter 4.



Chapter 2

Lifetime measurements beyond 132Sn

with the ν-ball array

During 2017 and 2018, the ν-ball campaign took place at the ALTO facility of the IJCLab in Orsay, France. The

experiments presented and analyzed in the following chapter, N-SI-109 and N-SI-103, were dedicated to the

spectroscopy of neutron-induced reactions with fast neutrons. This was achieved by coupling the ν-ball array to

the LICORNE [52] neutron source which provides fast neutrons via the inverse p(7Li,n)7Be reaction. One of the

goals of this experiment is the determination of lifetimes and the spectroscopy of neutron-rich isotopes in the

A ∼ 140 mass region beyond the N = 82 shell closure. The chapter starts with a short motivation of this study

followed by a description of the experimental setup. The data analysis and the experimental techniques will be

described in detail. Finally, the results will be presented and discussed within theoretical frameworks.

2.1 Motivation of the experiment

The study of fission fragments has been of long-standing interest in nuclear structure physics due to the large

neutron excess of the fission products. With the advancement of new generation large volume HPGe arrays

such as Gammasphere [53] or Eurogam [54], a lot of spectroscopic information on neutron-rich nuclei has

been gained using spontaneous fission sources such as 252Cf or 248Cm. Thermal neutron-induced fission can

be studied extensively at, for example, the Institute Laue-Langevin in Grenoble, France; a hybrid spectrom-

eter to study the prompt γ-ray emission of products after neutron-induced fission was first employed in the

EXILL&FATIMA campaign [55]. Recently, LaBr3(Ce) detectors were coupled to the high-performance Gammas-

17
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phere array to measure sub-ns lifetimes of excited states from fission fragments [56, 57]. Because of the fission

targets, certain regions on the nuclear chart were not accessible during these experiments. These limitations

are visualized in Fig. 2.1, where the average N/Z ratio of fission fragments is plotted for different fission targets.

The average N/Z ratio is around 1.54 for thermal neutron-induced fission on 235U and 241Pu which was studied

in the EXILL campaign [27]. The spontaneous fission sources end up with fission fragments that haveN/Z ≈ 1.3

and N/Z ≈ 1.5 for 252Cf and 248Cm, respectively. At energies provided by the fast neutrons from the LICORNE

neutron source, 238U and 232Th are fissile. This provides the possibility to produce more exotic, neutron-rich

nuclei due to the higher average N/Z of the fission fragments around 1.57. Additionally, the investigation of the

fast neutron-induced fission is of major interest in nuclear energy and reactor research [58, 59].
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Figure 2.1: Average N/Z ratio of the fission fragments for different fission targets. Figure adapted from the
proposal of N-SI-109.

The nuclei of interest in this experiment are the neutron-rich isotopes beyond the doubly magic nucleus 132Sn

with a special emphasize on tellurium and iodine isotopes. The examination of nuclei around shell closures

plays a key role in our understanding of the nuclear structure. Experimental information on these nuclei helps to

improve theoretical models and to develop and test two-body matrix elements, in particular of the proton-neutron

residual interaction. By studying neutron-rich nuclei, the evolution of shell structure with large N/Z ratios and

the development of collectivity can be investigated.

Having only two valence protons outside the closed Z = 50 shell, the tellurium isotopes around 132Sn are

expected to have coexisting collective and single-particle excitations, resulting in sub-ns lifetimes that prevail
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the vibrational band structure of these isotopes at intermediate and higher spins due to the highly-mixed wave-

functions [60, 61, 62]. The increasing fragmentation of wave functions can be seen, for example, in the π (0g27/2)

excitations of the tellurium isotopic chain. The pure wave functions of these states in 134Te already show

contributions of other orbitals in the 6+ state of 136Te [60, 61]. Extending these measurements up to 138Te

and 140Te was the aim of the experiment which would give valuable information on the orbital evolution beyond

N = 82.

In addition to the nuclear structure and shell evolution, nuclei around 132Sn have an important role in the

astrophysical r-process [63, 64]. The rapid neutron capture process is one of the building blocks of the nucle-

osynthesis to explain the formation of neutron-rich isotopes heavier than iron. The goal is to model the solar

abundances of isotopes which requires the knowledge of nuclear structure properties for nuclei far off the valley

of stability. Due to the shell structure of atomic nuclei, the abundance of isotopes in the solar system as a func-

tion of mass has several peaks, one of them around 132Sn. The experimental data on these nuclei thus provides

a direct use for the modeling in nucleosynthesis network calculations.

Table 2.1: Production cross sections for even-even tin and tellurium nuclei with N ≥ 82. 238U data are taken
from Ref. [65] and 232Th data from Ref. [66].

Z A Cross section [%] Z A Cross section [%]
238U 232Th 238U 232Th

50 132 0.08 1.54 52 134 4.18 3.11
134 - 0.139 136 3.32 3.44
136 - 0.000948 138 0.92 0.755

140 0.09 0.0195

Table 2.1 summarizes the production yields for even-even nuclei in the region of interest deduced from the

LICORNE+MINIBALL experiment [65] and Ref. [66]. The cross sections for the odd-mass nuclei are interpolated

from that data. Well-populated nuclei like 134Te were studied extensively in the past (see for example Refs. [67,

68]) and can be used as benchmark cases. Recently, lifetime measurements on 135,136I from the EXILL&FATIMA

campaign were published in Refs. [69, 70]. The results of these nuclei will be important to test and validate the

performance of ν-ball campaign in comparison with other fission campaigns.
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2.2 Experimental setup

During the campaign, the ν-ball detector array was located at one of the beam lines of the Orsay 13 MV Tandem

accelerator [71]. A schematic diagram of the experimental setup is shown in Fig. 2.2(a). The 7Li beam from

the Tandem accelerator is focused onto a hydrogen gas cell to produce neutrons in inverse kinematics. The

collimated neutron beam is guided onto the target (either 238U or 232Th) to induce fission reactions. The de-

excitation of fission products via the emission of γ rays was detected with the ν-ball array [72]. In the following,

the production of fast neutrons with the LICORNE neutron source will be described followed by a characterization

of the detector array and its data acquisition (DAQ) system.

2.2.1 The LICORNE neutron source

Neutron sources are widely used in nuclear physics and related areas. They can be categorized in four classes

[9]: reactor sources, neutrons from spontaneous fission, photo-neutron sources and neutrons produced in nu-

clear reactions (e.g., 9Be(4He,n)12C). The LICORNE neutron source is part of the last type and emits neutrons

through inverse kinematics, i.e., with a heavy ion projectile bombarding a light target [52]. As mentioned earlier,

a 7Li beam provided by the 13 MV Tandem accelerator is used to produce neutrons via the p(7Li,n)7Be reac-

tion. The advantage of using a nuclear reaction is the focused, quasi-mono-energetic neutron beam which is

important to study properties of nuclear fission. The natural collimation of the neutrons is achieved by choosing

a heavy projectile instead of more conventional projectiles as deuterons or protons. This enhances the effective

neutron flux by up to two orders of magnitude [52]. Additional focus is achieved through guidance via a lead

collimator which produces a narrow neutron cone.

The p(7Li,n)7Be reaction in direct kinematics has different reaction channels with various threshold energies

competing with each other, if the beam energy is high enough. The energy range for the primary beam where

the outgoing neutrons can easily be predicted is between 13.098 and 16.513 MeV. This beam energy results in

a neutron energy between 1 and 4 MeV. Figure 2.3 shows the prediction of kinematic curves in the laboratory

frame calculated in a relativistic two-body calculation. Two distinct energy peaks arise from forward and back-

ward emission of neutrons in the center of mass frame. Due to the finite beam spot size (∼ 0.8 cm) and energy

straggling of 7Li in the target, deviations from the calculation are experimentally observed.

In designing the LICORNE neutron source, two solid targets were considered [52]. The first choice was

polypropylene which has a large hydrogen density and the second choice was a covalent titanium hydride (TiH2)

target. The target thickness has to be optimized according to energy loss (low thickness) and reaction rate (large
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thickness). The hydrogen cell is cylindrical in shape and kept under high pressure to avoid contamination from

air molecules leaking into the cell via diffusion. In order to provide a pressure barrier towards the beam line,

which is kept in vacuum, a thin tantalum foil of a few µm is placed at the front of the cell.

With a beam intensity of 1011 pps approximately 107 neutrons/s can cause 105 fissions per second. The

cross section for fission induced by fast neutrons is several orders of magnitude lower as for thermal neutrons.

Therefore, the detectors should be moved as close to the target as possible. The necessity for shielding the

detectors from bombarding neutrons is reduced by having a directional neutron source. To detect neutrons,

a cylindrical EDEN detector module [74] filled with NE213 liquid scintillator was placed 3 m behind the target.

Neutrons can be identified by using both time-of-flight and n/γ pulse shape discrimination [75].

2.2.2 The ν-ball array

The ν-ball array is a hybrid spectrometer consisting of HPGe and LaBr3(Ce) scintillation detectors and pictures

are shown in Figs. 2.2(b,c). This combination of detectors allows for high-resolution and high-efficiency γ-ray

spectroscopy as well as lifetime measurements employing the fast-timing technique [76]. The detectors are

aligned in four rings around the target position as can be seen in Fig. 2.2(b). Two types of HPGe detectors are

used, namely Clover type and coaxial type detectors. Additionally, bismuth germanate (BGO) shields are used

for Compton suppression (CS) to improve the peak-to-total ratio. In total, the following detectors were used:
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• 20 LaBr3(Ce) scintillators aligned in two sub-rings of 10 cylindrically shaped followed by 10 conical crystals

placed around 40◦. All detectors are connected to R9779 Hamamatsu photo-multiplier tubes (PMTs)

without passive shielding against cross-talk. These make up ring 1 (20 channels).

• 24 HPGe Clover detector, each with two BGO channels and four germanium channels (144 channels).

These form rings 2 and 3 placed around 90◦.

• Ten EUROGAM Phase I coaxial HPGe detectors surrounded by ten BGO Compton shields placed in ring

4 at a backward angle of 133.5◦ (20 channels).

• EDEN neutron detector for monitoring the neutron flux (3 channels).
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residuals. (b) Time spectrum showing the time difference ∆T measured with a 60Co source and the LaBr3(Ce)
and different HPGe detectors.

The energy resolution, measured as full-width at half maximum (FWHM) with a 60Co source, amounts to

2.5 keV for all summed HPGe and 32 keV for all summed LaBr3(Ce) detectors at 1.3 MeV. The time resolution
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is determined by measuring the time difference of both transitions in 60Ni from the decay of 60Co (1173 and

1332 keV, respectively). The intrinsic time resolution for the LaBr3(Ce) scintillators amounts to about 500 ps

FWHM and is far superior to the resolution measured with HPGe detectors (in the order of 15-20 ns effective

resolution for the sum of detectors in this setup) [72]. Time resolution spectra for arbitrary single detector crystals

are shown in Fig. 2.4(b). The LaBr3(Ce) time difference spectrum is far narrower compared to the HPGe time

spectra. Note that numbers given in Fig. 2.4(b) are slightly higher compared to the quoted numbers because

no energy gate was applied. It can also be seen that the Clover type HPGe crystals have a slightly better time

resolution under these conditions compared to the coaxial type HPGe detectors.

The detection efficiency of the HPGe and LaBr3(Ce) detectors from the ν-ball array was measured using a

standard 152Eu source and the measurement is shown as black points in Fig. 2.4(a). Due to the thick actinide

targets, effects such as self-absorption can strongly influence the absolute γ-ray efficiency, especially at low en-

ergies. A GEANT4 simulation [77] of a point-like 152Eu source encapsulated in the respective target is performed

to obtain a relative measure for the self-absorption effects. These simulated intensities are scaled to match the

intensity of the source measurement at energies above 600 keV where absorption inside the target is negligible.

The curve for the first N-SI-109 measurement is shown in Fig. 2.4(a) and was fitted with an empirical function

[78]. The efficiency peaks at about 400-500 keV and amounts to 4.1(2) % at 1.3 MeV for the HPGe detectors

and 0.7(1) % at 1.3 MeV for the LaBr3(Ce) detectors. While the data points at higher energies are comparable

to the measured values from the 152Eu data, the efficiency drops rapidly at energies below 400 keV compared

to the source measurement. In addition, the fit residuals are presented and the 3σ range is indicated as an error

estimation which amounts to 0.6% relative uncertainty. For the N-SI-103 238U(n,f) experiment, the same target

and therefore the same procedure is used to determine the absolute γ-ray efficiency. From calibration data, a

value of 3.2 % at 1.4 MeV is obtained. For the 252Cf source measurement, the values directly obtained from the

152Eu data without scaling to the simulation were used. In the case of the 232Th experiment, the absolute γ-ray

efficiency was determined from the intrinsic activity of the target itself and, thus, the self-absorption is already

included. Details on the 232Th measurement can be found in Ref. [79].

The data were read out using the digital acquisition system FASTER (Fast Acquisition SysTem for nuclEar

Research) which was developed at LPC Caen, France [80]. Two different types of digitizers were used: 125 MHz,

14-bit analog-to-digital converters (ADCs) for the HPGe and the BGO detectors and 500 MHz, 12-bit quad digital

channel time-to-digital converters (QDC-TDC) for the LaBr3(Ce) scintillators. For the present experiments, the

data were taken in a timestamped triggerless mode, i.e., the signals are recorded each time any detector fired.

Combined with the large number (≈ 200) of electronic channels, this leads to a massive data rate in the order
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of tens of MB per second which had to be handled during and after the experiment. Timing signals for HPGe

and BGO detectors are measured with leading-edge triggering whereas a constant-fraction triggering was used

for the LaBr3(Ce) scintillators. Furthermore, the acquisition utilizes an internal pulse-shape analysis algorithm

to achieve an even more precise timing measurement from the LaBr3(Ce) signals down to 7.8 ps per channel in

the digitizers [80].

2.2.3 Experimental details

238U target

LaBr3(Ce)

(a)

Beam

Phase I
Clover

LaBr3(Ce)
232Th target

(b)

Figure 2.5: Picture of the targets used during the N-SI-109 experiment. (a) 238U and (b) 232Th target mounted
inside the array. Different detectors are labeled accordingly.

Table 2.2: Overview of experimental details of the ν-ball fission experiments.

Experiment Target mTarget [g] ELi [MeV] ENeutron [MeV] Iav [enA] Raw data [Tb] NFissions

N-SI-109 238U 81 16.4 1.7 20 12.5 7.2× 109

N-SI-103 238U 81 18.5 3.4 80 25 6.8× 109

N-SI-109 232Th 106 16.75 1.7 100 88 4.2× 1010

The experiment N-SI-109 was divided into two parts which took place in February and April 2018. In total,

five weeks (two weeks with 238U and three weeks with 232Th target) of beam time were dedicated to the study

of fast neutron-induced fission. Furthermore, six days of measurement for the experiment N-SI-103 resulted in

additional data for the study of fission fragments [81]. Table 2.2 gives a summary of basic information concerning

the different experiments. Pictures of the targets mounted inside the array can be seen in Fig. 2.5. The fissile

material was arranged in thin disks over a distance of 8-10 cm to allow low energy γ rays to escape the target.

In the following, more details on the realization of experiment N-SI-109 will be provided.
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Figure 2.6: Neutron energy spectra for different (a) pressure values in the hydrogen cell and (b) different 7Li
primary beam energies. Data from recorded during the online beam tuning and taken from the e-log.

One important experimental task was the tuning of the LICORNE neutron source to be optimized for the

reaction cross sections and fission yields. Figure 2.6 shows neutron energy spectra as a function of (a) gas cell

pressure and (b) beam energy. In Fig. 2.6(a), a dip around 1.7 MeV can be seen that increases with increasing

pressure. This value is limited at 1.5 atm for all experiments because the thin (few tens of µm) tantalum foil which

is located at the entrance of the hydrogen gas chamber breaks. Figure 2.6(b) illustrates the tuning of neutron

energy by choosing different primary beam energies. These spectra were obtained with a gas cell pressure of

1.1 atm. The final parameters for the first 238U run were 16.4 MeV beam energy with a cell pressure of 1.45 atm

such that the tantalum foil can withstand the pressure. Due to the energy loss in the cell, the 7Li beam enters

the cell at 14.6 MeV resulting in an opening angle for the neutron cone of 18.7◦ (see Fig. 2.3). Despite the same

behavior of the neutron energy in the 232Th experiment, the beam energy was chosen to be 16.75 MeV due to

the higher fission cross section. In all experiments, a pulsed 7Li beam with a 2.5 MHz pulsation and a pulse

width of 2 ns was used.

During the experiment, technical problems led to losses of detector channels, resulting in a reduced γ-ray

detection efficiency. Furthermore, neutrons hitting the HPGe detectors cause a change in the charge collection

properties within the crystal. As a result, the detector performance is reduced and the energy resolution is

deteriorated, see Fig. 2.7. The average rate of the HPGe detectors were in the order of 5-7 kHz. In Fig. 2.7, the

energy resolution given as FWHM is plotted against the square root of the energy for each HPGe crystal type.

Two clear conclusions can be drawn from this. Firstly, the performance of the Clover type detectors is generally

superior with respect to the coaxial type Phase I detectors. The energy resolution of the Clover detectors is

about 0.3-0.5 keV better with respect to the Phase I detectors. Secondly, the resolution of HPGe detectors at

the end of the experiment is worse. For γ rays at an energy of 1.3 MeV, the resolution increases from about
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Figure 2.7: Energy resolution of the ν-ball HPGe detectors, plotted as a function of FWHM vs.
√

(E) for a single
(a) Clover crystal and (b) Phase I coaxial detector at the start of the experiment (red) and end of the experiment
(black). The drawn line are to guide the eye and the uncertainties are mostly too small to be seen in this scale.

2.4 keV to 2.6 keV for the Clover (see Fig. 2.7(a)) and from 2.9 keV to 3.3 keV for the coaxial detectors (see

Fig. 2.7(b)).
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2.3 Data analysis

Figure 2.8 shows a simplified flow chart with the different stages of the raw data treatment. Each step com-

presses the data significantly and the compression factors are indicated in Fig. 2.8.

Raw data
(FASTER)

ROOT data ROOT 
events

List for triple 
events

ROOT tree:
- Detector label
- Energy
- Time

List:
- Multiplicity
- Energy
- Time

x 3 x 10 x 50

Calibrated
Time sorted

12.5 TB – 238U(n,f)
88 TB – 232Th(n,f)
25 TB – 238U(n,f)

Figure 2.8: Flow chart of the different stages to treat the data. Each arrow is labeled with the respective data
compression factor.

The analysis was performed using the program ROOT [82] which is a C++ based framework developed at

CERN for nuclear and particle physics application. In the first step the FASTER raw data is converted into ROOT

files. This conversion compresses the data by about a factor of 3-4. Subsequently, the triggerless ROOT files

have to be further sorted and events built by implementing a trigger condition, e.g., when two HPGe detectors

or two LaBr3(Ce) detectors acquire a signal. The third step reduces the amount of usable data by approximately

an order of magnitude. For the 238U(n,f) experiment N-SI-109, 4× 109 triple coincidence events were estimated.

Over the whole experiment which covered seven weeks of beam time, a total of 125 TB raw data were acquired.

The number of fission events estimated in each data set can be found in the last column of Tab. 2.2. In this

work, steps 2-4 were accomplished for the 238U(n,f) experiment while the transformation of the FASTER raw

data were done by members of the collaboration during the campaign.

2.3.1 Calibrations

An energy calibration of HPGe and LaBr3(Ce) detectors was performed using a 152Eu source and peaks from

the intrinsic activity of the targets. Over the course of the experiment, a gain drift - especially in the LaBr3(Ce)

scintillators - is observed. In order to correct this shift and to obtain the best possible energy resolution, a cor-

rection has to be applied. This is done using the approach from the code SOCOv2 [83]. The basic idea is to take
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Figure 2.9: Example illustrating the effect of the gain shift correction for a LaBr3(Ce) detector. (a) before apply-
ing the correction (b) after applying the correction. The spectra are taken at the beginning of the experiment
(Reference) and at the end (After 200 h).

the numerical derivative of the raw singles spectra and identify peaks by the zero-crossings in the differential.

The differentiated spectra exhibit a high level of noise which makes it impossible to reliably determine the peak

positions based on this approach. Therefore, the spectra are first smoothed by a triangular weight function.

Then, the automatic peak finder from SOCOv2 can be applied in order to track the positions of individual peaks.

For more details the reader is referred to Ref. [83]. After successfully tracking the peaks, correction coefficients

{ai} are obtained by numerical regression (either linear for HPGe or quadratic for LaBr3(Ce)) and stored for

each run. The corrected energy Ecorr is then obtained by applying the coefficients to the calibrated spectra, i.e.:

Ecorr =
∑
i

aiE
i. (2.1)

An example of such a correction applied to the energy spectra is shown in Fig. 2.9 for an uncalibrated

LaBr3(Ce) spectrum. Before the correction (Fig. 2.9(a)), a clear shift is visible after approximately 200 h of mea-

surement time with respect to a reference time. After applying Eq. (2.1), the corrected spectrum in Fig. 2.9(b) is

properly aligned with its reference spectrum. This correction is applied for every run which lasts approximately

1 h each. The overall LaBr3(Ce) energy resolution for a sum of all detectors is improved by almost 50 % at about

500 keV.

Moreover, the detectors have to be aligned in time in order to properly correlate events and construct coin-

cidences. The time calibration is done using the prompt peaks from a 60Co source. Absolute time offset values

are determined for each channel relative to the beam pulse (channel 251). The time differences before and after
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Figure 2.10: Time alignment illustrated by showing the time difference (a) before and (b) after applying the time
offsets. Adapted from Ref. [72].

applying the correction is presented in Fig. 2.10. Note the superior time resolution of the LaBr3(Ce) detectors

shown by the smaller width around t = 0 compared to the HPGe and BGO detectors. After aligning all the

detectors to a reference detector, a run-by-run adjustment of a chosen detector to the beam as reference value

is performed.

Furthermore, a correction for the time walk has to be applied for the HPGe detectors. The time walk de-

scribes the energy dependence of the zero time response and is corrected via [84, 85]:

tcor = t−
(
a0 +

a1
Ea2γ

)
, (2.2)

where tcor is the corrected time t and a0−2 are parameters obtained from fits to the data in 2D time-energy

matrices. This function was chosen to correct the effects of the digitizers and the constant fraction discriminator

(CFD) modules attached to the QDCs [72]. An example of the 2D correction applied to the data is shown in

Fig. 2.11 before and after applying Eq. (2.2). As can be seen from Fig. 2.11, the walk correction improves the

time resolution especially at lower energies. Thus, isomeric lines (expressed as horizontal lines in the energy-

time matrix) are better visible.

To increase the detection efficiency alongside the peak-to-background ratio, the addback procedure was ap-

plied for the Clover detectors and Compton suppression (CS) for all HPGe detectors using the BGO scintillators.
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Figure 2.11: Energy versus time matrix of a single Clover HPGe detector (a) before and (b) after applying the
walk correction.

If two crystals of the same Clover detector fire within one event, it is likely that both signals originate from the

same γ ray and the energies are added up to one single hit. On the other hand, if a HPGe module (either

Clover or Phase I) and its respective BGO shield fired within one event, the event is rejected. In the analysis, the

labeling notation of HPGe detectors as modules ranging from 1 to 34 is exploited to generalize this procedure

independently of the HPGe detector type. After looping over each event, the HPGe (hitGe) and BGO (hitBGO)

hit pattern as well as the summed HPGe energy is recorded for each module. If the condition hitGe > 0 and

hitBGO = 0 is fulfilled, the energy sum is extracted and used in the further analysis. The HPGe data after

addback and CS in the following sections will be denoted as clean HPGe.

Figure 2.12(a) shows a HPGe spectrum before and after addback and CS. The reduction of γ rays from the

Compton continuum is of the order of three to four while the number of counts in the full energy peaks either

remain or increase due to the addback. The right panel of Fig. 2.12 quantifies this by showing the (b) addback

factor and (c) the peak-to-background ratio improvement for the energy range of interest up to approximately

3 MeV. The addback factor is defined as ratio of number of counts in a full energy peak after and before applying

the addback procedure. The peak-to-background ratio is measured by normalizing the number of counts in a

full energy peak with the background underneath that is interpolated from data points around the peak. The

improvement R is quantified as ratio of (P/B) with and without applying the addback and CS. The addback
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Figure 2.12: (a) HPGe γ-ray spectrum without and with addback and Compton suppression. (b) Addback factor
and (c) peak-to-background improvement ratio R as a function of γ-ray energy.

factor is between 1.0 and 1.2 for energies below 1.5 MeV and increases up to 1.4 for a γ-ray energy of about

3 MeV. This is due to the higher probability of scattering and escape peaks with increasing energy. The peak-

to-background ratio improves by a factor of three to four for low energies up to almost six for 3 MeV γ rays. The

large number of nuclei produced in these types of experiment require the use of addback and CS to improve the

peak-to-total ratio in order to identify isotopes from their characteristic γ rays.

2.3.2 Event structure and calorimetry

Event building

The last step in treating the raw data is to build events from the triggerless data. In order to perform γ-ray

spectroscopy, an event is constructed if two clean HPGe detectors acquired a signal. For lifetime measurements,

it is required to include LaBr3(Ce) detectors in the trigger condition. Besides different trigger conditions, it is

important to distinguish fission events from decay events. This is achieved by selecting a high γ-ray hit multiplicity

which is characteristic for prompt fission events. Finally, a distinction between prompt events occurring within a

single beam pulse and delayed events spanning several beam pulses has to be made.

In order to achieve a clean selection of fission events, a two-step trigger is used. First, a coarse hit multiplicity

condition is applied, allowing only events where at least two clean HPGe detectors or two LaBr3(Ce) detectors

fired. The prompt time window for the LaBr3(Ce) scintillators ranges from 35 to 50 ns while for the HPGe

detectors the full 400 ns pulse is accepted. Further constraints to improve the fission-to-background ratio can
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be done via the total γ-ray hit multiplicity. Additionally, delayed γ hits can be used in the case of known isomeric

transitions to improve the peak-to-background.
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Figure 2.13: (a) HPGe γ-ray spectra as a function of minimum required total multiplicity in the offline analysis.
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Peak-to-background ratio (P/B) of the 377 keV transition as a function of minimum total multiplicity.

The effect of the total hit multiplicity for the intensity of different transitions is shown in Fig. 2.13(a) where

HPGe energy spectra are plotted as a function of minimum total hit multiplicity required in the events. A strong

background peak, namely 351 keV from the fusion-evaporation product 21Ne, is compared to the 377 keV

2+1 → 0+1 transition in one of the best produced fission fragments 140Xe. The energies are almost the same

and, therefore, efficiency and conversion effects are negligible. Furthermore, both transitions are prompt which

allows for a sound comparison.

At low hit multiplicities, the background peak dominates the overall spectrum and the peak from the fission

fragment is barely visible in the full projection. The relative height of the 377 keV peak compared to the 351 keV

background transition increases, with increasing minimum required multiplicity. Around hit multiplicities M =

6, 7 this ratio becomes significantly better which shows that high multiplicity events are favorable for selecting

the fission reaction. Furthermore, the peak-to-background and peak-to-total ratios of the 377 keV transition

increase significantly when only higher hit multiplicities are allowed, see Fig. 2.13(b). Note that the overall

statistics is reduced by roughly an order of magnitude every three hit multiplicities and statistics is lost. Thus,

the improvement in peak-to-background ratio comes at a price of loss of counts. A minimum total multiplicity

condition of M ≥ 3 is used and for well-populated nuclei M ≥ 5 has been proven to work well in order to improve

the peak-to-background ratio while not losing too much statistics. For example, the peak-to-background ratio

of the 1279 keV 2+1 → 0+1 transition improves from 0.75(1) for M ≥ 3 to 0.89(1) for M ≥ 5 while reducing the
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statistics by approximately a factor two.
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The detector time in a single event with respect to the beam pulse around the prompt peak is shown in

Fig. 2.14(a) for HPGe and LaBr3(Ce) detectors. While the time resolution of HPGe detectors is not good enough

to resolve different peaks, two additional peaks are visible next to the prompt peak in the LaBr3(Ce) spectrum at

t ≈ 43 ns. The γ rays from fusion-evaporation reactions of the primary beam with surrounding material from the

collimator (mainly 7Li on 16O) are detected before the prompt fission events because these γ rays are produced

at the entrance of the LICORNE gas cell and are immediately detected before the neutrons hit the target. The

peak after the prompt position arises from inelastic neutron scattering and the delay corresponds to the time-of-

flight from the target to the detectors which is of the order of 10-15 ns. Utilizing the superior time resolution of the

LaBr3(Ce) detectors, the background lines can significantly be reduced, as shown in Fig. 2.14(b). The lines at

166, 217 and 276 keV come from inelastic scattering of neutrons on 139La, 79Br or 81Br, respectively. The bump

around 380 keV comes from the fusion-evaporation residues. All of these contaminants can be significantly

reduced when restricting the prompt LaBr3(Ce) time window from 35 to 50 ns.

This LaBr3(Ce) time window plays a key role in the number of events involving LaBr3(Ce) coincidences.

When optimizing the events for fast-timing measurements, it is essential to improve the number of LaBr3(Ce)-

LaBr3(Ce)-HPGe (= L2C1) coincidence events. Different trigger conditions combining clean HPGe (‘C’) and

LaBr3(Ce) (‘L’) coincidences were investigated with the goal to increase the number of L2C1 coincidence events.

Table 2.3 shows the contribution of clean HPGe detector and LaBr3(Ce) scintillator coincidence events to the

total trigger as a function of the LaBr3(Ce) trigger window. Before comparing the different windows, it has to
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Table 2.3: Trigger types for various LaBr3(Ce) trigger windows. The total number of triggers is given for an
arbitrary run. Clean HPGe coincidences are denoted as ‘C’ and LaBr3(Ce) coincidence events are denoted as
‘L’.

LaBr3(Ce) trigger window
35 - 50 ns 15 - 65 ns 15 - 100 ns

Total Triggers 627.77 · 103 661.94 · 103 667.59 · 103

C2 [%] 85.1 80.5 79.9
L2 [%] 1.31 6.26 6.95
C3 [%] 13.1 12.3 12.2
L1C2 [%] 0.36 0.76 0.83
L2C1 [%] 0.012 0.059 0.067

be noted that the majority of events pass through the C2 and C3 trigger which reflects the higher efficiency of

the HPGe detectors with respect to the LaBr3(Ce) scintillators. When increasing the LaBr3(Ce) trigger window,

the total number of triggers, here shown for an arbitrary run, increases by a factor of 1.05 and 1.06 for the

15-65 ns and 15-100 ns time windows, respectively. A significant increase in LaBr3(Ce) coincidence events by

a factor of six for L2 and L2C1 events should be highlighted as these are relevant for fast-timing measurements.

This can be explained by looking at the LaBr3(Ce) time structure in Fig. 2.14. Despite the large increase in

L2C1 coincidence events, the majority of it stems from background contributions as shown in the right panel of

Fig. 2.14 and, thus, the narrow 35-50 ns trigger window was used for prompt LaBr3(Ce) events. However, in

order to investigate delayed LaBr3(Ce) spectra above 100 ns, a delayed trigger of 65-400 ns is applied and will

be used in a later section.

From the event-built data all events can be read and sorted into histograms depending on certain require-

ments. Despite all the compression factors, this process takes several hours up to days and is not very practical.

Thus, the data is further treated and written into lists that can be sorted in the matter of minutes. This additional

step after the event building is depicted in Fig. 2.8. The events are selected from certain trigger conditions such

as the ones listed in Tab. 2.3. Time and energy information as well as the multiplicities are stored in a list.

To further increase the compression, the lists were written in a binary format. Note that for each type of triple

coincidence events a new list has to be generated. This takes about the same time as reading all events but

once the list is generated the creation of new histograms can be done in a few minutes.

In summary, the available LaBr3(Ce) events to be used for the fast-timing analysis are rather small (see

Tab. 2.3) and events are lost due to the necessity of having narrower trigger windows. Those small time win-

dows are required due to the background events before and after the prompt pulse, see Fig. 2.14(a). Fusion-

evaporation reactions occur at the entrance window of the LICORNE neutron source and delayed γ rays from in-
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elastic neutron scattering appear 10-15 ns after the prompt fission γ rays. In order to avoid having the LaBr3(Ce)

detectors in the neutron cone of the LICORNE source, the detectors had to be moved back, relative to the tar-

get. This lead to a drop in LaBr3(Ce) efficiency compared to the expected one, resulting in a strong difference

in statistics between HPGe and LaBr3(Ce) detectors. This imbalance reduces the available L2C1 coincidence

events for lifetime measurements drastically. The low statistics results in very large error bars as can be seen in

Sec. 2.4. Thus, the experimental goal to go to more neutron-rich tellurium isotopes could not be reached.

Calorimetry
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Figure 2.15: HK matrices for different fission reactions recorded with the ν-ball array. Each matrix is normalized
to the same number of entries. The average values on x (hit multiplicity) and y (total energy) axes are denoted
in each panel. Note that the hit multiplicity does not begin at Mtot = 0 due to the minimum trigger condition in
the event-building process.

The full digitization of the ν-ball array and the capacity to process very high count rates in the detectors with

no significant dead time opens the possibility of performing reaction calorimetry studies. The array operates
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in a mode where measurements of γ-ray hit multiplicity (referred as ‘K’) and total energy deposit (referred as

‘H’) are possible for each event. This is a powerful tool to distinguish between different reaction channels as

demonstrated in Fig. 2.15. HK matrices of the reactions used in the N-SI-109 and N-SI-103 experiments are

shown in addition to the well-known 252Cf spontaneous fission reaction. It is evident that the neutron-induced

fission exhibits more high multiplicity events with K > 10 due to interactions of the primary beam and the

neutrons with surrounding material. It is also clear when comparing the different targets that the intrinsic activity

of 232Th enhances low multiplicity, high energy events due to a 2.6 MeV transition of the decay of one of its

decay products (208Tl). Furthermore, the HK matrices of the 238U(n,f) reactions at different neutron entrance

energies can be compared. The average multiplicity of K = 2.7 at 1.7 MeV neutron energy increases to K = 4.0

when doubling the neutron energy but, on average, the total energy only increases from Etot = 2.1 MeV to

Etot = 2.5 MeV. This reflects the nature of the different reactions because of the increased probability of

inelastic neutron scattering before losing enough energy to be captured. From the kinematics calculations, it is

evident that the neutron cone at 3.4 MeV is significantly larger and opens up for more neutron-induced reactions

with surrounding materials. These reactions strongly contribute to the total multiplicity but rather insignificantly

to the detected γ-ray energy.

Additionally, the HK matrix can be used to distinguish between different fission fragments. By using the

information of both prompt and delayed events, this gives rise to several degrees of freedom to improve the peak-

to-background ratio. An example of this selection tool from this work is published in Ref. [86]. A comparison

between 134Te and 137I in the prompt HK matrix shows that the average hit multiplicity is higher in 137I while

its average total energy is slightly lower. This reflects the higher level density of the odd-even nucleus 137I

compared to the even-even 134Te isotope. The high energy transitions in 134Te result in a higher average total

energy despite the lower multiplicity compared to the 137I nucleus. For the identification of isomeric states, a

restriction on the total delayed energy sum can be used according to the excitation energy of the isomer of

interest.

2.3.3 Identification of fission fragments

Fission fragments are identified using single and multiple γ-ray coincidences. With the excellent energy reso-

lution of the HPGe detectors and a proper background subtraction, nuclei of interest can be selected cleanly

using characteristic γ-ray energies. Additionally, γ rays from its fission binary partner can be taken into account.

Due to the large variety of nuclei analyzed in the present work, only selected examples are shown.

To enhance the cleanliness of identification, delayed transitions outside of the prompt peak can be used to
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select an isomer. An example from the well-populated 134Te is discussed in the following. In Fig. 2.16, prompt

and delayed energy projections can be seen after applying a gate on the 2+1 → 0+1 transition in 134Te (1279 keV).

While the prompt γ-ray spectrum has a very high background, the delayed γ-ray spectrum is extremely clean.

Besides 511 keV and (n, n′γ) contaminants, only the 115 and 297 keV transitions remain in the spectrum,

emphasizing the benefit of having a pulsed beam. Due to the 400 ns repetition period of the primary beam, this

selection is optimal for isomeric half-lives in the range of tens of ns up to a few hundreds of ns.

The visibility and cleanliness of isotopes can be further improved by using the multi-dimensional parameters

provided by measuring the full calorimetry in the array. Different parameters such as hit multiplicity or total

energy deposit can be used to further enhance the peak-to-total ratio of γ rays from certain isotopes. This has

to be done individually for each case and will be shown for the example of 134Te and the weaker populated

134Sn.

134Sn has a 6+ isomer with a half-life of 80(15) ns [87] that decays via the following γ rays: 174, 348 and 726

keV. Figure 2.17 shows the delayed HPGe energy spectrum gated on the 348 keV 4+1 → 2+1 transition in 134Sn

with background subtraction. Both remaining transitions below the isomer are visible alongside the 511 keV

contaminant.

In order to quantify the cleanliness of the identification of nuclei, a figure of merit (FoM) was defined. After

applying a delayed gate on the 2+1 → 0+1 transition (1279 keV for 134Te and 726 keV for 134Sn), the FoM is:

FoM =
Nγ(4+1 → 2+1 )2

Nγ(351 keV )
, (2.3)

where Nγ(4+1 → 2+1 ), Nγ(351) are the number of counts of the respective 4+1 → 2+1 transitions and the

351 keV background peak, respectively. The latter one hereby arises from 21Ne produced in the fusion-

evaporation as already discussed in Fig. 2.13. The formula is a result of a measure for the peak-to-background

ratio (P/B = Nγ(4+1 → 2+1 )/Nγ(351)) scaled with the number of counts in the peak (Nγ(4+1 → 2+1 )). This mul-

tiplication is done to not only optimize for the peak-to-background ratio but also find the balance to the overall

statistics inside the peaks of interest as mentioned in the previous section.

The analysis is presented in Fig. 2.18 showing the FoM plots as a function of different parameters for 134Sn

and 134Te. The prompt multiplicity shows a clear peak around Mγ = 5 or 6 and the delayed multiplicity around

Mγ = 3− 4. The flattening of the curve in Fig. 2.18(b) shows that delayed multiplicities above 4 are not relevant

and do not contribute significantly to the spectrum. The relevance of the delayed summed energy is shown in

Fig. 2.18(c) which has several structures, the strongest peak being at 1800 keV. While the value seems unrelated

to 134Sn, it can be understood by looking at it as the excitation energy of the isomer (1247 keV) plus a constant
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background contribution from, for example, the 511 keV peak. This adds up to about 1750 keV and, because

of the 200 keV binning, ends up in a peak at 1800 keV. In 134Te, the excitation of the isomer is 1691 keV and

result in the same binning, thus, also peaking at 1800 keV. A second minor peak in 134Te is visible after adding

511 keV from the constant background together. It is less visible than the 1800 keV maximum in 134Sn which can

be explained by the differences in peak-to-background ratio since the background is less pronounced relative to

the well-populated 134Te. The plot in Fig. 2.18(d) shows the FoM as a function of gate width of the respective

2+1 → 0+1 gates. It can be seen that a gate width of 4 keV is most appropriate for the identification of the isomer

in 134Sn while a gate width of 3 keV is enough for the isomer in 134Te. This analysis is used in cases of low

statistics to identify the isotopes but is omitted when statistics is essential in the analysis (e.g., coincidence or

lifetime measurements).

2.3.4 Experimental method: the fast-timing technique

In this work, lifetimes of excited nuclear states are determined via the fast-timing technique. This method relies

on measuring the time difference between two electronic signals. In the following, a simple decay scheme is

assumed, where a single γ ray is feeding an excited state with lifetime τ . The decaying transition is delayed by

τ and the difference between the timing signal of both γ rays can be used to determine the lifetime. A hybrid

setup of HPGe and LaBr3(Ce) detectors is used which combines the good energy resolution of HPGe and the

excellent time resolution of LaBr3(Ce) detectors. Triple coincidence events are required where three γ rays

occur in a small time window correlated to the same event. The energy measured by the HPGe detector is

used to select a particular decay path within the nucleus of interest. The LaBr3(Ce) energy information is used

to obtain the time difference between feeding and depopulating transition. In the analysis, the data is stored in

HPGe gated Eγ-Eγ-∆T cubes for the LaBr3(Ce) data. LaBr3(Ce) gates on feeding and decaying transitions of

the state of interest are applied to project out time difference spectra.

The intrinsic time resolution of the detectors (c.f. Sec. 2.3.6) is characterized by the FWHM of the Gaussian

prompt time distribution, called prompt response function (PRF). Depending on the lifetime with respect to the

FWHM of the PRF, different techniques are used to extract the lifetime. If τ & FWHM, the slope or convolution

fit method can be applied [88, 89]. The centroid shift method is used if τ . FWHM [90]. The delayed time

spectrum D(t) is described by the convolution of the PRF and an exponential decay function [76, 91]:

D(t) = n0λ

∫ t

−∞
PRF(t′ − t0) · e−λ(t−t

′)dt′. (2.4)
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In Eq. (2.4), n0 is a normalization factor which stems from the number of counts in the time spectrum. PRF

is the function that describes the prompt response of the detection system and can be assumed as Gaussian

centered around the position t0.
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Figure 2.19: (a) Simulation of the slope method for the determination of lifetimes. The prompt distribution with
σ = 0.5 ns (red) is shown together with different delayed time distributions for various lifetimes. (b) Example of
the centroid difference method with delayed (red) and anti-delayed (blue) time distributions. The centroids of the
respective spectra are highlighted and labeled accordingly.

The time difference distribution is asymmetric if the lifetime is longer than the FWHM of the PRF. Due to the

exponential decay associated with the lifetime, the time spectrum shows a visible tail, see Fig. 2.19(a). By fitting

an exponential decay to the slope of the time distribution, the decay constant and, consequently, the lifetime can

be deduced.

The anti-delayed time distribution is obtained by interchanging start and stop detector and an example can

be seen in Fig. 2.19(b). When the lifetimes are smaller than the time resolution, the centroid shift (or centroid

difference) method has to be applied. The centroid CP of the delayed time spectrum is defined as the first

moment of the time distribution [76]:

CD = 〈t〉 =

∫∞
−∞ tD(t)dt∫∞
−∞D(t)dt

. (2.5)

The lifetime can be extracted based on the fact that the centroid CD of the delayed time distribution is shifted
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with respect to that of a corresponding prompt time distribution CP (D) by the mean lifetime [90]:

τ = CD − CP (D). (2.6)

In the case of the anti-delayed (AD) time distribution, the lifetime is obtained by a shift from the prompt

distribution to the left, i.e., τ = CP (AD) − CAD (see Fig. 2.19(b)). The centroids are indicated in Fig. 2.19(b)

by dashed vertical lines. Note that due to the energy dependence of the centroid, CP (D) and CP (AD) are

different. Both equations are used in a more refined version of the centroid shift method, the centroid difference

method which was introduced in Ref. [76] to measure lifetimes with reduced systematic uncertainties. In short,

the centroid difference ∆C between delayed and anti-delayed time distribution is measured and the lifetime is

obtained by correcting this centroid difference according to the centroid difference of both prompt distributions.

Due to the fact that each distribution (delayed and anti-delayed) is shifted by τ , the corrected centroid difference

amounts to twice the mean lifetime [76]:

∆C = CD − CAD = CP (D)− CP (AD) + 2τ = PRD + 2τ. (2.7)

The last step in Eq. (2.7) introduces the so-called prompt response difference formed by the combined γ-γ

time walk characteristics of the system. It is given by the difference in prompt centroids of the delayed and

anti-delayed time distribution, i.e., PRD = CP (D)−CP (AD). The generalization for a system of N detectors is

known as the generalized centroid difference (GCD) method [92].

Equation (2.7) holds under the assumption of no background contributions to full energy peak (FEP) events.

In an experiment, background is unavoidable and the main contribution results from Compton scattered γ rays.

The measured centroid has to be corrected for the time response of the background. The measured time differ-

ence of the feeder-decay coincidence is composed of four components: the true peak-peak (pp) coincidence,

the coincidences of one peak contribution with the background from the other peak (pb/bp) and the background-

background (bb) coincidences. Thus, the measured centroid has to be corrected for all those components

according to the formula given in Ref. [57]:

Ctpp =
nppCpp − npbCpb − nbpCbp + nbbCbb

npp − npb − nbp + nbb
. (2.8)

Here, Ctpp is the true position of the centroid after correcting the measured centroid Cpp for the background

time distributions: Cpb, Cbp and Cbb. The correction has to be weighted according to the number of counts n

in each component. For more details the reader is referred to Ref. [57]. Note that the time response of the
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background cannot be measured at the FEP and, therefore, has to be interpolated by measuring it before and

after the FEP.

2.3.5 Optimization of LaBr3(Ce) timing
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Figure 2.20: Fine time-shift correction for the LaBr3(Ce) detectors. (a) Centroid position of the LaBr3(Ce) prompt
peak after applying a gate on the 1279 keV, 2+1 → 0+1 transition in 134Te. The dashed black line is to guide the
eye and the solid red denotes the ±100 ps range. (b) Time difference spectrum before and applying the fine
time-shift correction.

As shown in Tab. 2.3, the fraction of LaBr3(Ce)-LaBr3(Ce)-HPGe coincidences is rather low and, thus, an

optimization of the usable LaBr3(Ce) data is essential. The time alignment of detectors as shown in Fig. 2.10 is

the first step. In order to improve the resolution, additional in-beam data is used to measure the centroid of the

LaBr3(Ce)-LaBr3(Ce) time difference distribution after gating on the 1279 keV transition belonging to the isomer

in 134Te. The centroids for each detector crystal are shown in Fig. 2.20(a). While most values are below or

around the 100 ps limit (solid red line), one detector has a significantly shifted centroid. After implementing a

correction for all the detectors, the time distribution is improved as can be seen in Fig. 2.20(b). The tail in that

spectrum due to the delayed inelastic neutron scattering still remains but a substantial part of the shoulder is

shifted back into the main peak, thus, improving the overall resolution and increasing the usable data.

Two different LaBr3(Ce) rings were used one of which comprised cylindrical and the second one conical

scintillator crystals. By looking at the time resolution of each crystal individually, it could be noted that the

second ring has a much narrower time resolution. This is shown in Fig. 2.21 where the time distribution of

the first ring is compared to the second ring. These spectra were again obtained by selecting clean events in

coincidence with the 1279 keV transition in 134Te. For the analysis with enough statistics and where a good time

resolution is needed, the detectors belonging to the first ring were omitted. Note that in the case of LaBr3(Ce)
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timing with respect to the beam pulse this is not necessary as the intrinsic resolution due to the beam pulse

itself is an order of magnitude worse (see Sec. 2.3.6).

Scattering of γ rays between LaBr3(Ce) detectors leads to cross-talk between neighboring detectors. This

can be visualized in a matrix plotting the counts of each LaBr3(Ce) coincidence with respect to one another

as presented in Fig. 2.22. The detector with the ID 2 was not working and is therefore excluded in this matrix.

Several diagonals with enhanced statistics can be identified. The IDs plus or minus one are always enhanced as

well as the ID plus ten. This corresponds to the fact that each LaBr3(Ce) detector has three direct neighbors: two

within one sub-ring and one between the two rings, as shown in Fig. 2.2(b). For example, LaBr3(Ce) detector

number 9 has the direct neighbors 8,10 and 19. A nearest neighbor suppression is consequently applied to

avoid cross-talk.

2.3.6 Lifetime measurements applied to the data and selected results
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Figure 2.23: Range for the lifetime measurements used in this work for different detectors and methods. The
label ‘T’ refers to the timing measurement with respect to the beam pulse and the method ‘∆T’ to time difference
measurement for a given detector pair.

In the presented experiment, lifetimes from several hundreds of ns down to tens of ps can be measured

by utilizing different detector types and analysis methods. Figure 2.23 shows a schematic overview of the

accessible lifetime ranges for each analysis technique. For lifetimes above tens of ns, HPGe timing with respect



————————– 47

to the beam pulse is sufficient and the slope method can be applied. When going down to about 1 ns, the

lifetime sensitivity of the HPGe detectors can be increased by utilizing information from the prompt Gaussian

and applying the convolution method. For similar and lower lifetimes, the LaBr3(Ce)-beam timing is suitable. The

intrinsic width of the beam pulse of about 2 ns FWHM restricts the lifetime measurement to approximately 0.5 ns.

It is important to note that when measuring lifetimes with respect to the beam pulse, the result is an effective

lifetime of the sum of lifetimes feeding that particular state. If these contributions are negligible, for example

in the cases of long-lived isomers, the lifetime of a particular state can be given precisely. For lifetimes in the

sub-ns range, LaBr3(Ce)-LaBr3(Ce) time differences have to be considered. The accessible range depends

on the sensitivity of the chosen method (see Sec. 2.3.4). The slope method is suitable for lifetimes around or

above 1 ns. The convolution method increases the sensitivity down to about 50-100 ps. In this case, the time

distribution is fitted using a convolution of a prompt Gaussian with an exponential decay:

f(x) =
(
e−λx

′
)
∗
(
Ne−x

′2/2σ2
)

+ c

= N

∫ ∞
0

e−λx
′
e(x−x

′)2/2σ2

dx′ + c

=
N

2
e−λ(x−(σ

2λ)/2)
[
1 + erf

(
x− σ2λ√

2σ

)]
+ c.

(2.9)

The free parameters to be extracted from the fit to the data are the decay constant λ, the normalizationN , the

width σ and the constant background c. erf(x) is the so-called error function and describes the area under the

Gaussian curve between −x and x [93]. Note that Eq. (2.9) describes the convolution of a Gaussian centered

around zero. In order to apply it to an arbitrary position x0, the integral variable needs to be shifted accordingly,

i.e., x′ → (x′−x0). This results in a total of five free parameters. In this work, the variation of fit parameters from

the convolution method are shown as error bands. This uncertainty includes statistical fluctuations from varying

the fit region, background component and prompt width.

The prompt width σ is the most sensitive fit parameter in Eq. (2.9) and has to be investigated before fitting

the time distribution curves. The energy dependence of σ is given in Fig. 2.24 for different detector and lifetime

methods mentioned in Fig. 2.23. These curves can be used to limit the parameter σ in the lifetime analysis.

The prompt width was obtained by fitting the time distributions after gating on transitions with negligible lifetime

contributions. For HPGe-beam timing, this includes lifetimes of states below 1 ns and the resulting curve is

shown in Fig. 2.24(a). The data points are fitted using an exponential decay curve and a prompt width of about

6 ns is obtained for energies around 1 MeV (corresponding to FWHM≈14 ns). A sharp increase in σ can be

obtained for energies below 500 keV which reflects the poor time resolution for low γ-ray energies.
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Figure 2.24(b) shows the energy dependence in the case of LaBr3(Ce)-T measurements. The sharp increase

of σ at lower energies is not as pronounced as for the HPGe detectors. This is due to the (almost) energy-

independent beam profile which has an intrinsic width of about 2 ns. This width is much higher compared to the

intrinsic one of the LaBr3(Ce) detectors and, therefore, dominates the dependency.

The energy dependence of the prompt widths for LaBr3(Ce)-LaBr3(Ce)-∆T measurements is shown in

Fig. 2.23(c) and has already been used in Refs. [94, 95] to measure lifetimes in the sub-ns range. The val-

ues of σ are 0.6 ns for energies around 300 keV and drop to below 0.3 ns for energies above 600 keV. The

data points in Fig. 2.24(c) are obtained by fitting prompt distributions of well-populated fission fragments from

the in-beam data. Prompt means lifetimes below or around 15 ps. An example is shown in Fig. 1 of Ref. [94] for

the 6+1 state in 140Xe with a half-life of τ < 8.6 ps [96]. The spectrum is fitted with a Gaussian function and the

σ parameter is extracted. This was done for several transitions of well-known fission fragments and resulted in

the energy dependence shown in Fig. 2.24(c). It has to be noted that all three curves in Fig. 2.24 are reference

points and the interpolated values for the lifetime fits have uncertainties that have to be taken into account in the

result.

To determine the uncertainty from the fit function in Eq. (2.9), a variation of fit region, prompt width and

background contribution is used to introduce systematic uncertainties. The resulting error is obtained by adding

these contributions in quadrature according to:

∆τ =
√

∆τ2Fit + ∆τ2Region + ∆τ2BG + ∆τ2Prompt. (2.10)
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The individual uncertainties in Eq. (2.10) have different contributions to the overall uncertainty ∆τ and mainly

arise from the low statistics which is reflected in the large error bars (see results in Sec. 2.4). The uncertainty

from the variation of the fit region and the background component are comparably small. The variation of the

prompt width results in big fluctuations of the resulting lifetime but can be controlled through the functions in

Fig. 2.24. Thus, the largest contribution comes from the fit itself which is rather large due to the low statistics.

For lifetimes lower than accessible through the convolution method, the centroid shift method can be used

which is applicable for lifetimes down to tens of ps, see Fig. 2.23. However, this method was not applicable to the

LaBr3(Ce) data in this work due to the lack of calibration data recorded during the experiment. In the following,

examples of timing measurements in the different lifetime regimes will be presented using selected results.
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Figure 2.25: (a) Energy vs. time matrix after applying a gate on the 297 keV 4+1 → 2+1 transition in 134Te.
The energy axis is zoomed around the 1279 keV 2+1 → 0+1 transition in 134Te. (b) Energy projection of the
matrix for prompt (t < 60 ns) and delayed (t > 60 ns) events. The spectra are labeled with their respective
peak-to-background (P/B) ratio.

The procedure of measuring half-lives of long-lived isomeric states is shown for the 6+1 isomer in 134Te. The

identification of γ rays has already been shown in Fig. 2.16. In order to verify the isomeric character of the

1279 keV γ ray, a HPGe gate on the 297 keV 4+1 → 2+1 transition is applied. The resulting time-energy matrix

zoomed around 1279 keV is shown in Fig. 2.25(a). The time is limited to one beam pulse time window, i.e.,

400 ns. While most background events are located around the prompt position at 45 ns, the 1279 keV peak of

interest is spread over the full 400 ns time window. This indicates that the transition is below an isomer with

a half-life in the order of hundreds of ns. The half-life can be measured by a projection of the time axis after

applying an energy cut on 1279 keV. The resulting time spectrum and half-life is provided in Sec. 2.4.
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The advantage of having a pulsed primary beam for the determination of isomers is visualized in Fig. 2.25(b).

The projection of the γ-ray energy is shown for two time slices; prompt events have t < 60 ns and delayed γ

rays have t > 60 ns. The number of counts for the delayed cut is higher by about a factor of two which can be

explained by the longer time window. In fact, the number of counts normalized to a 100 ns time window is about

a factor 2.5 higher in the prompt cut. However, the peak-to-background ratio increases significantly from 6.52(8)

in the prompt window to 55.5(8) in the delayed one.

A limiting aspect in determining accurate half-lives is the number of counts in the time spectra. In order to

have a reasonable amount of counts in the useful part of the time spectrum (up to five T1/2), about 103 counts

are necessary. This sets a limiting condition on the accessible isomers depending on the yield, γ-ray energy

and isomeric ratio. In the example of 134Te, around 4 · 104 counts are present in the peak of interest which

corresponds to a yield of 4.18 % (see Tab. 2.1). Neglecting changes in efficiencies and isomeric ratios, isomers

of isotopes with yields down to 0.1 % should be accessible.

LaBr3(Ce)-beam timing

The application of lifetime measurements using the LaBr3(Ce) timing information with respect to the beam pulse

will be presented for the lifetime of the (15/2+1 ) state in 135I which was previously measured to be 2.51(12) ns

[69].
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Figure 2.26: Lifetime measurement of the (15/2+) state in 135I. (a) HPGe (red) and LaBr3(Ce) (blue) energy
spectra gated on the 1134 keV (11/2+) → 7/2+ transition. (b) Background-subtracted LaBr3(Ce) time distribu-
tion for the sumup of the 288 keV and 1134 keV transitions. Taken from Ref. [95]. (c) Relevant part of the level
scheme in 135I and the lifetime of the state of interest taken from Ref. [97].

Figure 2.26(a) shows the energy spectrum after applying a gate on the (11/2+1 ) → 7/2+1 transition in 135I.

The spectrum is zoomed around the 288 keV (15/2+1 ) → (11/2+1 ) transition which is visible in both HPGe and

LaBr3(Ce) detectors. The lifetime of the (11/2+1 ) state is much smaller than the τ of the (15/2+1 ) state (upper
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limit determined in this work, see Sec. 2.4) and, both 1134 keV and 288 keV time distributions can be added

for a precise measurement of the (15/2+1 ) state. This background-subtracted summed-up time distribution is

shown in Fig. 2.26(b). According to the description in Sec. 2.3, a fit value of τ = 2.340(115) ns is obtained. Note

that the fit extends only to about 50 ns to avoid contributions from time-delayed inelastic neutron scattering, that

occur 10-15 ns after the prompt γ rays, as shown in Fig. 2.14. The shaded areas in Fig. 2.26(b) represent the

uncertainty of the fit parameters and the variation of fit regions. Within the uncertainty, the result is consistent

with the previous measurement. In Ref. [69], the value was calculated from a weighted average of four different

values obtained from different gate combinations: 2.61(26) ns, 2.67(20) ns, 2.40(2) ns and 2.38(20) ns. The

result obtained in this work is consistent with two of those values and adds an independent measurement to

reduce the relative uncertainty for the lifetime of this state.
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Figure 2.27: (a) Background subtracted time spectra of the 152 keV γ ray measured with the HPGe detectors
(blue histogram) and LaBr3(Ce) scintillators (red points). The data are fitted according to Eq. (2.9). (b) Partial
level scheme of 102Zr with data taken from Ref. [98].

As discussed in the beginning of this section, the convolution method can be used for lifetimes in the ns

range either with the HPGe or the LaBr3(Ce) detectors. In the following, an example of the well-populated 102Zr

isotope will be discussed using both, HPGe-beam timing and LaBr3(Ce)-beam timing. First, a clean HPGe gate

on either the 487 keV 6+1 → 4+1 or the 326 keV 4+1 → 2+1 transition is applied to select the nucleus of interest.

Then, to measure the lifetime of the 2+1 state, the timing information of the 152 keV γ ray with respect to the

beam pulse is projected. According to the lifetime τ = 2.6(6) ns [98], LaBr3(Ce)-beam and HPGe-beam timing
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are suitable, see Fig. 2.23.

Figure 2.27(a) shows the HPGe and LaBr3(Ce) time distributions of the 152 keV γ ray in 102Zr. The relevant

part of the level scheme is shown in Fig. 2.27(b). The superior time resolution of the LaBr3(Ce) detectors

compared to the HPGe detectors is emphasized by the narrower prompt distribution. This enhances the slope

on the right side of the prompt distribution which is barely seen in the HPGe detectors. The time distributions

are fitted as described before with the convolution method. The width of the prompt function amounts to about

11 ns for the HPGe and 2.4 ns for LaBr3(Ce) detectors, in accordance with the prompt widths determined in

Fig. 2.24. The resulting half-lives are 2.6(7) ns and 2.7(3) ns for HPGe and LaBr3(Ce) detectors, respectively.

The adopted value amounts to 2.68(27) ns and matches the value from evaluated nuclear data base [98]. The

consistent results from both detector measurements support the result and emphasizes the capabilities of the

lifetime ranges presented in Fig. 2.23. Note that the LaBr3(Ce) was only fitted up to about 50 ns due to the time

structure around 55 ns from inelastic neutrons scattering reactions with the detectors, see Fig. 2.14.

Sub-ns lifetime measurement

In this section, the ns/sub-ns lifetime measurement with a known and an unknown case is discussed in more

detail. The procedure for LaBr3(Ce)-LaBr3(Ce)-∆T measurements is always the same and has been explained

in Sec. 2.3.4. The time difference spectra are fitted using Eq. (2.9). To validate the cleanliness of the LaBr3(Ce)

gates, HPGe spectra after one of the LaBr3(Ce) gates are projected and checked for contaminants using the

superior energy resolution of the HPGe detectors.
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Figure 2.28: (a) Delayed LaBr3(Ce) energy projection after applying a HPGe gate on several transitions in 134Te
(red) and an additional LaBr3(Ce) gate on 115 keV (blue). (b) Time distribution of the 4+1 state in 134Te [94, 99].

The 4+1 state in 134Te is known to have a lifetime of τ = 1.96(16) ns [87]. Feeding and decaying transition
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energies are 115 keV and 297 keV, respectively (see Fig. 2.16). Figure 2.28(a) shows delayed LaBr3(Ce) energy

projections after selecting 134Te using a sum of HPGe gates. Both transitions below the isomer are clearly

visible in the red spectrum. After applying an additional LaBr3(Ce) gate on the 115 keV feeding transition,

the 297 keV peak-to-background ratio is enhanced. To support the correct assignment to the 134Te nucleus,

coincidences with the HPGe detectors were used. The time difference spectrum after the second LaBr3(Ce)

gate on the decaying 297 keV transition is shown in Fig. 2.28(b). The distribution was fitted using a convolution of

a prompt Gaussian and an exponential decay. The width of the prompt function is limited by the function given in

Fig. 2.24(c). The resulting lifetime of τ = 2.02(14) ns is consistent with the previous measurements while slightly

reducing its uncertainty. The error takes into account the variation of the fit region, background and prompt

width and its effect is visualized by the shaded area in Fig. 2.28(b). Measuring the slope of the exponential

tail without the convolution results in a value of 1.9(4) ns, see Ref. [99]. A cross check with HPGe-HPGe-∆T

data results in a limit of τ < 2.5 ns which is consistent with the other measurements. This demonstrates the

capability to measure lifetimes in the ns/sub-ns range using LaBr3(Ce)-LaBr3(Ce) time difference measurements

and confirms the previous results. It is also shown that both, slope and convolution method, yield consistent

results with HPGe and LaBr3(Ce) detectors.
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Figure 2.29: Energy projections for LaBr3(Ce) (blue) and HPGe (red) after applying a first HPGe sum gate to
select the 136Te nucleus and a LaBr3(Ce) gate on the de-exciting 424 or 353 keV transitions for the (a) 4+ and (b)
6+ states, respectively. Time-difference distributions to determine the lifetimes of the (c) 4+1 and (d) 6+1 states.
(e) Relevant part of the level scheme in 136Te with energies given keV [94].
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Next, the method will be applied to excited states in 136Te. The relevant yrast sequence for the lifetime

analysis is shown in the level scheme of Fig. 2.29. The 4+1 state has a lifetime known from Coulomb excitation

measurement which amounts to 100(14)ps [100]. Energy projections for LaBr3(Ce) and HPGe detectors after

the HPGe sum gate and an additional LaBr3(Ce) gate on the 424 keV 4+1 → 2+1 decaying transition is shown

in Fig. 2.29(a). In this spectrum, the 353 keV transition feeding the 4+1 state is nicely visible and no contami-

nants are around the peak of interest. The time difference between the 353 keV (feeder) and 424 keV (decay)

transitions i.e., ∆T (424, 353), is used to measure the lifetime of the 4+1 state and is depicted in Fig. 2.29(c).

The resulting lifetime τ of 142+38
−60 ps takes all previously described uncertainties into account, see Eq. (2.10).

This value is consistent with the result from a Coulomb excitation experiment and confirms the sensitivity of the

convolution method for sub-ns lifetime measurements.
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Figure 2.30: Determination of the lifetime error of the 6+1 state in 136Te using a χ2 analysis. (a) χ2/NDF as a
function of lifetime value for the variation of the fit region (red) the background component (blue) and the width of
the prompt Gaussian (black). (b) Fluctuation of lifetime results from different fits. The solid black line represents
the mean lifetime and the dashed lines are asymmetric upper and lower error.

The previously unknown 6+1 lifetime is determined by measuring the ∆T (353, 749) time difference. As for the

4+1 state, energy projections and time difference spectra are shown in Fig. 2.29(b) and (d), respectively. After

a LaBr3(Ce) gate on the decaying 353 keV transition, the 749 keV peak appears rather cleanly. The obtained

∆T (353, 749) spectrum (see Fig. 2.29(d)) was fitted in the same way using the information on the prompt-time

distribution from Fig. 2.24 and results in a lifetime of τ = 320+74
−97 ps.

The uncertainties are evaluated using a χ2 analysis. From the variation of each contributing parameter in

Eq. (2.10), a weighted average is obtained. Then, each residual from the weighted mean is calculated to find

upper and lower limits for the lifetime value. This results in an asymmetric uncertainty and reflects the sensitivity

range of the analysis technique. Fits with unreasonably high χ2 values are excluded from this procedure. An

example is shown in Fig. 2.30 for the lifetime of the 6+1 state in 136Te. In Fig. 2.30(a), the χ2/NDF values
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are plotted for all the different fits. Values above a certain threshold (shown as dashed line) are excluded

in the uncertainty analysis. This threshold is case dependent and for the 6+1 state in 136Te everything above

χ2/NDF = 3.3 is excluded, which corresponds to a 20 % increase with respect to the minimum χ2/NDF value

from all the applied fits. In Fig. 2.30(a) it can be seen that the fluctuation of the result is rather small for

the variation of fit region and background component. On the other hand, the lifetime is very sensitive to the

variation of the prompt region. In Fig. 2.30(b), the resulting mean lifetime from all the accepted fits is shown

together with the fluctuation around that value indicated by dashed lines.



——————————56

2.4 Results

2.4.1 Population and spectroscopy of fission fragments

Fission yields

The measurement of fission yields is essential not only for the population of neutron-rich nuclei but also the

fission process itself and its application to nuclear energy. Fission yields of the 238U(n,f) reaction were measured

in Ref. [65] in a similar setup using the MINIBALL spectrometer [101]. The average neutron energy produced by

the LICORNE neutron source was En ≈ 1.97 MeV in Ref. [65] with respect to En ≈ 1.7 MeV used in the present

work.
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Figure 2.31: (a) 238U(n,f) fission yields measured with the MINIBALL spectrometer (Ref. [65]) and the ν-ball
array (this work) as a function of neutron number for the isotopes of interest. The yields are normalized to 134Te.
(b) Ratio of yields deduced from the present work and from the MINIBALL measurement as a function of neutron
number.

For the even-even nuclei, the yields are deduced by gating on the 2+1 → 0+1 transition and summing up

all intensities feeding the 2+1 state. Corrections for isomeric states and other direct ground state transitions

are applied. Unobserved isomeric decays due to the limited time window from the beam pulse are accounted

for according to the probability to decay within one beam pulse which is governed by the isomeric half-life.

Furthermore, ground state transitions that have not been observed are also considered and their intensities

estimated from previous fission studies. For odd-even nuclei, the intensities of all transitions feeding the first

excited states are summed up. Estimations of unobserved ground state transitions based on previously reported

data from spontaneous fission experiments are also included and result in a larger systematic uncertainty.

Figure 2.31 shows the fission yields measured in this work compared with the ones from Ref. [65] as a function

of neutron number. Figure 2.31(a) shows the yields for tellurium and iodine isotopes, normalized to the 134Te
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yield (which itself amounts to 4.18 %, see Tab. 2.1). The MINIBALL yields for the odd-Z iodine isotopes are

estimated from the even-even measurement and their relative uncertainty was assumed to be 10 %. For all

even-even nuclei, the measured yields match the previously reported values within the error margins. For the

interpolated iodine isotopes, the value at N = 82 (135I) is much smaller compared to the estimation based on

the MINIBALL data. This discrepancy is further visualized by the plot in Fig. 2.31(b) where the ratio of the two

measurements is plotted. All data points are around unity except the value of 135I which is placed at about 0.6.

The technique to measure fission yields by γ-ray spectroscopy has some disadvantages for odd-even (and

odd-odd) nuclei. Due to their increased level density, some intensities feeding the ground state may not be

accounted for. However, in the cases of 135,137,139I, a maximum of two ground state transitions were observed in

this experiment (see next section about intensities and level schemes). For 135I, the only ground state transition

that was observed is the (11/2+1 ) → (7/2+1 ) transition. A possible (9/2+1 ) → (7/2+1 ) was not observed in the

present data and has also not been reported in previous fission experiments [102, 103]. Thus, if at all, only a

small contribution can be added due to the unobserved (9/2+1 ) → (7/2+1 ) transition and cannot account for the

discrepancy of almost a factor two. It is important to note the semimagic nature of 135I and its importance in

nuclear reactor application as the precursors of the reactor poisoning 135Xe [104].

Neutron evaporation channels

During the fission of a fissile system into two fragments, several neutrons are emitted. This number amounts to

typically 2-3 neutrons per fission. The average neutron evaporation as a function of incident neutron energy is

a well-known quantity and amounts to 2.7 for 238U(n,f) fission at a neutron energy of 1.7 MeV [105].

However, little is known about the distribution of emitted neutrons for a given nucleus. Given the fact that

only integer numbers of neutrons can be evaporated, a certain distribution of neutrons has to account for the

averaged value. In this work, contributions from one to five evaporated neutrons are assumed to account for

100 % of the emission probability. Figure 2.32 shows the distribution of evaporated neutrons as a function of

mass number for the tellurium isotopic chain. The average neutron emission per isotope ν̄ is consequently

calculated by the first moment of the neutron distribution, i.e., ν̄ =
∑5
i=1 i · pi. Here, pi is the emission probability

for a given number of neutrons emitted i and can be found in the respective cell of the matrix in Fig. 2.32. In the

following, the approach will explained in more detail using the example of 134Te.

The binary fission partner of 134Te are, depending on the number of evaporated neutrons, 100−104Zr. The

probability for a given neutron channel corresponds to the relative intensity of this particular partner nucleus with

respect to the sum of all possible channels after gating on a transition in 134Te. The intensities for even-even
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Figure 2.32: Evaporated neutrons per fission fragment (top) and average neutron distribution (bottom) against
mass of the tellurium isotopes populated in the 238U(n,f) reaction at an average neutron energy of 1.7 MeV. The
numbers are given as relative number in % (assuming 100 % for up to five neutrons).

partner fragments were deduced by measuring the intensity of the corresponding 2+1 → 0+1 transition. For the

odd-A cases, the unknown intensity was estimated based on known values from Refs. [106, 107]. In 103Zr, for

example, the unknown feeding is deduced relative to the 147 keV (9/2−1 ) → (7/2−1 ) transition and, therefore,

I(103Zr) = I109 + I256 + Iunobserved = 1.96 · I147. The intensities from 103Zr are taken from Ref. [106]. The

contribution from the two unobserved ground-state transitions, also previously unobserved in fission, is assumed

to be of the order of 5 % which takes into account the observation limit of the corresponding γ rays. This example

of 103Zr was used for the 134Te (2n channel) and 135Te (1n channel). The procedure was applied for all tellurium

isotopes up to mass 138. As it is not possible to apply a clean gate on the 271 keV ground state transition in

139Te from the full projection data, a relative measurement based on 138Te is proposed. Inverse gates on the

shared binary fission partners 96−99Zr are applied. The relative intensity of the 271 keV (9/2−1 )→ (7/2−1 ) to the

(2+1 )→ (0+1 ) transition in 138Te is used to determine the neutron channels relative to 138Te. For the five neutron

evaporation channel 95Zr, a value of < 6 % is assumed, based on comparison with the other tellurium isotopes.

The average number of evaporated neutrons is shown in the bottom panel of Fig. 2.32 and is between 2.5

and 2.7 which is expected for this type of reaction. More than 50 % is concentrated in the two and three neutron

evaporation channel with a small contribution from one and four neutrons of around 20 %. The evaporation of

five neutrons is less significant with lower than 10 %, but not negligible and more probable as in thermal induced
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fission (see, for example, Ref. [108]). An important observation can be made from Fig. 2.32 with respect to

odd-even effects. The neutron emission peaks at 3n for the even fragments 134,136,138Te and at 2n for the odd

fragments 135,137,139Te. This means that the strongest binary partner for an even A fragment is the same as for

the A + 1 fragment and their intensities are close or the same. Hence, the strongest fission partner is always

an even fragment which may present evidence for odd-even effects in the neutron evaporation probability of

fast neutron-induced fission. This is the first time such an investigation has been performed and yields valuable

insights into the mechanisms of nuclear fission. It will be interesting to compare this to other types of fission

reactions which is outside the scope of this work.

γ-ray intensities and level schemes for the nuclei of interest

The production of neutron-rich fission fragments yields valuable information on general fission properties and is

important for the design of next generation radioactive beam facilities. The population of states in a given frag-

ment gives insights into the generation of angular momentum in nuclear fission, see Ref. [111]. Furthermore,

correlations between different observables are of particular importance to gain insights into the fission mech-

anism itself. In this section, the population of neutron-rich isotopes beyond 132Sn will be discussed from the

different measurements with the ν-ball array. This is done by looking at the γ-ray intensities detected using the

HPGe detectors from the ν-ball array. Single- or double-gated HPGe spectra are used to measure the number of

counts in each peak and, after correction for efficiency, are normalized to the strongest transition. The efficiency

curve for the 238U(n,f) reaction at 1.7 MeV average neutron energy is shown in Fig. 2.4. The efficiency for the

second 238U(n,f) experiment was slightly lower. No self-absorption effects were present in the 252Cf source run.

The results of the transitions observed in the first 238U run are shown in Fig. 2.33 for the tellurium isotopes and

Fig. 2.35 for the iodine isotopes. Details on the intensities in addition to the ones from the other experiments

can be found in the appendix A. Because of the limited measurement time for the 252Cf and the second 238U

experiment, only strong γ rays are listed for those reactions. The excitation energies are always determined

from the first 238U measurement.

From the production cross section in Tab. 2.1 it is evident, that of all investigated nuclei 134Te is the strongest

produced in the 238U(n,f) reaction. This explains the abundance of levels observed for this nucleus with respect

to the others. Spins up to J = 15 ~ in 134Te or J = 33/2 ~ in 137I were observed, comparable to measurements

with data obtained from spontaneous fission of 248Cm [102] but higher than observed in thermal neutron-induced

fission on 235U [112]. The population in fast neutron-induced fission provides valuable input on the population

of angular momentum and excitation energy of fission fragments [111].
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Figure 2.33: Experimental level schemes for 134,136,138Te isotopes observed in the 238U(n,f) reaction [94]. The
intensities are normalized to the 2+1 → 0+1 transition. Half-lives (lifetimes) of excited states are given in ns (ps).
New information is highlighted in red. Spin and parity assignments and literature values are taken from the
respective evaluated data sheets [87, 109, 110].
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In the following, the population of different nuclei will be compared with a focus on the first 238U measurement.

Fig. 2.33 shows the level schemes of 134,136,138Te and Fig. 2.35 the ones of 135,137,139I isotopes as observed in

this work. When looking at the even-even nuclei, the 6+1 → 4+1 → 2+1 → 0+1 cascade is observed with similar

intensities (see Tabs. A.1, A.2 and A.3). A notable difference in the yrast sequence is present for the 8+1 → 6+1

transition. It evolves from 9.9(11) % in 134Te, to 39(4) % and 25(3) % in 136Te and 138Te, respectively. This

change from the semimagic 134Te to 136Te can be further underlined by the high excitation energy of the 8+1

state in 134Te due to its core breaking nature.

Another interesting difference lies in the non-yrast states which are significantly stronger observed in 134Te

compared to 136,138Te. In 134Te, such transitions have significant contributions (e.g., 5.9(6) % for the (62)+ → 6+1

transition) with respect to the low intensity in 136Te (< 0.5 %) and the non-observation in 138Te. Additionally, no

negative parity states in 136,138Te are observed as in 134Te. This can be explained by the nature of the negative

parity states requiring the breaking of a neutron pair and the involvement of orbitals with different parity. While

for 134Te, this results in a core breaking configuration, it is less likely to have such states when moving away from

the closed shell. Inside the model space, negative parity states would have to involve the ν(0h9/2) or π(0h11/2)

orbitals which are both very high in energy (see Fig. 1.6). A similar observation of non-yrast and negative parity

states in the N = 82 isotone 135I compared to the non-observation in the 137,139I isotopes can be stated (see

Tabs. A.4, A.5 and A.6). This will be addressed in Sec. 2.5.

As can be seen in Fig. 2.33, new information on a transition feeding the non-yrast (2+2 ) was obtained within

this work. The energy was already determined to be 810(15) keV with a large uncertainty [113]. In order

to measure this transition more accurately, the good energy resolution of the HPGe detectors present in this

experiment is utilized. Figure 2.34 shows three γ-ray spectra with different gates involving the 606 keV, 2+1 → 0+1

transition in the region where the (4+2 )→ (2+2 ) transition is expected. In the 606-962 keV gate combination (red),

a strong peak at 817 keV is visible which is consistent with the previous findings. A small contribution from a

814 keV transition is present, originating from contamination of 140Xe which has a much higher production yield

than 136Te. In addition, a gate on the 606 keV transition together with several zirconium partner nuclei is shown

(blue). A clear double peak structure of 814 and 817 keV is emerging. Note that the background contribution is

much higher and, thus, the 814 keV line is stronger. To confirm that this peak is the transition of interest and it is

correctly placed in the 136Te level scheme, a spectrum gated on 606 - 424 keV γ rays is provided (black), where,

as expected, no such peak can be seen. In coincidence relations with the partner nuclei and the 2+
2 transition

of 962 keV, the 817 keV transition can still be seen, proving its position in the level scheme. The energy of this

transition including systematic and statistical uncertainties can be fixed to 817(1) keV which results in a new
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excitation energy of 2385.0(13) keV for this state.
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Figure 2.34: Prompt HPGe spectrum gated on the 606 keV, 2+1 → 0+1 transition in 136Te and (1): the 424 keV,
4+1 → 2+1 transition (black), (2): the 962 keV (2+2 ) → 2+1 transition (red) and (3): zirconium partner gates (blue).
Transitions are labeled with their respective energy and the newly assigned transition in 136Te is highlighted with
an asterisk. Adapted from Ref. [94].

In this data, no direct branch to the ground state is observed which suggests a spin difference of ∆J ≤ 2.

From the preferred multipolarity (either M1, E2 or mixed M1/E2) of such a transition, the spin can be fixed to

either (3+, 4+) for the 2385.0 keV state. Because of the close energy of these states predicted from shell-model

calculations at 2277.4 keV for the 4+3 state and 2308.1 keV for Jπ = 3+ [94], both candidates are supported by

the shell model. As no distinction between multipolarities is possible, a spin of (4+) was assumed in this work

[94]. An upper limit for the intensity of this (4+2 )→ (2+2 ) transition relative to the 2+1 → 0+1 intensity is deduced to

be < 0.25%, see Tab. A.2.

The reconstructed level schemes from transitions observed in the odd-Z iodine isotopes are shown in

Fig. 2.35. The ground states in these nuclei are dominated by the unpaired proton in the π(0g7/2) shell, re-

sulting in a (7/2+) ground state. The intensities are more fragmented for those odd-A isotopes compared to the

even-A tellurium isotones, but the overall systematic decrease in intensity when moving up the yrast sequence

is still present. The increase of collectivity as a function of neutron number N can be clearly seen in the drop

of excitation energy of the (11/2+1 ) state from 1134 keV in the semimagic 135I isotope down to 620 keV and

435 keV for 137,139I, respectively. Another difference is the emergence of two bands build on top of the (11/2+1 )

and (9/2+1 ) states when moving away from the closed shell at N = 84, 86. This leads to a large number of inter-

band transitions. In 137I, these inter-band transitions are sometimes stronger than the intra-band transitions
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Figure 2.35: Same as Fig. 2.33 but for 135,137,139I [95].

within a single band.

The level structure of the semimagic 135I resembles the one of 134Te and transitions decaying from states of

similar origins were observed. Similar to the observation of the higher 6+1 → 4+1 intensity of the even-A tellurium

isotopes measured in this work compared to 248Cm spontaneous fission data was made for the iodine isotopes.

The (17/2+1 ) → (15/2+1 ) yrast transition is observed with an intensity of 72(9) % compared to 34(7) % from

the 248Cm(sf) reaction (see Tab. A.4). Likewise, the 500 keV (19/2+1 ) → (15/2+1 ) transition in 137I is about a

factor three stronger in this experiment compared to the 248Cm data given in Tab. A.5. Another difference when

comparing the γ-ray intensities in 135I is the stronger population of non-yrast states in the present 238U(n,f)

experiment compared to the 248Cm(sf) measurement. For 139I, the intensities are more comparable to the

previous data [114] with the exception of the intensities of the transitions de-exciting the first excited (11/2+1 )

and (9/2+1 ) states (see Tab. A.6). In the present measurement, the 419 keV (9/2+1 ) → (7/2+1 ) ground state

transition is seen strongest and in Ref. [114] the (11/2+1 )→ (7/2+1 ) transition is seen strongest.

2.4.2 Isomers above 132Sn

Isomeric states such as seniority isomers or energy traps near closed shells are particularly interesting because

they possess relatively pure wave functions. If the half-life is long enough compared to the time resolution of the

HPGe detectors (see Fig. 2.4), it can be measured by projecting the time distribution of a particular γ ray with
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respect to the beam pulse. The beam pulsation of 400 ns allows for a clean separation of prompt and delayed

γ rays and is well-suited for isomers in the half-life range of several tens of ns to hundreds of ns.
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Figure 2.36: Time distributions of the (a) 6+1 isomer and the (b) (12+1 ) isomer in 134Te. The time distribution is
fitted with (a) a single exponential decay or (b) an exponential decay curve (green) with time-dependent (blue)
and constant (black) background (b). Each figure is labeled with its state, gates and the resulting half-life. Taken
from Refs. [86, 94].

In 134Te, a 6+1 isomer based on a pure proton π(0g27/2) configuration is known with T1/2 = 164.1(9) ns [87].

This half-life value allows for the measurement of it via HPGe timing with respect to the beam pulse (method A

in Fig. 2.23). It decays via transitions of 115, 297 and 1279 keV to the ground state. The background subtracted

time distribution is shown in Fig. 2.36(a) and from an exponential fit, a half-life of 165(7) ns can is obtained.

The time distribution to measure the T1/2 of the (12+1 ) state in 134Te is shown in Fig. 2.36(b). First, a delayed

HPGe sum of single gates on transitions below the 6+ isomer is applied to tag the nucleus. In a second step,

the summed time distribution of the 1064 and 2865 keV transitions is projected and fitted with an exponential

decay and a time-dependent background. The background contribution is obtained for gates on both sides of

each energy peak and is included in the fit as a fixed parameter. Note that the 183 keV transition is not used due

to the low yield and the moderate time resolution at lower energies. From the fit, a value of T1/2 = 16.4(17) ns is

obtained, consistent with the only previous measurement of 18(2) ns [103]. This isomer is due to a core breaking

of the closed neutron shell, see Tab. 2.4.

In addition to the half-lives measured in 134Te, the half-live of the 6+1 isomer in 132Te was remeasured. A value

of T1/2 = 142(9) ns was obtained, in accordance with the previously reported value of T1/2 = 145(8) ns [41].

The half-lives measured in this work are summarized in Tab. 2.4. Furthermore, the isomeric decay schemes of

134Sn and 135Sb were confirmed by identifying the γ rays belonging to those decays. Note that while the level

scheme of 134Sn could be reproduced, it was expected to be stronger populated in the 238U(n,f) reaction.
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Table 2.4: Summary of isomer half-lives measured in this work. The gates to determine
the half-live are also listed. Main configurations are based on shell-model calculations
discussed in Sec. 2.5.

Nucleus Jπ Main Config. T1/2 [ns] Gates [keV]
This work Literature

132Te 6+1 π(0g27/2) 142(9) 145(8) [41] 974, 697

134Te 6+1 π(0g27/2) 165(7) 164.1(9) [87] 297, 1279
(12+1 ) π(0g27/2)ν(0h−111/21f17/2) 16.4(17) 18(2) [87] 1064, 2865

135I (23/2−1 ) π(0g27/2 0h111/2) 4.6(7) ≈ 5 [102] 1696

137I (29/2+1 ) ν(1f27/2)π(0g27/2 1d15/2) < 4 ≈ 4 [115] 424

2.4.3 Sub-ns lifetime measurements

Lifetimes of low-lying excited states are important to probe the evolution of nuclear collectivity and benchmark

theoretical calculations due to its sensitivity in the matrix elements. In the following, results of lifetime measure-

ments in neutron-rich tellurium and iodine isotopes beyond 132Sn are presented. The procedure was explained in

detail in Sec. 2.3 and is the same for all excited states. Because of the lifetime range, the LaBr3(Ce)-LaBr3(Ce)-

∆T data were used to measure the lifetimes (see method D in Fig. 2.23). HPGe sum gates are used in all cases

to select the nucleus of interest and construct LaBr3(Ce) energy-energy-∆T cubes.

The case of 138Te

The production yield of the 138Te isotope is approximately a factor five lower than for the 136Te isotope (see

Tab. 2.1) and, hence, lower statistics is expected compared to the spectra of 136Te shown in Fig. 2.29. In 138Te,

lifetimes of the yrast states up to the (6+1 ) state were measured for the first time.

Figure 2.37(a) shows the HPGe and LaBr3(Ce) energy projection after gating on the 649 keV (8+1 ) → (6+1 )

transition in 138Te and the 1222 keV 2+1 → 0+1 transition in the strongest partner nucleus 98Zr. All the transitions

below the (6+1 ) states are visible in the spectrum which can be used for the lifetime analysis. In Fig. 2.37(b) the

partial level scheme of 138Te is shown with all the relevant feeder-decay combinations used in the analysis.

For the 2+1 state, the nucleus of interest is selected via a HPGe sum gate on the 536 keV and 649 keV

transitions in 138Te and an additional HPGe gate on the 1222 keV, 2+1 → 0+1 transition in 98Zr. Then, the

LaBr3(Ce) ∆T (461, 443) time difference is used to gain information on the lifetime of the (2+1 ) state in 138Te.

A comparison to the HPGe data after applying the LaBr3(Ce) gate is done to check for the cleanliness of the

LaBr3(Ce) gates. The resulting time distribution is shown in Fig. 2.38(a) with a representative fit result. For the
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convolution fit, the prompt width was varied in the range determined in Fig. 2.24(c) for that respective energy

combination. Due to the limited data and the small energy difference of feeding and decaying transition, a

careful χ2/NDF analysis was performed. From different fits on the time distribution, the χ2/NDF was extracted

for a given value of the (2+1 ) lifetime. This dependency is plotted in Fig. 2.38(b) and a minimum around 70 ps is

visible. A lifetime of 69+35
−30 ps was obtained for the lifetime of the (2+1 ) state in 138Te.

The lifetime of the 4+1 state was measured by using the ∆T (443, 536) feeder-decay combination (see

Fig. 2.37). After applying a HPGe sum gate, LaBr3(Ce) gates on feeder and decay are applied. The time

distribution is shown in Fig. B.1 of the appendix B. A resulting lifetime of τ = 113+63
−44 ps was obtained [94].

The large uncertainty comprises all contributions mentioned in Eq. (2.10). The error is dominated by the low

statistics and the fluctuations due to the variation of prompt width.
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gate on HPGe detectors (red) and an additional LaBr3(Ce) decay gate (blue). The LaBr3(Ce) gate is indicated
by vertical lines (green) with various background regions (gray lines). (b) Time difference spectrum between the
536 - 649 keV transitions. Taken from Ref. [94].

The lifetime determination of the (6+1 ) state in 138Te is shown in Fig. 2.39. To select the cascade of interest,

HPGe gates on the 461 keV (2+1 ) → 0+1 transition and the 443 keV (4+1 ) → (2+1 ) transition are used. LaBr3(Ce)

energy projections after that HPGe sum gate (red) and an additional LaBr3(Ce) gate (blue) in 138Te are shown

in Fig. 2.39(a). A peak at 582 keV mainly originating from 140Xe dominates the spectrum but a structure around

530−540 keV is also visible. Gating on this structure (indicated by green lines in Fig. 2.39) and subtracting

background in the highlighted regions results in the spectrum shown in blue. A small peak around 650 keV

belonging to the 649 keV, (8+1 ) → (6+1 ) transition can be seen. The ∆T (536, 649) time difference spectrum

to extract the lifetime of the (6+1 ) state is presented in Fig. 2.39(b). From the convolution fit, a lifetime of τ =

50+35
−27 ps is deduced. As this value is at the limit of the sensitivity, it cautiously takes into consideration all the
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uncertainty factors from Eq. (2.10). In this case, the largest contribution to the uncertainty comes not only

from the statistical fluctuation when varying the fit region but also the systematic uncertainty when varying the

background component of the fit. Despite the large uncertainties in all these lifetimes, reflected by the low

isotopic population in this reaction and the low detection efficiency, this measurement presents the first lifetime

information on excited states in 138Te.

Lifetimes in 137,139I

In the following, the lifetime measurements in the iodine isotopes will be discussed in detail for the (9/2+1 ) states

in 137,139I according to the procedure explained in Sec. 2.3. The relevant parts of the level schemes are shown

in Fig. 2.40(a) for 137I and (b) for 139I.

For the 137I nucleus, the lifetime of the (9/2+1 ) state can be obtained by measuring the ∆T (554, 400) time

difference. To tag the nucleus and the cascade of interest, a HPGe gate on 358 keV or 725 keV above the

(13/2+1 ) state is used. Afterwards, a LaBr3(Ce) gate on the decaying 554 keV transition is applied. The resulting

energy projections are shown in Fig. 2.40(b) for LaBr3(Ce) (blue) and HPGe (red) detectors. The LaBr3(Ce)

spectrum was generated from HPGe-LaBr3(Ce)-LaBr3(Ce) triple coincidences and the HPGe spectrum from

HPGe-LaBr3(Ce)-HPGe events. The 400 keV feeding transition is clearly visible in both spectra (in Fig. 2.40(a))

as a result of the applied gates. A relatively high peak-to-background ratio of around P/B = 3.0(3) was obtained

in this case. This value was obtained using a total multiplicity condition M ≥ 3 in order to maximize statistics.

A minimum total multiplicity of M ≥ 5 as mentioned in Sec. 2.3 would correspond to a value of P/B = 4.5(2).

Due to the investigation of the spectra using the better energy resolution of the HPGe detectors, the selection is

chosen appropriately to contain clean γ rays of interest.

In a last step, a second LaBr3(Ce) gate is applied on the feeding transition to generate the time difference

spectrum shown in Fig. 2.40(c). The gate includes a background subtraction of regions around the peak of

interest. Due to the low statistics, this may result in statistical fluctuations and over subtraction of individual bins.

These fluctuations were considered by applying a full minimization procedure when determining the lifetime

result as shown for 136Te in Sec. 2.3.6. The time distribution is fitted according to Eq. (2.9). The range that

was used for the prompt width is in accordance with the investigation of the prompt widths at these energies,

see Fig. 2.24(c) in Sec. 2.3. A lifetime result of τ = 390(70) ps is obtained. For this result, the dominating error

contribution stems from the variation of the prompt width and the statistical fluctuation was rather small.

To measure the lifetime of the (9/2+1 ) state in the 139I isotope, the ∆T (419, 397) time distribution is consid-

ered. To tag the 139I nucleus, a HPGe gate on the 464 keV (17/2+1 ) → (13/2+1 ) transition is used. Then, a
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LaBr3(Ce) gate on 397 keV is applied, resulting in the spectra of Fig. 2.40(e). Despite the higher background

level compared to the 137I case and the reduced statistics due to the lower population of 139I, a clear identifi-

cation of the 419 keV transition decaying from the (9/2+1 ) state is possible. With a peak-to-background ratio of

P/B = 1.7(3) it is about a factor of two lower than for the less exotic 137I. The time difference spectrum after

applying the additional 419 keV gate is presented in Fig. 2.40(f). The different slope on the right side of the

distribution when compared to 137I already indicates a shorter lifetime of the state in 139I. This is confirmed by

the result of the applied convolution fit, emerging in a value of τ = 130(50) ps. As expected because of the lower

population, the statistical uncertainty is larger compared to 137I and dominates the lifetime result in 139I.

In addition to the (9/2+1 ) states, the lifetimes of the (13/2+1 ) and (17/2+1 ) states in the 137,139I isotopes are

measured in the same way [95] and details are given in the appendix B. Furthermore, upper limits of the lifetimes

of the (11/2+1 ) states in all 135−139I isotopes were determined in this work. These lifetimes are too short to be

measured with the convolution method. In the case of the 135I isotope, the fact that the (11/2+1 ) state is much

shorter-lived than the (15/2+1 ) state is consistent with the previous observation [69]. A summary of all lifetime

values and limits deduced in this work using the LaBr3(Ce) scintillators is given in Tab. 2.5.

Reduced transition probabilities calculated from the measured lifetimes are listed in Tab. 2.5 and compared

to the ones from theory. For non-mixed E2 transitions, the B(E2) values are calculated taking into account the

respective conversion coefficients calculated using the code BrICC [118]. In the cases where Jf−Ji = 1 and the

mixing ratio is known, the mixed B(M1) strength is given. For the (17/2+)→ (15/2+) transition in 137I, no mixing

ratio is known and the mixed B(M1) value can be taken as an upper limit. For the B(M1; (9/2+) → (7/2+))

value in 139I, a mean mixing ratio of δ = 1.0 is assumed, based on the conversion coefficient α = 0.0151(9) from

Refs. [114, 117]. To estimate the uncertainty in this case, the limits assuming an unmixed M1 transition are

used while the B(E2) value in the pure E2 limit is provided as well [117, 118].
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Table 2.5: Lifetimes and reduced transition probabilities measured in this work with B(E2) transition strengths given in
e2fm4 and B(M1) values in 10−3µ2

N . Shell-model values are calculated in the r4h− r5i model space ranging from Z = 50,
N = 82 to Z = 82, N = 126 using the N3LOP effective interaction (SM-I) and Kuo-Herling (SM-II) interaction (see Sec. 2.5).
Spectroscopic information is taken from the evaluated nuclear data sheets [87, 97, 109, 110, 116, 117]. See Refs. [94, 95]
for a comparison with previously measured values´.

Nucleus Jπi τ [ps] Jπf σλ δ B(σλ)

This Exp. SM-I SM-IIa SM-IIb
134Te 4+1 2020(140) 2+1 E2 168(12) 184 126 144
136Te 2+1 < 45 0+1 E2 > 220 414 266 323

4+1 142+38
−60 2+1 E2 420+300

−90 579 169 204
6+1 320+74

−97 4+1 E2 460+200
−90 487 72 87

138Te 2+1 69+35
−30 0+1 E2 565+363

−190 631 401 500
4+1 113+63

−44 2+1 E2 420+270
−150 901 377 469

6+1 50+35
−27 4+1 E2 370+430

−150 895 225 280
135I (11/2+1 ) < 50 (7/2+1 ) E2 > 7 195 97 110

(15/2+1 ) 2340(115) (11/2+1 ) E2 168(9) 157 131 149
137I (9/2+1 ) 390(70) (7/2+1 ) (M1/E2) +1.1(6) 0.38(6) 0.5 0.1 0.00031

(11/2+1 ) < 50 (7/2+1 ) E2 > 177 508 299 360
(13/2+1 ) 140+40

−50 (9/2+1 ) E2 473+263
−105 756 295 352

145(60) (11/2+1 ) (M1/E2) +0.08(3) 1.6(8) 5.8 4.5 2.7
(15/2+1 ) < 50 (11/2+1 ) E2 > 520 589 240 288
(17/2+1 ) 150(50) (13/2+1 ) E2 840(280) 601 280 343

(15/2+1 ) (M1) 2.7(9) 8.2 2.7 5.7
139I (9/2+1 ) 130(50) (7/2+1 ) (M1/E2) +1.0 2.9(11) 4.5 6.2 2.2

(11/2+1 ) < 75 (7/2+1 ) E2 > 690 1035 207 661
(13/2+1 ) 120(60) (9/2+1 ) E2 573+574

−191 1361 676 832
(11/2+1 ) (M1) 1.3(7) 1.4 7.4 1.9

(17/2+1 ) < 70 (13/2+1 ) E2 > 535 1253 677 845
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2.5 Discussion

In the following, the results from the spectroscopy and the lifetime measurements are discussed with respect to

the systematic evolution beyond 132Sn and compared to theoretical calculations. In order to compare the new

experimental data on spectroscopic measurements of neutron-rich tellurium and iodine isotopes to theoretical

predictions, large-scale shell-model calculations (SM) are used as a theoretical reference. The calculations for

the present work are performed using the N3LOP effective interaction used in Refs. [48, 70, 94, 95, 119], includ-

ing the model space r4h − r5i, spanned by the 1f7/2, 0h9/2, 1f5/2, 2p3/2, 2p1/2, 0i13/2 orbitals for neutrons and

the 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 orbitals for protons, taken above the closed 132Sn core. The corresponding

single-particle energies for neutrons and protons are input parameters taken from the experimental data on

133Sn and 133Sb [120]. The 0i13/2 neutron and 2s1/2 proton orbital energies are empirical values taken from

Refs. [121, 122], respectively.

The N3LOP effective interaction was successfully used before in describing the spectroscopic properties

and collectivity of even-even chains of nuclei [119, 123] and for odd-even and even-odd mass nuclei [124] in

the vicinity of 132Sn. The diagonalization of the considered systems has been achieved using the Antoine shell-

model code [125, 126]. The results from the calculations are presented in the following sections. According

to these results, a very good agreement is achieved with respect to the experimental data. Several points are

discussed further in details.

For comparison, standard shell-model calculations using the NuShellX code [127] were performed addi-

tionally within this thesis. The calculations were done in the same model space using the Kuo-Herling (KH)

interaction [128, 129]. The single-particle energies are taken from experimental spectra of A = 207 nuclei [129]

with a single hole to the doubly magic 208Pb nucleus. The two-body matrix elements are modified according

to fits on level energies of 206Pb, 206Tl and 206Hg isotopes below 208Pb [130]. The interaction has been widely

used to successfully describe experimental data on nuclei ‘south-east’ of 208Pb (e.g., Refs. [131, 132]) as well

as data on N = 84 isotones [60] and neutron-rich antimony isotopes [133].

In the following, unless explicitly stated otherwise, the results from the shell-model calculation will refer to the

N3LOP interaction.

2.5.1 Level schemes and configurations

In the level schemes of the semimagic nuclei 134Te and 135I, both single-particle and collective structures coexist

[102, 134]. As can be seen in Figs. 2.33 and 2.35, the level sequence is rather different compared to the
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N = 84, 86 neighbors with visibly compressed excitation energy levels. The first excited states are above 1 MeV

in the N = 82 semimagic isotones and drop below or around 600 keV when moving to N = 84, reflecting the

nature of the closed neutron shell at N = 82. Apart from the yrast structures that include ns isomers in 134Te,

negative parity bands with interconnecting transitions are also populated.
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Figure 2.41: (a) Comparison of experimentally observed and theoretically calculated level schemes for 134Te
and 135I. (b) Shell-model configurations for the N = 84, 86 isotones. Each panel is labeled with its respective
nucleus and state. The size of each box corresponds to the proportion of the configuration in the wave function.

A comparison of excited states in the 134Te and 135I isotones with the SM results is shown in Fig. 2.41(a)

together with the most dominant shell-model configurations. In 134Te, the 2+1 , 4
+
1 and 2+2 states are mainly

composed of a single configuration with about 95 % amplitude. According to the calculations, the first yrast

states in the semimagic 134Te and 135I isotones are built on π(0gn7/2) (n = 2 or 3) configurations while higher-lying

yrast states involve the excitation of a proton from the π(0g7/2) orbital to the π(1d5/2) orbital. The negative-parity

states include the proton π(0h11/2) shell with a large energy difference between the π(0d5/2) and π(0h11/2)

states. Furthermore, neutron core breaking configurations of type ν(1d−13/21f17/2) in 134Te and ν(0h−111/21f17/2) in

135I were observed above 4 MeV excitation energy. This very well relates the behavior of 135I to its semimagic

neighbor 134Te as the large shell gap is present for both two- and three-valence proton isotones. Note that these

states are not calculated and shown in Fig. 2.41 because of the restricted model space. In addition to these
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distinct single-particle type structures and neutron-core breaking configurations, E3 transition branches have

been observed in these isotones [94, 95]. This suggests the presence of octupole collectivity in the N = 82

134Te and 135I despite only having few valence particles outside the doubly magic 132Sn [134].

The excitation level schemes of the N = 84, 86 isotones 136,138Te and 137,139I observed in this work are

more compressed and states become more fragmented as one would expect with the increase in mass number

and valence particles. In these nuclei, the strongest role is played by the protons with reasonably small neutron

excitations despite the clear neutron dominance and large N/Z ratio. Figure 2.41(b) shows the dominant config-

urations for low-lying excited states in these nuclei as predicted by the shell-model calculation. This also shows

that the most prominent excitations are those between the proton π(0g7/2) and π(1d5/2) orbital. Furthermore, the

fragmentation becomes visible with strongest contributions to the wave functions dropping from values around

20 % for N = 84 to values below 10 % for N = 86.

From a comparison of level schemes as shown in Refs. [94, 95], a perfect matching for the low-lying yrast

states in all nuclei can be noted with the exception of the inversion of the (11/2+1 ) and (9/2+1 ) states in 139I due

to their close excitation energy. The ground state configurations of these nuclei are rather fragmented where

the strongest contribution comes from the ν(1fn7/2) (n = 2, 4) neutron configuration and the protons occupying

either the π(0g7/2) orbital or the π(1d5/2) orbital. Those configurations continue to be dominating the low-

lying structures in both isotopic chains (see Fig. 2.41(b)). In the 6+1 states of the 136,138Te nuclei, the π(1d5/2)

orbital becomes more dominant and a competition between the ν(1f27/2)π(0g17/21d15/2) and the ν(1f27/2)π(1d25/2)

configurations is almost continuously present in the low-lying excited states.

For the three-valence proton nuclei, the low-lying excited states can be described by coupling an additional

proton in the π(0g7/2) orbital to the excited states in the A− 1 tellurium isotones. For example, the excited yrast

states up to the (15/2+1 ) state are determined by a π(0g37/2) proton configuration and the excitation of one proton

to the π(1d5/2) orbital becomes relevant for the higher-spin states. The purity of these proton configurations

drops with increasing number of (valence) neutrons and the yrast states become more fragmented in 139I (with

about 10 % contribution) compared to the almost pure (about 90 % contribution) wave functions in 135I.

When moving away from the closedN = 82 neutron shell, the iodine isotopes exhibit two band-like structures

based on the (11/2+1 ) and (9/2+1 ) states. The drop in excitation energy of these states with increasing neutron

number shows the increase in collectivity as more neutrons are added. In contrast to the dominant π(0g37/2)

configuration in the (11/2+1 ) states, the (9/2+1 ) states originate from the excitation of a proton to the π(1d5/2)

orbital for N > 82. The structure of the (9/2+1 ) state in the N = 82 135I is different which also explains its

non-observation. According to the calculations, the (5/2+1 ) states have even stronger π(0g27/21d15/2) components



————————– 75

in the wave functions but those states have not been observed in this work.

2.5.2 Transition rates and evolution of collectivity

The shell-model calculations using the effective N3LOP (SM-I) interaction uses effective charges eπ = 1.6e, eν =

0.6e to calculate reduced E2 transition probabilities. For comparison, calculations with the KH interaction and

two sets of effective charges (1.5e, 0.5e) (SM-IIa) and (1.6e, 0.6e) (SM-IIb) were performed and are listed in the

last two columns of Tab. 2.5. For the calculations of the B(M1) strengths, a quenched spin and orbital g factor

was used for SM-I [119], a quenching of g = 0.6gfree for SM-IIa and g = 0.7gfree for SM-IIb. The richness of

results for even-Z and odd-Z isotopes beyond 132Sn as a function of neutron number allows for the investigation

of both proton and neutron collectivity with increasing valence particles outside the closed shell. To discuss

the evolution of collectivity based on the newly deduced transition rates, Fig. 1.5 is recalled at this point. The

energies of the first excited 2+ states already indicate some development of collectivity when moving away from

the N = 82 closed neutron shell.

E2 transition probabilities

The lifetimes of the 4+1 state in 134Te and the (15/2+1 ) state in 135I were remeasured and are consistent with

previous measurements [69, 87]. The experimental B(E2) values provided in Tab. 2.5 match the theoretical

ones. The reduced transition probabilities amount to B(E2) = 168(12) e2fm4 (corresponding to 4.1(3) W.u.) and

B(E2) = 168(9) e2fm4 (corresponding to 4.1(2) W.u.) for 134Te and 135I, respectively. As introduced in Sec. 1.4,

those values are typical for low collectivity, semimagic nuclei. The (15/2+1 ) → (11/2+1 ) transition rate in 135I is

successfully reproduced in a seniority single-j approach based on the π(0g37/2) configuration and the B(E2)

value of the 4+1 → 2+1 transition in 134Te [69].

In Fig. 2.42(a) the B(E2) transition rates for the tellurium isotopes measured in this work are appended

to those known previously [39] and compared to shell-model values (shown with empty symbols and dashed

lines). The new experimental values for 136Te and 138Te are presented in comparison to previous measure-

ments in Fig. 2.42(b). Despite the large uncertainties in the present data, the systematics can be extended

to higher spins and mass numbers. The experimental values for the 2+1 states follow a small systematic in-

crease, while the B(E2) values for the 4+1 , 6
+
1 states may indicate a slowed down collectivity for A = 138. Such

a trend is indicated also in the shell-model results by mixtures in the composition of the two wave functions,

see Fig. 2.41(b). The collective nature is indeed evident from the large fragmentation of strengths, despite

being somewhat overestimated. Comparable to the experimentally detected ones (within the experimental un-
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Figure 2.42: (a) Evolution of B(E2) transition rates for the first excited 2+, 4+, 6+ states whenever known
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in Tab. 2.5). Adapted from Ref. [94]. (b) Comparison of experimental B(E2) values in neutron-rich tellurium
isotopes beyond N = 82 from this work, the evaluated nuclear data sheets [39] and other literature values
Refs. [67, 100, 113, 134, 135, 136, 137]. Solid lines are drawn to connect the values measured in this work.

certainty), the theoretical B(E2; 2+1 → 0+1 ) transition rates present steep increases for both 136,138Te nuclei

[94]. From these results, some conclusions on the moderately collective character of 138Te can be drawn,

such as: the relatively low B(E2; 2+1 → 0+1 ) value, the excitation energy ratio R4/2 ≤ 2 and the transition ratio

B4/2=B(E2; 4+1 → 2+1 )/B(E2; 2+1 → 0+) ≤ 1.5, providing critical information on the nuclear structure.

The B(E2) values in the tellurium nuclei can be related to the ones in the A+ 1 iodine isotones. A graphical

comparison of all B(E2) transition rates obtained in this work is shown in Fig. 2.43(a). Despite providing only

upper limits for the lifetimes of the (11/2+1 ) states, the lower limits for these transition probabilities show an

indication for an increased collectivity with increasing valence nucleon number. Such a moderate change from

N = 82 (135I) toward N = 86 (139I) is visible in Fig. 2.43(a) and indicates a similar development of collectivity as

for the tellurium nuclei.

Several other excited states could be investigated in the iodine isotopes such as the (13/2+1 ) and the (17/2+1 )

states, providing the opportunity to discuss the evolution of collectivity in terms of E2 transition strength with

increasing neutron number as shown in Fig. 2.43(a). The similarities in B(E2) strengths of each N = 82, 84, 86

tellurium and iodine isotone can be related to the similarities in fragmentation of wave functions, see Fig. 2.41.
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M1 transition probabilities

The experimental B(M1) transition strengths are listed in comparison to theory in Tab. 2.5 and shown in

Fig. 2.43(b). The B(M1) value of the (9/2+1 ) → (7/2+1 ) transition in 139I is almost an order of magnitude

higher than for its neighboring isotope with the difference of only two neutrons. As expected, this indicates an

increase in collectivity when moving away from the closed shell. Although the main component of the (9/2+1 )

wave function is the same in both isotopes, the mixtures dominate the wave function in 139I much more severely

than in the other excited states with only about 5% of the main π(g27/2d5/2)ν(f47/2) configuration.

Concerning the (13/2+1 ) states, no multipole mixing ratio for the mixed (M1 + E2) (13/2+1 ) → (11/2+1 )

transition is known for 139I and, thus, only a lower limit is given for the B(M1) value. In 137I, a strong increase

in B(M1) strength from Jπ = 9/2+ to Jπ = 13/2+ by almost an order of magnitude is observed. Such a trend

does not seem likely or as strongly pronounced for 139I although no firm conclusions can be drawn from the

lower B(M1) limit. Even for the known case, as the mixing is not severe, the M1 strength is the dominating one

and it is clearly showing the evolution and its collective behavior. The sensitivity of the effective g factors used

in the theoretical calculations shows the necessity for an improvement in experimental uncertainties.
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2.5.3 Comparison of shell-model calculations

The shell-model interaction used in the previous discussion was tuned based on the newly obtained results from

this work. In this section, a comparison between experimental results and different effective interactions in the

r4h−r5i model space will be presented. The N3LOP and KH interactions are introduced in the previous section

and a comparison based on the example of 136Te will be presented.

Figure 2.44 shows the experimentally deduced and the theoretically calculated level schemes for 136Te up to

J = 8 ~. The energies calculated with the N3LOP match the experimental ones far better. To further shed light

on these differences, the occupation numbers for the main orbitals are plotted for both interactions in Fig. 2.45

up to spin J = 14 ~.
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Figure 2.44: Level scheme of 136Te deduced (a) in this experiment calculated from (b) the Kuo-Herling (KH)
interaction and (c) the N3LOP interaction. The transitions are labeled with their respective B(E2) strengths in
e2fm4.

In general, the occupation numbers obtained from the N3LOP interaction follow a smooth trend as a function

of spin. This is not the case in the KH interaction where sudden jumps occur from one spin to the next. For

the proton orbitals, no sizable component in the π(1d5/2) shell is present in the wave function of the yrast states

calculated with the KH interaction. For the neutron orbitals, the contributions of the ν(1f7/2) shell are significantly
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underestimated and the most important role is played by the ν(0h9/2) orbital. Also the B(E2) values which are

shown in Fig. 2.44 are much better reproduced with the N3LOP interaction.

To quantify the accuracy of both shell-model interactions, a weighted root mean square (rms) is calculated

according to:

rms =

√√√√ 1

N
·
∑
i

(
EExp.
x (Ji)− ETheo.

x (Ji)
)2

(2Ji + 1)
, (2.11)

where the sum is over all states i. The sum is weighted by the spin to enhance the importance of the

description of states with lower spin. Finally, the result is normalized by the number of states included in the

sum, N . This quantification leads to a rms value of rmsKH = 81.3 keV for the KH interaction and rmsN3LOP =

35.2 keV for the N3LOP interaction. An improvement by more than a factor of two is achieved for the excitation

energies calculated using the N3LOP interaction compared to the KH interaction. It has to be noted that the

different shell-model interactions are tuned to different sets of experimental data which emphasizes the need

for more experimental input and highlights the improvement of the shell-model interaction due to the input from

experimental data deduced in this work.
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Isomers around 132Sn

3.1 Motivation of the experiment

The region ‘north-west’ of 132Sn
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10+,27/2- 7-,23/2+ 5-,19/2+ 15-

Figure 3.1: Part of the nuclear chart ‘north-west’ of 132Sn and active orbitals relevant for the isotopes in this
region. Known isomers in the tin and tellurium nuclei are highlighted by color-coded squares and the data is
taken from Refs. [50, 51, 138, 139, 140, 141, 142, 143, 144, 145, 146].

The region below N = 82 shown in Fig. 3.1 is abundant in isomeric states typically formed by yrast spin

traps. The unique parity ν(0h11/2) orbital is responsible for seniority isomers in isotopes with a few neutron

holes away from 132Sn. This results in a series of 10+ isomers in the even-even tin and tellurium isotopes with

seniority ν = 2 [41, 87, 109, 147, 148, 149]. This isomer systematic persists over the entire Z = 50 isotopic

chain while it is less pronounced in the nuclei with Z > 50 due to the influence of the proton configurations. The

80
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isomer systematic was also extended to odd masses up to 129Sn through relativistic fission of 238U [51]. The

transition probabilities of the 10+ isomers was related to the (27/2−) seniority ν = 3 isomers in the odd-A tin

isotopes and its systematic understood in terms of a delayed filling of the ν(0h11/2) orbital [51].

Other neutron orbitals which are relevant in the formation of isomers in that region are the 2s1/2 and the

1d3/2 shell. Isomers with Jπ = 7− are formed with a dominant ν(1d−13/20h−111/2) configuration (see, for example,

Ref. [139]). In the odd-A tin isotopes, this leads to (23/2+) isomeric states which are formed by coupling a

neutron hole in the 0h11/2 to the 7− isomer in its even neighbor [49, 150, 151]. The coupling of a neutron hole

in the 2s1/2 and the 0h11/2 results in 5− isomeric states in the even-even tin isotopes [39]. With the additional

coupling of a neutron hole in the ν(0h11/2) orbital, this results in the existence of (19/2+) excited states of

isomeric character in the odd-A tin isotopes [152]. In 127Sn, the g factor of the (19/2+) state revealed a non-

negligible contribution of the ν(1d−13/20h−111/2) configuration in its wave function [153]. In 126Sn, the magnetic

moment of the (7−) isomer was measured and confirmed the suggested dominant ν(1d−13/20h−111/2) configuration

[154]. Moreover, (15−) seniority ν = 4 isomers based on a ν(1d13/20h±311/2) configuration were observed in the

even tin isotopes between A = 120 and A = 128 with the exception of 126Sn [144, 145, 146].

A summary of the observation of isomers for the tin and tellurium isotopes is shown by a color code in Fig. 3.1.

From that it is clear that the abundance in low seniority isomers is much lower for the tellurium isotopes. This

motivates further studies to understand the single-particle orbital evolution below N = 82 and the collectivity

through the additional protons above the Z = 50 closed shell. In previous studies, most of the low energy

isomeric transitions were not detected, thus, emphasizing the importance of the detection of low energy γ rays

in the isomer measurement.
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3.2 Experimental setup

The experiment was carried out in December 2019 at Radioactive Isotope Beam Factory (RIBF) of the RIKEN

Nishina Center for Accelerator-Based Science in Saitama, Japan. It is an accelerator complex consisting of

several heavy-ion accelerators coupled together to deliver high intensity and high energy beams to different

experimental sites. The exotic nuclei at the RIBF are produced via fission or fragmentation reactions and

separated with the in-flight separator BigRIPS [155], delivering separated secondary beams for further studies.

3.2.1 BigRIPS fragment separator

In this experiment, the primary 238U beam was accelerated to an energy of 345 MeV/u and impinged on a 0.1 mm

thick tungsten target at the first focal point of the BigRIPS separator. The average intensity of the primary beam

was about 80 pnA, corresponding to 5 · 1011 particles/s. This reaction produces a large variety of secondary

ions at high energies, often referred to as ‘cocktail beam’. The process of separation and identification requires

several stages and will be discussed in the following.

Production
target

F1

F2 F3
F4

F5

F7 F8

F6

SRC

Quadrupole

Dipole

Degrader

Plastic 
scintillator

PPAC

Catcher

Figure 3.2: Schematic layout of the BigRIPS separator adapted from Ref. [155]. The beam line consists of
superconducting quadrupole triplets (red) and dipole magnets (green). Different focal points F1-F8 are present
where degraders (blue) or various tracking detectors can be placed. The beam in this experiment is stopped at
F8.

BigRIPS is a two-stage radioactive ion beam separator which makes use of multiple separation steps to
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enhance the resolution of the particle identification (PID). The first stage is used to produce and separate the

secondary beam while the second stage is used for identification and further separation. A schematic layout is

presented in Fig. 3.2. The BigRIPS fragment separator consists of six room-temperature dipole magnets with

a 30◦ bending angle and 16 superconducting quadrupole triplets. Separation can be achieved in a large ac-

ceptance mode for high particle collection efficiency or a high-resolution mode to further improve the separation

capability. There are eight focal planes (F0-F7) arranged along the BigRIPS beam line including the target posi-

tion F0. The BigRIPS separator is followed by the focal point F8 where the beam can be stopped or secondary

reactions can take place and their outgoing reaction products identified by the ZeroDegree Spectrometer [156].

In this experiment, the secondary beam was stopped at F8 and implanted into a copper catcher.

The transmission through the separator and the estimations of implantation rates were simulated prior to the

experiment with the code LISE++ [157]. The BigRIPS beam line was imported and modified according to the

experimental requirements. After the production target, the beam dump slits have to be adjusted in order to cut

away the primary beam such that the secondary ions of interest remain. Those slits are after the first dipole

magnetic and by selecting a proper Bρ in combination with the beam dump slits, the setting can be optimized

for the ions of interest.

From that point on, the separator settings are tuned for the fragments of interest with LISE++ which are used

during experiment. Slits at the dispersive foci F2 and F7 are used to cut further unwanted species and enhance

the beam purity. This has to be done such that the total number of secondary ions passing through the separator

is below 104 in order to not overload the tracking detectors.

Furthermore, it has to be checked whether or not the ions are implanted in the copper. This is done by

calculating the energy of the secondary ions right before the catcher at the focal point F8. All ions of interest

are fully stopped in the copper catcher which has also been confirmed experimentally by taking the measured

velocity β and simulating the stopping process in LISE++.

3.2.2 Detector setup

Following the BigRIPS separator, the detection setup is located at F8. A schematic overview of the setup is

shown in Fig. 3.3. Identified ions are implanted in a copper catcher. Four HPGe detectors are placed in a

horizontal plane at 90◦ with respect to each other (±45◦ and ±135◦ with respect to the beam axis). Additionally,

two large volume LaBr3(Ce) scintillation detectors are placed at 0◦ and 90◦ to the beam. Those detectors were

installed to perform some checks and are not used in the analysis and are therefore not shown in Fig. 3.3. The

measurement is started by a signal from a fast plastic scintillator at F8 as indicated in Fig. 3.3. In order to
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Figure 3.3: Schematic of the experimental setup viewed from the top.

verify the performance of the detectors, two detector tests were performed and the results are presented in the

following.

Detector tests prior to the experiment

0 25 50 75 100 125 150 175
0

20

40

60

80

100

120

Time [ns]

C
ou

nt
s 

/ n
s

20/20
50/20
50/50
50/10

TFA:60Co, HPGe vs. LaBr3(Ce)

*
HPGe

LaBr3(Ce)

TFA CFD

TFA CFD

COINADC

(a) (b)

SA

Figure 3.4: (a) Time resolution plot for one HPGe detector measured with different TFA settings in ns. (b)
Simplified schematic representation of the electronics scheme for the test measurement.

HPGe detectors from ORTEC were tested for their performance in energy and time resolution. A simplified

electronics scheme is shown in Fig. 3.4(b). The time resolution of the HPGe detector was measured using
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coincidences with a fast LaBr3(Ce) scintillator. The time signals are passed through a timing-filter amplifier

(TFA), a CFD and recorded with an ADC if both detector signals arrive in a certain coincidence window. The

pre-amplifier signal from the HPGe detector is processed by a shaping amplifier (SA) before it is directly fed

into the ADC to record the energy information. Among the test shaping times as τshape = 6 µs, typical energy

resolutions of 1.7(2) keV FWHM at 1.3 MeV measured with a 60Co were achieved.
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Figure 3.5: (a) HPGe spectrum zoomed around the 81 keV transition from the decay of 133Ba measured with
different absorbers in front of the detector. (b,c) Relative counts of the 81 keV and 356 keV transition as a
function of thickness for (b) copper and (c) aluminum absorbers.

To optimize the time resolution, integration and differentiation times of the TFA were varied. Time difference

plots measured with a 60Co source are shown in Fig. 3.4(a) for different TFA settings. Among the tested shaping

times, the best time resolution with about 9(1) ns FWHM was achieved with integration and differentiation times

of 20 ns while the other resolutions are 11(1) ns (50/20), 25(2) ns (50/50) and 50(5) ns (50/10), see Fig. 3.4(a).

The time resolution increases to about 20-25 ns with a 133Ba source that has energies as low as 81 keV. The

in-beam time resolution was determined to be similar to the source measurement.

The interest in low energy γ rays comes from the fact that many spin trap isomers decay by transitions

around or below 100 keV. It is also important to shield the detectors from prompt flash events that occur when

the secondary ions are implanted due to bremsstrahlung when stopping the beam. Various combinations of

aluminum and copper absorbers were tested with a 133Ba source. The absorption effect on the γ-ray spectrum

is shown in Fig. 3.5(a). In Fig. 3.5(b,c) the relative number of counts as a function of absorber thickness for the

low energy 81 keV and the 356 keV transitions are displayed. Due to the higher atomic number from copper

(Z = 29) with respect to aluminum (Z = 13), it is evident that a copper shield absorbs more with respect to
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an aluminum shield of the same thickness. Furthermore, lower energies are stronger absorbed due to the

interaction of γ radiation with matter which scales inversely with the energy. Detectors facing the back of the

catcher, labeled Ge2 and Ge3 in Fig. 3.3, will be exposed to absorption. For this case, it is important to consider

the following points in order to maximize the effectiveness of the shielding and optimize the low energy efficiency.

Firstly, the beam has to be stopped in the catcher which defines the minimum copper thickness for the catcher.

Secondly, the prompt flash has to be reduced as much as possible while finally maximizing the full-energy peak

events.

3.2.3 Data acquisition: electronics scheme
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Figure 3.6: Simplified electronics scheme of the data acquisition.

A simplified electronics scheme of the setup is shown in Fig. 3.6. The energy information from the HPGe

detectors (denoted as E1−4 in Fig. 3.6) is recorded via ADCs after amplification as shown above. The timing

signals (denoted as T1−4 in Fig. 3.6) are either processed by time-to-amplitude converters (TACs) and fed to the

ADC or converted by time-to-digital converters (TDCs).

The trigger (‘CAMAC TRG’) is provided by a OR condition of the HPGe timing signals and the plastic scintil-

lator located at F8. The TAC branches are then constructed as the time difference between the plastic scintillator
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and each HPGe detector. Note that different delay parameters are necessary in order to require a coincidence

within a given range (= TAC range). The TDC timing is made in the same way and fed to the DAQ. Both ac-

quisition branches are synchronized and merged via GATE modules. The accepted trigger for writing the data

is constructed from the merged analog (= CAMAC) and digital (= VME) trigger and opens the DAQ for both

systems.



——————————88

3.3 Data analysis

The first step in analyzing the raw data is to clearly identify the particles produced in the reaction. The program

ANAROOT [158], which is based on the analysis software ROOT [82], was developed at the RIBF to provide

particle identification according to the procedure explained in Sec. 3.3.1. The listmode files from the raw data

are unpacked, calibrations applied and information on the PID detectors, the TDCs and ADCs stored in ROOT

trees which can be filled into histograms according to specific conditions.

3.3.1 Particle identification

The particles are identified in the second stage of BigRIPS based on the TOF-Bρ-∆E method as explained

in Ref. [159]. By measuring the time-of-flight (TOF), magnetic rigidity Bρ and the energy loss ∆E, the atomic

number Z and the mass-over-charge ratio A/Q can be deduced.

According to the Lorentz force, the magnetic rigidity is directly related to the mass-over-charge ratio.

A

Q
=

Bρ

γβcu
(3.1)

In Eq. (3.1), γ is the Lorentz factor, β = v/c the relative ion velocity, c the speed of light and u the atomic mass

unit. By measuring the TOF using plastic scintillators, the velocity can be deduced from

TOF =
L

βc
, (3.2)

where L = 46.6 m denotes the flight path length between F3 and F7 in Fig. 3.2. The plastic scintillators are read

out with two photo multiplier tubes (PMT) on each side to reduce systematic uncertainties and to obtain spatial

information on the ions.

Additionally, energy degraders are located at focal planes F1 and F5 to provide the possibility of further

beam separation. Because of this, the particle trajectories and energies differ between F3-F5 and F5-F7. Thus,

Equations (3.1) and (3.2) have to be modified accordingly:

TOF =
L35

β35c
+
L57

β57c
, (3.3)
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(
A

Q

)
35

=
Bρ35

β35cγ35u
, (3.4)(

A

Q

)
57

=
Bρ57

β57cγ57u
. (3.5)

The indices in Eqs. (3.3-3.5) describe the flight paths between the different focal planes F3-F5 and F5-F7,

respectively. For particles passing through, it is required that

(
A

Q

)
35

=

(
A

Q

)
57

,

to obtain

Bρ35
Bρ57

=
β57γ57
β35γ35

. (3.6)

From Eqs. (3.3) and (3.6) the mass-over-charge ratio can be reconstructed. The position information to

deduce the magnetic rigidity Bρ is measured using position-sensitive parallel plate avalanche counters (PPACs)

[160] located at the focal planes F3,F5 and F7 to measure particle trajectories. These avalanche counters

consist of two parallel electrodes separated by 3-4 mm and filled with gas. High electrical fields corresponding

to a few hundreds of Volts per millimeter are applied and cause immediate electron avalanches from incident

heavy ions. The position measurement in a PPAC detector is conducted using the delay-line readout method.

The electrodes are connected with delay lines and positions are determined from time differences between the

signals at both ends of the delay line. To further obtain information on the angle of the particle trajectory, double

PPAC apertures consisting of two electrode pairs are mounted at the focal planes. From this measurement, ρ

can be deduced and, together with the experimentally measured B strength from nuclear magnetic resonance

probes, Bρ can be obtained.

To calibrate the PID for the A/Q values, the offset for the time-of-flight measurement has to be adjusted

and the optimization was performed for 127−129Sn. The offset for the TOF measurement between F3-F7 was

varied until a perfect matching was achieved. Figure 3.7 shows the ratio of experimental A/Q value over the

theoretically predicted values assuming fully-stripped ions, e.g., A/Q= 127/50 = 2.54 for 127Sn. The final value

was chosen to be 297.25 ns.



——————————90

0.98

0.99

1

1.01

294 296 298

127Sn
128Sn
129Sn

(A
/Q

) e
xp

/(
A

/Q
) th

eo

TOffset [ns]

Figure 3.7: Ratio of experimental and expected (theoretical) A/Q ratio as a function of the time offset used in the
BigRIPS calibration for the TOF measurement.

To achieve separation in Z, the energy loss dE/dx has to be measured. The energy loss is related to Z

according to the Bethe-Bloch equation [161]:

dE

dx
=

4πe4Z2

mev2
nz

[
ln

2mev
2

I
− ln(1− β2)− β2

]
. (3.7)

me is the electron mass, e the elementary charge and Z the atomic number of the beam particle. z, n, I

correspond to the material’s atomic number, density and mean excitation potential, respectively. The energy

loss is measured at the focal plane F7 in a multi-sampling ionization chamber (MUSIC) [162] to deduce the

atomic charge number.

The energy loss is read out with multiple anodes and the geometric mean of the signals is used to determine

the raw energy loss ∆Eraw. From Eq. (3.7) and using ∆Eraw, a linear relation between raw signal Zraw and

atomic number Z is obtained, i.e.,

Z = a ·Zraw + b, with

Zraw = β ·

√
∆Eraw

ln(2mev2/I)
− ln(1− β2)− β2.

(3.8)
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Figure 3.8: (a) Linear calibration to deduce atomic number units (Zcal). (b) Zraw (red) histogram and multi-
Gaussian function (blue) fitted to determine the peak position.

a, b are parameters to be determined in a linear calibration. The Zraw histogram is shown in Fig. 3.8(b). A

multi-Gaussian function was used to fit and to obtain the centroids for a subsequent linear calibration into atomic

number units. Specific atomic number values were assigned to peaks based on γ rays from known isomeric

decays. A high linearity of the raw data signals is observed and little to no gain drift of the IC was observed for

the entire experiment. The linear fit to determine the parameters from Eq. (3.8) is shown in Fig. 3.8(a).

The atomic charge number Z has to be independent of the velocity of the secondary ions. A dependence

on the velocity would result in a slight broadening of the peaks at different Z values. The PID plot is shown in

Fig. 3.11 from which no significant β dependence was observed and no correction had to be applied.

PID corrections

For a clean identification and to remove background events, several corrections and cuts using the beam-line

detectors have to be applied. This procedure is adapted from Ref. [159].

Each of the plastic scintillation detectors located at F3, F7 and F8 are read out with two optically coupled

PMTs. They contain position information x of an incident particle which is proportional to the natural logarithm
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Figure 3.9: (a) Example of background removal by the plastic scintillator at F7. The selection cut is indicated
by a dashed red line. (b) Example of isotopes changing charge states at F5 by where the ratio of charges is
determined from F3-F5 and F5-F7 A/Q measurements.

of the charge ratio QL/QR, i.e. [159]:

x ∼ −ln
(
QL
QR

)
. (3.9)

Furthermore, the position information can be obtained by the time difference ∆T = TR − TL between the

two readout signals in the same way as for the PPAC detectors. An example of such a correlation plot is

shown in Fig. 3.9(a) for the F7 plastic scintillator. Inconsistent events deviate from the linear correlation and

can therefore be excluded. Events which are outside the cut shown in Fig. 3.9(a) deviate from the relation

that x ∼ ln(QL/QR) ∼ ∆T and have an inconsistent position determination and can therefore be removed.

A second consistency cut was applied for the charges deduced from both signals of the PMTs of each plastic

scintillator in a QL vs. QR plot.

When passing through the degrader at F5, electrons can be picked up and the charge state changes. In

order to identify such events, the charge information before (Q35) and after the degrader (Q57) is measured via

the timing information from the PPAC detectors. By plotting Z against the ratio Q57/Q35, charge exchanges can

be detected and removed if necessary. This correlation plot is shown in Fig. 3.9(b).

Further inconsistent events can be removed by using the sum of the PPAC timing signals T1 and T2 which are

obtained from either side of the delay lines. The sum of the PPAC time signals is independent of the position of

the incident particle and should be a constant value [163]. Distortions from that value can occur due to multiple

hit events or δ-ray generation [159]. The centroid of the Tsum time distributions is determined and events within
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a 3σ range are accepted.
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Figure 3.10: Horizontal position of the PPAC at F3 as a function of A/Q ratio for Z = 50 isotopes (a) before and
(b) after the correction for 127Sn (A/Q= 2.54). (c) A/Q projection before and after the correction. The spectra
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For the next correction, the correlation between A/Q ratio and position and angles of the PPAC detectors at

the different focal planes is investigated. For a clean identification, the mass-to-charge ratio should be indepen-

dent of the position or angle. An example is shown in Fig. 3.10 for the horizontal position of the PPAC detectors

at F3 for tin (Z = 50) isotopes. The A/Q is corrected as a function of position (and angle) with a polynomial up

to third order, i.e., [159]:

A/Qcor = A/Q+ f1(F3X) + f2(F3A) + f3(F5X) + f4(F5A) + f5(F7X) + f6(F7A), (3.10)

where X and A denote the horizontal position and the angle measured with the different PPAC detectors and

f1−6 are polynomials up to the third order. Note that the correction is optimized for a specific A/Q ratio, in this

example for A/Q=2.54 (127Sn). The improvement in A/Q resolution is of the order of 10-20 % as can be seen in

Fig. 3.10(c). After the correction, the resolution given as σ is σ = 0.002 for 127,128Sn and about twice higher for

the respective tellurium isotones.

The last correction applied for this experiment is concerning the ionization chamber located at F7. The final

∆E signal from the MUSIC is averaged from six individual readout lines. To exclude events that reacted inside

the ionization chamber which ultimately leads to a false Z identification, a linear correlation between individual

signals is required. This is guaranteed by applying cuts on all different correlation combinations and excluding

events that do not follow a straight line. It has to be noted that the effect of these cuts is very small (< 0.001%)

but is applied due to its importance in the Z determination. Events caused by reactions in the scintillator can

be removed by comparing the charge-integrated signals from the plastic scintillator at F7 and the ∆E signal
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Figure 3.11: Final particle identification plot. Isotopes of interest are labeled accordingly.

from the MUSIC chamber. The Z resolution given as ∆Z/Z is 0.0092(1) for Z = 50 (Sn). The final particle

identification plot after all corrections is shown in Fig. 3.11. In total, for the centered fragments 127,128Sn a total

of 2.25 · 106 and 2.7 · 106 ions were produced and identified.

3.3.2 Detector calibration and efficiency

The energy of the HPGe detectors was calibrated using standard 152Eu and 60Co sources. Further gain matching

was applied from the in-beam data to account for the energy shifts of one of the detectors. After the energy

calibration, the detectors have to be calibrated and aligned in time in order to properly determine the T1/2 of the

isomeric states of interest.

Timing

The TAC modules were set to a fixed range for the entire experiment (20 µs) and calibrated using a TAC calibrator.

The ADC channel to time conversion is done using a linear calibration function. Furthermore, the HPGe time

signals were recorded using TDC modules with a 10 µs range. Figure 3.12 shows the TAC alignment procedure

exemplary for one run and all detectors. The previously mentioned TAC calibration places the prompt position
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Figure 3.12: TAC spectra around the prompt peak for the different detectors (a) before and (b) after the align-
ment.

for each detector at an arbitrary position in the TAC spectrum (see Fig. 3.12(a)). After shifting all the centroids

to zero, the detectors are perfectly aligned as shown in Fig. 3.12(b). A second check that has to be made is that

the prompt position in the TAC spectra stays constant over the entire experiment and does not shift. This was

confirmed by looking at the individual TAC spectra and aligning them, if necessary.

The same procedure was applied to the TDC data. In order to verify that both timing signals yield the same

information, TAC and TDC values are plotted against each other. Apart from very few uncorrelated data points,

a linear relation between both signals is present. Thus, both timing branches can be used to obtain the same

information and to cross-check the results.

The last step is to correct the time walk according to Eq. (2.2) as discussed in Sec. 2.3. The energy depen-

dence is obtained from similar 2D energy-time matrices for each detector individually. Overall, an improvement

of the time resolution for energies below 200 keV in the order of 5 to 10 % was achieved. Higher energies are

not affected by this correction.

HPGe efficiency

The HPGe efficiency was deduced with a 152Eu source that covers energy ranges between 100 and 1400 keV.

The source was placed right before and right behind the implantation zone and two different efficiency curves

were obtained, see Fig. 3.13. When the source is placed in the front of the catcher, the backward detectors Ge1

and Ge4 have a higher efficiency due to the fact that the γ rays reach the detectors without being shielded by
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Figure 3.13: HPGe detection efficiency with the source placed in (a) in front of and (b) behind the implantation
zone. Differences in efficiency arise from different electronic settings and positions of detectors from the source.

Table 3.1: Efficiency parameters for the HPGe detectors according to Eq. (3.11). The relative uncertainties of
the parameters are around 10-20 %.

Front Back
a0 a1 a2 a3 a0 a1 a2 a3

Ge1 -25.2 13.6 -2.34 0.125 -79.4 38.1 -6.05 0.312
Ge2 -54.5 26.1 -4.15 0.213 -27.4 14.5 -2.47 0.131
Ge3 -40.1 18.4 -2.85 0.141 -27.2 14.2 -2.39 0.125
Ge4 -17.2 8.8 -1.45 0.071 -62.5 30.3 -4.88 0.253

sum -40.4 21.2 -3.51 0.185 -41.1 21.6 -3.49 0.182

the copper material from the catcher. This effect was already investigated during the testing of the detectors,

see Fig. 3.5. The reverse is true when the source is placed behind the catcher. For a proper estimation of the

efficiency, the average efficiency values for each detector are used from both curves shown in Fig. 3.13. The

data points were fitted using an empirical function [78]:

ln(ε) = a0 + a1 · ln(Eγ) + a2 · ln(Eγ)2 + a3 · ln(Eγ)3, (3.11)

where {ai} are obtained from the fit. The parameters are given in Tab. 3.1 and their relative uncertainties

are in the order of 10-20 %.

3.3.3 Isomers and half-lives

The identification of isomers can be visualized when looking at energy-time matrices. An example for 128Sn is

shown in Fig. 3.14 which displays such a matrix in coincidence with 128Sn ions. 128Sn decays via two isomers:

a (15−) isomer with T1/2 = 0.22(4) µs and a (10+) isomer with T1/2 = 2.91(14) µs [148], see level scheme
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Figure 3.14: Identification of isomeric transitions in 128Sn in an energy versus time matrix. The partial level
scheme of the decay of the (15−) and (10+) isomers is shown on the right with energies in keV taken from
Ref. [148].

in Fig. 3.14. All transitions below the isomers of interest are of isomeric character which can be seen by the

horizontal lines in the time-energy matrix displayed in Fig. 3.14. The difference in isomeric half-life can also be

seen by how far these lines extend in x direction.

The low energy transitions are not well visible in the 2D matrix. Apart from the shielding possibilities dis-

cussed in Sec. 3.2.2, low energy peaks can be enhanced by only looking at delayed γ rays away from the

prompt flash. To emphasize the capabilities of choosing appropriate time cuts for the identification of low energy

γ rays, two examples of 126Sn and 132Te are shown in Fig. 3.15. In 126Sn both, 76 keV and 112 keV, transitions

are visible where the former is less pronounced due to the reduced efficiency at low energies (see Fig. 3.13).

The low energy 7− → 5− transition is below the detection threshold of the HPGe detectors used in this experi-

ment and is therefore not observed. In 132Te, both low energy transitions of 104 keV and 151 keV can be well

identified when selecting γ rays outside of the prompt flash. This highlights the capabilities of identifying low

energy transitions in radioactive ion beam experiments thanks to optimized detection parameters of the system

selected and tested prior to the experiment as explained in Sec. 3.2.2.

The time information can either be extracted from the TDC or TAC measurement. Unless denoted otherwise,

the TAC data are shown while the TDCs are used for a cross-check.
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Figure 3.15: Delayed γ rays measured in coincidence with (a) 126Sn and (b) 132Te ions. Partial level schemes
of the decay from the (10+) isomers are shown in the insets. Data taken from Refs. [41, 147]. Transitions from
the isomeric decays are labeled with their respective energy and contaminants are marked with ‘c’. Unknown
transitions are marked with asterisks.

In the cases of only one isomer decaying in a cascade, the half-life is obtained using a single exponential

fit with a constant background. The statistical uncertainty includes a variation of the fit parameters. If multiple

isomers decay in a cascade, the half-life of the lower isomers have to be determined using the Bateman equa-

tions [164]. For two isomers connected in a cascade, the decay curve of the lower-lying isomer N2(t) can be

described via:

N2(t) = N1
0

λ1
λ2 − λ1

·
(
e−λ1t − e−λ2t

)
+N2

0 e
−λ2t, (3.12)

where N1
0 , N

2
0 describe the initial population of mother (N1

0 ) and daughter (N2
0 ) with their respective decay

constants λ1, λ2. The uncertainties are determined from a variation of fit regions and background components

and added in a similar way as explained in Sec. 2.3.6.



————————– 99

3.4 Results
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Figure 3.16: Half-life measurements for isomers of interest populated in this work. Each panel is labeled with
their respective PID and HPGe gate as well as the resulting half-life.

Isomers in neutron-rich tin and tellurium isotopes were populated and identified in this work. Known (10+)

isomers in the N = 76, 78, 80 isotones were remeasured. In addition, the high-spin (27/2−), (23/2+) isomers in

127Sn and the (15−) isomer in 128Sn were confirmed. No higher-lying isomer (e.g., (15−)) in 126Sn was found

in this nucleus. This means that either the half-life is too short (T1/2 < 100 ns) or not enough statistics was

acquired. A higher-lying isomer search was also performed in 132Te and potential candidates are marked in
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Fig. 3.15(b) with asterisks. More data and a precise analysis would allow further information on such an isomer

in 132Te.

Table 3.2: Experimental results on half-lives measured in this work. Isomeric decay information is provided
(excitation energy spin and parity Jπ, γ-ray energy Eγ). Literature T1/2 values are shown for comparison.
Excitation energies, spins and parities and literature half-lives are taken from Refs. [39, 142]. Theoretical values
are taken from Ref. [51] for the tin isotopes and Ref. [141] for the tellurium isotopes.

Nucleus Ex Jπi Jπf Eγ T1/2 [µs] B(E2) [e2fm4]
[keV] [keV] This exp. Lit. This exp. Theo.

126Sn 2492 (10+) (8+) 79 7.2(6) 7.7(5) 5.5(4) 4

127Sn 1827 (19/2+) (15/2+) 715 4.5(3) 4.52(12) 42(3) 30
1931 (23/2+) (19/2+) 104 1.0(3) 1.19(13) 19(6) 22
2552 (27/2−) (23/2−) 142 0.24(3) 0.25(3) 28(5) 30

128Sn 2492 (10+) (8+) 79 3.0(3) 2.91(14) 13(1) 11
4100 (15−) (13−) 426 0.23(3) 0.22(3) 54(12)

130Sn 2435 (10+) (8+) 97 1.6(2) 1.61(15) 13.1(14) 10

128Te 2791 (10+) (8+) 102 0.25(2) 0.24(2) 80(6) 79

130Te 2668 (10+) (8+) 833 1.8(2) 1.90(8) 90(15) 82

132Te 2723 (10+) (8+) 798 3.6(5) 3.70(9) 45(6) 42

Half-lives of the isomeric states measured in this work are obtained by gating on transitions belonging to the

isomer of interest. Some examples are shown in Fig. 3.16 for theN = 76, 78 isotones 126,128Sn and 128,130Te. For

126Sn, 128Te and 130Te, the (10+) isomer is the highest isomeric state and the time distributions are fitted using

a single exponential decay curve and a constant background. Whenever applicable, several transitions below

the isomer are added in order to increase the statistics. Each panel in Fig. 3.16 is labeled with their respective

energy gates and the results are listed in Tab. 3.2. As it can be seen, in several cases the uncertainties in this

work could be improved.

For 128Sn, the (10+) isomer is fed by a (15−) isomer with a much shorter half-life. The time spectrum used

to obtain the half-life of the (15−) isomer is shown in the inset of the respective panel in Fig. 3.16. The result of

T1/2 = 0.23(3) µs is then fed into the decay curve of the (10+) isomer according to Eq. (3.12).

In a similar way, the half-lives of the (27/2−) and (23/2+) isomers in 127Sn were obtained. The time dis-

tribution for the (27/2−) is obtained from the 480 keV (23/2−) → (23/2+) transition and fitted using a single

exponential. The half-life of the (23/2+) was then fitted using T1/2 = 0.24(3) µs from the previous fit to obtain the

half-life of the (23/2+) state from the 104 keV transition. The time distribution is shown in Fig. 3.17 and marks
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the first time of the measurement of this half-life from its direct decaying transition. The T1/2 value amounts to

1.0(3) µs and is consistent with the previously reported results [51, 151, 165].

132

1000 1500 2000 2500 3000 3500
10

210

sµ= 1.0(3) 1/2T

Sn, HPGe: 104 keV127

500 1000 1500 2000 2500 3000 3500 4000
Time [ns]

10

210

C
o

u
n

ts
 /

 8
0

 n
s

132Te, HPGe: 104+151 keV

Time [ns]

T1/2 = 3.7(8) μs

C
o

u
n

ts
 /

 1
0

0
 n

s

Figure 3.17: Time distribution of low energy transitions to measure the half-life of the (23/2+) isomer in 127Sn
and the (10+) isomer in 132Te.

The lowest isomeric state in 127Sn is the (19/2+) state which is fed by both higher-lying isomers. To avoid any

contributions from the (27/2−) or (23/2+) half-life, the time distribution for the (19/2+) state is fitted from 5 µs

on, which corresponds to about 5 ·T1/2[(23/2+)]. The result of 4.5(3) µs is consistent with previously reported

values and is given in Tab. 3.2.

In addition, the half-lives of the (10+) states in the N = 80 isotones 130Sn and 132Te were remeasured. For

130Sn, a sum of gates on all detected transitions below the isomer was used. The resulting half-life of 1.6(2) µs

confirms the previously reported value of 1.61(15) µs [149].

For 132Te, the half-life was independently measured in two ways. First, a sum of transitions directly depop-

ulating the (10+) state and bypassing the long-lived (7)− isomer are used, i.e., 798 keV, 776 keV and 926 keV

(see Fig. 3.15(b)). The result amounts to T1/2 = 3.5(6) µs and was obtained from a single exponential fit.

In addition, low energy transitions decaying from the (7)− isomer with T1/2 = 28.1(15) µs [149] are used to

measure the half-life of the (10+) isomer by using Eq. (3.12). The corresponding fit is shown in Fig. 3.17 and

further demonstrates the capabilities of measuring low energy transitions with this setup. The resulting half-life

of 3.7(8) µs is consistent with the first fit and amounts to a weighted average of T1/2 = 3.6(5) µs as given in

Tab. 3.2.
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3.5 Discussion

Figure 3.18 shows the systematic evolution of (a) excitation energy and (b) B(E2) strength for the Jπ = 10+

isomers below N = 82. The excitation energy follows a smooth trend as a function of neutron number and is

almost constant for both isotopic chains. It increases from 2565 keV in 126Sn to 2435 keV in 130Sn. This is an

indicator for a seniority ν = 2 ν(0hn11/2) configuration. When adding two protons to the system, the excitation

energy slightly increases but the evolution as a function of neutron number remains almost constant. This

increase in excitation energy can be attributed to the extra proton excitation which also plays a role in the wave

functions of these excited states.

Reduced E2 transition probabilities are calculated according to Eq. (1.20) in the same way as in chapter 2.

For the isotopes of interest, spectroscopic information is taken from the evaluated nuclear data sheets [41, 147,

148, 149, 165]. The transition strengths are corrected for internal conversion using the coefficients calculated

with BrICC [118] and the results are presented in Tab. 3.2. To compare the experimental findings with those from

theoretical predictions, results from calculations were taken from Refs. [51, 141]. The data for the tin isotopes

was obtained from shell-model calculations using a 88Sr core with the π(1p1/20g9/2) orbitals for the protons and

the ν(0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2) orbitals for the neutrons [51]. The interaction was derived from a CD-Bonn

nucleon-nucleon potential as described in Ref. [166]. Single-particle energies are adopted from Ref. [167] with

additional monopole corrections as described in Ref. [51]. An effective neutron charge of eν = 0.70e was used

to calculated reduced E2 transition probabilities.

The evolution of B(E2; (10+) → (8+1 )) values in the tin isotopes can be described by the subshell fill of

the ν(0h11/2) orbital [51]. When discussing the evolution of transition rates in the tellurium isotones, it can

be assumed that the 8+1 , 10+1 states include not only pure ν(0h−211/2) configurations but also configurations with

proton admixtures, i.e. [141]:

|1〉 =
[
ν(0h−211/2)⊗ π(0+)

]
8+,10+

,

|2〉 =
[
ν(0h−211/2)⊗ π(2+)

]
8+,10+

.

The former one describes the pure neutron excitation while the latter one includes an excitation of the proton

part. To calculate the transition probabilities, a two-state mixing of those configurations is assumed to describe

the residual proton-neutron configuration. The mixed states are then given by a coupling of both configurations

weighted with a mixing amplitude ε:
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Figure 3.18: Evolution of (a) excitation energy and (b) B(E2) strengths for the 10+ isomers of neutron-rich tin
and tellurium isotopes as a function of neutron number. Experimental values from this work are given as open
squares and theoretical ones as filled circles. Lines are drawn to guide the eye.

|10+1 〉 = [|1〉+ ε|2〉]10+ ,

|8+1 〉 = [|1〉+ ε|2〉]8+ .

The B(E2) strength of the 10+ → 8+ transition in the tellurium isotopes can then be calculated using the

overlap of those mixed wave functions [141]:

B(E2[Te]; 10+ → 8+) ∼
(√

B(E2; ν(10+ → 8+)) + ε1.9 ·
√
B(E2;π(2+ → 0+))

)2
, (3.13)

where the summands correspond to the B(E2) strength of a pure neutron 10+ → 8+ and a pure proton

2+ → 0+ transition weighted with a factor to account for the spin difference. The B(E2) values for the pure

configurations are taken from the experimental transitions in the tin isotones and the tellurium isotopes. The

results are listed in the last column of Tab. 3.2.

The evolution ofB(E2; (10+1 )→ (8+1 )) strength is shown in Fig. 3.18(b). For the tin isotopes, the description of

the calculated transition strengths matches the experimental values very well. The increase in measured B(E2)

values can be attributed to the filling of the ν(0h11/2) orbital [49, 51, 138]. Deviations between experimental

and theoretical values may be assigned to the increasing influence of proton-core excitations when moving

away from the closed neutron shell. In addition to the isomers in the even-even tin isotopes, the half-lives of

all three isomers in 127Sn were remeasured. The experimental values for the higher-lying (27/2−) and (23/2+)

isomers are perfectly reproduced by the calculations. Those states are dominated by the ν(0h−311/2) and the

ν(1d−13/20h−211/2) configurations, respectively. The B(E2) strength of the (19/2+) → (15/2+) transition is slightly
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underestimated by the theoretical calculation. The main components in the wave function of this state are

ν(1d−13/20h−211/2) and ν(2s−11/20h−211/2), as also confirmed by a measurement of its g factor [153]. The deviation of

B(E2) strength shows that this mixing is insufficiently represented in the calculation and that comparison with

experimental data is essential.

With the addition of two protons to the tin core, the B(E2) strength increases by roughly an order of magni-

tude. This shows the clear increase in collectivity with the addition of only two protons. As has been shown for

the tellurium isotopes beyond N = 82 in Sec. 2.5, despite the large N/Z ratio, those protons play a dominant

role in the evolution of collectivity away from the closed neutron shell. Similar to the excitations in the tellurium

isotopes with N ≥ 82, the low-lying yrast states up to J = 6 are governed by the proton π(0g27/2) configura-

tion. The experimental B(E2; (10+1 ) → (8+1 )) values are well reproduced by the two-state mixing model from

Ref. [141]. It was shown in Ref. [141] that small mixings of a proton 2+ excitation in the 8+ and 10+ states can

account for the strong increase in B(E2) value which could be confirmed in this work. In comparison to the

previous chapter, it can be concluded that the effect of the slowing down of the collectivity is less pronounced

for N < 82 compared to N > 82.



Chapter 4

Summary and outlook

4.1 Part I: Lifetime measurements around 132Sn with the ν-ball array

The first part of this thesis shows results from spectroscopy and lifetime measurements of neutron-rich nuclei

around 132Sn using the ν-ball hybrid spectrometer. This part of the thesis work includes a complete description

of the experimental setup, data analysis and an interpretation based on state-of-the-art theoretical calculations.

The results were obtained in an experiment coupling the LICORNE neutron source to the ν-ball array at the

ALTO facility of the IJCLab in Orsay, France. Nuclei of interest were populated in fast neutron-induced fission

of 238U and γ rays detected with a combination of HPGe detectors and LaBr3(Ce) scintillators. Lifetimes were

extracted for neutron-rich tellurium (Z = 52) and iodine (Z = 53) isotopes beyond N = 82. From the measured

lifetimes, reduced transition probabilities were deduced which provide insights into the evolution of collectivity

beyond 132Sn. An expected fast onset of collectivity for neutron number N = 84 and higher was not indicated

from the present data. This was observed distinctly for both tellurium and iodine set of isotopes investigated

in this work. The effect of the slowed down collectivity is seen most prominently in the B(E2) strengths of the

4+1 → 2+1 and 6+1 → 4+1 transitions in 138Te.

The new information on spectroscopic data and reduced transition probabilities obtained from the analysis

in this work was compared to shell-model calculations using different effective interactions. Experimental exci-

tation energies for all isotopes were reproduced using a state-of-the-art N3LOP effective interaction. Reduced

transition probabilities are well described while the slowing down of the collectivity is not exactly reproduced. A

comparison with different effective interactions highlights the importance of the π(1d5/2) proton orbital and the

ν(1f7/2) and ν(2p3/2) neutron orbitals in the successful description of the low-lying excited states in neutron-rich

105
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tellurium and iodine isotopes.

These results yield valuable input for theoretical models and opens new questions concerning the evolution

of collectivity outside the doubly magic 132Sn. Future measurements to improve the uncertainty and extend

lifetime information up to N = 90 would be of great importance to gain a more complete picture on the nuclear

structure beyond N = 82. Therefore, the optimization of the experimental setup and the possibility to use the

centroid shift method will be crucial.

4.2 Part II: Isomers around 132Sn

In the second part of this thesis isomers around 132Sn were investigated after in-flight fission of 238U at the

Radioactive Isotope Beam Facility (RIBF) of the RIKEN Nishina Center in Saitama, Japan. This chapter included

a detailed description of the experimental setup and a preparation of the experiment. A detailed data analysis

with a special emphasis on the particle identification procedure was provided. Half-lives of isomers below the

doubly magic 132Sn were remeasured and compared to theoretical calculations.

The isotopes of interest were produced and identified with the particle tracking detectors of the BigRIPS

fragment separator using the Bρ-TOF-∆E method and implanted in a copper catcher at the F8 focal point of the

ZeroDegree Spectrometer. Delayed γ rays were measured using four HPGe detectors in a compact geometry.

Half-lives of isomeric transitions were remeasured to deduce reduced transition probabilities which were suc-

cessfully reproduced by shell-model calculations. A special emphasis was made on low energy transitions which

were, in some cases, used for the first time to extract the isomeric half-life and better precision was obtained in

several cases.

By comparing the reduced transition probabilities from the tin isotopes to the respective tellurium isotones

it was concluded that despite the large neutron excess the collectivity is strongly influenced by the two valence

protons. This is in accordance with the results from the first part of this work. However, the slowing down of the

collectivity is less significant below N = 82 than above the closed neutron shell.

Future studies to search for high-spin isomers in that region are of great interest to gain a deeper under-

standing into the role of the protons outside the Z = 50 closed shell. Furthermore, the study of the magnetic

moments would allow to shed light on the detailed configurations.



Appendix A

Gamma-ray intensities for different

fission reactions

This appendix presents the γ-ray intensities measured for neutron-rich tellurium and iodine isotopes during the

ν-ball campaign as shown in Figs. 2.33 and 2.35, respectively. The main results are obtained from the 238U(n,f)

N-SI-109 fission experiment discussed in Sec. 2.4. In addition, a comparison to the additional 238U(n,f) data,

252Cf(sf) data from the commissioning run and 248Cm(sf) data from the literature is given.

Table A.1: Transitions associated with 134Te as observed in the current work. Spins and parities are taken from
the evaluated nuclear data sheet [87].

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [87]

134Te 2+1 → 0+1 1279.1(5) 100(10) 100(20) 100(20) 100(20)

4+1 → 2+1 296.9(5) 74(10) 71(4) 87(12) 88(18)

6+1 → 4+1 115.3(5) 66(9) < 70 40(15) 20(4)

(62)+ → 6+1 706.6(7) 5.9(6) 11(3) 9.2(18)

(4+2 )→ 4+1 978.5(4) 4.0(11) 6.4(13)

(5+1 )→ (62)+ 328.7(6) 2.1(4) 2.5(6) 3.3(6)

(5+1 )→ 4+1 1150.7(4) 3.3(8) 3.7(7)

Continued on next page
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Table A.1 – Continued from previous page

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [87]

(9−1 )→ 6+1 2322.0(10) 8.4(11) 4.1(14) 10(2)

(9−1 )→ (62)+ 1615.2(7) 0.61(14) 1.9(5) 1.8(4)

(7−1 )→ (62)+ 1901.5(6) 0.47(14) 0.7(2) 0.60(12)

(8+1 )→ 6+1 2865.2(7) 9.9(11) 18(3) 6.9(14)

(8+1 )→ (7−1 ) 257.1(7) < 2 1.3(8) 0.20(4)

(8−1 )→ 9−1 548.6(8) 1.5(2) 0.8(3) 4.0(8)

(9+1 )→ (8+1 ) 521.7(9) 0.3(2) 0.7(3) 1.3(3)

(9+1 )→ (8−1 ) 516.4(5) 0.7(3) 2.4(5) 2.0(4)

(10+1 )→ (8+1 ) 1064.0(6) 1.5(2) 1.0(2) 2.4(5)

(10+1 )→ (9+1 ) 542.3(10) < 0.8 1.5(3)

(10+1 )→ (9−1 ) 1607.3(8) 0.55(13) 1.0(3) 0.4(1)

(10−1 )→ (9−1 ) 1643.4(8) 0.37(11) 0.6(3) 1.2(2)

(12+1 )→ (10+1 ) 182.6(6) 1.3(3) 3.5(12) 1.4(3)

(13+1 )→ (12+1 ) 205.7(7) 1.0(7) < 2 1.3(3)

(11−1 )→ (10−1 ) 441.9(8) 0.33(13) < 0.7 0.20(4)

(14+1 )→ (13+1 ) 1040.8(7) 1.1(3) 1.6(4) 0.3(1)
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Table A.2: Same as Tab. A.1 but for 136Te. Spins and parities taken from Ref. [109].

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [109]

136Te 2+1 → 0+1 606.3(6) 100(10) 100(10) 100(13) 100

4+1 → 2+1 423.5(5) 84(12) 85(14) 80(14) 94(10)

6+1 → 4+1 352.5(5) 69(11)3 61(9) 45(9) 79(2)

(2+2 )→ 2+1 961.7(6) 0.47(12)

8+1 → 6+1 749.3(5) 39(4) 38(6) 33(8) 37(4)

(4+2 )→ (2+2 ) 817.0(10)∗ < 0.25

10+1 → 8+1 659.8(5) 19(2) 19(3) 20(10) 19(2)

(12+1 )→ 10+1 394.5(5) 8.5(16) 5.3(12) < 10

(14+1 )→ (12+1 ) 533.6(5) 3.9(1.2) 4.8(1.5) < 10

(15+)→ (14+1 ) 1074.4(6) 1.2(5) 1.5(6)
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Table A.3: Same as Tab. A.1 but for 138Te. Spins and parities taken from Ref. [110]. Transitions marked with a
× are not observed and their intensity is given as observation limit.

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [110]

138Te (2+1 )→ 0+1 460.7(5) 100(10) 100(20) 100(20) 100(3)

(4+1 )→ (2+1 ) 442.8(6) 97(10) 87(15) > 49 85(7)

(6+1 )→ (4+1 ) 535.6(6) 62(9)4 65(12) < 28 48(5)

(7+1 )→ (6+1 ) 581.8(5) 7(3) < 18 8.5(7)

(8+1 )→ (6+1 ) 648.5(6) 25(3) 33(11) 19.0(9)

(8+2 )→ (6+1 ) 759.5(7) 9(2) 23(6) 5.8(3)

(10+)→ (8+1 ) 584.5(6) 7(1) < 12 8.8(7)

(10+)→ (8+2 ) 474.2(2)× <0.8 < 1.3 1.8(3)

(10+)→ (8+1 ) 671.8(1)× <0.5 < 1.3 2.1(4)

(10+)→ (8+2 ) 561.1(1)× <0.9 < 1.3 3.8(3)

Table A.4: Same as Tab. A.1 but for 135I. Spins and parities taken from Ref. [97].

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [97]

135I (11/2+)→ (7/2+) 1134.0(5) 100(10) 100(20)

(15/2+)→ (11/2+) 288.2(5) 84(15) 87(17)

(17/2+)→ (15/2+) 571.5(5) 72(9) 34(7)

(11/2)→ (15/2+) 928.4(10) 13(5) 0.8(2)

(13/2+)→ (15/2+) 999.6(6) 12(6) 0.5(1)

(19/2−)→ (17/2+) 1661.4(6) 7(2) 5(1)

(23/2−)→ (17/2+) 1696.1(6) 27(6) 11.8(24)

(19/2+)→ (17/2+) 2247.8(6) < 14 3.1(6)
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Table A.5: Same as Tab. A.1 but for 137I. Spins and parities taken from Ref. [116].

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [116]

137I (9/2+)→ (7/2+) 553.8(5) 100(10) 100(1)

(11/2+)→ (7/2+) 619.9(5) 36(7) 37(2)

(13/2+)→ (9/2+) 400.0(5) 82(9) 64(2)

(13/2+)→ (11/2+) 333.9(5) 15(4) 17(1)

(15/2+)→ (11/2+) 488.0(5) 18(5) 4.6(7)

(15/2+)→ (13/2+) 154.0(10) < 2 -

(17/2+)→ (13/2+) 358.2(5) 59(7) 44(1)

(17/2+)→ (15/2+) 204.0(8) 4(2) -

(19/2+)→ (15/2+) 500.0(5) 4.0(17) 1.3(4)

(19/2+)→ (17/2+) 296.1(6) 31(9) 9(1)

(21/2+)→ (17/2+) 725.4(5) 21(4) 11(1)

(21/2+)→ (19/2+) 429.3(6) 8(4) 0.4(1)

(23/2+)→ (19/2+) 614.0(5) 9(3) 7(1)

(23/2+)→ (21/2+) 184.7(7) < 2 < 2

(25/2+)→ (21/2+) 705.1(7) 13(4) 2.3(1)

(25/2+)→ (23/2+) 520.4(6) < 2 0.7(1)

(27/2+)→ (23/2+) 862.4(5) 5.2(18) 1.8(1)

(27/2+)→ (25/2+) 342.0(6) < 2.5 0.15(3)

(29/2+)→ (25/2+) 423.7(12) 9(5) 1.5(1)

(31/2+)→ (27/2+) 567.3(8) 5(3) 2.2(1)

(31/2+)→ (29/2+) 485.5(10) 5(3) -

(33/2+)→ (29/2+) 686.7(7) 5(2) 0.30(5)

(33/2+)→ (31/2+) 201.6(10) < 5 0.9(1)
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Table A.6: Same as Tab. A.1 but for 139I. Spins and parities taken from Ref. [117].

Nucl. Jπi → Jπf Eγ [keV] Iγ [rel]

238U 238U 252Cf 248Cm

1.7 MeV 3.4 MeV [117]

139I (9/2+)→ (7/2+) 418.6(5) 100(10) 80(4)

(11/2+)→ (7/2+) 435.0(5) 80(15) 100(5)

(13/2+)→ (9/2+) 397.3(5) 78(11) 64(3)

(13/2+)→ (11/2+) 380.9(5) 14(4) 7(1)

(15/2+)→ (11/2+) 493.5(5) 67(16) 65(3)

(17/2+)→ (13/2+) 464.3(5) 42(9) 42(2)

(19/2+)→ (15/2+) 635.3(5) 34(5) 33(2)

(21/2+)→ (17/2+) 481.4(6) 19(5) 25(2)

(21/2+)→ (19/2+) 197.8(7) 16(8) 20(2)

(23/2+)→ (19/2+) 471.4(7) 9(5) 6(1)

(23/2+)→ (21/2+) 273.6(8) < 10 18(2)

(25/2+)→ (21/2+) 729.1(18) 8(3) 12(2)

(27/2+)→ (23/2+) 652.2(10) 4(3) 5(1)

(31/2+)→ (27/2+) 643.8(6) 2.9(15) 2(1)



Appendix B

Additional time distributions

In this appendix, more information on the time distributions for the lifetime measurements is provided. The

results are given in Tab. 2.5 of Sec. 2.4.3.

138Te

The 4+1 state in 138Te discussed in Sec. 2.4.3 is measured via the ∆T (443, 536) time difference. HPGe and

LaBr3(Ce) energy spectra are shown in Fig. B.1(a) to show the selection of the γ rays. The time distribution is

shown in Fig. B.1(b) and the result of the lifetime amounts to τ = 113+63
−44 ps [94].
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Figure B.1: (a) HPGe (red) and LaBr3(Ce) energy projection after a HPGe gate to select 138Te and a LaBr3(Ce)
gate on the feeding 536 keV 6+1 → 4+1 transition. (b) Time distribution to measure the lifetime of the 4+1 state.
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Figure B.2: Time distribution to measure the lifetime of the (a,b) (13/2+1 ) state and (c) (17/2+1 ) state in 137I as
well as the (d) (13/2+1 ) state in 139I. Taken from Ref. [95].

137I

From the level scheme shown in Fig. 2.35 discussed in Sec. 2.4.3 it can be seen that the (13/2+1 ) state in 137I is

either measured via the ∆T (334, 358) or the ∆T (400, 358) time difference. The (17/2+1 ) state in 137I is measured

via the ∆T (358, 725) time difference. The respective time distributions are shown in Figs. B.2(a-c). The lifetime

of the (13/2+1 ) state was measured to be τ = 140+40
−50 ps from the ∆T (400, 358) distribution and τ = 145(60) ps

from the ∆T (334, 358) distribution which shows consistent results. The lifetime of the (17/2+1 ) state amounts to

150(50) ps (see Fig. B.2c).

139I

The ∆T (397, 464) time distribution is used to measure the lifetime of the (13/2+1 ) state in 139I according to the

level scheme presented in Fig. 2.35. The time spectrum is shown in Fig. B.2(d). From the fit, a lifetime of

τ = 120(60) ps is obtained.



Appendix C

Résumé en francais

Motivation de la physique

Le noyau atomique est un système quantique composé de protons et de neutrons maintenus ensemble par

l’interaction nucléaire forte. Il a été démontré que les noyaux dont le nombre de protons Z ou de neutrons N

est égal à 2,8,20,28,50,82 ou 126 ont des configurations particulièrement stables. Ces noyaux sont appelés

magiques. Le modèle en couches nucléaire introduit par Mayer et Jensen [4, 5] reproduit ces nombres mag-

iques. Les nucléons sont supposés de se déplacer indépendamment sur différentes couches dans un potentiel

moyen créé par le noyau. Les noyaux magiques correspondent à des configurations particulières de couches

entièrement occupées.

L’étude des noyaux proches des couches fermées est importante en raison de leur structure relative-

ment simple avec seulement quelques particules de valence. On sait que la structure en couches évolue

en s’éloignant de la stabilité dans les noyaux présentant un grand déséquilibre proton-neutron. Ces noyaux

sont appelés exotiques et avec les progrès des installations de faisceaux d’ions radioactifs, ils deviennent

expérimentalement accessibles. Le 132Sn est un noyau doublement magique avec 50 protons et 82 neutrons.

Avec l’ajout de particules au-dessus de 132Sn, les phénomènes collectifs commencent à jouer un rôle et les

états excités sont régis non seulement par des configurations à particules individuelles mais aussi par des

excitations collectives.

Les signatures de la collectivité dans les noyaux pairs sont, par exemple, l’énergie d’excitation du premier

état 2+ excité, le rapport d’énergie Ex(4+1 )/Ex(2+1 ) ou la probabilité de transition réduite B(E2) de la transition

2+1 → 0+1 [8]. Les premières quantités sont directement liées à la mesure des énergies des rayons gamma et

la valeur B(E2) peut être extraite en mesurant la durée de vie τ d’un état excité. Un signe de haute collectivité
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correspond à une basse énergie d’excitation de l’état 2+1 et à une valeur haute de B(E2) par rapport aux

noyaux voisins. Lorsque l’on s’éloigne d’une couche fermée, on s’attend à ce que la collectivité augmente. Ce

développement de la collectivité autour de la couche fermée en neutrons N = 82 n’est pas entièrement compris,

ce qui est l’objectif principal de cette thèse.

Partie I : Mesures de durée avec le système ν-ball

Dans la première partie de ce travail, les durées de vie des états excités au-delà du 132Sn ont été mesurées

dans le cadre de la campagne ν-ball. La campagne ν-ball a eu lieu auprès de l’installation ALTO du laboratoire

IJCLab à Orsay. Des informations spectroscopiques et de durée de vie ont été obtenues pour les isotopes

riches en neutrons au-delà de 132Sn. Les résultats expérimentaux ont été comparés aux calculs de modèle en

couches. De nouvelles perspectives sur le développement de la collectivité pour les noyaux avec N > 82 ont

été obtenues.

Les isotopes riches en neutrons qui nous intéressent ont été peuplés dans la fission de 238U induite par

des neutrons rapides avec la source de neutrons LICORNE dans une réaction p(7Li,n)7Be [52]. Un faisceau

primaire de 7Li produit par l’accélérateur Tandem de l’installation ALTO a été pulsé avec un temps de répétition

de 400 ns. L’énergie moyenne des neutrons a été choisie en fonction de la section efficace de fission pour

être d’environ 1.7 MeV. Les neutrons ont été utilisés pour induire la fission sur une cible épaisse de 81 g 238U.

L’utilisation d’une cible en 238U par rapport aux études de fission précédentes a été motivée par le plus grand

rapport N/Z des fragments de fission résultants. Ainsi, il est attendu que des noyaux plus riches en neutrons

soient accessibles dans cette réaction. Les rayons gamma venant des fragments de fission ont été détectés

avec le spectromètre hybride ν-ball [72].

Celui-ci était composé de détecteurs en germanium hautement purifié (HPGe) et de scintillateurs en bromure

de lanthane (LaBr3). Ces détecteurs ont été choisis pour combiner l’excellente résolution énergétique des

détecteurs HPGe et la bonne résolution temporelle des détecteurs LaBr3, afin de mesurer les durées de vie à

l’aide de la technique ‘fast-timing’ bien établie. Les détecteurs ont été positionnés en quatre anneaux autour

de la cible. Le premier anneau était composé de dix scintillateurs LaBr3 cylindriques de 1.5 pouce × 2 pouces

et de dix scintillateurs coniques de 1 pouce × 1.5 pouces × 2 pouces. Les deuxième et troisième anneaux

étaient chacun constitués de 12 détecteurs HPGe de type clover. En plus, un anneau de dix détecteurs HPGe

coaxiaux a été utilisé. Tous les détecteurs HPGe étaient équipés de boucliers en germanate de bismuth (BGO)

pour réduire le bruit de fond dû à la diffusion Compton des rayons de gamma. Nous avons mesuré que la

résolution en énergie typique des détecteurs HPGe était d’environ 2.5 keV à 1.3 MeV, alors que la résolution
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des détecteurs de type clover et de phase-I est de l’ordre de 1.8 keV et 2.9 keV, respectivement. La résolution

temporelle des détecteurs HPGe et LaBr3 mesurée avec une source 60Co était respectivement d’environ 13 ns

et 200 ps. L’efficacité de détection des rayons gamma a été déduite de la mesure d’une source de 152Eu,

corrigée de l’auto-absorption due à la géométrie de la cible. Elle s’élève à environ 4.1(2) % pour les détecteurs

HPGe et 0.7(1) % pour les détecteurs LaBr3.

Les données ont été accumulées en mode sans trigger à l’aide du système d’acquisition FASTER [80]

qui est capable de gérer simultanément un grand nombre de canaux avec des détecteurs. Les détecteurs

HPGe opéraient à des fréquences moyennes de 5 à 7 kHz. Les informations d’énergie et de temps de tous

les détecteurs étaient enregistrées, permettant des études calorimétriques détaillées et une reconstruction

complète de la multiplicité des événements. L’utilisation d’un faisceau pulsé a permis l’étude des coı̈ncidences

promptes et retardées. Cette méthode a été employée avec succès pour mesurer les isomères à longue durée

de vie dans la période de quelques dizaines de ns à quelques centaines de ns [86, 94]. Cette réaction pro-

duit de nombreux noyaux qui se désintègrent via des schémas de désexcitation avec de nombreux rayons

gamma. Cela correspond à des événements à forte multiplicité de rayons gamma. Des conditions de sélection

d’évènements de multiplicité plus élevées améliorent la propreté de l’identification des événements de fission

et sont donc utilisés dans l’analyse.

Les fragments de fission ont été identifiés grâce aux coı̈ncidences double gamma et triple gamma provenant

de transitions connues dans ces noyaux. Les schémas de niveaux des isotopes du tellure et de l’iode N =

82, 84, 86 riches en neutrons ont été construits et les intensités relatives des rayons gamma ont été extraites.

Les données ont été comparées aux résultats d’études précédentes sur la fission induite par les neutrons

thermiques et la fission spontanée. Les données indiquent que des spins élevés similaires étaient peuplés

dans cette réaction. Dans le 136Te, la transition (3+1 , 4
+
2 ) → (2+2 ) a été à nouveau mesurée avec une précision

bien supérieure grâce à l’excellente résolution en énergie des détecteurs HPGe. De plus, le schéma des niveaux

du 138Te a été révisé en termes d’ordre des niveaux excités.

Les informations temporelles des détecteurs sont extraites de différentes manières, en fonction de la durée

de vie des états excités. L’information temporelle HPGe par rapport à la pulsation du faisceau est utilisée pour les

mesures de durées de vie τ & 5 ns, limitées par la résolution temporelle des détecteurs HPGe. Pour τ ∼ 1 ns,

l’information temporelle du faisceau par rapport aux détecteurs LaBr3 a été utilisée. Pour τ < 1 ns, la différence

de temps entre deux détecteure LaBr3 a été mesurée. Dans ce cas, des matrices de triple coı̈ncidence HPGe-

LaBr3-LaBr3 ont été construites. Une fenêtre d’énergie HPGe a été appliquée pour sélectionner un noyau

d’intérêt. Ensuite, la différence de temps d’un rayon gamma peuplant et dépeuplant l’état est mesurée. Cela
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mène à la construction de la distribution retardée de temps. Elle peut être décrite par une convolution d’une

gaussienne prompte avec une décroissance exponentielle qui permet d’estraire les durées de vie pour τ > 50 ps

jusqu’à plusieurs ns.

Plusieurs durées de vie d’états de basse énergie d’excitation ont été remesurées dans des isotopes de

tellurium et d’iode riches en neutrons avec N ≥ 82 comme les durées de vie des états 4+1 connues dans

134,136Te et la durée de vie de (15/2+
1 ) dans 135I. Ensuite, des durées de vie inconnues dans 136,138Te et 137,139I

ont été mesurées pour les premiers états excités et certaines limites supérieures ont été proposées pour les

états (11/2+1 ) dans 135,137,139I et (17/2+1 ) dans 139I. Ce travail fournit les premières mesures de durée de vie

dans les noyaux 138Te, 137I et 139I. Les durées de vie mesurées ont été utilisées pour déduire les probabilités de

transition réduites.

Les résultats expérimentaux sont comparés aux prédictions théoriques issues de calculs de modèles

en couches déjà utilisées pour les noyaux aux-dessus du noyau 132Sn et bien connues pour cette région

[48, 70, 94, 95, 119]. Un espace de valence impliquant les orbitales 1f7/2, 0h9/2, 1f5/2, 2p3/2, 2p1/2, 0i13/2

pour les neutrons et 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 pour les protons est utilisé ainsi qu’une interaction effective

N3LOP. Les énergies des particules individuelles pour les neutrons et les protons sont extraites des données

expérimentales de 133Sn et 133Sb [120]. Les énergies orbitales des neutrons 0i13/2 et des protons 2s1/2 sont

tirées des sources suivantes Réf. [121, 122], respectivement.

Les schémas de niveaux expérimentaux ont été relativement bien reproduits par les résultats des prédictions

théoriques. Les états yrast de bas spin des isotopes du tellure peuvent être décrits par le couplage des deux

protons de valence dans l’orbitale π(0g7/2). Avec l’augmentation du nombre de neutrons N , ces états sont plus

fragmentés. De plus, il a été démontré que les excitations des états yrast de bas spin dans les isotopes d’iode

riches en neutrons résultent du couplage d’un proton avec l’orbitale π(0g7/2) de son isotone de tellure respectif.

Dans les isotones N = 82, l’isotope 134Te et l’isotope 135I, des excitations neutrons au travers de la couche

fermée N = 82 ont été identifiées à une énergie d’excitation élevée, supérieure à 4 MeV, qui en conséquence,

confirme le charactère magique du noyau 132Sn.

Les probabilités de transition réduites montrent une tendance globale croissante en fonction du nombre de

neutrons, ce qui indique une collectivité croissante de ces transitions. La systématique globale de cette évolution

est reproduite par les calculs théoriques, mais elle est parfois surestimée. Il s’est avéré que le développement

de la collectivité avec N > 82 pour les isotopes du tellure et de l’iode est ralentie par rapport aux noyaux avec

N < 82 et par rapport aux prédictions théoriques. De plus, le rôle des protons dans les noyaux Z = 52 (tellure)

et Z = 53 (iode) est dominant malgré le grand rapport N/Z dans ces noyaux.
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Ce travail contribue à la compréhension de la collectivité au-delà du 132Sn. Des mesures futures pour

réduire les barres d’incertitude et étendre les durées de vie jusqu’à N = 90 seraient d’une grande importance

pour obtenir une image plus complète de l’évolution des couches au-delà de N = 82.

Partie II : Isomères autour de 132Sn

Dans la deuxième partie de cette thèse, les isomères autour du 132Sn ont été étudiés après la fission coulombi-

enne du 238U. Les isomères sont des états méta-stables avec des durée de vies significativement plus longues

que 1 ns [10]. Ils peuvent avoir des origines différentes, par exemple, en raison de grandes différences de

spin entre l’état initial et l’état final ou en raison de formes différentes. Un autre type d’isomères est celui des

isomères de séniorité, où la séniorité ν est le nombre de paires couplées à J > 0. Cela pourrait résulter à des

transitions de faible énergie qui mènent finalement à de longues durée de vies en raison de la dépendance en

1/E2L+1
γ des taux de transition de gamma [9, 10].

Dans la région inférieure à N = 82, différents types d’isomères apparaissent en raison de l’orbitale de parité

unique ν(0h11/2). Par exemple, des isomères 10+ avec séniorité ν = 2 sont présents dans les isotopes pairs

en dessous de N = 82 [147, 148, 149, 168, 169, 170]. D’autres configurations peuvent impliquer les orbitales

ν(1d3/2) ou 2s1/2. Alors que la systématique pour les isotopes de l’étain avec N < 82 est bien étudiée et

plutôt complète, l’abondance des isomères connus des mêmes configurations est beaucoup plus faible pour

les isotopes du tellure. Ceci motive la poursuite de l’étude pour comprendre l’évolution de l’orbitale ν(0h11/2)

et l’influence des protons de valence en dessous de N = 82. Dans les études précédentes, la plupart des

transitions isomères de basse énergie n’ont pas été détectées, ce qui souligne l’importance de la détection des

rayons gamma de basse énergie dans la mesure des isomères.

Les isotopes d’intérêt ont été produits par la fission de l’uranium au centre de faisceaux d’isotopes radioac-

tifs (RIBF) du RIKEN Nishina Center à Saitama, au Japon. Un faisceau primaire de 238U accéléré par un

ensemble d’accélérateurs en cascade jusqu’à une énergie de 345 MeV/u est utilisé sur une cible primaire pour

produire une grande variété d’ions secondaires différents, que l’on appelle le faisceau cocktail. Ce cocktail

d’ions secondaires a été séparé et identifié à l’aide du séparateur de fragments BigRIPS [156]. Le séparateur

de fragments BigRIPS est constitué d’aimants dipolaires à température ambiante et d’aimants quadripolaires

supraconducteurs. L’identification a été réalisée par la méthode Bρ-TOF-∆E [156, 159] à l’aide de détecteurs

de suivi de particules situés à différents points focaux du séparateur de fragments. Des compteurs à avalanche

à plaques parallèles, sensibles à la position et des scintillateurs plastiques rapides ont été utilisés pour mesurer

la rigidité magnétique (Bρ) et le temps de vol (TOF). Ces informations peuvent être utilisées pour déduire le
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rapport masse sur charge A/Q grâce à l’équation de Lorentz. La perte d’énergie ∆E est mesurée à l’aide

d’une chambre d’ionisation à échantillonnage multiple avec laquelle le numéro de charge atomique peut être

reconstruit. En outre, plusieurs corrections à la procédure d’identification des particules ont été appliquées pour

optimiser l’identification des ions d’intérêt.

Les ions identifiés sont implantés dans un collecteur en cuivre au point focal F8 après le séparateur de frag-

ments BigRIPS. Les rayons retardés gamma provenant des états isomères d’intérêt ont été mesurés à l’aide de

quatre détecteurs HPGe dans une géométrie compacte. Afin de vérifier les performances des détecteurs, deux

tests de détection ont été effectués avant l’expérience pour optimiser la résolution temporelle des détecteurs

HPGe qui s’élève à environ 9(1) ns FWHM mesurée avec une source 60Co. Les informations temporelles ont

été acquises à l’aide de convertisseurs temps/amplitude (TAC) et de convertisseurs temps/numérique (TDC)

qui couvraient des temps d’acquisition de 20 µs et 10 µs, respectivement.

Les isomères ont été identifiés dans les matrices énergie-temps 2D après avoir ouvert une fenêtre sur un

isotope d’intérêt. Les fenêtres sur les transitions inférieures à l’isomère ont été utilisées pour mesurer les durées

de vie. Toutes les transitions inférieures à un état isomérique sont retardées par sa désintégration et peuvent

être utilisées dans l’analyse des données. Une attention particulière a été portée à la mesure des transitions de

basse énergie qui sont communes dans les décroissances d’isomères. Certaines de ces demi-vies isomériques

ont été mesurées pour la première fois par des transitions directes à basse énergie. Par exemple, la demi-vie

de l’isomère (23/2+) dans 127Sn a été mesurée directement par la transition (23/2+) → (19/2+) de 104 keV.

Les demi-vies isomériques des isotopes d’étain et de tellure riches en neutrons entre N = 76 et N = 80 ont été

remesurées et les résultats sont conformes aux mesures précédentes. Une recherche d’un isomère avec spin

plut haut dans le 126Sn n’a pas abouti et des transitions potentielles d’un tel isomère ont été observées dans le

132Te.

Les probabilités de transition E2 réduites sont calculées pour les transitions isomériques. Les résultats

expérimentaux ont été comparés aux prédictions théoriques. Les isotopes de l’étain ont été comparés à des

calculs de modèles en couche en utilisant un espace modèle qui ne comprend que les orbitales de neutrons

inférieures à N = 82, c’est-à-dire ν(0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2). Les calculs déjà utilisés pour la région

de 132Sn avec une interaction effective dérivée d’un potential nucléon-nucléon CD-Bonn [51, 166] reproduisent

bien les résultats expérimentaux. L’évolution systématique des probabilités de B(E2) dans les isotopes de

l’étain peut être comprise en termes de remplissage retardé de l’orbitale neutron ν(0h11/2).

Les intensités des transitions dans les isotopes du tellure sont beaucoup plus élevées que celles des iso-

tones de l’étain, ce qui démontre l’augmentation de la collectivité lorsque l’on ajoute deux protons au système.
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Les taux de transition E2 dans les isotopes du tellure ont été comparés aux calculs utilisant un modèle de

mélange à deux états déduit des excitations de neutrons à partir des valeurs B(E2) de l’étain et des excitations

de protons à partir des valeurs B(E2; 2+1 → 0+1 ) du tellure [141]. Ces calculs montrent l’effet des valeurs B(E2)

lors de l’ajout d’un léger mélange de configurations de protons, ce qui démontre l’importance des protons de

valence dans ces systèmes. Comparé à la première partie de cette thèse, cela indique que le rôle des protons

est significatif dans les noyaux avec N > 82 et N < 82 malgré le grand excès de neutrons dans ces isotopes

riches en neutrons.
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Titre: Durées de vie et structure nucléaire autour de 132Sn
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Résumé: L’étude des noyaux riches en neutrons autour
du noyau double-magique 132Sn offre l’une des meilleures
possibilités d’étudier les éléments de matrice à deux
corps des théories de physique nucléaire loin de la sta-
bilité. Une quantité sensible pour obtenir les informations
sur les fonctions d’onde nucléaires sont les durées de vie
des états excités. Pendant ce travail, two experiences ont
été analysé.
La première expérience est consacrée aux mesures de
durée de vie et été réalisée à l’installation ALTO à Orsay.
Des noyaux riches en neutrons on été produits lors de la
fission de 238U à l’aide de neutrons rapides et les rayons
γ on été détectés avec une combinaison de détecteurs
au germanium hautement purifié (HPGe) et au bromure
de lanthane (LaBr3). De nouvelles informations spectro-
scopiques et les durées de vie des étas bas dans les
isotopes de tellure et de l’iode au dessus de N = 82
on été mesurées. Les durées de vie des états excités
de faible énergie dans les noyaux 134,136Te et 135I on été
remesurées et l’état 6+1 dans le 136Te a été mesuré pour
la première fois. Les premiers résultats des durées de
vie des états 2+1 , 4

+
1 et 6+1 dans le 138Te et des états

(9/2+1 ), (13/2+1 ) et (17/2+1 ) dans les 137,139I on été obtenus

et les probabilités de transition réduites on été extraites.
Les données expérimentales on été comparées aux cal-
culs théoriques du modèle en couches. Ce travail four-
nit de nouvelles perspectives sur l’évolution de la collec-
tivité en dehors du double-magique 132Sn et contribue à
la compréhension de la structure nucléaire au dessus de
N = 82.
La deuxième expérience est consacrée à l’étude des ètats
nucléaires isomères en dessous de 132Sn. L’expérience
a été conduite à l’installation de faisceaux d’isotope ra-
dioactifs du centre RIKEN Nishina au Japon. Des noyaux
exotiques ont été produits pars fission de 238U et le fais-
ceu cocktail résultant a été séparé en masse et identifié
par le séparateur de fragments BigRIPS. Les ions d’intérêt
ont été implantés dans un capteur et les rayons γ ont été
détectés à l’aide de quatre détecteurs HPGe en géométrie
serrée. Les durées de vie des isomères des isotope
d’étain et de tellure riches en neutrons on été mesurées et
les résultats on été comparés aux calculs théoriques. Les
deux expériences on permis de confirmer l’importance
des excitations de proton pour l’évolution de la collectivité
dans les isotopes du tellure autour de N = 82.



Title: Lifetimes and nuclear structure around 132Sn
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Abstract: The investigation of neutron-rich nuclei around
the doubly magic 132Sn provides one of the best opportu-
nities to test two-body matrix elements from nuclear the-
ory far off the valley of stability. A sensitive probes to gain
information into the nuclear wave functions are lifetimes of
excited states. In the course of this work, data from two
experiments were analyzed.
The first experiment dedicated to lifetime measurements
was performed at the ALTO facility in Orsay. Neutron-
rich nuclei were produced in fast neutron-induced fission
of 238U and γ rays detected using a combination of high-
purity germanium (HPGe) and lanthanum bromid (LaBr3)
detectors. New spectroscopic information and lifetimes of
low-lying excited states in tellurium and iodine isotopes
beyond N = 82 were measured. Lifetimes of low-lying
excited states in 134,136Te and 135I were remeasured and
the 6+1 state in 136Te was measured for the first time.
First results on lifetimes of the 2+1 , 4

+
1 and 6+1 states in

138Te and (9/2+1 ), (13/2+1 ) and (17/2+1 ) states in 137,139I
are obtained and reduced transition probabilities were ex-

tracted. The experimental data were compared to theo-
retical calculations in the framework of the nuclear shell
model. This work provides new insights into the devel-
opment of collectivity outside the doubly magic 132Sn and
contributes to the understanding of the nuclear structure
beyond N = 82.
The second experiment was dedicated to the investigation
of isomers below 132Sn. The experiment was performed
at the Radioactive Isotopes Beam Facility of the RIKEN
Nishina Center in Japan. Exotic nuclei were produced
through in-flight fission of 238U and the resulting cocktail
beam mass separated and identified using the BigRIPS
fragment separator. Ions of interest were implanted in a
copper catcher and γ rays detected using four HPGe de-
tectors in close geometry. Half-lives of isomers in neutron-
rich tin and tellurium isotopes were remeasured and the
results compared to theoretical calculations. From both
experiments, the importance of the proton excitations for
the evolution of collectivity in the tellurium isotopes around
N = 82 could be confirmed.



Titel: Lebensdauern und Kernstruktur um 132Sn

Schlüsselwörter: Kernstruktur, Gammaspektroskopie, Lebensdauer, 132Sn

Abstrakt: Die Untersuchung neutronenreicher Kerne um
den doppelt magischen Kern 132Sn bietet eine der besten
Möglichkeiten um Zwei-Körper-Matrixelemente aus kern-
physikalischen Theorien fernab der Stabilität zu unter-
suchen. Eine sensitive Größe um Informationen über die
Kernwellenfunktionen zu erhalten sind Lebensdauern an-
geregter Zustände. Im Zuge dieser Arbeit wurden zwei
Experimente ausgewertet.
Das erste Experiment ist Lebensdauermessungen gewid-
met und wurde an der ALTO Einrichtung in Orsay
durchgeführt. Neutronenreiche Kerne wurden in Spal-
tung von 238U mittels schneller Neutronen produziert und
Gammastrahlen mit einer Kombination aus hochreinen
Germanium (HPGe) und Lanthanbromid (LaBr3) De-
tektoren detektiert. Neue spektroskopische Informatio-
nen und Lebensdauern von angeregten Zuständen in
Tellur- und Iodisotopen jenseits von N=82 wurden er-
mittelt. Lebensdauern von tiefliegenden angeregten
Zuständen in 134,136Te und 135I wurden neu gemessen
und der 6+1 -Zustand in 136Te wurde erstmals bestimmt.
Erste Ergebnisse von Lebensdauern 2+1 , 4

+
1 - und 6+1 -

Zustände in 138Te und (9/2+1 ), (13/2+1 )- und (17/2+1 )-
Zustände in 137,139I wurden erlangt und reduzierte

Übergangswahrscheinlichkeiten extrahiert. Die experi-
mentellen Daten wurden mit theoretischen Schalenmod-
ellrechnungen verglichen. Diese Arbeit liefert neue Erken-
ntnisse über die Entwicklung der Kollektivität außerhalb
des doppelt magischen 132Sn und trägt zum Verständnis
der Kernstruktur jenseits von N = 82 bei.
Das zweite Experiment ist der Untersuchung isomerer
Kernzustände unterhalb von 132Sn gewidmet und wurde
an der Einrichtung für radioaktive Isotopenstrahlen des
RIKEN Nishina Zentrums in Japan durchgeführt. Exotis-
che Kerne wurden mittels Spaltung von 238U produziert
und der resultierende Cocktailstrahl massensepariert und
mittels BigRIPS Fragmentseparator identifiziert. Ionen,
die von Interesse sind, wurden in einer Vorrichtung im-
plantiert und Gammastrahlen mit Hilfe von HPGe Detek-
toren in kompakter Geometrie detektiert. Halbwertszeiten
von Isomeren in neutronenreichen Zinn- und Telluriso-
topen wurden nachgemessen und die Ergbenisse mit the-
oretischen Rechnungen verglichen. Durch de Ergebnisse
beider Experimente konnte die Relevanz der Protonenan-
regungen für die Evolution der Kollektivität in Telluriso-
topen bestätigt werden.
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