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Abstract

The understanding of the structure of nuclei far from stability is one of the key problems in

nuclear structure physics today. The questions to be addressed range from understanding

of the limits of nuclear stability to the origin of the elements. While in nature there are only

about 300 stable isotopes, there are more than 3000 unstable nuclides that have already

been observed and an equal number that is expected to exist. Beams at most accelerator

laboratories are restricted to the few stable isotopes. Therefore, only stable nuclei or nuclei

close to stability are well studied (with some exceptions). On the contrary, little is known

about the properties of especially neutron-rich exotic nuclei, characterized by an extreme

ratio of neutron to proton number; for some of them only their existence is known.

With the commissioning of the REX-ISOLDE facility and the MINIBALL γ ray spec-

trometer, in which our group had a leading role, it is now possible to study nuclides far

from stability with standard nuclear physics techniques such as “safe” Coulomb excitation,

allowing to make systematic studies of key properties of exotic nuclei over wide regions

in the nuclear chart, yielding a significant contribution to the understanding of nuclear

structure.

In this work the main aspects of the REX-ISOLDE accelerator and of the MINIBALL

array are presented. After the commissioning phase two experimental campaigns were

carried out with the aim of shedding new light on the interesting region of the “Island

of Inversion”. In this first study the reduced transition probabilities B(E2; 0+
gs → 2+

1 ) of

the neutron-rich isotopes 30,32Mg were measured using the model-independent technique

of “safe” Coulomb excitation. While the B(E2)↑ of 30Mg can be understood in terms of

pure sd shell model configurations, the large value of 32Mg is consistent with a pure 2p-2h

configuration with a breakdown of the N = 20 shell closure at Z = 12. The reasons for

this surprisingly abrupt transition into the “Island of Inversion” are discussed.
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• the members of the MINIBALL collaboration and everybody helping out during the

experiments at CERN.
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Chapter 1

Introduction

Before the mid 1990s most experimental studies in nuclear structure physics, involving

beams incident on suitable targets to excite the nuclei, have focused on nuclei in or near the

valley of stability, due to the fact that the beams and targets used in accelerator laboratories

are mainly composed of naturally occurring stable or very long-lived radioactive isotopes.

The reaction products are therefore near stability, with the exception of neutron-deficient

fusion-evaporation products and neutron-rich fission products available in limited regions

of the nuclear chart. There are, however, less than 300 stable nuclides in nature, while

already about 3000 unstable ones have been synthesized in nuclear structure laboratories.

Only a fraction of them was studied in any detail and for many no other property than

their existence is known. In addition, the nuclear landscape extends much further away

into uncharted territories mainly on the neutron-rich side, where probably about another

3000 nuclides await discovery, as shown schematically in figure 1.1.

The study of these exotic nuclei1 with radioactive nuclear beams (RNB) has emerged

as a new and young field of nuclear structure physics about 10–15 years ago gaining more

and more momentum. This development, which represents the principal future direction

of nuclear structure physics, is driven by the availability of ever better and more intense

RNBs and allows the systematic study of the evolution of nuclear structure in the isospin

degree of freedom. The number of available (radioactive) beams at RNB facilities is an

order of magnitude higher (albeit strongly varying intensity) than the number of stable

ones, giving the experimenter the possibility to very flexibly choose the beam that best

shows and amplifies the effect to be observed.

We have every reason to expect new phenomena and new insights into the nuclear many

body problem as more and more exotic nuclei are studied:

1Exotic nuclei refer to β unstable nuclei with extreme ratios of proton to neutron number.
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Figure 1.1: Schematic nuclear chart.

• Historically, the few exotic nuclei known have shown many remarkable phenomena

from neutron-halos to the melting of magic shells, giving invaluable insights into the

shell model which is the core or reference model for any nuclear structure theory

today.

• Nuclei, where the valence orbits of neutrons and protons have very different quantum

numbers, can be accessed and studied. It is expected that the residual interaction

will be very different in comparison to stable isotopes, where the valence orbits,

which determine most of the nuclear structure properties, have usually rather similar

quantum numbers.

• The isospin dependence of certain observables can be systematically studied along

extended isotopic and isotonic chains for the first time. The further away a certain

nuclide is from stability the more sensitive the theoretical results are to the (param-

eters of the) theoretical model. For instance, before the melting of closed shells was

discovered around 32Mg (“Island of Inversion”) no model predicted it.

• The weakening of the spin-orbit force is predicted for very neutron-rich nuclei, re-

sulting in a completely different shell structure, which has yet to be confirmed (see

e.g. figure 6.6 on page 98).
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• Extremely weakly bound systems can be produced and studied. While the nucleons

in nuclei close to stability are bound by several MeV, the most exotic nuclei near the

proton and neutron driplines are bound by less than a few 100 keV.

• The origin of the elements is considered one of “The 11 Greatest Unanswered Ques-

tions of Physics” [2]. While there certainly are very large uncertainties in the as-

trophysical models—not even the site of element production is identified—without

knowledge of the properties of the exotic nuclei involved in the r- and rp-process a

deeper understanding of the origin of the elements cannot be expected.

In the last 10–15 years the nuclear structure physics with RNBs was mainly driven

by advances of projectile fragmentation facilities such as GSI (Germany), MSU (USA),

GANIL (France), and RIKEN (Japan). New probes, adapted to the properties of these

beams (high energy and poor beam quality), were developed (e.g. intermediate-energy

Coulomb excitation) yielding valuable insight in the structure of exotic nuclei. However

with theses facilities the standard techniques such as “safe” Coulomb excitation cannot be

employed.

It was clear, therefore, that besides projectile fragmentation an alternative method,

namely isotope separation on-line (ISOL) with re-acceleration of the ions, is needed to

fully exploit the possibilities of RNBs. Such a facility was termed generically as IsoSpin

Laboratory already in the mid-1990s, for the obvious reason. The major planned facilities

of this type, with construction costs in excess of 500 Me, are RIA [3] in the USA and

EURISOL [4] in Europe, which were recommended by the corresponding scientific advisory

panels (NSAC and NuPECC, respectively) as the highest priority for new construction.

While these facilities (if fully funded and built) are expected to become online in 10–20

years from now, there are several first generation ISOL facilities already operational, e.g.

CRC at Louvain-la-Neuve [5], HRIBF at Oak Ridge [6], ISAC at TRIUMF in Vancouver

[7], and SPIRAL at GANIL, Caen [8]. A first generation ISOL facility which was just

commissioned three years ago is REX-ISOLDE2 [9–11], which is special, since it is located

at ISOLDE, CERN, which has a huge expertise and knowledge in the production and

extraction of radioactive nuclei, collected in more than 30 years of operation. But so far

without re-acceleration of the produced exotic nuclei. With REX, in principle, any nucleus

on the huge and ever expanding ISOLDE beam list can be accelerated to energies around

the Coulomb barrier, which is the energy of choice for most nuclear structure experiments.

2The REX collaboration initially consisted of institutes from the following cities: Aarhus, Brookhaven,

Daresbury, Darmstadt, Dubna, Erlangen, Frankfurt, Gothenborg, Göttingen, Heidelberg, Leuven, Liver-

pool, Mainz, München, Paris, Saclay, Stockholm, Strasbourg, Surrey, Roskilde, and Villeurbanne [9].



4 Introduction

The REX project was initiated in 1994 at the MPI-K [9] with strong involvement of the

accelerator group throughout the project and of the nuclear physics group, which was

essential during the commissioning phase in 2001–2002, where the whole REX/MINIBALL

beam time was allocated to experiments proposed by the MPI-K group.

With the development of the RNB facility REX-ISOLDE it became clear that experi-

mental equipment is needed that makes best use of the rare and expensive RNBs. Advances

in detector efficiency and resolution not only allow for more precise measurements, but also

to extend the limits of our knowledge to more exotic nuclei, as a reduction in beam in-

tensity can be compensated by a corresponding increase in efficiency of the experimental

setup. The MINIBALL3 HPGe γ-ray array [12] was especially designed and built for REX-

ISOLDE and is currently the main experimental device at the REX-ISOLDE accelerator.

It is the first array (in production use) employing segmentation of the detector electrodes

and pulse shape analysis to increase the granularity of the array. The algorithms used were

developed at the MPI-K during one Diploma [13] and two Ph.D. thesis [14, 15], were first

tested on a triple cluster detector during a Diploma project [16] and implemented on the

hardware during another Diploma [17] and one Ph.D. [18] project.

With REX and MINIBALL operational after the commissioning period our group was

leading the research effort with the new devices by studying the neutron-rich even-A Mg

isotopes by the well established and proven technique of “safe” sub-barrier Coulomb exci-

tation. These nuclei are of particular interest, as they are located in the so-called “Island of

Inversion” comprising the neutron-rich Ne, Na, and Mg isotopes with neutron number near

N = 21. These isotopes show unusual properties, which could not be understood on the

basis of shell-model calculations with the active orbits restricted to the 1s, 0d (sd) major

shells. Even today, more than 30 years after the first anomalies were found, the reason for

the existence of the “Island of Inversion” and its extent in neutron N and proton number

Z in the nuclear chart are still debated in the literature and the huge interest on this region

can be seen on the number of pertaining publications showing a strong increase especially

in recent years.

The N = 21 nuclide 32Na is generally believed to be at the center of the “Island of

Inversion”. This nuclide as well as several other neutron-rich Na isotopes (27-32Na) were

first observed in 1969 at the ISOLDE facility [19]. Their masses were measured in 1973 and

1975 [20, 21] and a first irregularity was found. It was observed that contrary to expectation

(from the spherical shell model) the deduced two-neutron separation energies S2n actually

3Currently the MINIBALL collaboration comprises the following institutes: the LMU Munich, the TU

Munich, the MPI-K Heidelberg, the GSI Darmstadt, the University of Cologne, the University of Leuven,

the University of Edinburgh, and the University of York.
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increased as the N = 20 shell was crossed toward more neutron-rich nuclei, which the

authors took as a sign of deformation.4 Indeed, constrained Hartree-Fock calculations—

with the quadrupole moment as constraint—by Campi et al. [22] suggested that the filling

of the negative parity νf7/2 shell would result in a deformed ground state configuration with

increased binding. An extension of the mass measurements [23] to include the Mg isotopes

up to 32Mg showed that 31,32Mg are also more tightly bound than expected, showing that

the observed anomalies are not restricted to the Na isotopes. A further indication of a

deformed ground state configuration came from a measurement of the energy of the first

excited state of 32Mg (assumed to have Jπ = 2+).5 It was found to lie at the remarkably

low energy of only 885 keV [29], while most even-A N = 20 isotones with Z > 12 showed

2+
1 excitation energies E(2+

1 ) in excess of 3 MeV [25] in line with the N = 20 shell closure.

At the time it was believed that Coulomb excitation studies, giving a direct and model

independent measure of deformation, would be impossible for these very exotic neutron-

rich nuclides [23]. Therefore indirect methods were used to provide evidence of nuclear

deformation. Besides the excitation energy in even nuclides, the variation of the mean

square (charge) radii or isotope shifts and the two-neutron separation energies S2n were

investigated. The mean square charge radii showed a strong continuous increase with larger

neutron number N , however, no sign of a sudden change when N = 20 was approached

for the neutron-rich Na isotopes [30, 31] was observed, which would have been indicative

of the onset of deformation.

The theoretical understanding of these nuclei was the subject of a multitude of pub-

lications (e.g. [22, 32–36] and references therein) and in a seminal shell model study by

Warburton, Becker, and Brown [36], based on the work of Wildenthal and Chung [33], this

region was termed “Island of Inversion” and according to these authors encompassed the

Ne, Na, and Mg isotopes with neutron numbers in the range 20 ≤ N ≤ 22 as outlined in

[36, figure 1]. In this publication the origin of this peculiar structure was traced to three

important mechanisms:

• a (small) reduction in the single-particle gap between the νf 7
2

and the νd3
2

orbitals,

4While, a priori, the S2n value is not related to the shape of a nucleus, two types of variation from a

smooth behavior as a function of the mass number A have been observed. When crossing a magic number

it is expected that new orbitals with less binding become active, resulting in a steep(er) drop of the S2n

value. However, a leveling off or even an upturn of S2n with increasing A has been observed. Here new

(shell model) configurations become accessible resulting in a stronger binding. This is typically associated

with the occurrence of deformation.
5In even-even nuclides the energy of the first excited 2+ state is related empirically to the B(E2; 0+

gs →
2+
1 ) value [24, 25], which is a direct measure of collectivity and can be related to nuclear deformation

within the rotational model [26–28].
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• an increase in nn pairing energy, and

• an increase of the pn interaction energy.

These three mechanisms working together lead to a lowering of the 2~ω configurations and

it becomes energetically more favorable to excite two neutrons into the νf 7
2

shell [36]. These

findings, however, have been and are still being debated in the literature and explanations

for the existence of the “Island of Inversion” range from large mean field effects, where

in the most extreme case the energetic order of the νf 7
2

and the νd3
2

orbits is actually

reversed [22, 32, 34], to only small mean field effects with modified residual interactions,

as the above mentioned strong nn and np interaction.

In the years following the discovery of the first unusual properties of the isotopes in this

region, various techniques focusing on different aspects of nuclear structure were used with

the aim of obtaining more detailed and more precise data and to extend the measurement to

more neutron-rich nuclides. In early β decay studies the level schemes of decay products of

the neutron-rich Na and Mg isotopes were studied such as 29Al, 30,32Mg [37–41]. Branching

ratio, log ft values, level schemes of child nuclides, β delayed one- and two-neutron proba-

bilities, γ intensities, Qβ values were measured providing in some cases limits on the spins

and parities of the involved states. In more recent work these studies were extended to
35Si, 33Mg, 33Al, and 28,29Na [42–47], where in [46, 47] stopped intermediate-energy beams

were used, i.e. the isotopes were produced at an in-flight facility. The results provided

much information on these nuclei, but it is expected that these level schemes are rather

incomplete, as only few levels are actually populated in these β decay studies.

The mass measurements were improved and extended further from stability [23, 48] and

reviewed [49]. Especially in [48, figure 1] nuclides where strong deviations from sd shell

model calculations in the binding energies occur can be seen. First evidence is presented

that the “Island of Inversion”-effect extends below Z = 11 and 12 to Z = 10 (Ne), but not

to the Z = 13 (Al) isotopes.

Already since 1978 laser spectroscopy was employed to deduce quadrupole moments,

isotope shifts, and to determine the spins and parities of the ground states of some odd-

A and odd-odd nuclei [30, 31, 50]. The determined ground state spin of 3
2

of 31Na gave

another indication of deformation, as a spin of 5
2

is expected from the spherical shell model

[30]. The study of Keim et al. [50] showed directly that the ground state of 29Na is strongly

deformed, even more than predicted in an sd shell model calculation and can therefore be

considered to lie at the border of the “Island of Inversion”.

A breakthrough in the experimental study of these exotic nuclides was reached in

1995 when the B(E2; 0+
gs → 2+

1 ) value of 32Mg was measured with the new experimental
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Figure 1.2: B(E2; 0+
gs → 2+

1 ) values of the neutron-rich even-even Mg isotopes.

technique of intermediate-energy Coulomb excitation [51] finally giving direct evidence of

large collectivity at N = 20. The B(E2; 0+
gs → 2+

1 ) value deduced as well as the results

of other experiments of this type [52–54] are shown in figure 1.2 together with results of

standard methods for the nuclei near stability such as “safe” Coulomb excitation and life-

time measurements [25]. Furthermore, different theoretical predictions are shown. While

it is evident from figure 1.2 that most results do show a large B(E2)↑ for 32Mg, it is noticed

that the values obtained at different laboratories do not agree and differences as large as

a factor of two can be seen. While the origin of the differences is not known, there are

several effects that might influence values obtained at unsafe beam energies, as discussed

in chapter 6 on page 87.

The commissioning of the REX-ISOLDE facility and the MINIBALL array opened the

possibility to study the nuclei in and near the “Island of Inversion” by standard techniques

such as “safe” Coulomb excitation and single nucleon transfer reactions. In view of the

apparent inconsistencies of the B(E2; 0+
gs → 2+

1 ) values shown in figure 1.2 it was one of

the first aims of our group to clarify the situation and to measure truly model-independent

B(E2; 0+
gs → 2+

1 ) values for the very neutron-rich isotopes 30,32Mg, already discussed in the

original REX proposal [9] from 1994. The results of two experimental campaigns carried
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out in 2003/4 as part of a Ph.D. project [55] allowed us to firmly establish that 30Mg lies

outside and 32Mg inside the “Island of Inversion”.

In this work the first Coulomb excitation studies with beams around the Coulomb

barrier near the “Island of Inversion” are presented. They are the culmination of many

years of accelerator and detector development, with large contributions from the accel-

erator and the nuclear physics group at the MPI-K. The REX-ISOLDE facility and the

MINIBALL array are introduced in chapters 2 and 3, respectively. The well established

method of “safe” Coulomb excitation is shortly review in chapter 4, which also includes the

description of the experimental method we used to measure the B(E2; 0+
gs → 2+

1 ) values of
30,32Mg. The results, with special focus on the measurement of the beam impurities carried

out as a Diploma project [56], are presented in chapter 5 and are discussed and compared

to previous results and theoretical predictions in chapter 6. An outlook is given in chapter

7.



Chapter 2

The REX-ISOLDE Facility

The Coulomb excitation experiments presented in this work were performed at the newly

commissioned REX1, radioactive beam accelerator located at the ISOLDE facility at CERN,

Geneva. ISOLDE operates at CERN for already more than 30 years resulting in the ac-

cumulation of a wealth of data and experience. Today, more than 600 isotopes out of 60

elements with intensities from 1011 to 10−1 s−1 can be provided by the ISOLDE facility.

REX-ISOLDE, a first-generation radioactive ion beam facility, was developed and real-

ized at CERN since 1995 by a European collaboration, exploiting the availability of exotic

nuclei at ISOLDE. In this chapter the production methods for radioactive beams will be

discussed. The ISOLDE facility and the novel REX radioactive beam accelerator will be

shortly introduced. For a detailed overview of the ISOLDE facility see [57, 58] and for REX

see [10, 11, 59, 60]. An overview of the activities in the last two years at REX-ISOLDE is

given in [61].

2.1 Re-Accelerated Radioactive Nuclear Beams

Re-accelerated radioactive nuclear beams (RNB) are typically produced according to the

scheme shown in figure 2.1 on the following page on the example of the (REX-)ISOLDE

facility [57, 58, 62] at CERN. These beams are also called “ISOL-beams” as the first step is

the production of the radioactive isotopes using an isotope separator on-line (ISOL) facil-

ity. This is achieved as follows: a suitable highly energetic beam (e.g. protons) bombards

a thick target, consisting of many thin foils in a common container, leading to the fragmen-

tation of the target nuclei. The produced fragments are eventually stopped in the target

material. Via effusion and diffusion processes some fraction of them will reach the exit

1REX stands for Radioactive beam EXperiment

9
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Figure 2.1: Production of re-accelerated radioactive nuclear beams.

of the target housing where the atoms of interest (and also others) are ionized by various

methods. The ions are then mass separated and can readily be used for experiments such

as mass measurements or β-decay studies.

In order to use the rich tools offered by fast beams, such as Coulomb excitation and

transfer reactions, the nuclei have to be re-accelerated to energies around the Coulomb

barrier. Therefore for an ISOL RNB facility at least two accelerators are involved: one

for the primary beam (incident on the production target) and one for re-acceleration of

the produced radio-isotopes. The details of the production of the radioactive nuclei as

well as the acceleration scheme vary greatly from facility to facility, but common to all

methods is that the produced radioactive ions are completely stopped in a target cell and

the effusing atoms have to be ionized before being newly accelerated. Consequently the

beams produced by this method have in principle the same beam quality as stable beams,

as the ions loose all information on the production process, in contrast to in-flight facilities.

The beam quality is therefore determined by the accelerator used for re-acceleration and

the preceding beam preparation. Typically the beams have a good quality, i.e. a small

longitudinal and transversal emittance resulting in small beam spot sizes (< 5 mm) and

small energy variation (∆E/E < 1 %), especially in comparison to beams produced at

in-flight facilities. But their main advantage is their (beam) energy which can be chosen

to be ideally suited for the specific experiment and is typically near the Coulomb barrier.

A drawback of the ISOL method is that the beams are usually not mono-isotopic,

but several isobars are present in the beam and it is not possible to have an event-by-

event particle identification as is used very successfully at in-flight facilities, where most

experiments are performed with so-called cocktail beams [52]. Furthermore, the effusion,

diffusion and ionization process in the production target cell is highly chemically selective

and therefore RNBs cannot be produced from all elements.
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Figure 2.2: Layout of the ISOLDE facility before 2004.

The major ISOL facilities providing re-accelerated beams currently in operation include

REX-ISOLDE at CERN (section 2.3 on page 13), SPIRAL at GANIL [63], and HRIBF at

ORNL [64].

2.2 The ISOLDE Facility

The ISOLDE facility—schematically shown in figure 2.2—is located at CERN and uses the

highly energetic proton beam from the PS Booster (PSB), which comprises a stack of four

synchrotrons accelerating protons up to an energy of 1.4 GeV. The delivered 2.4 µs long

pulses contain up to 3.2 · 1013 protons with a repetition time of about 1.2–2.4 s resulting

in an average beam current of about 2.1 µA corresponding to a power of ∼ 3 kW.

This beam is incident on very thick targets (suitably chosen depending on the isotope

of interest) where fission, fragmentation and spallation reactions produce the isotope of

interest and many others, which are eventually stopped in the target material. A picture

of such target is shown in figure 2.3 on the next page. An effusion and diffusion process

transports the isotopes to an ion source producing q = +1 ions, which are thereafter
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Figure 2.3: A typical ISOLDE production target

assembly. The actual target is the silvery tube con-

nected to the two copper current leads. The high

energy proton beam from the PSB passes coaxially

through the about 15 cm long target.

∼ 5 cm

target

accelerated by a 60 keV potential step of the ISOLDE front end target station. There

are several ion sources available, which are directly coupled to the target. Especially the

resonant ionization LASER ion source (RILIS) [65] is of increasing importance due to its

elemental selectivity, which is lacking in most other ionization techniques. Here several

LASER beams (typically three) with frequencies tuned to specific atomic transitions of

the element of interest are shone along the transfer tube out of the target. Ionization

takes place by selectively exciting atomic transitions until the continuum is reached. In

the cases of interest here, beams of Mg isotopes were produced using UCx/graphite targets

(≈ 50 g/cm2 238U, ≈ 10 g/cm2 C) together with the RILIS [66].

Once the ions are extracted and accelerated they have to pass through one of two

mass separators. Depending on the used target station the high resolution (HRS) or the

general purpose separator (GPS) is employed with nominal mass resolutions of 104 and

2400, respectively.2 With ideal elemental resolution during the ionization process together

with the mass resolution of either separator a mono-isotopic beam could be produced.

Unfortunately the elemental selectivity is in most cases not sufficient so that in general

there will be several contaminating isobars in the ISOLDE beam. The mass resolution of

neither mass separator is sufficient to suppress these contributions except for very exotic

nuclei, “high” up on the isobaric mass parabola with large mass differences. These and

2For the Mg beams of interest here the GPS was used, as a higher mass resolution would not increase

the beam purity. In addition, the GPS target station possesses a higher RILIS efficiency, due to its shorter

distance to the LASER station.
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Figure 2.4: Schematic setup of REX-ISOLDE.

other sources of beam contamination are discussed in section 2.5 on page 16. In section

5.1 it is discussed how they can quantitatively be determined and how they influence the

measurements presented here.

2.3 The REX-ISOLDE Accelerator

REX uses as novel charge breeding scheme to very efficiently accelerate the ions delivered

by ISOLDE. These ions with charge state +1 are first accumulated, cooled and bunched

in a buffer-gas filled Penning trap (REX-TRAP [67]) and then transferred to an electron

beam ion source (REX-EBIS [68]), where their charge state is increased by bombarding

them with a high energy electron beam. At the same time the accumulation in the REX-

TRAP is resumed and the next bunch for transfer in the EBIS is prepared. The ions are

released from the EBIS when a sufficiently high charge state (A/q < 4.5) is reached. After

passing through a mass separator to remove copious residual gas components the highly

charged ions can be efficiently accelerated by a short linear accelerator consisting of a

radio frequency quadrupole, an interdigital H-type (IH) structure, three 7-gap resonators,

and, since summer 2004, a 9-gap IH structure. The resulting maximum beam energy is

3.0 MeV/u with a possible continuous variation of the energy down to at least 1.2 MeV/u.

A schematic view and a photograph of the setup are shown in figures 2.4 and 2.5,

respectively. In the latter figure the MINIBALL array can be seen in the foreground

installed at the 65◦ beam line after a bending magnet used for the momentum analysis

of the beam. The efficiency of the overall accelerator including the trap and ion source

varies strongly with element, but is typically on the order of 5 %. The charge-breeder trap

system has a cycling time, depending on the nuclide and the charge state to be reached,

of about 20–200 ms—during this time no beam is accelerated—and the extraction pulse is
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Figure 2.5: The REX accelerator at CERN

in the ISOLDE hall with the MINIBALL

setup in the foreground at the 65◦ beamline

in 2002. At this time the 9-gap IH structure

was not yet installed before the large bend-

ing magnet.

about 100 µs long, resulting even for weak beams in a rather high instantaneous intensity.

After commissioning of the accelerator in 2002 more than 17 nuclides of 10 elements have

already been accelerated. For further details please see [10, 11, 60, 69].

2.4 Time Structure of the REX-ISOLDE Beam

Due to the mode of operation of the REX-ISOLDE accelerator the beam has an unusual

time structure which is schematically shown in figure 2.6 on the next page.

To understand the micro, macro and super time structure the easiest is to follow the

beam particles as they are produced and transported to the MINIBALL target. After

proton impact on the ISOLDE target the produced radioactive nuclei diffuse out of the

target with a certain (element dependent) release time and (isotope dependent) decay time.

If one of these times is shorter than a few seconds an intensity profile as shown in panel

(a) is obtained (super structure). Due to the trapping and charge breeding bunches are
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formed (panels b, c), which are accelerated with a repetition rate on the order of 20–

200 ms. The length of these bunches is about 100 µs (macro structure). There is also

a micro structure due to the 100 MHz frequency of most acceleration structures of 1 ns

wide bunches every 10 ns, which cannot be observed and is of no consequence (panel d).

Figure 2.7 on the preceding page shows the time structure of the pulse released from the

EBIS (macro structure). As can be seen the pulse is indeed barely 100 µs long with more

than half of the total intensity within a 30 µs time window.

The macro (EBIS) and super (PSB) time structures have consequences. The most

important one is the strongly increased instantaneous intensity compared to the average

beam intensity. Due to the macro structure the peak of the beam intensity is about a

factor of 200-1000 larger than the intensity averaged over one EBIS cycle (see figure 2.7 on

the page before). The duty-factor of the PSB is averaged out to some extent by the slow

release from the ISOLDE target [62, 66]. In cases of short release times, however, the

instantaneous intensity can be larger by a factor of 20 (seen in figure 5.2 on page 74).

Not only is the peak intensity much higher than the average intensity, but also the

intensity varies strongly within the EBIS pulse and in-between the PSB pulses. This

makes it very difficult to determine the dead time of the data acquisition (DAQ) system,

especially since the MINIBALL DAQ consists of several semi-independent sub-systems (see

chapter 3). However, the analysis methods used in this work are insensitive to DAQ dead

time issues as discussed in section 4.8 on page 64.

These time structures also have certain advantages as they can be exploited to check

the consistency of the measured data [55]. Also the beam contamination can be determined

based on the known release and decay times (see e.g. figure 5.2 on page 74).

In the future a slow extraction mode out of the EBIS will be implemented which makes

the beam profile in figure 2.7 on the page before flatter, reducing the dead time problems.

2.5 Sources of Beam Contamination

As explained in section 2.2 the REX beams are in general not pure; the reason is inherent

to the technique used to produce and accelerate these beams. Following the path of the

particles from the ISOLDE production targets to the REX accelerator, e.g. in figure 2.2 on

page 11), there are three main sources of contamination. The first source is the ISOLDE

target itself: in the reactions of the high energy protons with the target material a multitude

of different nuclides is produced and only a small fraction of the total yield is of interest.

The nuclide of interest is usually selected and separated from the unwanted nuclei in a
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two-step process, where first the element of interest is selected and subsequently a mass

separator selects the mass (number), so that ideally a pure beam would result. In practice

several isobars are extracted, ionized and accelerated.

For instance, in the case of the neutron-rich Mg isotopes under study here the produced

radioactive Mg atoms diffuse out of the target and are ionized by the RILIS [65]. While the

method very selectively ionizes only Mg atoms, unfortunately surface ionization of other

isobars takes place which cannot be completely suppressed. In the present case the (less

exotic) Al isobar is the dominant contamination. The Na isobar is also present, but, since it

is more exotic, its intensity is negligible. As the mass difference between the Mg and the Al

isobars are not large enough to be separated by the mass separator, both Mg and Al beams

with the same mass number A and a charge state of q = +1 will be produced and undergo

the charge breeding and acceleration procedure and will arrive at the MINIBALL target.

This contamination can only be decreased with a mass separator that has a resolution

on the order of the mass difference between the isobars or by a more selective elemental

ionization method.

The second source of contamination is the β decay of the isotope of interest during the

trapping and breeding time. For instance, 32Mg has a half-life of 95 ms. During a trapping

and breeding time of 32 ms about 21 % of the Mg isotopes will have decayed to Al, which

decays further to the longer lived Si isotopes. This contamination is inherent to the charge

breeding method and can only be diminished by reducing the breeding and trapping time.

The third source of contamination stems from the EBIS and is due to the presence

of residual gas, which is always ionized and copiously extracted (see [11] for an A/q-

spectrum). To filter out the ions of interest a mass separator is used with a resolution

of about 1 %. Therefore all ions with an A/q within this range of the nominal value

will pass the mass separator and will be accelerated. For instance, during one of the

first commissioning experiments a 30Mg8+ beam was accelerated and, while only 0.4 %

naturally abundant, a strong 15N4+ component was present in the beam. In subsequent

experiments the contamination could be avoided by producing the 30Mg beam with a

charge state of q = +7. For the A = 32 beam produced for the 32Mg beam time a small

contamination of the stable nuclide 32S could be identified. For identical A/q values this

type of contamination can only be reduced by a cleaner vacuum system of the EBIS.

For similar but not identical A/q values in addition an improved resolution of the mass

separator after the EBIS can suppress the contaminants more strongly.
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Chapter 3

The MINIBALL γ Ray Spectrometer

With the initiation of the REX project it became apparent that new highly efficient ex-

perimental equipment was needed at the end of this accelerator to make good use of the

rare and expensive radioactive nuclear beams (RNBs). Therefore, the MINIBALL project

was started with the aim of designing and building a high resolution and highly efficient

Ge γ ray spectrometer optimized for the use with RNBs accelerated at the REX-ISOLDE

facility.

In this chapter general considerations concerning γ ray spectroscopy will be laid out

in section 3.1. Basic problems encountered in γ ray spectroscopy with the newly available

radioactive nuclear beams and their solution will be discussed in section 3.2, while in

section 3.3 the main interaction concept is explained. In section 3.4 the main features of

the MINIBALL array will be introduced with special focus on the work performed at the

MPI-K concerning the development and implementation of algorithms for the analysis of

the shape of the Ge detector pulses (section 3.5). Finally, in section 3.6 the standard setup

of the MINIBALL array at REX-ISOLDE is introduced. For further details on MINIBALL

the reader is referred to [12, 15, 17, 18, 70].

3.1 γ Ray Spectroscopy

Due to the high standards of the experimental techniques and the well developed theory γ

ray spectroscopy plays an exceptional role in nuclear structure research. The experiments,

which often involve only the electromagnetic interaction of a nucleus with the free radiation

field or with electromagnetic fields produced by external charges and currents, yield to a

very large extent model-independent results, thanks to the fact that the electromagnetic

interaction is the best understood of the fundamental interactions in nature.

19
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In particular high-resolution γ ray spectroscopy using beams with energies around the

Coulomb barrier is one of the main tools to study the structure of atomic nuclei. Among

the most successful techniques are Coulomb excitation well below the barrier, where a

complete and fully developed theory exists [71], as outlined in chapter 4 (see also [27, 72–

74] and references therein) and few-nucleon transfer reactions [76, 77]. These techniques,

which have been developed and used for more than 50 years with stable beams, experience

a revival in recent years due to the availability of re-accelerated beams of exotic nuclei far

from stability to address the problems and issues discussed in chapter 1.

For the adaptation of these γ spectroscopic tools to the study of exotic nuclei not only

re-accelerated beams of exotic nuclei with energies around the Coulomb barrier are needed,

but two eminent problems have to be overcome:

• due to the usually very low intensity of these beams γ rays have to be detected with

the highest efficiencies and

• as the experiments are performed in inverse kinematics the γ emitting nuclei are the

projectiles or are projectile-like, moving with a high velocity on the order of 5–10 %

of the speed of light. This results in large Doppler shifts of the γ ray energies and

large Doppler broadening, compromising the main advantage of Ge arrays: their

unsurpassed energy resolution.

The resolving power, however, i.e. the ability to separate individual γ rays by their energy

from a large number of others simultaneously emitted is not crucial while a high efficiency

is of primary importance for experiments with RNBs. In such experiments the beam

intensities are very low and only reactions with high cross sections can possibly be used to

study them. These reactions result in the emission of only a few (< 5) γ rays.

The solutions to each of these problems hamper each other to some extent. On the one

hand, to obtain the highest efficiency ideally large-volume high-purity Ge detectors should

be used positioned very close to the target. In 1995 the cluster detectors [78], later to be

deployed as part of the EUROBALL array [79], were available and it was decided to carry

out several experimental campaigns at the MPI-K and at GSI with them using a setup

that achieves the highest possible γ efficiency. The setup became known as the Cluster

Cube, where six cluster detectors were placed according to the six sides of an imaginary

cube surrounding the target chamber. A picture of the setup in Heidelberg is shown in

figure 3.1 on the next page. The results obtained (e.g. [80]) convincingly demonstrated the

high potential of small, compact and highly efficient γ ray arrays. However, the achieved

granularity was quite limited and only poor Doppler correction was possible in some cases.
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Figure 3.1: EUROBALL Cluster Cube

setup at the MPI-K in Heidelberg in 1995.

The arrangement of the EUROBALL clus-

ter detectors in a cube like setup resulted in

an enormous efficiency of nearly 20 %. The

drawback is the poor granularity, which re-

sulted in very strong Doppler broadening, es-

pecially if such a setup would be used with

exotic beams in inverse kinematics. This

problem is overcome by the MINIBALL ar-

ray as described below.

On the other hand, in order to reduce the Doppler broadening the solid angle subtended

by an individual detector should be kept as small as possible to achieve good angular reso-

lution. One possibility is to place the detectors far from the target and either increase

their numbers (and cost) or accept a correspondingly lower efficiency. However, the re-

quirements of high efficiency and high granularity at reasonable cost can best be fulfilled

by the application of the new technology of position sensitive Ge detectors. Here the outer

electrodes of the individual Ge crystals are segmented resulting in an increased position

resolution. This technology is employed by the arrays of the Belgian-German(-British)

MINIBALL [12, 70, 81] and the French-British EXOGAM [82] projects, which were initi-

ated at the end of the last century in view of the expected availability of low-energy RNBs

at REX-ISOLDE (chapter 2) and at the SPIRAL facility [8], respectively. The advantage

of the MINIBALL array, which is equipped with a purely digital electronics after the pre-

amplifier, is, besides a higher segmentation, that pulse shape analysis (PSA) is used to

further refine the interaction position within each segment.

3.2 Doppler Shift and Broadening

The experiments with radioactive beams are performed in so-called inverse kinematics,

which means that the nucleus to be studied is either the beam particle itself or near to

it in terms of proton and neutron number. After the reaction, such a nucleus essentially
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Figure 3.2: Resolution and granularity in a typical MINIBALL setup. The lower panel shows

the resolution (FWHM) due to the Doppler broadening calculated according to 3.2 on the next

page as a function of the angle θ between the γ ray and the velocity of the emitting nucleus in

the laboratory (solid lines). The three curves show the resolution obtained assuming the opening

angle of an unsegmented MINIBALL detector, of a segment, and of the PSA position resolution,

respectively. For comparison the intrinsic resolutions are shown for the indicated energies (non-

solid lines). The upper panel shows the effective θ resolution needed to match the intrinsic

resolution of the Ge detectors. The horizontal lines show the θ resolution (i.e. the (effective)

opening angle) of a MINIBALL module, a segment, and a PSA position resolution. The values

assumed for β and the distance of the detectors from the target d are indicated in the figure, as

well as the assumed increase in granularity when PSA is used, fPSA.
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moves with a velocity that is near the velocity of the incident beam, i.e. on the order of

6–8 % of the speed of light for REX. Thus, the γ ray energy is Doppler shifted considerably,

as can be seen from the relation between the photon energy in the laboratory frame and

the frame of the γ emitter, E(0) and Elab, respectively

E(0) = γElab(1 − β cos(θlab)) ; (3.1)

θlab is the angle between the velocity vector (with magnitude β) of the emitter and the

direction of the γ ray, (see also figure 3.3 on the following page). The factor γ is the usual

relativistic expression γ = 1/
√

1 − β2. Since the angle θlab can only be measured with a

certain precision ∆θlab, the measured γ ray energy in the laboratory shows an uncertainty

of ∆Elab given by

∆Elab

Elab

=
β sin(θlab)

1 − β cos(θlab)
∆θlab . (3.2)

Assuming that the velocity vector ~β of the emitting particle is known exactly, the opening

angle of the γ detector determines ∆θlab. Due to this uncertainty the peaks in the γ

ray energy spectra are Doppler broadened, even after correction for the average Doppler

shift. This is illustrated in figure 3.2 on the preceding page, which shows the expected γ

ray energy resolution as a function of θ (lower panel) and the required granularity ∆θ to

match the intrinsic resolution for a given γ ray energy (upper panel).

3.3 The Main Interaction Concept

All position sensitive Ge γ ray detector arrays that do not perform tracking (see e.g.

[83, 84]) rely on the so-called main interaction concept. It is important to recall that usually

many interactions (photo effect, Compton scattering, and pair production) of a γ ray in

the detector volume are needed to deposit its full energy (FE) resulting in a full energy

event (FEE). With current detectors it is not possible to separate different interactions,

e.g. on the basis of time differences, and the overall detector signal is therefore dominated

by the main interaction (MI) where most of the energy was deposited. The information on

the direction of the incident γ ray, needed to correct for the Doppler shift, can be obtained

only from the first interaction (FI), however, as illustrated in figure 3.3 on the following

page. The main interaction concept relies on the fact that for all FEE the MI is in most

cases identical or very close to the FI and no severe degradation of the Doppler correction

is expected by not identifying it [13–15].
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Figure 3.3: Schematic detector setup. The opening angle of the detector ∆θ the angle θ of

the γ ray with respect to the velocity vector of the emitting particle and the first

interaction (FI) are indicated.

This is illustrated in figure 3.4 on the next page, where several probabilities are shown.

In the panels above the plot the corresponding situation is schematically displayed. The

dot-dashed curve shows the probability that the FI and MI are identical (panel (a)). For

energies around 300 keV this probability can even drop below 50 %. Since the expected

final position resolution is on the order of 5 mm, no problem occurs if the MI and the FI

are separated by this distance (panel (b)); the probability, shown by the dashed curve, is

already improved. Since the exact three-dimensional location of the FI is not of interest, but

only its projection on the two-dimensional detector front face toward the target, defining

the direction of the incident γ ray, a location of the MI within the hatched region in panel

(c) is acceptable. This probability is shown by the solid curve. Therefore, for most energies

the MI is a very good approximation for the first interaction.

Depending on the γ ray energy there is a different reason for this. For low energies

(< 200 keV) photo absorption dominates and the FI is the MI. At very high energies

(> 2500 keV) pair production dominates and the kinetic energies of the created electron

and positron are larger than their mass and the FI is again identical to the MI. At energies

in-between it is important to recall that only FEE are considered. Here the first interaction

is likely to be a Compton event and the deposited energy ∆Eγ depends on the deflection

angle θ

∆Eγ =
1 − cos θ

1 − cos θ + mec2

Eγ

Eγ , (3.3)
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Figure 3.4: Fraction of full energy events (FEE) where the main interaction (MI) is equal to

the first interaction (FI) (dash-doted line), fraction of FFEs where the MI is located

within a radius of 5 mm within the FI (dotted line) and fraction of FEEs where

the MI is located within 5 mm of the FI when projected onto the detector surface

toward the target position (solid line). The latter curve takes into account that the

measured direction of the γ ray is reconstructed correctly if the FI and MI differ in

position only along the line toward the target. In most cases the MI is therefore a

very good approximation to the FI. This is the result of a GEANT simulation for

the MINIBALL array [13].
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where me is the mass of the electron and c is the speed of light. Therefore if

θ > arccos

(

mec
2

Eγ
− 1

)

for Eγ >
mec

2

2
= 255 keV (3.4)

the FI is equal to the MI. For smaller angles this might not be the case, but as the

angles are small the γ ray, after scattering, travels with nearly the same direction and the

next interaction is likely to occur in the region indicated in panel (c) of figure 3.4 on the

preceding page.

Another reason is that the mean free path of a γ ray with an energy of more than

1 MeV in Ge is larger than the crystal size. The chances to fully deposit its energy are

rather meager, unless a substantial fraction is deposited in the FI.

3.4 The MINIBALL Array

The developments necessary to realize the MINIBALL array covered all parts of the spec-

trometer: the encapsulation technology[85] had to be extended to segmented detectors,

which had to be developed, a new cryostat capable of coping with the additional cabling

required for segmented detectors was needed, as well as new pre-amplifiers transmitting

the pulse shape as accurately as possible, new digital electronics to perform the PSA in

real-time and a flexible support frame. In this section some of these aspects will be dis-

cussed in detail, especially those involving work performed at the MPI-K; for others the

relevant references will be given.

3.4.1 Specifications

With the start of the MINIBALL design and construction project the physics opportunities

with so-called Ge Mini(-ball) Arrays were assessed during a workshop at the MPI-K in 1995

[86]. The main interest in the study of exotic nuclides lies in the the study of their low-lying

levels and therefore only low-multiplicity (Mγ < 10) γ cascades have to be coped with. A

new array should therefore be optimized with respect to full-energy efficiency rather than

resolving power, which is the ability of an array to energetically resolve different γ rays

detected simultaneously. The following design criteria were put forward:

• A full-energy peak efficiency of > 10 % for a γ energy of 1 MeV at the most compact

detector arrangement should be reached.
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Figure 3.5: Geometry of the MINIBALL crystal. The central electrode is shown by the dashed

curves. The electric segmentation lines are also indicated. The dimensions are

given in mm and should be considered approximate as each individual crystal differs

slightly in size.

• For beam velocities of up to β = 0.1 the Doppler-broadening1 should be less than

1 % of the energy of the γ ray.

• The successful encapsulation technology and the semihexaconical shape of the EU-

ROBALL cluster modules [78] should be used.

• In order to achieve the necessary granularity a six-fold segmentation of the outer

contact was to be used.

• The array should be equipped with digital sampling electronics.

• An adjustable support frame should be developed and built.

• The array should be able to cope with high event rates in excess of > 10 kHz per

detector module (crystal).

• All parts should be optimized for the use at REX-ISOLDE, but flexible enough to

be used elsewhere.

3.4.2 The MINIBALL Module

The shape of the MINIBALL Germanium modules corresponds to that of the EUROBALL

cluster modules [78] and is shown schematically in figure 3.5. In addition, due to the

1Doppler broadening is the Doppler-shift related contribution to the energy resolution (see section 3.2 on

page 21).
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throughout positive experiences with the encapsulation technology for the EUROBALL

cluster detectors it was early decided to employ it also for the MINIBALL modules [70, 78].

The modules have a semihexaconical shape tapered to a focus distance of 43 cm, the

nominal target distance in the EUROBALL setup. While this geometry is not optimal for

a target-detector distance of only 10 cm, which was the minimum distance envisaged for

MINIBALL, it was nevertheless not altered for several reasons: MINIBALL was designed

to be flexible, so there was no optimal distance; the EUROBALL detectors with their

Aluminum encapsulation were already developed and routinely produced by EURISYS

[87]; a modification of the shape would have required long development and testing cycles.

In addition, the mechanical compatibility to the original EUROBALL modules was felt

to be advantageous also for the design and construction of new cryostats [78], which then

could also house the “old” not-segmented EUROBALL modules. It was therefore decided

to restrict the development directly concerning the Ge detectors to the already challenging

electric segmentation of the outer contact. The main tasks were the electric insulation

of the outer contact(s) from the Al encapsulation can, the segmentation itself and the

modification of the lid to allow for six additional signal feed troughs. A first prototype

two-fold segmented detector was delivered to the MPI-K in 1995 and the results of extensive

testing [13] were used to develop the six-fold segmentation for the MINIBALL modules.

The detectors are made of n-type high purity Germanium (HPGe) with impurity con-

centrations around 108 cm−3[15], requiring positive high voltages between 3 kV and 4.5 kV

applied to the central electrode. At these voltages almost the full volume of the detectors

is sensitive to γ ray irradiation. Furthermore, even though the magnitude of the electric

field changes considerably throughout the detector volume the drift velocity of the charge

carriers is nearly constant, which is important for the analysis of the detector pulse shapes.

In the fabrication process the segmentation is achieved by employing masks during the

implantation of the outer surface with boron to create the outer contacts. These masks

leave regions of about 100 µm width which are not implanted and therefore not contacted.

This causes the electric separation of the six segment contacts.

The Aluminum can, into which the detector is inserted, has a wall thickness of 0.7 mm

and the crystal is separated by a distance of 0.7 mm from the capsule wall. In figure 3.6 on

the next page the arrangement of can, detector and lid is schematically shown. For de-

tails concerning the support, fixation, and electric insulation of the Ge crystal inside the

Aluminum can the reader is referred to [70]. Photographs of the modules can be seen in

figure 3.7 on the facing page.

The detector modules were extensively simulated [13, 15] including the energy deposi-

tion, the signal generation on the detector electrodes, and the effects of the pre-amplifier
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Figure 3.6: Schematic view of a MINIBALL module with Al can and lid.

Figure 3.7: Pictures of the MINIBALL capsule. In the pictures only the Aluminum encapsu-

lation can be seen; the actual Ge crystal is contained within. On the left picture

the central high voltage and signal feed-through and three pairs of segment signal

feed-throughs are visible. The actuator for the ion getter and the sealed vacuum

flange can be seen as well.
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and the sampling electronics. The main findings were:

• The electric field inside the detector volume (due to the applied high voltage) varies

considerably in the range from about 750 to 2000 V/cm2. The drift velocity of the

electrons and holes is nevertheless nearly constant with a value of about 1 cm/100 ns.

• The calculated weighting fields of the core contact show that the steepest-slope al-

gorithm [14] can be used to determine the radial position of the interaction by pulse

shape analysis.

• The calculated weighting fields of the segment contacts show that one can determine

the azimuthal interaction position within a segment by pulse shape analysis.

Details concerning the last two points are given in section 3.5 on page 37.

3.4.3 The MINIBALL Cluster Detector

While it was originally planned to build septuple cryostats to achieve a similar setup as

was used for the Cluster Cube campaign (see section 3.1 on page 19 and figure 3.1 on

page 21), it was decided to design and build a new and compact cryostat for MINIBALL.

The main reasons for doing so are

• the weight of the detectors: they should be bearable by one person without a crane

or other support,

• the increase in the number of channels: with a triple or quadruple cryostat “only”

21 or 28 signal channels had to be dealt with, and not 49,

• the alignment of the detector axis with the target position: the detectors of a triple

or quadruple cryostat are pointing more directly toward the target position than in

a septuple cryostat, and

• the greater flexibility an increased number of cryostats offers: special configurations,

such as detectors grouped around forward and backward angles for Doppler line

shape measurements or setups for angular correlation measurements, can more easily

be realized.

The new cryostat was designed and built by CTT [88] in collaboration with the IKP,

Cologne [70]. Due to its modular design the cryostat can house either three or four six-fold
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Figure 3.8: Picture of the quadru-

ple cryostat head.

segmented detectors together with their pre-amplifier electronics. To change the configu-

ration only the end-cap (in figures 3.8 and 3.9 on the next page the quadruple and triple

end-cap, respectively, can be seen) and the cold detectors support have to be changed,

while the cabling, vacuum feed throughs, cryostat mechanics and the electronics can re-

main unchanged. The cryostat features a high cooling power through improved thermal

contact and conductivity between the detectors and the liquid nitrogen dewar and reduced

microphony due to a new flexible support of the detectors. The cryostat can not only cool

the detectors to their operational temperature below 100 K, but it can also compensate

for the power consumption of the cold part of the pre-amplifier, the field effect transistor

(FET), with about 50 mW per channel. The dewar has a capacity of 2.7 l and needs to

be refilled roughly every 12 hours when the pre-amplifiers are powered up (for the triple

version).

The (warm parts of the) pre-amplifiers (up to 28) are plugged into motherboards housed

inside the pre-amplifier block below the dewar (indicated in figure 3.9 on the following

page). The cables to facilitate an electric connection between the cold and the warm part

of the pre-amplifiers are routed in a special fixture along the cold finger of the cryostat.

During the commissioning of the first cluster detectors no oscillations or drift of signals

were observed, validating the good design of the cryostat. Cross talk, however, was initially

observed and only due to the encapsulation technology was a fast trial-and-error procedure

possible which reduced it to an acceptable level, i.e. below 0.01 %, which is the lowest

cross talk that can be measured [70].

3.4.4 The MINIBALL Electronics

In order to fully exploit the capabilities of the segmented detectors the MINIBALL col-

laboration decided to follow a radically new approach: instead of the standard analog
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Figure 3.9: Picture of a MINIBALL triple detector.

electronics so far employed for similar detector arrays, a fully digital2 electronics system

should be used. In contrast to conventional electronics, here all trigger, energy, timing and

position information is derived from the digitized pre-amplifier pulses of the core and seg-

ments. While similar electronics was used already for several years in high-energy physics

experiments this was the first time that such a system was employed for a Germanium γ

ray spectrometer with its extreme requirement on the energy resolution. The differences

between a standard analog and a digital system are displayed in figure 3.10 on the next

page.

Pre-Amplifier

In order to house up to 28 signal channels in the MINIBALL cryostat and to fulfill the strict

requirements on the output signal a new pre-amplifier was developed—based on an initial

development at the MPI-K in Heidelberg—at the IKP in Cologne. The new pre-amplifier

should have a large bandwidth and should reproduce the true signal as close as possible, i.e.

without the over- and under-shots commonly observed in standard commercial systems.

Indeed, while for the latter these artefacts are of no concern, as the energy resolution is

not sensitive to them, the pulse shape analysis proposed for MINIBALL is.

The developed pre-amplifier has resistive feedback with a decay time of 50 µs and a

2after the pre-amplifier
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Figure 3.10: Schematic comparison of analog and digital electronics.

rise time of 15 ns + C · 0.3 ns/pF, with C the capacitance of the detector, which comes to

about 40 ns; the integration time is 16 ns [70]. The physical size of the pre-amplifier is

40 × 25 mm2. It is possible, and done for MINIBALL, to separate the pre-amplifier into

a cold and warm stage. The most (noise) sensitive part of the pre-amplifier, the FET,

is located as close as possible to the detector, i.e. directly on the Aluminum capsule, to

obtain an optimum energy resolution. The main board of the pre-amplifier is operated at

room temperature. All electric contacts (signals from the cold stage of the pre-amplifier,

±12 V supply voltage, ground and output signal) are plug-and-socket connections so that

a broken module can be changed quickly and easily. There are adjustments for pole zero,

DC offset, and the drain current of the FET.

The analog part of the electronics is schematically shown in figure 3.11 on the following

page. While the segment electrodes are directly connected to their respective contacts,

a capacitor is needed to separate the signal of the core contact from the detector high

voltage.
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Figure 3.11: Analog part of the MINIBALL electronics (plus the flash ADC; from [15]). Only

one of the six segment channels is shown. In the lower part of the figure typical

signal shapes are shown at the corresponding places in the diagram above, which

correspond to a) the current signal of the detector, b) the charge signal after the

pre-amplifier, c) the charge signal after the low-pass filter, and d) the digitized

charge signal.

The DGF-4C Module

For the digital electronics a commercial solution was adopted [89], which was the only

possibility at the time fulfilling most of the requirements listed in section 3.4.1 on page 26.

The 4-channel single-width CAMAC module DGF-4C3 is shown in figure 3.12. A block

diagram is shown in figures 3.10 and 3.11. The analog signal is first adapted to the

range of the analog-to-digital converter (ADC) via a gain and offset adjustment with 14

bit precision. To remove so-called signal “ghosts” the signal passes through a Nyquist

filter, which removes high frequency components. The ADC has a resolution of 12 bit and

operates as well as all other digital components on the card, with a frequency of 40 MHz.

3Digital Gamma Finder, 4 channel Camac



3.4 The MINIBALL Array 35

Figure 3.12: Picture of a XIA DGF-4C card. The signal inputs can be seen on the right.

The digitized samples are first processed by a field programmable gate array (FPGA)

(one for each channel) and simultaneously stored in a first-in-first-out (FIFO) memory for

further processing. In case a signal is detected, the content of the FIFO is copied and made

available to a digital signal processor (DSP) (one common DSP for all 4 channels) where

algorithms too complicated and too resource intensive for the FPGA are executed. While

it is also possible to read out the full signal trace to a host computer, during operation

the signal shape is analyzed on-line in real-time on-board the DGF4C card and only few

parameters are actually read out, as otherwise the requirement of high-rate capability could

not be fulfilled. More details on the implementation and performance of the PSA code can

be found in [17, 18].

DAQ system

In this section a short introduction to the basic features of the MINIBALL data acquisition

(DAQ) system will be given. It will focus on certain particulars of the MINIBALL DAQ

system that are unusual for typical DAQ systems employed in nuclear physics experiments

so far.

One point has already been discussed above, namely the use of digital electronics for

the MINIBALL detectors. Besides the advantages discussed above there are others. Not

every event has to be read out immediately as the RAM on the DGF-4C is large enough

to store several events with all the necessary information (time stamp, energy, time, PSA
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parameters, etc.) on-board. With the time structure of the REX beam (section 2.4 on

page 14) the data can essentially be read out in a dead time free mode: during the about

100 µs long beam pulse all data is stored on the cards and only after the beam pulse, in

the about 20 ms long time span without beam, the data is read out and the DAQ system

is ready for the next beam pulse.

Not all detectors used in MINIBALL experiments with REX at CERN were equipped

with digital electronics. Since for these channels no time stamp would be available a

correlation, e.g. between particle and γ rays, would be impossible. A possible event-by-

event readout would reduce the advantages mentioned above; in fact only one event per

beam pulse could be read out, as the dead time during readout would far exceed the length

of the beam pulse. The ADCs (TDCs) used, however, can store up to 30 events on-board.

By feeding the gate (stop) signal into a spare DGF channel a time stamp for theses event

was generated.

The first step of the off-line analysis is the reconstruction of physical events by associ-

ating individual detector events taking place within a certain time window (typically 4 µs)

and then the usual analysis steps (calibration, sorting, etc.) are performed [55, section

3.5].

3.4.5 The MINIBALL Support Frame

While typically rigid frames were used for 4π spectrometers, with fixed positions for the

individual detectors, for MINIBALL an adjustable frame was designed and built (visible

in figures 3.13 on the next page, 3.22 on page 48 and also in the foreground of figure 2.5 on

page 14). As MINIBALL will be used at different laboratories for a wide variety of ex-

periments this mechanical flexibility is a necessity, as e.g. a change from a 2π to a 4π

configuration can quickly be realized.

The frame consists of 6 semi-circular arcs along which the detectors (up to three per

arc) can be moved with the detectors always pointing to the center of the target chamber.

Each arc is supported at the upper and lower end such that it can be rotated around the

vertical axis passing through the center of the target chamber. Two halves of the frames

can be moved perpendicular to the beam axis by about one meter to either side to allow

easy access to the target chamber and to simplify the mounting of the detector onto their

holders attached to the arcs. Furthermore, each detector can be moved radially toward

or away from the target position and can be rotated around its axis. This structure was

designed and built by a collaboration of the University of Cologne, IRES Strasbourg and

the University Göttingen. For further details see [12, 15, 70].
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Figure 3.13: Picture of the MINIBALL

frame with four detectors in-

stalled (2002 at the IKP in

Cologne).

3.4.6 Efficiency

The efficiency of the MINIBALL array as a function of Eγ is shown in figure 3.14 on the

following page as measured in the Sept. 2004 experimental campaign (see chapter 5 on

page 71 and [55]), where eight triple clusters were operational and mounted near 60◦ and

120◦ with a distance to the target of 9 cm. The efficiency depends strongly on the chosen

MINIBALL configuration and the curve shown in the figure does not apply generally; it is

only an example.

3.5 Position Sensitivity and Pulse Shape Analysis

In order to extract the interaction position from the detector signal, essentially two steps

have to be taken. First the distribution of the energies on the core and segment signals is

analyzed and second, when the segment with the largest charge (or energy) deposition is

identified the detailed shape of the current pulse is analyzed. While the height of the charge

signal at the core electrode is proportional to the energy deposited in the full crystal (as

in a conventional detector) the charge signal measured at the segment contacts allows to

measure the energy deposited in each of the triangular shaped segments. Once the segment

with the largest energy is identified, localizing the main interaction in that segment, the
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Figure 3.14: MINIBALL efficiency with eight triple clusters in closest configuration. A 152Eu

source was used for its determination.

detailed shape of the core signal as well as that of the neighboring segment signals can be

analyzed. Doing so results in an increase of the granularity of the detector by determining

on an event-by-event basis the (r, φ) coordinates (see figure 3.15) of the main interaction.

Please note that with the six-fold segmented detectors no information on the interaction

depth, i.e. position in longitudinal direction along the detector axis, can be obtained. As

the γ radiation is in general not incident perpendicularly to the detector front face, the

missing information on the interaction depth is taken from a simulation [15, 16, 18].

Figure 3.15: Definition of ra-

dius r and azimuth φ which

can be extracted from the pulse

shape analysis of the core and

segment signals. The angle

within one segment is designated

a ϕ.

φ
r
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3.5.1 Pulse Generation

In order to understand the algorithms for the (r, φ) determination, explained in sections

3.5.2 and 3.5.3, the signal generation on the segment and core electrodes after energy

deposition shall be shortly reviewed here.

When energy is deposited in the crystal a number of majority and minority charge

carriers, i.e. electron-hole-pairs, are produced in the Ge semi-conductor. The electric field

due to the applied high voltage separates these charges before they can recombine and (in

case of the MINIBALL detectors) the electrons and the holes drift with a nearly constant

velocity to the central core and the segment contacts, respectively. While these charges

are drifting, image charges on the electrodes are influenced. As the speed of the drifting

charges is much slower than the speed of light the whole system, consisting of the drifting

majority and minority charge carriers and the influenced image charges on the electrodes,

obeys the electrostatic Maxwell equations, i.e. essentially the Poisson equation with certain

boundary conditions. As the charges are drifting inside the detector the image charges on

the electrodes are changing constantly, giving rise to the detector signals.

These currents can be calculated with the help of the so-called “Weighting field”. It

was numerically determined for the MINIBALL detector modules at the MPI-K [14, 15]

and the results obtained are summarized in sections 3.5.2 and 3.5.3.

3.5.2 Determination of r—The Steepest Slope Method

The magnitude of the weighting field of the core electrode as a function of the radius r is

shown in figure 3.16 on the following page for the infinitely long true co-axial detector with

inner and outer radius of 5 and 35 mm, respectively. The most prominent feature is the

steep rise close to the central core contact, which means that any charge drifting toward

this electrode will cause a very steep rise of the current just before it reaches the contact.

This is shown in figure 3.17 on page 41 for an assumed interaction at r = 15 mm. The

contribution to the total current signal (c) from the electrons (a) and holes (b) as a function

of time since the interaction (shown on the top x-axis on all plots) is displayed by the solid,

dot-dashed, and dashed lines, respectively. A constant drift velocity of the charge carriers

of 0.1 mm/ns was assumed. The current contributions of both types of charge carriers

have the same polarity as they do not only differ in sign but also in drift direction, i.e. the

product of charge q, weighting field ~Ew, and velocity ~v have the same sign. From panel

(c) it is apparent that the steep drop in the current occurring at t = 100 ns is indeed a

strong signature that should be discernible even under not optimal conditions. Therefore,
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Figure 3.16: Weighting field of the central contact of an infinitely long true co-axial detector as

a function of r. Apparent is the steep rise close to the central contact at r = 5 mm.

The outer contact lies at r = 35 mm.

in order to infer the radius r of the interaction (see 3.15 on page 38) the time from the

start of the pulse until the drop in the current signal has to be determined. In a realistic

situation with finite bandwidth this drop should still be perceptible as the steepest slope

of the current signal [14].

A full simulation of the true geometry and measurements confirmed the above for the

MINIBALL modules to a large extent4. This is shown in figure 3.18 on page 42. In the

four panels a–d the (idealized) current of the core Ic(t) (a), the digitized charge signal

Qc(t) (b) and the first (c) and second (d) derivative of the charge signal I(t) = ∆Q(t)/∆t

and ∆I(t)/∆t, respectively, are shown. In panel (c), showing the reconstructed current

signals, their steep drop, when the electrons reach the core contact (indicated by the

vertical lines), is still visible. By searching for the time when the slope of the current (d)

has a minimum the drift time of the electrons is measured and thereby also the radius

of the interaction. In panels (e) and (f) the results of measurements with a collimated γ

source of 662 keV (perpendicular irradiation), with a MINIBALL module using the DGF-

4C as ADC card are shown [70]. In panel (f) histograms of the measured steepest-slope

times are plotted for different radial positions of the collimated γ-source. The resolution

4Deviations to this picture are due to the non-coaxial front part of the detector.
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Figure 3.17: Composition of a cur-

rent signal. All three plots have

the same time scale (upper x-axis).

Shown is an interaction at r =

15 mm. The electrons drift to the

core, i.e. to smaller radii, therefore

the reversed lower x-axis in panel (a).

The holes drift to the outside, i.e.

to larger radii (panel (b)). The thin

line in (a) and (b) indicates the cur-

rent for a charge drifting from the

outer (inner) to the inner (outer) ra-

dius. The dot-dashed and dashed

lines show the current contribution

of the electrons and holes. The total

current is shown in panel (c) by the

solid line. The most prominent fea-

ture is the steep drop in the current

signal near t ∼ 100 ns, corresponding

to the time when the electrons reach

the core contact. With the steepest-

slope-algorithm the time from the

start of the pulse to the steepest

slope in the current signal is deter-

mined, which is a direct measure of

the radius r.
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Figure 3.18: Radial resolution. The spot size of the γ ray collimator used was about 4 mm in

diameter. The simulation in panels a-d were taken from [15] and the data in the

panels e and f from [70].

is about ±5 mm. In panel (e) a linear fit of the radial position to the measured centroids

is shown, nicely demonstrating the linear relationship. The method does not work for

radii smaller than 9–12 mm with the current electronics as for the second derivative at

least 3 samples are necessary, meaning that a drift time of at least 75 ns (= 3 · 25 ns) is

needed. The corresponding detector volume is small however, so that for most events a

good measurement can be made.

3.5.3 Determination of φ

To determine the φ angle the induced charges in the neighboring segments have to be

considered. In figure 3.19 on the facing page typical pulses are shown in panels (a)–(d),

where energy was deposited in only one segment (so-called one-segment-events). In panel

(a) the core signal is shown and the step in the signal shows that a certain energy was

deposited in the detector. Similarly, energy was deposited in segment 2 (panel (c)), while

in the neighboring segments 1 and 3, shown in panels (b) and (d), respectively, no net
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shows the segment numbers corresponding to the pulses shown in panels (b)–(d).
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charge was measured. But between sample numbers 12 and 26 temporary mirror charges

were induced on these two segments electrodes. Their height will be the larger the closer

the interaction takes place to the segment border. With the help of a detailed simulation

and calculation of the weighting fields [15] it was found that the angle within one segment

ϕ (measured from the segment center line) is proportional to the logarithm of the ratio of

the maximum of the two charge signals in the neighboring segments q+ and q−:

ϕq ∝ log

(

q+
q−

)

. (3.5)

The angle φ is given by

φ = n · 60◦ + ϕq , (3.6)

where n is the segment number of the hit segment. In panel (f) histograms of ϕq measured

with a collimated γ ray source for various collimator positions are shown. All histograms

were obtained for r = 2.85 cm. The corresponding linear calibration [15] is shown in panel

(e). While the angular resolution worsens for smaller r the arc-length resolution (r · ∆ϕ)

remains nearly constant for all r with a value of ±5 mm (FWHM).

In case charge is also deposited in one or more of the neighboring segments the algo-

rithms have to be adapted [15, 70]. In [15, table 4.2] a detailed description of the best

algorithm to determine the interaction position in the MINIBALL cluster detectors is given.

3.5.4 Implementation on the DGF-4C

The subject of one Diploma and one Ph.D. work at the MPI-K [17, 18] was the imple-

mentation of the above described algorithms on the DGF-4C card. To facilitate sufficient

access to the soft and hardware of the commercial DGF-4C module this included a three-

month visit at XIA. After the implementation the necessary parameters, such as the time

of steepest slope and the maxima and minima of the induced charge, are included in the

data stream. These parameters are used off-line to calculate the r and φ values. More

details can be found in [17, 18, 55].

3.5.5 Resolution in In-Beam Experiment

In order to evaluate the position resolution in an experiment the reduction of the Doppler

broadening was investigated. The standard MINIBALL setup at REX-ISOLDE was em-

ployed, described in section 3.6 on page 46. A stable 22Ne beam was used for this purpose,

which is copiously available from the REX-EBIS. The beam energy was E = 2.25 MeV/u
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Figure 3.20: Energy resolution obtained in an in-beam experiment using the 22Ne residual gas

beam from the EBIS (see text). Depending on the information used for the Doppler

correction different results are obtained. Without correction only two broad bumps

can be seen, while when the detector position is used for the Doppler correction a

peak can already be observed. When the segment information is included in the

Doppler correction the resolution improves already to 9.2 keV (FWHM) and with

the PSA information a value of 8.3 keV (FWHM) is obtained. The only modest

improvement with PSA is largely due to the not corrected kinematics of the (d,p)

reaction in inverse kinematics. See text for a discussion of additional reasons.
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with an intensity of about 106 s-1. A deuterated plastic target (99 % enriched) was used

and in a (d,p) reaction in inverse kinematics the first excited state (Jπ = 1/2+) in 23Ne was

populated which decays by a E
(0)
γ = 1017 keV transition to the ground state (Jπ = 5/2+).

The black histogram in figure 3.20 on the preceding page shows the γ energy spectrum

without any correction for the Doppler shift. Only two “bumps” about 20–40 keV below

and above E
(0)
γ can be seen, which are caused by the grouping of the eight MINIBALL

triple cluster detectors near 60◦ and 120◦. When only the 24 detector positions are used for

the Doppler correction a peak is already discernible with a resolution of 14.7 keV (FWHM).

After the segment information is also used the resolution improves to 9.2 keV and with

PSA a resolution of 8.3 keV is reached [55]. In the last step only a small improvement was

realized. There are several reasons for this:

• The reaction kinematics was not considered and not corrected for. The angle of the

outgoing 23Ne with respect to the beam axis of about 5◦ increases the uncertainty in

θγ .

• The beam spot size was at least 5 mm in diameter contributing to the uncertainty

in θγ.

• Only global calibration parameters for the PSA were used. These could be optimized

for each detector, or even for each segment.

• Data of eight cluster detectors contributed. Any uncertainty in the energy or position

calibration results in a wider peak. A much improved result can be obtained by using

only one triple cluster [70].

A better PSA calibration and an implementation of the prescription given in [15, table 4.2]

to determine the γ ray interaction position is planned in the future. With this a position

resolution of about ±5 mm in r and arc-length rφ, corresponding to an effective increase

in granularity of about 100 with respect to an unsegmented detector, should be achieved.

3.6 Standard Setup

The standard experimental setup that was used with MINIBALL at REX-ISOLDE is

shown schematically in figure 3.21 on the next page. The MINIBALL target chamber (Al)

is located at the center of the array. It has a radius of about 8.5 cm and a wall thickness

of 2 mm. With a target wheel inside the chamber one of six targets can be inserted into

the beam without opening the chamber.
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Figure 3.21: Schematic experimental MINIBALL setup (not to scale). See text for an explana-

tion of the different components. After the target three particle tracks are shown.

Most particles pass the target unperturbed (except for energy loss and resulting

energy and angular straggling) and are measured by a parallel plate avalanche

counter (PPAC) at zero degrees (solid line). A fraction of the incident beam is

deflected to angles > 5◦ and can be registered by a thin ∆E detector (long-dashed

line), which is not installed for all experiments. Elastically and inelastically scat-

tered particles are detected by the CD detector in the θlab range from 16◦ to

53◦ (short-dashed line). The outer radius of the chamber is 85 mm with a wall

thickness of 2 mm (Al).
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Figure 3.22: MINIBALL from top.

Installed inside the target chamber approximately 30.5 mm behind the target position

is a compact-disk (CD) shaped charged particle detector [90] covering laboratory angles

from 16◦ to 53◦. This annular silicon p-i-n detector [91] consists of four highly segmented

independent quadrants each with an azimuthal coverage of 82◦, an inner radius of 7.5 mm

and an outer radius of 42.5 mm. The front (p+-type) side of one quadrant consists of

16 annular strips of 1.9 mm width and 2 mm pitch, while the back (n+-type) side is

comprised of 24 sector strips with a pitch of 3.4◦. The CD quadrants employed so far had

thicknesses between 476 and 481 µm [55], but detectors with a different thickness can be

installed. Each of the quadrants was backed by an unsegmented detector of same shape

and size, allowing for a ∆E-E measurement for hydrogen isotopes. While this telescope

setup was not used for the Coulomb excitation measurements presented in chapter 5, as

all particles are stopped in the first detector, it was used during calibration measurements

where protons, deuterons and tritons could be distinguished in the bombardment of a

deuterated polyethylen target with a stable 22Ne beam.
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In order to monitor the shape, size and location of the beam a parallel plate avalanche

counter PPAC [92] is installed at zero degrees about 15 cm behind the target. It has

an annular active area of 4 cm diameter and an effective thickness of only 1 mg/cm2,

including the gas (typically 5 mbar CF4), two gas containment foils, one aluminized mylar

cathode foil and two anode foils with each 25 evaporated aluminum strips of 1.6 mm pitch.

The small effective thickness allows the radioactive beam particles to traverse the PPAC

without stopping and to reach the shielded beam dump about 2 m downstream, keeping

the singles count rate in the MINIBALL detectors at acceptable levels. It was employed for

the first time in an in-beam test experiment at the MPI-K [93]. While it can be operated

in single-particle mode allowing for an event-by-event x-y position measurement, in most

experiments at REX-ISOLDE the current readout mode was used, as the instantaneous

intensity—see section 2.4 on page 14—was too large even for the weakest beams. In current

readout mode the current on each of the 25 horizontal and vertical strips is measured

providing a projection of the beam profile onto the x- and y-axes.

After the first commissioning beam times in 2002/3 it became apparent that a reliable

and unambiguous beam particle identification was needed. For the beams relevant in this

work with Z ≤ 16 two about 10 µm thick silicon diodes with an area of 1 × 1 cm2 were

installed covering laboratory scattering angles from about 3◦ to 7◦. As the beam particles

from the REX accelerator have a known charge to mass ratio q/A and a known velocity

β the energy loss in these diodes (being proportional to Z2) can be used to determine the

charge number Z of the projectiles. See also sections 2.5 on page 16 and 5.1 on page 71.
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Chapter 4

Coulomb Excitation

The purpose of this chapter is to introduce the subject of Coulomb excitation and to men-

tion those features of the theory that are needed to understand the analysis of the presented

data obtained in the first Coulomb excitation studies at REX-ISOLDE/MINIBALL. In the

first part of the chapter up to section 4.6 on page 61 the main characteristics of Coulomb

excitation (CE) with beam energies below the Coulomb barrier, so-called “safe” CE, are

described. For a detailed and almost complete development of this theory the reader is

referred to the excellent monograph by Alder and Winther [71] and numerous other books

and review articles (e.g. [72, 94, 95]). For completeness, in section 4.7 on page 63 the main

aspects of intermediate energy CE are treated, which help to understand possible sources

for the discrepancy between results obtained at low and intermediate energies. Finally in

section 4.8 on page 64 the experimental method used for the presented measurements is

described.

4.1 General Considerations

Coulomb excitation (CE) is the excitation of a nucleus in a time-dependent electromagnetic

field present in the collision of two atomic nuclei. If the bombarding energy is sufficiently

low the colliding nuclei stay far enough apart to ensure that the interaction via the strong

force between them remains negligible. In this case the interaction is dominated by the well

known electromagnetic force, allowing a quantitative analysis of the observed cross sections

in terms of the static and dynamic electromagnetic multipole moments of the nuclei, which

are the only nuclear properties entering into the theory, making it manifestly independent

of any nuclear (reaction) model.

51
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~v
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(AZ)t
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Dmin(θ)

D(t) = |~r(t)|

Figure 4.1: Shown is a Coulomb trajectory in the center-of-mass system, i.e. the target is as-

sumed to be infinitely heavy and the projectile mass corresponds to the reduced

mass. The vector ~r(t) is pointing from the target to the projectile; its magnitude

D(t) determines the electric field strength felt by the projectile. The initial veloc-

ity of the projectile is v. The impact parameter b and the deflection angle θ are

also shown. An important quantity is the minimum distance during the collision

Dmin(θ), which is equal to 2a0 in a head-on collision with b = 0.

4.1.1 The Sommerfeld Parameter

The Sommerfeld parameter η indicates if the semi-classical approximation, which is com-

monly used in the treatment of the CE process, is applicable. It is a measure of the

minimum target-projectile distance in units of the de Broglie wavelength of the projectile

λ

η =
a0

λ
= α

ZpZt

β
. (4.1)

Here a0 is half of the distance of closest approach Dmin in a head-on collision, β is the

initial velocity of the projectile in units of the speed of light c and Zp,t are the proton

numbers of the projectile and target, respectively. The expressions for a0 and λ are given

by

a0 =
1

2

ZpZte
2

Ecm
=
ZpZte

2

mv2
=
ZpZte

2

c2mβ2
, (4.2)

λ =
~

p
=

~

mv
(4.3)

and α is the fine structure constant. The classical trajectory together with characteristic

quantities of the orbit, such as the scattering angle θ and the impact parameter b, is shown

in figure 4.1.
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If η is much larger than unity a quantum mechanical wave packet is expected to follow

the classical trajectory and the semi-classical approximation can be applied to treat the

excitation process. In this case the relative motion of projectile and target is considered

classically, while the excitation process is treated quantum mechanically. The Hamiltonian

describing the system acquires an explicit time dependence given by the orbit of the pro-

jectile.1 Besides a large Sommerfeld parameter other conditions must be fulfilled before

the semi-classical approximation can be applied, namely the change in the orbit due to the

excitation process (removal of kinetic energy) and due to angular momentum transfer has

to be small [28, 71, 72].2 For the systems considered here all these condition are fulfilled:

the values of η are larger than 35, only the lowest excited states with spin of 2~ and exci-

tation energies around 1 MeV are populated with typical center-of-mass beam energies of

50 MeV and orbital angular momenta in excess of 1000 ~.

The (small) systematic uncertainties introduced by the semi-classical approximation

can be taken into account by appropriately symmetrizing the parameters ξ, χ, a0, and η

(see below) with respect to the initial and final relative velocities. The differences between

an exact quantal treatment and a semi-classical one are on the order of 1 to 3 % [72, 97].

The reason for the very accurate results within the semi-classical approach (even when

the above conditions are nearly violated) might be the fact that the classical Rutherford

scattering cross section is identical to the quantal expression [96]. Furthermore it was shown

that even a purely classical calculation gives reasonable estimates of the maximum spin

populated during Coulomb excitation [28, 98], stressing the validity of the semi-classical

approximation.

4.1.2 Excitation Cross Section

Since the projectiles follow the classical orbit the elastic cross section corresponds to the

Rutherford expression with the center-of-mass scattering angle θ

dσR(θ)

dΩ
=
(a0

2

)2

sin−4

(

1

2
θ

)

, (4.4)

and the cross section σn to excite a certain final nuclear state |n〉 = |Inmn〉 is

σn =

∫

dσn(θ)

dΩ
dΩ with

dσn(θ)

dΩ
= Pn(θ)

dσR(θ)

dΩ
. (4.5)

1Here and in the following “orbit of the projectile” means the orbit of the reduced mass in the center-

of-mass frame.
2There is also an interesting discussion of this topic in [96, section on Coulomb scattering].
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The excitation probability is

Pn(θ) = |an(θ)|2 , (4.6)

where an = 〈n|ψ(t = ∞)〉 is the amplitude to populate the state |n〉 if the system was

initially in the ground state |ψ(t = −∞)〉 = |0〉; |ψ(t)〉 is the time dependent state vector

of the nuclear system. As the nucleus to be excited is usually not aligned and in the final

state the magnetic quantum number is not distinguished an average over mi and sum over

mf must be performed

Pf,i(θ) =
1

2Ii + 1

∑

mi,mf

|aIf mf ,Iimi
(θ)|2 , (4.7)

to obtain the excitation probability to the state |If〉 from the state |Ii〉.

4.2 Coupled Equations

From the previous section it is clear that in order to compute the excitation cross section the

amplitudes an must be known. In this section coupled differential equations for the an are

derived which can, at least in principle, be solved exactly without any other approximation

besides the semi-classical one.

In the following the excitation of the projectile nucleus is considered, but the relations

apply to the excitation of the target nucleus as well if the target and projectile charge

number Z and the matrix elements are exchanged. Unless otherwise specified all quantities

are considered in the center-of-mass system and m is the reduced mass of projectile-target

system

m =
mpmt

mp +mt
. (4.8)

With the trajectory of the projectile ~r(t) given by the classical expression, the excitation

process is described by the time-dependent Schrödinger equation

i~|ψ̇(t)〉 = (H + V (t)) |ψ(t)〉 , (4.9)

where H is the intrinsic free (nuclear) Hamiltonian and V (t) is the time-dependent electro-

magnetic interaction potential between target and projectile; its explicit time-dependence is

due to the assumed classical trajectory ~r(t). As the multipole-multipole interaction is weak

the Schrödinger equation of the combined system of target and projectile can be separated

into two independent equations for projectile and target excitation. In this case the poten-

tial V in 4.9 describes only the monopole-multipole interaction as the monopole-monopole
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interaction is absorbed into the classical trajectory and the explicit time dependence of the

potential. In equation 4.9 on the facing page |ψ〉 is the state vector of the target (projectile)

nucleus and V is the potential of a point charge Zp (Zt) at the projectile (target) position.

Expanding the state |ψ〉 in terms of the eigenstates |n〉 of the unperturbed Hamiltonian

H with eigenvalue En

H|n〉 = En|n〉 , (4.10)

|ψ(t)〉 =
∑

n

an(t)e−ωnt|n〉 with ωn =
En

~
, (4.11)

results in a set of first order differential equations for the excitation amplitudes an(t) as a

function of time

i~ȧn(t) =
∑

m

〈n|V (t)|m〉ei(En−Em)t/~am(t) . (4.12)

The solutions of these equations are straightforward—while not trivial—to obtain with the

condition that the nucleus is initially in the ground state, i.e. ai(−∞) = δ0i. Please note

that an(t) and V (t) implicitly depend on the orbit, i.e. on the scattering angle θ. The

final excitation amplitudes are found for t → ∞ and the excitation probability is given

by 4.6 on the preceding page, i.e. Pn = |an(∞)|2. It should be noted that |n〉 specifies

exactly one state |Inmn〉 and appropriate sums and averages over the magnetic quantum

numbers have to be taken as discussed in section 4.1 on page 51. Furthermore the exact

solution is only obtained if all states are considered. In practice, however, only few states

are coupled strongly to the ground state and the neglect of higher-lying states causes

only small deviations. This is especially so for the results presented here, where only the

B(E2; 0+
gs → 2+

1 ) value, i.e. the reduced transition probability between the ground and

the first excited 2+, is of interest.

4.2.1 Multipole Expansion

By performing the usual multipole expansion of the potential the matrix element 〈n|V (t)|m〉
can be decomposed into a part only dependent on the nuclear properties 〈n‖M(Eλµ)‖m〉,
the so-called reduced matrix element, and another part that depends only on the parame-

ters determining the orbit and the transition energy ∆E. The electric multipole operators

are given by

M(Eλµ) = rλ Yλµ(~r)

(

1

2
+ τz

)

, (4.13)

where the last term in parenthesis is the nuclear charge operator projecting the state vector

of the protons; τz is the z component of the isospin operator [27, 94]. The magnetic terms
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of the multipole expansion do not need to be considered for the excitation process, as they

are suppressed by a factor of β2 in the cross section.

The reduced matrix element 〈I0‖M(Eλ)‖If〉 is defined by the Wigner-Eckart theorem

〈I0m0|M(Eλµ)|Ifmf 〉 = (−1)I0−m0

(

I0
−m0

λ

µ

If
mf

)

〈I0‖M(Eλ)‖If〉 (4.14)

and corresponds to the multipole matrix elements 〈I0m0|M(Eλµ)|Ifmf〉 with the trivial

geometric factors—the first term on the right-hand side is a Clebsch-Gordan coefficient—

removed.3 The averaging and summation over initial and final quantum numbers in the

expression for the Coulomb excitation cross section leads to the definition of the reduced

transition probability, the B(Eλ) value,

B(Eλ; I0 → If) =
∑

mf µ

|〈I0m0|M(Eλµ)|Ifmf 〉|2 (4.15)

=
1

2I0 + 1
|〈I0‖M(Eλ)‖If〉|2 , (4.16)

which will be needed later on in section 4.3 on page 58.

Electromagnetic Decay

While not important for this section it should be noted that the same electromagnetic

multipole matrix elements characterize the electromagnetic decay of excited nuclear states.

The partial γ ray transition probability of multipolarity Eλ is directly proportional to the

B(Eλ; If → Ii) value—shown in any standard nuclear physics textbook [27, 94, 99]—which

is related to the value for the excitation via

B(Eλ; If → I0) =
2I0 + 1

2If + 1
B(Eλ; I0 → If ) . (4.17)

4.2.2 Adiabaticity

It is well known and can be seen from the exponential factor in 4.12 on the preceding

page that the time dependence of the (pulsed) potential V (t) plays a crucial role for the

excitation process as an excitation can only occur if the time scale of the variation of V

3Sometimes in the literature a different definition, by a factor
√

2I0 + 1, is used [94].
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is on the same order or shorter than the nuclear period τn characteristic of the transition

from one state to another: τ−1
n = ωn = ∆E/~. The adiabaticity parameter ξ is defined as

ξ = ωnτc =
τc
τn

(4.18)

=
a0∆E

~cβ
, (4.19)

with τc = a0/v being a measure for the duration of the collision. A substantial excitation

can only occur if ξ is smaller or on the order of unity. For large ξ the nucleus follows the

potential adiabatically changing only its orientation—similar to the needle of a compass in

a slowly varying magnetic field—and the excitation probability drops exponentially with

increasing ξ. For ξ � 1 the sudden approximation can be applied. Typical values for the

systems of interest here are around 0.5.

This result is important also in view of the number of states that have to be included

in 4.12 on page 55. From 4.19 and the condition ξ < 1 it follows that an excitation takes

place only if

∆E < Eξ =
~cβ

a0
. (4.20)

Thus, the excitation energy is essentially limited to values below 1–2 MeV in “safe”

Coulomb excitation experiments where β is on the order of 5 %. This justifies to a large

extent the neglect of transitions with larger energies in the treatment of the excitation pro-

cess. For intermediate-energy “unsafe” Coulomb excitation this condition implies that even

states with energies in excess of 10 MeV can be populated as discussed in section 4.7 on

page 63 on intermediate-energy Coulomb excitation.

4.2.3 Excitation Strength

The magnitude of the excitation depends not only on the degree of adiabaticity but also

on the strength of the interaction which can be estimated by

χ(λ) ≈ V (λ)τc
~

, (4.21)

where V (λ) is the interaction energy of multipolarity λ at the closest approach between

target and projectile. Classically ~χ is equivalent to the time integral of the torque exerted

on the projectile by the field of the target [28, 98], thus, the parameter χ(λ) is an estimate

of the number of quanta of multipolarity λ exchanged in the collision. A consistent and

exact definition of χ is given in [71]; in particular for electric transitions

χ(λ) =

√
16π(λ− 1)!

(2λ+ 1)!!

Zte

aλ
0~v

〈I0‖M(Eλ)‖If〉√
2I0 + 1

. (4.22)
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If χ is small the probability of exciting the corresponding state is small, and perturbation

theory can be applied. In contrast, if χ is large and ξ is small the state is strongly excited.

In fact, for θ = π and ξ = 0 the excitation probability is given by |χ|2. For the E2

excitations, important here, the χ is given by

χ(2) =

√
16π

15

Zte

a2
0~v

√

B(E2; 0+
gs → 2+

1 ) . (4.23)

Typical values for the systems of interest here are on the order of 0.2.

4.2.4 Computer Codes

For the numerical solution of 4.12 on page 55 the computer codes based on the original

Winther & de Boer program [100, 101] such as CLX [102, 103] or GOSIA [104] are available

and were used in the present work.

4.3 First Order Perturbation Theory

Equation 4.12 on page 55 can be solved approximately by first order perturbation theory.

Even in cases where it is not strictly applicable, as in most experiments involving heavy

ions as target and projectile, it still gives a reasonable estimate of the excitation cross

section of the lowest states with large matrix elements to the ground state. Furthermore,

the simple results allow insights into the Coulomb excitation process which cannot easily

be obtained from the exact solution.

4.3.1 Excitation Amplitudes

Dropping the time dependence of the amplitudes ai on the right-hand side of 4.12 on

page 55 and fixing these amplitudes at their original values, i.e. ai = δ0i, results in the

following expression for the time derivative of the excitation amplitudes

i~ȧn(t) = 〈n|V (t)|0〉eiωnt . (4.24)

Here ωn = En/~ with E0 = 0, the ground state energy. This can easily be integrated to

give

an =
1

i~

∫

〈n|V (t)|0〉eiωnt dt . (4.25)
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After the expansion of the potential in terms of the electric multipole operators (see equa-

tion 4.13 on page 55) Alder & Winther [71] obtain

an =
4πZte

i~

∑

λµ

1

2λ+ 1
〈I0m0|M(Eλ, µ)|Inmn〉∗SEλµ , (4.26)

where only the electric matrix elements were considered, as magnetic excitations are sup-

pressed by a factor of β2 (in the cross section) and can therefore be neglected. The term

SEλµ contains the time integral over the classical orbit, including all information depen-

dent on the parameters of the collision, while the matrix element 〈I0m0|M(Eλ, µ)|Inmn〉
depends only on nuclear properties.

4.3.2 Cross Section

Inserting the above amplitudes into equation 4.5 on page 53 and after summing over the

final and averaging over the initial magnetic quantum numbers the cross section is obtained

σEλ = a2
0

∣

∣χ(λ)
∣

∣

2 ((2λ+ 1)!!)2

16π((λ− 1)!)2
fEλ(ξ) fEλ(ξ) =

∫

ΩD

dfEλ(θ, ξ)

dΩ
dΩ (4.27)

=

(

Zte

~v

)2

a−2λ+2
0 B(Eλ; I0 → If )fEλ(ξ) (4.28)

where fEλ is the Coulomb excitation cross section function df/dΩ [71] integrated over

the solid angle covered by the particle detector ΩD. It only depends on the parameter ξ

introduced above—and θ for the differential expression—and can be easily calculated or

looked up in compiled tables. The parameters ξ and χ introduced above are indeed the

relevant quantities governing the excitation process as is evident from 4.28. For this work

in particular the E2 contribution is the most relevant and the cross section is given by

σE2 =

(

Zte

~v

)2

a−2
0 B(E2; 0+

gs → 2+
1 )fE2(ξ) (4.29)

Therefore, within the framework of first-order perturbation theory the Coulomb excitation

cross section is directly proportional to the B(E2; 0+
gs → 2+

1 ) value. Typical values for the

systems considered here are on the order of 100 mb.
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Figure 4.2: Pictorial representation of first and second order amplitues in the excitation of the

first excited state. Only the leftmost diagram (a) is of first order; all others are of

second order. Diagram (c) does not contribute if the ground state possesses a spin

of zero. Interference between (a) and (b) (and (c)) gives rise to the re-orientation

effect. Diagram (d) shows a second order process where a high-lying state was

virtually excited.

4.4 Re-Orientation

The so-called “re-orientation” effect4 describes the influence of the static quadrupole mo-

ment of an excited state Q(Jπ) on the excitation cross section. While it can be used to

actually measure the quadrupole moments of excited states (e.g. [74]), it introduces an

uncertainty into the results presented here and is therefore shortly discussed.

In the framework of perturbation theory the “re-orientation” effect, pictorially pre-

sented in figure 4.2, is of second order. The amplitudes of the direct (first order) popula-

tion (a) interfere either constructively (Q(2+) > 0) or destructively (Q(2+) < 0) with the

second order amplitudes (b). For a detailed treatment of the effect see [105].

To understand its influence on the cross section it is useful to consider the energy of the

m = 0 magnetic state of a Jπ = 2+ state of an even-even nucleus, which is the only sub-

state populated in a head-on collision. In the strongly inhomogeneous field of the target

nucleus at the classical turning point the energy of the |Jm〉 = |20〉 state is shifted due to

the interaction of its static quadrupole moment with the electric field gradient [105, 107]

4The name “re-orientation” exists for historical reasons, as the effect can lead to a change of the

magnetic sub-state population as compared to first order perturbation theory, resulting in a change of the

alignment or “orientation”, influencing the angular distribution of the emitted γ rays. Its effect on the

excitation cross section is much more important, however.
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according to

∆EQ = −e
2ZtQ(2+)

16a3
0

. (4.30)

For typical systems relevant here absolute values are in the range of 10-30 keV. If the 2+

state has a prolate deformation Q(2+) > 0 the excitation energy of the m = 0 sub-state is

reduced, which significantly increases the excitation cross section especially if ξ & 1, when

the cross section depends exponentially on ξ [71].

4.5 De-Orientation

Before undergoing γ decay the excited nuclei usually leave the target material and recoil

into the vacuum of the target chamber. The highly ionized atomic shells of the ions can

produce very strong magnetic fields (up to 10 kT [72, 74]) and electric field gradients,

which interact with the nuclear dipole and electric quadrupole moment, respectively. This

hyperfine interaction leads to transitions among the magnetic sub-states more or less equi-

librating their population, depending on the life-time of the excited state. In addition the

fields are randomly oriented and the net effect is an attenuation of a possible alignment

produced by the Coulomb excitation process. Usually neither the involved nuclear mo-

ments nor the electromagnetic fields are known. Therefore, models are used to take this

effect into account, which assume random orientations and field strengths. For instance,

the computer code GOSIA used in this work takes the de-orientation into account by atten-

uation factors G in the angular distribution integrated over φγ, due to cylinder-symmetric

particle detection around the beam axis

W (θγ , τ) = 1 + a2G2(τ)P2(cos θγ) + a4G4(τ)P4(cos θγ). (4.31)

These factors depend on the life-time τ of the excited nuclear state with G(τ) → 0 for

large τ (fully de-oriented) and G(0) = 1 (initial alignment). In the present analysis also

the effect of a “complete” de-orientation was considered but the influence was found to be

small. This is partly due to the large solid angle coverage of the MINIBALL array and the

particle detector.

4.6 “Safe” Distance Condition

The importance that the projectile and target nuclei stay outside the range of the nuclear

force during the collision was already stressed in the beginning of this chapter. To quantify
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this requirement a surface distance ∆s is defined by subtracting the nuclear radii Rp,t from

the distance of closest approach Dmin(θ)

∆s(θ) = Dmin(θ) − Rt −Rp with Dmin(θ) = a0

(

1 + sin−1

(

θ

2

))

, (4.32)

where the half-distance of closest approach in a head-on collision a0 is given by

a0 =
1

2

ZpZte
2

Ecm
=
ZpZte

2

mv2
. (4.33)

Thus defined, ∆s is the minimal distance between the surfaces of the two colliding nuclei.

Due to the short range of the nuclear force, the rather well defined nuclear surface, and the

large Sommerfeld parameter η it is a good parameter to study the validity of the theory of

Coulomb excitation. Using experimental data on the Coulomb-nuclear interference effect

several groups obtained “their” safe-distance condition

∆s(θ) > ∆min
s (4.34)

by observing deviations from the predictions either of the excitation function, i.e. the

integrated cross section as a function of beam energy [108], or of the differential cross

section as a function of the scattering angle θ [73, section 4].

Various ways to determine ∆s and the corresponding ∆min
s were proposed with the

aim to exhaust the safe-margin as strongly as possible without jeopardizing the model

independence. The reason for this can be seen on equation 4.29 on page 59: the cross

section scales with a−2
0 . Therefore a larger and “safer” distance of closest approach results

in reduced cross sections. In addition, if ξ is near unity the total cross section function f(ξ)

depends exponentially on ξ (f ∝ e−ξ) [71] further reducing the cross section with increasing

a0 (see equation 4.19 on page 57). Therefore, a relaxation of the “safe” condition has

already been proposed for experiments with rare exotic nuclei [9, 28], by accepting smaller

∆s as long as the expected uncertainties are much smaller than the statistical ones.

The conditions obtained in the past with stable beams are to a large extent consistent

with each other and range from rather complicated methods [109] to calculate the nuclear

radius R from the mass number A, to the common proportionality of R to A1/3: R = r0A
1/3

with r0 ranging from 1.25 to 1.6 fm and corresponding safe surface distances ∆min
s ranging

from 5 to 3 fm, respectively. For instance in [72] “a conservative crude safe ... criterion”

is proposed with r0 = 1.25 fm and ∆min
s = 5 fm leading to non-Coulomb effects below

10−3(!). Values of r0 = 1.6 fm and 1.44 fm with ∆min
s = 3 fm and 2.88 fm were put forward

in [73, section 4] and [71, section x.4], respectively.
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Ideally the beam energy should be chosen such that the safe condition 4.34 is fulfilled for

θ = 180◦, ensuring that nuclear effects are negligible for all scattering angles. In practice

this is not always possible for the reasons mentioned above. In this work we adopted the

very strict condition of r0 = 1.25 fm and ∆min
s = 6 fm and restricted the analysis to the

angular range where 4.34 was fulfilled.

4.7 Intermediate Energy Coulomb Excitation

Intermediate-energy or relativistic Coulomb excitation is a relatively new experimental

technique already discussed in chapter 1. It exploits the exotic beams with energies in

excess of 30 MeV/u available at projectile fragmentation facilities such as RIKEN[51],

GSI[110], MSU[111] and GANIL [112].

While the beam energy is highly unsafe, the basic features of this technique can easily

be understood by considering the parameters η, ξ, and χ introduced above [113]. The

definition of the parameters at these high beam energies is almost identical, only the half-

distance of closest approach a0 should be replaced by the impact parameter b in most

expressions—plus a slight adjustment to take relativistic effects into account—see [113] for

details.

As in the low-energy case, the Sommerfeld parameter η is usually large and the semi-

classical approximation can be applied with assumed straight line trajectories. The inter-

action strength parameter χ (equation 4.21 on page 57), however, is always small due to

the very short collision time τc. For low-lying states important in this work the collision

is essentially sudden with ξ ≈ 0, resulting in cross sections nearly independent of the ex-

citation energy. Values of ξ near unity are reached only for excitation energies as high as

10–15 MeV, showing that at intermediate-to-relativistic energies even the giant resonance

region can be excited. Therefore, any 1− and 2+ state will be excited if its transition ma-

trix element with the ground state allows for it, in contrast to low-energy “safe” Coulomb

excitation. Thus, in the analysis of such data, transitions from higher lying states, possibly

feeding the first 2+ state, must be taken into account.

The excitation probabilities will always be small and first order perturbation theory

is a very good approximation [113]. The second order effects, such as re-orientation, can

be neglected and the cross sections to excite low-lying 2+ states of even-even nuclei are

proportional to the B(E2; 0+
gs → 2+

1 ) values.

Due to the high projectile velocities with β ∼ 0.3–0.6 also magnetic excitations, which

are suppressed at low energies by a factor of β2, are possible and must be considered where
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appropriate. Often these excitations are ruled out by selection rules, as for even-even

nuclei, where only E2 transition to the first excited 2+ state are possible.

To ensure the dominance of the Coulomb interaction extremely forward projectile scat-

tering angles of only a few degrees must be imposed. Furthermore, events in which violent

reactions take place have to be avoided. The effects of the Coulomb-nuclear interferences

have been discussed in the literature [52, 53, 114] and their influence on the results of these

experiments is still not fully settled. Figure 6.2 on page 91 shows the results of coupled

channel calculations of the differential cross section to excite the 2+
1 state of 24Mg, by scat-

tering it off 208Pb and 12C targets at beam energies of 32 MeV/u [53]. The effect of the

Coulomb-nuclear interference is evident and variations in the cross section can be as large

as a factor of two.

Concerning γ ray spectroscopy at these high beam velocities it should be mentioned

that often the Doppler broadening is so large that even highly granular detectors reach only

resolutions typical of scintillation detectors [115]. Furthermore, the backscattered electrons

off the projectiles have energies of up to a few MeV causing copious X-ray backgrounds in

the γ ray energy spectra reaching far into the energy range of interest as seen e.g. figure

5.7.

4.8 Experimental Method

While in the previous sections it was outlined how the nuclear properties that we are inter-

ested in, the B(E2; 0+
gs → 2+

1 ) values, are related to the Coulomb excitation cross section,

in this section the experimental method used to measure the cross section will be explained

in detail. The principle of the measurement is simple: during the bombardment of the tar-

get material by the projectiles Coulomb excitation of both the target and the projectile

takes place. The Coulomb excitation yields of the projectile and the target are propor-

tional to the integrated luminosity L = Nb(N/A)t, which is the product of the number of

incident beam particles Nb and the areal density of the target nuclei (N/A)t, the number

of scattering centers per target area. Thus, the yield from the target is proportional to

the yield from the projectile and the (unknown) projectile cross section can be determined

from the (known) target cross section. In the present case the experimental observable is

the yield of the detected γ rays from which the Coulomb excitation cross section is inferred.

Several effects, such as the γ ray detection efficiency and possible beam contaminations

have to be considered, as discussed below.

Even though the determination of absolute cross sections is preferable it would give
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very error prone results, as first the beam intensity is only known to about a factor of

two and second the macro and super time structures of the REX beam—section 2.4 on

page 14—make it nearly impossible to obtain reliable and precise dead time values.

4.8.1 The γ Ray Yield

The number of γ rays detected (in the MINIBALL array), the γ ray yield, is given by

Nγ = εγσ Nb

(

N

A

)

t

= εγσ L , (4.35)

where εγ is the total γ ray detection efficiency, L is the luminosity and σ is the Coulomb

excitation cross section. The determination of εγ is somewhat cumbersome and is discussed

in section 4.8.2 on page 67. For now we assume it is known.

The aim of the presented experiments is to study the (exotic) projectile nuclides. As

equation 4.35 is valid for both target and projectile excitations and the (integrated) lu-

minosity L is the same, the (unknown) excitation cross section for the projectile σp can

be obtained from the (known) target cross section σt by multiplying it with the efficiency

corrected ratio of the γ ray yields

σp =
εpγ
εtγ

Np
γ

N t
γ

σt . (4.36)

Unfortunately equation 4.36 is an oversimplification, because usually the beams are not

pure and occasionally the target material is not mono-isotopic. Therefore, the following

equations are needed to describe the γ ray yields of the target component k (N tk
γ ) and the

beam component i (Npi
γ )

Npi
γ =

∑

k

εpi
k σpi

k Lik (projectile excitation) (4.37)

N tk
γ =

∑

i

εtki σtk
i Lik (target excitation) (4.38)

where

Lik = Nbi

(

N

A

)

tk

(4.39)

is the partial luminosity of projectile i with target component k. The cross section for the

excitation of the beam (target) component i by the target (beam) component k is given
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by σ
p(t)i
k . With the known abundances of target and beam species ak and bi

ak =
(N/A)tk

(N/A)t
bi =

Nbi

Nb
(4.40)

the following relation holds for the luminosities

Lik = L bi ak , (4.41)

where in each case the quantity without index is

L =
∑

ik

Lik , Nb =
∑

i

Nbi ,

(

N

A

)

t

=
∑

k

(

N

A

)

tk

. (4.42)

There are a total of 2IK + 1 unknowns (σpi
k , Lik, and L) and IK + I + K equations

(4.37, 4.38, and 4.41), where I and K are the number of beam and target components,

respectively. All other quantities can either be measured in the experiment, e.g. all Nγs,

or can be calculated, e.g. the target excitation cross sections σti
k and the efficiencies. The

number of degrees of freedom is therefore

(2IK + 1) − (IK + I +K) = (I − 1)(K − 1) . (4.43)

Only if there is exactly one target component (K = 1, any I) or exactly one beam com-

ponent (I = 1, any K) can all σpi
k be determined. In the first case these are the cross

sections σpi to excite the different beam components by the (one) target material and in

the latter case the cross sections σp
k to excite the beam nuclide (one type) by the different

target components. Fortunately there are other relations, namely the ratio of the cross

sections for the excitation of the same beam nuclide i by different target components k can

be calculated, resulting in the I(K − 1) equations

σpi
k = si

kσ
pi
1 ∀ i = 1, . . . I and k = 2, . . .K , (4.44)

where si
k are defined by the above equation and correspond to the cross section σpi

k relative

to σpi
1 , chosen to be the reference cross section. In practice the factor s can be assumed to

be unity if the elementally pure target consists of different isotopes. Therefore, the number

of degrees of freedom is reduced to

(I − 1)(K − 1) − I(K − 1) = 1 −K (4.45)

and for any number of beam and target components a unique solution for the projectile

excitation cross sections can be found. In fact, for more than one target component (K > 1)

the cross sections are over-determined allowing for additional consistency checks.

Experimentally it is crucial to separate the different contributions in the γ ray energy

spectrum based on the (Doppler corrected) γ ray energy alone, stressing the need for a γ

ray spectrometer with the best resolution.
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4.8.2 Efficiency

The total γ ray detection efficiencies ε occurring in 4.37 and 4.38 on page 65 include not

only the detector efficiency εD(Ωlab
γ ), but also the effects of the distribution of the emitted

γ rays W (Ωγ) and the γ ray branching ratio bγ if other decay channels exist. In the above

expressions Ωγ stands for a direction in space, i.e. Ωγ = (θγ , φγ).

To determine the efficiency the following effects have to be considered: during Coulomb

excitation the magnetic sub-states are not populated equally, resulting, in general, in an

aligned excited state and a non-isotropic emission of the γ rays. The alignment is usually

described by a density matrix ρ in the rest-frame of the emitting nucleus [71]; from it the

double differential cross section5

d2σ

dΩ dΩγ
(4.46)

is obtained (see e.g. [71, section iii.3]). The resulting angular distribution6

W (Ωγ) =
1

σ

dσ

dΩγ

=
1

σ

∫

ΩD

d2σ

dΩ dΩγ

dΩ (4.47)

with

σ =

∫

ΩD

dσ

dΩ
dΩ (4.48)

has to transformed into the laboratory frame before it can be folded with the detector

efficiency εD(Ωlab
γ ).

For practical reasons, however, an alternative method was used. The transformation

of a differential quantity such as 4.47 from one coordinate system to another, say from

the system of the emitting nucleus into the laboratory, consists of two steps: first the

direction Ωγ = (θ, φ) has to be transformed Ωγ → Ωlab
γ and second the solid angle element

dΩγ → dΩlab
γ , i.e.

W lab(Ωlab
γ ) = W (Ωγ(Ω

lab
γ ))

dΩγ

dΩlab
γ

. (4.49)

For γ rays the change in solid angle element can be considered most easily on an event-by-

event basis during the evaluation of the experimental data, as

dΩlab
γ

dΩγ
=

(

E
(0)
γ

E lab
γ

)2

. (4.50)

5An Ω without subscript refers to the direction of the scattered projectile.
6If not otherwise specified all quantities are given in the rest frame of the emitting nucleus.
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Thus, for all Doppler corrected spectra the events were not incremented with equal weight

“one”, but with a weight given by 4.50 on the page before which is known for each event

from the Doppler correction of the γ ray energies. For example a γ ray emitted in forward

direction, i.e. with a small ratio E
(0)
γ /E lab

γ , receives a reduced weight, compensating the

increased detection probability for such a photon in the laboratory.

To correct the effect of the transformation of the direction Ωγ the easiest is to transform

the detector efficiency εγ(Ω
lab
γ ) into the rest frame of the γ ray emitter neglecting the solid

angle transformation. The transformed efficiency can then be folded with the γ ray angular

distribution Wγ(Ωγ)

〈εγ〉 = bγ

∫

4π

εγ
(

E(0)
γ ,Ωlab

γ (〈β〉,Ωγ)
)

Wγ(Ωγ) dΩγ , (4.51)

where also the γ branching ratio bγ is considered. Two approximations were applied in 4.51:

in general the γ ray energy E lab
γ depends on the direction Ωγ and the velocity vector of the

emitting nucleus via the Doppler shift—section 3.2 on page 21. For the MINIBALL setup,

however, the efficiency changes nearly linearly within the variation of E lab
γ and therefore

the average transition energy 〈E lab
γ 〉 is used, which is to a good approximation given by

E
(0)
γ . The second approximation concerns the transformation of the laboratory efficiency

into the “rest frame” of the emitting nucleus. As the scattered projectiles and the recoiling

target nuclei have no fixed scattering direction nor a fixed velocity, no exact transformation

can be performed. Rather a transformation with an average velocity 〈β〉 along the z-axis,

as the average scattering angle, was performed.

The errors introduced by these approximations are very small, since the MINIBALL

array covers a large fraction of the full solid angle as does the CD detector. In fact the

correction factors determined [55, 114, 116] for the cases considered here were less than 2

%, far below the typical statistical uncertainty of about 10 %. Furthermore even if one

assumes that the distribution of the target (projectile) γ rays is isotropic and the one of

the projectiles (targets) is as given above, the change in the deduced cross sections is only

on the order of 5 % [114].

While a GEANT4 Monte Carlo simulation for the MINIBALL array was implemented

[117, 118] and used for the determination of εD(Ωγ), to fully consider the angular distribu-

tion a corresponding event generator would have to be implemented. However, due to the

expected small correction factors, this was considered too time consuming and not worth

the effort.

Summarizing this section: the Coulomb excitation cross sections for the projectile(s)

σpi
k are determined by solving equations 4.37 and 4.38 on page 65, where the occurring
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efficiencies ε are understood as the average values given by 4.51 on the preceding page and

the Nγs are the line intensities obtained from spectra where the individual events were

incremented with a weight according to 4.50 on page 67.

4.8.3 Cross Sections

The computer codes CLX and GOSIA were used to calculate the Coulomb excitation cross

sections (see section 4.2.4 on page 58). The calculation of the excitation cross section

of the target nuclei σtk
i was performed including as much spectroscopic information as

needed and available. In particular, not only the B(E2)↑ values, but also the diagonal

matrix elements were used when available and in the case of the 107Ag target also the

coupling between the excited states and the M1 matrix elements, which are important for

the angular distribution, were considered.

For the projectiles the B(E2)↑ value was varied in an iterative procedure until the

measured cross sections were reproduced. Various (diagonal) static E2 matrix elements

were assumed (see section 4.4 on page 60 and chapter 5).

In all cases the energy loss in the (rather thick targets) was not negligible and therefore

the cross section was averaged over the target thickness by subdividing it into several

slices (typically 11) and performing the above cross section calculations for each slice after

adjusting the beam energy according to the energy loss (in the preceding slices).
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Chapter 5

First Results

The aim of the two first experimental campaigns at REX-ISOLDE, one in Oct. 2003 and

the other in Sept. 2004, was the determination of the B(E2; 0+
gs → 2+

1 ) values of the

neutron-rich Mg isotopes 30,32Mg [119, 120], which are located near or in the so-called

“Island of Inversion”. The physics issues to be addressed and answered were discussed

in chapter 1, and the experimental method used, namely “safe” Coulomb excitation, in

chapter 4. REX-ISOLDE was described in chapter 2 and MINIBALL in chapter 3, with

the experimental setup described in section 3.6 on page 46.

In this chapter the analysis steps are outlined in section 5.2, with special focus on the

important issue of the beam impurities (section 5.1), the sources of which were discussed

in section 2.5 on page 16. The final results are presented in section 5.3 and in table 5.4 on

page 85, where also the experimental parameters, such as beam energies and intensities,

are listed.

5.1 Determination of Beam Impurities

As discussed in section 2.5 on page 16, one of the major concerns in experiments with post-

accelerated beams from ISOL facilities are beam impurities of various origin. In particular,

in Coulomb excitation experiments where the relative γ ray yield of projectile and target

nuclei determines the result,1 methods to qualitatively and quantitatively determine the

beam impurities have to be developed. Only then can reliable results be obtained.

During the analysis of the measured data several methods to study the beam com-

position were investigated. These are sensitive to some or all of the sources of beam

1For instance, excitations of the target by the beam impurities have to be subtracted. Formally, this is

seen in equation 4.40 on page 66, where the abundances of each isotope bi in the beam are required.

71
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contamination identified in section 2.5 on page 16. The principles of the methods are men-

tioned and some examples are given here and summarized in table 5.1 on page 76; more

details and the application to the presented results can be found in [55, 56, 114].

Method #1 Particles with different mass number A are most easily identified by their

measured total energy in the CD detector. Since the A/q of the mass separator as well

as the velocity of the ions β are known and A and q can only assume positive integer

values, there are usually not many combinations for A and q for possible contaminants in

the beam, which would match the nominal A/q. In addition, from the energy measured in

the CD detector Eb an approximate particle mass number A can be determined from the

kinetic energy relation Eb = 1
2
Auβ2, with u the atomic mass unit. Since the particles are

scattered off the target, different Rutherford scattering cross sections and energy losses in

the target have to be considered for a quantitative analysis. With the CD detector even

particles of the same mass number A can be distinguished if a thick target is used and the

energy loss due to the different Z is large enough to resolve the two (or more) contributions.

Method #2 The most direct method to identify and quantify the beam contaminants

with the same A but different Z is the measurement of their energy-loss (proportional to

Z2) in the PID detector. Also this method is based on the fixed and known A/q and beam

velocity β. Since small-angle scattering is observed (the detectors are located at about 5◦)

a correction for the different Rutherford cross sections as a function of Z and the energy

loss in the target has to be performed. For example, in the right-hand panel of figure 5.1 on

the facing page a sample spectrum is shown. The different components in the beam can

clearly be separated, with the component with the smallest energy identified to be 32Mg,

the isotope of interest. In addition, in the left panel a yield dependence on tp = t−T1, the

time since the last proton impact, can be seen2, which will be discussed further below in

this section. The installation of the detectors and the analysis of the results was part of a

Diploma project at the MPI-K [56].

Method #3 The contamination can be estimated when the RILIS is used to ionize

the particles: in this case a so-called LASER ON/OFF run can be performed, where the

LASER is periodically blocked. By comparing the measured intensities in the particle and

also in the γ detectors the amount of contamination can be inferred, assuming that during

the measurements the yield of the ISOLDE target did not vary. However, with this method

2The time of the event is t and T1 (ISOLDE jargon) is the time of the last proton impact; tp = t − T1

is therefore the time since the last proton impact.
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tp

32Mg

32Al

32Si

32S

∆
E

Figure 5.1: The measured energy loss ∆E (in the PID detector) vs. the time after proton impact

tp = t−T1 observed in the 32Mg beam of the Sept. 2004 campaign (see table 5.4 on

page 85). Impurities of radioactive 32Si, 32Al, and stable 32S can be seen. Due

to the short half life of 32Mg (95 ms) it is only observed for about 400 ms after

proton impact. In contrast, the stable 32S stems from the EBIS residual gas and

is always present independent of tp. In the right panel the projection on the ∆E

axis is displayed without any additional cut on tp. For the analysis of the CE data

a cut of 0 ≤ tp ≤ 400 ms was applied strongly suppressing the S contamination.

The energy-loss values ∆E do not follow an exact Z 2 dependence due to the energy

loss in MINIBALL target (107Au, 1.1 mg/cm2) and the large thickness of the PID

detector. The S contribution is almost stopped in this detector.

only the contamination from the ISOLDE target is accounted for; e.g. contributions due to

the β decay during trapping and breeding cannot be observed. Moreover, the efficiency of

the REX-TRAP depends on the intensity of the beam and can be different in the LASER

ON and LASER OFF periods, which might distort the extracted results.

Method #4 The effect of the β decay during breeding and trapping can be calculated

from the known life-times and branching ratios. An example is given on page 78.

Method #5 The release curve, a histogram showing the intensity of the ion beam as a

function of time after proton impact tp, can also be used to determine the beam purity if

the release times from the ISOLDE target for the wanted nuclear species are sufficiently

different from that of the not wanted ones and short in comparison to the PSB repetition
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Figure 5.2: Release curve measured in the 30Mg experiment (Oct. 2003) by observing the par-

ticles in the CD detector scattered off a natNi target (see table 5.4 on page 85). The

proton impact occurs at time zero followed by a steep rise in the yield mainly due

to produced 30Mg, which is released fast from the target with only negligible yield

after 2 s. The data are fitted with a sum of two functions describing the typical

release from the ISOLDE target [62, 66] for Mg and Al. The fitted release time

for Mg t
(rel)
1/2

(Mg) of 127 ms (dashed curve) agrees very well with the previously

measured Mg release time (190 ms) [66], which only depends on the element, folded

with the half-life of 30Mg (335 ms), resulting in 121 ms. Al is released much slower

(dotted curve). By integrating the fitted functions in the tp range used for the

analysis (0–1.2 s in this case) the effective beam contamination is determined. The

steps in the data (and the fit) at n · 1.2 s are due to varying time distances between

PSB proton pulses delivered to ISOLDE within the PSB super cycle.
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rate of about 1.2–2.4 s. An example of a release curve is shown in figure 5.2 on the preceding

page together with a two-component fit from which the amount of the contamination can

be extracted. This method is sensitive to the impurities released directly from the ISOLDE

target and from the EBIS.

Method #6 A method to check which contamination comes from the EBIS and which

from the ISOLDE target is to compare measurements with open and with closed beam gate

(electro-static deflector), blocking the beam directly after the ISOLDE target. Everything

present with the beam gate closed must come from the EBIS.

Method #7 In special cases it is possible to look for known reaction channels of the

contaminant with the target. For instance in one measurement a limit on the Coulomb

excitation yield of the first excited state of 30Al could be deduced, which gave an upper

limit for the total 30Al contamination [55, 114] listed in table 5.2 on page 77.

Method #8 Last but not least if the β and γ branching ratios are known the intensity

of each radioactive beam component can be inferred from the measured γ yield after β

decay. Since most of the contaminants are isobaric the γ ray yield of a contaminant line

is usually the sum of the direct contamination and the contribution from the β decay of

other isotopes. Only by carefully subtracting the different contributions starting with the

most exotic nuclide can reliable results be extracted [55]. This method is not sensitive to

stable or long lived impurities.

Comparison As an example the results obtained with some of the methods are shown

in table 5.2 for the case of a 30Mg experiment of the Oct. 2003 campaign. The methods

are indeed consistent with one another, except for the LASER ON/OFF, which deviates

slightly probably due to the reasons mentioned above (method # 3).

The different methods are summarized in table 5.1 on the next page. For some methods

(#3, 4, and 6) special action is needed to used them, such as blocking the LASER, thereby

interrupting the running measurement. With others (#1, 2, 5, 7, and 8) the beam impuri-

ties can be monitored throughout the course of the experiment as is shown in figure 5.3 on

page 77, where the 32Al contamination is shown as a function of time, as measured by the

two PID detectors during the about 60 hours long 32Mg beam time. Only a slight varia-

tion with time occurs which might be caused by changes in temperature of the ISOLDE

target modifying the surface ionization efficiency of Al. Please note that the figure uses an

expanded scale ranging from 10 % to 15 % only.
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# Method Detector
Meas.

ISOLDE TRAP/EBIS
quant.

target res. gas β-decay

1 Energy CD-detector A, IA ∗ ∗ ∗
2 Energy loss PID-detector Z, IZ ∗ ∗ ∗
3 LASER ON/OFF CD, PID, MINIBALL, BD It ∗ — —

4 β decay pen, paper and computer† IA,Z — — ∗
5 Release curve analysis§ CD, PID, MINIBALL, BD IA,Z ∗ ∗ —

6 Beam gate OPEN/CLOSE CD, PID, MINIBALL, BD It — ∗ —

7 Reactions of contaminant CD, MINIBALL IA,Z ∗ ∗ ∗
8 β decay MINIBALL, BD‡ IA,Z ∗ — ∗

Table 5.1: Different methods to measure the beam contamination and their sensitivity to the different sources, together with the

detectors used and the quantity measured. Each method is only sensitive to the sum of its contributing sources. An

advantage of methods 1 and 2 is that the particles are identified experimentally and for each isotope the intensity IA,Z

is available. Other methods are only sensitive to the changes in the total intensity It, but the type of contamination

is not known. Methods # 1, 2, 5, 7 and 8 can be applied during the actual measurement, while for the others special

steps have to be taken, such as blocking the LASER. The beam dump detector (BD) is a Ge detector placed near the

beam dump to monitor the beam intensity.
† to calculate the intensities
‡ to observe γ rays after β decay
§ only applicable if the release and decay times are known and in right range
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method # N(30Al)decay [%] N(30Al)ISOLDE [%] N(30Al)total [%]

breeding 4 4.49 (22)

LASER on/off 3 4.74 (86)

release curve 5 2.01 (7)

weighted average 4.49 (22) 2.03 (7) 6.52 (23)

β-decay 8 7.7 (22)
30Al CE 7 < 11.4

adopted value 6.53 (23)

Table 5.2: Amount of 30Al in the 30Mg beam deduced from different methods with the condition

0 ≤ tp ≤ 1.2 s (run of Oct. 2003). In the second column (#) the used method

according to table 5.1 on the facing page is given. The values in the last column in

the row “weighted average” is the sum of the values in the second and third columns.

It agrees well with the other methods (# 8 and # 7).
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Figure 5.3: Beam contamination (32Al) as function of time during the about 60 hour long 32Mg

run in Sept. 2004 (see table 5.4 on page 85). The PID detector (method #2) was

used to obtain the values by accumulating data for one hour with the condition

0 ≤ tp ≤ 400 ms and integrating the 32Al and 32Mg peaks. See also figure 5.1 on

page 73. Please note the expanded scale ranging from 10 % to 15 % only.
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Correlation of tp time with other detector signals

The knowledge of the time of each event t in relation to the time of the last proton

impact T1, used already for the release curve analysis (method #5), helps to analyze and

understand the spectra measured with the other detectors (CD, PID, MINIBALL) by

correlating their signal with the time difference tp := t− T1. For example, in figure 5.1 on

page 73 the measured energy loss in the PID detector is shown versus the time since the

last proton pulse tp. It is evident that the contribution with the largest energy-loss signal

is independent of the time of the proton impact and must therefore correspond to long-

lived nuclei with a very slow release from the ISOLDE target or to residual gas from the

EBIS. Further investigation showed that it corresponds to the stable 32S which is present in

minute quantities in the EBIS.The other contributions are 32Mg (isotope of interest), 32Al,

and 32Si. Due to the short half-life and its fast release from the target, 32Mg (t1/2 = 95 ms)

is essentially not present anymore after about 400 ms after proton impact.

It is also interesting to note that while the half-life of 32Al is only 33 ms this isotope

is still observed after 200 ms and has a similar distribution in tp time as 32Mg. This is

direct prove that this contamination is due to the β decay of 32Mg in the REX-TRAP and

the EBIS. For instance, using the trapping and breeding time ranging from 12 to 32 ms

(depending on the time when a particular ion entered the trap) and the life-times of 32Mg

and 32Al (see figure 6.8 on page 100) an 32Al contamination of 13.1(21) % is deduced,

which agrees very well with the data displayed in figure 5.3 on the page before.

The beam purity can be effectively improved by only analyzing events where the isotope

of interest has a substantially higher (instantaneous) intensity than the contaminants, e.g.

for the analysis of the 32Mg data a time cut of tp < 400 ms was applied, strongly suppressing

the 32S contamination.

Once the beam contaminants are known qualitatively and quantitatively the excitation

cross sections can be deduced from the γ ray yields according to the procedure outlined in

section 4.8 on page 64. The analysis steps followed to obtain the γ ray yields are discussed

in the next section.

5.2 Analysis of the Data

In the following the analysis steps will be explained. For details the reader is referred to

the Ph.D. thesis of O. Niedermaier [55].

For the analysis of the γ ray energy spectra only events in coincidence with particles

in the CD detector are considered, as only for these a proper Doppler correction can be
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Figure 5.4: Particle single spectrum showing the measured particle energy vs. the measured

laboratory angle for the 30Mg run in Oct. 2003. Clearly two groups of events can

be distinguished corresponding to scattered 30Mg beam and to recoiling Ni target

nuclei. Only the upper events, corresponding to 30Mg laboratory scattering angles

ranging from 16◦ to 53◦, were analyzed to extract the γ ray yield. This ensured that

the safe-condition (equation 4.34 on page 62) was fulfilled with a minimum surface

distance ∆min
s of 6 fm.

performed and random background, mostly due to β decaying beam nuclei, is effectively

suppressed to almost negligible levels. In addition, using the position and energy informa-

tion from the CD detector the kinematics of the elastic scattering is used to distinguish

scattered beam particles from recoiling target nuclei. This is shown in figure 5.4, where

the measured energies of the particles are plotted versus the laboratory scattering angle

for the 30Mg beam (Eb = 2.25 MeV/u) on a natural Ni target (Oct. 2003 beam time; see

table 5.4 on page 85). Two groups of events are manifest: the upper corresponding to the

scattered beam nuclei and the lower to recoiling Ni isotopes.

The distinction between projectile and target recoils serves two purposes. Firstly, the

knowledge of the particle type, scattering angle and energy allows for a Doppler shift

correction of the γ rays measured in coincidence with this particle. Moreover, the ve-

locity vector of the other reaction product can be deduced and a corresponding Doppler

correction can also be performed, shown e.g. in figure 5.5 on the next page. Secondly,

from the same information the center-of-mass scattering angle can be calculated and limits

can be imposed to ensure that the safe distance requirement is fulfilled, as discussed in

section 4.6 on page 61. For instance for the 30Mg data only the upper group of events,

corresponding to Mg ejectiles scattered into the laboratory angular range from 16◦ to 53◦,
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Figure 5.5: Doppler corrected γ ray energy spectra measured in the Oct. 2003 campaign with

a 30Mg beam at 2.25 MeV/u on a 1.0 mg/cm2 natNi target, recorded in coincidence

with 30Mg projectiles observed in the CD detector, i.e. the upper group of events in

figure 5.4 on the preceding page. The upper panel shows the spectrum with Doppler

correction for 30Mg and the lower for the recoiling Ni nuclei. The corresponding

2+
1 → 0+

gs transitions can be seen. Doppler-smeared contributions in the spectra

were avoided as explained in the text.

were analyzed, which ensured that the safe condition (equation 4.34 on page 62) was ful-

filled with a minimum surface distance ∆min
s of 6 fm. Indeed, when analyzing the lower

events, corresponding to “unsafe” surface distances ∆s in the range from 3.3 fm to 7 fm,3

strong γ ray transitions in 59Ni and 61Ni can be observed due to one-neutron-pickup of
58,60Ni as is shown in figure 5.6.

For the calculation of the particle velocity vector it is assumed that the γ rays are

emitted outside the target, i.e. after full energy loss, and that the scattering event took

place in the middle of the target. Therefore, for the reconstruction of the not detected

particle, say particle B, the energy of the detected particle A in the middle of the target is

calculated, as well as its center-of-mass scattering angle θA. For particle B a center-of-mass

momentum vector of ~pB = −~pA was assumed and transformed into the laboratory system.

3All radii and safe distances in this paragraph were calculated for 58Ni; for 60Ni slightly (0.1 fm) smaller

values are obtained.
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Figure 5.6: Doppler corrected γ ray energy spectra for 2.25 MeV/u 30Mg on the natNi target

(Oct. 2003). The upper two panels show the same as the two panels in figure 5.5 on

the preceding page (see also this caption), but with an enlarged γ ray energy scale

and without avoiding the Doppler-smeared lines. The two bottom panels show

data not included in the CE analysis as here the “safe” condition is not fulfilled.

Indeed in the lower panels, containing only data coincident with particles in the

CD which fall into the lower group in figure 5.4 on page 79, strong transitions in
59,61Ni can be seen due to one-neutron-pickup reactions. Interestingly no line could

be attributed to 29Mg (left-bottom panel). The two panels on the right-hand side

show Doppler correction for recoiling Ni nuclei and the panels on the left-hand side

for the scattered 30Mg. Random background was subtracted for all spectra.
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The velocity, after considering the energy loss in half the target, was used for the Doppler

correction of particle B.

An example of the Doppler corrected energy spectra obtained by this procedure is

shown in figure 5.5 on page 80 for the data taken in one of the first experiments performed

at REX-ISOLDE in Oct. 2003 with a 30Mg beam at 2.25 MeV/u on a 1.0 mg/cm2 natNi

target (see table 5.4 on page 85). The γ-ray energy spectra observed after 76 hours of

data taking in coincidence with 30Mg projectiles in the CD detector—i.e. the upper group

in figure 5.4 on page 79—are shown, with the upper and lower panel displaying part of

the Doppler-corrected spectrum assuming the γ ray emitting nucleus to be the projectile

(Mg) or the recoil (Ni), respectively. The prominent peak in the upper panel observed at an

energy of 1482 keV corresponds to the transition from the first 2+ state to the ground state

of 30Mg, while the two lines observed at 1454 keV and 1333 keV in the bottom spectrum

result from the decay of the first excited 2+ state in 58Ni and 60Ni, respectively. Note

that Doppler-smeared contributions of the Ni lines in the upper spectrum were avoided by

suppressing events contributing to the Ni lines in the lower spectrum, and vice versa. The

influence of this procedure on the line intensities was carefully investigated and resulted

only in small corrections to the deduced intensity values. In both spectra the same events

are shown only with different Doppler corrections.

After Doppler correction the peak areas were determined by fitting the peak(s) and the

background typically in a region of about 20σ around the peak(s). In cases were background

γ lines fall into the same energy region a separate fit of the background spectra, obtained

with a shifted, enlarged, non-prompt time cut, was performed first. The results were scaled

according to the widths of the prompt and non-prompt time windows, and included in the

fit of the prompt spectrum. Due to the low statistics the errors σxi
on each histogram bin

were assigned not as the square root of the number of counts yi, but as the square root of

the value of the fitted curve f : σ2
xi

= f(xi) 6= yi. With this procedure it is ensured that

correct peak areas are reproduced and especially bins with zero or one count are taken into

account with the correct weight [121, 122].

5.2.1 Consistency Tests

For all measurement campaigns a 22Ne beam, copiously contained in the ionized residual

gas of the EBIS, was used to test the method by determining its B(E2)↑ according to

section 4.8 on page 64 and the previous section. In table 5.3 the results are compiled. It

is evident that all values agree within the errors with the literature value of 230(10) e2fm4

lending confidence to the applied method.



5.2 Analysis of the Data 83

Eb Target, Nuclide Normalization B(E2)↑
(MeV/u) thick. ( mg

cm2 ) abundance transition (e2fm4)

2.25 nat.Ni, 1.0 58Ni: 68.08% 58Ni, 0+
gs → 2+

1 235 (28)
60Ni: 26.22% 60Ni, 0+

gs → 2+
1 296 (75)

2.86 107Ag, 1.1 107Ag: 98.54% 107Ag, 1
2

−

gs
→ 3

2

−

1
217 (23)

107Ag, 1
2

−

gs
→ 5

2

−

1
223 (21)

Literature value [25] 230 (10)

Table 5.3: Summary of determined B(E2)↑ values for 22Ne on various targets and literature

value.

The above measurement can also be considered as an agreement between the calculated

and measured excitation cross section (instead of the B(E2)↑) for 22Ne. Due to the high

count rate and the obtained statistics it was possible to measure the differential cross

section dσ/dΩ as a function of the center-of-mass scattering angle. Very good agreement

with the CE calculation was indeed observed [55, figure 5.7].

As discussed in section 5.1 on page 71 the various time structures of the REX beams

make it possible to measure the beam contamination via an analysis of the release curve.

If our analysis method for the beam contamination is correct, the extracted B(E2)↑ should

show no (systematic) dependence on certain timing cuts; only statistical fluctuations should

occur. No dependence of the extracted B(E2)↑ values on the time tp, the time since the

last proton pulse, was observed.

The extraction of the charge bred nuclei out of the EBIS takes about 100 µs with the

majority of them included in a time window of only 50 µs (section 2.4 on page 14). Various

gates were applied to this EBIS time; again no systematic dependency of the extracted

B(E2)↑ values was found.

The B(E2)↑ of 22Ne is known with a very good precision of less than 5 %, while the

uncertainties in the 107Ag B(E2)↑ values ( 1
2

−

gs
→ 3

2

−

1
and 1

2

−

gs
→ 5

2

−

1
) are larger as can be seen

from the last column of table 5.3, where the large error derives from the uncertainty in the

B(E2)↑ values of 107Ag. Improved B(E2)↑ values for 107Ag can therefore be deduced by

using our data and the precise literature for the B(E2)↑ of 22Ne. The weighted averages

of the B(E2)↑ values of 107Ag from previous CE results in the literature and the results

from this measurement were used in the analysis of the 32Mg data, where a 107Ag target

was employed.
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Figure 5.7: Doppler corrected (for Mg) γ ray energy spectrum obtained with a 32Mg beam

at 2.84 MeV/u on a 107Ag target (see table 5.4 on the facing page). The inset

shows the spectrum of Motobayashi et al. [51] obtained with intermediate-energy

Coulomb excitation. The difference in resolution and background are strikingly

evident. Please note the different energy scales, indicated by ( ) in the inset.

5.3 Results

The results of the two measurement campaigns in Oct. 2003 and Sept. 2004 are compiled

in table 5.4 on the next page with the final B(E2; 0+
gs → 2+

1 ) values for 30Mg and 32Mg

in bold. Before discussing the results in the next chapter one of the highlights of the

experimental campaigns at REX-ISOLDE should be pointed out, the Coulomb excitation

of 32Mg already aimed at in the original REX proposal [9] from 1994. In figure 5.7 the

spectrum with Doppler correction for the scattered 32Mg is shown, exhibiting a sharp

peak with excellent resolution and essentially no background (no random subtraction was

performed). This should be compared to the spectrum shown in the inset, where the

result of a study of 32Mg with intermediate-energy beams is shown [51]: while the 885 keV

transition is evident, the resolution is poor and a strong background is present reaching

up to several MeV in γ ray energy.

As discussed in section 4.4 on page 60 the Coulomb excitation cross section is only

in first order proportional to the B(E2)↑ value. The re-orientation effect is the strongest



5.3
R

esu
lts

8
5

Ebeam Ib (Mg) tm Target, Normalization σp B(E2)↑ σstat. σsys.

Campaign Nuclide
(MeV/u) 103 s-1 h thick.

(

mg
cm2

)

transition (mb) (e2fm4) (e2fm4)

Oct. 2003 30Mg 2.25 ∼ 20 ∼ 72 nat.Ni, 1.0 58Ni, 0+
gs → 2+

1 278 (54) 51 16
60Ni, 0+

gs → 2+
1 223 (38) 37 10

weighted average 37 241 (31) 30 8

Sept. 2004 30Mg 2.69 ∼ 26 ∼ 48 60Ni, 3.85 60Ni, 0+
gs → 2+

1 26 251 (27) 24 12

Sept. 2004 30Mg 2.69 ∼ 26 ∼ 13 107Ag, 4.4 107Ag, 1
2

−

gs
→ 3

2

−

1
279 (66) 63 20

107Ag, 1
2

−

gs
→ 5

2

−

1
304 (71) 69 19

weighted average 291 (48) 47 14

— 30Mg — — — — global w. average 253 (21) 18 12

Sept. 2004 32Mg 2.84 ∼ 1.3 ∼ 60 107Ag, 4.4 107Ag, 1
2

−

gs
→ 3

2

−

1
427 (64) 50 40

107Ag, 1
2

−

gs
→ 5

2

−

1
441 (64) 50 39

32Mg weighted average 236 434 (52) 35 39

Table 5.4: Summary of the experimental campaigns including the beam parameters and the final results. The given beam

intensities Ib are only rough estimates, as are the listed durations of the measurements tm, and do not include possible

contaminants. The charge states of the beams were 7+ for 30Mg and 9+ for 32Mg. Statistical σstat. and systematical

σsys. uncertainties are given in the rightmost two columns. The excitation energies of the first 2+ states E(2+
1 ) in 30Mg

and 32Mg are 885 keV and 1482 keV, respectively. An approximate projectile excitation cross section σp is given in

the eighth column. It corresponds to the differential cross section integrated over the angular range of the CD detector

used in the analysis (see text).
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Nuclide assumed Q(2+) B(E2)↑ (e2fm4)

30Mg Qrot
2+ (prolate) 251 (27)

0 239 (25)

Qrot
2+ (oblate) 227 (24)

32Mg Qrot
2+ (prolate) 427 (63)

0 402 (59)

Qrot
2+ (oblate) 381 (56)

Table 5.5: The influence of the assumed Q(2+) on the extracted B(E2)↑ value is shown.

second order effect due to the diagonal matrix elements proportional to the quadruple

moment of the 2+ state Q(2+). Its influence on the extracted B(E2)↑ results was tested by

performing coupled channel calculations (see section 4.2 on page 54) assuming a vanishing

quadrupole moment and a quadrupole moment according to the rotational model [26, 27]

with a prolate Q0 > 0 and an oblate Q0 < 0 intrinsic deformation. The results are shown

in table 5.5. As can be seen the differences in the B(E2)↑ values are within the one σ

uncertainties. For the final result we assumed a prolate intrinsic shape, which is the best

estimate according to most of the model calculations, according to systematics and the

general preponderance of prolate deformation.

For further details on the analysis and the results see [114, 116, 123–125] and the

dissertation of O. Niedermaier [55].



Chapter 6

30,32Mg and the “Island of Inversion”

The results presented in the previous chapter will be summarized and compared to those

obtained by other techniques; differences and their possible origin will be discussed. Fur-

thermore selected model predictions as well as the origin of the changes in the shell structure

near the “Island of Inversion” will be examined.

6.1 Experimental Results

The B(E2; 0+
gs → 2+

1 ) values obtained with REX-ISOLDE and MINIBALL (solid circles)

for the very neutron-rich even-A Mg isotopes are compiled in table 6.1 on the next page

together with previous results, obtained by intermediate-energy Coulomb excitation (open

circles) and direct life-time measurement of the 2+ state (square). They are graphically

displayed in figure 6.1 on page 89 by the full (“safe” Coulomb excitation) and open (inter-

mediate energy Coulomb excitation) circles. Comparing these results it is evident that for

both isotopes, 30Mg and 32Mg, there is no agreement of our results with the values mea-

sured at GANIL [53] which are larger by 70 % and 40 %, respectively. The source of this

large discrepancy is not understood, and will be discussed later in this section. The two

values measured at RIKEN in two separate experiments [51, 54] for 32Mg are in excellent

agreement with our result, while the value extracted by the MSU group [52] agrees with

the present and the RIKEN values better, if the same analysis method as employed by the

RIKEN group is used. In its γ ray spectra the MSU group observed, however, a transition

feeding the first 2+ state in 32Mg which, when taken into account properly, reduces the

extracted B(E2)↑ value to the final (smaller) result. Due to its large uncertainty this value

is still consistent with the present result—the same can be said about the preliminary

B(E2)↑ deduced by H. Mach et al. [126] as it agrees perfectly (including the error) with

87
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RIKEN MSU GANIL ISOLDE REX-ISOLDE adopted

Isotope [51] [54] [52] [53] [126] this work
30Mg — — 295 (26) 435 (58)† — 253 (21)2 270 (16)
32Mg 454 (78) 449 (53) 333 (70) 622 (90)† 327 (87) 434 (52) 413 (29)

440 (55)1†

34Mg — 631 (126) <670 — — — 631 (126)

Eb (MeV/u) 49.2 45 36–58 32 — 2.25–2.84 —

target 208Pb Pb 197Au 208Pb — natNi, 60Ni, 107Ag —

Table 6.1: Compilation of the B(E2; 0+
gs → 2+

1 ) values from REX-ISOLDE/MINIBALL (bold) and results from the literature.

The RIKEN, MSU, and GANIL results were obtained by intermediate-energy Coulomb excitation. In contrast at

REX-ISOLDE “safe” Coulomb excitation was employed. The laboratory beam energies and targets are listed in the

bottom two rows. The beam energies for the MSU measurements were 36, 58 and 51 MeV/u for 30,32,34Mg, respectively.

Please see table 5.4 on page 85 for the details on the present REX-ISOLDE/MINIBALL results. The ISOLDE result

by H. Mach et al. [126] corresponds to a preliminary value obtained from a direct life-time measurement of the 2+
1

state of 32Mg. The values given in the last column are adopted and correspond to a weighted average of all results

shown in the table, except both GANIL results and except the MSU result without feeding correction.
1Without feeding correction.

2Partly published in [114].

†Ignored for adopted value.
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Figure 6.1: Experimental B(E2; 0+
gs → 2+

1 ) values. Shown are the results of this work (filled

circles) and results obtained at intermediate energies (open circles labeled by the

laboratory where the measurement was performed). The square symbol shows the

value deduced from the life-time measurement of H. Mach et al. [126]. The two

MSU values shown for 32Mg connected by the thin line correspond to the same

data, but analyzed differently; the lower value is their final result [52]. The other

references are [51, 53, 54].
1Without feeding correction (see text and table 6.1 on the facing page).
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the MSU result. While the RIKEN group takes possible feeding into account in its analysis

it did not discern the feeding transition observed at MSU [52]. No feeding was observed

by the MSU group for 30Mg and the resulting B(E2; 0+
gs → 2+

1 ) value, while slightly larger

than the present one, is still compatible with it.

The compatibility between the present REX-ISOLDE and the MSU results for 30Mg is

evidence that this isotope is indeed prolate deformed (with Q(2+
1 ) < 0), as was assumed in

the analysis. Any other assumption about the quadrupole moment of the 2+ state Q(2+)

would lessen the agreement (confer table 5.5 on page 86). In particular there would be no

agreement with the MSU result if an oblate intrinsic deformation was assumed.

In searching for possible sources of the discrepancy of our and the GANIL results

it should be noted that in intermediate-energy measurements at beam energies around

30–50 MeV/u several effects can influence the deduced B(E2)↑ values. As shown and

discussed in section 4.7 on page 63 not only is the beam energy far above the Coulomb

barrier, therefore giving rise to Coulomb-nuclear interference effects (see figure 6.2 on the

next page), but also due to the short collision time 2+ (or even 1−) states with very high

excitation energy (5–10 MeV) can be directly populated in a one-step process. Feeding

transitions from such states to the first excited 2+ state are likely to result in an increased

deduced B(E2)↑, as the latter is determined from the γ ray yield of the 2+
1 → 0+

gs transition.

The influence of this effect is debated in the literature. While in recent publications it is

pointed out that feeding should be negligible [127, 128], such feeding was observed in

at least one experiment (MSU) [52], as discussed above. Even though no feeding was

observed in the γ ray energy spectra obtained at GANIL [53], feeding is considered by a

coupled-channel calculation (ECIS94) including not only the Coulomb but also the nuclear

interaction. The resulting feeding corrections for 30Mg and 32Mg are 12.5 % and 8 %,

respectively. These were obtained by performing the calculation for 24Mg and scaling the

calculated feeding (21 %) by the neutron separation energy. It is surprising that despite

these significant corrections the resultant B(E2)↑ values are still by far the largest for both

isotopes 30,32Mg. Due to these large deviations from all other results the GANIL values

were not included in the adopted weighted average listed in table 6.1 on page 88.

While feeding and nuclear interference effects may account for the slightly larger MSU

value for 30Mg as compared to the present one, it is questionable if uncertainties in their

estimate can be the cause for the large B(E2)↑ values measured at GANIL. The present

REX-ISOLDE/MINIBALL results, on the other hand, which are based on the well es-

tablished technique of Coulomb excitation with beam energies well below the Coulomb

barrier, are safe with regard to nuclear interference effects and are barely influenced by

real or virtual excitations of higher lying states; moreover, due to the relative measurement
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Figure 6.2: Coupled channel (ECIS) calculations of the differential cross section to excite the

2+
1 state of 24Mg incident with an energy of 32 MeV/u on 208Pb and 12C targets

(from [53]). The solid, dashed and dotted lines correspond to the total cross section

and to the cross section with only Coulomb and only nuclear interaction enabled

in the calculation, respectively. See [53] for details. The effect of Coulomb nuclear

interference is evident and variations in the cross section with θlab can be as large

as a factor of two.

of projectile to target excitation they are largely insensitive to systematic experimental un-

certainties.

In the following the weighted averages of the B(E2)↑ values in table 6.1 on page 88,

with the exception of the GANIL results and the MSU result without feeding, are adopted,

which are listed in the last column.

6.2 Experiment and Theory

The theoretical interest in the structure of the nuclei near the “Island of Inversion” has

been increasing enormously. The ever growing computational capabilities allow for large

scale shell model calculations thought impossible a few years ago (see the recent review

articles [129–131]). New techniques and algorithms and the growing sophistication of
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Figure 6.3: Experimental B(E2; 0+
gs → 2+

1 ) values of the even-A Mg isotopes from neutron

number 12 to 22 and selected model pre- and postdictions; see text.

numerical methods have enlarged the scope of the feasible theoretical studies. However,

the current interest is not only driven by these new possibilities but also by the new data

available—such as the present ones—due to the commissioning of new radioactive nuclear

beam facilities, such as REX-ISOLDE, and new experimental devices. As there are more

than 20 publications on this subject within the last seven years alone [130–152] only a

selected number of them can be discussed here in some detail.

In figure 6.3 the experimental B(E2)↑ values for the even-A Mg isotopes from the

stable 24Mg to 34Mg (8 neutrons from stability) are shown, together with results of selected

theoretical publications. Shell model calculation were performed by Caurier et al. [132, 138]

using the full sd model space for the protons and the sdfp model space1 for the neutrons

with the important limitation that the number of neutrons in the sd shell and pf shell

1They are not really clear about this in their publications. In [138] it is stated that the same valence

space is used as in [132], where the reader is referred to their “previous work” [153], which deals, however,

with nuclei near N = 28 and only the pf shell is allowed for (N − 20) neutrons. It is not clear how this

applies to the present sdpf case.
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Figure 6.4: Experimental and theoretical level schemes according to Caurier et al. [138]. The

thin lines correspond to the experimental level energies with the ground state at

zero energy. The thick solid and dashed lines are the energies of the “normal” and

“intruder” configurations according to [138], respectively. The theoretical levels

are drawn so that the “normal” ground state for 30Mg and the “intruder” ground

states for the other two isotopes are located at zero energy. The calculation does

not reproduce the “intruder” ground state of 34Mg. See figure 6.3 on the preceding

page for a comparison of the reduced transition probabilities B(E2)↑.
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was fixed. Therefore there are two different curves shown in figure 6.3 on page 92: the

dashed curve corresponds to the “normal” configurations, i.e. two (zero) neutron holes in

the sd shell for 30Mg (32Mg) and two neutrons in the pf shell for 34Mg; the dotted curve on

the other hand corresponds to the situation with a 2p-4h,2 a 2p-2h, and a 4p-2h neutron

configuration for 30,32,34Mg, respectively, the “intruder configurations”. It is clear that the

true physical states will be mixtures of the these two cases and could in principle produce

any B(E2)↑ value between the dashed and the dotted curves. From the data shown in the

figure it is evident that 30Mg is best described by the (pure) “normal” configuration, while
32Mg and 34Mg agree reasonable well with the pure “intruder” result, so that any mixing, if

present, must be small [138]. Furthermore the 2+
1 excitation energies calculated by Caurier

et al. agree well with the measured energies for the “normal” configuration of 30Mg and the

“intruder” configurations for 32,34Mg as shown in figure 6.4 on the preceding page. There

is very good agreement concerning the level energies and the transition strengths for 30Mg

(neglecting the not well known 4+ state), 32Mg and also for 34Mg, provided the results are

compared to the “normal” (30Mg) and “intruder” (32,34Mg) configuration. The only caveat

is that Caurier et al. predict the “normal” ground state for 34Mg to be about 1 MeV lower

than the “intruder”, which is instead favored by the experiment as being the ground state.

In the calculation by Utsuno et al. [135, 145] the mixing of these configuration was

explicitly considered. This was computationally feasible by employing the so-called Monte

Carlo shell model (MCSM) or, recently, the quantum Monte Carlo diagonalization, which

effectively performs an “importance” truncation of the pf shell model space (see [130] for

a review), while keeping the full sd shell. The effective interaction (SDPF-M) used was

constructed from the universal sd (USD) interaction [1], the Kuo-Brown interaction in the

pf shell [154] and the Millener-Kurath cross shell interaction [155] with some modification

outlined in [135, 139, 145] to account for the enlarged model space in relation to that of

(the fit of) the original interaction. Their results, shown by the solid line, agree very well

with the data. From their wave function they can easily calculate the average number of

neutrons excited from the sd to the pf shells for the ground states: they obtain numbers

of 0.3, 2.1, and 1.8 for 30,32,34Mg, respectively, in very good agreement with the more

qualitative arguments presented above based on the calculation of Caurier et al. [138].

In a more recent publication the onset of intruder ground states in the neutron-rich Na

isotopes (Z = 11) was investigated and a similar result was obtained [147] with even a

small 4p-4h contribution to the wave function at N = 20. The level energies—2+
1 and 4+

1 ,

where known—are all well reproduced. Interestingly, the authors trace the (unusual) swift

2i.e. two particles in the pf shell and four holes in the sd shell
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change in shell structure when going from the stable to the most exotic Mg isotopes to the

spin-isospin dependent part of the nucleon-nucleon interaction [140], which seems to be

driving a general mechanism responsible for the appearance of new and the disappearance

of well-known shell closures throughout the nuclear chart, as discussed in more detail in

section 6.3 on page 97.

Most other approaches taken in the recent literature to describe the nuclides near the

“Island of Inversion” start from the mean field and incorporate correlations by several

means. Particularly successful is the work of Rodŕıgues-Guzmán et al. [142], which is

shown in figure 6.3 on page 92 by the dash-dotted line. These results were obtained

with the angular momentum projected generator coordinate method (AMPGCM) with

the axially symmetric quadrupole moment as the generating coordinate. An introduction

to this method can be found in [156].

Other approaches (not shown in the figure) include anti-symmetrized molecular dynam-

ics (AMD) [144, 150], constrained Hartree-Fock-Bogoliubov (HFB) [136, 157], HFB with

quasi random phase approximation (QRPA) [148], and relativistic mean field (RMF) stud-

ies [158]. Most of these pre- and postdictions can reproduce the large B(E2)↑ of 32Mg, while

some of them fail, e.g. the recent mean field calculations with the separable monopole in-

teraction [143] agrees with the experimental value for 32Mg but cannot reproduce the trend

of the data for the neighboring isotopes (shown in figure 1.2 on page 7). The reason for

the large collectivity of 32Mg is debated as well as the nature of the 2+ excitation. Pèru et

al. [136] found that 32Mg is always spherical at the mean field level, but vibration-rotation

coupling yields a deformed ground state of 32Mg. The HFB+QRPA results by Yamagami

et al. [148] can reproduce a large B(E2)↑ of 32Mg without deformation, but only if pairing

is “enabled” in the calculation. In contrast, most other calculations predict 32Mg to be

statically prolate deformed. Unfortunately many publications only report on results near

the “Island of Inversion” or even only for 32Mg; a much more meaningful judgement of the

models can be made if a chain of isotopes is calculated from the stable nuclei to the most

exotic. An introduction to some of the above mentioned theoretical methods can be found

in [94, 156, 159].

Interesting is also a comparison of the present B(E2)↑ values with values derived from

systematics such as studied by Grodzins [24], where the B(E2)↑ is predicted using an

expression containing the energy of the transition E, the mass number A and the charge

number Z. The most recent empirical fit was performed by Raman et al. [25] with the

following result

B(E2)↑ = (2.57 ± 0.45)E−1Z2A−2/3 . (6.1)
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Figure 6.5: Experimental B(E2; 0+
gs → 2+

1 ) values of the even-A Mg isotopes from neutron

number 12 to 22 and Raman’s predictions [25] based on the work of Grodzins [24]

are shown. A curve scaled by 1.35 and an unscaled one are shown. Also plotted is

a curve from [160, 161] with an explicit dependence on neutron number N , which

reproduces the data very well.

The Z and E dependence was already derived, though with a different A dependence and

very different factors of proportionality, by Bohr and Mottelson [26] for the irrotational

flow models with small oscillations around the equilibrium and also for collective rotations

of axially symmetric nuclei. It was pointed out in [25] that for some (especially lighter)

isotopes a better fit is obtained by scaling the above result. The not scaled result and the

one scaled by a factor of 1.35 to reproduce the data for the stable isotopes 24,26Mg are

shown in figure 6.5. Surprisingly the unscaled result (solid line) reproduces the data for

the exotic nuclei near N = 20 very well, but fails for the stable isotopes. The curve scaled

(dashed line) to reproduce the values near stability now (obviously) fails for the exotic

nuclei.

A modified version of equation 6.1 has been proposed [160, 161] which should better

reproduce the observed dependence on the neutron-excess. The following equation

B(E2)↑ = (2.57 ± 0.45)E−1Z2A−2/3 (1.288 − 0.088(N − N̄)) (6.2)
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with the average neutron number N̄ for given A defined as

N̄ =
A

2

1 + 0.0128A2/3

1 + 0.0064A2/3
(6.3)

is also shown (dot-dashed line) and reproduces the measured data surprisingly well. The

new functional form should account for a possible decoupling of a neutron skin or halo from

the core, giving rise to a large iso-vector components in the wave function and different

deformations of the nuclear core and the “surrounding” neutron skin [161].

It is evident that such relation can be used to deduce approximate B(E2)↑ values far

from stability if the energy of the first 2+ state is known, but a measurement of the B(E2)↑
value is not yet feasible.

6.3 On the Evolution of the Shell Structure

As was discussed in the introductory chapter 1 the nuclear shell structure as it is known

from any nuclear physics text book (e.g. [26, 94, 162, 163]) is not rigidly predetermined

throughout the nuclear chart, but it is subject to change with proton and neutron number

Z and N or equivalently with mass number A and neutron excess (N − Z)/A and shell

occupation. One consequence is that the well known magic proton and neutron numbers

are in fact corresponding to closed shells only near the valley of stability. Why this is so

shall shortly be discussed in this section.

The dependence on A can be understood in terms of the mean field. Due to the

changing radial extension of the wave functions there is a relative increase in binding for

the high-l orbitals. A softening of the Woods-Saxon shape of the neutron potential caused

by increasing neutron-excess, on the other hand, results in a rising of high-l orbitals (similar

to the shift of the single particle energies when going from a (3D) square well potential

to a harmonic oscillator). This is graphically represented in figure 6.6 on the next page

from [164]. Another well known effect is the weakening of the spin-orbit splitting, being

proportional to the radial derivative of the potential. All of the above effects, however,

depend smoothly and only weakly on the “parameters” A and (N −Z)/A. Thus, a change

in shell structure cannot happen unless extraordinary changes of their value occur [165]

and the extremely rapid changes in shell structure near the “Island of Inversion” cannot

be explained by this reasoning.

A different explanation has been proposed, based on the so-called monopole shift of

particular shell model orbits [140, 165, 166], i.e. the change in shell structure is attributed

to a change of the residual interaction with shell occupation and not to changes in the mean
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Figure 6.6: Nuclear single-particle levels for various potentials (from [164]). The well known

shell structure is shown on the far right-hand side, while the middle right-hand panel

shows a possible scenario for “exotic nuclei” with a weakened spin-orbit potential.

At the extremes of nuclear stability a “flat” shell structure might emerge (far left-

hand side). See [164] for details.

0d3/2

0d5/2

1s1/2

Ν ∼ 20Ζ=8...16

Vστ

Ζ=16    8

π ν
fp

Figure 6.7: Illustration of monopole shift of the effective single particle energies (see text).
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field. The shift in the effective single particle energies with changing occupation numbers

can easily be calculated within the shell model [165, section 5] and the largest shifts were

observed for proton-neutron spin-flip partners, such as νd3/2 − πd5/2 orbitals relevant for

the present case. The source of this remarkably large shift could be traced back to the

(σ ·σ)(τ · τ) in-medium nucleon-nucleon interaction Vστ . Thus, strong binding is generated

by filled proton-neutron spin-orbit partner orbitals. The resultant effect is illustrated in

figure 6.7 on the facing page for the nuclei of interest here. For stable nuclei near N = 20

the πd5/2 proton orbital is filled, as is the νd3/2. Due to the Vστ interaction there exists

a strong attraction between these (spin-flip and isospin-flip) orbitals, producing the usual

shell structure with a closed N = 20 shell, i.e. a large gap to the fp shell (solid levels in the

figure). When the πd5/2 orbital is emptied when going to more exotic neutron-rich nuclei

(near N = 20) the Vστ interaction weakens and the νd3/2 level moves up in energy (dashed

level): the N = 20 shell vanishes completely and a new shell at N = 14 occurs, which is

not present in stable nuclei. Only qualitative arguments are given here, see [130, 140, 152]

for details.

This mechanism is expected to be active throughout the nuclear chart, as for stable

isotopes often the neutron orbital with smaller angular momentum νl< is filled if the

corresponding proton spin-orbit partner πl> is occupied. If the latter is emptied rapid

changes in the shell structure are expected due to upward shift of the former orbitals,

creating new and destroying existing shell closures, with only moderate variations of N

and Z.

6.4 “Island of Inversion”

Finally, a summary of the properties of the nuclei near the “Island of Inversion” is given in

the figures 6.8 on the next page, 6.9 on page 101 and 6.10 on page 102 where a nuclear chart

near the “Island of Inversion” is shown. Basic properties such as the ground state spins,

half-lives, Qβ values, as well as neutron-separation energies Sn are shown in figure 6.8 on the

following page. The most basic E2 properties such as the energies of the first excited 2+ and

4+ states, their ratios and the B(E2; 0+
gs → 2+

1 ) values for the even-even nuclides are shown

in figure 6.9 on page 101. The relevant references are shown in figure 6.10 on page 102. In

all three figures the color code indicates which isotope belongs to the “Island of Inversion”

on the basis of the available experimental data. The present REX-ISOLDE/MINIBALL

measurements as well as the here adopted values show unambiguously that 30Mg is outside

while 32Mg is squarely inside the “Island of Inversion”, with a variation of the neutron
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Figure 6.8: Properties of nuclei near the “Island of Inversion”. The shaded area shows the “Is-

land of Inversion” as outlined by Warburton, Becker, Brown in 1990 [36]. The color

code described in the legend on the right shows which nuclides can be considered to

be inside the “Island of Inversion” on the basis of experimental evidence. Besides

the ground state spin-parity Jπ (except when even-even) the half-life T1/2 of the

ground state is given in ms if not otherwise specified. The β-decay Q-values (Qβ−)

and the neutron separation energies Sn are also listed (both in MeV). Experimen-

tally unknown values are indicated by question marks. In figure 6.9 on the facing

page the E2 properties of these nuclei are compiled.
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Figure 6.10: Relevant references for experimental results.

number from the first to the second isotope of only 2 units. It is evident from the figures

that the available experimental data on the isotopes beyond 30Ne, 31Na, and 34Mg is rather

meager.

The spin parity of the ground state of 31Mg was measured recently to be 1
2

+
placing

31Mg inside the “Island of Inversion”, as this measurement reveals the coexistence of 1~ω

and 2~ω intruder states below 500 keV [167].



Chapter 7

Summary and Outlook

With the commissioning of the REX-ISOLDE accelerator and the MINIBALL array a

new chapter in nuclear structure studies has been opened. REX, which is now in routine

operation since two years, as is the MINIBALL array, provides access to re-accelerated

nuclei very far from stability, exploiting the availability of more than 600 nuclides of more

than 60 elements at the ISOLDE facility. MINIBALL, with its high efficiency and excellent

granularity, is the ideal experimental device to be used in conjunction with the REX

accelerator.

While until a few years ago only studies with stable beams or fast in-flight separated

projectile fragmentation beams could be carried out, with REX and MINIBALL it is now

possible to use the well known and proven tools, applicable with beams having energies

around the Coulomb barrier, such as “safe” Coulomb excitation and single particle trans-

fer reactions, to study the interplay between the single particle and collective degrees of

freedom far from stability.

The results obtained till now demonstrate the power of these two new devices. In two

of the first experimental campaigns carried out it was possible for the first time to obtain

spectroscopic information on the very neutron-rich Mg isotopes by the model independent

technique of “safe” Coulomb excitation. The B(E2)↑ values of 30,32Mg can now be consid-

ered to be firmly established, placing the boundary of the “Island of Inversion” between

these two isotopes for Z = 12. During the commissioning phase of REX and MINIBALL

feasibility studies were undertaken to employ single neutron transfer reactions to study the

single particle structure of neutron-rich Na and Mg isotopes. Even though the setup was by

no means optimized, very promising results could be extracted [56, 184]. The construction

of a setup optimized for these studies is under way opening a new route to investigate the

single particle properties of exotic nuclei with REX-ISOLDE/MINIBALL.
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While the REX project was started, built up and brought into operation as a regular

ISOLDE experiment, once the novel charge breeding concept was proven, REX became

a CERN user facility in 2004. In the same year an extension of the ISOLDE hall was

completed creating additional floor space for dedicated experimental equipment, such as a

recoil spectrometer for the detection of fusion products. In addition, as part of the HIE-

ISOLDE1 project [185], the REX accelerator will be extended to boost its maximum beam

energy (with continuous variability down to below 1 MeV/u) in two steps to 4.3 MeV/u

(2006/7) and to 10 MeV/u (2011), enormously enlarging the scope of possible experiments,

as after the final upgrade beam energies near the Coulomb barrier can be reached for any

target and beam combination.

Due to these planned energy and intensity upgrades it will be possible to extend the

studies presented here to nuclei beyond 32Mg and 28Ne and possibly the long sought spher-

ical (non-intruder) 0+ state of 32Mg can be identified. This will allow for a better un-

derstanding the very rapid and unusual changes in shell structure near the “Island of

Inversion”.

A new exciting era in nuclear structure research has just started.

1High Intensity and Energy ISOLDE
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[71] Kurt Alder and Aage Winther. Electromagnetic excitation: theory of Coulomb excitation

with heavy ions. North-Holland, 1975.

[72] D. Cline. Nuclear shapes studied by Coulomb excitation. Ann. Rev. Nucl. Part. Sci.,

36:683, 1986.

[73] D. Schwalm, E.K. Warburton, and J.W. Olness. Coulomb excitation of sd shell nuclei:

a self-contained set of B(E2) values and lifetime measurements. Nucl. Phys. A, 293:425,

1977.



BIBLIOGRAPHY 111

[74] D. Schwalm, A Bamberger, P.G. Bizzeti, B. Povh, G.A.P. Engelbertink, J.W. Olness,

and E.K. Warburton. Reorientation measurements using the Doppler-shift method: static

quadruople moments of 20Ne, 22Ne, 24Mg, 26Mg and 28Si. Nucl. Phys. A, 192:449, 1972.

[75] R. Bock, editor. Heavy Ion Collisions. North-Holland, 1982.

[76] Reiner Bass. Nuclear Reactions with Heavy Ions. Texts and Monographs in Physics.

Springer Verlag, Heidelberg, 1980.

[77] G.R. Satchler. Introduction to Nuclear Reactions. Oxford University Press, New York,

second edition, 1990.

[78] Heinz G. Thomas. Entwicklung eines Germanium-CLUSTER-Detektors für das Gamma-
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