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Abstract

Collective properties of the exotic doubly-magic nucleus *?Sn, in particular the first excited
2% and 3 states, were investigated via safe Coulomb excitation. The experiment was
performed in October 2016 at the HIE-ISOLDE facility at CERN. The challenging Coulomb
excitation was realized utilizing the new commissioned stage 1 HIE-ISOLDE accelerator in
combination with the high resolution and high efficient MINIBALL array. The radioactive
13291 beam was post accelerated up to 5.5 MeV /u and guided onto a 3.1 mg/cm2 thick
2P} target. Projectile and target deexcitation were recorded in coincidence with the
scattered nuclei to reduce the amount of background radiation in the y-ray spectra and to
perform the Doppler correction. B(E2), B(E3) and B(E1) values were determined for the
corresponding transitions Ogs. — 27, Ogs — 37, and 27 — 37 of ***Sn. The final reduced
transition strengths are B(E2 1;05, — 21) = 0.0869 £ 0.019 ¢°b*, B(E3 150}, — 37) =
0.11 +0.035 b and B(FE1 1327 — 37) = (9.05 + 3.04) x 107° ¢*b. These experimental
results were compared to state-of-the-art large-scale shell-model calculations, a relativistic

random phase approximation and a random phase approximation calculation.

The second part of the present thesis deals with the manufacturing process and the first
performance tests of the prototype escape-suppression-shield detector for the MINIBALL
spectrometer. Measurements were performed with a stand-alone escape-suppression detec-
tor and with the assembled system in combination with a MINIBALL triple cluster. The
performance of the combined system was quantified via the peak-to-total ratio of measured
89Co ~-ray spectra. A comparison between the achieved results of the prototype detection
system and prior performed GEANT4 simulations is presented. The achieved peak-to-total
value of 41% with source measurements of the prototype detector is in good agreement
with the predicted value of 44%.
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Zusammenfassung

Die kollektiven Eigenschaften des exotischen doppelt magischen Kerns *Sn, insbesondere
der ersten beiden angeregten Zustinde 2* und 37, wurden mit Hilfe von sicherer Coulomb
Anregung untersucht. Das Experiment wurde im Oktober 2016 an der HIE-ISOLDE Ein-
richtung am CERN durchgefithrt. Der neu in Betrieb genommene HIE-ISOLDE Beschleu-
niger (stage 1) in Kombination mit dem hochauflésenden und hocheffizienten MINIBALL
Spektrometer ermoglichte die Durchfithrung des anspruchsvollen Experimentes. Damit
konnte der radioaktive **Sn Strahl auf bis zu 5.5 MeV /u nachbeschleunigt und auf ein
3.1 mg/cm? dickes Target geleitet werden. Projektil- und Targetanregung wurden in Koin-
zidenz mit den gestreuten Teilchen detektiert, um die y-Quanten der Coulomb-Anregung
zu selektieren und um eine Doppler-Korrektur der emittierten Photonen durchzufiihren.
B(E2), B(E3) und B(E1) Werte wurden fiir die entsprechenden Uberginge 05, — 27,
Ogs_ — 37, und 2§ — 37 in "2Sn bestimmt. Die reduzierten Ubergangsstérken sind
B(E2 1505, — 2f) = 0.0869 & 0.019 €*b*, B(E3 1;0;, — 37) = 0.11 £ 0.035 €°b°
und B(E1 1327 — 37) = (9.05 £ 3.04) x 107° ¢’b. Die experimentell bestimmten Wer-
te wurde mit modernen Schallenmodelrechnungen, einer relativistischen Random-Phase-

Approximation und einer Random-Phase-Approximation verglichen.

Der zweite Teil der vorligenden Arbeit beschreibt die Fertigung und die ersten Performance-
Messungen des "Escape-Suppression Shields* (ESS) fiir das MINIBALL Spektrometer. Da-
fiir wurde der ESS als auch die Kombination aus ESS und MINIBALL-Cluster-Detektor
in der endgiiltigen Konfiguration vermessen und charakterisiert. Die Leistungsfahigkeit des
kombinierten Systems wurde anhand des Peak-zu-Untergrund Verhéltnisses von *°Co Spek-
tren quantifiziert. Die erzielten Resultate wurden mit zuvor durchgefithrten GEANT4 Si-
mulationen verglichen. Der mit dem Prototypen-Detektor gemessene Peak-zu-Untergrund

Wert von 41% ist in guter Ubereinstimmung mit dem vorhergesagten Wert von 44%.
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Part 1.

Coulomb excitation of doubly-magic **Sn






1. Nuclear structure and spectroscopic observables

Even today, the nuclear force and nuclear interactions are not completely understood. For
a better understanding of atomic nuclei and the nuclear force one approach is to study
the properties of nuclei depending on their proton-neutron configuration, which is known
as nuclear structure. Doubly-magic nuclei are lighthouses along the whole chart of nuclei.
Their basic properties like masses, binding energies and excited states are essential for a
detailed understanding and theoretical description in a vast range of the nuclear chart.
The doubly-magic nucleus '*?Sn and its vicinity provide essential reference points for all
theoretical approaches in order to improve their forecasting power for nuclei which are not

yet accessible.

1.1. Magic numbers

One of the most important discoveries, during the pioneering studies of atomic nuclei
and their nuclear structure, was that nuclei with specific numbers of protons or neutrons
(semi-magic nuclei) or both (doubly-magic nuclei) exhibit remarkable properties, e.g. large
binding and excitation energies [1, 2]. At this time, no theory was available to explain the
origin of these phenomena. Thus, these configurations were called “magic numbers”. The
magic numbers are Z = 2, 8,20, 28,50,82 and N = 2,8, 20, 28, 50, 82, 126. It was observed
that the trend of the separation energy for either protons or neutrons is generally smooth,
except at certain specific nucleon numbers [2]. This is illustrated in Figure 1 where the two-
neutron separation energy in MeV of O,Ca,Kr,Cd,Ce,Hf, Pt,Pb and U along their isotopic
chains is shown. The separation energy exhibits discrete jumps at isotopes with neutron
magic numbers; the same is observed for nuclei with proton magic numbers. Moreover, the
energy of the first excited state of nuclei with magic numbers is much higher compared to
their neighbors. This behavior is representatively shown, along the isotopic chain of lead,
in Fig. 2 (a). Figure 2 (b) illustrates this property along the isotopic chains of nuclei in
the vicinity of tin. The increased excitation energy for N = 82 is caused by the magic
configuration of neutrons in these nuclei. Furthermore, nuclei with configurations that
correspond to magic numbers have more stable isotopes and isotones compared to their

neighbors.
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Chapter 1. Nuclear structure and spectroscopic observables
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Figure 1: Two-neutron separation energy for isotopic chains including nuclei with magic
neutron configuration. At the classical magic numbers, sharp changes of the
tow-neutron energy can be observed. Otherwise the trend of the two-neutron
separation energy is smooth. Data taken from Ref. [3].
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Figure 2: (a) Excitation energies for the first excited 21 state along the lead chain,
including the doubly-magic 2**Pb. (b) First excited 2 state for isotopes
of Sn, Te, Xe, Cd, Pd. For the Z = 50 shell closure (tin) the excitation
energy is increased compared to the isotopes of the even-proton neighbors.
The excitation energy of the doubly-magic tin amounts to ~ 4 MeV. Data
taken from Ref. [4].
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Chapter 1. Nuclear structure and spectroscopic observables

1.2. Nuclear shell model

Atomic nuclei are many-body quantum systems, and can be partially compared to the
electron cloud of an atom. The difference between this two systems, is the absence of a
central potential inside a nucleus. Nevertheless, it is possible to treat protons and neutrons
mathematically in a similar way, like it is done for the description of the electrons. For a
nucleus with A interacting nucleons, the Hamiltonian can be written as a composition of
kinetic energy and the interaction between all the nucleons. For protons also the Coulomb

interactions has to be considered.

A A
H=3 T+ V, (L1)
i=1 i,j=1
i<j

In contrast to the electrons, the nucleon-nucleon interaction is not known from basic prin-
ciples. However, binding-energy studies revealed that the nuclear interaction is predomi-
nantly effective between two nucleons (two body interaction). This allows to describe the

Hamiltonian of a nucleus with a nucleon-nucleon interaction V;:

A A A A A
H:ZT;"'Z‘/ijzzl(n_‘_‘/i)_l_(z‘/ij_ZV;):HO_‘_HRa (1.2)
i=1 ig=1 = ig=1 i=1
1<j i<j

where V, is the mean field potential of the ith nucleon. For each nucleon the single-particle
wave function ¢; and the corresponding energy value ¢; can be determined. A special

solution for Hy can be written as,

v =TI (7). (1.3)

Protons and neutrons are fermions, thus they have to fulfill the Pauli-Principle. As a
consequence, the complete solution of equation 1.2 has to be anti-symmetric. This can be

achieved by the Slater-Determinant

1
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1.2. Nuclear shell model

It can be shown that Hj is the dominant contribution to the energy spectrum and Hp is
a small residual interaction [5]. In general H, can be interpreted as the description of A
non-interacting single particles moving in an average potential produced by all A nucleons.
The residual interaction Hpr comprises the nucleon-nucleon interactions neglected by the
simple approach of H,. For a theoretical treatment of the residual interaction see Ref. [5-
7]. Thus, this approximation fits better for nuclei with closed shells rather than mid-
shell nuclei where many valence nucleons contribute to the final configuration. The first
calculations for the mean-field potential were done with a harmonic oscillator potential and
the Wood-Saxon potential. These approximations were able to predict first energy spectra
and avoided the issue of the repulsive feature of the nuclear force. However, the predictions
were not able to reproduce the phenomena of the discovered higher magic numbers. In
1949 Haxel, Jensen, Suess [1], and independently Maria Goeppert-Mayer [2, 8|, proposed
a strong spin-orbit coupling as an additional term for the nucleon-nucleon interaction, as

it is done for the electrons in an atom.

V, = V(F) + Vi, (F)( - 8) (1.5)

Where V(7) is the central potential, V,,(7) is a radial potential, which is basically the am-
plitude of the spin-orbit coupling (f - 5) with [ the angular momentum and § the spin of the
nucleon. This additional interaction enabled the theory to predict the nuclear magic num-
bers “2,8,20,28,50,82,126” and in addition other properties (spins and magnetic moments)
of many nuclei available at this time [1, 8]. Therefore, this theory was called "nuclear shell
model“. This modified nucleon-nucleon interaction induces an energy splitting for each
state with total angular momentum j=I[+s. Therein [ is the orbital angular momentum
and s is the spin, which can be parallel (+3) or anti-parallel (—3) to the orbital angular
momentum. Energy spectra for the three different potentials are shown in Figure 3. Only
the first three magic numbers can be reproduced by the Wood-Saxon potential. The energy
spectra for protons and neutrons with the spin-orbit coupling look almost identical, as long
as the Coulomb interaction is not taken into account. However, recent experimental and
theoretical findings indicate that magic numbers are not constant and valid for all nuclei.
For more exotic nuclei with high N/Z ratios new shell closures arise [10-13] indicating that

the configuration of spherical and more stable nuclei is related to the neutron-proton ratio.
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Figure 3: Nucleon orbitals obtained via different shell-model calculations. (a) Harmonic
oscillator potential was used as the mean field. The resulting energy levels
are equidistant. (b) Wood-Saxon potential, which can describe the first three
magic numbers. (c¢) Strong spin-orbit coupling was implemented in addition
to the Wood-Saxon potential for the nucleon-nucleon interaction. Z indicate
the calculated orbits for protons and N for neutrons. This allows to reproduce
the magic numbers. See text for more details. Level configuration taken from

Ref. [9]

16



1.3. Experimental observables

1.3. Experimental observables

The previous section indicated that there are still open questions in the understanding of
nuclear structure, especially for exotic nuclei far from the so-called "valley of stability“. The
following sections focus on important observables that can be deduced from experiments

and provide a better understanding of nuclear structure and nuclear force.

1.3.1. Binding energies

For the identification of shell and sub-shell closures primarily nuclear masses and binding
energies are used. Figure 4 illustrates the difference between measured masses and results
of the Bethe-Weizsacker mass formula. The largest deviations are observed for the magic
numbers, irrespective of the nucleon type. The reason is the increased binding energy for

nuclei towards shell or sub-shell closures.

1.3.2. Proton and neutron separation energies

The two-nucleon separation energy is calculated from the binding energy S,, = BE(A, Z)—
BE(A—-2,Z)and Sy, = BE(A,Z)— BE(A—2,Z—2). To compare the separation energy
of neighboring nuclei the two-neutron and two-proton separation energy is considered, in
order to neglect the effect of the pairing energy term in the Bethe-Weizsiacker formula.
As already seen in Figure 1, nuclei with magic numbers show larger separation energies
compared to their next neighbor nuclei. The drop of the two-proton/neutron separation
energy and the high excitation energies of the first excited states for magic numbers can be
explained by shell closures of these nuclei (see Figure 3 (c)). Separation energies provide
crucial information about the location of shell and sub-shell closures along the chart of

nuclei.

1.3.3. Electric quadrupole moment

The nuclear shell model yields best results for nuclei with nearly or completely filled shells.
Nucleons of closed shells occupy all possible magnetic sub-states and lead to a spherical
density distribution of the nucleus. The nuclear electrical quadrupole moment () is sensitive
to the charge distribution of the nuclear state. Therefore, () vanishes for nuclei with magic
numbers and the absolute value increases towards mid-shell nuclei. Further information
can be deduced from the sign of the electrical quadrupole moment. ) < 0 corresponds to

a oblate shape of the nuclei, in a simple model it is related to particles outside of closed

17
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Figure 4: Mass difference between experimental measured (M,y,,) and calculated masses
with the Bethe-Weizacker formula (Mpyy), for all measured isotones and iso-
topes. The largest deviations occur at magic numbers, due to the high binding
energies at closed shells. Experimental values taken from Ref. [3].
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shells. () > 0 corresponds to prolate shaped nuclei, induced by holes of fully filled shells.
Thus, @) is the quantum mechanical representation of the nuclear charge distribution,
including the nuclear spin I and the projection of I onto the z-direction. This description

of the nuclear deformation is illustrated in Figure 5. The quantity =2; is a measure for

3
the nuclear deformation independent of the size of a nucleus. At allzfnagic numbers the
electric quadrupole moment reduce to zero and the deformation changes from prolate to
oblate shaped nuclei. This behavior agrees with the aforementioned simple particle picture
for the deformation. Therein, additional particles or holes in closed nuclei are related to
the origin of nuclei deformation. In Figure 5 additional zero crossing points, besides the
magic numbers, with @) > 0 to () < 0 can be observed.

0.3

0.25

—0.05

12iSh i

0 10 20 30 40 50 60 70 80 90 100110120130140150
Number of odd nucleons

Figure 5: Quadrupole deformation of nuclei. The quantity ZiRQ is a size independent

—0.1

measure for the deformation of the nuclei with respect to a spherical nuclei.
The deformations are shown for different nuclei with odd number of protons
or odd number of neutrons. Magic numbers are illustrated by dashed lines.
At the magic numbers the deformation get zero and a change from prolate to
oblate shape is observed. This behavior is an indication for fully closed shells
and, therefore, for magic numbers. Data taken from Ref. [14].

As mentioned before, new shell closures arise for nuclei far from stability. This was observed
for neutron-rich nitrogen, oxygen and fluorine nuclei with N = 16 [15, 16]. Nuclei with
forty protons or neutrons, also show properties of a shell closure [17]; however, forty is not

a classical magic number.
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Chapter 1. Nuclear structure and spectroscopic observables

1.3.4. Transition strength

In section 1.1, energies of first excited states in nuclei demonstrated a clear increase at magic
numbers. In addition to excitation energies also transition strengths of the electromagnetic
radiation between nuclear states yield useful information about the underlying nuclear
structure [18, 19]. Both quantities, excitation energy (/) and reduced transition strength

B(oX; I; = I;), provide a signature for nuclear collectivity in even-even nuclei [9, 20].

The variables I; and Iy denote the total angular momentum of the initial and final state of
the nucleus, respectively. The character of the electromagnetic transition is represented by
o and can be electric E or magnetic M. The angular momentum carried by the emitted ra-
diation is described by A. The parity of electric multipole transition EX is given by (—1)’\
and for magnetic multipole transition M the parity is determined by (—1)**'. There-
fore, even electric multipole transitions conserve the parity, whereas odd electric multipole
transitions change the parity. For magnetic multipole transitions it is vice versa. Most
low-lying nuclear states decay via electromagnetic processes i.e. 7-ray emission. These
transitions can be described by reduced matrix elements (V| [9t(o )| |¥;), which provide
information on the wavefunction of the inital and finale states [18, 19, 21]. Reduced matrix
elements are identical for exciting and deexciting transitions with the same electromagnetic

multipole operator M(cA). The reduced transition probabilities are given by

1
2I, + 1

B(oM I, — I;) = ?

(W] [0 N)] ;) (1.6)

with W; and U, the initial and final state of the transition, respectively [9]. Reduced
transition strengths for excitation and de-excitation, for the same set of states, are related

by

2I; +1
21, + 1

(2

B(oAI; — I). (1.7)

The reduced transition strength for electric multipole character is typically given in units
of ¢*b* and for magnetic multipole transitions p% b*~" units are used. Thus, e denotes the
electric charge and px the nuclear magneton. Complementary to the ”direct measurement
of the transition strength via e.g. Coulomb excitation [22], it is possible to measure the
lifetime 7 of an excited state. From the lifetime it is possible to determine the reduced

transition strength. The partial v-decay rate of the emission of a v ray of multipole A,

20



1.3. Experimental observables

from the initial state I; into the final state Iy can be calculated with

) _ 8m(A+1) L, e .

If the decay, of the initial state into several final states is possible, these states have to
be taken into account. Furthermore, the decay could also proceed via electron conversion.
Therefore, the conversion coefficient «(\) has to be considered as well. Thus, the lifetime
of the state I; can be described by:

(L) = (ZZT(M;L S I+ a(A)}) (1.9)

If only one final state and one multipole transition is possible, the reduced transition
strength can be determined from the lifetime. For almost all even-even nuclei the first
excited state is a 2% state and, therefore, a y-ray decay only via a E2 transition into the
Ogs. ground state is possible. In this special case the reduced transition strength can be

written as:

8.16 x 10~
B(E2;2 - 07) = A (1.10)
14+ a(E2)|ET(24)

The number of nucleons which contribute to an excitation of the nucleus can be roughly
estimated with the so called Weisskopf units (W.u.) [9]. Therefore, the B(EX) and B(M\)

values are reevaluated in the following way:

B(EX I, — 1)) _ 1273 2A% (1.11)
y 41 f /) Weisskopf — A A +3 ) :
1.2*7210 3\ o
B(MXN I, -1 = A3 1.12
( iy — f)Welsskopf T A +3 ( )

222 units. Weisskopf

Equation 1.11 is expressed in e*fm**, whereas equation 1.12 in pafm
units are used for single-particle transitions, where it is assumed that only one nucleon in

an average potential changes its orbit and contributes to the excitation. This is called the
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Figure 6: The reduced transition strength in Weisskopf units for 27 — Og,s. transitions
for all even-even nuclei. Nuclei with equal Z are connected by lines. The
highest values are reached in mid-shell nuclei, whereas values around 1 are
observed in closed-shell nuclei. This behavior can be explained by the high
collectivity of mid-shell nuclei and the single-particle excitation of closed-shell
nuclei. Data taken from Ref. [4].

single-particle picture [20]. A reduced transition strength of B(E2) ~ 1 W.u. corresponds
to a single-particle transitions, whereas higher values are expected for collective transitions
with multiple nucleons contribute to the excitation. In Figure 6 the reduced transition
strength is plotted in Weisskopf units. Peak maxima correspond to mid-shell nuclei and,
hence, to collective excitation. The smallest values can be observed at magic numbers or

closed-shell nuclei, where single-particle excitation is expected to dominate.

1.4. Coulomb excitation

Since the introduction of the Coulomb-excitation technique during the 1950s [18], this

method provided outstanding insight into e.g. collective properties of nuclei. In particular,
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1.4. Coulomb excitation

Coulomb excitation allowed to deduce a major part of the currently known transition
probabilities and deformation parameters of atomic nuclei. Especially for exotic radioactive
isotopes far from stability, Coulomb excitation provides a tool to access to B(o)\) values
and potentially quadrupole moments, which are difficult to obtain via inelastic scattering

and direct lifetime measurements.

The goal of Coulomb excitation is to de-
termine nuclear transition matrix elements
by exciting atomic nuclei via pure electro-
magnetic interaction. This implies, only
the well understood electromagnetic in-
teraction is contributing to the excitation
and nuclear force effects can be neglected.
Therefore, a projectile nucleus with atomic
number Z; is guided onto a target nucleus

with atomic number Z,. If the energy of the

incident particle E; is below the Coulomb
barrier, the distance of closest approach

d,. .. will be large enough to ensure no con-
Figure 7: Schematical illustration of a Coulomb """ v & &

scattering event in the center-of-mass
system. At the point of closest ap- tation process. A schematical illustration
proach (d,,;,) the interaction poten-
tial V (7(t)) is strongest. After the in-
elastic scattering, projectile and tar-
get nuclei are excited indicated by as- clear that the excitation depends on F;, 7,
terisks.

tribution of the nuclear-force to the exci-

of this process is shown in Figure 7, in

the center-of-mass frame. It is immediately

Zs, the nuclei distance or the scattering an-
gle 0 of the particles. The strongest inter-
action potential is reached at the point of closest approach and, hence, the excitation
probability is highest (see Fig. 7). To obtain the total excitation probability, the com-
plete particle trajectory has to be included in the calculation as the Coulomb force is a
long-range force. This boundary conditions and the well understood electromagnetic force
allow an accurate calculation of this processes involved i.e. the complex single and multiple
excitations. The theoretical procedure, which is used in Coulomb excitation calculation
codes e.g. GOSIA/GOSIA2 [23-25], was developed in the mid 50s and is presented in
detail in the paper of K. Alder et. al. [18]. In the following sections the basic concept will

be discussed.
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Chapter 1. Nuclear structure and spectroscopic observables

Semiclassical approach

Apart of the quantum-mechanical approach in Ref. [18], Coulomb excitation can be treated
in the semi-classical approximation, which presumes classical Rutherford trajectories along
the whole scattering and excitation process. The electromagnetic excitation has a negligi-
ble effect on the trajectories. Nevertheless, the excitation itself is treated fully quantum
mechanically. This implies that the Coulomb-excitation cross section is a composition of

the classical Rutherford scattering (g—g) and the quantum-mechanical probability for

RUTH
the excitation in which the particle was scattered into the solid angle df2. The quantum-
mechanical probability B depends on the contributing nuclear states [19]. For a two-state

model with initial level ¢ and final level f the cross section is given by:

do > ( do )
— = — X Pt (1.13)
( ds? COULEX ds2 RUTH -

The classical Rutherford trajectories are preserved, if the size of the impinging projectile
is much smaller than the size of the hyperbolic trajectory. This condition is expressed by

the Sommerfeld parameter

dmin
2X roi

proj

n= (1.14)

where X, is the de Broglie wavelength of the particle wave packet and d,,,;,/2 is half the

proj
distance of closest approach with

AV A YAV A
dmin = = 2,2
Eon me”

(1.15)

where 3 = % is their impact velocity, m the reduced mass and Z;, Z, describe the proton
number of projectile and target, respectively. The Sommerfeld parameter can be written
as [9, 19]
Z1Z262 leg ZIZQAi/Q
’]7 = = ~

~ : 1.16
hv 8 6.325, (1.16)

with o = €? /hc the unitless fine-structure constant and 5 = 1/2E/ mc?. For the present case
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1.4. Coulomb excitation

of '¥2Sn with a beam energy of 5.5 MeV /u impinging onto a ***Pb target, the Sommerfeld

parameter equals n = 272. Hence, the semi-classical approach 1 > 1 is applicable.

First-order perturbation theory

The excitation energy AFE also has impact on the excitation cross section. It is useful to

define the adiabaticity parameter &, as the difference between incoming 7; and outgoing

77f7

4 Z,AVPAE  nAE
12.65E%/7 28,

For £ < 1 and small AE a large excitation probability is expected, whereas for £ > 1 a

vanishing excitation cross section will be the case, because high AE hamper the Coulomb
excitation [9]. Moreover, £ can be interpreted as the ratio of the collision time relative to

the time scale of internal motion of the nucleus.

Teollision
= 1.18
g Thucleus ( )
If the collision time is much longer than the internal motion of the nucleus, the change of
the electromagnetic field strength per time approaches the adiabatic limit and, hence no

excitation is possible (adiabatic theorem) [26].

Considering the aforementioned semiclassical theory, excitation probabilities are deter-
mined in time-dependent perturbation theory. Therefore, the condition of classical tra-
jectories of the scattered particles has to be fulfilled. As equation 1.13 is valid for the
projectile as well as for the target, both excitation probabilities and cross sections can be
determined in an analog way by interchanging the corresponding properties of the calcu-
lated nucleus. In perturbation theory the motion of the two particles is treated classically.
The time-dependent interaction potential V(r@f)) originating from one collision partner
influencing the second one, is used to calculate the excitation probability along the whole
trajectory [21]. For unpolarized particles the probability B, ; from the state |il;M;) to

state | f1;My) is expressed by

‘B¢—>f = 2111‘1‘1 M%:/[f ‘ <f[fo’b‘iIZ-Mi>

2

2
O, (1.19)

with I;, M; and Iy, My, the spin and magnetic quantum number of the initial and final
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Chapter 1. Nuclear structure and spectroscopic observables

state, respectively. The matrix elements b are given by

(FIM|pliM;) = Zlh /_ +: (1M |V (e (D)) [iT ML) et (1.20)

with A}TE = w;r. The excitation of the particles can be induced by either the electric
V(r(_;f)) g or the magnetic V(r@&)) u component of the electromagnetic field. Thus, it is
convenient to separate them. In the following the electric component is discussed and later
on the magnetic contribution is reviewed. Performing a multipole expansion on the single

components of the electric interaction potential the transition amplitude can be written as

(FI M |pliL01;) = 47;?6 Z 2A - (1M UEN, )i M) S (1.21)

where S),\ denotes the orbital integral along the classical trajectory TGS):

Sn = /_ ZO ity (r(t)) (%)Mldt, (1.22)

with Y, (r ( )) the spherical harmonics [21]. The information about the nuclear structure
is completely contained in the electric multipole matrix elements

<fIfo‘9ﬁ(E)\, M)’ZL‘MZ‘>, which can be defined as independent of the geometry of both
nuclei by applying the Wigner-Eckart-Theorem:

<uiMi

). (1.23)

LAy = (~1y (_{M ) A[jf) (it

L X I
with the Clebsch-Gordan coefficient ( ’ !

. The total transition probability is

expressed as follows:

Cm tnZie)"BEXL = 1)
Piss = XA:‘BHf(E)\ ZA: < ) 21 1) Z‘ EA“’ , (1.24)
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1.4. Coulomb excitation
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Figure 8: The integrated non-relativistic Coulomb-excitation function in dependency
of the adiabaticity parameter ¢ for electric multipole transitions with A =
1,2,3,4. Figure taken from [18] with kind permission from APS.

with the reduced transition strength B(EA; I; — I¢) defined in equation 1.6. The resulting

differential cross section for a given electrical multipolarity A is then described by

2 —22+2
(gg) - <i1;> (dzzn> BEX L = L) fpa(6,€), (1.25)
BA

with the dimensionless non-relativistic Coulomb-excitation function fgy(0,£) containing
all information about the classical trajectory of the scattered particles. The dependency
as a function of ¢ is illustrated in Figure 8 for electric transitions up to A = 4. For the

magnetic part the excitation cross section is similar:

d 7 2 d.. —2X+2
TR O T
MX
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Chapter 1. Nuclear structure and spectroscopic observables

From equation 1.25 and 1.26 can be deduced that a magnetic transition of the same mul-
tipolarity is suppressed by a factor of 3% = (v*/c?), compared to a electric transition. At
beam energies of 5.5 MeV /u for 13291 and a corresponding 3 ~ 11%, electric transitions

will dominate the Coulomb excitation process.

Second-order perturbation theory

In the framework of first-order perturbation theory, Coulomb-excitation probabilities are
typically quite small 93, , ; < 1. However, for heavy-ion collisions the transition probabil-
ity increases with the ion energy and, thus, the condition B,_,; < 1 may not longer be
satisfied and second-order effects have to be considered. This implies two consequences,
i.e. first-order transition probabilities can be affected by second-order terms and states
which were not accessible for example due to selection rules, can be populated via double
excitation [27]. In this case the transition to the final state proceed via a multi-step ex-
citation process. For multi-step excitation the probability increases with increasing beam
energy [18, 19, 21]. To incorporate these effects, the perturbation of the nucleus by the
changing electromagnetic field has to be considered up to higher orders, keeping the classi-
cal trajectories. The transition probability for a multi-step excitation from the initial state

1 via an intermediate state m into the final state f is given by

2

1 2 |2 1 2 2
Bisy = Cz(—)>f + ZCZ(‘—)me = Cz(—)>f‘ + 29%(6& : Zcz('—)nnﬁf) + Zélm%f , (1.27)
where cﬁﬂ 7 is defined in equation 1.19 and
g = [ IV LMy € X (L M|V D)L et
(4 —00
(1.28)

From Equation 1.27 follows that the first-order and the second-order processes interfere [21].
Thus, it is important to include the second-order effects in the calculation, even for low
multi-step excitation probabilities. The interference between first-order and second-order
terms lead, e.g. to the reorientation effect. A typically occurrence of this effect is observed

by E2 absorption in even-even nuclei, where a transition from |ml,,M,,) to |fI1;M;) with
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1.4. Coulomb excitation

m = f [, = Iy can arise. Both state differ only in the magnetic sub-state of the same
excited sate (usually 2%). In this case the matrix element <fIfo‘im(E2)’mImMm> is

proportional to the spectroscopic quadrupole moment

I 167121 — 1)
@ = J 51+ 1)(2I +1)(2 +3) x (IME)|T). (129)

For a spherical nucleus, e.g. the doubly-magic ?Sn the quadrupole moment should be
close to zero, as the quadrupole moment is a measure for the deformation of the nucleus.
With a precise determination of ‘B, s, the magnitude and the sign of Q! indicate the

structure of the excited state.

Another consequence of second-order contribution is the two-step E2 excitation. In even-
even nuclei the first 47 state can be excited either directly via an E4-transition or via a

two-step excitation following the excitation scheme

0t 22 2t B2 4t (1.30)

Due to the much lower excitation probability of E4 compared to a E2 transition (cf. Fig. 8),
the second-order contribution is essential. In almost all heavy-ion collisions the E4 first-
order transition is superimposed by a much stronger excitation via the second-order two-
step E2 transition. Both examples of the second-order perturbation theory are illustrated

in Figure 9.

“Safe” Coulomb excitation

The so-called "safe” Coulomb excitation is characterized by a negligible effect of the nuclear
force on the excitation of particles in a scattering experiment. The excitation of one or
both scattering particles is induced by pure Coulomb interaction. A sufficient large distance
between the two nuclear surfaces is necessary to satisfy this condition. The point of closest

approach is restricted to
1/3 1/3
Amin > Riarger + Rproj + AD = 1.25( A0 + Aarger) + AD, (1.31)

where Rp,oj, Riarget describes the nuclear radii of projectile and target, and AD an addi-

tional “safe” distance.
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Chapter 1. Nuclear structure and spectroscopic observables

First-order Second-order

1)

El

[m)

i) 4)

Figure 9: Solid lines represent excitation, whereas dashed lines the de-excitation pro-
cess. The schematic diagram show on the left side a one-step excitation from
the initial level |i) to the final states |m) and |f). On the right hand side the
second-order processes are illustrated. The excitation to the final state |f)
proceed via the intermediate state |m). In addition, transitions within one
state are possible, due to magnetic sub-state transitions. Further information
in the text.

In reference [22] Cline et. al. determined an effect of less than 0.1% contribution of the nu-
clear interaction in a Coulomb scattering experiment, with a safe distance of AD = 5.0 fm.

Furthermore, the safe bombarding energy as a function of the scattering angle is calculated
by

E(00yy) = 0.722erei Zracget Apros + Avarger

1
1+ —— |, 1.32
dmin Atarget ( sin (9071\/[) > ( )

2

with the scattering angle in the center-of-mass system ;. Considering the conditions of
the *2Sn experiment, the point of closest approach for safe Coulomb excitation amounts
to 18.75 fm. This would correspond to a safe bombarding energy of 3.9 MeV/u. To
increase the Coulomb excitation cross section, an impinging energy of 5.5 MeV/u was
chosen to facilitate the challenging experiment. However, for such beam energies the center-
of-mass scattering angle has to be restricted to fulfill the safe Coulomb-excitation criterion.
The particle-scattering angles were restricted to 67.6° in the center-of-mass frame. This
corresponds to forward angles up to 42° with respect to the direction of the beam in the

laboratory frame.
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1.4. Coulomb excitation

Relative measurement of the transition strength

In Coulomb excitation experiments with insufficient knowledge of the beam current and its
intensity, the Coulomb-excitation cross section can be determined relative to a well-studied
transition. In the previous section it was explained that the number of scattered nuclei in
a Coulomb-excitation experiment provides a direct measure for the excitation probability
of the corresponding nuclei. This observable can be deduced from the measured v-ray

intensity after the de-excitation of the scattered particles.

. 70] pd r NA
N’y,prOj(f — Z) = E'y,proj f—)JiO—proj(f)IAZ‘L#et (133)
target
The total number of detected ~-rays after an excitation of the projectile from an initial
state |i) to the final state |f) followed by the deexcitation is determined by equation 1.33.

Therefore, the detection efficiency for the emitted y-ray e the branching ratio of the

~,projs
transition bs_,;, the excitation cross section o,,,,(f) for the final state, the beam intensity
I and the number of scattering target nuclei (pdig,getNa)/Atarger has to be considered.
The number of target nuclei is expressed as the ratio of the product of target density times
target thickness and the Avogadro constant divided by the atomic mass of the target nuclei.

The analog equation holds for the target excitation:

I pdtarget NA

Atarget

. t, t
N'y,target(f — Z) = 6'y,targetbfai;gie Utarget(f)

(1.34)
From this follows that the ratio of the ~-ray intensities from projectile and target deex-
citation is independent from the beam intensity. As the transition of the target nuclei is
well known, all properties like branching ratios or excitation cross section are established

with small errors. Thus the relevant excitation cross section can be written as

btarget

N f%i. €5 target . (1 35)

K j ‘f'H i
UprOj (f) - Utarget (f) ! prOJ( /L) proj
N v target(f—i) O i Ev.proj

Using equations 1.25 and 1.26 the reduced transition strength can be determined with
the classical trajectories of the scattered particles and the corresponding solid angle. This
calculations are done with coupled-channel codes like CLX [28, 29] or GOSIA2 [23-25].
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2. Physics case

The physics motivation for the Coulomb-excitation experiment of the doubly-magic **Sn
is described. In addition, previous results on a **Sn Coulomb-excitation experiment at
HRIBF (Holifield Radioactive Ion Beam Facility) at ORNL are briefly discussed [30].

2.1. Properties of Z = 50 and IN = 82 nuclei

More than 7000 nuclides are predicted to exist within the proton and neutron drip lines [31],
until October 2016, nuclear ground-state properties for 3437 nuclei were observed in differ-
ent experiments [32]. Astrophysical processes like the r-process (rapid neutron capture),
which has a curcile role in the production of neutron-rich isotopes heavier than iron far

from stability [33], proceed predominantly outside the area of known nuclei (cf. Figure 10).

Z

A

>N

Figure 10: Nuclear chart with the magic numbers marked. The crossing points of magic
proton and neutron numbers indicate the doubly-magic nuclei. Neutron-rich
nuclei are marked in blue, neutron-deficient nuclei in red, stable nuclei in
black and unknown nuclei in grey. One predicted r-process region is shown
in blue. At N = 50, 82 and 126 the “waiting points” of the r-process are
indicated. The r-process approaches very close to the doubly-magic 132gp.
13261 is the only neutron-rich doubly-magic nuclei above Z = 28 in the
region of the r-process predictions.
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2.1. Properties of Z =50 and N = 82 nuclei

Thus, the origin and the exact progression of the r-process path are still unknown and
remain an open question. The r-process proceeds along nuclei with constant neutron-
separation energies to nuclei with increasing proton numbers, until the so called "waiting
points® are reached. These "waiting points“ correspond to nuclear-shell closures at N = 50,
82 and 126 [34], at which capture reactions and photodisintegration are in competition and
further capture reactions to more neutron-rich nuclei get unlikely. Thus, the production
of these nuclei are increased, and characteristic peaks in the mass abundance around A =
80, 130 and 195 are observed. The mass abundance in the solar system is illustrated in
Figure 11 (a).

100 2 Te
10° Z=50 :b
= n =
I
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2
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Ru
10° Te noWIj mpsses
! ! 1 MO l‘*l Qdes:
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0 20 40 60 80 100 120 140 160 180 200 220 Zr
A —»N N=282
(a) (b)

Figure 11: (a) Nuclear abundance of the solar system. The characteristic peaks are
produced by the r- and s-process of the nucleosynthesis. This increase in
the abundance at A = 80, 130, 195 is related to the neutron shell closures
at N = 50, 82 and 126. Data taken from Ref. [35]. Due to the increase
of the neutron-separation energy and decrease of the neutron-capture cross
section, the r-process proceeds along this so called “waiting points”, mainly
via [3-decay and neutron capture. (b) Theoretical r-process path (red) along
the N = 82 magic number predicted in Ref. [36]. The white-grey path marks
the s-process (slow-neutron capture) at the neutron-rich side of the valley of
stability.

After reaching the “waiting points”, the weak interaction, in particular the 5~ -decay, drives
the r-process along the chain of isotones up to nuclei with a magic proton configuration.
A theoretically predicted path of the described r-process around the shell closure N = 82
is shown in Figure 11 (b). For a detailed insight into this phenomenon, the knowledge of
nuclear properties, like the neutron-separation energy, the mass, the half-life (7} ;) and the
neutron-capture cross section, especially at N = 50, 82, and 126 are mandatory in order to
perform r-process calculations, predictions and in order to improve the astrophysical un-

derstanding of the nucleosynthesis [37]. Therefore, extrapolations from theoretical models
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Chapter 2. Physics case

(e.g. nuclear shell model), based on experimentally determined quantities of nuclei, are
used to calculate the properties of unknown/unobserved nuclei. To perform extrapolations
without exceeding the available computational power, closed-shell nuclei are essential, to
accomplish the calculations for high nuclear masses. Including closed-shell nuclei in nuclear
shell-model calculations, enables the investigation of nuclides in their vicinity by reducing
the required model space. This limits the size of the Hamiltonian and the necessary compu-
tational power. Hence, the properties of doubly-magic nuclei are of particular importance.
Out of the huge amount of today’s known nuclides, merely ten nuclei are observed that
are classically doubly magic and, thus, exhibit fully filled proton and neutron shells (see
section 1). Five of this nuclei i.e. “He,'%0,Ca,*®*Ca and **Pb are stable. The remain-
ing five nuclei **Ni,”°Ni,"Ni,'Sn and '*?Sn are radioactive. The properties of the stable
doubly-magic nuclei are quite well studied [6]. For radioactive doubly-magic nuclei the
situation is much more difficult, as the production of radioactive doubly-magic nuclei is
challenging and in addition the experimental observation, too (see section 3). Nowadays,
13290 (Z = 50 and N = 82) is the only observed doubly-magic nucleus above Z = 28
in the neutron-rich region far from stability and in immediate proximity to the r-process
path. Thus, this nucleus is essential for efficient theoretical descriptions in this region.
The single-particle properties of this nucleus were already studied in the one particle/hole
proton and neutron neighbors [38-41]. Besides single-particle properties, collective char-
acteristics of nuclei are essential to develop and benchmark theoretical models e.g. nuclear
shell-model interactions. The investigation of the collective properties of the doubly-magic
291 nucleus, via Coulomb excitation, is presented in this work. In the following a brief
summary of the experimentally determined characteristics of the shell closures at Z = 50

and N = 82 is given.

//’/ Oh9/2
_Oh .- 82
0h11/2
_2s . -2 1d3/2
1d :::// 281/2
%)dm
0 97/2
g - 50
A 0945

Figure 12: Shell-model orbitals forming the shell gaps at the magic numbers 50 and 82.
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2.1. Properties of Z =50 and N = 82 nuclei

Shell closure along Z = 50

The nuclear shell gap at Z = 50 was investigated along the chain of tin isotopes, which
includes the two doubly-magic nuclei '*’Sn and '**Sn. This shell closure is created by fully
filled orbitals up to the Ogy/, orbital and the first empty orbitals Og;/, and 1ds,. Figure 12
illustrates the orbital configuration around the shell closures for Z = 50 and N = 82.

In even-even tin nuclei the excitation en-

4r Sltsaobtl:pE;] ergy of the first excited 2] state is nearly
E 5| constant between N = 52 and N = 84, ex-
£ cept for the magic number N = 82. The
? i upper plot of Figure 13 illustrates the mea-
a0 sured excitation energies of the first excited
0 state along the Sn chain. The constant be-

havior of the excitation energies can be ex-

o
)

plained by the dense neutron-orbit distri-

bution between the shell gap N = 50 and

N = 82. The high density of states al-

‘ ‘ ‘ ‘ lows for pairing correlations, which result in

0054 58 6266 70 74 T8 82 similar excitation configurations [6]. Thus,
Neutron number +

the 2] states around = 1.2 MeV are caused

by pure-neutron excitation. The small in-

B(E2M [¢*b?]
(=]
[\*)

o

(=)

Figure 13: Top: Excitation energy of the first
excited state 2? in even-even Sn
nuclei along Z = 50. Bottom:
B(E21) values along the isotopic 64 is an indication for a potential sub-shell

Sn chain are illustrated. Data taken closure and a sub-shell gap between the
from Ref. [4]. Shell-model calcula- .
tions are from Ref. [42]. Values for lds/; and 1dg, orbitals. At NV = 82 the ex-

291 were taken from Ref. [43]. citation energy is increased, because the ex-

crease of the excitation energy around N =

citation requires high energy for both, pro-
ton and neutron particles, to overcome the shell gap. Hence, the 27 state of the doubly-
magic ?Sn is probably no longer of pure neutron character, it is rather a combination of
neutron and proton excitations. Further prove for the doubly-magic character of **Sn can
be deduced from the experimentally determined B(E2 1) value (preliminary value from
Ref. [43, 44]). In the bottom Figure 13, the B(E2 1) values for the even-even nuclei along
the isotopic tin chain are presented. For N > 64 the reduced transition strength follows
the parabolic trend of generalized seniority [45, 46], predicted by large-scale shell model

calculations [42]. For N < 64 a more constant behavior is apparent and, thus, indicate an
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Chapter 2. Physics case

increase in collectivity with decreasing neutron number (black dots) [42, 43, 47, 48]. In
contrast, the data drawn with empty circles were obtained from an experiment employ-
ing the Doppler-shift attenuation method [49], suggesting a decrease of collectivity with
decreasing N. This data is in better agreement with the large-scale shell-model calcula-
tion [42] and with the observed reduced binding energy of the orbits around Z = 50 [6].

Due to the ambiguity of the experimen-

4t Slts;t)btl:pgg tal results for N < 64, further experimen-

E 5| tal clarification is essential, as the proper-
= ‘\w/ ties of the Z = 50 isotopic chain are key
éﬁ 27 ingredients for theoretical calculations of
g1 B(E2) values in the middle of the nuclear
0 chart. The observed local rise at N = 82

30 | : of the B(E2 71) value (see section 2.2) is
E ol } related to the negative-parity intruder or-
& ¢ E } } } bital 0hy1/. The same behavior is also
% 10 ' t observed in the doubly-magic ***Pb (38,
0 : 51, 52] and was predicted applying differ-

0 34 58 62 66 70 74 7B 82 ent quasi-particle random-phase approxi-

Neutron number

mation (QRPA) calculations [53-55]. Nev-

Figure 14: Top: Excitation energies for the sec- ertheless, the B(E21) for 132G is small
ond excited state 3; in the even-
even tin isotopic nuclei. Bottom:
B(E3) values in W.u. are pre- hence, a further indication of the doubly-
sented. Values taken from Ref. [50].
See text for more details.

compared to “mid-shell” tin isotopes and,

magic structure of **Sn. The second ex-
cited state in the doubly-magic ***Sn is the
31 . The excitation energy along the isotopic chain (see upper Figure 14) is nearly constant
at © 2.5 MeV, which also originate from the dense neutron orbit configuration. Experi-
mental values for N = 78 and N = 80 are not available. The B(E3) values, shown in
the bottom Figure 14, between « 10-25 W.u. implicate a collective structure of the 37
state. The negative-parity intruder 0hq;/9, which has to be included in possible neutron
configurations, allows for E2 and E3 collective transitions via the possible v0h;1/50g7/2

and v0hy;51ds /5 particle-hole excitations.
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2.1. Properties of Z =50 and N = 82 nuclei

Shell closure along N = 82

Along the N = 82 isotonic chain seven nuclei are stable.

This emphasizes the strong

nature of the shell gap at N = 82 for Z > 50. Moreover, this shell-closure is affected by

proton-neutron interactions. This interactions can modify e.g. binding energies and, thus,

change the orbit energy and influence the shell gap.

The mr-interactions are restrained to the
proton-neutron configurations. Therefore,
several possible wr-interaction mechanisms
can affect the structure of nuclei alongside
N = 82. Thus, it is significant to study cer-
tain properties of the isotonic chain N = 82
as a function of the proton number. In Fig-
ure 15 the excitation energy of the first ex-
cited state as a function of the proton num-
ber is presented. A similar pattern, as for
the isotopic chain Z = 50, can be observed
(see Figure 13). The highest excitation en-
ergy of the first excited state is reached for
Z = 50, followed by a smooth behavior for
higher Z. The increase towards Z = 64 is
slightly more pronounced, than along the
isotopic chain. The reason is the sub-shell

closure with its larger energy gap between

stable isotones
for N = 82

48

52 56 60 64 68 72

Proton number

Figure 15: E(2]) and B(E2 1) along the N =

82 isotopic chain are presented. The
dashed line connecting Z = 48 and
Z = 50 is set, as the spin assign-
ment at Z = 48 is preliminary. Data
taken from Ref. [4].

the proton orbitals, originating from the additional contribution from the Coulomb force.

Furthermore, the aforementioned reduced transition strength along N = 82 for Z > 50,

demonstrates that the B(E2 1) of %291 is small compared to the neighboring isotones and,

hence, reinforce the doubly-magic character of this nucleus. The equality of the B(E2 1)

for tin and tellurium is related to the local increase of the B(E2 1) for **Sn.

The second excited state for nuclei with 82 neutrons is the 37 state. This state is generated

by proton excitation, as the large neutron-shell gap hinder neutron excitation. As expected

and presented in Figure 16, the excitation energy is the largest for ***Sn. The minimal

excitation energy for the 37 level is observed for N = 64. The proton orbit distribution

at the sub-shell closure induces the lowering of the 3; state. Thus, in this case the 3; is
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Chapter 2. Physics case

lowered to around 2 MeV. The B(FE3 1) = 10 — 40 W.u. values indicate clearly a collective
behavior with a maximum value at the sub-shell closure at Z = 64. At Z = 64 the possible

number of particles/holes that contribute to the excitation is largest between the two shell
closures Z = 50 and Z = 82.
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Figure 16: Measured E(3; ) and B(E3) values are shown. Adapted from Ref. [56-60].
The values for Z = 50, 52 are unknown.
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2.2. Previous Coulomb excitation of **?Sn

2.2. Previous Coulomb excitation of *2Sn

The first Coulomb-excitation experiment with a radioactive-ion *?Sn beam was performed
at HRIBF at ORNL and reported in Ref. [43, 44]. The challenge to excite the doubly-
magic **Sn, arises on the one hand from the required high excitation energy and on the
other hand from the small transition strengths. Nevertheless, with the opportunity of
post-accelerating radioactive-ion beams (cf. Sec. 3), it is possible to produce the 13290
beam and facilitate the excitation of the first 2% state. The **Sn Coulomb-excitation
experiment at ORNL used a post-accelerated radioactive-ion beam in two consecutive runs
with 470 MeV (3.6 MeV /u) and 495 MeV (3.75 MeV /u). Both runs utilized a 1.3 mg/cm?
thick **Ti target, which yield a high cross section for the inverse kinematic and beam
energies [44]. For monitoring the beam quality a carbon-foil-MCP beam counter as well as
a Bragg counter were positioned 57 cm and 2 m in the beam axis downstream the target,
respectively. The beam intensity at the **Ti target amounted up to 1.4x10° ions/s and
a beam purity of 96% was achieved. The beam time was approximately two weeks. To
detect the high-energetic v rays from the first excited 27 state at 4.04 MeV, the ORNL-
MSU-TAMU BaF, array was used to guarantee a high total-photopeak efficiency of ~ 30%.
Therefore, 150 BaF, detectors were placed in a compact geometry surrounding the target.
In addition to the scintillators an annular double-sided silicon strip detector (DSSSD) with
7 cm diameter was employed to detect the scattered beam-like and target-like particles.
The distance between the target and the Si-detector was 8 cm along the beam direction.
Thus, the full range of possible center-of-mass angles was covered. The particle Doppler-
correction was done with the positon sensitive Si-detector with 48 radial strips and 16
horizontal strips. Considering the high energies of both reactions and the safe Coulomb-
excitation (COULEX) criterion of 5 fm distance between projectile and target nuclei, a
limitation of possible scattering angles was requiered to eliminate the influence of nuclear
interactions [22]. The maximum scattering angle in the center of mass frame at 3.75 MeV /u
beam energy amounts to 85°, whereas at 3.6 MeV /u an angle of 90° was the limit. Both
angles correspond to v 20° in the laboratory frame. The final y-ray spectrum for *?Sn
was obtained with a particle-gamma coincidence trigger to reduce the y-ray background.
The forward scattered tin particles, within the safe COULEX angles, were used as a valid
trigger. "Unsafe” events were discriminated by coincidences between Sn and Ti particles
(see Figure 17 (b)), by making use of the inverse kinematics. The advantage of a high
efficiency of the BaF, array for 4 MeV ~ rays, goes along with a poor energy resolution of
25% at 4 MeV (Figure 17 (a)). Considering the second excited state 31, with an excitation
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(a) y-ray spectrum obtained from the 132gn experiment in inverse kinematics
at HRIBF. The spectrum was generated with a particle-gamma coincidence
trigger between the DSSSD detector and the BaF, array, to reduce the y-ray
background. (b) Calculated kinematics of the reaction. The dashed lines
represent the energy at the “back” of the target, whereas the solid lines show
the energy at the “front” of the target with respect to the scattering angle.
Figures taken from Ref. [44] with kind permission of The European Physical
Journal (EPJ).

energy of 4.35 MeV (and even the 47 at 4.42 MeV), it is impossible to separate the 2] and
31 transitions with the achieved energy resolution. The preliminary reduced transition
strength B(E2 1505, — 2f) = 0.11(3)/0.14(6) ¢’b”* was determined with the obtained
yield shown in Figure 17 (a) [43, 44]. A final B(E2) value was not given. No efficiency

calibration was available for the BaF, array. The preliminary values were calculated with

a simulated response function for the BaF, array.
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Ground-state properties are already observed for more than 3400 bound nuclei. Only
a small fraction of this nuclei, i.e. 253 are stable. Further 33 radioactive nuclei occur
naturally on earth. Thus, more than 91% of the observed nuclei are only short-lived
and have to be produced in-situ by nuclear reactions. Therefore, nuclear reactions are
indispensable to create and study unstable nuclei, to understand their nuclear structure
and astrophysical processes like the r- and p-process. Different techniques are applied
to produce nuclei towards the proton and neutron drip lines. For example neutron-rich
nuclides are mainly produced via fission reactions of heavy nuclei, whereas proton-rich

residuals can be created via fusion-evaporation reactions.

One experimental approach to study radioactive nuclei are ”in situ“ experiments. Thereby
stable nuclear beams are guided onto stable target materials, followed by the immediate
investigation of the reaction products and their properties. With this technique high pro-
duction cross sections for radioactive nuclei are achieved. However, for fusion-evaporation
reactions the potential residuals are limited by the beam-target combination and are pro-
duced among other nuclei in the same reaction. Investigation of radioactive nuclei after
induced fission reactions suffer from high fission background. The created radioactive nuclei

of both reactions are restricted to highly excited states and the consecutive decays.

A complementary experimental method is the production of post-accelerated Radioactive
Ion Beams (RIBs). For this method two reaction processes are needed, first the radioac-
tive nuclei are generated at a primary target. Consecutively these nuclei are ionized, mass
separated, accelerated and guided to a secondary target, where the second nuclear reac-
tion of interest is induced and the measurement is performed. This technique reduces
the background stemming from possible contamination during the primary reaction and
allows, due to the variable beam energy and the available specific nuclei of interest, the
investigation of low-energy properties. However, for exotic nuclei far from the valley of
stability the production of radioactive-ion beams deals with very low production cross sec-
tions, unwanted contamination and very short half-lifes of the produced nuclei. Hence,
the production of qualitative high radioactive-ion beams requires high production rates. A
precise selection of the nuclei of interest is essential to cope with the overwhelming amount
of undesirable nuclides produced in the primary reaction. Thus, the extraction and ma-
nipulation (ionization, purification) of the radioactive-ion beam has to be very efficient.

After the extraction of the desired radioactive nuclei, the focus lies on the half-life of the
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created nuclides. For short-lived nuclei fast processing is an important aspect, as these
products has to be guided timely to a scientific experimental setup. Another important
aspect is the variable beam energy of the radioactive ions, which determines the variety
of approachable nuclear properties. These considerations and requirements lead to the
following possibilities of producing RIBs. The production and investigation of radioactive
nuclei with life-times smaller than microseconds is performed via the so-called In-Flight
(IF) technique. The IF method uses heavy-ion beams at energies between 100 MeV /u and
4.5 GeV /u, which are guided onto light targets (typically *Be). Therefore, the resulting
nuclei still hold high energies and high forward momentum (beam direction). Separation
and identification of the nuclei is achieved via a fragment separator. A second production
method is the “Isotope Separation On-Line” (ISOL) technique utilized for example at the
ISOLDE facility at CERN, which is one of the most commonly applied method for inves-
tigating low-energy properties of exotic nuclei. It allows for the production of neutron-rich
as well as proton-rich radioactive nuclei at very low recoil velocities. The ISOL method is
associated with the following steps: (i) bombardment of a thick heavy target with protons
(deuterons or neutrons after neutron conversion), including the production of nuclei caused
by e.g. fission, spallation or fragmentation, (ii) the diffusion of these nuclei out of the target
(typically UC,) into an ion source and (iii) ionization, extraction and mass separation of
the desired beam. For the production of radioactive nuclei the extraction and processing
time from the bombardment of the primary target to the final delivery at the experimental
setup, is of major importance. This limits the application of this method to experiments
with nuclei with half-lives greater than T;,, > 4 ms [61]. In Figure 18 the isotopes and
the corresponding intensities measured at the ISOLDE facility at CERN are illustrated.

In contrast to the doubly-magic tin nuclei i.e. *°*Sn, the production of the exotic radioactive
13291 nucleus is feasible with a high cross section by asymmetric fission of actinides via
the ISOL technique. Thus, the *?Sn nuclei was studied exploiting different techniques
like, ™ -decay of "*?In, S~ -decay of **In with following neutron evaporation, internal-
conversion decay and spontanious fission of **Cm. From these measurements the level
scheme up to 7.2 MeV, spins of the ground and the first-excited state, branching ratios
and conversion coefficients of '**Sn are documented [64]. At HRIBF, Oak Ridge a first
Coulomb-excitation experiment was performed to determine reduced transition strengths,
which was briefly described in Section 2.2. In contrast to the Coulomb excitation at
ORNL, the approach of this experiment is based on a high resolution ~-ray spectrometer

to determine the quadrupole and octupole collectivity of **2Sn.

42



3.1. The HIE-ISOLDE facility

Yield (ions/pC)

Figure 18: (a) Nuclear chart (grey area) with available nuclei, illustrated with a color
code, and the corresponding intensities measured at ISOLDE, CERN. Data
taken from Ref. [62, 63].

The reduced detection efficiency, compared to the BaF, array, is compensated by an in-
creased Coulomb-excitation cross section due to the high beam energy of **Sn delivered
by the HIE-ISOLDE accelerator (stage 1). A more detailed description of the experimental

setup is given in the subsequent sections.

3.1. The HIE-ISOLDE facility

The initial intention for operating the ISOLDE facility at CERN, was the production of
short-lived radioactive isotopes, which were not accessible at this time [65]. After the first
experiments at the late 1960s, it was realized that the ISOL technique provides immense
opportunities for studying nuclear physics and properties of unknown nuclei far from sta-
bility [66]. At this time the primary protons were delivered by the synchro-cyclotron (SC)
with an energy of 600 MeV and intensities up to 4 pA [65, 67]. In 1992 the ISOLDE facility
was upgraded, moving from the SC to CERNs Proton-Synchrotron Booster (PSB). The
PSB delivers a 1.4 GeV proton beam with a maximum average intensity of 2 pA. Approx-
imately 1300 nuclei of more than 70 isotopes can be produced at ISOLDE with intensities

between 107" to 10" ions/s. Typical energies of the singly-charged ions of the primary
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ion source are between 30 keV and 60 keV. Within this range the low-energy physics at
ISOLDE (e.g. solid-state, biophysics, laser spectroscopy, mass measurements, medicine ex-
periments etc.) take place. In 2001 a further major upgrade was put into operation, the
REX (Radioactive beam EXperiment) post-accelerator, which expanded the possible nu-
clear structure and nuclear astrophysics studies of radioactive-ion beams to energies up to

3 MeV/u. This enabled e.g. nuclear reaction studies at the Coulomb barrier [68].
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Figure 19: Schematical overview of the ISOLDE facility after the final HIE-ISOLDE
upgrade with its various experimental setups. Marked in the red frame are
the existing super conducting cryomodules (2016) and in the blue frame the
missing one. Figure adapted from Ref [69] with kind permission of CERN.

The next step towards higher beam energies and new physics was in 2015, with the suc-
cessive ISOLDE upgrade to HIE-ISOLDE (High Intensity and Energy). An additional
super-conducting accelerator extends the post-acceleration of the radioactive-ion beam af-
ter the REX accelerator. This super conducting accelerator consists, in its final version, of
four high-8 cryomodules plus two low-3 cryomodules replacing parts of REX, which will
accelerate ion beams up to 10 MeV /u for nuclei with mass-over-charge ratios of 4.5. In Oc-
tober 2016 the first stage (stage 1) of this upgrade was finished and succesfully operating,
by accelerating radioactive-ion beams up to 5.5 MeV /u for nuclei with A/q ~ 4.5 [68, 70,
71]. The new HIE-ISOLDE facility with its various experimental and instrumental setups

is shown schematically in Figure 19.
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3.1.1. Radioactive-ion beam production

The ISOL beam-development program started simultaneously with the operation of the
ISOLDE facility [65]. This beam development is still a key player for the physics at
ISOLDE and contributed to a major part to the evolution of the ISOLDE facility. Thus,
continuously new target materials, target-handling techniques as well as enhanced ion
sources are required to increase the beam intensity, beam purity and variety of the available
radioactive ion beams at ISOLDE.

ISOLDE is integrated in the main CERN accelerator complex and profits from the pulsed
1.4 GeV proton beam of the PSB. The proton beam is guided from the PSB to the ISOLDE
target with a minimum spacing of 1.2 s between the proton pulses. Its intensity can reach
up to 3.2 x 10" protons per pulse. This would result in a maximum integrated intensity
of 4 pA. Due to to safety regulations the average integrated intensity amounts to 2 pA,
which is caused by an average 2.4 s spacing between the proton pulses impinging at the
ISOLDE target [72]. At ISOLDE two separate targets can be operated simultaneously,
as each target station is coupled to a different mass separator (cf. Section 3.1.3). In
Figure 20 (a) a typical ISOLDE target is illustrated and a schematical cross section of this
target is shown in Figure 20 (b).
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Figure 20: (a) CAD drawing of a typical target station at ISOLDE. Figure adapted
from [73] with permission of CERN. (b) Cross section of a FEBIAD hot
plasma ion source (labeled MK5). Figure adapted from [74] with permission
of CERN.
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As seen in Figure 20 (a) the proton beam is impinging into the target container with a
length of 20 cm and 2 cm in diameter. Inside the target container, which typically consists
of graphite or tantalum, the target can be stored as a powder, metal, molten metal or
carbide fibers pressed in pill form. Concerning the target material many parameters have
to be considered, e.g. production cross sections, release characteristics, density, mechani-
cal and thermal resistance, melting point, target structure and the electrical conductance.
These properties are important for the target selection, to maximize the beam intensity,
which depends on the requested isotope. The high-energy proton beam impinging onto
the thick target, produces, via fission, fragmentation and spallation processes, a variety of
radioactive isotopes. Neutron-rich isotopes are produced by fission and spallation processes
of heavy neutron-rich elements. Neutron-deficient isotopes are generated in fragmentation
reactions with the ISOL technique. For some isotopes neutron-induced fission can yield
higher beam intensities or an improved beam purity. Therefore, a proton-to-neutron con-
verter is placed 25 mm (center to center) apart of the ISOLDE target. The converter,
which typically is made of a heavy metal, e.g. tungsten, with a diameter of 12.7 mm
and a length of 125 mm, is directly irradiated with the proton beam from the PSB [75].
The neutrons created by spallation reactions are used subsequently to induce fission in the
ISOLDE target material.

A frequently used target is UC, (uranium carbide), because it provides high production
cross sections and fast release characteristics for many neutron-rich nuclei [76]. The target
material can be heated to enhance the effusion and diffusion processes in order to increase
the beam intensity. Moreover, the purity of some beams can be improved by extracting the
required isotope as a molecular beam. Therefore, the chemical properties of the desired
isotope are used to create a molecule predominantly with the desired isotope. Thereby
possible contaminants are reduced, as the production of a chemical compound with the

remaining isotopes is suppressed.

3.1.2. Ion sources

Three possible ion sources are used at ISOLDE to ionize the isotopes or molecules produced
in the primary reaction. The simplest setup is the surface ion source, which uses a heavy
metal tube (tungsten or tantalum) with a high work function. For isotopes with a low
ionization potential the heated metal tube is able to strip down an electron from the
atomic shell and, hence, ionize it. Tin isotopes with a relative high ionization energy

of 7.3 eV [77] can not be surface ionized to a sufficient amount. The ionization energy
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Figure 21: (a) Ionization efficiency as a function of the ionisation potential for differ-
ent ion sources. Surface ionization is marked with squares, negative surface
ionization with crossed-squares and laser ionization with triangles. For the
FEBIAD source (circles) the ionization efficiency between 7-10 eV is al-
most constant at 80%. Figure taken from Ref. [78]. (b) Obtained yields at
ISOLDE for tin isotopes with direct and indirect target irradiation with a
proton beam following ionization of atomic tin with RILIS and molecular
tin sulfid with a hot plasma source. The RILIS ionization of tin shows a
yield which is one order of magnitude higher than the yield of SnS obtained
with plasma ionization. The difference in the intensity is caused mainly by
a conservative operation of the hot plasma source to avoid damages of the
tantalium cathode. Nevertheless, the purity of the beam extracted with SnS
molecules is much higher. Figures taken from [75] with kind permission of
Elsevier.

of SnS amounts to 9.13 eV, thus making surface ionization not applicable [75] (compare
Fig. 21 (a)).

A more advanced method is the laser ionization. Intense laser pulses are tuned in resonance
to strong excitation transitions of the specific atom to remove one electron from its shell.
Typically laser ionization is a multi-step process. The Resonance Ionization Laser lon
Source (RILIS) method was already used successfully for ionization of light tin isotopes at
ISOLDE [79]. This procedure allows to suppress the heavier Sb, Te, I and Xe isotopes as
their ionization energy is greater than 8.6 eV. Nevertheless, Cs, Ba and In with ionization
energies smaller than 6 eV are also produced very efficiently and lead to a contamination
of the beam. However, the ionization efficiency via the RILIS is not applicable for SnS
(Figure 21 (a)), as the energy transfer to the molecule would cause a photodissociation of

the molecules. For more details concerning these two methods see Ref. [80].
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Plasma ion source

As previsouly mentioned, to enhance the beam purity and obtain a high intensity of ***Sn,
it is possible to synthesize and extract SnS [81]. This will reduce the main contamination
caused by caesium, as caesium will not build a chemical compound molecule with sulfur.
The same is true for the noble gas Xe. A further advantage is the desorption time of SnS,
which is two orders of magnitude smaller than the desorption time of tin [75]. This reduces
the release time of SnS out of the target significantly and improves the efficiency, i.e.
the beam intensity at this point, especially for short-lived isotopes [75]. The synthesized
molecules are ionized with a hot plasma source. The tantalum transfer line is heated
up to 1900°C, as higher temperatures will not improve the ionization efficiency due to
higher background from material evaporation [82]. The transfer line is equipped with a
thin molybdenum tube with enriched sulfur to allow the production of SnS. The plasma is

typically generated with Xe and Ar, via accelerated electron impact.

The SnS molecules as well as the electrons are produced in the heated transfer line and
diffuse into the plasma chamber. The electrons are accelerated between a disc-shaped cath-
ode inside the transfer line and the extraction anode inside the plasma chamber. Typical
voltages applied for the electron acceleration are between 100 V and 200 V. This enables for
an efficient ionization of elements with high ionization potentials. The plasma temperature
T, has to be maintained in the way that kg7, > Wg, s, where W, s denotes the ionization
energy of SnS [80]. The ionization of the molecules is caused by electron impact, stripping
and pick-up collisions with the plasma ions. The ionization efficiency is enhanced by an
additional magnetic field, perpendicular to the beam axis, which increases the molecules
persistence in the plasma. For the present experimental setup, the Forced Electron Beam
Induced Arc Discharge (FEBIAD) source was used (see Fig. 20 (b)). This type of plasma
source provides an ionization efficiency of around 80% for tin sulfide (cf. Fig. 21 (a)) and
operates successfully at low gas pressures of 10™* to 10™° mbar [83]. The ion beam inten-
sities of the FEBIAD ion source are in the range of 1-10 pA [82]. For more details of the
FEBIAD ion source see Ref. [83, 84].

3.1.3. Mass separators

The moclecules are ionized to a charge state ¢ = +1 and extracted by an external electric
field of 30 keV to 60 keV at the extraction anode of the ion source. After the extraction,

it is important to select the desired molecules and guide these to the experimental setup.

48



3.1. The HIE-ISOLDE facility

The mass-over-charge (A/q) selectivity is achieved with two different mass separators, the
General Purpose Separator (GPS) and the High Resolution Separator (HRS). Each of these
mass separators is connected to an individual target station, allowing for a very flexible
operation and RIB delivery. Both separators are feeding one common beam line, which in
turn delivers the beam to the majority of all available experimental setups at the ISOLDE
facility. In the following subsection the HRS will be described in more detail, as this
separator was in operation during the presented experiment. For a specification of the
GPS, see Ref. [72].

Target station

MINIBALL

Figure 22: CAD drawing of the ISOLDE hall with an inset of the mass separators HRS
and GPS. More details about the setup are given in the text. Figure adapted
from Ref. [69] with kind permission of CERN.

HRS

The High Resolution Separator can be divided in two separator stages. The first stage
comprises three electrostatic quadrupole lenses, followed by the double focusing 90° C-
magnet with 1 m bending radius and higher-order correction elements. These correction
elements consist of a 32-pole electrostatic multipole in octopole configuration together

with pole face windings in the magnet in hexapole configuration. The second stage has a
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comparable structure. Two electrostatic lenses and a second dipole magnet with a bending
angle of 60° are followed by two electrostatic multipoles (32-poles in octopole configuration)
for higher-order corrections. As illustrated in Figure 22, the magnets of the HRS are
positioned in opposite directions, which has the advantage that no additional focussing
element is needed between the two stages. The total mass resolving power of the HRS
is M/AM = 7000 with higher-order correction elements turned off, while reaching up to
M /AM = 15000 with higher-order corrections [72].

3.1.4. Post accelerator

After mass separation, the radioactive ion beam is delivered to several experimental setups
at the low-energy area of ISOLDE with its initial beam energy of typically 30-60 keV.
Radioactive ion beams with these low energies are used for investigations of ground-state
properties, S-decay studies, solid-state physics, biophysics or medicine experiments. During
the mid 1990s, after ISOLDE had been moved to the PS Booster, the REX project was
approved by the CERN Research Board. This was the consequence of the interesting new
physics opportunities with post-accelerated radioactive ion beams with energies of a few
MeV /u [67]. The Radioactive beam EXperiment (REX) project was devoted to bunching,
charge breeding and post acceleration of the low-energy beam at ISOLDE. The post-
acceleration unit comprises a penning trap (REXTRAP) for decelerating and bunching of
the beam, followed by a charge-breeding system (REXEBIS). The setup is illustrated on
the right side of Figure 23.
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Figure 23: Left: Schematical illustration of the experimental setup of the REX-ISOLDE
and first stage HIE-ISOLDE instruments. Right: Schematical drawing of the
charge breeding system with the basic work-flow description. Figures taken
from [68] with permission of CERN.
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Inside REXEBIS the singly-charged ion beam is processed to higher charge states via
electron-beam ionization. This procedure is essential to avoid a large-scale accelerator
and instead be able to reach moderate energies with a compact and effective accelerator
(REXLINAC). The REX linear accelerator is coupled to the charge breeding system via
an A/q separator. Since the operational start of REX-ISOLDE in 2001 over 100 isotopes,
from ®He up to ***Ra, were post-accelerated and studied in Coulomb excitation or transfer
reactions [61, 70]. In order to achieve even higher beam energies, the HIE-ISOLDE project
was initiated [71]. A schematical configuration of the REX- and current HIE-ISOLDE
setup is shown in Figure 23 (Left). The first stage of the new super-conducting linear
accelerator, with two newly installed high-beta cryo-modules, which are mounted behind
the REX-LINAC, allowed to enhance the beam energy from 3.0 MeV /u up to 5.5 MeV /u.
The first stage of the HIE-ISOLDE project was finished in 2016 and started successful
operation in September of the same year [70]. Further stages will upgrade the super-
conducting LINAC to comprise finally six cryomodules, which will be able to accelerate

the radioactive ion beam to energies up to 10 MeV /u for nuclei with A/q ~ 4.5 [68].

REXTRAP

A Penning trap can be employed to provide cooled and bunched ion beams. These are
essential for operating charge-breeding systems with high efficiency, e.g. EBIS and radio-

frequency accelerators, which are also used at ISOLDE.

The mass-separated singly-charged ion beam is continuously injected into the cylindrical
shaped Penning trap REXTRAP, which has a diameter of 5 cm and a length of 0.9 m [87].
REXTRAP is divided in a stopping and a trapping region, both filled with Ne and/or Ar as
a buffer gas [87, 88] (cf. Fig. 24 (a) top left). Incoming ions are cooled by collisions with the
buffer gas and trapped by an applied High-Voltage (HV) field. This process typically takes
~ 20 ms [85]. Charge exchange collisions are avoided, due to the high ionization potential
of Ne/Ar nobel gases. The pressure in the trapping region amounts to around 10~* mbar,
whereas the pressure in the stopping area is one order of magnitude larger to increase the
energy loss of the ions. In addition, an applied 3 T magnetic field allows the confinement
of ions in the center of the trap. Within the applied electric and magnetic fields, the ions
are forced to a magnetron motion around the trap center, a reduced cyclotron motion
and an axial motion (harmonic oscillation). The cooling via collisions with the buffer gas,

disturbs the magnetron motion of the ions and increase their orbits. Recentering of the
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Figure 24: Top left: Schematic drawing of the Penning trap with the used electrode con-
figuration. Middle: Corresponding gas pressure and potential along REX-
TRAP. The left bottom Figure illustates schematicaly the working principle
of the Penning trap. Right: Image of REXTRAP at ISOLDE, CERN. Fig-
ures adapted from [85, 86] with permission from Elsevier and CERN.

ions of interest is achieved by applying a radio-frequency field with the cylcotron frequency
machting the desired ions mass wg = ¢/mB. This procedure, which improves the purity
of the beam, is called side band cooling [87]. The typical mass resolution of the side band
cooling amounts to M/AM = 500 [87] and depends on the gas pressure in the trapping

region.

REXEBIS

After the continuous beam is decelerated and bunched, the ions are injected via an efficient
electrostatic achromatic transport line into the Electron Beam lon Source (EBIS) for charge
breeding [89]. This charge breeding is essential, to facilitate a post acceleration up to
5.5 MeV/u with the subsequent compact linear accelerator. As illustrated in Figure 23
the connection to REXEBIS is realized by two 90° kicker benders. REXEBIS allows for
an A/q ratio in the range between 2.5 < A/q < 4.5. The upper limit of the A/q ratio
is limited by the REXLINAC properties (see Sec. 3.1.4). The charge breeding in the
EBIS is achieved by electron impact. The incoming ions are confined in a 0.8 m big
trapping region and bombarded with an electron beam, which is provided by an electron

gun (cathode). The electron beam is transversally focused by employing a 2 T magnetic
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field of a 1.2 m long superconducting solenoid [90]. The confinement of the ions is generated
by the negative space charge of the electron beam inside the magnetic field and the electric
field of electrodes at the front and back side of the REXEBIS (cf. Fig. 25). This trapping
enhances the phase-space overlap between the electron beam and the confined ions, which
leads to an improved breeding efficiency of the EBIS. For a successful injection of the beam
into the EBIS a low extraction emittance of REXTRAP < 15 mm-mrad is required [91].
The electron gun produces 3-6 keV electrons with a typical current of 200 mA, that can
be increased up to 460 mA. A high current beam density of 100 A/cm? is accomplished
by the external magentic field [89]. The breeding time depends on the mass-over-charge
ratio, which is needed for the isotope of interest. Between 5 ms, for A < 10 nuclei, up to
some hundreds of milliseconds for A > 200 isotopes are necessary to reach the proper A/q
ratio [68]. The extraction time out of the EBIS is manipulated by adjusting the extraction
barrier. For light nuclei the extraction time is typically in the range of tens of microseconds,

whereas for heavy nuclei A > 150 it will take longer than 100 ps.

A

__extraction
o

0.8 m

axial potential

- - >
axial distance

a
Sy
o
(@}
=
o
=
2]

trapped ions
PP radial potential

Figure 25: Top: Axial potential along the EBIS with the 0.8 m long magnetic field for
the confinement of the ions. For the ejection the potential is lowered to
about 20 kV. Bottom left: Radial potential caused by the space charge of
the electron beam. See text for more details. Figure adapted from [92] with
kind permissions of CERN. Bottom right: Picture of REXEBIS at ISOLDE
inside the 1.2 m long solenoid. Figure taken from [92] with kind permission
from CERN.
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Chapter 3. Radioactive-beam physics at ISOLDE, CERN

This has an impact on the instantaneous particle rates at the experimental setup [89]. It is
possible to increase the extraction time up to 800 ps [91] to obtain an equal/constant count
rate over the extraction time. This is relevant in order to avoid a huge dead time of the DAQ
system or pile-up signals in the recorded data. Following the extraction from REXEBIS the
beam has to be separated with respect to the A/q ratio, as contaminations may overweight
the desired radioactive isotopes. Most contaminations, e.g. carbon, oxygen, nitrogen, neon
and argon are mainly caused by residual gas inside REXEBIS. Hence, an ultra-high vacuum
of 107'" mbar inside the EBIS is required to improve charge breeding and simultaneously

suppress the production of contaminations due to ionization of residual gas atoms.
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maximum intensity at a charge state
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M/AM ~ 150 [94]. Nevertheless, con- the residual gases inside REXTRAP
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the REXTRAP and REXEBIS were men-
tioned in the previous section. Figure 26 shows an example of the EBIS beam after charge
breeding *Cs.
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REXLINAC

The bunched and separated ion beam is injected into the compact linear accelerator of
REX. The REXLINAC is a room-temperature linear accelerator, which was designed to
post-accelerate radioactive-ion beams with A/q < 4.5. The structure of the REXLINAC
is composed out of a radio-frequency quadrupole accelerator (RFQ), an interdigital H
structure (IH), three 7-gap resonators and a 9-gap resonator. The ion beam is injected into
the four-rod \/2 RFQ accelerator with an energy of 5 keV/u. The RFQ unit accelerates
the beam up to 300 keV/u and injects it into the IH structure, by passing a split-ring
rebuncher to modify the longitudinal beam parameters. The 20-gap IH cavity operates at

a frequency of 101.228 MHz and increases the beam energy up to 1.2 MeV /u [95].
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Figure 27: Schematical structure of the REXLINAC with images from maintenance
work in open status for the single units. Further information is given in the
text. Figures taken from [96] with kind permission of CERN.

The adjacent system of three 7-gap split-ring resonators, operating at the same frequency;,
allows to adjust the beam energy in the range from 0.8 MeV/u up to 2.2 MeV/u. The
last boost in beam energy can be achieved with the 9-gap IH unit, operating at twice the
frequency of the 7-gap resonators. This can enhance the beam energy up to 3.0 MeV /u
(A/q < 3.5).

The beam intensity and the time structure is constrained by several parameters. These are
the proton repetition time, release characteristics of the primary ISOLDE target, the charge
breeding and bunching as well as the duty cycle (typically 10%) of the accelerator [97].
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Chapter 3. Radioactive-beam physics at ISOLDE, CERN

The beam intensity can vary between few 100 up to 107 ions/s, which is measured with
Faraday cups, multi-channel plates (MCP) and phosphor screens [68]. If the intensity of
the desired beam is below 0.1 pA the measuering devices are not able to directly detect
the beam. Therefore, the accelerator adjustments are performed with a stable beam with
sufficient intensity and similar A/q as the final isotopes, to obtain the set of accelerator

parameters [68].

HIELINAC

An additional energy improvement will increase the scientific opportunities of the ISOLDE
facility. The energy upgrade includes the expansion of the existing REXLINAC with an
additional superconducting linear accelerator, high energy beam transfer lines (installed

2015) and three experimental beam lines [68].

In 2006 it was decided to build a superconducting (SC) linear post-accelerator to achieve
HIE-ISOLDE’s energy upgrade. The large electric gradients, provided by this kind of ac-
celerator, allow for a compact, space-effective construction and positioning in the limited
space of the ISOLDE hall [101]. The design of the cryomodules benefited from the experi-
ence of the LHC, TRIUMPH and ALPI facilities. This composition of REXLINAC and the
newly installed first stage superconducting accelerator, which is based on quarter-waver
resonators, is the ISOLDE HIELINAC. In total six cryomodules with in total 32 radiofre-
quency cavities will be assembled to the final superconducting linear post-accelerator at
ISOLDE.

The upgrade of the post-accelerator is divided into three stages [71]: (I) The first stage
included the process from designing up to commissioning of two cryomodules. In 2015,
the first beam was delivered by HIE-ISOLDE with one cryomodule operating. The sec-
ond cryomodule was installed in 2016. Both cryomodules comprised five superconducting
high-beta (8 = 10.3%) cavities, with 300 mm diameter, operating at 101.28 MHz, and a
superconducting solenoid magnet [71]. The operation of both cryomodules in 2016 allowed
to enhance the beam energy up to 5.5 MeV /u for nuclei with A/q < 4.5. The aim of the
solenoid, with a maximum strength of 7 T, is to decouple the transverse and longitudinal
motion of the ions inside the cavities and, hence, reduce the beam emittance and losses.
(IT) Subsequently the next two cryomodules, with the same specification, will be mounted.
Already in 2017 the third cryomodule was mounted in the ISOLDE hall (cf. Fig. 28) [68,

70]. Completion in 2018 was achieved! The ultra-high vacuum coating chambers of the
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HIE-ISOLDE Superconducting Linac Upgrade
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REX EBIS A/q ChODD?" Low Energy High EnergySection H HEBT
Separator Line Section i

Figure 28: Top: Schematical setup of the final HIE-ISOLDE beam line. Bottom left:
CAD drawing illustrates the installation of one high-beta cryomodule. Five
high-beta RF cavities are mounted under the liquid He reservoir and divided
in two groups by the superconducting solenoid. For the low-beta cryomod-
ules a similar configuration will be realized, however they will contain six
RF cavities and two solenoids. Bottem middle: Image shows a RF cavity
after assembly in a clean room. Bottom right: Picture represent the status
of the HIELINAC at ISOLDE at the beginning of 2017 with three cryomod-
ules already mounted at their final position. Figures taken from [68, 98-100]
with kind permission of CERN.

cryomodules operate at 107! mbar at cooled state. Accelerator gradients are specified to
be 6.0 MV /m with less than 10 W power dissipation at 4.5 K operational temperature [68,
71]. (III) The final step will replace the 7-gap and 9-gap structures from REXLINAC
with two cryomodules. Each of this modules will contain six low-beta (5 = 6.3%) cavi-
ties (180 mm diameter) and two superconducting solenoid magnets. During this stage the
remaining REXLINAC will be upgraded by the installation of a pre-buncher and beam
copper at the RFQ), to increase the transmission and efficiency of REXLINAC. After this
upgrade the HIELINAC will be able to provide post-accelerated ion beams with energies
up to 10.0 MeV /u and variable energy without degradation of the beam quality.
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Chapter 3. Radioactive-beam physics at ISOLDE, CERN

The intensity upgrade of HIE-ISOLDE is dedicated to a more effective use of the improved

proton beam from the upgraded PSB [102]. Therefore, efforts are ongoing to improve the

target and ion source system, the mass separators and other related instruments to this

section [68].
3.1.5. Beam time structure

As discussed in the previous sections the
radioactive ion beam at HIE-ISOLDE is
bunched. In Figure 29 a typical time struc-
ture at ISOLDE is illustrated. The time
structure of the ion depends on different
factors e.g. time of the delivered proton
beam, release characteristics of the target
and ion source, decay of the desired radioac-
tive ions and the duty cycle of the bunch-
ing, breeding and accelerating devices. To
keep control over the whole sequence from
the proton impact to the radioactive ion-
beam delivery at the experimental setup,
various timing signals are provided. The
first signal is available at the start of each
super-cycle of the PSB. A super cycle is a
sequence of individual preset cycles with a
length of n x 1.2 s, n € N. This time sig-
nal is auxiliary if laser ionization is used to
estimate the beam composition. Therefore,
the signal is used as a trigger for a shutter,
which blocks the laser and allow for the es-
timation of contaminants in the extracted
radioactive-ion beam. In each super cycle
proton pulses with a n x 1.2 s margin are
delivered to the ISOLDE facility. For the

13291 experiment 8 out of 22 possible pro-
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Figure 29: Time structure of the radioactive-
ion beam at ISOLDE. For more de-
tails see text.

ton pulses were available for ISOLDE. The second marker T1 is correlated to the proton-

beam impact onto the ISOLDE target. The time difference between T1 and the detection
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of the radioactive ion beam at the experimental setup, can be used to discriminate con-
stant background or to identify contaminations, as radioactive nuclei have characteristic
lifetimes and release times. Thereby, the measurement can be restricted to the desired
isotope. Longer-lived and stable isotopes can be suppressed or vice versa. A third flag
is set by the ion ejection from REXEBIS. This signal is used to synchronize the injection
into the REXLINAC and enables a proper acceleration and transmission. Further, it is
used to start a 1 ms long "ON beam® window for the data acquisition system (DAQ) of
the MINIBALL detection system (see section 3.1.6). Depending on the release time and
beam distribution out of REXEBIS a further discrimination can be achieved to suppress
background radiation. Typical length of the beam bunch out of the EBIS is 200 ps with

fast extraction and 800 ps for slow extraction.

3.1.6. MINIBALL setup

Unlike stable isotopes, the beam intensity of rare radioactive isotopes far from stability can
be quite low. In addition, doubly-magic nuclei, e.g. '**Sn, have high transition energies
and, thus, low excitation cross sections which impede the measurement of excited states

via Coulomb excitation.

MINIBALL + C-REX

13281 beam " |/|
__206pp|

Target ladder

Figure 30: Schematical illustration of the MINIBALL + C-REX setup used in the ex-
periment. DSSSD particle detectors are illustrated with blue elements. The
particle information was obtained with the forward CD, whereas the v-rays
were detected with the highly efficient MINIBALL spectrometer consisting
of eight triple-cluster HPGe detectors. The segmentation of the HPGe de-
tectors is illustrated for one crystal.
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Furthermore, the high beam energy of 5.5 MeV /u and related '**Sn ion velocity (2 ~ 10%)
result in a significant Doppler shift and broadening of the interesting transition ~-rays.
The combination of low radioactive ion-beam intensity, high transition energies and low
excitation cross sections require a highly efficient and position sensitive y-ray detection
system. Therefore, the MINIBALL array in conjunction with the so-called C-REX setup
was utilized at HIE-ISOLDE to allow such a demanding measurement. A schematical

overview of the experimental setup is illustrated in Figure 30.

The MINIBALL Spectrometer

The MINIBALL array started operation at ISOLDE in 2001 and is used since then success-
fully for multiple Coulomb-excitation and tranfer-reaction experiments [103]. The MINI-
BALL array comprises eight triple cluster detectors, which are mounted inside the MINI-
BALL frame. This frame was constructed to guarantee maximum flexibility for positioning
the MINIBALL cluster detectors. The triple clusters are mounted on arms enabling the

positioning of the detectors in three dimensions (see Fig. 31).

Figure 31: Left: Picture of the MINIBALL spectrometer arranged around the target
chamber used for the C-REX setup. Figure from Ref. [104]. Right: Four
triple cluster detectors mounted on one half of the MINIBALL frame. The
degrees of freedom for the positioning of the triple cluster are marked. The
flexibility of the frame allows the adjustment of the detectors as close as pos-
sible to the target, which results in a highly efficient setup. Figure adapted
from Ref. [105] with kind permission of CERN.

Each triple cluster detector contains three individually encapsulated six-fold segmented
High-Purity Germanium crystals (HPGe). Fig. 32 illustrates a triple cluster and a schematic
picture of three encapsulated HPGe crystals. The tapered germanium crystals are 78 mm

long and have a diameter of 70 mm. The tapering angle amounts to 4.125°. The weight
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Figure 32: (a): Picture of one MINIBALL triple-cluster detector inside a scanning ta-
ble. Right: Schematical drawing of a triple configuration of the six-fold
segmented encapsulated HPGe detectors. The HPGe detectors are mounted
in a 0.7 mm thin aluminum can with 0.7 mm spacing between the HPGe
crystal and the can. The signal cabling inside the capsule as well as the
mechanical mounting is not shown. The cold electronics is mounted on top
of the capsule lid.

of one HPGe crystals amounts to approx. 1 kg. In total 144 individual segment signals
and 24 additional signals from the central electrode are measured. The high granularity
of the system reduces the opening angle of the detection and, therefore, enhances the po-
sition sensitivity [103, 106]. In particular this aspect is important for in-flight emitted
y-rays with 2 ~ 10% , as they are detected with large Doppler shifts which have to be
corrected. Especially for close detector-target distances the position sensitivity is valu-
able. As the beam intensities and excitation cross sections are quite low for radioactive
isotopes far from stability, high detection efficiency is an indispensable condition. Thus,
the MINIBALL array operates at close as possible detector-target distances to maximize
the detection efficiency. In an experiment with a spherical target chamber and a detector-
target distance of approx. 12 cm, the MINIBALL array provides a photopeak efficiency of
about 8% at 1.332 MeV, by covering 60% of the total solid angle [106]. The C-REX target
chamber (see Fig. 31) is not spherical but barrel-like. The absolute efficiency is decreased

to about 5 — 6% as the detector-target distances increase [107]. The energy resolution of
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the MINIBALL spectrometer after addback, measured with a **Co, amounts to 2 — 3 keV
at 1.332 MeV. This good energy resolution is achieved by operating the detector system
and the charge-depending electronics at almost liquid-nitrogen temperature (~ 90 K). The
signals from the detector system are processed with digital electronics (“Digital Gamma

Finder”, DGF XIA electronics), to enable high count rates and allow for a proper event
building [106].

Particle detector

To perform Doppler-correction, the emission angle information of the emitted ~-ray has
to be combined with the momentum vector of the deexciting emitting particle. A Double-
Sided Silicon Strip Detector (DSSSD) was installed additionally to the HPGe array to
measure the ion position and energy. The DSSSD was composed out of four identical
quadrants, that were assembled to an annular structure (cf. Fig 33). The thickness of each
quadrant is 138 pm with a typical dead layer of 200 nm. The inner diameter of the annular
detector amounts to 9 mm and the outer diameter to 40.9 mm. Each quadrant is divided
on one side into 16 annular strips (front side) and on the other side in 24 strips (back side).
The 16 annular rings at the front side have a pitch of 2.0 mm. On the back side the 24
strips are arranged in a 3.5° pitch with a 3.4° opening angle [108]. For this experiment
the 24 strips on the back side of each quadrant were interconnected to 16 strips. The 16
innermost strips were shorted to 8 strips. The back side effectively consists out of 16 strip
with 3.4° opening angle for the outermost strips on each side and 6.9° for the innermost
eight strips. In total 4 x 256 pixels were available for the detection of the scattered ions,
which allows for a two dimensional tracking of the particles perpendicular to the beam
axis. This high granularity causes an improvement of the Doppler-correction. The DSSSD
was place 32 mm downstream the target with respect to the incoming beam. Hence, the
DSSSD detector covered forward scattering angles between 16° up to 53° in the laboratory
system, with respect to the beam axis. The backward barrel and backward CD silicon
detectors were mounted but not in operation, as the desired scattering range is limited by
the kinematics of the reaction below 42° in the laboratory frame (cf. Sec. 5.4). Details
about the detector properties of the backward DSSSD system can be found in Ref. [107].
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Figure 33: (a) Picture of an assembled DSSSD with a front side view mounted inside a
target chamber. The 16 annular rings and the cable connectors are shown.
Figure from Ref. [104] (b) The DSSSD built in the C-REX setup which
was used for the measurement. (c) A schematical illustration of the DSSSD

segmentation and the physical detector properties and dimensions.
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4. Experimental details of experiment 1S551

The Coulomb-excitation experiment was performed in October 2016 at the HIE-ISOLDE
facility at CERN. For the exotic doubly-magic '**Sn the 44 g/cm® thick UC, /graphite
target was irradiated directly with the 1.4 GeV proton beam from the CERN PS Booster
(PSB) [72] with an average current of 2 pA. To suppress contaminants that are produced
with a high cross section, e.g. **Cs, "*?Sn was extracted as a tin sulfide (SnS™) molecular
beam. The transfer line of the hot plasma ion source was complemented with a thin
molybdenum tube, which contained 61 mg enriched sulfur (99.9% **S). In addition, the
transfer line was heated up to 1900 °C. The target temperature was 2000 °C to increase the
effusion and diffusion of tin and consequently improve the beam intensity. The ionization
and extraction of the molecules for further processing is done with the ion source, which is
coupled to the target container. Surface ionization and laser ionization (RILIS) were not
possible for the SnS™ beam, as it would not ionize or break-up the molecule, respectively.

Hence, the plasma ionization technique was used to ionize the molecules.

The molecular beam was processed by the consecutive HRS mass separators and subsequent
cooled for the SnS molecule mass A = 166 in REXTRAP. The repetition time was 200 ms.
It was recognized that the molecular beam was disassociated within REXTRAP. In the
Time of Fight (ToF) spectrum between REXTRAP and REXEBIS predominantly A = 132
ions were measured and only a small fraction of A = 166 ions. Thus, the disassociation of
tin sulfide occured most likely after the recentering and immediately before the extraction

of the ions.

After the charge breeding of the *?Sn beam in REXEBIS for 194 ms, the highly-charged
radioactive tin nuclei were guided into the new superconducting high-beta cryomodules of
HIE-ISOLDE. The efficiency of REXTRAP and REXEBIS amounted to 10%, producing an
A/q ratio of the tin ions of 4.258 with the charge state of ¢ = 317. The bunch length of the
ion beam into the post accelerator was 200 ps. The beam energy, reached with completion
of stage I of HIE-ISOLDE, was 5.49 MeV /u £ 0.022 MeV /u with a transmission efficiency

of 68% for '*?Sn and an overall transmission efficiency of 6.8%.

The secondary target, located at the MINIBALL setup, with a thickness of 3.1 mg/cm2
consisted of 99.80%-enriched ***Pb evaporated onto a 25 ng/ cm? thin *C supporting foil.
The average intensity of the post-accelerated ion beam amounted to approx. 3.0 x 10°

ions/s, with an beam-on-target time of 127 hours.
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The Coulomb-excitation experiment was performed with the high-resolution germanium ar-
ray MINIBALL in combination with the C-REX setup (cf. Sec 3.1.6). Data were recorded
with a digital data acquisition (DAQ) system consisting of Digital Gamma Finder 4C
(DGF-4C), fast 32 channel multiplexer MUX-32 and peak sensing Analog-to-Digital Con-
verter (ADC) modules. For a fast and efficient data analysis, a proper data pre-processing
is necessary to perform an event-by-event analysis. Particle information from the silicon
detectors (DSSSD) as well as the v-ray information from MINIBALL have to be combined
for particle-y and v~ coincidences. This step is the so-called event building. For a appro-
priate event building, a calibration of all detection systems, timing cuts, addback of the
HPGe cluster detectors and further adjustments are required. The following section deals
with the pre-processing of the recorded data and the calibration. In the subsequent sec-
tions the final ~-ray spectra are generated after applying required corrections and essential

analysis conditions.

5.1. Data acquisition and pre-processing

The data acquisition for the *?Sn exper- S

iment at ISOLDE, CERN was perfom-

red with the MAR,B@U [109] system. \\

MAR;B@U is a conjunction of the front- RUN —READOUT— EVENT ~ DATA

CONTROL BUILDER  TRANSFER
end MBS (Multi Branch System) data read-

MBS
out, developed at GSI, Darmstadt [110], 1 | l//

REMOTE
and the back-end framework ROOT [111, | RON S o | conpi mONITOR STORAGE ANALYSIS
112]. The data processing of MAR4B@U is e —— ROOT
illustrated in Figure 34.  The MBS was Figure 34: Schematical illustration of data pro-
used for data readout, event building and cessing of MARABOU. The arrows
data transfer, whereas the ROOT envi- indicate the user programs for con-

trol and monitor the data acquisi-

ronment provided setup configurations, run tion. See text for more details.

and hardware control, online/offline data

visualization via histograms, data analysis and data storage. The event structure of the
recorded data was passed to the ROOT framework via a macro file and processed by
CINT [113] (C++ interpreter). After the environment configuration for the MBS front-

end and analyzing programs were finished, the proper readout structure of the MBS and
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simultaneously the usage of standard routines like histogramming, monitoring and event

storage were available. The configured system was able to manage the following tasks:
1. Record of experimental data.
2. Translation of MBS events to ROOT objects.
3. Energy, position and time assignment for each event.
4. Online/Offline visualization of the physical data.
5. Storage of event data in ROOT format for following post-processing.

Further efficient data evaluation requires an adequate post-processing of data. Therefore,

the energy and efficiency calibrations of the detectors are one of the essential first steps.

5.2. Detector calibration

5.2.1. DSSSD segment identification

A correlation between the 16 annular segments on the front side and the 64 strips (four
quadrants with 16 strips) on the back side of the silicon detector allowed for a separation of
the DSSSD in 1024 single pixels. Thus, an accurate position determination of the ions were
possible, which is important for the Doppler correction. The energy and segment id were
processed via mesytec MUX-32 modules. These fast 32 channel multiplexed modules incor-
porate preamplifier shapers and discriminators, which exhibit good timing resolution [114].
For each DSSSD quadrant two MUX-32 modules were used. All 16 segments of one side of
the DSSSD quadrant were connected to one MUX-32 module. The remaining 16 channels
of the MUX-32 were used for the backward DSSSD, which was not in operation during
the present experiment. In total eight MUX-32 modules were used. Up to two simulta-
neously responding segments connected to one MUX-32 module can be identified and are
designated as 1st and 2nd hit. Therefore, the incoming signal was splitted into the shaping
preamplifier and the leading edge discriminator. The fast signal generated by the discrim-
inator was analyzed by a hit decoder, which determined the address of the hit segment
and generated a typical silicon signal with a characteristic amplitude for each segment.
The particle energy is determined from the output signal of the preamlifier shaper. Peak
sensing Analog-to-Digital Converters (ADCs) are used to digitize the incoming energy and
position signals. The application of the MUX-32 modules required only 4 ADC channels
for the data acquisition of the DSSSD. Fig. 35 illustrates one measured particle energy
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Figure 35: Particle energy in channels as a function of the MUX ID in channels for
the front side of one DSSSD quadrant (annular segments) recorded in one
run. The MUX id corresponds to the hit segment. The inset illustrates the
x-projection of the two dimensional spectrum. See text for more details.

spectrum as a function of the segment id for one run.

The 16 segment ids (E;p MUX channels) correspond, from left to right, to the annular
segments from the innermost to the outermost rings of one DSSSD quadrant. With the x-
projection of the two dimensional spectrum illustrated in the inset of Fig. 35, a separation
of the segment via their ids is possible. The width of the peaks is mostly related to the
difference of the grounding potential between the MUX-32 modules (close to the DSSSD)
and the following ADCs located inside the data acquisition rack. In both spectra the
expected Rutherford scattering dependence of the ions is observed. Moreover, in the two
dimensional spectrum two distinct branches are visible, which originate from the projectile

and target-like particles. The underlying kinematics are discussed in more detail in Sec. 5.4.

5.2.2. DSSSD energy calibration

The thickness of the DSSSD detector amounts to approx. 140 pm [107, 108], thus, the
impinging heavy ions with an maximum penetration depth of 64 pm are detected with an
efficiency of approx. 100%. Prior to the energy calibration, the detection stability as a
function of time was verified to exclude non-physical shifts of the recorded data. This is
illustrated for all quadrants in the left plot of Figure 36. The plot on the right demonstrates
the shift of the mean value of the top DSSSD quadrant with respect to the detected peak
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width. The shifting of the mean value is small compared to the peak width and mainly
caused by the statistical errors during the corresponding runs and the related fit routine

errors. Thus, for the time of the experiment, the peak positions of the DSSSD spectra are

constant.
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Figure 36: left: The mean value of the prominent peak (mass A = 132) for each DSSSD
quadrant is plotted as a function of time (Run number). The behavior is
constant during the experiment and deviations originate from the automatic
fit routine and the statistics. The offset of the Bottom quadrant is related
to a different amplification factor. Right: Peak position of the top quadrant
in relation to the typical peak width.

As aforementioned, the double-sided silicon-strip detector consisted out of four identical
quadrants with 16 annular segments on the front side and 16 strips, perpendicular to the
rings, on the back side. This resulted in 1024 single pixels, which were used for position
sensitive detection of the particles. The particle energy was measured via the annular

segment electrode on the front side.

The beam energy in the laboratory frame amounts to 726 MeV. The energy deposition in
the DSSSD for projectiles after a scattering event with 6, = 16° — 53° ranges between
350 MeV up to 600 MeV. For target-like nuclei the energy deposition amounts to 100 MeV
up to 350 MeV for the same scattering interval. Hence, a typical calibration with an a-
source (E. , < 6 MeV) is insufficient, due to the large deviations resulting from the required
extrapolation. The tight time schedule at HIE-ISOLDE did not allow for a calibration with
a high-energy test beam. Therefore, the DSSSD detector was calibrated by using in-beam
information and data. For each individual annular segment the detected particle spectrum
(cf. Fig. 37) was calibrated using the calculated kinematics of "**Sn on **Pb at 726 MeV.
The kinematics were determined with the simulation program LISE++ [115].
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Figure 37: (a) - (d)Uncalibrated particle spectra for individual quadrants as a func-
tion of the annular segment in logarithmic representation. The energy is
presented in channels. Projectile and target-like particles (A = 132 and
A = 206) can be distinguished in the spectra.

Figure 38(a) illustrates the energy spectrum of particles detected in the first annular seg-
ment of the top quadrant after a first energy calibration. In Fig. 38(b) the calculated
kinematics for the projectiles are shown, together with the calibrated peak positions of all
annular segments. From the reaction kinematics, it is expected that the particle peak with
the highest energy and intensity corresponds to mass A = 132. Due to the low probability
for 2Pb scattering in the solid angle of the innermost rings, no peak for mass A = 206
is visible in the innermost rings and, hence, only a two-point calibration with 0 MeV is
possible. The calibration was performed via the calculated energy of particles with mass
A = 132 at the corresponding 6 angle at the center of the DSSSD segment and assuming
that channel 0 corresponds to 0 MeV. For detection in the annular segments No. 5 and
greater, a two-point calibration with A = 132 and A = 206 is possible. Before further

comparing the two calibrations, it is essential to understand the particle spectra in detail.
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Figure 38: (a) The energy spectrum of particles detected in the annular segment No. 1
of the top quadrant with the statistics of all runs is shown. The double-peak
structure is related to particles with mass A = 132. Both peaks show the
same FWHM. For more details see text. (b) Kinematics obtained with the
computer code LISE4+4. The red solid line represents the mass A = 132
particles, whereas the blue dashed line illustrates the energy of target (A =
206) nuclei as a function of the scattering angle.

In the spectrum illustrated in Fig. 38 (a), a second peak is emerging at the right tail of
the prominent particle peak of mass A = 132 at around 700 MeV. This peak arises from
capacitive coupling of neighboring segments or charge sharing and corresponds to particles
with mass A = 132. This becomes more evident considering two-dimensional spectra
of a DSSSD pixel. Figure 39 illustrates an example of a correlation between the energy
deposition in the front ring No. 1 (annular segment No. 1) and the back-side strip (strip
No. 15). The spectrum can be divided in three parts:

1. The measured energy deposition at the front and back side of the pixel are equal

and, hence, linear correlated.

2. Region 2 corresponds to events with full or less energy detected by the back-sided strip
and full or artificially increased energy deposition in the ring segment. Two possible
explanations are, a baseline shift of the electrode potential due to capacitive coupling
or a large charge trapping and high charge recombination rate of particle-hole pairs.
After the interaction of a particle in a highly-segmented silicon detector the resulting
charge cloud can be detected in one ring at the front side and two neighboring strips at
the back side. This charge sharing between two neighboring strips results in a reduced
energy, measured within one strip and in the detection of a 1st and 2nd hit event.

Charge sharing only occurs in events where the interaction position was close to the
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Figure 39: The energy correlation illustrates the detected energy with the back side
strip No. 15 as a function of the energy detected with the front annular
segment No. 1. This correlation spectrum represents the detected energy
of the DSSSD pixel that is marked in red in the schematical inset. Three
regions can be identified in the spectrum. More information are given in the
text.

inter-strip region or inside the inter-strip region. The current from the neighboring
pixel can possibly induce a baseline shift of the annular-segment potential, which
results in an artificially higher energy deposition. This baseline shift influences the
detected voltage amplitude and depends on the energy splitting between neighboring
segments, as indicated by the curved structure of region 2. A similar phenomenon of
baseline shifts was observed in highly segmented HPGe detectors of the AGATA and
GRETINA array and discussed in more detail in References [116-119]. The impact
of the described cross-talk induced by the capacitive coupling of the segments is of
the order of 107, whereas the impact of the truncated mirror charges [119, 120]
is larger, but both mechanism lead in general to reduced energy detection in the
segments. Thus, a further capacitive coupling can potentially induce the baseline
shifts, e.g. capacitive coupling of the cabling of the detector or in the subsequent
electronic chain of the DSSSD. The second possible explanation is the Pulse-Height
Defect (PHD) originating from charge trapping and charge recombination of the

particle-hole pairs, due to the breakdown of the electric field after the creation of
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a plasma by a high density of ionized particles [121, 122]. The innermost charge
carriers are almost not affected by the electric field as their are shielded by the outer
particle-hole pairs and, therefore, exhibit higher probability for recombination and
trapping. If charge sharing occurs, the particle-hole pairs are distributed between the
neighboring pixels and the probability for recombination and trapping is reduced as
the charge cloud is spread over a larger area, which results in the detection of more
charge carriers. However, to evaluate the exact origin it is indispensable to investigate
the pulse shapes of each individual DSSSD segment and obtain more information
from the induced transient signals as well as a calibration from low energies up to
the beam energy (726 MeV) is required. Unfortunately, the exact origin can not be
verified with the present data, but further investigation and identification is required

to eliminate the source of this effect.

The projection of the two-dimensional spectrum from Fig. 39 onto the x axis results in

the particle spectrum shown in Fig. 38 (a), which explains the double-peak structure.

3. : The third area exhibits a similar energy deposition pattern as 2. But a major differ-
ence is that on both sides of the DSSSD full or less energy deposition is observed. The
reduced energy in the ring segments is induced by the charge sharing between neigh-
boring annular segments at the front side. The reduced energy deposition in the strip
is related to interactions in the inter-strip region of the silicon detector. Due to in-
complete charge collection of negative charge carriers, caused by a positively charged
layer in the inter-strip region, the detected charge is reduced. This mechanism is
described in Ref. [123]. These events also belong to particles with mass A = 132
and amount to 4% of the total events. In addition, a positive voltage is applied at
the back side strips to bias the DSSSD. Thus, the back-side strips are equipped with
coupling capacities, which could potentially compensate baseline shifts induced by
capacitive coupling and, therefore, this effect is not present on the back-side strips.
If this effect is induced by the increased charge trapping and charge recombination,
it is predominantly related to the holes (collected at the annular segment electrode)

as their trapping probability is much higher than for the electrons [124].

Two-dimensional spectra corresponding to the energy spectrum of a pixel with one ring and
two connected strips feature an additional structure. This is illustrated in Figure 40 and
marked as region 4. The origin of this structure is the same as for region 2. Considering

that these neighboring strips are connected, the splitted charge carriers are added up to the
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Figure 40: The energy correlation illustrates the detected energy with the back side strip
No. 11 as a function of the energy detected with the front annular segment

No. 1.

The DSSSD pixel is marked in the inset.

An additional region

compared to Figure 39 is visible, which arises from connected neighboring
strips at the back side. More information is given in the text.
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Figure 41: (a) Energy spectrum from Fig. 39 and (b) energy spectrum from Fig. 40
with the restriction of single-hit events in each quadrant. The additional
structures in region 1 and 2 vanish with the restriction of single-hit events.

For more information see text.
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total charge. The presented explanations were verified by a restriction to single-hit events
in each quadrant, which allows only 1st hit/single hit events in one quadrant (cf. Fig.41).
Regions 2 and 3 vanish and only the linear correlation between the front side and back
side of the detector remains. Structure 4 remains under the condition of single hit events,
because charge sharing occurs between two strips but within a single pixel. This confirms
that the additional structures in the particle spectra arise from real single-hit events, which
are not fully detected in a single pixel, but in multiple pixels. The correction of these effects
is quite challenging, as it has to be implemented for each pixel individually. In total 1024
different slopes, curvatures and zero-crossing points induced by the different amplification
factors of the annular segments and strips have to be considered. Figure 42 illustrates
the spectrum of the annular segment 1, presented in Fig. 38 (a), after implementation
of a rudimentary correction algorithm. The correction algorithm distributes all events
inside region 2 and 3 in a Gaussian distribution around the calculated mean energy of
mass A = 132 particles. The sigma of the Gaussian curve is obtained from the fit of the
spectrum shown in Fig. 38 (a). Due to the correction, a sharp drop arises at the right tail
of the corrected particle peak, which illustrates the potential for additional improvements.

12.X10*
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10F A=132

Counts/keV
o)

4 I
5 Corrected spectrum of

I annular segment 1
0 I
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Figure 42: Energy spectrum of particles detected in the innermost ring after correction
of the capacitive coupling effect (black curve). The sharp drop at the right
tail of the peaks is caused by the correction algorithm. The magenta curve
illustrates the Gaussian fit of the particle peak of mass A = 132. Find more
information in the text.
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Figure 43 illustrates a comparison of the final ~-ray spectra for projectile and target de-
excitation with the aforementioned correction and the two energy calibrations. The black
curve corresponds to the outcome without the capacitive coupling correction and the two-
point calibration with 0 MeV. The green curve illustrates the spectrum with the two-point
calibration including the A = 206 mass peak for the 11 outermost rings. The red curve
includes the correction for the capacitive coupling. In Fig. 43 (a) the 21 — 0;8. transition
of 2°°Pb is illustrated with no visible improvement applying the capacitive coupling cor-

rection, as this correction does not affect the target-like particle energies. However, for the
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Figure 43: (a) The 803 keV transition of the first excited state in 2°°Pb is shown. The
black curve shows the transition with the two-point calibration with 0 MeV
and no capacitive correction. The green and red curves are with the im-
proved two-point calibration and capacitive correction, respectively. (b)
The 2] — O;F_s. and 3; — 0;_5. transitions of *?Sn are presented. The color
code is the same as before. More information can be found in the text.

y-ray transitions of '**Sn (Fig. 43 (b)) a difference between both curves is observed. The
resolution after applying the capacitive coupling correction is slightly worse than without.
For an improvement of the correction a more advanced algorithm is required, which con-
siders for each pixel the slope as well as the curvature of the energy correlation in region
2 and 3. To estimate a potential benefit of this effort, the typical energy difference of the
resulting ~-ray transition at around 4 MeV after a Doppler correction without correction

of the right particle bump is calculated by

+ BCOS(HW) 14 Bcos 9p~/>> (5.1)

1
AEO = Elab( -

V1— 32 13
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Chapter 5. Data analysis

where 0, is the angle between the particle and the emitted v ray in the center-of-mass
frame, § and [ are impact velocities of the particles. Using mean particle energies of
590 MeV and 710 MeV after and before applying the correction algorithm, respectively,
the energy difference amounts to AFE, = 60 keV for a y-ray energy of 4 MeV. For particles
detected in region 2, the corresponding v rays will be Doppler corrected within a range of
120 keV around the mean energy. However, this interval is within the range of the final
integration limits for the yield determination, which will be discussed later. Therefore, the
detected deexcitation is included in the final yields and no additional capacitive coupling

or charge loss correction and corresponding programming efforts are justified.

An improvement between the particle-energy calibrations can be observed in Figure 43
(a). The two-point calibration including the target-like particle peak results in a more
accurate target-particle energy and, thus, in a better energy resolution of the ~-ray spectra
of target-like transitions. In the analysis this two-point particle-energy calibration is used.
According to this energy calibration, the innermost rings exhibit a relative energy resolution
of > 10%, originating from a irradiation damage of the detector caused by an intense "°Sn

beam from the previous beam time.

5.2.3. Energy calibration of MINIBALL
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Figure 44: Uncalibrated ~-ray energy of three dominant lines from the (-decay as a
function of time. Detected mean value of three HPGe crystals from three
different MINIBALL clusters are shown with a deviation less than 0.1%. A
time dependent energy shift during the experiment was excluded.

The time stability for the MINIBALL acquisition system is ensured similar to the DSSSD

data. The results are illustrated in Figure 44. The dominant S-decay transitions of "**Sn
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5.2. Detector calibration

and its daughter nucleus '*Sb were used for this verification. The highest deviation of the
detected ~v-ray energies amounts to 0.1%, which quantifies the stability for the investigated
transitions. Hence, no time dependent shifts are expected for higher y-ray energies around
4 MeV.
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Figure 45: y-ray spectrum of the decay of %Ga. The known energies indicated were
used for the energy calibration. See text for more details.

In order to obtain an accurate energy calibration and energy resolution, at high transi-
tion energies around 4 MéV of the first 2] and 37 states in doubly-magic **Sn, typical
calibration sources like ®Co, *"Ba and '"?Eu with ~-ray transitions below 1.5 MeV are
not sufficient. For this purpose a calibration source with energies up to 4.5 MeV is re-
quired. Therefore, a radioactive source was specially produced at one of the low-energy
beam lines of ISOLDE via implantation of a ®*Ga beam into a copper foil. The **Ga source
was transported to the MINIBALL setup and mounted at the target position. Due to the
uncertainties of the beam current plus additional activity of ®®*Cu in the beginning, the
activity of the created calibration source was roughly estimated yielding approx. 1 MBq.
Nonetheless, the precise activity of the source is not important for the energy calibration.
The *®Ga source incorporates two major advantages: (i) high amount of ~-ray transitions

with energies ranging from less than 300 keV up to 4.8 Me; (ii) well-studied relative tran-
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sition intensities [125]. The recorded 7-ray spectrum of the decay of “*Ga is shown in
logarithmic scale in Figure 45. Due to the wide range of transition energies up to 5 MeV,

an accurate and precise energy calibration in the energy range of interest around 4 MeV is
possible.
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Figure 46: Resulting Gaussian fits to selected ~-ray transitions obtained with a 6Ga
source measurement of one MINIBALL HPGe crystal. A proper energy
calibration is guaranteed by sufficient statistics in each transition.

In total eight dominant transitions at 228 keV, 773 keV, 1399 keV, 2190 keV, 2752 keV,
3229 keV, 4295 keV and 4806 keV were used to obtain the energy calibration of the ger-
manium detectors. The deposited ~-ray energy is detected by the core electrode of the
germanium crystals. Thus, the energy calibration was performed for all 24 detectors of
MINIBALL via the fit of the eight transitions in each core spectrum. For one HPGe crystal
the resulting fits are presented in Figure 46. A second order polynomial was fitted to the
data. The corresponding fit and the parameters are presented in Figure 47. The contribu-
tion of the quadratic term compared to the linear term is less than per mill and, thus, the

non-linearity of the preamplifier and digitizer is negligible.
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Figure 47: Polynomial fit to the data shown in Fig. 46. The non-linearity of the elec-
tronics for high ~-ray energies is almost zero (& 10_4).

5.2.4. Efficiency calibration of MINIBALL

In addition to the energy calibration, an efficiency calibration is required and was pre-
formed with the *®Ga source. As mentioned before, the relative intensities of the ~-ray
transitions following the S decay are known. The uncertainty of the activity of the source
prevents an absolute efficiency measurement, but still allows for a precise relative efficiency
calibration. To determine reduced transition strengths a relative efficiency calibration is
sufficient (cf. Section 1.4). However, a additional ’Co source measurement at target po-
sition allowed to determine the absolute efficiency of the MINIBALL setup to 5.8(7)% at
1332 keV. The relative efficiency of the MINIBALL setup in conjunction with the C-REX
chamber was determined with the “*Ga and ' Eu sources at target position. The addi-
tional **Eu source was used to complement the efficiency spectrum below 228 keV. The
relative efficiencies of both decays are normalized to the 832.9 keV line of the “*Ga decay.
Figure 48 illustrates the relative efficiency of the MINIBALL spectrometer as a function of
the ~-ray energy with 100% at 832.9 keV. The data was fitted with the following logarithmic

function
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Figure 48: The relative efficiency of the MINIBALL array around the C-REX target
chamber was measured with a “*Ga and a "»*Eu source at target position.
For more details see text.

€y = iai : log(Ev)i, (5.2)

with ag = —1162.5, a; = 923.9, a;, = —213.4, a3 = 20.0 and a, = —0.7. Normalizing
this data to the absolute efficiency at 1332 keV, yields an absolute detection efficiency of
2.72(4)% at 4041 keV (27 — 0;) and 2.57(4)% at 4531 keV (37 — 0, ).

5.3. Doppler correction

In Coulomb-excitation reactions with high-energy beams, the -ray energies have to be
corrected due to the Doppler effect. The experiment deals with a recoil velocity of § ~ 10%.
The high recoil velocity and the close configuration of the HPGe detectors, result in a large

Doppler broadening of the detected v rays. The 3-dimensional transversal Doppler effect
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is a function of 8 and the relative emittance angle 6,,. Thus, the interaction position of
the v ray inside the HPGe crystals and the particle position within the DSSSD have to be
known precisely to perform a proper correction for this effect. The corrected v-ray energy

is given as

5 1+ S cos (9m>

~v,lab m

where I, 1,1, is the energy measured in the laboratory frame, E. ; the emitted energy in the

E

7,0

(5.3)

rest frame of the particle, 3 = v/c and 6,,, the angle between particle momentum vector

and direction of emitted v ray with

Ccos (Gpv) = sin (9131377) sin (91ab,p> oS <901ab,p — 901ab,7) + cos (QIabﬂ) coS (Qlab,p)' (5.4)

The detected observables 0y, ,¢11 4 and
Olabps Prab,p denote the detected angles in
the laboratory frame measured with the

MINIBALL and DSSSD detectors, respec-
tively.

As already mentioned in the previous sec-
tion the energy information of the  rays is
obtained from the core signal of the HPGe

crystals. This is due to the larger volume

for detection and, hence, a higher proba-

~<y

Target position

bility for a complete energy deposition of

the v ray, which will improve the peak to

background ratio. A further improvement

Figure 49: Definition of the four parameters is the add-back method, which allows to re-
R;, 0;, ¢; and «; describing the construct Compton-scattered events within

exact position of a MINIBALL . .
triple detector (red point) relative one MINIBALL triple cluster in a small

to the target position. The blue time window and add the detected energies.
points mark the three core posi- To perform a proper Doppler correction a
tions, whereas the black dots illus-

trate the center of each segment precise interaction position of the v ray in-

side the detector volume is essential.
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Especially for the presented experiment with transition energies above 4 MeV and low
statistics an exact Doppler correction is important. A high position sensitivity of the
MINIBALL detectors is achieved by the granularity of the six-fold MINIBALL detectors,

which ensure an improved assignment of the interaction position within each HPGe.

To use the position sensitivity, each segment position relative to the target is identified by
an angular-calibration measurement, employing Doppler-shifted ~ rays after d(QQNe, 23Ne)p
and d(**Ne,**Na)n reactions performed in an independent stable beam experiment with

*’Ne. The approach is the following:

1. The position of each MINIBALL triple cluster relative to the target spot can be
described by a set of four parameters R;, 0;, ¢; and «; as shown in Fig. 49. The

center of each core and segment is determined in terms of these parameter relative.

Figure 50:
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(a) Fitted mean energy of each segment before (blue) and after (red) Doppler

correction for the 440-keV deexcitation of **Na. (b) Energy of the 1017-keV ~
ray from 23Ne detected in each segment before and after Doppler correction,
similar to (a).

2. After transfer reactions, the excited **Ne and **Na decay in flight by emitting v rays,
which are recorded with a Doppler broadening in the germanium detectors. The
scattering angles of the recoiling nuclei are small due to the kinematics and can be
neglected. Thus, the energy shift depends on the detection position of the v ray.

i; is calculated to

correct the v-ray energies according to Equation 5.3. Considering the rigidity of

For each segment a specific set of parameters R,;, 0;;, ¢;; and «

the germanium crystals and the configuration within a triple cluster, all 18 segments
(0 < j < 18) can be used to obtain the final set of R;, 6;, ¢; and «; via an minimization

algorithm. The results of the minimization procedure are illustrated in Figure 50 for
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cluster 17. The measured core energy was combined with the angular position of the
segment, which detected the 440 keV transition of the **Na decay.

. The determined coordinates of each detector segment relative to the target spot is
used to perform the Doppler correction at segment level. In Figure 51 the sum of the
core spectra of all 24 HPGe crystals are shown for the **Ne in-beam measurement
with and without Doppler correction. To verify the results from the minimization,
the FWHM of the 1017 keV transition was analyzed as a function of the 6;, ¢; and «;.
In Figure 52 the FWHM of the 1017 keV transition from the deexciting **Ne nucleus
is plotted as a function of the position parameters. Therefore, two parameters were
fixed and the last one was varied. For all three parameters a global minimum can be
observed and it matches almost perfectly the obtained values from the minimization
procedure. The values from the minimization algorithm are presented in Table 1.
The final relative energy resolution after adjusting the position parameters for the

Doppler correction amounts to 1.1% at 1017 keV.
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Figure 51: y-ray spectrum after d(22Ne,23Ne)p and d(22Ne,23Na)n transfer reactions
with Doppler correction (top) and without (bottom). The two expected
transitions at 440 keV and 1017 keV are blurred in the uncorrected spectrum
and narrow in the Doppler corrected spectrum. For the other transitions
which decayed at rest, it is vice versa.
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Figure 52: FWHM of the 1017 keV transition following the deexcitation of %Ne as a
function of the position parameters 6;, ¢, and a;. The plot illustrates a
scan for MINIBALL triple detector 17 (MB 17). The plotted FWHM is
the average of the FWHM of each crystal inside MB 17. See text for more

details.

Table 1.: Position parameters used for the center of each MINIBALL (MB) triple cluster

for the Doppler correction.

MB cluster R; [mm] 6; [deg] ; [deg] «; [deg]
MB 17 169.98  136.93 126.99  304.95
MB 12 154.05 97.35 51.49 163.59
MB 16 144.79 57.90 134.17  114.48
MB 13 168.39  137.71 55.68 123.76
MB 22 17494  141.52  228.34 60.2
MB 18 156.73 55.49  222.36 1.03
MB 14 181.62  142.08 302.69  149.83
MB 23 131.2 61.9 299.4 310.9
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5.3. Doppler correction

For the identification of the particle position, the DSSSD geometry and Coulomb excitation
of the ®Pb target were used. The scattering angle habp, Was calculated from the known
dimensions of the detector and the distance to the target, which was d = 32.0(5) mm.
An angular range for the detection of scattered particles between 15.7° and 52.0° in the
laboratory frame was covered by the DSSSD. The azimuth angle ¢y, , was calibrated via
the minimization of the FWHM of the target excitation.

600 F Aocp = 0° Agcp = 30°
400 +
200 WWM
> 600 © 5 5
§ Agcp = 10 Agcp = 40
> 400 r
S 200 WM
o
@)
600 F A‘PCD = 20° AQOCD = 50°
400 +
200 +
O | | | | | |
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Figure 53: The FWHM of the target deexcitation as a function of the DSSSD azimuth
angle offset. The best Doppler-correction is achieved at a rotation between
40° and 50°.

It was assumed that the first back-side strip of the top quadrant is aligned with the beam
axis and corresponds to ¢y, , = 0. An additional offset Agcp was applied to minimize the
FWHM of the 803 keV transition of ***Pb after the Coulomb-excitation reaction. Figure 53
shows the 2 — Ogs_ transition of 2°°Pb for different A¢cp offsets up to 50°. Larger
rotations lead to more Doppler broadening again. The best lineshape, energy position
and FWHM after Doppler-correction is achieved for an offset between A¢cp = 40° and
A¢pcp = 50°. Around this value an additional scan was performed (cf. Fig. 54), which
results in an optimal rotation of A¢cp = 45.0° £+ 0.5°. The resulting FWHM of the target
excitation peak amounts to 10.5 keV or 1.3%.
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Figure 54: FWHM of the 803 keV transition of 200py, after Doppler correction as a
function of the rotation of the DSSSD detector. A minimum value of 10.5 keV
is found at 45.0(5)°. See text for details.
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5.4. Kinematic conditions

In Section 5.2.2, the recorded particle spectrum of all particles was shown (cf. Figure 37).
Two distinct branches are visible, which correspond to projectil-like and target-like particles
after scattering. Figure 55 illustrates the measured and calculated particle energy spectrum
as a function of the scattering angle. Both spectra are comparable, which is the first
evidence for a scattering of *Sn on ?Pb at a beam energy of 726 MeV. The broad
structure of scattered '*2Sn ions at low scattering angles is caused by the capacitive coupling
or PHD effect discussed in Section 5.2.2 plus the reduced energy resolution induced by
radiation damage.

g g 2
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Energy [MeV]

300
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Scattering angle 0),1,[°] Scattering angle 0),1,[°]

() (b)

Figure 55: Energy DSSSD spectra as a function of the scattering angle in the center-
of-mass system. (a) Experimental spectrum measured with the DSSSD de-
tector at ISOLDE. (b) Calculated energy spectrum with the computer code
LISE++. The width of the kinematic branches originate from the beam
spot size, the target thickness, opening angle of the DSSSD segments and
the charge sharing in the DSSSD.

As reported in Ref. [22] a minimum distance of 5 fm between the nuclear surfaces of the
scattering particles is required to ensure safe Coulomb excitation (cf. Sec.1.4). To confirm
the validity of this safe Coulomb criterion for the present experiment, the ratio of the
measured scattering cross section and the calculated Rutherford cross section is plotted
in Figure 56 as a function of the point of closest approach. The ratio is obtained via the
measured number of scattered projectiles in the DSSSD. The calculated Rutherford cross
section is normalized to the intensity obtained of the innermost annular segment of the
DSSSD. A constant trend along unity is observed for distances larger than 4.6 fm. For

smaller distances the ratio drops and indicates the contribution of the nuclear force to
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Figure 56: Ratio of measured and calculated Coulomb cross section for projectile par-
ticles. The value of 1 indicates a pure electromagnetic interaction between
the scattering nuclei. Below 4.6 fm for the point-of-closest approach the
contribution of the nuclear force is not longer negligible. Data points in
white-grey denote the obtained values after the solid-angle correction for
the broken rings. See text for more details.

the excitation and its impact on the scattering angle. At this point the contribution of
the nuclear force is not longer negligible, consequently the assumption of safe Coulomb
excitation breaks down. Thus, only scattered particles with more than 5.14 fm distance at
the point of closest approach (marked by the shaded area in Figure 56) were considered
to fulfill the safe Coulomb-excitation condition. The deviation of the two data points in
Figure 56 is explained by the broken annular segments 7 and 9 in one DSSSD quadrant.
Data points in white-grey mark the solid-angle corrected cross-section ratio for segments 7
and 9. The increasing error bars for higher scattering angles result from reduced statistics

in these segments.

It is concluded that, the 5 fm criterion is well justified. Moreover, it is possible to distinguish
between projectile and target-like particles, which is essential to obtain the final y-ray
yields. However, the separation is not trivial and will be discussed in the next chapter in
detail (see Sec. 6.0.1).
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5.5. Particle-vy coincidence

After analysis of the particle spectra and the kinematics of the reaction, it is possible to
use the momentum vector of the particles to improve the Doppler correction of the ~-ray
spectra. In principle it is not known if the v-ray was emitted by a projectile or a target-like
particle. Therefore, at least two 7-ray spectra are generated with Doppler-correction for
beam-like (A = 132) and target-like (A = 206) particles. The particle-cut condition for
the separation between beam-like and target-like particles is illustrated by the red line
in Figure 55. The information of the detected particle in combination with the direction
of the ~-ray is used for the Doppler correction. Particle-y coincidences are applied to
select the right v transitions and to enhance the peak-to-background ratio of the resulting
spectra. This is especially important for Coulomb-excitation experiments with radioactive
ion beams, as the huge amount of background radiation superimpose the rare events of
interest. The background radiation is due to [-decay of the radioactive ions implanted
inside the target chamber and along the beam line as well as bremsstrahlung from the
accelerator. Only prompt 7 rays which are detected within a A¢, = 225 ns time window

relative to a particle in the DSSSD are selected for the final v-ray spectra.
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Figure 57: ~-ray energy as a function of the time correlation between detected particles
and ~ rays. Prompt and random time windows are marked, which are used
to generate the final «-ray spectra
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The detected y-ray energy in dependence of the time difference between particle and v ray
is shown in Figure 57. Two time windows are marked and the x-projection of the spectrum
is shown as an inset. The prompt component is on top of the continuous background radia-
tion. To eliminate the random background within the prompt time window, a background
subtraction is performed using a distinct time window At, on the continuous background.
Fluctuations of the random ~-ray background are minimized by selecting a time window
with a large width of At, = 1.275 ps.

The resulting v-ray spectra with a gate on detected projectile particles are illustrated in
Figure 58. The low-energy part of the y-ray spectrum is shown without Doppler-correction
in order to illustrate the existing S-decay transitions prior to background subtraction. The
high-energy part is shown with Doppler-correction in order to illustrate the ~-ray transi-
tions of **Sn. To account for the larger random time window, the background spectrum
is multiplied by a factor of m = 225/1275 before the subtraction. The final y-ray spectra
for beam-like and target-like particles are particularly clean from background radiation
and mostly contain transitions caused by Coulomb excitation. A detailed discussion of the

observed transition lines in the final y-ray spectra is given in the following sections.
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Figure 58: (a) Final ~-ray spectrum for ~°“Sn projectiles without Doppler-correction
before (At,) and after (At, —0.176 - At,) background (At,) subtraction for
the low-energy part. (b) Same as in (a) for the high-energy part, but with
Doppler-correction. See text for more details.
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5.6. Beam composition

Due to the high vacuum specifications of

“Ba  (}e newly installed cryomodules of the HIE-
10 os WCs ®Cs . ISOLDE linear accelerator, the installation
of an additional detection system at MINI-

'*Xe '*Xe Xe BALL, e.g. an ionization chamber, to mea-

sure the beam composition directly was

129| 130| 131| 132| 133' 134' 135' 136'
not possible. Potential beam contamina-

25T 12T 10T ©17e | ®Te | ®Te | %Te | #5Te  tions are possible along the isobaric A =

132 chain, since the mass separators are
127Sb 1288b 1298b 1QOSb 131Sb 1328b 133Sb 134Sb

only selective to the mass-over-charge ratio
(cf. Fig. 59). As the primary ISOLDE beam

is extracted as a singly-charged molecular

1268n 127Sn 1288n 1298n 1SOSn 131Sn 132Sn 133Sn

132, 34 o
PIn *In ¥In 0 ®In ®In | ®'In | ¥*In  beam of ““Sn”"S, contaminations are also

possible from ions with mass A = 166. The
transport from REXTRAP to REXEBIS is

managed by a electrostatic steerer, thus, no

124Cd 1250d 1ZGCd 127Cd 1ZSCd 1290d 13OCd 131Cd

Figure 59: Nuclei along the isobaric A = 132
chain that potentially contribute to A/q separation is possible at that stage.

_the beam ComPOSiti‘_)n of the exper-  Mags A = 132 ions were charge breed in

iment are marked with red squares. REXEBIS for 194 ms and extracted with

charge state ¢ = 317, which results in an

A/q = 4.258. For potential mass A = 166 ions reaching REXEBIS a feasible charge breed-
ing to charge state ¢ = 39" yields a similar mass-over-charge ratio of A/q = 4.256. All
highly charged ions with A/q ~ 4.26 were injected into the REXLINAC with an extraction
time of 200 ps. The deduced total beam intensity at the MINIBALL setup amounted to

3 x 10° ions/s.

B-decay investigation

A first step to determine the beam composition is the identification of all transition lines
of the B-decay spectrum. Figure 60 presents the recorded 7-ray spectrum of the random
background radiation mainly caused by [-delayed v transitions. The observed transition

energies and the corresponding (-decays are listed in Table 2. All observed transitions are
assigned to the decays of *?Sn — *2Sb,'*?Sh — ¥2Te '¥2Te — P21 2] — 1¥2Xe.
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Table 2.: Observed ~-ray transition energies following the corresponding 3-decay.
E, [-decay E, [-decay E, [-decay
75keV  XRkal *Pb | 1092 keV 'Sb — ™*Te | 2051 keV I — ™*Xe
86 keV  '*?Sn — '’Sb | 1133 keV  '*?Sb — '*Te | 2115 keV  '?Sb — P*Te
103 keV  '¥?Sb — "Te | 1151 keV  '*Sb — 'Te | 2126 keV =~ '**Sb — '**Te
228 keV  PTe — I | 1182keV  ¥’Sb — 'Te | 2197 keV  '¥>Sb — "Te
246 keV  '¥?Sn — '’Sb | 1196 keV  '*?Sb — '*Te | 2221 keV  '*?Sh — '¥*Te
276 keV  '*?Sb — 'Te | 1213 keV  '*?Sb — 'Te | 2248 keV  '*?Sbh — '¥*Te
339 keV  '¥*Sn — %’Sb | 1237 keV  '¥’Sn — '¥*Sb | 2280 keV  '*Sb — T
353 keV  '?Sb — '*Te | 1274 keV  '¥’Sb — '"Te | 2362 keV  '"*Sb — '*Te
382 keV  '2Sb — 'Te | 1289 keV I — '’Xe | 2383 keV  '*’Sb — 'PTe
436 keV  '¥?Sb — 'Te | 1295 keV I — "?Xe | 2413 keV  '¥?Sbh — 'P*Te
505 kev I — ?Xe | 1300 keV  2Sb — ’Te | 2477 keV  '¥?Sb — Te
511 keV 1372 keV "I — 'Xe | 2514 keV  '¥’Sb — 'P*Te
521 keV "I — 2Xe | 1389 keV  ¥*Sb — '*Te | 2586 KeV  '*2Sb — Te
529 keV  '¥?Sn — '?Sb | 1398 keV I — *Xe | 2614 keV  *T1 — **Pb
549 keV  '*?Sn — '*Sb | 1435 keV  '*?Sb — '*Te | 2633 keV  '*’Sb — '¥*Te
629 keV "I — *Xe | 1442 keV I — '*Xe | 2665 keV  'P*Sb — 'PTe
635 keV  '’Sb — '*Te | 1460 keV K — ©Ar | 2710 keV  "¥*Sb — "Te
651 keV  '¥?Sn — '*Sb | 1512 keV  '¥?Sb — '*Te | 2762 keV  '*?Sh — '¥*Te
667 keV I — ?Xe | 1540 keV I — ¥?Xe | 2800 keV  '*?Sbh — '¥*Te
690 keV  '*?Sb — 'Te | 1574 keV  '*?Sb — '**Te | 2829 keV ~ '*?Sb — '¥*Te
696 keV  '¥?Sb — '*Te | 1633 keV '*’Sb — 'Te | 2911 keV  '*Sb — '*Te
727 keV I Xe | 1643 keV  ’Sb — *Te | 2920 keV  '2Sb — *Te
TT1keV I — "Xe | 1786 keV  '*?Sb — ’Te | 3052 keV  '*?Sb — '**Te
813 keV  '?Sb — '’Te | 1840 keV '**Sn — '*Sb | 3329 keV  '*’Sb — T
815 keV  '¥?Sb — 'Te | 1854 keV '*?Sb — "*Te | 3350 keV  '**Sb — "*Te
899 keV  ’Sn — ’Sb | 1920 keV T — "Xe | 3407 keV  '¥2Sb — "Te
953 keV I — ?Xe | 2002 keV I — *Xe | 3460 keV '**Sbh — '¥*Te
974 keV  '¥?Sb — 'Te | 2018 keV  '*?Sb — '**Te | 3558 keV ~ '**Sbh — '¥*Te
991 keV  '*?Sn — '’Sb | 2040 keV  '*?Sb — '**Te | 3611 keV  '¥?Sb — ¥*Te

1078 keV  '**Sn — '¥2Sb

In addition, the observed potassium decay K — “°Ar indicates that transitions with
intensities down to the natural background radiation are identified. No transitions cor-
responding to the decay of **In and "2Cs are present in the S-decay spectrum. This is
expected, as these nuclei should not form a molecular compound with sulfur, due to their
atomic properties. The same argument is valid for the stable noble gas "**Xe. Remaining

possible contaminations along the isobaric chain of A = 132 are '**Sb, 'Te, %I and

92



5.6. Beam composition

107

10°

10*

Counts/keV

103

102 |

10!

0 1000 2000 3000 4000 5000
E, [keV]

Figure 60: Detected random [-decay spectrum. ~-ray transitions with energies up to
almost 4 MeV are observed.

132Ba. The amount of "**Te and '*I is investigated via ratios of S-decay transitions of
mother and daughter nuclei as a function of time. For the determination of the time de-
pendent f-decay ratios, i.e. **Sn — ¥?Sh/"?Sh — ¥?Te and **Te — '°1/'°T — ¥?Xe,
the dominant transitions at 899 keV (**?Sn — '*2Sb), 974 keV ('**Sb — '¥Te), 228 keV
("**Te — 1) and 667 keV (*’T — '*?*Xe) were used. Figure 61 illustrates the measured
ratios as a function of the run number (total time = 127 hours). After the drop of both
ratio curves at the beginning of the beam time, an equilibrium is reached and a constant

ratio value is measured, which indicate a minor amount of Te and I in the beam.

The lack of data between run 85 up to 102 for the decay ratio of ***Sn and **Sb is a result
of an 8 hour beam stop. During these 8 hours, a ten minute implantation measurement
was performed to determine the ratio of **Sn and '**Sb in the beam (cf. Sec 5.6). The
decay of **Te and 21 with much longer half-lives is still observed and stays constant
during the beam stop. After returning to the experimental setup and starting the in-beam

: 132 1327 /132 132 o 1
measurement, an increase of the **“Te — "“1/7°°1 — "““Xe ratio is observed. Considering
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Figure 61: Time-dependent intensity ratios of y-ray transitions following the respective
B decays. See text for more details.

the much larger half-life of ***Te of 3.2 d compared to 2.3 h for **’I, an increase of the cal-
culated ratio is only possible with no or a negligible amount of iodine in the beam. Further
confirmation of the absence of "I, "**Te and '*?Cs as a part of the beam composition is
achieved by the projectile gated ~-ray spectrum obtained after Coulomb excitation, where

no v lines from these isotopes are found.
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Beam-like v-ray spectrum

In Figure 62(a) the beam-like gated ~-ray spectrum with Doppler correction for mass
A = 132 and background subtraction is shown up to 1000 keV. No other transition lines
are present between 1000 keV up to 4 MeV.
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Figure 62: Final low-energy ~-ray spectrum with a gate on beam-like particles after
Doppler correction for A = 132 including background subtraction. All tran-
sitions are identified. For more details see text.

All transitions are identified and are caused by deexcitation of ®Yb, '*?Ba and **°Pb
after Coulomb excitation. Therefore, **Te, 1 and **Xe are excluded as part of the
beam composition, as the transitions strengths of the dominant transitions are known [64]
and the expected v-ray intensity after Coulomb excitation can be calculated. No lines
from **Te, %I, 1¥2Cs and "*?Xe are observed in the y-ray spectrum. Thus, the final beam
composition is composed of **Yb, **Ba, *2Sn and '*?Sb. Figure 62 (b) shows the beam-
like gated ~-ray spectrum Doppler-corrected for target nuclei, which presents the target
deexcitation 2{ — 0;5. at 803 keV. This proves the correctness of the performed reaction

and ensures the normalization to the target excitation of the reduced transitions strength
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of 1¥28n, as described in Section 1.4. The peak shape of the target deexcitation is influenced
by the kinematic reconstruction of the target scattering angle from the measured direction
of the scattered projectile. In addition, uncertainties like the size of the beam spot and

straggling in the target material impact the peak shape.
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Figure 63: v~ coincidences matrix for beam-like prompt ~ rays. Yrast-band transitions
of '%%Yb are marked.

The yrast-band transitions of **Yb at 102 keV, 227 keV, 337 keV, 430 keV and 506 keV are
assigned via mutual 77y coincidences, which can be seen in Figure 63. Furthermore, gating
on the 430 keV transition results in the coincidence spectrum shown in Figure 64. The
feeding transition at 506 keV as well as the depopulating transitions at 102 keV, 227 keV,
and 337 keV can be observed and verify unambiguously the multi-step Coulomb excitation
of the yrast band of '®Yb up to the 10" state. The 464 keV line is not in coincidence with
any of the transitions of '°Yb listed above and, thus, does not belong to the yrast band of
16y, Instead it was assigned to the 27 excited state of '**Ba. For both nuclei **?Ba and

199y} the transitions strengths of the observed transitions are known [64, 126]. Hence, the
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Figure 64: vy coincidences with a gate set on the 67 — 47 transition of 16y] at
430 keV. The feeding transition as well as the depopulating transitions are
observed.

amount of target excitation induced by 'Yb and '?Ba is determined and is accounted

for in the analysis.

The Doppler broadened K, X-ray line at 74 keV and the Kz X-ray transitions between
84 keV and 88 keV of 2“Pb are present at the low-energy spectrum. Transitions of *?Sb
are not visible in the projectile gated y-ray spectrum, as their respective excitation propa-
bilities are too small [64] and the half-life of the first excited state at 85.5 keV amounts to
approx. 15 ns. Thus, the first excited state of **Sb is Doppler broadened after the Doppler
correction in the spectrum of Fig. 62. In the corresponding v-ray spectrum without Doppler
correction this transition line is visible. The evidence for *?Sn in the beam is illustrated
in the beam-like gated, Doppler-corrected and background-subtracted ~-ray spectrum in
Figure 65. The vy-ray decay of the first two excited states, i.e. 2] at 4041 keV and the 37

at 4351 keV, are observed at the known energies, which are known from previous -decay
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studies [127-129]. After Doppler correction, the FWHM of both peaks amounts to 63 keV
and allows for a distinction of both transition lines from the background fluctuation. The

fluctuations are caused by the background subtraction and low statistics.
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Figure 65: Final high-energy ~-ray spectrum employing a particle gate on scattered
A = 132 nuclei and respective Doppler correction. The background is sub-
tracted. -ray transitions depopulating the first two excited state of 1329n
are observed.

Implantation measurement

The remaining task is to calculate the amount of '*?Sb relative to °*Sn in the beam, in order
to deduce the amount of target excitation induced by ***Sn. This is required for the proper
normalization of the measured transition strength. The intensity ratio Rgy/sn = 1328} / 1329n
in the beam was determined via a dedicated implantation measurement. Therefore, the
beam was implanted into a 2 mm thick aluminum foil at the target position to ensure
a complete stopping of the ions. To allow the ?Sn and '?Sb isotopes to decay away

completely inside the MINIBALL setup, the RIB was stopped 30 minutes prior to the
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implantation measurement. This time period is sufficient for the relatively short-lived
nuclei '*?Sn (77, = 40 s) and **Sb (T} /2 = 4 min). For the measurement the beam gate
was opened for exactly 737 seconds, before closing it again. Hence, the observed [-decays
originating from '*?Sn and '*?Sb are entirely induced by the implanted nuclei from this
short in-beam period. A schematic drawing of the measured activity of both nuclei in
arbitrary units is shown in Figure 66, to illustrate the procedure. At the time of the beam-
gate closure the amount of '**Sn nuclei is given by N&, and for "*?Sb by N&. The data
acquisition continued for 65 s before the run was stopped automatically. However, the
statistics are sufficient to perform the determination of the relative ratio Rgy, /g, within this
run. For the calculation, two time intervals, the implantation ¢, to ¢, and the following
decay t. to t; are investigated independently (see Figure 66 for the definition of the different

times).
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Figure 66: Calculated activity as a function of time for 13291 and '*2Sb. to denotes the
point of the beam-gate opening, . the time of the beam-gate closure and ¢
the end of the current run. For more information see text.

The amount of tin N(t)g, and antimony N(¢)g;, as a function of time, after the beam gate

closure, are given by:
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dN (t
Nsn — 2 g (s (5.5)
dt
dN (t
CEQS” = —AseN(t)sp + AsuN (Vs (56)
Substituting the ansatz
N(t)z = O{ie_Ait (57)

with the boundary condition N(t, = 0)g, = Ng, and N(t. = 0)g, = Ng; immediately
yields

N(t)sn = Ngye s (5-8)

and

N(t)% = NGe s, (5.9)

The final solution of the inhomogeneous differential equation 5.6 is a composition of the
homogeneous solution in Eq. 5.9 and a inhomogeneous solution. The inhomogeneous part

is solved by variation of the constant for Eq. 5.7 with

N(t)g = aft)e s, (5.10)

This yields, after substituting equation 5.10 in equation 5.6,

alt)gpe 5 — Agpa(t) spe 5" + Agpar(t)gpe 5t — g, Ngne st = 0, (5.11)
which can be integrated to

)‘Sn

O3 )\Sb)Ng’;e‘(ASn‘ASb)t +C (5.12)

aft)s, =
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and finally results in

)‘Sn

N(t)Sb = N(t)g‘b + N(t)éb = Ngée_ASbt __ ASn
(>‘Sn - >‘Sb)

For this, the boundary condition N(t, = 0)g, = Ng, was used.

Calculating the activity for each isotope with

NG (e st — g7 Aoty (5.13)

AN (t);
At); = — T (5.14)
ends up in the following equations for the activity of ***Sn and "*?Sb:
A(t)sn = AgnNgpe st (5.15)
A
A(t) sy = AspNgpe st — ﬁN%()\sne_As’Lt — Aspe ). (5.16)

The integral of A(t)g, and A(t)g, from the time of the beam gate closure ¢, to the end of the

run t, is equal to the amount of 13291 and '®2Sb nuclei decayed during this time interval,

respectively. ~-ray spectra including data of this time period are used to determine the

amount of decayed **Sn and *?Sb nuclei. The total amount of -decays originating from
13291 are determined from the intensities of the transition lines at 340.5 keV, 529.1 keV,
992.7 keV, 1078.3 keV and 1239.6 keV , whereas the total decay of *2Sb is calculated from
the intensities of the 974.1 keV, 1787.6 keV and 2363.5 keV transitions. The resulting fits of

these transition lines are shown in Figure 67 and the corresponding yields in Table 3. The

amount of **Sn (Ng,) and '**Sb (N%) nuclei, at the time of the beam closure, amounts

to

. fttcf:() A (t)Sndt

Ng,, =
SR

m_ Jelo At) syt Asn

€_>‘Snt —

(5.17)

Ngy = Ng,
Sb <€_)‘Sbt . 1) ()\Sn o )\Sb) Sn( e—)\Sbt o

“Agpt
‘ 1 ) (5.18)
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Chapter 5. Data analysis
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Figure 67: (a) Gaussian fits of the transition lines of ***Sn and '**Sb to determine the
amount of decays during the implantation time. (b) same as for (a) but for
the decay time period. See text for more information
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5.6. Beam composition

Table 3.: Obtained efficiency corrected intensities for the decay of 13261 and '*2Sb
nuclei during the decay and implantation time interval. For each nucleus the
total amount of the decays is given by the sum of the obtained intensities.

E, [keV] [B-decay Intensity
Implantation Decay

N AN N AN
340.5  ?Sn—'"?Sb 78239 280 6459 80
529.1  *?Sn—!'*Sb 2347 48 307 18
992.7  ?Sn—'¥28b 72306 269 7836 89
1078.3  '¥Sn—'*Sb 3337 58 390 20
1239.6  '*?Sn—'*Sb 21437 146 1785 42
974.1  'Sb'Te 81072 284 14976 122
1787.6  P?Sh—'#Te 2844 53 450 21
2363.5 2Sb—1?Te 424 21 96 10

For the implantation time interval from ¢, = 0 to the time of the beam gate closure ¢, # 0
(737 s), Ng,, and Ngj, is expressed by

tC
NI, = NBesmAs / A(t)gndt (5.19)

to

tC tC

NI = NBeompy _ / A(t) gyt + / A(t) gndt, (5.20)
to to

with At = t,—t,. The integral of the activities of ***Sn and '*?Sb nuclei can be determined

from the obtained values in Table 3. From Eq. 5.19 and 5.20 the ratio Rgy/sy is given by

Ng™™ _ Ngy + fti;:ﬂ A(t)spdt — ff(fzo A(t)sndt

eam m (521)
NSBn NSn + fti)cz() A(t)Sndt

RSb/Sn =

Finally the ratio of **Sb relative to **Sn amounts to Rgp/sn = 0.164(14), which equals a
beam composition of 85.9% **?Sn and 14.1% **Sb.
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6. Results

The goal of the experiment is to investigate the collective properties, in particular the 27
and 37 states of '*?Sn, via their ground-state transitions. The following sections presents

the achieved results.

6.0.1. Selection of projectile and target-like nuclei

In the analysis it is required to separate projectile (A = 132) and target-like (A = 206)
particles, as safe Coulomb excitation is only ensured up to a scattering angle of ~ 42°
in the laboratory frame. Target-like particles detected in the forward DSSSD correspond
to unsafe Coulomb excitation events and may include nuclear interactions, which would
corrupt the analysis. The distinction between beam-like and target-like particles is difficult,

due to the poor energy resolution of the innermost DSSSD segments.
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Figure 68: Particle energy spectrum of annular segments 4 (top) and 8 (bottom)
recorded with the DSSSD. The black curve illustrates the particle spectrum
in coincidence with prompt 7 rays (At,), whereas the red curve illustrate
the particle spectrum for particle-y coincidences within the random time
window (At,). The calculated mean energies of beam-like and target-like
particles after Rutherford scattering are marked with the dashed lines. See
text for details.
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In Figure 68 two particle spectra of annular segment 4 and 8 in coincidence with v rays
are shown. The black curve illustrates the recorded particle spectrum with coincident
rays within the prompt time window (At,), whereas the red curve is in coincidence with
random 7 rays (At,). As At, is five times At,, the count rate for the random particles is
higher. Even in the eighth annular segment (counting from the innermost segment to the
outermost), target-like and beam-like particles can not be separated completely, although
the two kinematic branches diverge with larger scattering angles. Particles in coincidence
with random ~ rays reproduce the Rutherford kinematics calculated with LISE4+, while
the particles within the prompt time window include an additional peak structure. Below
the mean particle energy of **°Pb at 445 MeV in the annular segment 4 and 300 MeV in
annular segment 8, an additional peak arise. This new peak structure is only present in
the particle spectra within the prompt time window (black curve). Thus, the target-like
component is superimposed by particles in coincidence with prompt v rays and with 30 to

60 MeV less energy. This is also illustrated in Figure 69, where much more particles are

800
700

600
02

E, [MeV]
N
S
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

030

Figure 69: Particle energy as a function of the particle-y time differences within the
prompt and random time windows for the ten innermost annular DSSSD
segments. The structure within At and At, is different especially for par-
ticle energies below 400 MeV. See text for more details.

observed between 200 MeV up to 400 MeV in the prompt coincidence window, whereas

this component does not occur in the random time window.
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Chapter 6. Results
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Figure 70: (a) Beam-like particle energy spectrum in correlation with prompt v-rays
as a function of the ~-ray energy. The spectrum is restricted to the ten
innermost DSSSD rings. (b) same as in (a), but for target-like particles.
(c) and (d) are similar to (a) and (b), respectively, but in coincidence with
random v-rays. More information can be found in the text.

The corresponding Doppler-corrected prompt y-ray energies to the particles from Figure 69
are plotted in Figure 70 (a) and (b) for beam-like and target-like particles, respectively.
Figure 70 (c) and (d) illustrate the Doppler-corrected random 7-ray energies in coincidence
with beam-like (¢) and target-like (d) particles. The beam-like and target-like selection is
achieved by a first energy cut, which was illustrated in Figure 55 (a) and correspond to the
valley between the two particle peaks of the black curve in Figure 68. The cutoff energy at
150 MeV is imposed to avoid random coincidences from the noise of the DSSSD detectors.
In the range of the new particle structure for target-like particles much more v rays are

observed in the prompt time window than in the random time window.

The projection of Figure 70 (b) onto the x axis yields the 7-ray spectrum illustrated
in Figure 71. Two sharp transitions stemming from *“Pb, ie. 2 — Ogs. at 803 keV,
37 — 27 at 537 keV and two transitions from **'Pb, i.e. 5/2, — 1/2;. at 570 keV and
9/25 — 13/2] at 1094 keV are observed on a high background-like structure. The inset
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of Figure 71 illustrates the target-like gated 7-ray spectrum with Doppler-correction for
beam-like particles. Transitions at 331 keV and 1221 keV are observed which belong to
ground-state transitions in *'Sn and '*Sn, respectively. Furthermore, transitions from
15y at 227 keV, 337 keV, 430 keV and 506 keV are observed, which originate from the

excitation of the beam-like component under large scattering angles (unsafe).

1000 mﬁ 1000 [
Pb20spp, 800
800 ~ 206Pb§ 600 n
§ 400
S i
é 600 + 200 T
2 0
5 400 | 0 400 800 1200 .
O
200 + .
O I

0 500 1000 1500 2000 2500 3000
E, [keV]

Figure 71: Target-like particle-gated ~-ray spectrum Doppler-corrected for target-like
particles. The inset shows the target-like particle-gated v-ray spectum
Doppler-corrected for beam-like particles. Both spectra are background sub-
tracted. The observed 7-ray transitions correspond to beam and target nu-
clei as well as the neutron transfer products. See text for more information.

Additional evidence for transfer reactions is obtained by the Doppler-uncorrected ~y-ray
spectrum illustrated in Figure 72. The spectrum shows transitions which most likely
stem from **Hg at 691 keV and 436 keV, ®°T1 at 204 keV, ?%°T1 at 265 keV, 304 keV,
330 keV, ™Ge at 834 keV, ™Ge at 596 keV and *"Al at 844 keV, 1014 keV, 2212 keV.
Especially, transitions of ">"*Ge can only occur as a side product during or after transfer
reactions where neutrons are generated from highly excited reaction products and excite
the HPGe detection material. Free neutrons emerging from possible transfer reactions of
lead into thallium or mercury can also induce the aluminum excitations. This gives rise to
the assumption that the new particle peak corresponds to transfer reaction products. A

refined investigation is not possible with the present data. However, for the normalization
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Chapter 6. Results

of the transition strength the amount of the target excitation is obtained from the beam-
like gated spectrum after Doppler-correction for target-like particles. This v-ray spectrum
is free of possible transfer products, as the distance between the nuclear surfaces is within

the safe Coulomb-excitation range and does not allow for transfer reactions at all.
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Figure 72: y-ray spectrum gated on prompt target-like particles without Doppler-
correction. Sharp transitions are observed, which can be associated to
205’206T1, 24Hg, ™™Ge and *"Al transitions. More information is given in

the text.

On account of this, a clean separation between beam-like and target-like particles has to be
achieved to guarantee a pure safe Coulomb-excitation spectrum for a proper normalization
to the target excitation. The background subtracted ~-ray spectrum from Figure 73 was
generated via gating on beam-like particles and performing Doppler correction for mass
A = 132. The safe Coulomb-excitation criterion was implemented by including only the 10
innermost DSSSD rings (0., = 26.5° — 68.2°). The yields were obtained by a 50 integral
around the mean energy of the 21 — Og.s. and 3; — O;S transition of "*?Sn and amount to
70 + 12 counts and 28 4+ 8 counts, respectively. As discussed, within the applied particle
cut the beam- and target-like components are not completely separated. For this reason,

the contribution of the unsafe excitation were investigated in more detail.
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Figure 73: (a) Prompt beam-like gated v-ray spectrum with background subtraction
and Doppler-correction for mass A = 132. Only the ten innermost DSSSD
rings were used to ensure safe Coulomb excitation. The two ground-state
transitions of '*?Sn at 4041 keV and 4351 keV are observed at the right
energies.

Particle cuts

To assure a clean particle separation and correct yield determination of the **Sn and °°Pb
transitions, several analysis conditions were applied. Figure 74 illustrates the applied cut

criteria, as an example the particle spectrum of annular segment eight is depicted.

Similar to Figure 68, the black curve shows the detected particles within the prompt y-ray
time window and the red curve shows particles in coincidence with random ~ rays. The
transfer reaction channel superimpose the target-like particles in coincidence with prompt
~ rays and, therefore, the proper cut conditions are applied considering the random particle
spectra with predominantly Rutherford scattered events. To assure a pure projectile gated
~-ray spectrum, particle-y coincidences are selected for each annular DSSSD segment with
particle energies equal to or greater than the mean energy of the mass A = 132 peak

(see Figure 74 (a) beam-like component). The remaining particles are treated as target-
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Figure 74: Applied particle cuts for particle-y coincidences:(a) « rays in coincidence
with beam-like particles are selected via particle energies above the mean
energy of the mass A = 132 peak. For coincidences with target-like parti-
cles energies below the mean value are used. (b) same as for (a), but the
separation is performed with the mean energy of the mass A = 206 peak.
See text for more information.

)
)

like. Likewise, the background subtracted target-like gated v-ray spectrum with Doppler-
correction for mass A = 206 is generated with the particle separation cut from Figure 74
(b). The background subtracted ~y-ray spectra with Doppler-correction for either projectile
gated or target-like gated particles are illustrated in Figure 75 (a) and (b), respectively.
Considering the peak symmetry, both ~-ray spectra comprise half of the total excitation
and are only in coincidence with either beam-like or target-like particles. The target-like
v-ray spectrum generated with the cut condition from Fig. 74 (a) and the beam-like -
ray spectrum generated from 74 (b) are not used for further analysis, as they include a
mixture of beam-like and target-like particles. The deexcitation of **Sn with respect to
the 21 — Ogs. transition amounts to 36 + 8 counts, while for the 37 — 0; s deexcitation the
yield amounts to 9 + 3 counts. The target deexcitation corresponding to unsafe scattering
angles is determined to 3743 + 97 counts for the 2{ — 0;.5. transition in 2°°Pb.

The intensity for the 2f — O;S. transition agrees within the errors nicely with the full
intensity of 70 + 12. This indicates that the impact from the overlap of the two particle
peaks is well understood and negligible for this transition. For the 37 — Og_s transition the
yield with a clean separation between projectile and target-like particles is smaller than the
full value, but still matches within the errors. To determine the target excitation induced
within the safe Coulomb excitation range, the unsafe target excitation determined above

has to be subtracted from the total target excitation. For the total target excitation all
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Figure 75: (a) Generated 7-ray spectrum in coincidence only with pure beam-like par-
ticles. (b) same as for (a) with the exception that particle-y coincidences
are selected with target-like particles.

particles are treated either as projectiles or target-like particles with Doppler correction
for both mass numbers. The corresponding ~-ray spectra are illustrated in Figure 76 for

both cases.

The intensity of the target deexcitation, which comprises Doppler corrected and uncor-

rected contributions, yields the total amount of the target excitation Nip with

Niw = N; P+ N,;®. (6.1)
In equation 6.1, N{° denotes the detected *°Pb deexcitation induced under large (unsafe)
scattering angles, whereas le " is the target deexcitation in coincidence with beam-like
particles detected in the DSSSD detector (safe). The total amount of the deexcitation
of *®®Pb is determined via the average of the four generated y-ray spectra from Fig. 76
and amounts to 25255 + 605 counts. N{” is two times the yield obtained from the y-ray
spectrum illustrated in Figure 75 (b) with N = 7494 4+ 194. Thus, the amount of the

detected safe target deexcitation is given by

Ny® = Nt — N ™, (6.2)

and equals N}” = 17739 & 620.
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Figure 76: v-ray spectra with the total detected target excitation. The red line illus-
trates the fitted background. (a) and (b) show ~-ray spectra treating all
particles as target-like with Doppler correction for mass A = 206 and kine-
matic reconstruction for mass A = 132, respectively. (c) and (d) illustrate
similar -ray spectrea as in (a) and (b), but treating all particles as beam-
like and performing the Doppler correction for mass A = 132 and A = 206,

respectively. For more details see text.
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6.0.2. Yield calculation

The yields of the ?Sn deexciation were already determined in the previous section and
amount to 70 + 12 and 18 £ 5 for the 2 — O;fsl and 37 — Og.s. deexcitation, re-
spectively. To perform the normalization of the transition strengths with the coupled-
channel code GOSIA2, the target excitation only induced by '*Sn is required. The
above calculated er,) b target deexcitation includes the safe Coulomb excitation induced by
132Ba,128h, %280, 'Y b beam components. The unsafe excitation from *Yb, '*?Ba, *?Sb
and '**Sn beam particles are detected with similar energies inside the DSSSD, whereas the
beam-like as well as the target-like particle energies of '°*Yb are higher compared to mass

A = 132 particles. The kinematics are illustrated in Figure 77.
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Figure 77: Calculated particle energies as a function of the scattering angle in the lab-
oratory frame. The LISE++ output for 13261 and '%°Yb is shown in red,
whereas the scattered lead particle energies are shown in blue.

The total amount of the detected deexcitation of '**Ba after safe Coulomb excitation
and the total amount of the '*Yb deexcitation is determined from the ~-ray spectrum

(cf. Fig. 62) with the particle cut including the complete mass A = 132 peak from
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Table 4.: Determined excitation cross sections for **>Ba and '°*Yb on 2°°Pb correspond-
ing to the observed ~-ray transitions.

L—>1; oN)b]| L=1; o(*Pb) [b]

""Ba 05, — 2 1456 |05, — 27 0.82
yh 2f —4F 1095 | 0f, —2f 1.10
47 =61 479 |04, —2f 1.10
6/ =8  1.94 |05, — 2] 1.10
87 — 107  0.89 |07, —2f 1.10

Figure 55 (a) presented in Section 5.4. The intensity of the deexcitation of '**Ba amounts
to 1920 & 150. For the yrast-band transitions of '°YDb the determined intensities are
15589 4 147 for 47 — 27, 5055 + 99 for 67 — 47, 1428 + 76 for 8] — 67 and 331 + 60
for 10 — 8f. The cross sections for all transitions were determined via CLX [28, 29],
with the known transition strengths, the target thickness and the beam energy. The cross
sections for all transitions are summarized in Table 4. Therewith, it is possible to calculate
the total amount of the target deexcitation induced by *?Ba and '®°Yb with the known

cross sections and equations 1.33 and 1.34.

206 206
. (2Pb) £(2°°Ph)
NII)D (132Ba) = N132Ba0_(132Ba) 5(132Ba) (63)
e Pb /166 U(QOGPb) 5(206Pb)
NEP(95Y D) = Nigoy, (6.4)

o("YD) e(*YD)’

where o(N) is the cross section and €(N) the detection efficiency of the HPGe detectors
for the corresponding transition energy. Employing equation 6.3 and 6.4, the amount of
the detected target deexcitation induced by '*?Ba yields 41 & 6 counts and by '*°Yb yields
739735, counts. The large error corresponding to the target deexcitation induced by '**Yb
originate from the fact that the peak intensities for the yarst-band transitions observed in
the y-ray spectrum are from safe (beam-like particles) and unsafe (target-like particles)
Coulomb excitation. This implies, a part of the excitation could potentially stem from
nuclear interactions. However, R. H. Spear et al. showed in Ref. [130] that the probability
for the excitation of the 2] state of *°Pb decreases with decreasing impact parameter.
As the precise nuclear-force cross section is not known due to potential nuclear Coulomb
interference for large scattering angles, an upper limit can be calculated using the approach

that the probability for both excitation mechanisms is equal. Therefore, the error of 50%
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arise in the uncertainties. The total amount le b is a composition of the target deexcitation

induced by the different beam components

N}ljb _ er):’b(l?)QSn) + N;b(1328b> + Nfb(lea) + er):’b(lﬁﬁy'b). (65)

Subtracting the intensities induced by "*?Ba and '*Yb yields N)*(***Sn) + N3 °(**?Sb) =
16959 4 721, which is the total detected target deexcitation induced by **?Sn and **Sb. In
Section 5.6 the ratio of both nuclei in the beam was determined and, hence, it is possible to
calculate the amount of the target deexcitation induced by **?Sn. Considering the Coulomb
excitation cross sections for the 27 excitation of *Pb via '**Sn (¢(***Sn) = 0.910b) and
¥28h (o(***Sb) = 0.897b), the final number caused by **Sn is N} (***Sn) = 14777 + 622

counts.

Reduced transition strength

All yields, which are needed to determine the 27 — Ogs. and 3] — O;S. transitions of "**Sn,
are at this point available. The coupled-channels code GOSIA2 [23-25] is able to extract
electromagnetic matrix elements by a least-square fit to a Coulomb-excitation dataset
utilizing these matrix elements as free variables. Hence, the coupled-channels system of
differential equations describing electromagnetic excitations is determined in an fast and
3 — Og_s, of ¥*Sn and 2f — Ogs,

of ?®Pb are used as data points. The level scheme shown in Figure 78 (a) as an inset, is

efficient way. The determined yields, i.e. 27 — Ogs_,
implemented in the input file of GOSIA2 to adjust the calculation of the excitation and
deexcitation to the case of **?Sn. The 47 state, which was not observed in the experiment,
is a buffer state representative for all higher excited state in *?Sn to ensure a proper
excitation and deexcitation mechanism by avoiding unphysical population and feeding of
the underlying levels. Further data points for the least-square fit, are two branching ratio of
280 je. 37 — 21 /37 — Ogs. and 47 — 37 /47 — 2{ known from S-decay measurements
of "?In [129]. The branching ratio of the 4; level into the ground state is not included
in the calculation as an E4 transition would be required, but the deexcitation via an E4
transition is negligeble and not implemented in GoOs1A2 [23]. The well studied reduced
transition matrix element of the target excitation M(E2; 2y — 0f )= 0.3178(47)eb [131] is
an additional data point for the y* minimization and in addition used for the normalization
of the transition strength of '*2Sn relative to the target excitation of **°Pb. Thus, in total

six data points are used for the minimization with (GOSIA2.
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Figure 78:
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Projections of the 3-dimensional contour plot of the X2—surface scans nor-
malized to the °°Pb target excitation. (a) x* values obtained within the 1o
range as a function of the (I) and (II) transitions. The inset shows the imple-
mented level scheme used for the calculation. (b) and (c¢) shows the global
x*-surface minimum as a function of (III) and either (II) or (I) transition,
respectively. More information can be found in the text.
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The y*-surface calculated with GOSIA2 is, in the present case of the doubly-magic ***Sn,
3-dimensional. For the visualization of the y? surface two transitions where fixed, whereas
the remaining one was minimized by Go0SIA2. The data is normalized to the excitation
of a 3.1 mg/cm® thick **°Pb target irradiated with '**Sn at 5.5 MeV/u beam energy.
The quadrupole moments were set to zero, which is justified by the spherical structure of
the doubly-magic nucleus. A global minimum was obtained for all hypersurfaces and is
presented within the 1o range (x* < X2 + 1) in Figure 78. All calculations are in good
agreement and yield one unique set of reduced matrix elements describing the transition
strengths. The final reduced transition strengths are B(FE2 1; Og.s. — 27) = 0.0869 +
0.019 €*b*, B(E3 1505, — 37) = 0.11 £ 0.035 ¢’b” and B(E1 1;27 — 37) = (9.05 &
3.04) x 107% e?b. These values are summarized in Table 5 and compared to prior determined

values.

Table 5.: Reduced transition strengths for 13281 determined in this work and from previous
measurements.

This work Previous

By keV] E, [keV] L —>1I; B(EN [®] B(EN) [Wa] | B(EN) [Wau]

40412 40412 0f, — 27 0.087(19) 4.4(9) 7.0(3) [30, 43]
5.5(15) [44]
4351.94 435194 0f, — 3] 0.11(4) 15.2(48) >7.1 [129]

3107 27 =37 9.1(31)x107° 4.2(13) x107* | > 1.7-10"* [129]

The B(E2) value determined within this work shows a reduced quadrupole transition
strength compared to the previous Coulomb excitation of **?Sn at ORNL. However, within
the error of approx. 40% the preliminary value agrees with the new findings. The higher
quadrupole strength and the large error of the ORNL measurement can be explained by the
poor energy resolution of the used BaF, array and the lack of the efficiency calibration. The
better energy resolution of the MINIBALL spectrometer and the high energy of the **Sn
beam delivered by HIE-ISOLDE, allowed to reduce the error to approx. 20% and exhibit

reduced quadrupole strength. However, compared to the neighbor isotopes %**Sn, the
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Chapter 6. Results

quadrupole strength of '*?Sn is increased and, therefore, indicate an larger collectivity.
B(E1) and B(E3) values were determined in this work for the first time and are consistent
with previous determined lower limits. The errors for the B(E3) and B(E1) values are
approx. 30%. The B(E3) value of about 15 W.u. fits nicely the trend of B(E3) values
along the isotopic chain of tin with values between 10 W.u. and 30 W.u. and suggests a
collective behavior (cf. Sec. 2.1 and Fig. 14).

Due to the low statistics the experiment is not sensitive to the quadrupole moment. How-
ever, Fig. 79 illustrates the calculated y?-surface of the E2 transition as a function of the
spectroscopic quadrupole moment. Thus, if the first excited state of the doubly-magic
%291 would deviate from a spherical structure, the transition strength could change de-
pending whether the nucleus is prolate deformed (@) > 0) or oblate deformed (Q < 0).
However, state-of-the-art theoretical calculations confirm the spherical structure for this

nucleus and, therefore, a vanishing quadrupole moment (cf. Sec. 7).

2
X
1.0 — —4.80
09—
08— — 476
—g 0.7
06— 4.72
o F
g 0.5:—
— 04— 4.68
% e ———
02— 4.64
0.1—
= 4.60
0.0 llllllllI]JJJJJJlllllllllllllllllJ}Jlllllllllllll
0. 0.4 -0.3 0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Qs leb]

Figure 79: Reduced matrix element of the 21 — OQS. transitions as a function of the
spectroscopic quadrupole moment. The dependency of the transition matrix
element is quite flat with respect to the different quadrupole moments. Neg-
ative values of () describe a oblate deformation, whereas positive () values
indicate a prolate shape.
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7. Comparison with theoretical results

The measured B(E\) values as well as the established energy level scheme for the doubly-
magic '*?Sn are compared with results from state-of-the-art large-scale shell-model calcu-
lation (LSSM), Monte-Carlo shell-model calculation (MCSM), Relativistic Random Phase
Approximation calculation (RRPA) and Random Phase Approximation calculation (RPA).
The latter two calculations are utilized within the Relativistic Quasiparticle-Vibration Cou-
pling (RQVC) and Hybrid Configuration Mixing model (HCM) to determine properties of

odd-mass nuclei, respectively.

7.1. Theoretical models

7.1.1. Relativistic Quasiparticle-vibration coupling

Self-Consistent Mean Field (SCMF) models describe atomic nuclei as independent particles
moving in an average potential, created by the interplay of the individual particles. These
models allow the calculation of many-body systems and predict essential properties of nu-
clei like masses, radii and deformation. Similar to the Density Functional Theory (DFT) for
atomic electrons, the determination of single-particle properties with static SCMF models
is not possible without additional modifications. However, for single-particle properties in
odd mass nuclei dynamic correlations, between single-particle states and collective vibra-
tions of closed shell nuclei (“core”), are of major importance. Collective vibrations are the
most dominant contribution for low-lying states in spherical nuclei. Characteristics like the
nuclear giant resonance or the fragmentation of the single-particle strength are not pre-
dictable within the framework of static SCMF models. Thus, a modification from a static
density to a many-body theory including dynamic correlations is required. This is done by
the Particle-Vibration Coupling model (PVC) [132]. The PVC model improves the energy
as well as the wave function predictions of excited states for spherical odd-mass nuclei [133-
135]. For the relativistic quasiparticle-vibration coupling model, developed in Ref. [136],
collective properties of even-even nuclei were determined via Relativistic Quasiparticle
Random Phase Approximation (RQRPA) calculations. The determined core-excitation
properties, which are an essential part for the PVC model, are presented in Ref. [133]

along the tin chain and in particular for the doubly-magic **Sn nucleus.
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Chapter 7. Comparison with theoretical results

7.1.2. Hybrid configuration mixing model

A different extension of the PVC model is the Hybrid Configuration Mixing model (HCM)
presented in Ref. [137]. To account for the fact that nucleons outside closed shells can
exhibit either particle-like character or manifest properties that correspond to the coupling
of particle and core vibrations, the model incorporates particle states that arise from
Random Phase Approximation (RPA) calculations. RPA calculations are a proper way
to describe nuclear collective motion. These RPA states are implemented via mean-field
solutions of the Skyrme Hamiltonian and the residual interactions [137]. Core exciations
for the doubly-magic '**Sn were calculated to determine **Sb properties wihtin the HCM
model [41]. The RPA calculations including the Skyrme interactions are performed as
stated in Ref. [138]. The applied model space allow to fulfill the appropriate Energy-
Weighted Sum Rules: all hole states of '*?Sn and particle states up to a maximum energy
cutoff of 120 MeV were included, discretized in a spherical box of 20 fm. However, while
the results for giant resonances only depend on bulk properties of the Skyrme force, e.g.
effective mass, those for the low-lying excitations are quite sensitive to the details of the

levels close to the Fermi surface. For the detailed theoretical formalism see Ref. [137, 138].

7.1.3. Shell-model calculation based on !°Zr

New large-scale shell-model calculations were performed including the model space spanned
by 0hi1/2, 1f7/2, Ohgsa, 1f5/2, 203/, 2p1 /2 orbitals for neutrons, and 0gg /o, 0g7/2, 1d5/2, 1d3/9,
2519 orbitals for protons above the inert core of 107r [139]. Realistic interactions derived
from the CD-Bonn potential were used. These interactions were renormalized by the Vj,,,_s
approach and adjusted to the model space by many-body perturbation theory including
Q-box folded diagrams up to second order [140]. Monopole adjustments yield the exper-
imentally determined single-particle energies for '*3Sb and '**Sn. Further adjustments,
corresponding to proton-proton (77) and neutron-proton (v7) monopole matrix elements,
allow to obtain single-particle energies for N = 82 and N = 83 isotones [139, 141]. Employ-
ing particle-hole (ph) excitations from vhyy/, and 7gg/o orbits, consequently demand the
usage of ''°Zr as an inert core. During this step the neutron gap of **Sn and the proton
gap of *°Sn were fixed, in addition to the prior mentioned properties. The calculations of
1329y require to take np-nh excitations from the v0h,,/, and 70gy/, orbitals into account.
The diagonalization of the Hamiltonian with the dimension of 2 x 10'? in the case of '**Sn

is only feasible with the truncation of 7p7h excitations. The diagonalization was performed
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7.1. Theoretical models
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Figure 80: (a) Large-scale shell-model calculations for the B(E2) transition decay of
the doubly-magic 13261 and the two 2p and 2h neighbor isotopes 180.134g),
(b) Calculated level binding energies for the 27 and 4] states within the
large-scale shell-model framework. In both cases a convergance is achievied
at 7pTh excitations. See text for more details. Figures adapted from private
communication Ref. [145].

by N. Houda from the Université de Strasbourg with the ANTOINE shell-model code [142,
143] within the m-scheme. Effective charges e, = 1.68 e and ¢, = 0.41 e were used. The
7p7h excitation limitation ensures the convergence of the B(FE2) values shown in Figure 80
(a) with B(E2;0;, — 27) = 0.1 ¢*b*. In Figure 80 (b) the calculated results for the level
energies, i.e. E(27) = 3992 keV and E(47) = 4229 keV, are presented. Further sensitive
tests of the effective interaction of the shell-model calculation are obtained by comparison
with the neighboring isotopes **'**Sn. The calculated B(E2; Ogs_ — 21) strengths from
the LSSM calculation yield 0.028 and 0.027 e*b* for **°Sn and '**Sn, respectively. This is
in good agreement with the experimental values yielding 0.023(5) and 0.029(5) e’b* [144].

These values demonstrate the locally increased quadrupole strength in doubly-magic **Sn.

7.1.4. Monte Carlo shell-model calculation

The advanced Monte Carlo Shell Model (MCSM) [146, 147] was used to calculate nuclear
shapes along the even tin isotopes between N = 50 and N = 88. The discrepancy between
the expected general seniority description along the Sn isotopic chain for the B(E2) val-
ues and experimentally determined transitions strength along tin isotopes, require further
clarification [148].
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Chapter 7. Comparison with theoretical results

The MCSM calculations use a

large model space spanned by
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Figure 81: T-plot of the ground-state and first excited vanced MCSM calculations facili

21 states of *132134Gy determined with the tate to determine the properties of

MCSM. Figure adapted from Ref. [149]. even-N (N = 50— 88) tin isotopes

with no truncations with respect

to the occupation number of the included orbitals. In particular the 27 and 4] states
were calculated, which were accessible within the present model space and computational
power. The effective charges are e, = 0.75 e and e, = 1.25 e and were fixed by a global
fit to '**734Sn, while the calculations were done for '*2Sn. The average of the isoscalar

effective charges was kept to be 1.0 in the fit. The free parameter is the isovector charge.

The nuclear structures along isotopic chains can be visualized by the so-called T-plot using
the MCSM. The nuclear shape of the doubly-magic **Sn was calculated for the ground-
state and the first excited state. The results illustrated in the T-plot [150, 151] of Figure 81,
emphasize a spherical shape of the ground state of '**Sn with a more pronounced minimum
compared to **'?*1Sn. A superposition of J™ projected MCSM basis vectors represents the
shell-model eigenstate. The basis vectors are deformed Slater determinants, characterized
by the intrinsic quadrupole moments, ), and (),. These values are indicated by circles in
the T-plot on top of the Potential Energy Surface (PES) for the shell-model Hamiltonian.
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7.2. Comparison

For details see Ref. [151]. A small deformation of "*’Sn tends to exhibit an oblate character,
whereas for **Sn a spherical shape with dynamic prolate deformation is predicted. The
T-plot is spread outwards to a similar extent among the O;S, states of P03y due
to pairing correlations. The weak oblate deformation of the 27 state of **?Sn is only of
dynamic character and can be deduced from the deformation parameter [, which can be

calculated to first order with the intrinsic quadrupole moment Qu &~ 50 efm? from Fig. 81

= Vhm Qg
3 ZRY

with Ry the nuclear radius and Z the proton number [152]. This corresponds to 8 = 0.03,

via

(7.1)

which indicates for v = 0 a spherical nucleus. To account for v # 0 the deformation of the

nucleus along his three axis is calculated with

5) 2
AR; = Rm/ﬂﬂ cos(*y — ;-/46),/{ =1,2,3. (7.2)

Substituting the values of 5 = 0.03 and v = 60° in Eq. 7.2 [152] yields a maximum
deformation of 3% along one axis, which stress the spherical structure of the first excited
state of *?Sn and justify the fixation of the quadrupole moments to zero of the GOSIA2
calculation. Thus, the predictions from Figure 81 indicate that the doubly-magic character
is restricted to the ***Sn nucleus. The quality of the MCSM calculations and the effective
interactions are illustrated and described in more detail in Ref. [148]. The calculation is
able to describe the properties along the isotopic tin chain, especially the local decrease
of the B(E2) around N = 64 and the increased bump around N = 58. In addition, the
B(E2) value of the doubly-magic 13291 is predicted in excellent agreement with the value

determined in this work.

7.2. Comparison

The theoretically determined values for energies and reduced transition strength are sum-
marized for the different models in Figure 82. The ground state (0 ) of the doubly-magic
13291 is predominantly composed of the spherical Wgé% Quhi; /2 configuration. The occupa-
tion numbers of protons and neutrons predicted by the LSSM calculation are 0.28 and 0.22,
respectively. The MCSM calculations state even smaller occupation numbers with 0.09 for
protons and 0.13 for neutrons. The excitation energy of the first exited state of *?Sn is

quite well reproduced by all theoretical models (see Fig. 82(a)). The best agreement is
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Chapter 7. Comparison with theoretical results

achieved by the LSSM based on the "°Zr core with 3992 keV and the RPA calculation
using the Skyrme SkM* interaction [153, 154] with 4060 keV. The energy obtained with
RRPA calculations amounts to 4300 keV and the MCSM yields 4390 keV. The B(E2)
values obtained from the LSSM, MCSM and RRPA calculations are in good agreement
within the error bars with the experimentally determined value, whereas the RPA predic-
tions overestimates the transition strength shown in Fig. 82(b). The value predicted by
the MCSM calculation of B(E?2; Ogs. — 27) = 0.085 €*b? fits exactly the experimentally
determined value. The outcome of the LSSM based on '°Zr and RRPA calculations are
equal and result in a value of B(E2; OJS. —27) =01 ¢’b?. Both shell-model calculations
describe the 27 wave functions predominantly by the 1p1h excitation from the vhy; /2 to the
v f7/2 orbit. The neutron occupation number of the v f7/, orbit calculated with the LSSM
is 0.92, whereas the MCSM calculation predict an occupation number of 1.04 for neutrons
in the v f;/, orbit. Proton excitations from the gy /gdé /2 orbital amount to a fraction of
about 13% of the total wave function in the LSSM, corresponding to an occupation number
of 0.21 for the 7ds, orbital. Two proton excitations (mgs /295/2) contribute with 5% to the
total wave function, which results in 0.18 protons in the g7/, orbital. In total, the proton
contribution amount so approx 19%. The MCSM predicts an occupation number of 0.03
for the gy, orbit and 0.07 for the mgs/ orbit. Even the proton occupation numbers are
small, the contribution to the Aj = Al = 2 transition of the total F2 matrix element is
approx. 17% and, thus, the proton excitation across the Z = 50 shell gap is not negligible
for the doubly-magic '**Sn nucleus. The wave function contributions obtained with the
LSSM calculation are illustrated in Figure 83 for the three even-even "**'3213Sn nuclei.
This comparison clarify that the proton contribution is increased almost by a factor two
for *?Sn compared to the neighboring *****Sn isotopes.

A larger proton contribution is predicted by the RPA calculation, where the excitation of
the 27 state is composed out of a 56% l/hl_ll/gf7/2, 19% 7ng_/12d5/2 and 14% l/gg_/12g7/2 config-
uration. This enhanced proton contribution of about 33% results in an increased B(FE2)
value, as mentioned in Ref. [53, 55, 155]. Thus, the overestimation of approx. 60% of the
B(E2) value, independent of the Skyrme interaction, can be explained by the enhanced
proton contribution. For the RRPA calculation no information on the wave function de-

composition is available.

The B(E3) value could not be determined within the SM calculations, as the configuration
could not be achieved within the utilized model space. The determined level energy with
the MCSM calculation within the applies model space of E(37) = 4.985 keV is too high,
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Figure 82: (a)-(d) Theoretical data of the reduced transition strength and level energies

for the first excitated 27 and 37 states in the doubly-magic 13291 nucleus.
LSSM and MCSM represent shell model calcuations, As and Ay, are RRPA
calculations with different shell gaps for the contribution nucleon orbits.
SAMi, SGII, SkX and SkM* denote different Skyrme interactions used for
the Hamiltonian in RPA calculations. Experimental values for the B(EX)
values are marked with the red line and the errors are indicated by the
grey area between the red dashed lines. The level energies are taken from
Ref. [64], whereas the B(E\) values were determined in this work. For more

information see text.
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whereas the respective B(E3) = 0.039 ¢°b” value is too small. Both deviations can be ad-

dressed to the missing proton excitations from the missing fp orbitals into the sdg orbitals,

as the fp orbitals are not included in the applied model space. The predictions from RRPA

and RPA calculations, independent of the used Skyrme interactions and pairing gaps, are

in very good agreement with the experimentally achieved B(E3) value. All calculated

values are within the experimentally determined error of ~ 30%. This excitation is pre-

dominantly described by a 1plh neutron excitation within the RPA calculation (1/3% 12f772
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Figure 83: Large-scale shell-model calculated wave function decomposition for the

ground (0,
g
TOINE within the m-scheme (based onto a Ho
mation see Section 7.1.3. Data taken from [145].

g.s.

) and first (2) excited state of (a) *’Sn, (b) *?Sn and (c)

The calculations were performed with the shell-model code AN-
Zr core).

For more infor-
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(40%), vd; s2f7/2 (12%)). The proton contribution amounts to around 12% mainly origi-
nating from the 7p} /297/2 orbitals. The predictions for the excitation energy, obtained by
both models, overestimates the experimentally determined energy between 800 keV up to
900 keV.

In addition, the large-scale shell-models calculate the properties of the 47 state. The LSSM
and MCSM calculations yield E(47) = 4.30 MeV and 4.66 MeV, respectively, which agrees
nicely with the experimental value of 4.416 MeV. Figure 84 illustrates the calculated wave
function decomposition of the 47 state obtained from the LSSM calculation. The wave
function of the 47 state is mainly characterized by the 1plh neutron Wgé% ® vhii /2 f71/2. It
can be recognized that, the amount of the proton contribution of the 4] state resembles
more the ground state than the 21 state (cf. Fig. 83 (b)). Thus, the proton excitations
7rg§/12d5 /2 are significantly reduced, resulting in lower average occupation numbers of 0.10
and 0.03 of the md; 5 orbit for the LSSM and MCSM calculations, respectively. The corre-
sponding transition strengths are B(FE2;2{ — 47) = 0.00107 ¢*b® determined with LSSM
and 0.00219 e?b? obtained with the MCSM calculation. The MCSM result agrees very
good with the experimentally known value of 0.00288 e?b? [129]. The observed branching
ratio of the 4] state shows that the F4 transition amounts almost to 17% relative to the £2
transition [129]. The increased E4 transition is possibly the result of the preferred proton
rearrangement into the ground-state configuration rather than into the 2 configuration,
due to the higher resemblance of the 47 state and the ground state. Moreover, the isomeric
lifetime of approx. 4 ns of the 47 can also be attributed to the proton configuration and the

small transition energy of 375 keV compared to the ground-state transition of 4416 keV.

The collectivity reflected by the excitation energies of the 27 and 47 states and their
B(E2) values are well reproduced. Even the dominant contribution is caused by the 1plh
neutron excitation across the N = 82 shell gap, the contribution of the proton excitation
to the total transition strengths is crucial to reproduce the experimental values in '**Sn.
A change from oblate to prolate oscillations of the first excited 27 state across the doubly-
magic configuration is deduced from MCSM results (see Fig. 81). Besides the E2 transition
strengths also the B(£3) value is well reproduced by RPA and RRPA results.
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Figure 84: Wave function decomposition of the 4] state of 13261, The amount of pro-
ton configuration resembles the ground-state of 13281, See text for more
information. Data taken from [145].

7.3. Summary and Outlook

In this work the Coulomb excitation of the radioactive and exotic doubly-magic **Sn
was conducted. In particular, the quadrupole and octupole collectivity were studied via
the excitation of the first 2 and 37 states. Compared to preliminary B(E2) values,
which were obtained via a Coulomb excitation of '**Sn at ORNL, the present analysis
points to a reduced collectivity of the first excited state in **Sn. In addition, state-of-
the-art large-scale shell-model calculations, RRPA and RPA models were compared to the
experimentally determined results. A good agreement for the first excited state of *?Sn
is observed between the LSSM calculations and the experimental outcome. Thus, the
theoretical predicted increase of the collectivity of the excited state in the doubly-magic

3291 nucleus is observed and endorses the findings.

Furthermore, the experimental findings support the RRPA and RPA predictions concerning
the B(E3) transition strength. Considering the large-scale shell-model calculations, no
B(E3) value could be predicted as this configuration require the inclusion of the proton
fp shells below Z = 82. However, due to the continuous development of advanced SM

calculation and increasing computational power, the calculation of the octupole collectivity
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will be accessible and yield further information about the collective properties of **Sn

The interest for the doubly-magic **Sn and his vicinity remains unbroken, as these nuclei
are of major importance for theoretical models and predictions e.g. for the astrophysical
r-process. Therefore, properties like single particle energies, masses, binding energies or
collective properties are essential. A variety of ongoing and future experiments for example
at HIE-ISOLDE and MINIBALL are addressing this question.

The collectivity of the doubly-magic **?Sn was presented in this work. Upcoming Coulomb-
excitation studies dealing with the collectivity of tin nuclei beyond the shell closure at
N = 82 to even more neutron-rich isotope are aimed for in the proposal [156]. The
analysis of collectivity in the north-east region (away from Z = 50 and N = 82 shell
closure) with respect to '**Sn were measured recently and data evaluation is ongoing [157].
A different approach compared to Coulomb excitation is the fast-timing spectroscopy at
HIE-ISOLDE and Isolde Decay Station (IDS). The experiment proposed in Ref. [158]
intends to investigate single-particle energies in ****1133:134G and will examin the nucleon-
nucleon interactions in this mass region. For these challenging experiments the new HIE-
ISOLDE facility provides an excellent basis and offers with the upcoming upgrades new

and important physics opportunities for future measurement investigations.
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Development of escape-suppression shields
for the MINIBALL spectrometer
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8. Introduction

State-of-the-art radioactive-beam facilities like ISOLDE at CERN [70-72] and the continu-
ous development of high-performance and high-efficient y-ray spectrometers allow to study
the properties of rare radioactive isotopes far from stability. The investigation of properties
of exotic nuclei far from stability is important to shed light, e.g. on astrophysical processes

like the waiting points during the r- and p-process path.

The high-detection efficiency of modern ~-
ray spectrometers is achieved via multi-
detector arrays, which are able to cover
a large solid angle. In the mid 80’s -
ray spectrometer like OSIRIS in Germany,
TESSA3 in the UK and NORDBALL in
Denmark could reach detection efficiencies
up to 1% [159]. During the 1990’s the next
generation of 47 detector arrays started
operating. EUROBALL [160] in Europe
and GAMMASPHERE [161] in the United
States, reaching detection efficiencies of

about 10%. These detector systems facili-

tated the analysis of fusion-evaporation ex-

Figure 85: MINIBALL spectrometer arranged periments by the detection of resolvable -
around the COULEX target cham- ray cascades after the deexcitation of highly

ber at Cologne 2004. excited states in heavy nuclei.

The first segmented y-ray spectrometer is the MINIBALL detector array [106, 162], which
is operating most of the time at the ISOLDE facility at CERN. The MINIBALL spec-
trometer, which was described in Section 3.1.6, consists out of eight triple cluster detectors
typically arranged as close as possible around the experimental target chamber. This
ensures for the limited amount of active detection volume the highest possible detection
efficiency (see Figure 85), whereas the six-fold segmentation preserves a good position sensi-
tivity [103]. Since the start of MINIBALL the 7-ray spectrometer was predominantly used
in experiments with low ~-ray multiplicities (M, < 3). Nevertheless, it was constructed
to cope with higher y-ray multiplicities [103, 162]. Additional detectors are required to

assure a high single-hit probability and reduce Compton-scattered ~ rays between individ-
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Chapter 8. Introduction

ual triple clusters. Figure 86 illustrates a y7y-coincidence matrix between two MINIBALL

triple cluster detectors. Horizontal and vertical lines correspond to fully absorbed ~-rays

within one triple cluster. The diagonal lines represent Compton-scattered events between

these two detectors. Potential peaks within the Compton background can be hidden and,

thus, it is desirable to eliminate the Compton background from the ~-ray spectra.

Escape-Suppression Shields (ESS) will im-
prove the Peak-to-Total (P/T) ratio (see
Section 9.1) of the recorded 7-ray spectra
by rejecting actively the Compton back-
For the MINIBALL spectrom-

eter a detailed Monte-Carlo study was

ground.

performed, employing the computer code
GEANT4 [164, 165] to determine the ideal
geometry for the additional detectors [166].
The supplementary detectors are scintilla-
tion counters made out of bismuth germa-
nium oxide (BGO). This compound mate-
rial is characterized by a high density of
7.13 g/cm® and a high Z to enhance the
detection efficiency. Furthermore, their fast

detection signals are highly suitable for fast
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Figure 86: yy-matrix recorded with two MINI-

BALL triple cluster detectors 2004
at Cologne after ***U(d,t)***U reac-
tion. Adapted from ref. [163]

veto coincident signals. The first prototype of the MINIBALL ESS was developed in col-
laboration with the Institute de Physique Nucléaire (IPN) at Orsay. First performance

results of the Compton-suppression shield are presented as well as the comparison with

theoretical calculations obtained with GEANTA4.
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9. Geant4 simulations

As contemporary physics experiments increase in complexity and costs, it is desirable to
predict very detailed the properties of future experimental setups. Especially during the
development of large and complex detection systems a simulated efficiency response and
other quantities minimize the development costs. Also in fields like target development,
detector geometry and beam energy estimation this type of simulations are of major impor-
tance. The fine tuning of these systems via simulations allow to improve the efficiency and
quality of upcoming experiments in a very efficient manner. Therefore, the GEometry ANd
Tracking (GEANT4) computer code was developed at CERN. The code is able to determine
the interactions of particles in matter based on the Monte-Carlo formalism. The computer
code is written in C++ and delivers a huge amount of programmed packages, which are
continuously updated with latest verified physics data. This allows simulations and pre-
dictions from simplest geometries and phenomena up to complex experimental setup, e.g.
the detector response of the LHC experiments at CERN.

9.1. MINIBALL escape-suppression shield

The first step towards the development of an ESS detector system for the MINIBALL
spectrometer, was to create a realistic as possible computer simulation to predict the de-
tector performance. This allows in the most efficient way to determine the ideal detector
geometry and obtain a first impression of the expected results for the final geometry. The
performance of a combined detector system of MINIBALL and a Compton-suppression
shield is characterized by two quantities. The first one is the detection efficiency of the
shielded MINIBALL spectrometer. Including additional detectors in the MINIBALL setup
will reduce the detection efficiency by a necessary larger detector-target distance. On the
other hand, an increasing ~-ray multiplicity for example caused by increasing beam en-
ergies will result in a reduced peak-to-total ratio. The peak-to-total ratio describes the
peak intensity relative to the total amount of counts in a y-ray spectrum. It is therefore,
a direct measure for the y-ray spectra quality. In the case of a ®*Co source measurement,
the peak-to-total ratio is calculated by the integral of both transition peaks at 1173 keV
and 1332 keV relative to the total amount of detected v rays. Both quantities, detec-
tion efficiency and peak-to-total ratio, are used for benchmarking the escape-suppression
detector design. The crucial point is that both quantities cannot be optimized simulta-

neously. Thus, GEANT4 simulations are required to determine a detector geometry with
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Chapter 9. GEANT4 simulations

a reasonable balance between the detection efficiency and peak-to-total ratio, suitable for
future experiments. A variety of simulations were performed with different BGO detector
thicknesses, lengths and shapes. The elaborated results as well as a precise descripition
of the simulations can be found in Ref. [166]. In the following the final outcome of the

GEANT4 study will be presented.
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Figure 87: Peak-to-total as a function of the detection efficiency for the complete MINI-
BALL spectrometer obtained with the GEANT4 simulation using a 0co
source. The simulated setup is similar to the one shown in Fig. 85, but
additional BGO detectors are implemented around the MINIBALL triple
clusters. The inset shows one CAD drawing of an ancillary BGO detector
(black) surrounding one MINIBALL triple cluster. Further, the heavy-met
(dark red), the fixation (orange and blue) and the photomultiplier tubes
(green) are shown. More details can be found in the text.

The simulation included the complete MINIBALL spectrometer surrounding the

COULEX target chamber, shown in Figure 85. The detector-target distance with the final
ESS detectors amounts to 12 cm (without BGO shields a detector-target distance of 8 cm
is achieved). All GEANT4 simulations were performed with a %9Co source placed at the
center of the target chamber. The first goal was to reproduce the experimentally measured
peak-to-total and detection efficiency. Both values were measured 2008 at CERN with
the MINIBALL spectrometer [106]. From calibration measurements with a *’Co source
a peak-to-total of 25% and an detection efficiency of 7.8% for the 1332 keV transition

were determined. The simulation predicts a peak-to-total ratio of 26% and an efficiency
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9.1. MINIBALL escape-suppression shield

of 8.2%. Both measured values are slightly overestimated by the simulation. However, the
deviations are < 5% and, thus, the simulation is reliable in a confidence level of 95% for

simulations with % Co.

For the best coverage of the MINIBALL triple detectors, the BGO crystal shapes were
adapted to the shape of the MINIBALL endcap (compare inset in Figure 87). In a first
step the peak-to-total ratio was investigated as a function of the BGO crystal thickness.
The simulations predicted a saturation of the peak-to-total ratio around 15 mm BGO crys-
tal thickness, for ~-ray energies up to 3 MeV. As a comparison: the EUROBALL BGO
Compton-suppression shield is made of tapered BGO crystals with thicknesses between
3 mm and 20 mm [160]. This is an other proof for the reliability of the simulation. In con-
trast to the EUROBALL Compton-suppression shield, which operates at 43 cm distance
between detector and target, the MINIBALL Compton-suppression shield geometry is lim-
ited by the compact detector setup. Therefore, a compromise between the BGO crystal
shape (thickness and length) and the reduction of the efficiency had to be elaborated. Fig-
ure 87 presents the final results obtained with the GEANT4 simulations incorporating the
full MINIBALL setup. The data points represent 10 mm and 15 mm thick BGO Compton-
suppression shields with 3 cm heavy-met (passive shielding to avoid direct irradiation from
the source) in front of the ESS detectors. The allegation in mm describes the length of the
BGO Compton-suppression shield. The biggest improvement of the peak-to-total ratio is
achieved by applying a BGO shield with the length of the MINIBALL endcap of 126.5 mm.
The increase in the P/T ratio with increasing BGO length is less than 6% along with a
decrease of a factor of 2 for the detection efficiency. Furthermore, the improvement gained
with 5 mm thicker BGO crystals is around 2% for the peak-to-total, but at the same
time the detection efficiency is reduced by 11% compared to the 10 mm thick crystals.
Therefore, the final geometry was chosen to be tapered. The crystals are 10 mm thick
at the front side and 20 mm thick at the back side. This is possible as the MINIBALL
detectors are arranged around a spherical geometry and, hence, the space at the back side
of the detectors is not the limiting factor. The ESS geometry accomplish, according to the
simulation, an peak-to-total of 44% and a detection efficiency of 7.2% with respect to the
1332 keV transition.
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10. Escape-suppression shield prototype

Based on this Compton-suppression shield geometry for the MINIBALL spectrometer, a
first prototype was built in collaboration with the IPN at Orsay. The described geometry
and response study with the computer code GEANT4 and the determination of the final
escape-suppression shield geometry was performed at Cologne. The hardware development
and assembly was done at the IPN in Orsay. To examine the performance of the BGO
prototype, the escape-suppression shield was combined with a MINIBALL triple cluster
detector and tested in a dedicated detector test laboratory at the IKP in Cologne (see
Section 11) as part of this thesis project.

10.1. Escape-suppression shield design

One ESS for one MINIBALL triple cluster
comprises three identical and separate re-
movable subsystems (see Figure 88). This
additional BGO detector will increase the
weight of one MINIBALL triple cluster by
21 kg, as it will be mounted onto the triple
cluster. One BGO subsystem is composed
out of four different BGO crystal geometries
and will be assembled around the MINI-
Figure 88: CAD drawing of one MINIBALL BALL endcap of one HPGe detector. All

triple cluster with three BGO sub-  cpygtal geometries have the same tapered

systems. Figure from [167]. shape described before. Each BGO crystal

is wrapped independently in a reflector foil to avoid photon loss. In addition a second

layer of carbon-fiber is wrapped around the BGO crystals to avoid damages of the ma-
terial and assure optical shielding. The following sections describe the BGO components

and manufacturing process in more detail.

10.1.1. BGO crystals

Escape-suppression shields require a high photo fraction for y-ray absorption. Hence, a
high Z and dense (7.13 g/cm®) material like bismuth germanate (BGO) is a reasonable
solution. BGO Compton-suppression shields were already used in various experimental
setups, e.g. in combination with the EUROBALL spectrometer [160]. The possibility to
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10.1. Escape-suppression shield design

machine this material in various shapes, geometries and the easy handling (no hermetic
sealing needed) makes it very advantageous for these kind of applications. Furthermore,
the fast decay constant of ~ 300 ns suits the detector material for fast-veto coincidence
setups. The light yield is between 8 and 10 photons per keV, within a wavelength range
of 320 — 640 nm and the maximum intensity around 480 nm. The rather poor energy
resolution of about 20% at 662 keV, compared to HPGe detectors, is accepted for the
purpose to reject the Compton-scattered v rays. Time resolution and detection efficiency
are the desired and more important quantities. For the MINIBALL triple cluster detectors
four different BGO crystal shapes are required to build one BGO subsystem. Figure 89
illustrates the shape and geometry of the MINIBALL endcap, to which the BGO crystals
has to be adjusted in order to coat the HPGe crystals. Due to the symmetry of the triple
endcap of the HPGe detectors four different BGO crystal shapes are needed (cf. Figure 89
Left).

Figure 89: Left: CAD drawing illustrating the MINIBALL endcap geometry. Right:
Back side look at a MINIBALL cryostat with BGO shields surrounding the
endcap. Equal BGO shapes are color coded. See text for further information.

In Figure 90 (a) and (b) one set of four bare BGO crystals for one BGO sub-system is
shown. The manufacturing of the crystals was done by SCIONIX and delivered to the

laboratories in Orsay.
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Chapter 10. Escape-suppression shield prototype

(b)

Figure 90: (a) Four different BGO crystals are required for one BGO sub-system as
delivered by SCIONIX. (b) BGO crystals arranged in the shape of one BGO
sub-system for illustration.

10.1.2. BGO housing

The emission of photons after deexcitation of the BGO material is an isotropic process. To
avoid a huge photon loss, the bare BGO crystals have to be surrounded with a reflective
material to guarantee a high reflection of the crystal surface. This procedure improves the
properties of the detection system by increasing the detection probability of the photomul-
tiplier tubes (PMTs), which is important as the PMTs can only cover a small area of the
BGO crystals. Without the wrapping, the energy resolution as well as the detection effi-
ciency would suffer tremendeously. The BGO crystals are wrapped in VM2000 foil. This
reflection foil is a metal-free multi-layered polymeric film, which reflects 98% of visible
light [168, 169]. Figure 91 shows the process of the wrapping. Each BGO crystal is almost
completely enclosed in the VM2000 foil, only openings for the PMT connections are left
open (Fig. 91 (b)). A second layer, the so-called BGO housing, is coating the BGO crystals
to shield them from external optical light and to protect the material from damages. The

requirements for this material are:
1. High optical shielding to avoid any external irradiation with optical light.

2. Low absorption and attenuation characteristics to enable a low energy threshold for
v rays.
After material studies performed in Orsay, specially manufactured carbon-fiber was selected

as a solution. The BGO housing was produced with a thickness of 0.4 mm and a weight of

0.6 kg per crystal. Mechanical test in combination with bending simulations predicted a
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10.1. Escape-suppression shield design

(b)
Figure 91: The bare BGO crystals are wrapped first with VM2000 foil to guarantee

a high photon detection after a ~-ray interaction in the BGO. See text for
more details.

bending of less than 130 pm for the final experimental setup. For the specific shape of the
BGO crystals, the carbon-fiber material had to be formed in a custom-build procedure.
The carbon-fiber was heated in an oven and carefully pressed in the particular shape with
dedicated equipment, as seen in Figure 92 (a) and (b). Remaining slots were optically

shielded with an isolating black tape, to ensure no external optical irradiation.

(b)

Figure 92: (a) and (b) show the forming of the carbon-fiber housing for the BGO
Compton-suppression shield as part of the production process.

10.1.3. Photomultipliers for the escape-suppression shield

The optical photons produced by the BGO crystals are converted into electrons and are con-
secutively amplified by the connected photomultipliers to generate detectable charge sig-
nals. The higher the coverage of the crystal by the PMTs, the better the detection efficiency

and also the energy resolution. However, an important point is the limited space avail-
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Chapter 10. Escape-suppression shield prototype

able at the end of the MINIBALL triple cluster HPGe detectors and the cryostat housing,
which restricts the potential size of possible PMTs for the readout. Measurements in Orsay
showed, that an adequate choice of the PMTs are the Hamamatsu R3478 photomultiplers
with a round shape and a diameter of 19 mm. These PMTs comprise 8 dynode stages with
a gain factor of 1.7 x 10° for electrons and operate up to a voltage of 1800 V. The accepted
wavelengths are between 300 nm and 650 nm with a maximum efficiency at 420 nm. This
corresponds to the wavelengths emitted by the BGO crystal which are between 320 nm up
to 640 nm with an maximum intensity at 480 nm. The rise and transit times of the PMT are
1.3 ns and 14 ns, respectively. The dark current rate (noise) of the PMT is typically around
10 nA, which is low compared to the typical anode current of 0.1 mA [170]. Attention has
also be paid on the voltage-divider circuit of the PMTs, as the selected resistors have to
be adapted to the fast-veto coincidence circuit. For the present setup and PMTs a fast re-
sponse circuit is implemented. Figure 93 illustrates the used elements for the PMT circuit.
Resistor R14 and capacity C4 build a lowpass filter inside the High-Voltage (HV) line to
reduce noise pickup and, hence, increase the signal sensitivity. A high linear characteristic
is achieved by using a tapered voltage-divider circuit instead of a normal voltage-divider.

A detailed desrciption of voltage-divider circuits and their applications is given in [171].

Pont diviseur pour photomultiplicateur R3478 HAMAMATSU
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Figure 93: Photomultiplier voltage-divider circuit outlay used for the Hamamatsu
R3478 PMTs. Taken from [168].
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10.1. Escape-suppression shield design

Another critical aspect is the optical con-
nection between the photomultipliers and
the BGO crystals. A good optical con-
tact has to be assured to prohibit photon

losses and not to decrease the detection ef-

ficiency of the ESS detectors. In the present

case, specially produced “soft silicon cook-  Figure 94: Home made (at Orsay) “soft silicon

ies” were employed to ensure a good opti- cookies” used as optical connection
between photomultiplier and BGO
crystals. See text for more details.

viscous liquids (BLUESIL RTV 141 A and Figure from [168]

B) are mixed in a special treatment with a

cal connection [168]. Therefore, two slightly

specific ratio for curing silicon elastomer. The dielectric properties of the material are:
1. Dielectric strength, 20 kV/mm
2. Dielectric constant at 1 kHz 2.7
3. Dielectric dissipation factor at 1 kHz 1-107°
4. Volume resistivity, 1- 10" Q/cm.

This kind of optical coupling was developed and used in the Auger Surface Detector for
many years [168] and, thus, is a reliable technique. The final “soft silicon cookies” are
illustrated in Figure 94. To shield the PMTs from external irradiation of optical light,
aluminum housings are produced (see Figure 95). A magnetic shielding is not required, as
the PMT tubes are small (19 mm diameter) and the magnitude of the earth magnetic field
will not influence the charge collection. For the final experimental setup for example at a

radioactive ion beam facility this aspect has to be verified.

10.1.4. Mechanics holding structure of ESS detectors

To assemble the ESS detector system together with the MINIBALL triple clusters, an ad-
ditional holding structure is required. The extra weight of about 21 kg originating from the
Compton-suppression shield per MINIBALL triple cluster, is a crucial point. In addition
the high flexibility offered by the MINIBALL spectrometer has to be preserved. Thus, each
Compton-suppression shield will be mounted onto each MINIBALL triple cluster via an in-
termediate ring. Figure 95 illustrates the intermediate ring with one mounted BGO subsys-

tem.
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Chapter 10. Escape-suppression shield prototype

Figure 95: BGO fixation ring to-
gether with one BGO sub-
system mounted and the
aluminum PMT slots.

This allows to include the combined detection sys-
tem in the MINIBALL frame (see Figure 31). Rein-
forcement studies at Orsay investigated the possible
bending of the mechanical parts, considering the ad-
ditional weight. Independent from the position of
the BGO detector system, the bending will be less
than 1 mm. This deflection is within the specifica-
tion for the mechanical stability of the system and
the experimental setup. The fully equipped and as-
sembled BGO Compton-suppression prototype is il-
lustrated in Figure 96 (a) and (b). Three BGO sub-
systems, each including four BGO crystals and six
PMTs, are mounted onto the intermediate ring. In
front of the BGO crystals the heavy-met is installed.
The yellow handles are used during the mounting

procedure and are removed afterwards.

(b)
Figure 96: (a) and (b) assembled BGO prototype of the MINIBALL spectrometer.
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10.2. Experimental setup

10.2. Experimental setup

To assure a meaningful comparison between measurement and the Monte-Carlo GEANT4
simulations, the MINIBALL triple cluster detector together with the mounted BGO Compton-
suppression shield was placed inside a scanning table with an adjustable detector-source
distance (12 cm). The setup is illustrated in Figure 97. For the coincidence logic, three
signals from each germanium core and three PMT signals from each BGO subsystem are
used. The following sections deal with the signal processing and gives a description of the

Pixie-16 data acquisition system.

Figure 97: Prototype measurement setup at Cologne. The detector system is place
inside a scanning table to assure the right distances.
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Chapter 10. Escape-suppression shield prototype

10.2.1. BGO signal processing

In total 18 Hamamatsu R3478 PMTs are used to obtain the output of the BGO crystals.
For each subsystem six PMTs are used. For the sake of simplicity and no need for 18
individual veto signals, the PMTs from each subsystem are merged to produce a common
veto signal. Photomultipliers in one subsystem are supplied by one HV module. Thus,
all PMTs in one subsystem are operated at the same voltage, which can result in different
amplification factors (cf. 98). This is mostly related to the manufacturing process and the

deviations in the material properties.

Figure 98: High-voltage supply box for the BGO prototype. The red HV cables for each
sub-system are connected to one HV line. The signal outputs are processed
in a different way. See text for more details.

However, it is preferable to adjust the gain factor (gain matching) for each PMT individ-
ually. Because a very good alignment of the amplification factors for each PMT, allows
for a very low energy threshold of the BGO subsystem and causes an increased detection
efficiency. For this purpose an additional alignment box was designed at IKP Cologne to
adjust the single signals. The alignment box consists out of three independent inverting
operational amplifiers with adjustable resistors for the six input channels. In this way each
channel can be amplified individually and added to the merged signal. The circuit diagram
in Figure 99 (a) illustrates one unit of the alignment box (99 (b)). The voltage output of

the alignment box is given by:

—Ua:UK with UK:(IPl+IP2+IP3+IP4+IP5+IP6>‘RKy (101)

where Ip_pg is the current from each PMT given by U,;_./Ri_g. The resistance of the
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Figure 99: (a) Circuit diagram for one unit of the BGO alignment box. (b) BGO
alignment box with three output and 18 input channels. For each input
channel the resistances can be adjusted via the potentiometer (Gain) and,
thus, a proper gain matching can be achieved.

six input channels can be adjusted via the installed potentiometer R; with i € [1,6]. It has
to be taken into account, that the merged/added signals has to be within the input range
of the digital electronics. In order to obtain signals with no ringing (voltage oscillation due
to reflections), an impedance converter is implemented, which modifies the signal shape
to a rise time of 400 ns and a fall time of 2.5 ps. This impedance conversion allow the
signal transmission from the high resistance PMT output (kOhm) to an 50 Ohm input
impedance of the digital electronics. The resulting time structure is still applicable for the

fast-veto logic of the Compton-suppression system.

The impact of the additional alignment box is shown in Figure 100 (a) and (b). Both
spectra are recorded with an analog MultiChannel Analyzer (MCA) and a 3705 source.
The source is irradiating directly one BGO subsystem. All crystals of one subsystem are
measured without any gain matching (a) and with gain matching (b). The comparison
illustrates that after the gain matching the energy resolution of the merged full energy
peak is improved (Figure 101). Typically energy resolution is not important for Compton-
suppression shields, as only a veto signal is required. However, the peak broadening can
reduce the detection efficiency by a necessary high trigger threshold (energy threshold) of
the Compton-suppression shield. If the amplification factor for one or more BGO crystals
is higher than for the rest, the corresponding noise level can lead to a necessary high
trigger threshold for the merged signal to avoid a huge amount of false conincidences. If
the amplification factor is to low for single crystals, the merged signal will have a decreased
detection efficiency due to the too high trigger threshold for these BGO crystals. Both cases

will reduce the final peak-to-total ratio. In the present example shown in Figure 100, the
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Figure 100: *"Cs source measurement with one BGO subsystem. (a) Results with-
out gain adjustment and (b) after the amplification factors were adjusted.
The color code of the spectrum corresponds to the color code of the BGO
crystals arranged around an MINIBALL triple (back side view). The grey
circles mark the PMT positions on each crystal.

energy resolution were improved and, thus, the energy threshold could be lowered below
20 keV. Figure 101 (Right) illustrates that after gain matching the X-ray from "*"Ba is fully

present in the recorded v-ray spectrum, whereas without gain matching the left tail of the

peak is cut off by the threshold. A lower threshold is limited by the electronic noise. Thus,

the detection efficiency is enhanced for the gain matched setup. In general, this effect can

dramatically downgrade the performance of an ESS system.
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Figure 101: 137Cs source measurements recorded with a merged BGO subsystem sig-
nals, before (black) and after (red) gain matching.
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10.2. Experimental setup

The alignment box was specially produced to improve the performance of the new BGO
prototype. For a final experimental setup the alignment and impedance conversion will
be managed in a different way, as it is inconvenient to employ an alignment box for each
ESS detector. The final solution will depend on the used electronics. However, the current
study illustrated the need for individual HV supplies to power each single PMT in order

to perform the gain matching.

10.2.2. Electronics

The six signals, three from the HPGe crystals and three from each BGO sub-system, are
recorded with digital electronics, i.e. Digital Gamma Finder (DGF) Pixie-16 modules
from XIA™ . These modules offer a 100 MHz sampling rate by using 12 bit analog-to-
digital converter (ADC), which correspond to a 10 ns sampling rate. The four on-board
Field-Programmable Gate Arrays (FPGAs) per module ensure the data acquisition of up
to 16 simultaneously incoming unshaped analog preamplifier signals and record for each
channel the energy, time and waveform information needed for the data analysis. The data
acquisition is managed by a UNIX-based computer, linked to the PXI/PCI bridge controller
from National Instruments’ | which allows for a 109 MB/s bandwidth connection between
the PXI chassis and the computer. A detailed description of the Pixie-16 readout and

trigger logic is available in reference [172].

The implemented firmware of the Pixie-16 modules allows to operate this detection system
in two ways. The first one is a “free run” mode, which treats all signals individually
and generate a trigger for each input signal. For each event detected in either the HPGe
channel or BGO channel the time and energy information is stored within a buffer and later
is written to disk. The second operational mode is the “coincidence mode”, which uses the
HPGe crystals as a valid trigger. Accordingly, if a trigger is injected by the HPGe crystals
all remaining channels are simultaneously written into the buffer within a time window of
1.2 ps before (0.6 ps) and after (0.6 ps) the HPGe trigger. The timestamp corresponding
to the triggering HPGe crystal is assigned to all channels. For this operational mode two
Pixie-16 modules are required as one is set as the trigger module and a second one only
for readout. This mode allows to focus on significant events and minimize the dead time
of the recording system by limiting the count rate to the HPGe crystals. The Compton-
suppression is consecutively performed by a sorting algorithm as a function of the proper

conditions for energy and time information.
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Chapter 10. Escape-suppression shield prototype

Figure 102: Pixie-16 modules of the electronic setup within the Pixie chassis. On the
left side the connection module to the computer system is placed. The
inset illustrates a side view of one Pixie-16 module.
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11. Performance measurements with the ESS
prototype

11.1. Escape-suppression shield

As a first step, all properties of the stand-alone BGO shield were measured. The opti-
cal shielding, energy resolution and noise level were investigated, as these properties are
indicators for the quality of the crystal homogeneity, surface reflection grade and optical
connection of the PMTs. The quality of the optical shielding was inspected by illuminating
the BGO shield from outside with a light source (LED flashlight). No effect was observed

neither on the count rates nor on the resulting *’Cs spectra. The energy resolution and the
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Figure 103: (a) 137Cs ~-ray spectrum measured with one BGO crystals covered by two
PMTs. The relative energy resolution at 662 keV amounts to 17.3%. (b)
A spectrum measured with a crystal equipped with one PMT. The
peak-to-valley ratio amounts to 6.4. The used peak maximum and valley
minimum are marked with the red squares. See text for information.

noise level were inspected with *"Cs and ?*' Am source measurements, respectively. For the
evaluation of the noise level, the peak-to-valley ratio (peak height / valley minimum) of the
59.5 keV transition of 2! Am was determined. It has to be taken into account, that the noise
is mainly caused by the PMTs and, hence, crystals equipped with two PMTs will exhibit
a lower peak-to-valley ratio than crystals with one PMT. Moreover, the peak-to-valley
ratio depends on the detector-source distance, the source intensity and the background
radiation. Comparison to specifications or prior measurements is only meaningful under
equal measuring conditions [173]. The energy resolution was investigated for the 662 keV

transition of *’Cs. Unlike for the peak-to-valley ratio, a larger crystal coverage yields an
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enhanced energy resolution. The ~v-ray spectra were recorded for all 12 BGO crystals via
the alignment box, a main amplifier followed by a MCA. In Figure 103 examples of two
spectra are illustrated, which were measured with one BGO crystal equipped with two
PMTs. The relative energy resolutions and peak-to-valley ratios for the BGO crystals are
summarized in Table 6. The X-ray energy at 32.4 keV, measured with the '*"Cs source, can
be observed above the noise level for all BGO crystals. Thus, the low-energy threshold is
very low around 20 keV. The crystal homogeneity and surface reflection grade quality were
tested by collimated source measurements with *"Cs. The energy resolution was measured
as a function of the irradiation position. The energy resolution for crystal A2 varied be-
tween 16.1% irradiating close to the PMTs up to 19.4% by an irradiation at the opposite
side of the PMTs. This indicates a good reflection quality and crystal homogeneity.

Table 6.: Relative energy resolution and peak-to-valley for all BGO crystals
Crystal # PMT AE at 662 keV [%] Peak-to-valley

Al 1 19.3 6.4
A2 2 17.3 3.4
A3 2 16.9 3.1
A4 1 18.3 6.1
B1 1 19.0 6.7
B2 2 16.6 2.9
B3 2 17.5 3.6
B4 1 18.9 6.5
C1 1 19.1 5.9
C2 2 17.5 3.6
C3 2 17.1 3.1
C4 1 18.7 6.4

To classify the results obtained for the energy resolution and the noise level, both quantities
are compared to values achieved with the EUROBALL BGO system. The peak-to-valley
ratios measured with the EUROBALL BGO are between 18 and 34 [173]. However, these
results are strongly dependent on the measuring setup and background and, thus, a com-
parison is not feasible due to the different parameters of both detector systems. Relative
energy resolutions benchmarked with the EUROBALL BGO shield are between 16% and
23% [173]. As mentioned before, the deviation of the determined values is originating from
the different BGO crystal shapes and the crystal coverage by the PMTs. The MINIBALL
BGO shield prototype exhibit similar energy resolution values like the escape-suppression
shield operating successfully for many year with the EUROBALL spectrometer. In addi-
tion a low-energy threshold of around 20 keV is achieved, which demonstrates the low noise

level of the system.
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11.2. MINIBALL escape-suppression detector

For the first performance tests of the combined detection systems, the measurements were
done with a *°Co source with a detector-source distance of 12 cm. The peak-to-total ratio
was measured with two different data acquisition modes, the “coincidence mode” and the

free run mode.

11.2.1. Coincidence mode

In the coincidence mode data is only recorded, if a trigger is caused after a signal is
recorded by one of the three HPGe crystals. Subsequently all channels, within the time
range of 600 ns before and 600 ns after the trigger signal, are simultaneously stored in
the buffer. Thus, only relevant events are recorded and events with no interaction in the
germanium detectors are ignored. The advantage of this technique is the reduced data size
and shorter dead time of the data acquisition system, due to the restricted BGO count
rate. The custom firmware assigns one timestamp, generated by the triggering channel, to
all channels within this event. As only one timestamp is available for all channels within
the time window of +0.6 ps (one event), this data acquisition technique prohibits a time
correlation within this generated event, which could potentially increase the rate of random

coincidences.

To minimize the rate of random coincidences a low-intensity *°Co source (3.87(12) kBq)

was used. The amount of random coincidences is given by,

Ncrgi?ldom = 2AtrecNHPGeNBGO7 (111)

with the coincidence window At [174]. Ngpge and Npgo are the count rates of the
MINIBALL and ESS detector, respectively. The count rate of the MINIBALL triple cluster
detector was around 800 Hz, whereas the count rate of the BGO shield amounted to 2 kHz.
The coincidence window was limited by the custom firmware to £0.6 ps. The amount of
random coincidences were less than 0.5%, which is negligible. Figure 104 (black) presents
the measured ®°Co spectrum after add-back. For the add-back routine coincident v rays
within one triple cluster detector within a prompt time window are assumed to originate

from one Compton-scattered v ray between the germanium detectors and are added up.
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Figure 104: Source measurement with the prototype escape-suppression detector. The
black curve illustrates the measured 7-ray spectrum without background
subtraction and without Compton suppression. The red curve shows the
recorded v-ray spectrum without Compton-suppression but with back-
ground subtraction.

Due to the low intensity of the *°Co source and the fact that the GEANT4 simulation
does not include background radiation, a background subtraction is required to obtain a
comparable spectrum with the simulation. The background subtracted v-ray spectrum
without Compton-suppression is shown in Fig. 104 (red curve). The peak-to-total ratio

with mounted BGO shield and without Compton-suppression amounts to 26.3%.

The functionality of the combined escape-suppression detection system is verified via cor-
relations between the germanium detectors and the BGO shield. The v~ matrix presented
in Figure 105 (b) illustrates the energy deposition in the MINIBALL triple cluster detec-
tor as a function of the detected energy in the BGO shield (BGO energy uncalibrated).

Diagonal lines correspond to Compton-scattered y-rays between both detectors.
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Figure 105: (a) Zoom in spectrum (b) up to BGO channel 200 to visualize events in the
germanium, which will no be vetoed by the BGO Compton suppression.
(b) Energy correlation spectrum between the MINIBALL germanium and
the BGO crystals.

The broadening of the diagonal lines is caused by the different energy resolutions of both
systems. Vertical lines originate from random and real coincidences of the emitted 7 rays.
In the present case the calculated amount of random coincidences is small. Therefore,
the vertical lines are originating from the source multiplicity of M, = 2. One ~ ray is
fully detected in the MINIBALL triple detector, whereas the second ~ ray is completely
or partially detected in the BGO crystals. The heavy-met is not optimized for detector-
source distances of 12 cm and, hence, allow a direct irradiation of the BGO shield. This
was verified via collimated ®°Co source measurements with a comparable count rate in
both detectors. The v matrix of the collimated measurement is presented in Figure 106.
The diagonal lines as well as the vertical 511 keV (background) line are still present in

the two dimensional spectrum, whereas the vertical lines of ®°Co disappear. Due to the
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Figure 106: Energy correlation spectrum, recorded with a collimated %9Co between
the MINIBALL germanium crystals with add-back and the ancillary BGO
crystals. More details can be found in the text.

collimation of the source the amount of real coincidences were reduced, by decreasing the
solid angle for both « rays reaching the detectors. Furthermore, only one germanium
crystal was irradiated by the collimation measurement. This implies, if both ~ rays reach
the MINIBALL triple cluster the detected energy in the germanium can vary between
the full energy of each v ray up to the sum of both -ray energies. Moreover, a direct
irradiation of the BGO crystals is not possible. This confirms that the true coincidences

arise from the source multiplicity and cannot be rejected by Compton-suppression.

The remaining part of the two dimensional spectrum arise from random coincidences and
Compton-scattered ~ rays which are not fully absorbed in the BGO crystals. These com-
ponents can be eliminated from the spectrum via the Compton-suppression algorithm.
Events which are not detected by the BGO shield are composed out of two contributions
and illustrated in Figure 105 (a). The first one are events which are Compton scattered in
the HPGe crystals and escape the germanium at the unshielded sides of the triple cluster.
The second contribution are events with full energy deposition in the triple cluster, either
~ rays from the source or from background radiation. These events will not be affected by

the Compton-suppression. If the BGO channel number is greater 100, which correspond
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to an energy deposition of > 20 keV in the BGO crystals, the corresponding event is re-
jected from the HPGe v-ray spectrum. Events with less than 20 keV energy deposition
in the BGO shield are not rejected. This procedure improves the peak-to-total ratio by
eliminating a large amount of Compton-scattered v rays leaving the HPGe crystals and

contributing to the Compton background in the y-ray spectrum of the HPGe detectors.
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Figure 107: ~-ray spectrum without (black) and with (red) Compton suppression. The
inset shows the Compton continuum of the same spectrum.

The final y-ray spectra in add-back mode before (black) and after (red) the BGO veto are
illustrated in Figure 107. The resulting peak-to-total ratio after background subtraction

and Compton suppression amounts to 40.9(1)%.

11.2.2. Free run mode

The second approach for the determination of the peak-to-total ratio is the free run mode,
which operates with the identical setup and source as before. The only difference is the
new implemented firmware, which facilitate triggering for each channel independently.
Each channel will generate an own trigger and store the recorded information immediately
in the buffer. The downside is the higher BGO count rate which will result in a large
amount of unnecessary data that is written to disk. The advantage is the possibility of

time correlations between single detectors. For the optimization of the sorting and veto
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algorithm a pre-processing (event building) of the recorded data is performed. Hits in
HPGe and BGO channels within a time window of 1.2 ps are combined and are part of

one event.
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Figure 108: Time difference spectrum between one HPGe crystal and the surrounding
BGO sub-system. The time is shown in tics with 10 ns per tic.

Time correlation spectra between each HPGe crystal and each BGO subsystem are created.
Figure 108 illustrates the time correlation between one HPGe crystal and the surrounding
BGO subsystem. Timestamps are generated by a Leading Edge Trigger (LET), as no
Constant Fraction Discriminator (CFD) is available for the Pixie-16 modules as part of the
firmware. The time resolution originate predominantly from the walk effect, the energy
dependence of the timing signal for a LET, in both detection systems. On one hand the
walk is induced by the rising edge of the germanium crystals, which strongly depends on
the interaction position within the HPGe material [106]. On the other hand, the leading
edge trigger generates a walk in both systems induced by different pulse amplitudes (energy
deposition). However, a prompt peak around 10 ns with a time resolution of 50 ns can be
observed. The peak structure contains a right tail and plateau. This right plateau is caused

by the walk and jitter effect of the leading edge trigger for low-energy events detected inside
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Figure 109: y-ray energy detected in one germanium crystal as a function of the time
difference between the one germanium time signal and BGO time signal.

the germanium crystals. This is illustrated in Figure 109, where the germanium energy is

plotted as a function of the time difference between the germanium and BGO crystal. A

shift to larger time differences is observed for low-energy events in the germanium detector.

The small pulse amplitudes of the low-energy signals are later detected by the leading edge

trigger and, therefore, cause a bigger time difference between BGO and germanium crystals.
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Figure 110: (a) Rejected y-ray spectrum after Compton suppression without restrictive
timing cuts (blue) and with At, — 2At, (red). (b) Applied prompt At,
and random At, time windows for timing in (a).

To verify the impact of random coincidences, the rejected 7-ray spectrum (spectrum of

rejected 7 rays) without any timing conditions is compared with a prompt minus random
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rejected v-ray spectrum. The result is illustrated in Figure 110. The two *°Co peaks in the
rejected spectrum are caused by real coincidences originating from the source multiplicity
and can not be reduced by timing cuts. In the present measurement random coincidences
are very rare and have no influence on the resulting peak-to-total ratio, as the count rates
in both detectors are low. Nevertheless, in future experiments where typical count rates
of 5-10 kHz in the germanium crystals are expected, timing will be an important tool to

optimize the Compton suppression.
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Figure 111: Final y-ray spectra before (black) and after (red) Compton suppression in
free run mode.

The final y-ray spectra for the HPGe crystals in the add-back mode are presented in
Figure 111. The obtained peak-to-total ratio amounts to 25.9(1)% before and 39.2(1)%

after the Compton suppression.
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11.3. Summary and Outlook

The investigation of the stand-alone Compton-suppression shield yielded a comparable per-
formance (energy resolution) as the EUROBALL escape-suppression shield. This demon-
strates that the crystal quality as well as the complete detector properties are adapted
for fast-veto escape-suppression of MINIBALL. For the investigation of the MINIBALL
BGO prototype a special gain alignment box was constructed in cooperation with the me-
chanical workshop of the IPK Cologne, to assure proper signal processing and improve the
BGO efficiency. Results of GEANT4 simulations with a ®*Co source at a detector-source
distance of 12 cm and no background radiation yielded a peak-to-total value of 44%. The
results from Paragraph 11 are close to reproduce the simulated values. The experimental
peak-to-total values were 39.2% and 40.9% for two different measuring modes. This is in
reasonable agreement with the expected value obtained by the simulation. The small devi-
ations can be explained by the missing details of the GEANT4 simulation, e.g. the energy
threshold for the escape-suppression detector, the missing BGO crystal housing, the devi-
ation between the simulated and manufactured ESS geometry or the missing laboratory
equipment (scattering volume, PMTs). In addition, it seems that the GEANT4 simulation
underestimates the real coincidences originating from the source multiplicity. However,
the achieved result for the peak-to-total value is an improvement of almost a factor of
1.6. Thus, the new escape-suppression detector system provides a clear improvement for
future experiments with nuclear reactions in combination with higher y-ray multiplicities.
On one hand, the peak-to-total ratio is improved by a logic fast-veto. On the other hand,
contributions from background radiation is reduced by shielding the MINIBALL HPGe
triple detectors from outside radiation. Thus, the prototype performance is satisfactory

and ready for series production after a successful funding approval.
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