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Abstract

The Coulomb excitation of 66Ge has been performed for the first time using “safe”

bombarding energies at the HIE-ISOLDE facility at CERN in July 2017. A particle-γ

coincidence experiment using the MINIBALL array and double-sided silicon detectors

has allowed the determination of transitional and diagonal matrix elements in 66Ge,

yielding new measurements of the reduced transition probability connecting the ground

state, 0+1 , and the first excited state, 2+1 , or B(E2; 2+1 → 0+1 ) value, and the spectroscopic

quadrupole moment of the 2+1 state, QS (2+1 ). A relatively large B(E2) = 29.4(30) W.u.

has been extracted using beam-gated data at forward angles – less sensitive to second-

order effects – as compared with the adopted value of 16.9(7) W.u., but in closer agree-

ment with modern large-scale shell-model calculations using a variety of effective interac-

tions and beyond-mean field calculations presented in the current work. A spectroscopic

quadrupole moment of QS (2+1 ) = +0.41(12) eb has been determined using the reorien-

tation effect from the target-gated data at projectile backward angles – more sensitive

to the reorientation effect. Such an oblate shape is in agreement with the corresponding

collective wavefunction calculated using beyond mean-field calculations and its magni-

tude agrees with the rotational model, assuming B(E2) = 29.4(30) W.u. In addition,

high-lying effects have been investigated and considered negligible (≤ 1%). This work

solves a long-standing puzzle regarding the loss of quadrupole collectivity in 66Ge and

provides a deeper insight into how oblate nuclei rotate.
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Chapter 1

Introduction

To date, nuclear interactions between nucleons (protons or neutrons) at different levels

(two-nucleon forces, three-nucleons forces, etc.) are not completely understood and

there is not a unique nuclear potential to carry out ab initio calculations from first

principles as required in the Schrödinger equation. It is therefore our approach to excite

the nucleus via the well-known Coulomb interaction and investigate the corresponding

nuclear structure. The study of nuclei and their properties based on their proton-neutron

configurations is known as nuclear structure. Coulomb excitation (CE) experiments

have played an important role in our understanding of fundamental properties of nuclei

such as nuclear shapes and nuclear collectivity. Coulomb excitation at bombarding

energies well below the Coulomb barrier is the study of nuclei interacting solely through

the electromagnetic interaction. Experimental precautions have to be taken with CE

measurements to ensure that contributions from the nuclear interaction are negligible.

The electric quadrupole moment of the ground state in even-even nuclei is the simplest

nuclear shape property studied in the laboratory frame. The electric quadrupole moment

is a measurement of how much the nuclear charge acquires an ellipsoidal shape [17]. The

electric quadrupole moment Q̂ is classically defined as

Q̂ =
1

e

√
16π

5

∫
r2Y20(θ, φ)ρ(r)dV , (1.1)

where e denotes the elementary charge, (r, θ, φ) the spherical coordinates, ρ(r) the nu-

clear charge density and Y20 is a spherical harmonic. The intrinsic quadrupole moment

Q0 of a nuclear state in the body-fixed frame is given by the expectation value of Q̂,

whereas the spectroscopic quadrupole moment QS is the expectation value of Q̂ with

respect to the laboratory frame. The intrinsic quadrupole moment is defined as

1
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Chapter 1. Introduction 2

Q0 =

∫
ρ(r)(3z2 − r2)dV , (1.2)

where ρ(r) is the charge density of the infinitesimal volume dV , r2 = x2 + y2 + z2 is the

distance to the volume dV , and z is the projection of r on the symmetry axis of the par-

ticle. If the charge density is concentrated along the z-direction, the term proportional

to 3z2 dominates, Q0 is positive and the nucleus has a prolate deformation. If the charge

density is concentrated in the equatorial plane perpendicular to z, the term proportional

to r2 dominates, Q0 is negative and the nucleus has an oblate deformation. The intrinsic

quadrupole moment Q0 must be distinguished from the spectroscopic quadrupole mo-

ment QS in the laboratory frame. Because of the vanishing Wigner 3j symbol [18], a

nuclear state with spin J = 0 or 1/2 does not have a spectroscopic quadrupole moment;

however, it may have an intrinsic quadrupole moment as it was realised more than 50

years ago [19].

The reorientation effect (RE) provides a model-independent way to determine QS values

of excited states with J 6= 0 and 1/2. The RE generates a hyperfine splitting of the

nuclear levels which depends on the shape of the nuclear state and allows the determina-

tion of QS . To convert QS to Q0, we have to make use of the corresponding 3j symbols

arising from the rotational model [18], where the nucleus is assumed to be an axially

symmetric rotor [19]. The relation between the intrinsic and spectroscopic quadrupole

moments within the rotational model is given by

QS =
3K2 − J(J + 1)

(2J + 3)(J + 1)
Q0, (1.3)

where K is the projection of the total angular momentum onto the symmetry axis z and

reduces to

QS (2+1 ) = −2

7
Q0(2

+
1 ) (1.4)

for K = 0 (ground-state band) and J = 2. The rotor model also relates the intrinsic

quadrupole moment to the reduced transition probability B(E2; 0+1 → 2+1 ) (also called

B(E2) ↑) for an electric excitation of multipole order 2 as follows [20]:

Q0 =

(
16π

5
B(E2; 0+1 → 2+1 )

)1/2

. (1.5)

More generally, Equation 1.5 is written as [21],
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Chapter 1. Introduction 3

〈Jf ||Eλ||Ji〉 = (2Ji + 1)
1
2 〈JiKiλ∆K|JfKf 〉Qλaλ, (1.6)

where 〈JiKiλ∆K|JfKf 〉 is a Clebsh-Gordan coefficient, Qλ is the intrinsic quadrupole

moment for an electric transition of multipole order λ, and a1 =
√

3
4π and aλ =

√
2λ+1
16π .

Combining Equations 1.4 and 1.5 results in an absolute value for the spectroscopic

quadrupole moment extracted from the rotational model given by

∣∣∣QS (2+1 )B(E2)

∣∣∣ = 0.9059B(E2; 0+1 → 2+1 )1/2. (1.7)

The reorientation effect in CE measurements provides a spectroscopic probe to extracting

〈2+1 ||E2||2+1 〉 diagonal matrix elements, which can be related to QS (2+1 ) [22] by

QS (2+1 ) =

√
16π

5

1√
2J + 1

〈JJ20|JJ〉〈2+1 ||E2||2+1 〉, (1.8)

where 〈JJ20|JJ〉 is a Clebsh-Gordan coefficient. For J = 2, Equation 1.8 reduces to

QS (2+1 ) = 0.75793〈2+1 ||E2||2+1 〉. (1.9)

1.1 Scientific Motivation

The macroscopic properties of the atomic nucleus can drastically change when adding or

removing a few nucleons. One such feature is the rapid evolution of the nuclear shape.

Competing oblate and prolate shapes close to the ground state have been predicted and

reported in a few regions of the nuclear chart [23, 24]. The region of neutron-deficient

krypton and selenium isotopes with N ∼ Z is a region that displays rapid evolution

of nuclear shapes, highlighting the importance of the triaxial degree of freedom. Along

the krypton isotopic chain between N = 32 and N = 34 − 36, the shape changes

from prolate to oblate [25, 26]. The same trend is observed along the selenium isotopic

chain between N = 34 − 36 and N = 38 [27–29]. Shape coexistence is associated

with the shape transition for the krypton isotopes [26, 30, 31]. A comparison of detailed

experimental data obtained in CE studies of 74,76Kr with beyond mean-field calculations

has demonstrated that a proper description of the structure of these nuclei is not possible

without accounting for the triaxial degree of freedom [26, 32]. There are indications of

collective and non-collective modes in the low-energy spectra of the germanium isotopes.

A systematic study of CE measurements for even-even germanium isotopes suggests that
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Chapter 1. Introduction 4

two deformed shapes coexist in one nucleus and reach maximum shape mixing at 72Ge

[33]. The authors of Reference [33] states that it is appropriate to interpret the 0+

state in 70Ge as a deformed intruder state. Recent experiments on 72,76Ge at Argon

National Laboratory [34, 35] provide an extraordinary level of detail on the shape of

low-lying states in these nuclei resulting from the model-independent quadrupole sum

rules approach. Their conclusion is that both shape-coexisting states in 72Ge exhibit a

significant triaxial deformation and that the ground state of 76Ge has a rigid triaxial

shape. The rigid triaxial shape for the ground state in 76Ge is further supported by

the staggering of the levels in the γ-band reported by [36]. For 64Ge, the measured

level energies [37] and the transition probabilities [3] were interpreted in the context of

γ-softness, which is further supported by theoretical studies performed by [38].

A view of γ-softness in collective nuclei is provided by the Wilets-Jean (WJ) solvable

limit of the Bohr collective model [39, 40]. A test of the γ-soft model would be the

measurement of the quadrupole moment of the 2+1 state, which would be zero for states

of good SO(5) seniority, υ. A vanishing quadrupole moment does not necessarily imply

a spherical shape, but equal probabilities of being oblate and prolate. The WJ limit

yields a ratio E(4+1 )/E(2+1 ) = 2.5 following the SO(5) energy spectrum dependence of

υ, Λ = υ(υ + 3) for υ = (0, 1, 2, ...).

The isotope 66Ge exhibits a very small B(E2; 2+1 → 0+1 ) value when compared to neigh-

bouring nuclei. The systematics of E(2+1 ) excitation energies and B(E2; 2+1 → 0+1 )

values in the germanium isotopes is given in Figure 1.1.

The adjacent even-even nuclei, 64Ge and 68Ge, have been reported to be quite collective

with transition strengths of B(E2; 2+1 → 0+1 ) ∼ 20 Weisskopf units (W.u.) [41], whereas

66Ge presents a B(E2; 2+1 → 0+1 ) value similar to the one determined in 80Ge, close

to N = 50. This decrease in collectivity for 66Ge is also not reflected in the smooth

behaviour of E(2+1 ) from A = 64 to A = 70, as can be seen in the top panel of Figure 1.1.

Furthermore, Figure 1.2 shows the rotational parameter of neutron-deficient Ge isotopes

compared to Sr, Se and Kr isotopes. It is clear that 66Ge exhibits an anomalously high

2+1 rotational parameter – as compared to the smooth behaviour expected for a rigid

rotor – similar to the other Ge isotopes the neutron-deficient Se isotopes. The anomalous

rise at J = 2 in 74−78Kr has been attributed to the mixing of coexisting shapes. This is

explained by a typical two-state mixing between 0+ states, which pushes the ground state

0+1 and the first excited 0+2 state apart, lowering the ground-state energy; hence, E(2+1 )

looks anomalously high. Low-lying excited 0+ states have been observed in Se [42–44]

and Kr [25, 26, 45] isotopes, which could be a signature of shape coexistence [24, 46].

A tentative 0+2 state has been predicted by shell-model calculations at approximately

1.2 MeV in 66Ge [12], but was never observed before.
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Chapter 1. Introduction 5

Figure 1.1: The top panel shows 2+1 excitation energies in keV for even-even germa-
nium isotopes from 64Ge to 82Ge. The bottom panel shows B(E2; 2+1 → 0+1 ) values
for the same range of even-even germanium isotopes. The 2+1 excitation energies are
taken from the NNDC [1]. Adopted B(E2; 2+1 → 0+1 ) values for even-even germanium
isotopes taken from the NNDC [2]. The B(E2; 2+1 → 0+1 ) for 64Ge is taken from Ref.

[3].

Figure 1.2: Comparison of the rotational parameter, ~2/2ζ, for neutron-deficient Sr,
Kr, Se isotopes and 66Ge showing an anomalously large rotational parameter for the

2+1 states, especially in 68,70Se and 66Ge.
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Chapter 1. Introduction 6

To date, three measurements to determine the B(E2; 2+1 → 0+1 ) for 66Ge have been

carried out. The first one was done by Wadsworth and co-workers in 1979 using the

Recoil Distance Method (RDM) [47]. For this experiment, the levels of 66Ge were

populated via the 58Ni(10B,pnγ)66Ge reaction at a beam energy of 29 MeV. A mean

lifetime of τ = 5.3(10) ps was determined for the first 2+1 state at 956 keV resulting

in B(E2; 2+1 → 0+1 ) = 12+3
−2 W.u. The second measurement was performed in 2012 by

Lüttke et al. using the RDM with the new Yale plunger device [48]. Excited states in

66Ge were populated by using the 58Ni(10B,p2n) reaction at a beam energy of 28 MeV.

The lifetime of the first 2+ state in 66Ge was determined through a direct gate on the

1217-keV 4+1 → 2+1 transition. A relatively shorter mean lifetime of τ(2+1 ) = 3.8(5) ps

was determined, with a resulting B(E2; 2+1 → 0+1 ) = 16.9(22) W.u. The latest mea-

surement was performed by Corsi et al. using intermediate-energy CE in 2013 [49]. A

cocktail beam consisting of 68Se (12%), 67As (41%) and 66Ge (30%) was produced by

fragmentation of a 78Kr primary beam at 150 MeV/u onto a 329 mg/cm2 thick 9Be pro-

duction target. The secondary beam was bombarded onto a 257 mg/cm2 thick 197Au

target with a beam energy of 79 MeV for CE in the middle of the target. A value of

B(E2; 2+1 → 0+1 ) = 17.7(9) W.u. was determined from this experiment, consistent with

the result by Lüttke and collaborators.

In 2016, Pritychenko et al. compiled experimental B(E2; 2+1 → 0+1 ) values for 447 even-

even nuclei [50]. The previously mentioned B(E2; 2+1 → 0+1 ) values were used to perform

a weighted average resulting in a value of B(E2; 0+1 → 2+1 ) = 16.9(14) W.u. This new

weighted average is currently the accepted value for 66Ge in the National Nuclear Data

Center (NNDC) [2]. These B(E2) values can be used to calculate the magnitude of QS

using the rotor model, but in order to determine the sign of the quadrupole moment,

the RE technique is required.
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Chapter 2

Coulomb Excitation Theory

Since Coulomb excitation theory was introduced in the late 1950s [22], it has allowed

collective quadrupole properties of many stable nuclei to be measured. CE has also al-

lowed many of the known transition probabilities and deformation properties of atomic

nuclei to be determined. This technique is especially favoured for exotic radioactive iso-

topes because it provides a tool to probe the B(σλ) value and potentially the quadrupole

moments. CE is the excitation of a nucleus via the time-dependent electromagnetic field

induced by a collision with another nucleus. If this interaction takes place well below

the Coulomb barrier, the distance between the interacting nuclei is larger than the range

of the nuclear force. This safety condition ensures that effects from the nuclear force

are negligible and the interaction takes place only via the well-understood electromag-

netic force [51]. If this condition is met, multipole matrix elements which characterise

the electromagnetic decay of the states involved can also be used to express the CE

reaction cross section. A determination of the CE reaction cross section allows for the

study of electromagnetic properties of low-lying states as well as extracting fundamental

nuclear structure information, including the spectroscopic quadrupole moment Qs(J
π)

of an excited state. The spectroscopic quadrupole moment provides a way to measure

the nuclear charge distribution of a nucleus in the laboratory frame. One of the impor-

tant aspects of this technique is the population of magnetic substates depending on the

quadrupole shape of the state. This is known as the “reorientation effect”. The angular

distribution of the de-excited γ rays as a function of scattering angle may be enhanced

(QS (2+1 ) < 0) or inhibited (QS (2+1 ) > 0), hence providing a probe for the spectroscopic

quadrupole moment QS . The difference in the magnetic substate population depends

on whether the nuclear shape is prolate, oblate or spherical. An illustration of these

shapes is depicted in Figure 2.1.

7
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Chapter 2. Coulomb Excitation Theory 8

Q0 = 0 Q0 < 0 Q0 > 0 

Figure 2.1: Nuclear shapes based on the value of the spectroscopic quadrupole mo-
ment Q0 .

This dependence on the shape of the nucleus provides a means to determine Q0 by

measuring the CE reaction cross section or integrated γ rays as a function of scattering

angle [51]. The theory of CE is discussed extensively in References [22, 51, 52]. This

chapter provides a brief description of the relevant theory to determine the spectroscopic

quadrupole moment in Section 2.1 and is followed by a description of the CE analysis

code GOSIA in Section 2.2.

2.1 Theory Description

A projectile nucleus with atomic mass Zp is guided onto a target nucleus with atomic

mass Zt. If the energy of the projectile nucleus Ep is well below the Coulomb barrier, the

distance of closest approach b(θ) will be large enough to ensure no nuclear contributions

are present in the interaction. This is illustrated using a picture of a classical Rutherford

scattering experiment shown in Figure 2.2.

Zp, Ap

Zt, At

θ

b(θ)

Figure 2.2: Coulomb excitation scattering event in the laboratory frame. At the point
of closest approach b, the interaction potential is the strongest. The hyperbolic path

which the projectile follows is illustrated by the blue arrow.

The strongest point of interaction is reached at the distance of closest approach b(θ),

where the excitation probability is the highest. To obtain the total excitation probability,
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Chapter 2. Coulomb Excitation Theory 9

the complete particle trajectory has to be included in the calculation as the Coulomb

force is a long-range force. This boundary condition and the fact that the theory of

electromagnetism is well understood allow for an accurate calculation of both single-

and multiple-step excitations. Studies on the effects of Coulomb and nuclear interference

have been carried out to estimate the maximum “safe” bombarding energy Emax using

the masses and charges of the interacting nuclei [22]. The safe bombarding energy for

any projectile and target combination can be determined using the classical expression

of the minimum distance separating the nuclear surfaces S(ϑ)min (in fm) given by

S(ϑ)min =
0.72ZpZt
Emax

(1 +
Ap
At

)[1 + csc(
ϑ

2
)]−R0(A

1/3
p +A

1/3
t ), (2.1)

where R0 = 1.25 fm is the average nucleon radius, Ap/t and Zp/t is the mass and charge

respectively of the projectile nucleus (p) and the target (t) and Emax is the maximum

bombarding energy of the projectile. This minimum distance has been shown to be 5 fm

to ensure that only 0.1% of the total interactions are due to the nuclear force [53]. This

gives rise to an expression for the distance of closest approach in a head-on collision:

R0(A
1
3
p +A

1
3
t ) + 5 > b =

ZpZte
2

Ep
, (2.2)

where Ep is the kinetic energy of the projectile. The theory may rely upon first- and

second-order perturbation theory to describe a one- or two-step process, making it rel-

atively easy to study properties in light-ion beams. The study of heavier beams with

many states presents a complex problem that has to be solved using a numerical method.

This complexity gave rise to GOSIA, the CE code which will be discussed in Section 2.2.

2.1.1 Semiclassical Approximation

Coulomb excitation theory can be treated in two ways. The first is a fully quantum

mechanical approach as discussed in Reference [51]. It can also be treated using a

semiclassical approximation in which the whole scattering and excitation processes follow

the classical Rutherford trajectories. The electromagnetic excitation has a negligible

effect on the trajectories and is treated fully quantum mechanically. The semiclassical

picture is justified if two conditions are met. First, the particle has to be described

by a wave packet with dimensions that are small compared to the distance of closest

approach. This condition is satisfied when the Sommerfeld parameter η is much greater

than unity:
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Chapter 2. Coulomb Excitation Theory 10

η =
2πa

λ
=
ZpZte

2

~vp
� 1, (2.3)

where a = b/2, half the distance of closest approach, λ is the de Broglie wavelength of

the projectile with a velocity of vp, and Zpe and Zte are the charges of the projectile

and target nucleus, respectively. The strong repulsive Coulomb interaction between the

projectile and target nucleus implied by λ � 1 guarantees that the projectile will not

penetrate the target nucleus. Second, the energy loss of the impinging particle has to

be small when compared to the bombarding energy. The hyperbolic trajectory that the

projectile follows in the semiclassical approximation can only be true if the incoming

energy and outgoing energy are similar. This implies that the elastic scattering can be

used to approximate inelastic scattering with the energy loss being negligible. Since the

energy transfer between the projectile and target can occur at any point along the path

of the trajectory, the energy loss of the impinging particle has to be small relative to

the center-of-mass (CM) energy. This condition can be expressed as [22]

4E
E
� 1, (2.4)

where the CM energy is given by E = 1
2m0v

2
b and m0 is the reduced mass. It is also

useful to define the adiabaticity parameter ξ as the difference between the incoming ηi

and outgoing ηf :

ξ = ηi − ηf =
ZpZtA

1/2
p 4E

12.65E3/2
=
η4E
2Ep

. (2.5)

For ξ ≤ 1, we have a “sudden impact” collision, and the large torque yields a large

excitation probability; whereas for ξ � 1, the collision is adiabatic and the excitation

cross section vanishes, in concordance with the exponential behaviour of the orbital

integrals (∝ e−ξε), where ε is the eccentricity of the orbit [22]. Furthermore, ξ can also

be interpreted as the ratio of the collision time relative to the lifetime of the nuclear

state being excited:

ξ =
tcollision
τnuclear

=
a

v

1

ωif
, (2.6)

where the lifetime of the excited nuclear state τnuclear, can be calculated at an excitation

energy ∆E using the uncertainty principle:
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Chapter 2. Coulomb Excitation Theory 11

τnuclear =
~
∆E

. (2.7)

With both the conditions justifying the semiclassical approximation satisfied, it is valid

for the analysis of heavy ion CE. In this approach, the Rutherford cross section σR

associated with the projectile’s motion is described by

dσR =
1

4
a2sin−4

(
ϑ

2

)
dΩ, (2.8)

where ϑ is the CM scattering angle and a is half the distance of closest approach in a

head-on collision. If, during the collision, the nucleus undergoes a transition from an

initial state |i〉 to a final state |f〉, the CE cross section may be related to the Rutherford

cross section by

dσf = PifdσR, (2.9)

where Pif is the excitation probability that the nucleus is excited in the collision and

scatters into the solid angle dΩ. The excitation probability Pif is expressed as

Pif =
1

2Ii + 1

∑
MiMf

|aif |2, (2.10)

where aif are the excitation amplitudes for exciting a nucleus from the ground state with

spin Ii to a final state with spin If , and Mi and Mf are the magnetic substates quantum

numbers of the initial and final states, respectively. The perturbation treatment of the

semiclassical approximation provides a way to understand the excitation process. For CE

involving light ions, first-order perturbation treatment for the excitation process may be

adequate. Heavier targets in scattering experiments enhance second- and higher-order

terms in the perturbation expansion of the CE cross section and hence, higher-order

perturbation theory is necessary. Magnetic transitions are hindered by a factor of v/c

when compared to electric transitions of the same multipole order and can therefore be

disregarded in the perturbation treatment.

2.1.2 First-order Perturbation Theory

First-order perturbation may be used to evaluate the excitation amplitudes of the

Coulomb-excited states given that higher-order contributions or couplings are negligi-

ble. The first-order perturbation treatment of the cross-sections describes the interaction
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Chapter 2. Coulomb Excitation Theory 12

taking place between the electromagnetic field, created by one collision partner acting

on the other, and the system of nuclear charges of the collision partners involved. This

approach yields reasonable estimates for the excitation amplitude and cross sections of

nuclei with final state |f〉 which are strongly coupled to the initial state |i〉 through a

large matrix element, where |f〉 is not strongly coupled to any other high-lying states.

This is illustrated in Figure 2.3.

E2
γ

Figure 2.3: One-step excitation from an initial state |i〉 to a final state |f〉, with
the excitation and de-excitation clearly shown. This approximation can be used for

example the 2+1 state in an even-even nucleus.

A simple way to express the excitation process for CE is to treat it as a first-order

perturbation [51] of the time-dependent Schrödinger equation of the form:

i~
∂

∂t
|ψ(t)〉 = H(t)|ψ(t)〉, (2.11)

where the Hamiltonian H(t) can be separated into three parts of the electromagnetic

interaction. The first is the monopole-monopole term H0(t), which treats the Rutherford

scattering and the classical trajectories. The second term is the monopole-multipole term

V (r(t, θ, φ)), which is responsible for the excitation of either collision partner. The third

term is the multipole-multipole term which is responsible for the excitation of both

the target and projectile nuclei simultaneously. The probability of exciting both the

projectile and target is negligible compared to the excitation of a single collision partner

and can therefore be excluded from the Hamiltonian. The Hamiltonian can then be

expressed as

H(r(t)) = H0(r(t)) + V (r(t)). (2.12)

The time-dependent interaction potential V (r(t)) originating from one collision partner

influencing the second is used to calculate the excitation probabilities along the whole
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Chapter 2. Coulomb Excitation Theory 13

trajectory [54]. From first-order time-dependent perturbation theory, the excitation

amplitudes may be expressed as

aif =
1

~

∫ ∞
−∞
〈f |V (r(t))|i〉eiωif tdt, (2.13)

where ω = ∆E/~ and ∆E = Ef − Ei is the excitation energy for a transition from an

initial state with energy Ei to a final state with an energy Ef . Performing a multipole

expansion on the monopole-multipole term allows the excitation amplitudes aif to be

evaluated. The interaction responsible for electric multipole transitions is defined in

Reference [51] as

V (r(t)) = 4πZ ′e
∞∑
λ=1

λ∑
µ=−λ

(−1)µ

2λ+ 1
M(Eλ, µ)Yλµ(θ, φ)r−λ−1, (2.14)

where λ and µ are the multipole order of the excitation, Z ′ is the atomic number of the

other collision partner, Yλµ(θ, φ) are the spherical harmonics with angles θ and φ given

in the center of mass frame, and M(Eλ, µ) is the electric multipole operator which is

defined as

M(Eλ, µ) =

∫
rλYλµ(θ, φ)ρ(r)dτ, (2.15)

where ρ(r) is the nuclear charge density. At this point, the magnetic multipoles can

be neglected since the magnetic excitations scale with a factor of (v/c)2 and are much

smaller than their electric counterparts in the non-relativistic case. The transition am-

plitudes can be evaluated by substituting Equation 2.14 into Equation 2.13, yielding

aif =
4πZ ′e

i~
(−1)µSµλ〈IiMi|M(Eλ, µ)|IfMf 〉, (2.16)

where Sµλ denotes the orbital integral along the classical trajectory r given by

Sµλ =

∫ ∞
−∞

eiωtYλµ(θ(t), φ(t))[r(t)]−λ−1dt. (2.17)

The reduced matrix elements of the electric multipole operators can be given by the

Wigner-Eckart theorem:

http://etd.uwc.ac.za/ 
 



Chapter 2. Coulomb Excitation Theory 14

〈IiMi|M(Eλ, µ)|IfMf 〉 = (−1)Ii−Mi

 Ii λ If

−Mi µ Mf

 〈If ||M(Eλ)||Ii〉. (2.18)

These reduced transition elements are related to the transition strengths B(Eλ), such

that the reduced transition probability may be written as

B(Eλ; Ii → If ) = (2Ii + 1)−1|〈Ii||M(Eλ)||If |2. (2.19)

The CE cross section for electric excitations may then be expressed as

σEλ =
Z ′e

~v

2

a−2λ+2B(Eλ)fEλ(ξ), (2.20)

where fEλ(ξ) is the dimensionless CE function containing all the information about

the classical trajectory of the scattered particles. The values for fEλ(ξ) are tabulated

in Reference [51]. The total CE cross section expressed in Equation 2.20 is directly

proportional to the reduced transition probabilities expressed in Equation 2.19.

2.1.3 Second-order Pertubation Theory

In the framework of first-order perturbation theory, excitation amplitudes are typically

quite small: aif � 1. For heavy-ion collisions, the transition probability increases with

ion energy and thus, the condition aif � 1 may no longer be satisfied and second-order

effects have to be considered. Two consequences arise from this condition: first-order

transition probabilities may be affected by second-order terms, and states which were

previously not accessible may be populated using multi-step excitations [51]. To account

for second-order effects, the excitation has to be treated using second-order perturbation

theory while still maintaining the classical trajectories. A second excited state |f〉 may

be reached through the excitation of an intermediate state |m〉 from an initial state |i〉
given by

a
(2)
if = a

(1)
if + a

(1,2)
imf , (2.21)

where a
(1)
if is defined in Equation 2.13 and a

(1,2)
imf is the amplitude of the transition from

the intermediate state to the final state given by
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Chapter 2. Coulomb Excitation Theory 15

a
(1,2)
imf =

1

i~

∫ ∞
−∞
〈f |V (r(t))|m〉eiωmf t × 〈m|V (r(t))|i〉eiωimtdt. (2.22)

These first- and second-order processes interfere with each other and therefore have to

be included in the calculation regardless of how small the probability of the multi-step

excitation may be. This interference leads to a phenomenon known as the Reorientation

Effect (RE). This effect, which is typically observed in E2 transitions of even-even nuclei,

occurs when the intermediate state |m〉 and the final state |f〉 in a multi-step excitation

are magnetic substates of the same excited state. The RE is illustrated in Figure 2.4.

2+

Jπ

Oblate spitting Spherical Prolate spitting

M

0

±1

±2

M

0+

0 0

±2

±1

0~
1

0
0

s 
ke

V

~
1

0
0

s ke
V

Figure 2.4: Schematic representation of the reorientation effect. The final state |f〉
can be reached via an intermediate state |m〉. The final state can be one of the mag-
netic substates of the excited state. The splitting of the energy levels which the mag-
netic substates can take is dependent on the static quadrupole moment by the relation

E(t) ∼ eQsZ/r
3(t).

From Equation 2.21, it can be seen that the excitation amplitude of a state k depends

on the coupling of all n states. This, in turn, means that the reduced matrix elements

defined in Equation 2.18 are coupled for all n states. A numerical approach is required

to solve this complex system of coupled differential equations.

2.2 GOSIA

Advances in the semiclassical theory for multiple CE have led to the development of

computer programs that can solve the vast amount of coupled differential equations nu-

merically. The first of these numerical minimisation programs is known as COULEX,

developed by Winther and de Boer [55]. The input of this code is a set of initial ma-

trix elements, level schemes of the nuclei involved in the collision and the experimental
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details, such as the beam energy to computes the statistical tensors. A separate code

known as CEGRY [], accepted the statistical tensors calculated by COULEX as input,

to predict the subsequent γ-ray decay properties. The calculations have to be corrected

for the transfer of energy to excite the nucleus as well as for systematic errors. This

correction is achieved by introducing symmetrised orbits in the semiclassical calcula-

tions. The calculated and measured yields can be made to agree with each other by

manually varying the model-dependent parameters. This model-dependency proved to

be of concern for semiclassical multiple CE calculations where a large number of reduced

matrix elements could contribute significantly to the excitation of a single state. The

introduction of GOSIA [56], in 1980, overcame this model-dependency.

GOSIA accepts a set of electric (E1 to E6) and magnetic (M1 and M2) multipole matrix

elements and calculates the excitation cross section for multiple excitations. It can be

used for simulating an experiment by determining optimum angles and beam/target

combinations to use in an experiment. GOSIA can also be used to analyse real data

by fitting matrix elements independently to a number of data. The γ-ray yield of a

given transition, following the de-excitation of a state populated during the collision,

is the most important observable. It allows the excitation and decay to be compared

since the matrix elements that govern the decay of these populated states are the same

matrix elements that determine the excitation. GOSIA also allows for independent data,

such as lifetimes of excited states, known matrix elements, branching ratios and E2/M1

mixing ratios, to be included in the fit. Numerical integration of the coupled-channel

differential equations is performed to calculate the cross-section and consequently, the

γ-ray yields [56].

The calculation is done at a single value for energy and angle and is referred to as the

“point yield”, given by

Ypoint((I → If ), θp, E) = sin(θp)

∫
φp

d2σ(I → If )

dΩγdΩp
dφp. (2.23)

The integrated yields are calculated by integrating over the entire solid angle and the

range of bombarding energies resulting from the energy loss in the target given by

Yint(I → If ) =

∫ Emax

Emin

dE
1

(dEdx )

∫ θp,max

θp,min

Ypoint(I → If )dθp, (2.24)

where dE
dx is the stopping power of the target material obtained using SRIM [57]. Equa-

tion 2.24 includes the Rutherford cross-section and the solid angle factor sin(θp).
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Chapter 2. Coulomb Excitation Theory 17

Computing Equations 2.23 and 2.24 for many angles and energies can be time consum-

ing. To speed up this process, GOSIA makes use of yields calculated over an average

bombarding energy and an average scattering angle. These average point yields are cor-

rected by a constant factor calculated along with the integration. The integration along

with the recalculation of the correction factor has to take place again only if the matrix

elements diverge significantly. The correction constant is given by

Y c
exp(I → If ) = Yexp(I → If )

Ypoint(I → If )

Yint(I → If )
, (2.25)

where Yexp(I → If ) is the experimental yield. The fitting of the matrix elements is

performed by locating a χ2 minimum in Equation 2.24 given by

χ2 =
1

N

∑
i

(
Ycalc(i)− Y c

exp(i)

∆Y c
exp(i)

)2

, (2.26)

where Ycalc(i) are the calculated yields, Y c
exp(i) are the ”corrected“ experiment yields,

∆Y c
exp(i) are the errors in the ”corrected“ experiment yields and N is the number of data

points in the fit.
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Chapter 3

Experimental Methodology

The CE of the unstable nucleus 66Ge was performed in 2017 at the ISOLDE facility

at CERN in Switzerland. This chapter details the experimental methodology used to

obtain the necessary beam parameters as well as the equipment used to successfully

perform the CE experiment. Section 3.1 discusses the beam production process at the

HIE-ISOLDE facility and Section 3.2 discusses MINIBALL, the array of High Purity

Germanium (HPGe) detectors used to perform the measurement.

3.1 ISOLDE Facility

The ISOLDE facility, based at CERN in Geneva, Switzerland, is a rare isotope pro-

duction facility. The ISOLDE facility utilises the “Isotope Separation On-Line” (ISOL)

technique, one of the commonly used methods used to study low-energy properties of

exotic nuclei. This method allows for the production of both neutron-rich and neutron-

deficient nuclei with very low recoil velocity. To produce the necessary beam, the fol-

lowing steps associated with the ISOL method must be taken: (i) the bombardment

of a thick heavy target with protons, (ii) the diffusion of nuclei out the primary target

into an ion source, and (iii) the ionisation, extraction and mass separation of the de-

sired beam. The following sections discuss the beam production and post-acceleration

process in detail. Figure 3.1 shows an illustration of the layout of the ISOLDE facility

as it stands to date.

3.1.1 Isotope Production

The beam production at ISOLDE starts with a beam of high energy protons received

from the Proton Synchrotron (PS) Booster with an energy of 1.4 GeV. The protons

18
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MINIBALL

EBIS

REXTRAP

REXLINAC GPS

HRS
Protons from PS

booster

Figure 3.1: Schematic overview of the ISOLDE facility after the HIE-ISOLDE up-
grades. There are many experimental setups in the ISOLDE hall, only those used

during this experiment are labelled.

are guided from the PS-Booster to ISOLDE in pulses with a minimum spacing of 1.2 s

between pulses. Each pulse can reach a maximum intensity of 3.2× 1013 ions/s, which

would result in a maximum integrated intensity of 4 µA. However, due to safety regula-

tions, the spacing between pulses is increased to 2.4 s, such that the average integrated

intensity amounts to 2 µA [58]. It is possible to take consecutive pulses from the PS

booster as long as the number of proton pulses hitting an ISOLDE production target

does not exceed 50% of the total number of pulses in the PS booster supercycle. These

proton beams are then guided to one of two primary targets, each coupled to a different

mass separator. The target can be stored inside the target chamber, usually consisting

of graphite or tantalum, in one of the following forms: powder, metal, molten metal or

pills of carbon fibers. Many parameters have to be considered when choosing the target

material to ensure that the maximum beam intensity of the requested isotope may be

delivered. These properties are the production cross section, release characteristics, den-

sity, mechanical and thermal resistance, melting point, target structure and electrical

conductance, to name a few.

The impingement of the high energy proton beam onto the thick primary target produces

a variety of radioactive isotopes via fission, fragmentation and spallation processes. In

approximately 70% of the cases, 238UCx is used as a primary target. The beam intensity

may be increased by heating the target which enhances effusion and diffusion processes.

The heating of the target also increases the contaminants, thus there is an optimum
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heating to get the best ratio between the element of interest and the contaminants for

any given beam. Another consideration is the extraction of the required isotope as a

molecular beam. The molecular beam approach allows for purer beams of the required

isotope. Knowledge of the chemical properties of the desired isotope is required, such

that a molecule consisting predominately of the desired isotope may be created. This

approach also reduces possible contaminants as the production of a chemical compound

with the remaining isotopes should be suppressed. The primary target used in this

experiment was ZrO2. The 70 beam was to be produced with the 70SeCO molecules.

However, the sulphur in the primary target allowed for the production of 66GeS molecules

in excess to that of the 70SeCO molecules. This ratio kept increasing in favour of 66GeS

inevitably resulting in a beam of 66Ge. The ionisation of the molecules was done using

surface ionisation, whereby the transfer line, usually made of tungsten or tantalum, was

heated to strip electrons from the desired molecules. This is possible since germanium

has a lower thermionic work function than tungsten or tantalum. The ionised molecules

(1+ charge state) are then extracted from the target-ion source by applying a 30 to 60-

kV external electrostatic potential. After this extraction process, the desired molecules

have to be selected and guided to the experimental setup. This selectivity is achieved

using the mass-over-charge ratio (A/q) with the use of two different mass separators:

the General Purpose Separator (GPS) and the High Resolution Separator (HRS). Figure

3.2 depicts the beamline layout in the ISOLDE hall, showing the HRS and GPS mass

separators.

Figure 3.2: Schematic overview of the beamline layout in the ISOLDE hall. Both the
HRS and GPS mass separators are illustrated [4].
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Each mass separator is connected to its own target station, allowing for flexible beam

delivery. These mass separators feed one common beamline which delivers the beam to

the majority of the available experimental setups in the ISOLDE facility. The following

subsection gives more detail about GPS since it was the mass separator used for this

experiment. One can refer to [58] for a more detailed description of HRS.

3.1.1.1 GPS

The General Purpose Separator is the smaller of the two isotope separators available

at the ISOLDE facility. It is comprised of two electrostatic quadrupole lenses followed

by a double-focusing 70◦ magnet with a mean bending radius of 1.5 m. The analysing

magnet is followed by the switchyard, which is located in the focal plane and allows for

the selection of three ion beams within a mass range of ±15% from the central mass [58].

The switchyard is made of pairs of electrostatic cylinder-shaped deflector plates, one on

either side of the central mass. The selection of the mass is achieved by moving the

deflector plates parallel to the focal plane. Figure 3.3 shows a picture of the switchyard

used in GPS. The 70SeCO and 66GeS molecules were selected using an A/q = 98 with a

charge state of q = 1.

Figure 3.3: GPS switchyard [4].

3.1.2 Post-acceleration

The radioactive ion beam is delivered with an initial beam energy of 30 to 60 keV

to the various low energy experimental setups in the ISOLDE experimental hall. The

Radioactive beam EXperiment (REX) was designed to further accelerate beams from

ISOLDE to beam energies of up to 3.0 MeV/u. The post-acceleration unit comprises
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of a penning trap for de-acceleration and bunching of the beam, followed by a charge

breeding system. This process allows for a compact accelerator to be used to accelerate

beams to moderate energies without the need for a large-scale accelerator. Figure 3.4

shows a schematic overview of HIE-ISOLDE after the installation of the upgrade. The

following sections describe in more detail each of the components that make up the

post-acceleration process.

Figure 3.4: A Detailed layout of HIE-ISOLDE [5]

3.1.2.1 REXTRAP

The singly-charge ion beam from GPS is injected into REXTRAP, a penning trap de-

signed to cool and bunch the ions. REXTRAP is shown on the left in Figure 3.5.

REXTRAP consists of two regions: one for stopping the ions and the other to trap

them. Both these regions are typically filled with neon or argon as a buffer gas [59].

Incoming ions are cooled by collisions with the buffer gas and trapped in an applied

High-Voltage (HV) field. To further increase the energy loss of the ions, the pressure

in the trapping region is an order of magnitude lower than in the stopping region. In

addition, the 3-T magnetic field allows for the confinement of the ions in the center

of the trap. Within the applied electric and magnetic fields, the ions are forced into

a magnetron motion around the trap center, a reduced cyclotron motion and an axial

motion (harmonic oscillation). The collisions with the buffer gas disrupt the magnetron

motion of the ions and increase their orbit. Recentering of the ions of interest is achieved

by applying a radio-frequency field with a cyclotron frequency that matches the desired

ion’s mass.

3.1.2.2 REXEBIS

At this point of the post-acceleration, the beam has been deaccelerated and bunched. It

then gets injected into the Electron Beam Ion Source (EBIS) for charge breeding [60].

REXEBIS is shown on the right in Figure 3.5. The charge breeding process is essential

to achieve a beam energy of 5.5 MeV/u with the subsequent compact linear accelerator.
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(a) REXTRAP (b) REXEBIS

Figure 3.5: Images of REXTRAP (left) and REXEBIS (right) at ISOLDE, CERN.

The charge breeding in EBIS is achieved through electron impact. The incoming ions are

confined within a trapping region and bombarded with an electron beam. The electron

beam, typically 3 to 6 keV with a current of 200 mA, is provided by an electron gun

(cathode) which is focused by employing a 2-T magnetic field within a superconducting

solenoid. The ions are confined within the negative space charge of the electron gun

inside the magnetic field and the electric field generated by the electrodes at the front

and back side of the EBIS. The breeding time is dependent on the A/q ratio for the

isotope of interest [61]. For this experiment, a charge state of q = 16 was selected

resulting in A/q = 4.125 for 66Ge. A charge state of q = 15 resulting in A/q = 4.4

would allow for a shorter breeding time in EBIS but would also allow one of the major

contaminants in EBIS through the selection. A A/q = 66/15 would select 22Ne5+ from

the buffer gas used in REXTRAP would be selected with a third of the mass and third

of the charge. The Neon from the buffer gas is used in the determination of the detector

angles discussed in Section 4.2. Following the beam extraction from REXEBIS, it has to

be separated with respect to the A/q ratio since contaminants may overweigh the desired

radioactive isotope. Most contaminants are due to residual gas inside REXEBIS. A high

vacuum of 10−11 mbar is maintained within the EBIS to improve charge breeding as well

as to suppress the production of contaminants.

3.1.2.3 A/q Separator

The mass separator that connects REXEBIS to REXLINAC is mounted vertically in an

S-shaped structure. The selection of the correct A/q ratio is achieved with the use of a

90◦ electrostatic deflector which is followed by a 90◦ magnetic bender. The electrostatic
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deflector is used to minimise the energy spread from REXEBIS while the magnetic ben-

der selects the correct A/q and eliminates most of the contaminants. Contaminants with

similar energy and similar A/q pass the mass separator and reach the final experimental

setup. The most common contaminants are carbon, oxygen, nitrogen, neon and argon

which are residual gases ionized in REXEBIS.

3.1.2.4 REXLINAC

The bunched and separated ions are injected into REXLINAC, the compact linear accel-

erator stationed in the ISOLDE facility. REXLINAC is a room temperature accelerator

designed to post-accelerate radioactive ion beams with A/q < 4.5. REXLINAC is com-

prised of a radio-frequency quadrupole accelerator (RFQ), an interdigital H structure

(IH), three 7-gap resonators and a 9-gap resonator; each of which increases the beam

energy in the subsequent steps. Figure 3.6 shows a schematic overview of REXLINAC.

Figure 3.6: REXLINAC at ISOLDE, CERN. A breakdown of the components that
make up the LINAC is shown. [6]

The ion beams are injected into the RFQ with an energy of 5 keV/u. The RFQ acceler-

ates the beam to 300 keV/u and injects it into the IH structure. The 20-gap IH cavity

operates at a frequency of 101.28 MHz and increases the beam energy to 1.2 MeV/u [62].

The subsequent 7-gap resonators operate at the same frequency as the IH structure and

allow the beam energy to be tuned in the range of 0.8 to 2.0 MeV/u. The final boost

of energy is achieved with the 9-gap resonator. This 9-gap IH unit operates at twice

the frequency of the 7-gap resonators and allows the beam energy to be increased to

3.0 MeV/u. The beam intensity may vary between a few 100 to 107 ions/s, which is

measured using Faraday cups, multi-channel plates (MCP) and phosphor screens [61].

At beam intensities below 0.1 pA, the measurement devices are not able to detect the

beam. For this reason, a stable beam with enough intensity and a similar A/q ratio is

used to obtain the set of accelerator parameters [61].

http://etd.uwc.ac.za/ 
 



Chapter 3. Experimental Methodology 25

3.1.2.5 HIELINAC

To further increase the science opportunities at ISOLDE, it was evident that a beam

energy upgrade was needed. In 2006, it was commissioned to expand the existing

REXLINAC with an additional superconducting linear accelerator, high energy beam

transfer lines and three additional experimental beamlines [61]. With these upgrades,

the superconducting post-accelerator at ISOLDE is known as HIELINAC and consists of

six cryomodules with a total of 32 radiofrequency cavities. The upgrade to REXLINAC

happened in three phases. The first phase was the design and installation of two of the

cryomodules. Each of these cryomodules consists of five high-beta cavities operating at

101.28 MHz and a superconducting solenoid magnet. Figure 3.7 shows the complete

assembly of one of the cryomodules.

Figure 3.7: One of the cryomodules being installed in the ISOLDE hall. [7]

The experiment that this work is based on was performed in 2017 after the first phase was

completed, which allowed the beam energy to be enhanced to 5.5 MeV/u for nuclei with

A/q < 4.5. The resulting beam energy of the unstable 66Ge isotope was 4.395 MeV/u

with an A/q = 4.125. The second phase, which was completed in 2018, comprised of

the installation of an additional cryomodule with similar specifications as previously

mentioned. The final phase of the upgrade, which took place in 2020, is to replace the 7-

gap and 9-gap resonator structures from REXLINAC with two more cryomodules. Each

of these cryomodules consists of six low-beta cavities and two superconducting solenoid
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magnets. After the completion of the final phase, HIELINAC will provide radioactive

ion beams with energies up to 10.0 MeV/u without the beam quality degrading.

3.1.3 Beam Time Structure

The radioactive ion beams at ISOLDE are bunched. To ensure that the beam is delivered

in an efficient manner, ISOLDE employs a timing structure. Figure 3.8 illustrates a

typical time structure at ISOLDE.

Figure 3.8: Time structure for the radioactive ion beam at CERN. See text for more
details.

There are many factors that impact the time structure: the time of the delivered proton

beam, the characteristic release of the target and ion source, the decay of the desired

radioactive ions and the duty cycle of the bunching, breeding and accelerating devices.

Timing signals are used to keep control over the entire sequence from proton impact

to beam delivery at the experimental setup. The first signal (A) is available at the

beginning of each super-cycle of the PSB. A super-cycle consists of a sequence of a
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preset number of individual cycles of 1.2 s each. This signal is also used as a trigger

for a shutter that blocks the laser if laser ionisation is used. In laser ”on/off” mode the

laser status is changed at each supercycle. In the supercycles with the shutter closed,

only contaminants are detected and with the shutter open both contaminants and laser-

ionised beam are detected. The shutter status is acquired in the data acquisition system

and is used to sort data to determine the ratio of contaminants to the laser-ionised

beam. The second signal (B) is sent when the proton beam makes impact with the

ISOLDE primary target. The time difference between this signal and the detection

of the beam at the experimental setup can be used to discriminate background or to

identify contaminants. This is due to the fact that nuclei have characteristic lifetimes

and release times. The third signal (C, D) is sent at the point when the ions are injected

from REXEBIS into the REXLINAC. This signal is used to synchronise injection into

the REXLINAC which ensures proper acceleration and transmission (E). This signal

also facilitates a 1-ms long “ON beam” window used by the data acquisition system

(DAQ) of the MINIBALL detection system (F).

3.2 MINIBALL

The MINIBALL array is comprised of eight triple cluster detectors which are mounted

within the MINIBALL frame coupled with a target chamber. Figure 3.9 shows the

MINIBALL clusters surrounding the target chamber used in this experiment. The target

chamber houses the 4-mg/cm2 196Pt target used in the CE experiment as well as the

Double Sided Silicon Strip Detector (DSSSD) used to detect scattered particles.

The frame was designed to ensure maximum flexibility for positioning the MINIBALL

clusters around the target chamber. The MINIBALL frame was built in two halves

which can slide apart on rails to give access to the target chamber. The clusters are

mounted on arms which allow for four degrees of freedom. The clusters are mounted

on three toothed arcs which can be rotated about a vertical axis. These mountings are

interlocked with the teeth of the arcs, allowing each cluster to be moved up and down in

a controlled manner. The cluster mountings also consist of rods that enable the clusters

to be moved in and out relative to the target. The clusters can also be rotated around

their own axis on the mount. The degrees of freedom are illustrated in Figure 3.10.

Section 3.2.1 discusses the high-purity germanium detectors used for detecting γ rays.

Section 3.2.2 details the particle detector used to detect scattered particles. Section

3.2.3 expands on the data acquisition system used to process the data collected during

the experiment.
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Figure 3.9: Target chamber used in the CE of 66Ge surrounded by the triple cluster
germanium detectors. Figure taken during the experiment in July 2017 [8].

3.2.1 High-Purity Germanium Detectors

The development of high-purity germanium (HPGe) detectors has allowed tremendous

advances in nuclear physics and other fields. Germanium is an intrinsic semiconduc-

tor and can be made n- or p-type with the introduction of donor (lithium) or acceptor

(boron) impurities. The removal of impurities allows the germanium to be almost com-

pletely depleted of charge carriers to allow the creation of large charge-sensitive regions.

Each triple cluster detector contains three individually encapsulated six-fold segmented

HPGe crystals. The germanium crystals are 78 mm long and have a diameter of 70 mm.

The left panel of Figure 3.11 shows one of the triple cluster detectors. A total of 144

individual segment signals and an additional 24 signals from the central electrodes are

measured. The high granularity of the system reduces the opening angle of the detection

and therefore, enhances the position sensitivity [9]. This sensitivity to the interaction

point is used to correct for Doppler shift of the detected γ rays. The energy resolution

of the MINIBALL spectrometer after addback, measured with a 60Co source, amounts

to 2 to 3 keV at 1.332 MeV. This good energy resolution is achieved by operating the

detector system at liquid nitrogen temperature. The signals from the detector system

are processed using XIA digital gamma finders to enable high count rates and allow for

proper event building [9].
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Figure 3.10: Four triple cluster detectors mounted on one half of the MINIBALL
frame. The four degrees of freedom are marked. Figure adapted from [8].

3.2.2 Particle Detector

The angle of emission of the γ ray have to be combined with the momentum vector of the

de-exciting emitting particle to perform Doppler correction. To measure the ion energy

and position, a Double-Sided Silicon Strip Detector (DSSSD) was employed along with

the eight triple cluster detectors. The DSSSD is composed of four identical quadrants

that make up the CD-like structure. Figure 3.12 illustrates both sides of the DSSSD.

The thickness of each quadrant is 138 µm with a typical dead layer of 200 nm sufficient

to stop heavy ion beams. The DSSSD has an inner diameter of 9 mm and an outer

diameter of 40.9 mm. The front side is divided into 16 annular strips (p+n junction)

and the back side is divided into 24 radial strips (n+n ohmic). The 16 rings on the

front side have a pitch of 2.0 mm, while the 24 sectors on the back are arranged in 3.5◦

sectors with a 3.6◦ opening angle [63]. The 24 strips have been shorted allowing two

consecutive strips to operate as one and thus resulting in 12 strips on the back. The

azimuthal symmetry of the DSSSD allows for a simple relation with scattering angle,

while the high granularity aids in the angular correlation of coincident γ rays allowing

for a well-determined Doppler correction. The DSSSD was placed 27.34 mm downstream

from the target with respect to the incoming beam and covered forward scattering angles

between 19◦ to 56◦ in the laboratory frame. Figure 3.13 shows the DSSSD mounted in

the target chamber.
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Figure 3.11: Single MINIBALL triple cluster detector connected to the liquid nitrogen
dewar for cooling purposes (left) [9]. Exploded view of one of the segmented germanium

crystals (right) [10].

Figure 3.12: Schematic drawing of the double-sided strip detector. The front side has
0.1-mm inactive regions between the rings and the back side consists of 0.1◦ inactive

regions between the strips.

3.2.3 Data Acquisition

The data acquisition system (DAQ) used to record events during the CE experiment is

responsible for the collection and sorting of data. The DAQ is made up of both hardware

and software elements. The hardware elements consist of Digital Gamma Finders 4C
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Figure 3.13: Picture of the DSSSD mounted in the target chamber showing the four
quadrants and their 16 annular rings [8].

(DGF-4C), Mesytec 32 channel multiplexers (MUX-32) and peak sensing Analog-to-

Digital Converters (ADC) used to collect the data from both γ rays and particles. The

software element of the DAQ is called MARaBOOU [11], which consists of the front

end of Multi Branch System (MBS) readout, developed at GSI, Darmstadt, and the

backend framework ROOT [64]. The data processing of MARaBOOU is illustrated in

Figure 3.14.

Experiment
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Figure 3.14: Schematic illustration of the data processing of MARaBOOU. [11].

The MBS front end facilitates the data readout, event building and data transfer,

whereas ROOT provides an environment to do setup configuration, run and hardware

control, online/offline data visualisation using histograms, data analysis and data stor-

age. The following tasks were handled by the DAQ during the experiment:

• Recording of the experimental data,
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• Conversion of MBS events into Miniball Event Data (MED) format,

• Assign energy, position and timing information for each event,

• Online and offline visualisation of the physical data, and

• Store the event data into ROOT format for further post-processing.
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Chapter 4

Data Analysis and Results

This chapter gives details about the calibration of the equipment used to record the

data as well as post-processing of the data to determine the spectroscopic quadrupole

moment for 66Ge. The chapter starts by describing the detector calibration for both the

DSSSD and HPGe triple cluster detectors in Section 4.1. Section 4.2 discusses Doppler

correction, which is followed by details on particle-γ coincidence in Section 4.3. The

chapter concludes with a discussion on the determination of the beam composition for

the investigated beam produced at the ISOLDE facility in Section 4.4.

4.1 Detector Calibration

To accurately determine the spectroscopic quadrupole moment from the data, both

the DSSSD and the HPGe triple cluster detectors have to be calibrated. Energy and

efficiency calibrations for the HPGe crystals are performed using well-known calibration

sources, whereas the DSSSD is calibrated using in-beam data since an alpha source does

not sufficiently cover the energy range of the beam. The following sections discuss each

of these in more detail.

4.1.1 HPGe Cluster Calibration

The calibration for the HPGe cluster crystals was performed using a combination of two

calibration sources, namely 152Eu and 133Ba. The 133Ba source provides low energy γ

rays ranging from 80 to 384 keV whereas 152Eu provides γ-ray transitions ranging from

122 keV up to 1.408 MeV. These proved sufficient to obtain an accurate calibration for

the first 2+ transition of 66Ge at 956 keV. The two sources were mounted at the target

position ensuring all the crystals of MINIBALL could detect the γ rays being emitted.

33
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The energy calibration using the 152Eu transitions only was found to be sufficient as

it already provided lower energy γ rays. The recorded γ-ray spectrum is shown in

Figure 4.1.

Figure 4.1: Spectrum of the 152Eu and 133Ba calibration sources used to calibrate
the cluster detectors. Peaks with red labels belong to 133Ba and those with black labels

belong to 152Eu.

A total of 16 dominant transitions were identified and are shown labelled in Figure 4.1.

The energy calibration was performed for each of the 24 detectors of MINIBALL by

fitting the 16 transitions in the core spectrum. A linear fit was performed to determine

the calibration coefficients for that crystal. A fit for a single core along with the gain

and offset obtained are presented in Figure 4.2.

In addition to the energy calibration, a detection efficiency calibration was also per-

formed using the 152Eu source. The efficiency fit was performed using the gf3 program

that is part of the RadWare package [65]. gf3 takes as input the centroids, peak areas

and peak energies as well as the errors of each of the strong transitions of 152Eu and

calculates their relative intensities before saving them to file. This new input file is used

with EFFIT, another program in the RadWare package, to obtain the efficiency curve.

EFFIT fits this data using the following expression:

ln(ε) = [εl + εh]−
1
G , (4.1)
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Figure 4.2: Linear fit to the 152Eu data for one of the core of a cluster detector. The
gain and offset are given in the equation of the linear fit.

where εl and εh denote the efficiencies of the low and high energy regions, respectively,

and G is the interaction parameter between the two regions. The lower region εl is

calculated as follows:

εl = (A+Bx+ Cx2)
−G
, (4.2)

where A, B and C are the fitting parameters for the lower region of the γ-ray spectrum

and x = log(
Eγ
E1

) with E1 = 100 keV. Similarly, the higher region is calculated using

εh = (D + Ey + Fy2)
−G
, (4.3)

where D, E and F are the fitting parameters for the higher region and y = log(
Eγ
E2

) with

E2 = 1 MeV. The resulting efficiency curve and the fitting parameter values for EFFIT

are shown in Figure 4.3.

4.1.2 DSSSD Energy Calibration

As aforementioned, the DSSSD is made up of four identical quadrants with 16 annular

segments on the front side and 12 strips, perpendicular to the rings on the back side.

This results in 768 individual pixels which are used to detect the scattering particles
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Figure 4.3: Relative detection efficiency of MINIBALL measured with 152Eu at the
target position. The fit was performed using EFFIT and the resulting fit parameters

are shown.

with high position sensitivity. Each hit on a ring is recorded with a corresponding hit

on a sector. Events on the front side of the DSSSD are subjected to energy shifts due to

the kinematics and energy losses through the target, while events on the back side are

recorded at the same energy. The beam energy amounts to 290 MeV in the laboratory

frame, thus making a calibration with a typical alpha source insufficient due to large

deviations resulting from extrapolation. The DSSSD was therefore calibrated using a

cocktail beam, consisting of 12C, 16O, 20Ne and 40Ar, mass separated using A/q = 4 and

bombarded onto a 196Pt target. A spectrum of the cocktail beam is shown in Figure 4.4.

The target had a thickness of 1.4 mg/cm2 and the beam energy was 5.54 MeV/u. For

each of the nuclei in the cocktail beam, a kinematics calculation was done using the sim-

ulation program LISE++ [66]. LISE++ calculates the energy of the scattering nucleus

after a scattering event with the target in question as well as the energy of the recoil

for each ring in the DSSSD. The in-beam data for the cocktail beam give the channel

number for the peaks of interest for each ring and thus, a calibration can be done. Figure

4.5 illustrates the kinematics curve for 16O as it interacts with the 196Pt target.

The calibrated spectra of each quadrant is shown in Figure 4.6, where an overlap of the

peaks is seen at 240 MeV.
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Figure 4.4: Spectrum of the cocktail beam used in the calibration of the DSSSD.
Each of the components of the cocktail beam is labelled.

Figure 4.5: Kinematics curve obtained with LISE++ for 16O onto 196Pt as a function
of scattering angle. The dashed line represents the angles that the different rings cover

in the lab frame.

4.2 Doppler Correction

When performing CE experiments using high energy beams, the γ-ray energies have to

be corrected due to the Doppler effect. For this experiment, a recoil velocity of β ∼ 10%
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Figure 4.6: Calibrated 66Ge spectra for each of the quadrants of the DSSSD at a
beam energy of 290 MeV.

is observed. The γ rays are detected with a large Doppler broadening due to the high

recoil velocity and the close configuration of the HPGe detectors of MINIBALL. The

interaction position of the γ ray inside the HPGe crystals and the particle position within

the DSSSD have to be known precisely to perform a proper correction. The correction

of the γ-ray energies is given by

Eγ,0 =
Eγ,lab(1 + β cos(θpγ))√

1− β2
, (4.4)

where Eγ,lab is the energy measured in the laboratory frame, Eγ,0 is the energy of the

emitted γ ray in the rest frame and θpγ is the angle between the particle momentum

vector and the direction of the emitted γ ray with

cos(θpγ) = sin(θlab,γ) sin(θlab,γ) cos(φlab,p − φlab,γ) + cos(θlab,γ) cos(θlab,p). (4.5)

The observables θlab,γ and φlab,γ are the detected angles of the MINIBALL crystals

and θlab,p and φlab,p are the detected angles of the DSSSD detectors. A high position

sensitivity is achieved with MINIBALL using the granularity of the six-fold segmented

triple cluster detectors which ensures an improved assignment of the interaction position

within each HPGe.
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In order to use the position sensitivity of MINIBALL, a position calibration measure-

ment had to be performed. An independent experiment with a stable 22Ne beam was

performed which employs d(22Ne,23Ne)p and d(22Ne,23Na)n transfer reactions. The ap-

proach is as follows:

1. The position of each triple cluster detector can be described by a set of four

parameters Ri, φi, θi and αi as illustrated in Figure 4.7.

2. After the transfer reactions, the excited 22Ne and 23Na decay in flight by emitting γ

rays which are collected by the HPGe detectors with a Doppler broadening. From

the kinematics of the reaction, the scattering angles of the recoiling nuclei are small

and negligible and thus, the energy shift depends solely on the position where the

γ-ray was detected. For each segment, a set of the aforementioned parameters are

determined to correct the γ-ray energies according to Equation 4.4.

3. To help facilitate this process, an algorithm that implements neural networks,

written in ROOT by Nigel Warr was used. This algorithm uses the Doppler-

shifted 440-keV γ-ray of the d(22Ne,23Na)n reaction and minimises the width of

the 440-keV γ-ray resulting in a set of the four parameters. These parameters are

then used to compare the calculated γ-ray energies with the measured ones. A χ2

minimisation fit is employed for this purpose.

Figure 4.7: Parameters used to define the position of each triple cluster detectors
with respect to the beam line.

The resulting parameter sets for each core is used to perform the final Doppler correction

of the 66Ge data. Table 4.1 shows the best fit parameters from the χ2 minimisation.
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Table 4.1: Position parameters used for the center of each MINIBALL triple cluster
detector for the Doppler correction.

MB Cluster Ri [mm] θi [◦] φi [◦] αi [◦]

MB17 97.8 144.6 132.4 321.6
MB12 94.2 49.4 63.1 47.9
MB16 97.9 46.3 134.5 52.7
MB13 99.6 144.2 54.8 48.0
MB22 98.4 134.4 231.9 73.6
MB18 95.5 41.7 235.0 110.3
MB14 97.0 131.1 299.7 267.3
MB23 93.8 36.3 260.9 260.9

4.3 Particle-γ Coincidence

Due to the vast number of γ rays resulting from radioactive ion beam experiments, it is

necessary to employ a particle-γ coincidence condition. This is especially important for

Coulomb excitation experiments with radioactive ion beams, as the rare γ-ray transition

of interest may be hidden behind the background. This background could result from the

β decay of the radioactive ions implanted in the target chamber and along the beamline

as well as bremsstrahlung from the accelerator. Figure 4.8 illustrates a raw γ-ray singles

spectrum with the energy of the first 2+ transition of 66Ge marked. As can be seen, the

transition of interest cannot be identified.

Figure 4.8: γ-ray singles spectrum for 66Ge on 196Pt with no particle-γ coincidence
condition applied. The energy of the first 2+ transition at 956 keV is marked.
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Figure 4.9: Time difference between the cluster detectors and the DSSSD. Prompt
and random time windows are marked, which are used to generate the final γ-ray

spectrum.

The particle-γ condition was set up by requiring a single detection in one of the HPGe

cluster segments followed by a hit in both a ring and a sector of the DSSSD within an ac-

ceptance time window. The particle-γ condition also improves the peak-to-background

ratio as any γ ray detected outside of the acceptance window is subtracted from the re-

sulting particle spectrum. Only prompt γ rays which are detected within a∆tp = 160 ns

time window relative to the particle in the DSSSD are selected for the final γ-ray spec-

trum. A time window for the random γ rays ∆tr is also selected such that background

can be determined and subtracted from the final γ-ray spectrum. Figure 4.9 shows the

time difference acceptance windows for prompt and random γ rays used to generate the

final particle-γ coincidences.

The resulting γ-ray spectrum from the prompt window gated on beam particles is shown

in Figure 4.10. It should be noted that this spectrum is not Doppler-corrected.

The random γ-ray spectrum is subtracted from the resulting prompt spectrum and

Doppler correction is applied. The final γ-ray spectrum is particularly clean from back-

ground radiation and mostly contains transitions caused by CE. Figure 4.11 shows the

beam-gated background-subtracted spectrum for the 196Pt target. Figure 4.12 shows

the final beam-gated background-subtracted spectrum after applying Doppler correc-

tion, where the first 2+ transition of 66Ge at 956 keV can be clearly seen.
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Figure 4.10: γ-ray spectrum from the prompt time window. The range of this spec-
trum was decreased to not include the 511 keV transition such that the first 2+ state

in 66Ge can be seen.

Figure 4.11: Beam-gated γ-ray spectrum after background subtraction. The first 2+

state in 196Pt is marked.

http://etd.uwc.ac.za/ 
 



Chapter 4. Data Analysis and Results 43

Figure 4.12: γ-ray spectrum after Doppler correction and background subtraction.
The first 2+ state in 66Ge can clearly be seen.

4.4 Beam Composition

As previously mentioned in Section 3.1.1, the final beam used for the experiment con-

tained both 66Ge and 70Se. To determine an accurate spectroscopic quadrupole moment

for 66Ge, the ratio of selenium to germanium has to be known precisely. As shown in

Figure 4.13, potential beam contaminants are possible along the isobaric chains A = 66

as well as A = 70 since the mass separators are only selective to mass-over-charge ratio.

Figure 4.13: Nuclei along the isobaric chains A = 66 and A = 70 that could poten-
tially contribute to the beam composition are marked with red squares.
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The primary ISOLDE beam is extracted as a singly-charged molecule beam. In this

case, 66Ge32S molecules and 70Se12C16O molecules were produced resulting in possible

contaminants from ions with A = 98. The transport from REXTRAP to REXEBIS

is managed by an electrostatic steer-er and therefore, no A/q separation is possible at

this stage. Mass A = 66 ions were charge bred in REXEBIS and extracted with charge

state q = 16+, which results in A/q = 4.125. Mass A = 70 ions were charge bred and

extracted with charge state q = 17+, resulting in A/q = 4.118. An ionisation chamber

was set up before the experiment to estimate the target thickness as well as the beam

composition. The ionisation chamber however was not biased properly and thus could

not be used. A β-decay study of the beam had to be performed to determine the beam

composition.

4.4.1 β-decay Investigation

After the experiment, an aluminium stopper foil was placed in the target wheel and

bombarded with the beam for 5.5 hours and left to decay for 2 hours. The data acqui-

sition was running during the entire 7.5 hour period. The first step to determine the

beam composition is to identify the transition lines of the β-decay spectrum. Figure 4.14

shows the recorded single spectrum when bombarding the beam onto the stopper foil.

The observed transition energies and the corresponding β decays are listed in Table 4.2.

The majority of the observed transitions are known lines from the decays of 66Ge →
66Ga, 66Ga → 66Zn, 70Se → 70As, and 70As → 70Ge.

The fact that lines from the potassium decay 40K → 40Ar are observed indicates that

transitions with intensities down to the natural background radiation are also identified.

In addition, no transitions corresponding to the decay of mass A = 98 ions were observed.

In order to deduce how much of the target excitation was induced by 66Ge, the amount of

70Se relative to 66Ge has to be determined. This is required for the proper normalisation

of the measured transition strength. The measured intensity of a transition Nγ is given

by

Nγ =
Aγ
εγIγ

, (4.6)

where Aγ is the area of a peak in a γ-ray singles spectrum, εγ is the detection effi-

ciency at the energy of the transition and Iγ is the published intensity of the transition.

For the determination of the β-decay ratio, the dominant transitions at 381.85 keV

(66Ge→ 66Ga) and 426.15 keV (70Se→ 70As) were used. The 66Ga transition at 381.85

keV from the β decay of 66Ge has an intensity of 28% [1]. Since this transition intensity
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Figure 4.14: β-decay spectrum when bombarding the beam onto an aluminium stop-
per foil. γ-ray transitions with energies up to 1.5 MeV are observed.

was published without uncertainty, the maximum uncertainty reported for this decay of

0.8% is assumed. The 70As transition at 426.15 keV from the β-decay of 70Se has an

intensity of 29% [1]. Since this transition intensity was published without uncertainty,

the maximum uncertainty reported of 0.6% is assumed. The detection efficiency is de-

termined from the curve in Figure 4.3. During the implantation at a rate R, the number

of nuclei N grows as a function of time t, with the initial condition N(0) = 0 as follows:

dN

dt
= R− λN(t), (4.7a)

N(t) =
R

λ
(1− e−λt), (4.7b)

where λ is the decay constant equal to ln(2)/t1/2. The activity A is then defined as

A(t) = λN(t) = R(1− e−λt). (4.8)
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Table 4.2: Observed γ-ray transition energies following the corresponding β decay.

Eγ [keV] β-decay Eγ [keV] β-decay Eγ [keV] β-decay

44 66Ge → 66Ga 743 70As → 70Ge 1508 66Ga → 66Zn
65 66Ge → 66Ga 757 66Ge → 66Ga 1522 70As → 70Ge
108 66Ge → 66Ga 796 66Ga → 66Zn 1539 70As → 70Ge
182 66Ge → 66Ga 833 66Ga → 66Zn 1587 70As → 70Ge
190 66Ge → 66Ga 858 70Se → 70As 1707 70As → 70Ge
244 70Se → 70As 893 70As → 70Ge 1780 70As → 70Ge
272 66Ge → 66Ga 906 70As → 70Ge 1872 66Ga → 66Zn
293 70Se → 70As 935 66Ge → 66Ga 1898 66Ga → 66Zn
302 66Ge → 66Ga 963 66Ga → 66Zn 1918 66Ga → 66Zn
338 66Ge → 66Ga 1039 66Ga → 66Zn 2019 70As → 70Ge
381 66Ge → 66Ga 1114 70As → 70Ge 2189 66Ga → 66Zn
426 70Se → 70As 1120 66Ge → 66Ga 2292 66Ga → 66Zn
470 66Ge → 66Ga 1232 66Ga → 66Zn 2422 66Ga → 66Zn
536 66Ge → 66Ga 1333 66Ga → 66Zn 2449 70As → 70Ge
595 70As → 70Ge 1338 70As → 70Ge 2751 66Ga → 66Zn
607 70As → 70Ge 1356 66Ga → 66Zn 2933 66Ga → 66Zn
639 66Ge → 66Ga 1387 66Ga → 66Zn 3229 66Ga → 66Zn
662 66Ge → 66Ga 1411 70As → 70Ge 3256 66Ga → 66Zn
668 70As → 70Ge 1418 66Ga → 66Zn 3380 66Ga → 66Zn
705 66Ge → 66Ga 1460 40K → 40Ar 3422 66Ga → 66Zn
719 66Ga → 66Zn 1495 70As → 70Ge

After the beam delivery is stopped at t = toff , the number of nuclei decays as

dN = −λN(t)dt, (4.9a)

N(t) = N(t = toff )e−λt. (4.9b)

The duty factor is defined as the ratio of the number of nuclei which have decayed to the

number of nuclei which have been delivered as a function of time. From Equations 4.7b

and 4.9b, the duty factors for the implantation and decay periods are given, respectively,

by

DFton =
Ndecay

Ndelivered
=
N(t = ton)−N(t)

N(t = ton)
= 1− 1

λt
(1− e−λton), (4.10)

DFtoff =
Ndecay

Ndelivered
=
N(t = ton)−N(t)

N(t = ton)
= 1− e−λtoff . (4.11)
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Figure 4.15: Number of nuclei as a function of time for 66Ge (t1/2 = 2.26 h) and 70Se
(t1/2 = 41 min) for beam intensity R = 1000 and NGe(t = 0) = NSe(t = 0) = 0. The

beam is on from t = 0 to 330 min.

The total duty factor is the sum of the duty factors for the implantation and decay

periods, corrected for the decays during the implantation period:

DF = DFton + (1−DFton)DFtoff . (4.12)

The ratio of 66Ge to 70Se nuclei in the beam is then defined as

fGe
fSe

=
Nλ,Ge/DFGe
Nλ,Se/DFSe

. (4.13)

From this ratio, the fraction of 66Ge in the beam can be extracted as

fGe = 1− 1

1 + (fGe/fSe)
= 0.91± 0.12. (4.14)

This number is in agreement with the 66Ge:70Se ratio of 10:1 (∼ 90%) measured at the

tape station at ISOLDE during the experiment.
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4.5 Extracting Nuclear Structure Information

In CE experiments, the γ-ray intensities corresponding to the scattering of the collision

partners are a direct observable. The matrix elements that couple these transitions are

not a direct observable and occur as correlated parameters when fitting γ-ray intensity

data. The integrated yields for the 2+1 → 0+1 transitions in 66Ge and 196Pt were calculated

using the semi-classical couple-channel Coulomb-excitation least-squares code GOSIA.

The calculation was performed using known spectroscopic information such as level

lifetimes, branching ratios and matrix elements. The GOSIA files used in the calculation

are shown in Appendix A. The level scheme of 66Ge which was used to perform the

GOSIA calculations is shown in Figure 4.16.

Figure 4.16: Level scheme used in the GOSIA calculations for 66Ge along with the
γ-ray energies and matrix elements used in the calculation. See text for more details.

For 66Ge, the 〈2+1 ||E2||0+1 〉, 〈2
+
2 ||E2||2+1 〉, 〈2

+
2 ||M1||2+1 〉 and 〈2+2 ||E2||0+1 〉matrix element

was determined from the adopted B(E2) values reported in the NNDC. The remaining

E2 matrix elements were determined using Equation 1.6. The M1 matrix element from

the 3+ state at 2495.2 keV to the 2+ at 1693.2 keV was determined using the rotor

model E2 value along with reported mixing ratio of −2.91 and the mixing ratio value

expression given by,

δ(
E2

M1
) = 0.835Eγ(MeV ) =

〈If ||M(E2)||Ii〉
〈If ||M(M1)||Ii〉

. (4.15)
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The diagonal matrix elements and the M1 matrix elements, for which a mixing ratio

has not been reported, were allowed to vary over a large range in GOSIA and the values

giving the lowest χ2 value were used. Although only the first 2+ state in 66Ge was

observed during this experiment, the known levels and matrix elements up to the 4+

level at 2725.7 keV was implemented in GOSIA. The 4+ level serves as a buffer state

to ensure a proper excitation and de-excitation mechanism by avoiding non-physical

population and feeding of the underlying levels. The level scheme of 196Pt that was used

to perform the GOSIA calculations is shown in Figure 4.17. The matrix elements are

given in TABLE 4.3.

Figure 4.17: Level scheme used in the GOSIA calculations for 196Pt along with the
known γ-ray energies. See text for more details.

The 〈2+1 ||E2||0+1 〉, 〈2
+
1 ||E2||2+1 〉 and 〈4+1 ||E2||4+1 〉 matrix elements were taken from Ref

[67]. The 〈4+2 ||E2||4+1 〉 matrix element is taken from Ref [68] and the 〈4+2 ||M1||4+1 〉 ma-

trix element is calculated using Equation 4.15 with a mixing ratio of δ = −3.3 [68]. The

remaining E2 as well as the E3 and E1 matrix elements are calculated using the B(Eλ)

values determined by the authors of Ref [69] with Equation 1.6. The 〈2+2 ||M1||2+1 〉 ma-

trix element along with a mixing ratio of δ = −5.2 is known from Ref [69], and was used

to determine the 〈2+2 ||E2||2+1 〉 matrix element. The M2 matrix elements are determined

using the B(M2) values reported for the 3− state at 1447.3 keV given in the NNDC [1].

The effects of higher-lying states in 66Ge were estimated using GOSIA by varying the

〈2+1 ||E2||2+1 〉 matrix element and checking the percentage difference on the B(E2) and

QS (2+) values. The percentage difference was determined to be 1% and is considered

in the error analysis. Figure 4.18 shows the experimental and theoretical beam-gated

heavy-ion angular distributions integrated per 4 rings for the 2+1 → 0+1 transition for

66Ge (left) and 196Pt (right). Figure 4.19 shows the experimental and theoretical target-

gated angular distributions integrated per 3 rings for the same transition.

The theoretical yields were calculated using 〈0+1 ||E2||2+1 〉 = 0.4826 eb and 〈2+1 ||E2||2+1 〉 =

0.562 eb, which were determined during this experiment. The theoretical yields were
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Figure 4.18: Beam-gated heavy-ion angular distributions showing experimental and
calculated γ-ray yield integrated per 4 rings as a function of laboratory scattering

angle θ for the de-excitation of the 2+ states in 66Ge (left) and 196Pt (right).
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Figure 4.19: Target-gated heavy-ion angular distributions showing experimental and
calculated γ-ray yield integrated per 3 rings as a function of laboratory scattering

angle θ for the de-excitation of the 2+ states in 66Ge (left) and 196Pt (right).
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Table 4.3: Table presenting the matrix elements for 196Pt used in the GOSIA2 cal-
culations. See text for more details.

Multipolarity

E1 Ei [keV] Ef [keV] Jπi Jπf 〈Jπi ||E1||Jπf 〉 [eb1/2]

1447.0 355.7 3− 2+ 1.52× 10−4

1447.0 688.7 3− 2+ 1.17× 10−4

1447.0 876.9 3− 4+ 8.72× 10−5

1270.3 876.9 5− 4+ 1.8× 10−4

E2 Ei [keV] Ef [keV] Jπi Jπf 〈Jπi ||E2||Jπf 〉 [eb]

355.7 gs 2+ 0+ 1.1697
688.7 gs 2+ 0+ 3.7× 10−4

355.7 355.7 2+ 2+ 0.8179
688.7 355.7 2+ 2+ 1.3522
876.9 355.7 4+ 2+ 1.9109
1135.3 355.7 0+ 2+ 0.1381
1293.3 355.7 4+ 2+ 0.1846
688.7 688.7 2+ 2+ 0.5146
1015.0 688.7 3+ 2+ 0.4960
1135.3 688.7 0+ 2+ 0.3472
1293.3 688.7 4+ 2+ 1.3406
876.9 876.9 4+ 4+ 0.084
1293.3 876.9 4+ 4+ 1.0121
1525.8 876.9 6+ 4+ 2.5333
1447.3 1270.3 3− 5− 1.3406

E3 Ei [keV] Ef [keV] Jπi Jπf 〈Jπi ||E3||Jπf 〉 [eb3/2]

1447.3 gs 3− 0+ 0.307
1270.3 355.7 5− 2+ 0.2603

M1 Ei [keV] Ef [keV] Jπi Jπf 〈Jπi ||M1||Jπf 〉 [µNb
−1/2]

688.7 355.7 2+ 2+ −0.072
1015.0 355.7 3+ 2+ −0.00968
1015.0 876.9 3+ 4+ −0.02925
1293.3 876.9 4+ 4+ −0.34382

M2 Ei [keV] Ef [keV] Jπi Jπf 〈Jπi ||M2||Jπf 〉 [µNb
1/2]

1447.3 876.9 3− 4+ 1.184
1447.3 1015.0 3− 3+ 3.18

normalised to the experimental yields using a common normalisation factor. As can

be seen in the figures, the trend of the angular distribution produced by GOSIA is in

agreement with the experimental yields.

The normalisation procedure used in Refs [70, 71] was applied to determine the 〈2+1 ||E2||2+1 〉
matrix element. Coulomb excitation curves are determined in the 〈2+1 ||E2||2+1 〉−〈2

+
1 ||E2||0+1 〉

plane by fixing 〈2+1 ||E2||2+1 〉 in steps of 0.01 eb, and varying 〈2+1 ||E2||0+1 〉 until converg-

ing with the experimental intensity ratio between the target and the projectile. The

intensity ratio is given by
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ITγ
IPγ

=
σTE2W (ϑ)T

σPE2W (ϑ)P
= 0.915

NT
γ ε

P
γ

NP
γ ε

T
γ

, (4.16)

where εPγ and εTγ are the relative detection efficiencies for the target and projectile,

respectively, W (ϑ) is the integrated angular distribution of the de-excited γ rays in

coincidence with the inelastic scattered particle, and the factor 0.915 accounts for the

97.25% enrichment of the 196Pt target chosen for normalisation and the beam composi-

tion of 89% between 66Ge and 70Se. The normalisation of the cross sections in 66Ge to

the cross sections in the target nucleus minimises systematic effects such as dead time

and pile up. Section 4.5.1 details how the B(E2) value was extracted and Section 4.5.2

discusses the determination of QS .

4.5.1 Determination of the 〈2+1 ||E2||0+1 〉 transitional matrix element and

the B(E2; 2+1 → 0+1 ) value

The 〈2+1 ||E2||0+1 〉 matrix element was determined using the beam-gated data at forward

angles (18.2◦ to 56.2◦). The angular range is safe from nuclear interaction contributions

with a separation between nuclear surfaces of more than 5 fm as given by Cline’s crite-

rion. Figure 4.20 shows the Coulomb cross section and excitation probability over the

range of angles covered by the DSSSD in the laboratory frame.

This range of angles is not sensitive to the quadrupole moment. The difference in QS (2+)

between 0.0 and 0.5 eb amounts to a 5% difference in the value of the B(E2) which was

taken into account during the error analysis. Figure 4.21 depicts the beam-gated non-

Doppler-corrected spectra from which the yields of the 196Pt were determined. Figure

4.22 shows the beam-gated Doppler-corrected spectra from which the yields for the

scattered 66Ge particles were determined.

The relative efficiencies, εPγ = 733(50) and εTγ = 1431(33), and total counts of NP
γ =

707(26) and NT
γ = 3313(57) for the beam-gated 355- and 956.9-keV transitions, yield

an intensity ratio
ITγ
IPγ

= 2.19(5). A value of QS (2+) = 0.33 eb was calculated from

the currently accepted B(E2; 2+1 → 0+1 ) = 16.9(14) W.u. This yields 〈2+1 ||E2||2+1 〉 =

0.435 eb, which was used in the GOSIA calculations. The 〈2+1 ||E2||2+1 〉 matrix element

was kept constant while incrementing 〈2+1 ||E2||0+1 〉 in steps of 0.05 eb until the intensity

ratio in Equation 4.16 converged. This yields 〈2+1 ||E2||0+1 〉 = 0.483(15) eb giving a

B(E2; 2+1 → 0+1 ) = 29.4(30) W.u. The quoted error on this measurement comes from

the 1σ loci limits which is a 5% contribution, the quadrupole moments dependence on

B(E2; 2+1 → 0+1 ) which is a 3% contribution, and the effects of higher-lying states on

B(E2; 2+1 → 0+1 ) accounting for 1%, all added in quadrature.
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Figure 4.20: Coulomb cross section and excitation probability versus the labora-
tory angles covered by the DSSSD. The cross section and excitation probability were

calculated using GOSIA.

4.5.2 Determination of the 〈2+1 ||E2||2+1 〉 diagonal matrix element and

the Q
S
(2+1 ) value

The spectroscopic quadrupole moment QS (2+) was determined using the target-gated

data at the recoil angles. The angular range covered by the recoiling target particles was

determined by the kinematics of the reaction. Figure 4.23 shows the scattered projectile

angles as a function of the recoiling target particle angles for 66Ge bombarding a 196Pt

target at 290.07 MeV.

In the Laboratory frame, The recoiling 196Pt target nuclei in the 18.2◦ to 56.2◦ range

correspond to scattered 66Ge projectiles in the 52.1◦ to 128.1◦ range. Since there are

no detectors at backward angles with MINIBALL, the backwards angles can be inferred

from the detection of the recoil and the knowledge of the kinematics. The separation

of nuclear surfaces was verified using Cline’s criterion up to 128.1◦ and was found to

be not safe with a separation of nuclear surfaces of 4.81 fm. The first ring of the

DSSSD, that corresponds to 128.1◦ to 119.5◦, was omitted from the analysis resulting in

Cline’s criterion giving 4.92 fm separation between nuclear surfaces. Figure 4.24 shows

the Coulomb cross section and excitation probability as a function of the recoil angles

covered by the DSSSD in the laboratory frame.
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Figure 4.21: Beam-gated non-Doppler-corrected spectra showing the number of
counts for the 355-keV peak in 196Pt.

Figure 4.22: Beam-gated Doppler-corrected spectra showing the counts for the
956-keV peak in 66Ge.
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Figure 4.23: Kinematics plot of the scattered projectile angles as a function of the
recoiling target particle angles for 66Ge bombarding a 196Pt target at 290.07 MeV. The

kinematics curve was calculated using LISE++.

The first six rings of the DSSSD were not sensitive to QS (2+) in the recoil angles and

were not used in the normalisation, giving a final angular range of 68.6◦ to 119.1◦.

Figure 4.25 shows the target-gated non-Doppler spectra from which the yields of 196Pt

was determined. Figure 4.26 shows the target-gated Doppler corrected spectra from

which the yields of 66Ge was determined.

A total of NP
γ = 489(22) and NT

γ = 1656(57) counts for the target-gated 355- and

956.9-keV transitions were observed, yielding an intensity ratio
ITγ
IPγ

= 1.58(5). The

normalisation technique described in Section 4.5 was used, resulting in the Coulomb

excitation diagonal band shown in Figure 4.27.

The dashed line represents the central value of the 〈2+1 ||E2||2+1 〉 matrix element and

the solid black lines represent the 1σ loci limits. The horizontal band represents the

B(E2; 2+1 → 0+1 ) = 29.4(30) W.u. determined during this experiment. A positive

〈2+1 ||E2||2+1 〉 = 0.546(60) eb is obtained from the intersection of the two bands, corre-

sponding to QS (2+) = +0.41(12) eb. The error of 〈2+1 ||E2||2+1 〉 is determined by the

overlap region of the two bands assuming central values for the 〈2+1 ||E2||0+1 〉, ±0.073 eb,

and the CE diagonal curve, ±0.096 eb.
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Figure 4.24: Coulomb cross section and excitation probability as a function of the
scattering angles of the projectile corresponding to the recoil detected in the DSSSD.

The cross section and excitation probability were calculated using GOSIA.

Figure 4.25: Target-gated non-Doppler-corrected spectra showing the number of
counts for the 355-keV peak in 196Pt.
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Figure 4.26: Target-gated Doppler-corrected spectra showing the number of counts
for the 956-keV peak in 66Ge.

Figure 4.27: Variation of 〈2+1 ||E2||2+1 〉 as a function of 〈2+1 ||E2||0+1 〉 in 66Ge. The
solid black lines represent the loci from the upper and lower limits of the intensity ratio.

The horizontal band represents the 1σ boundary for 〈2+1 ||E2||0+1 〉 = 0.483(15) eb.
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4.5.3 χ2 minimization using GOSIA2

The couple-channel code GOSIA2 [56] is able to extract electromagnetic matrix elements

by a least-square fit to CE data. The experimental yields of the 2+1 → 0+1 transitions

for 66Ge and 196Pt are used as data points. To account for the 9% of 70Se present in

the beam, the yields from the target were corrected for beam contaminants using the

following expression [72]:

F =
1

1 +
∑

c

(
rc

σt(Zc,A)
σt(ZX ,A)

) , (4.17)

where σt(Z,A) is the cross section of the target, excited by a beam with proton number

Z and mass A. For every beam contaminant, c, with Z = Zc, the ratio to the compound

of interest, with Z = ZX can be expressed as rc = Ic/IX , where Ic,X is the intensities

of the respective components in the beam. Similarly, the yields from the beam needed

to be corrected for impurities in the 196Pt target. For this, knowledge of the isotopic

impurity is required and was provided by the manufacturers of the target used in this

experiment. Assuming only two components, a correction factor, Fi, can be calculated

for each excited state i [73]:

Fi =

(
1 +

1

P
· σi(Z

′, A′)

σi(Z,A)

)
, (4.18)

where σi(Z,A) and σi(Z
′, A′) are the excitation cross sections of the state i in the pro-

jectile on the main target species and contaminant, respectively. The isotopic impurity,

P , is expressed by

P =
NA

NA′
(4.19)

where NA and NA′ is the number of atoms in the main target species and contaminant,

respectively. The level scheme shown in Fig 4.16 is implemented in the input file of

GOSIA2. The 4+1 state at 2725.7 kev, which was not observed in the experiment, is a

buffer state representative for all the higher excited states in 66Ge. This is to ensure a

proper excitation and deexcitation mechanism by avoiding unphysical population and

feeding of the underlying states. Additional data points that were included in the least-

square fit is the lifetime for the 2+1 state in 196Pt and the diagonal matrix element

〈2+1 ||E2||2+1 〉 = 0.86(10) eb in 196Pt [67].
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The 2+1 → 0+1 of 196Pt was used for the normalization of the transition strength of

66Ge relative to the target excitation of 196Pt. A global minimum was obtained for all

hypersurfaces and is presented within the 1σ range (χ2 ≤ χ2
min + 1) in Figure 4.28.
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Figure 4.28: χ2 values obtained within the 1σ range as a function of the 〈0+1 ||E2||2+1 〉
and 〈2+1 ||E2||2+1 〉 matrix elements.

The final value given by GOSIA2 is 〈0+1 ||E2||2+1 〉 = 0.51(3) eb = 32.8(11) W.u.. This

gives value is consistent with the value of 〈0+1 ||E2||2+1 〉 = 0.483(15) eb determined in

Section 4.5.1. The value of 〈2+1 ||E2||2+1 〉 = 0.1409+0.528
−0.427 eb determined by GOSIA2

presents large 1σ loci limits ranging from −0.2861 eb to 0.6689 eb. This large uncertainty

in the final value of 〈2+1 ||E2||2+1 〉 is attributed to the low statistics obtained in the

experimental yields of the 2+1 state of 66Ge during the experiment.
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Discussion

It has been argued that there is a significant change in the structure of the germanium

isotopes between neutron-deficient (N < 40) and neutron-rich (N > 40) nuclides. Sup-

ported by shell-model calculations [24], this has been interpreted as a shape transition

from a spherical (or oblate) deformation to a prolate deformation [74]. A relatively large

B(E2; 2+1 → 0+1 ) value of 29.4(30) W.u has been determined for 66Ge in the present work,

as compared with the adopted value of B(E2; 2+1 → 0+1 ) = 16.9(7) W.u. Figure 5.1 shows

a comparison of the B(E2; 2+1 → 0+1 ) value calculated from this work and the accepted

values given by the NNDC [50].

Figure 5.1: Adopted B(E2; 2+1 → 0+1 ) values for even-even germanium isotopes taken
from the NNDC [2]. The B(E2; 2+1 → 0+1 ) for 64Ge is taken from Ref. [3]. The
B(E2; 2+1 → 0+1 ) value determined from this experiment is shown in comparison.

60
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At first, this large B(E2) value might seem strange, but our data show otherwise. The

〈2+1 ||E2||0+1 〉 matrix element extracted from the accepted B(E2; 2+1 → 0+1 ) value in 66Ge

has been used as the horizontal band in the normalisation method resulting in Figure 5.2.

The intersection between the Coulomb-excitation curve and the horizontal band occurs

at an extremely large value of 〈2+1 ||E2||2+1 〉 = 1.59 eb. Assuming the rotor model, this

gives a unphysical value of QS (2+1 ) = 1.21 eb.

Assuming again the rotor model, the value of B(E2; 2+1 → 0+1 ) = 29.4(30) W.u. ex-

tracted in this work yields an intrinsic quadrupole moment of Q0 = |1.53(8)| eb, which

corresponds to QS (2+1 ) = |0.44(2)| eb, in agreement with the newly-determined value of

QS (2+) = +0.41(12) eb. It should be noted that the accepted B(E2) = 16.9(7) W.u.

also corresponds to a large QS (2+) = |0.33(2)| eb.

Figure 5.2: Variation of 〈2+1 ||E2||2+1 〉 as a function of 〈2+1 ||E2||0+1 〉 in 66Ge for
〈2+1 ||E2||0+1 〉 = 0.366(15) eb.

For comparison, experimentally available B(E2; 2+1 → 0+1 ) and QS (2+1 ) values and

E(4+1 )/E(2+1 ) ratios in 66Ge and other even-even nuclei in the region are listed in Ta-

ble 5.1. The rotor model is assumed and neighbouring nuclei for which there is no

value of QS (2+1 ) known experimentally is inferred. It is interesting to note that these

neutron-deficient nuclei in the A ∼ 60 to 70 region present similar E(4+1 )/E(2+1 ) ratios,

relatively large B(E2) values and similar QS (2+1 ) magnitudes. Moreover, Table 5.1 illus-

trates that the measured B(E2) and QS (2+1 ) values in the present work are comparable

with those observed in neighbouring nuclei and that large B(E2) values are not a rare

occurrence in this region of the nuclear chart.

http://etd.uwc.ac.za/ 
 



Chapter 5. Results and Discussion 62

There is hardly any information on the sign of QS (2+1 ) values, as these neutron-deficient

nuclei are hardly accessible experimentally, and they are only known for a very few cases,

such as 70Se [28] (with a large uncertainty) and 74,76Kr [26]. It should also be noted

that this is the first time that the QS (2+) value in 66Ge – and, for instance, in any

neutron-deficient Ge isotope – has been experimentally determined.

Table 5.1: B(E2; 2+1 → 0+1 ) and Q
S
(2+1 ) values and E(4+1 )/E(2+1 ) ratios for even-

even nuclei around 66Ge. Data for 64Ge are taken from Ref. [3] and the others from the
NNDC adopted values [2]. Our measured values are shown in comparison. An asterisk
indicates that Q

S
was determined using the rotor model. Q

S
for 64Zn taken from Ref.

[16].

Isotope B(E2; 2+1 → 0+1 ) [W.u] QS [eb] E(4+1 )/E(2+1 )
64Ge 27.4(43) 0.41(3)∗ 2.28
66Ge 29.4(30) +0.41(12) 2.27
68Ge 15.07(67) 0.32(1)∗ 2.23
64Zn 21.2(16) −0.32(6) 2.28
68Se 25.6(35) 0.42(3)∗ 2.27
70Se 19.7(14) 0.37(1)∗ 2.16
62Zn 16.79(81) 0.32(1)∗ 2.29

The E(4+1 )/E(2+1 ) values presented in TABLE 5.1 are very close to the values expected

for triaxial or γ-soft nuclei according to the Wilets-Jean model [39]. In γ-soft nuclei,

both prolate and oblate minima with energies very close to each other can coexist in the

nuclear deformation curve as a function of quadrupole deformation. For 64Ge, γ-softness

has been proposed by various theoretical investigations based on collective and mean-

field models [37, 75]. The authors of Ref [76] have reported that 68Se exhibits similar

properties to the triaxial 68Ge and strong triaxiality in the ground state is predicted

with a positive quadrupole moment. In TABLE 5.1, the E(4+1 )/E(2+1 ) ratio for 68Ge,

68Se and 66Ge are very similar with comparable B(E2; 2+1 → 0+1 ) values, which might

suggest that 66Ge could exhibit similar triaxial properties as observed in 68Ge and 68Se.

The Potential energy surface calculation for stable Zn nuclei presented in Ref [77] also

suggests that 64Zn is γ-soft and 66Zn is triaxial.

Furthermore, the measured B(E2) and QS (2+) values are compared to large-scale shell-

model and beyond mean-field calculations presented in this work to investigate if the

magnitude of the transition strength and deformation are predicted. Section 5.1 com-

pares the measured B(E2) value to previous shell-model calculations using various ef-

fective interactions. Section 5.2 compares the measured B(E2) and QS (2+) values to

beyond mean-field calculations presented in this work.
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5.1 Comparison to Shell-model Calculations

Shell-model calculations using various effective interactions were compared with the

measured B(E2) value. Figure 5.3 shows our result compared to shell-model calculations

and the adopted values of B(E2; 2+1 → 0+1 ) for the even-even germanium isotopes. The

GXP1F interaction [14] performs shell-model calculations in the pf valence space, which

includes the f7/2, p3/2, f5/2 and p1/2 orbitals. This calculation was performed with

effective charges eπ = 1.5 for protons and ev = 0.5 for neutrons. The GXP1F prediction

for the B(E2) value is in good agreement with the adopted values for 64−48Ge, but under-

predicts our measured value. The B(E2) of 70Ge is significantly under-predicted by this

interaction. This discrepancy is attributed to the g9/2 orbital not being included in the

valence space [14]. It should be noted from Ref. [14] that, in the pf -shell calculations,

the 56Ni core is most significantly broken at N = 32 ∼ 34. The role of the g9/2 orbital

in the f5pg9-shell may explain the significant drop in collectivity for 66−68Ge.
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Figure 5.3: Shell-model calculations using various interactions are compared to the ex-
perimentally determined B(E2) value for 66Ge. The interactions used were JUN45 [12],
PPQ [13], GXPF1 [14], and HFB+5DCH [15]. The adopted B(E2) value of even-even

germanium isotopes are shown in comparison with the shell-model calculations.

The extended pairing plus quadrupole (PPQ) Hamiltonian [13] was employed in the

model space including the p3/2, f5/2, p1/2, and g9/2 orbitals [78]. PP+Q predicts B(E2)

values for 66−70Ge comparable to the accepted values when using the effective charges

eπ = 1.5 and ev = 0.5. The missing f7/2 orbital has been attributed as the reason why

the pf -shell calculations resulted in less collectivity being determined for 66−68Ge. The
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PPQ calculation investigated the influence of the neutron effective charge and found that

increasing it to ev = 0.97 significantly increased the B(E2) strengths of 66−68Ge. The

JUN45 interaction was used to perform shell-model calculations in the f5/2pg9/2 model

space [12]. The model space included the p3/2, p1/2, f5/2, and g9/2 orbitals. JUN45’s

prediction for the B(E2) value of 66Ge is in agreement with what we measured. Effective

charges eπ = 1.5 and ev = 1.1 were used in the calculation. The authors of Ref. [15]

performed shell-model calculations for neutron-deficient germanium isotopes using the

Hartree-Fock-Bogoluibov (HFB) interaction with configuration mixing performed via

the generator coordinate method (GCM), treated in the Gaussian overlap approximation

(GOA). The technique of five-dimensional collective Hamiltonian (5DCH) was used in

the implementation of GCM. The effective interaction used in the calculations is Gogny

D1S [79]. This calculation makes use of no effective charges and instead finds solutions

to the constrained HFB while exploring all quadrupole degrees of freedom. Mass re-

normalisation [80], a technique for restoring minor symmetries specific to the 5DCH,

was used, resulting in the green curve in Figure 5.3. The calculated B(E2) value for

66Ge is well in agreement with the value we measured.

5.2 Comparison to Beyond Mean-field Calculations

The measured nuclear deformation was compared with Particle Number Variation Af-

ter Projection (PN-VAP) beyond mean-field calculations. The symmetry-conserving

configuration mixing (SCCM) method was used, which is based on the GCM and in-

cludes particle number and angular momentum restoration, as well as shape mixing of

axial and triaxial intrinsic states [81]. The underlying interaction used is the Gogny

D1S. Calculations with 5DCH, in which quantum number restoration is not taken into

account, could result in fictitious mixing of solutions with different particle numbers

[81]. PN-VAP varies the shape and minimises the energy to predict the collective be-

haviour of a nucleus. The energy and collective wavefunctions for different states are

obtained by solving the Schrödinger equation after projection onto angular momentum

and configuration mixing. This method was applied to 66Ge by Tomás Rodŕıguez via

private communication [82], for which results of the potential energy surface are shown

in Figure 5.4.

After projection onto angular momentum and configuration mixing, the shape for each

state in 66Ge is determined. Table 5.2 shows the B(E2) value for the 0+1 → 2+1 and

2+1 → 4+1 transitions, along with the QS value predicted for these transitions. Figure 5.5

shows the results after projection for the first 0+, 2+ and 4+ states.
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Figure 5.4: Potential energy surface for 66Ge before angular momentum projection
using the PN-VAP method.

Table 5.2: B(E2) values from PN-VAP calculations for 66Ge and Q
S
.

Jπ Transition B(E2) ↑ [e2fm4] B(E2) [W.u.] QS [eb]

2+ 0+1 → 2+1 3164.3 39.9 0.21
4+ 2+1 → 4+1 1690.4 21.3 0.21

Figure 5.5: Wavefunction probability map for the first 0+, 2+ and 4+ states in 66Ge
after angular momentum projection and configuration mixing.

Beyond mean-field calculations predict QS (2+1 ) = +0.21 eb with a deformation param-

eter β2 = −0.25 ∼ −0.30. The QS (2+) = +0.41(12) eb determined in the present work

is a bit larger than the theoretical value, but yields a similar quadrupople deformation

of β2 = −0.25. The PN-VAP calculation determines B(E2; 0+1 → 2+1 ) = 3164.3 e2fm4

= 39.9 W.u., which supports the fact that 66Ge may be more collective than previous
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experimental work anticipated. Figure 5.4 also supports the view that 66Ge is a γ-soft

nucleus as previously suggest by Nomura et al. [76].

Finally, although there is a large discrepancy with previous lifetime measurements, a

longer lifetime measurement for the 2+1 state in 66Ge could result from the contamination

of a similar 953.8-keV transition depopulating the 2+1 state in 62Zn – which is also

populated in the fusion-evaporation reaction used to produce 66Ge – with a relatively

longer lifetime of τ(2+1 ) = 4.2(2) ps (a lifetime of τ(2+1 ) = 3.8(5) ps was measured by

Lüttke and collaborators). Although for this to happen, the γ − γ coincidence gate on

the 4+1 → 2+1 transition in 66Ge (1217 keV) should allow part of the 4+1 → 2+1 transition

in 62Zn (1232 keV).
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Conclusions

A successful CE experiment has been carried out at the HIE-ISOLDE facility at CERN.

Beams of 66Ge were accelerated for the first time at “safe” energies of 290.07 MeV

and bombarded a 4-mg/cm2 thick 196Pt target. The de-excited γ rays were detected

using eight cluster HPGe detectors and scattered particles were detected with DSSSD

detectors placed 27.34 mm downstream from the target. A particle-γ coincidence con-

dition was applied, and the B(E2) and QS values for the first 2+ state have been

extracted from the beam-gated and target-gated data, respectively. The measured

B(E2; 2+1 → 0+1 ) = 29.4(30) W.u. and QS = +0.41(13) eb suggest that 66Ge is more

collective than previously determined. It should be noted this is the first time that

the quadrupole deformation of 66Ge has been experimentally determined. A χ2 surface

scan was also performed to determine the B(E2) and QS values for the first 2+ using

GOSIA2. The determined B(E2; 2+1 → 0+1 ) = 31.18(9) W.u. is in good agreement with

the measured B(E2; 2+1 → 0+1 ) = 29.4(30) W.u. An accurate value for the 〈2+1 ||E2||2+1 〉
matrix element could not be determined with the χ2 fit, as the uncertainty in the value

ranged from −0.3055 eb to 0.6035 eb. This large uncertainty is attributed to the low

statistics of the 2+1 state obtained during the experiment. In addition, various large-

scale shell-model and beyond mean-field calculations were compared with the experi-

mentally determined results. The experimentally determined B(E2) is reproduced with

the JUN45 interaction and using a 5DCH approach. The beyond mean-field calculations

predict a nuclear deformation for 66Ge, which is in agreement with the experimentally

determined spectroscopic quadrupole moment.

67
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6.1 Future Work

The experiment at CERN (IS569) was approved to study 70Se bombarding onto a 208Pt

target; however, due to the primary target containing an excess amount of sulphur, 66Ge

was produced instead. The experimental setup was initially set up and optimised to run

70Se. For example, the DSSSD was situated at a fixed distance away from the target

which may have resulted in fewer yields in the outer rings. A future experiment could

be proposed to study 66Ge and optimising the experimental setup for the kinematics

of the reaction in question. Large-scale shell model and beyond mean-field calculations

predicts the existence of a 0+2 state that has never been observed before. The information

gained by knockout reactions, CE and beta decay experiments, in conjunction with

advancements to radioactive beam facilities such as HIE-ISOLDE, could shed light on

the existence of the 0+2 state in 66Ge.

The quadrupole sum rules method can also provide information regarding the charge

distribution of 66Ge in its specific states. It is based on the fact that the electrical

quadrupole operator, E2, is a spherical tensor and thus its zero-coupled products are

rotationally invariant. Such invariants can be linked to deformation parameters in the

intrinsic frame of the nucleus, namely Q0, the overall quadrupole deformation parameter

(equivalent to the elongation parameter β in the Bohr model) and δ, which is related to

the trixiality parameter γ.
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Appendix A

GOSIA Files

The GOSIA2 input files for 66Ge and 196Pt is presented in this appendix. The purpose of

this appendix is to provide the GOSIA file structure for the various operations performed

during the analysis process of 66Ge. The files are structured for a 66Ge beam bombarding

on a 196Pt target at a beam energy of 290.07 MeV. Comments in the input file are

preceded by an exclamation mark. For a detailed description of the operations used, the

reader is referred to the GOSIA manual [56].

66Ge on 196Pt 290.07MeV.inp

1

OP,FILE

22,3,1

66Ge_on_196Pt.out

25,3,1

66Ge_on_196Pt.inp

26,3,1

66Ge_on_196Pt_target.inp

9,3,1

miniball.f9

8,3,1

miniball.f8

3,3,1

66Ge.yie

4,3,1

66Ge.cor

7,3,1

66Ge.map

27,3,1

196Pt.map

12,3,1

66Ge.bst

32,3,1

196Pt.bst

28,3,1

66Ge.bricc

0,0,0

OP,TITL

Beam Excitation of 66Ge on 196Pt @ 4.395 MeV/u

OP,GOSI ! This operation is used to define the nucleus to be studied

LEVE ! The level scheme used for the calculation is defined in this section

1,1,0,0.0

2,1,2,0.9569

3,1,4,2.1733

4,1,2,1.6932

69
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5,1,3,2.4952

6,1,4,2.7257

0,0,0,0

ME ! Construct the matrix elements between the levels defined in LEVE

2 0 0 0 0 ! E2 matrix elements

1 2 0.3096386425 -2 2

1 4 0.0323607234 2 2

2 2 -0.164706308 -2 2

2 3 0.2220533271 2 2

2 4 0.3567540469 2 2

2 5 -0.0077315189 2 2

2 6 0.0615164486 2 2

3 3 -0.1578064053 2 2

3 4 0.0028829197 1 1

3 5 -0.010786897 1 1

3 6 0.1824658127 1 1

4 4 0.3466872936 1 1

4 5 0.2231401085 2 2

4 6 0.3215931039 2 2

5 5 0.000001 2 2

5 6 0.3797772177 1 1

6 6 -0.1322215456 1 1

7 0 0 0 0

2 4 -0.1901859192 2 2

2 5 0.0041955488 2 2

3 5 0.00572 2 2

3 6 0.0998572105 2 2

4 5 -0.0512012986 2 2

5 6 -0.0493 2 2

0 0 0 0 0

EXPT ! Experimental conditions of the experiments to be run

7,32,66

-78,196,290.07,24.93,5,1,0,0,360,1,1 !1

-78,196,290.07,37.05,5,1,0,0,360,1,1 !2

-78,196,290.07,46.30,5,1,0,0,360,1,1 !3

-78,196,290.07,53.24,5,1,0,0,360,1,1 !4

-78,196,290.07,-26.775,5,1,0,0,360,1,1 !5

-78,196,290.07,-35.855,5,1,0,0,360,1,1 !6

-78,196,290.07,-43.275,5,1,0,0,360,1,1 !7

CONT

SPL,1. ! Cubic spline interpolation used instead of Lagrange

EFF,7. ! Defines the efficiency curve from RADWARE parameters

1,4

2,4

3,4

4,4

5,4

6,4

7,4

INT,7.

1,1000

2,1000

3,1000

4,1000

5,1000

6,1000

7,1000

PRT,

1,-1

2,0

4,0

5,1

11,0

12,0

14,0

16,0

18,1

0,0

END,

! KEEP THIS LINE EMPTY

OP,BRIC ! Get the internal conversion coefficients from BRICC database

/home/kenzo/Gosia/66Ge_Gosia2/frontback66Ge/BrIccFOV22.idx

/home/kenzo/Gosia/66Ge_Gosia2/frontback66Ge/BrIccFOV22.icc

OP,YIEL ! Calculates the yields of de-exciting gamma rays after Coulomb Excitation

0
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-1,0

0.010

24,24,24,24,24,24,24 ! 7 experiments with 24 detectors for each

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1 ! Theta angle

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7 ! Phi angle

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

2,1 ! Transition for normalization of the gamma yields

1 ! 1

1000

1

1 !2

1000

1

1 !3

1000

1

1 !4

1000

1

1 !5

1000

1

1 !6

1000

1

1 !7

1000

1

4 ! This variable determines which file contains the gamma ray yields. 0 means no file is needed.

0,0

0,0

0,0

0,0

OP,RAW ! Defines the efficiency curve for the gamma ray yields

1 !Experiment 1

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

2 !Experiment 2

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

3 !Experiment 3

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

4 !Experiment 4

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

5 !Experiment 5

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

6 !Experiment 6

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

7 !Experiment 7

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

0

OP,REST ! Restart at this point reading the matrix elements from .me file

0,0

OP,MINI ! Operation used to perform the Chi^2 minimiazation in GOSIA2

2110,2,99999999,.00001,1.1,0,20,1,0,0.0001

OP,EXIT

! The minimization part of the GOSIA file is replaced with the following operation for integration

OP,INTI ! Calculates accurate yields of de-exciting gamma rays after Coulomb Excitation

14,14,229.03,290.07,18.17,31.7 ! Energy and Theta range for Experiment 1

227,232,237,242,247,252,257,262,267,272,277,282,287,292 ! Energy meshpoints

18.17,19.21,20.25,21.29,22.33,23.37,24.41,25.46,26.50,27.54,28.58,29.62,30.66,31.70 ! Theta meshpoints

14,14,229.03,290.07,31.75,42.3 ! Experiment 2

227,232,237,242,247,252,257,262,267,272,277,282,287,292

31.75,32.56,33.37,34.18,35.00,35.81,36.62,37.43,38.24,39.05,39.87,40.68,41.49,42.30

14,14,229.03,290.07,42.35,50.26 ! Experiment 3

227,232,237,242,247,252,257,262,267,272,277,282,287,292

42.35,42.96,43.57,44.18,44.78,45.39,46.00,46.61,47.22,47.83,48.43,49.04,49.65,50.26

14,14,229.03,290.07,50.27,56.21 ! Experiment 4

227,232,237,242,247,252,257,262,267,272,277,282,287,292

50.27,50.73,51.18,51.64,52.10,52.55,53.01,53.47,53.93,54.38,54.84,55.30,55.75,56.21

14,14,229.03,290.07,21.88,31.67 ! Experiment 5

227,232,237,242,247,252,257,262,267,272,277,282,287,292

21.70,22.47,23.24,24.01,24.78,25.55,26.32,27.08,27.85,28.62,29.39,30.16,30.93,31.70

14,14,229.03,290.07,31.82,39.89 ! Experiment 6

227,232,237,242,247,252,257,262,267,272,277,282,287,292

31.75,32.38,33.01,33.64,34.26,34.89,35.52,36.15,36.78,37.41,38.03,38.66,39.29,39.92

14,14,229.03,290.07,40.02,46.53 ! Experiment 7

227,232,237,242,247,252,257,262,267,272,277,282,287,292

39.95,40.46,40.97,41.48,42.00,42.51,43.02,43.53,44.04,44.55,45.07,45.58,46.09,46.60

14 ! Experiment 1 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 2 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 3 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 4 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 5 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 6 stopping powers
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227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 7 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

OP,CORR

OP,EXIT

66Ge on 196Pt target 290.07MeV.inp

2

OP,FILE

22,3,1

66Ge_on_196Pt_target.out

25,3,1

66Ge_on_196Pt.inp

26,3,1

66Ge_on_196Pt_target.inp

9,3,1

miniball.f9

8,3,1

miniball.f8

3,3,1

196Pt.yie

4,3,1

196Pt.cor

7,3,1

66Ge.map

27,3,1

196Pt.map

12,3,1

66Ge.bst

32,3,1

196Pt.bst

29,3,1

196Pt.bricc

0,0,0

OP,TITL

Target Excitation of 196Pt with 66Ge beam @ 4.395 MeV/u

OP,GOSI ! This operation is used to define the nucleus to be studied

LEVE ! The level scheme used for the calculation is defined in this section

1,1,0,0.0

2,1,2,0.3557

3,1,2,0.6887

4,1,4,0.8769

5,1,3,1.015

6,1,0,1.1353

7,1,4,1.2933

8,-1,3,1.4470

9,1,6,1.5258

10,-1,5,1.2703

0,0,0,0

ME ! Construct the matrix elements between the levels defined in LEVE

1,0,0,0,0 ! E1 matrix elements

2,8,0.000152,0.002,0.002

3,8,0.000117,0.002,0.002

4,8,0.0000872,0.002,0.002

4,10,0.000839,0.002,0.002

5,8,0.000180,0.002,0.002

2,0,0,0,0 ! E2 matrix elements

1,2,1.1697,-2,2

1,3,0.00037,1,1

2,2,0.8179,-2,2

2,3,1.3522,2,2
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2,4,1.9109,3,3

2,6,0.1381,2,2

2,7,0.1846,2,2

3,3,0.5146,2,2

3,4,0.002,2,2

3,5,0.49608,2,2

3,6,0.3472,2,2

3,7,1.3406,3,3

4,4,0.084,2,2

4,7,1.0121,3,3

4,9,2.5333,1,1

5,5,0.002,2,2

7,7,0.002,2,2

7,9,0.002,2,2

8,8,0.002,2,2

8,10,0.4407,2,2

9,9,0.002,2,2

10,10,0.002,2,2

3,0,0,0,0 ! E3 matrix elements

1,8,0.307,2,2

2,10,0.2603,2,2

7,0,0,0,0 ! M1 matrix elements

2,3,-0.072,2,2

2,5,-0.00968,2,2

4,5,-0.02925,2,2

4,7,-0.34382,2,2

8,0,0,0,0 ! M2 matrix elements

4,8,1.184,4,4

5,8,3.18,4,4

0,0,0,0,0

EXPT ! Experimental conditions of the experiments to be run

7,78,196

32,66,290.07,24.93,5,1,0,0,360,1,1 !1

32,66,290.07,37.05,5,1,0,0,360,1,1 !2

32,66,290.07,46.30,5,1,0,0,360,1,1 !3

32,66,290.07,53.24,5,1,0,0,360,1,1 !4

32,66,290.07,-26.775,5,1,0,0,360,1,1 !5

32,66,290.07,-35.855,5,1,0,0,360,1,1 !6

32,66,290.07,-43.275,5,1,0,0,360,1,1 !7

CONT

SPL,1. ! Cubic spline interpolation used instead of Lagrange

EFF,7. ! Defines the efficiency curve from RADWARE parameters

1,4

2,4

3,4

4,4

5,4

6,4

7,4

INT,7.

1,1000

2,1000

3,1000

4,1000

5,1000

6,1000

7,1000

PRT,

1,-1

2,0

4,0

5,1

11,0

12,0

14,0

16,0

18,1

0,0

END,

! KEEP THIS LINE EMPTY

OP,BRIC ! Get the internal conversion coefficients from BRICC database

/home/kenzo/Gosia/66Ge_Gosia2/frontback66Ge/BrIccFOV22.idx

/home/kenzo/Gosia/66Ge_Gosia2/frontback66Ge/BrIccFOV22.icc

OP,YIEL ! Calculates the yields of de-exciting gamma rays after Coulomb Excitation

0
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-1,0

0.010

24,24,24,24,24,24,24 ! 7 experiments with 24 detectors for each

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9, 109.6, 118.6, 46.8, 47.6, 74.5, 67.9, 39.1, 69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1 ! Theta angle

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7 ! Phi angle

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

142.9,109.6,118.6,46.8,47.6,74.5,67.9,39.1,69.7,146.7,113.4,117,111.4,143.5,115.8,44.9,42.9,70.2,131.6,132.4,107.7,63.5,38.8,69.1

131.5,127.4,162.8,22.4,69.1,45.1,126.4,146.5,161.6,38,24.7,62.9,243.7,232.2,207.6,196.9,245.1,222.5,342.7,302.1,321.8,316.2,341.1,349.7

2,1 ! Transition for normalization of the gamma yields

1 !1

10000000000.0

1

1 !2

10000000000.0

1

1 !3

10000000000.0

1

1 !4

10000000000.0

1

1 !5

10000000000.0

1

1 !6

10000000000.0

1

1 !7

10000000000.0

1

4 ! This variable determines which file contains the gamma ray yields. 0 means no file is needed.

0,0

1,1 ! Defines the half-life of a state

2,49.27,0.22 ! life-time for index 2, life-time in ps, uncertainty in life-time

0,0

1,1 ! Defines a matrix element as a data point

2,2,2,0.82,0.10 !

OP,RAW ! Defines the efficiency curve for the gamma ray yields

1 !Experiment 1

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

2 !Experiment 2

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

3 !Experiment 3

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

4 !Experiment 4

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

5 !Experiment 5

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

6 !Experiment 6

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

7 !Experiment 7

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0
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1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1.0 7.895 -0.475 0.0 6.99 -0.76 1.1 15.0

1

24

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

0

OP,REST ! Restart at this point reading the matrix elements from .me file

0,0

OP,MINI ! Operation used to perform the Chi^2 minimiazation in GOSIA2

2110,10,.0001,.00001,1.1,0,20,1,0,0.0001

OP,EXIT

! The minimization part of the GOSIA file is replaced with the following operation for integration

OP,INTI ! Calculates accurate yields of de-exciting gamma rays after Coulomb Excitation

14,14,229.03,290.07,18.17,31.7 ! Energy and Theta range for Experiment 1

227,232,237,242,247,252,257,262,267,272,277,282,287,292 ! Energy meshpoints

18.17,19.21,20.25,21.29,22.33,23.37,24.41,25.46,26.50,27.54,28.58,29.62,30.66,31.70 ! Theta meshpoints

14,14,229.03,290.07,31.75,42.3 ! Experiment 2

227,232,237,242,247,252,257,262,267,272,277,282,287,292

31.75,32.56,33.37,34.18,35.00,35.81,36.62,37.43,38.24,39.05,39.87,40.68,41.49,42.30

14,14,229.03,290.07,42.35,50.26 ! Experiment 3

227,232,237,242,247,252,257,262,267,272,277,282,287,292

42.35,42.96,43.57,44.18,44.78,45.39,46.00,46.61,47.22,47.83,48.43,49.04,49.65,50.26

14,14,229.03,290.07,50.27,56.21 ! Experiment 4

227,232,237,242,247,252,257,262,267,272,277,282,287,292

50.27,50.73,51.18,51.64,52.10,52.55,53.01,53.47,53.93,54.38,54.84,55.30,55.75,56.21

14,14,229.03,290.07,21.88,31.67 ! Experiment 5

227,232,237,242,247,252,257,262,267,272,277,282,287,292

21.70,22.47,23.24,24.01,24.78,25.55,26.32,27.08,27.85,28.62,29.39,30.16,30.93,31.70

14,14,229.03,290.07,31.82,39.89 ! Experiment 6

227,232,237,242,247,252,257,262,267,272,277,282,287,292

31.75,32.38,33.01,33.64,34.26,34.89,35.52,36.15,36.78,37.41,38.03,38.66,39.29,39.92

14,14,229.03,290.07,40.02,46.53 ! Experiment 7

227,232,237,242,247,252,257,262,267,272,277,282,287,292

39.95,40.46,40.97,41.48,42.00,42.51,43.02,43.53,44.04,44.55,45.07,45.58,46.09,46.60

14 ! Experiment 1 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 2 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 3 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 4 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 5 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03
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50,50

14 ! Experiment 6 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

14 ! Experiment 7 stopping powers

227,232,237,242,247,252,257,262,267,272,277,282,287,292

15.46,15.44,15.41,15.38,15.35,15.32,15.28,15.25,15.21,15.18,15.14,15.11,15.07,15.03

50,50

OP,CORR

OP,EXIT
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H. Kankaanpää, M. Muikku, P. Nieminen, O. Radu, P. Rahkila, and Ch. Schlegel.

Coulomb excitation of 78Kr. Nuclear Physics A, 770(3):107 – 125, 2006.

[46] A. de Shalit and M. Goldhaber. Mixed Configurations in Nuclei. Physics Review,

92:1211–1218, 1953.

[47] R. Wadsworth, L. P. Ekstrom, G. D. Jones, F. Kearns, T. P. Morrison, O. M.

Mustaffa, H. G. Price, P. J. Twin, and N. J. Ward. A study of the neutron-deficient

isotope 66Ge. Journal of Physics G: Nuclear Physics, 5(12):1761–1774, dec 1979.
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