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Abstract

The high-spin states of the nucleus 64Ge have been investigated using the GASP

and the EUROBALL arrays of high-purity germanium detectors. In order to

achieve the required experimental sensitivity, special selecting devices were used,

namely a highly eÆcient array of liquid scintillators to detect neutrons and the

ISIS Si-ball to detect light charged particles, which has been developed in the

present work. A detailed decay scheme for 64Ge has been deduced, assigning

spins and parities to the levels through a Directional Correlation from Oriented

states analysis, an Angular Distribution analysis and a Polarization Correlation

from Oriented states analysis. The character of an intense 1665 keV transition,

previously reported as a stretched electric dipole with a small multipole mixing

ratio, has been established as an electric dipole with a large multipole mixing

ratio. The electric dipole strength has been measured using EUROBALL coupled

to an early implementation of the EUCLIDES Si-ball and with the K�oln plunger

device, allowing an experimental estimate of the isospin mixing probability in

64Ge.
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Introduction

The technological advance has often pushed on new scienti�c discoveries. This

is most true in Nuclear Physics, where the development of new acceleration and

detection techniques has allowed the investigation of the behaviour of nuclei in

the most extreme conditions.

In the recent past, many new exciting studies have been carried out, such as

the investigation of nuclei in states of very high angular momentum or of nuclei

very far from the stability line.

The common feature relating these studies is that the states of interest are

populated with extremely low probability and require special techniques to be

identi�ed. The common way to achieve this has become the use of arrays of

high-purity germanium detectors coupled to other selecting devices. An example

of this is the ISIS Si-ball, which has been constructed and developed during this

work. It has been used together with the GASP and the EUROBALL -ray

spectrometers in a number of di�erent experiments. This thesis will concentrate

on the investigations of heavy N = Z nuclei in the A ' 60{80 mass region and

in particular on the study of 64Ge.

Chapter 1 introduces to the physics of N = Z nuclei and to the phenomena

observed in the 64Ge mass region. The isospin formalism and the selection rules

which it implies will be discussed in order to understand the phenomena related

to the mixing of states with di�erent isospin induced by the Coulomb interaction.

Chapter 2 briey describes the experimental techniques which were used to

identify heavy N � Z nuclei. In particular, a detailed description of the ISIS Si-
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ball will be given, which was developed during this work to study nuclei populated

with low probability via emission of light charged particles. Some information on

the EUCLIDES Si-ball will also be provided.

Chapters 3 and 4 present the experimental results obtained for 64Ge, giving

a detailed description of the analysis procedures. Chapter 3 will be devoted to

the construction of the decay scheme and to the multipolarity assignments, per-

formed through extensive Directional Correlation from Oriented states analysis,

Angular Distribution analysis and Polarization Correlation from Oriented states

analysis. In Chapter 4 the experimental determination of the decay strengths

will be discussed.

Finally, in Chapter 5, the results are discussed in the light of the theoretical

work on this nucleus, available in the literature to date. A possible mechanism for

deducing the degree of isospin mixing is also presented. This chapter concludes

with a short section which discusses the future perspectives of the current work.



Chapter 1

In-beam studies of N = Z nuclei

in the A ' 60� 80 mass region

The recent development of large eÆciency arrays of Germanium detectors, cou-

pled to selecting devices, has opened up many exciting possibilities to study

weakly populated nuclei. Among these, medium-mass nuclei with equal number

of protons and neutrons are particularly interesting [List90, List00, Bucu97]. In

fact, many exciting phenomena are observed in the mass region with A ' 60�80.

The shape of nuclei is observed to vary very rapidly with the number of valence

nucleons [Bucu97]. States with comparable excitation energies but rather di�er-

ent deformations may be observed in the same nucleus [Chan97]. The e�ects of

the residual interactions between the valence nucleons are reinforced and ampli-

�ed, since the valence neutrons and protons occupy the same orbitals and there

is large overlap of their wave functions. Pairing between protons and neutrons

in a state with isospin T = 0 can occur [deAn97], leading perhaps to a new kind

of \superconducting phase" in nuclei. In the following, we are analyzing in more

detail such phenomena.

3



4 CHAPTER 1. IN-BEAM STUDIES OF N = Z NUCLEI. . .

1.1 The Spherical Shell Model

It is useful to provide the fundamental ideas on which the Spherical Shell Model

[Maye49, Haxe49] relies. The basic assumption is that each nucleon moves, almost

independently from the other ones, in a mean potential with spherical symmetry

generated by the other nucleons. This accounts for most of the nucleonic motion.

The residual interaction between the nucleons is then treated with perturbational

techniques. Formally, one starts with the following hamiltonian, taking into

account only two-body interactions between the nucleons:

Ĥ = � �h2

2m

AX
i=1

r2
i

+
X
i<j

vij (1.1)

The hamiltonian is then split into two parts, the one containing the mean �eld

ĤSM and the one containing the residual interaction ĤRes. Their expressions are

given by the following:

ĤSM = � �h2

2m

AX
i=1

r2
i

+
AX
i=1

VSM i (1.2)

ĤRes =
X
i<j

vij �
AX
i=1

VSM i (1.3)

One has to add another term to ĤSM , taking into consideration the interaction

between the spin of the nucleon and its orbital angular momentum, analogously to

what it is done in Atomic Physics for the LS coupling. This additional spin-orbit

term takes the form:

VSO = �Vls (~l � ~s) (1.4)

The resulting energy levels are shown in �gure 1.1.

It is evident that there are groups of levels whose relative energy distance is

much smaller than the distance between two such groups. Each group is called

a shell . Neutrons and protons occupy the available levels in increasing order of

energy, respecting the Pauli exclusion principle. When a shell is �lled, a magic

nucleus is produced, which is more stable than its neighbours. Nuclei correspond-

ing to a simultaneous proton and neutron shell closure are normally called doubly
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Figure 1.1: Single-particle levels in the Nuclear Shell Model obtained starting

with a harmonic oscillator mean potential. The labels on the left indicate the

unperturbed harmonic oscillator levels. Then, from the left to the right respec-

tively: the levels obtained adding a corrective term to the potential proportional

to �~l � ~l, the levels obtained adding the spin-orbit term and the shell closures

corresponding to the magic numbers.
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magic. The nuclear properties are usually determined by the valence nucleons

in the last occupied orbitals. The other nucleons are supposed to form an inert

core with zero spin and positive parity, which interacts weakly with the valence

nucleons. Nuclear excitations are naturally produced promoting valence nucle-

ons into unoccupied single-particle orbitals, or breaking the core and promoting

nucleons into unoccupied single-particle orbitals. In the last case, one speaks of

particle-hole excitations, since the promotion of a nucleon from the core leaves a

vacancy behind.

It is important to observe that, since protons feel the mutual Coulomb inter-

action, the orbitals for protons and neutrons are di�erent. However, up to 100Sn,

in N = Z nuclei valence protons and neutrons occupy the same orbitals. The

large overlap of the wavefunctions ampli�es the proton-neutron correlations and

the e�ects of the residual interactions.

1.2 Nuclear shapes and collective excitations

The spherical shell model readily accounts for nuclear excitations in which one

or a few nucleons are promoted to higher-lying single-particle orbitals. However,

other kinds of nuclear excitation are possible, in which the nucleus vibrates or

rotates as a whole, as �rst demonstrated by Bohr and Mottelson [Bohr69].

In order to describe a vibration of the nuclear surface, normally the nuclear

radius is expressed as a function of the angular coordinates #, ':

R(#; ')

R0

= 1 +
X
��

���Y��(#; ') (1.5)

where Y�� are the spherical harmonics and R0 is the radius of a spherical nucleus

with the same volume. In the case of a quadrupole distortion (� = 2), one

normally assumes �21 = �2�1 = 0 following the de�nition of the principle axis

frame. The remaining three coeÆcients are written as:

�20 = �2 cos  (1.6)
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�22 = �2�2 = �2 sin  (1.7)

This way, the �2 parameter gives the degree of deformation of the nucleus, while 

gives its degree of axial asymmetry. Useful indicators are the di�erences ÆRxyz =

Rxyz � R0:

ÆRz =

s
5

4�
R0�2 cos  (1.8)

ÆRx =

s
5

4�
R0�2 cos

�
 � 2

3�

�
(1.9)

ÆRy =

s
5

4�
R0�2 cos

�
 � 4

3�

�
(1.10)

The above expressions imply that whenever  = k � �=3, two ÆRi values are

identical and the nucleus is axially symmetric. For  = 0; �2�=3 the nucleus is

said to be prolate and the resulting shape is cigar-like. For  = ��=3 the nucleus

is said to be oblate and the resulting shape is disc-like.

In deformed nuclei, for which the spherical symmetry is broken, new collective

excitations are possible in which the nucleus rotates as a whole, either in its

ground state or in an excited state. Starting from the well-known hamiltonian

for a microscopical rotor of momentum of inertia I:

Ĥ =
�h2

2I
~R2 (1.11)

and making the assumption that the total angular momentum ~J of the excited

level is equal to the rotational angular momentum ~R, one gets:

Erot(J) =
�h2

2I J(J + 1) (1.12)

This means that, assuming a constant or slowly changing moment of inertia:

E(J + 1 ! J)� E(J ! J � 1) =
�h2

I (1.13)

leading to very characteristic rotational spectra with -rays equally spaced in

energy.
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The situation in real nuclei is, of course, far less schematic than the one

presented above. Many interplays between the collective and the single-particle

degrees of freedom are possible. For instance, a rotation may superimpose on a

vibration in the �2 or  parameters, generating a rotational band that is called

respectively the �-band or the -band . Another possibility is that the rotating

nucleus changes its moment of inertia following changes in its underlying micro-

scopical structure, which happens when nucleons are promoted to higher-lying

single-particle orbitals. This phenomenon is generally called a backbending or

bandcrossing . We will not enter here into details on these phenomena, referring

the reader for more information on these topics to [Cast90, Eiji89, Nils95].

1.3 Nuclear shapes in nuclei with A ' 60{80

The shape of nuclei with N ' Z in the A ' 60{80 mass region is observed to

vary rapidly as a function of N and Z. At the lower border of the mass region,

the doubly-magic nucleus 56Ni presents a spherical shape in its ground-state.

However, rotational structures at medium to high spins were recently observed

by Rudolph et al. in this nucleus [Rudo99], showing that it is relatively easy to

break the 56Ni core and to get a prolate deformation promoting particles into the

high-spin g9=2 orbital.

According to the deductions based on the available experimental data, the

64Ge nucleus [Enni91] has a shape which is soft to -deformation. A similar

situation occurs in other germanium and gallium isotopes.

In the light selenium isotopes, oblate states are possible according to calcu-

lations of nuclear potential energy surfaces [Naza85]. In particular, the N = Z

system 68Se should have an oblate-deformed ground state. The experimental

data available at present [Sko198, Fisc00] do not include a transition probability

estimate, therefore the ground-state deformation cannot be established. Other

theoretical calculations suggest that in 68Se, like in other selenium isotopes, shape
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coexistence phenomena should occur. The phenomenon was �rst identi�ed in the

72Se isotope [Hami74, Myla89]. According to the theoretical calculations, at low

excitation energies either a prolate or an oblate deformation are possible. The

bands built on these two deformed states can strongly mix at low excitation en-

ergy. At higher excitation energy, i.e. at higher rotational frequency, only the

prolate structure survives. Such shape coexistence phenomena are observed in

other selenium and krypton isotopes, see for instance [Sko298, Fisc00].

The current experimental data suggest that the strontium and zirconium iso-

topes are again prolate-deformed (see for instance [List90]). In particular, the

N = Z nucleus 76Sr appears to be the most deformed nucleus in the region, with

a deformation parameter �2 � 0:4, as deduced using the simple semi-empirical

Grodzins' estimate [Grod62], which links the energy of the �rst 2+ state to the

degree of collectivity and to the deformation of the nucleus. However, rather

strangely, as pointed out in [List90], 76Sr is not a good example of axial rotor. In

76Sr, the ratio between the energies of the second and of the �rst excited state is

R ' 2:85, compared with the theoretical value for an ideal rigid rotor, Rth = 3:33.

The situation is similar in neighbouring nuclei such as 78Sr and 80Zr. According

to the theoretical estimates, the closed-shell nucleus 100Sn has spherical shape,

just like 56Ni at the beginning of the shell.

The phenomena cited above can be interpreted on a microscopic basis. The

basic ideas concerning the nuclear shell model have already been presented in

section 1.1. In particular, it was possible to explain the particular stability of the

so-called magic nuclei as an e�ect of the shell closures at the magic numbers. It is

also possible to demonstrate that nuclei corresponding to the major shell closures

have a spherical symmetry, see for instance [Cast90]. If the nuclear mean �eld

has a spherical symmetry, each single-particle level of total angular momentum

j�h is degenerate, keeping up to 2j + 1 nucleons.

The situation changes when one considers a nuclear mean �eld with no spher-

ical symmetry. In these cases, the nuclear structure is better described using
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a Deformed Shell Model, such as the Nilsson model [Nils55]. Here, the mean

potential is assumed to have an axial symmetry along the z-axis:

Ĥ = � �h2

2m

AX
i=1

r2
i
+
m

2

AX
i=1

[!2
x
(x2

i
+y2

i
)+!2

z
z2
i
]�C

AX
i=1

~li �~si�D
AX
i=1

(l2
i
�hl2

i
i) (1.14)

Taking such a mean potential, the energy of each level will depend also on its

orientation with respect to the potential. Each single particle level splits into a

number of non-degenerate levels, each corresponding to a di�erent value of the

magnetic quantum number mz or, in other words, to the di�erent degrees of

superposition of the wavefunction of the level with the nuclear mean �eld. Due

to the obvious shape symmetry, levels with +mz and �mz are degenerate and a

level of angular momentum j will split into (2j+ 1)=2 levels. As an example, the

Nilsson single-particle level energies for the 64Ge region are displayed in �gure 1.2

as a function of a parameter �2, which describes the quadrupole deformation of

the nucleus [Wyss99]. Notice that for �2 = 0 the levels are the same as the ones

calculated with the spherical shell model. Note also how each spherical shell

model orbital splits, save for the j = 1=2 s1=2 and p1=2 levels.

It is clear that, since for each value of the deformation the order of the single-

particle levels may vary with respect to the spherically symmetrical case, new

shell closures are possible for a deformed nucleus. In �gure 1.2, a shell closure at

N , Z = 28 is quite evident for �2 ' +0:35; other possible deformed shell closures

are N , Z = 40; 38; 30 for �2 � +0:4, N , Z = 34 for �2 ' �0:2. This explains

many of the facts cited above, namely the observation of prolate rotational states

in 56Ni (N = Z = 28), the coexistence of oblate and prolate states in 72Se

(N = 38, Z = 34) and the strong prolate deformation of 76Sr (N = Z = 38).

It should be stressed that in N = Z nuclei the valence neutrons and protons

are �lling the same orbits, thus enhancing the e�ects of the deformed shell gaps.

The microscopic interpretation of experimental data for nuclei in this region is,

however, generally not easy, since many valence nucleons have to be considered

and the detailed e�ects of the residual np interactions, although important, are
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Figure 1.2: Nilsson orbitals in the 64Ge region, for protons (top) and neutrons

(bottom). Positive-parity orbitals are sketched with a continuous line, negative-

parity ones with a dashed line. Taken from [Wyss99].
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not well established.

1.4 Pairing correlations

It is well known that in all even-even nuclei (without exception), the ground

state has spin/parity I� = 0+. This indicates that there is a strong tendency

for nucleons to couple in pairs of zero angular momentum. This coupling may

produce strong e�ects in the nuclear structure. Consider for instance the binding

energy B(N;Z), de�ned by:

m(N;Z) = ZmH +Nmn �B(N;Z) (1.15)

The average behaviour of the binding energy is given by a semiempirical formula

derived by von Weisz�acker and Bethe in the 1930's [Weis35, Beth36]:

B(N;Z) = aVA� aSA
2=3 � aC

Z(Z + 1)

A1=3
� 1

2
asym

(N � Z)2

A
(1.16)

Fixing the mass number A, there is a parabolic dependence between B and the

atomic number Z. This reproduces the situation for odd-A nuclei, but appears

to fail when describing even-A nuclei. The experimental data show that even-Z

isobars (even-even) and odd-Z isobars (odd-odd) lie over two di�erent parabolae.

This indicates that an additional term �pp + �nn has to be introduced in the

mass formula to account for the increased stability of the even-Z-even-N nuclei.

Empirically, �pp = 0 for odd Z, �pp ' 12=A1=2 MeV for even Z (with an analo-

gous relationship for �nn for even N). This means that pairs of like nucleons in a

state of zero total angular momentum are more strongly bound than pairs of like

nucleons in a state with total angular momentum di�erent from zero. It should

be noted that these pairs of like nucleons can only couple to isospin T = 1. The

existence of pairing correlations leads quite naturally to a formalism in which the

particles are substituted by quasiparticles and the states close to the Fermi sur-

face may be partially occupied, rather than completely occupied or empty. This
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Figure 1.3: The four possible couplings between pairs of nucleons. In the cou-

pling of like nucleons (a) and (b), the corresponding \superconducting" nuclear

states have been observed. In the coupling of unlike nucleons, two di�erent isospin

states are possible, with T = 1 (S = 0, (c) case) and T = 0 (S = 1, (d) case).

The last case is important only very close to the N = Z line, refer for instance

to [Sat197, Sat297] for more details.

can be proven more formally by noticing that the pairing interaction has non-zero

diagonal matrix elements, inducing scattering of correlated pairs between states,

see for instance [Cast90] for more details.

Nuclei with N = Z � 50 constitute a very special subgroup, since valence

protons and neutrons occupy the same single-particle orbitals. Following the

large overlap of their wave functions, it is possible that proton-neutron pairs are

formed. Since proton and neutron are distinguishable, such pairs can exist in two

states (see �gure 1.3). The �rst state is the exact equivalent of the pp and nn

pairs with T = 1, S = 0 (in other words, it is the Tz = 0 component of the T = 1

triplet). The second state is quite di�erent, having T = 0 and S = 1. Although

in principle the T = 0 np pairing should give rise to a new \superconducting"
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nuclear phase, it has not yet been identi�ed. Apart from the Wigner energy

[Wign37, Sat197, Sat297], representing the part of the binding energy due to the

np pairing correlations, there are no other established experimental signatures

of this phenomenon. A possible �ngerprint of such a nuclear phase could be an

energy gap in the levels of odd-odd nuclei, similar to that observed at low energies

in even-even nuclei [Iach94].

There is currently a great interest on the topics of np pairing, see for instance

[deAn97, deAn98].

1.5 Isospin

The idea of charge independence of the nuclear hamiltonian leads quite naturally

to a description of protons and neutrons as two states of the same particle, the

nucleon. A new internal coordinate, the isospin, characterizes the nucleon. The

formalism describing the isospin is introduced by analogy with the usual spin.

The isospin operator ~T and its third component, T3, are introduced in a way

that:

T3jpi = �1

2
jpi (1.17)

T3jni = +
1

2
jni (1.18)

In Nuclear Physics, it is customary to put:

�3jpi = �jpi (1.19)

�3jni = +jni (1.20)

The charge operator Q can thus be written as:

Q =
e

2
(1� �3) (1.21)
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1.5.1 Selection rules for electromagnetic transitions

The isospin formalism can be derived in complete analogy with the ordinary spin

formalism, see for instance [Henl69, Warb69] in the review by D.H. Wilkinson.

Thus, the same vector addition equations can be introduced and selection rules

for the electromagnetic transitions can be derived. The general form for the

hamiltonian of the electromagnetic interaction is:

Ĥ(L; M) =
1

c

Z
~jN (~r) � ~A�

LM
(~r) d� (1.22)

where ~ALM is the vector potential of the electromagnetic �eld and ~jN is the

nuclear current density. Assuming point nucleons and two independent contribu-

tions arising from the nucleonic motion and from the nucleonic spin, one obtains:

~jN(~r) =
X
p

ep

"
~pp

2Mp

Æ(~r � ~rp) + Æ(~r � ~rp)
~pp

2Mp

#
+

+ c
X
p

�p

 
e�h

2Mpc

!
r� ~�pÆ(~r � ~rp) +

+ c
X
n

�n

 
e�h

2Mpc

!
r� ~�nÆ(~r � ~rn) (1.23)

with r acting on the �eld coordinates only. Using the isospin formalism, the

expression can be put in a more elegant way:

~jN (~r) =
e

2

X
i

(1� �
(i)
3 )

"
~pi

2Mp

Æ(~r � ~ri) + Æ(~r � ~ri)
~pi

2Mp

#
+

+
1

2
c

 
e�h

2Mpc

!X
i

[�+ + ���
(i)
3 ]r� ~�iÆ(~r � ~ri) (1.24)

with �+ = �n +�p, �� = �n��p. It is natural to split ~jN = ~j
(0)
N

+~j
(1)
N

, depending

on the isospin dependency:

~j
(0)
N

(~r) =
e

2

X
i

"
~pi

2Mp

Æ(~r � ~ri) + Æ(~r � ~ri)
~pi

2Mp

#
+

+
1

2
c

 
e�h

2Mpc

!X
i

�+r� ~�iÆ(~r � ~ri) (1.25)

~j
(1)
N

(~r) = �e
2

X
i

�
(i)
3

"
~pi

2Mp

Æ(~r � ~ri) + Æ(~r � ~ri)
~pi

2Mp

#
+

+
1

2
c

 
e�h

2Mpc

!X
i

���
(i)
3 r� ~�iÆ(~r � ~ri) (1.26)
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Accordingly:

Ĥ(L; M) = Ĥ(0)(L; M) + Ĥ(1)(L; M)

=
1

c

Z
~j
(0)
N

(~r) � ~A�
LM

(~r) d� +
1

c

Z
~j
(1)
N

(~r) � ~A�
LM

(~r) d� (1.27)

Without any detailed information about the structure of the vector potential,

many important properties can be deduced. For instance, applying the Wigner-

Eckhart theorem to the matrix element one obtains:

hJbMb; Tb T3bjĤ(0) + Ĥ(1)jJaMa; Ta T3ai =

= (�1)Tb�T3b

0
B@ Tb 0 Ta

�T3b 0 T3a

1
CA hJbMb; TbjjĤ(0)jjJaMa; Tai+

+(�1)Tb�T3b

0
B@ Tb 1 Ta

�T3b 0 T3a

1
CA hJbMb; TbjjĤ(1)jjJaMa; Tai (1.28)

where there is no further dependence on T3 = T3a = T3b in the matrix elements

on the r.h.s.. The last equality is a trivial consequence of the fact that the r.h.s.

identically vanishes unless it is veri�ed.

From the Wigner coeÆcients, it is clear that an electromagnetic transition

may occur only if �T = 0 or �T = �1. For the isoscalar part it is:

(�1)Tb�T3

0
B@ Tb 0 Ta

�T3b 0 T3a

1
CA = (2Ta + 1)�1=2ÆTaTb (1.29)

hJbMb; TajjĤ(0)jjJaMa; Tai = (2Ta + 1)1=2hJbMbjĤ(0)jJaMai (1.30)

thus proving that, independently from the form of the vector potential, the

isoscalar transition matrix elements vanishes except for T ! T transitions.

For the isovector part it is:

(�1)Tb�T3

0
B@ Tb 1 Ta

�T3 0 T3

1
CA = (�1)Tb+T3

0
B@ Tb 1 Ta

T3 0 �T3

1
CA =

= (�1)Tb�Ta
"

T 2
>
� T 2

3

T>(2T> � 1)(2T> + 1)

# 1

2

(1.31)
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with T> = max(Ta; Tb). As a consequence, similar transitions with �T = �1

have the same properties in conjugate nuclei. This is not true for �T = 0 transi-

tions, because of the non-vanishing isoscalar contribution. From the properties of

the Wigner coeÆcient, the following important rule can be deduced: the isovector

contribution vanishes identically in self-conjugate nuclei (T3 = 0).

We shall now prove that the matrix elements of the isoscalar part of the elec-

trical E1 operator identically vanish in the long-wavelength limit. A convenient

expression for the electric vector potential is the following:

~A
(e)�
LM

(k~r) =
�(�i)L+1

k[L(L + 1)]1=2
fr d

dr
+ k2~̂rgrjL(kr)Y �

LM
(~r�) (1.32)

where k is the wavenumber. Expanding jL(kr) in powers of kr:

jL(kr) = (kr)L
1X

m=0

(�1)m(kr)2m

2mm!(2L + 2m+ 1)!!
=

(kr)L

(2L+ 1)!!
� (kr)L+2

2(2L+ 3)!!
+: : : (1.33)

One obtains:

~A
(e)�
LM

(kr) =
�(�i)L+1

(2L+ 1)!!

�
L + 1

L

� 1

2

kL�1rrLY �

LM
+ o

�
(kr)2

�
(1.34)

For the particular case of an electric dipole transition, L = 1 and:

~A
(e)�
1M (kr) �

p
2

3
rrY �

1M =
1p
6�
r(~r � ~eM) =

1p
6�

~eM (1.35)

where ~eM is the unit vector in the M -direction and (~eM)� = (�1)M~eM . Thus,

the isoscalar interaction assumes the following form:

Ĥ
(0)

(e) (1; M) � 1p
6�

e

2Mpc
(~eM)� �

Z
1

2

X
i

[~piÆ(~r � ~ri) + Æ(~r � ~ri)~pi]d� (1.36)

The contribution from the spin part of ~j
(0)
N

vanishes to order (kr)2, giving rise to

a surface-at-in�nity integration, where the nuclear wavefunction vanishes. The

result of the integration is:

Ĥ
(0)

(e) (1; M) � 1p
6�

e

2Mpc
(~eM)� � ~P (1.37)

where ~P =
P

i ~pi is the centre-of-mass momentum. Since electromagnetic tran-

sitions must link states which are orthogonal in their internal coordinates, the
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matrix elements of ~P between those states will vanish also. We have thus proven

that, in the long wavelength limit, the isoscalar part of the integration matrix

vanishes for an E1 transition. Since in the case of �T = 0 transitions the isovec-

tor part vanishes, we have thus also proven that in self-conjugate nuclei, E1

transitions with �T = 0 are forbidden.

Similar arguments can be applied in the case of magnetic transitions, but

the results are less exact than in the case of electric transitions. Comparing the

strengths of the isovector and of the isoscalar part of the interaction, it is possible

to deduce that, as a general trend, one should expect all magnetic transitions with

�T = 0 to be hindered in self-conjugate nuclei. For more details, we simply refer

to [Warb69].

1.5.2 Coulomb-induced Isospin mixing

Previously, we have assumed that the nuclear states involved in the transitions

have perfect isospin, or in other words that isospin is a good quantum number.

One should not forget, however, that at nuclear level the Coulomb interaction

is present, which for its nature is clearly not charge independent. A convenient

expression for the Coulomb interaction is:

VC =
X
i>j

1

4
(1� �

(i)
3 )(1� �

(j)
3 )

e2

rij
(1.38)

which can be separated into an isoscalar, an isovector and an isotensor parts:

V
(0)
C

=
X
i>j

1

4

e2

rij

�
1 +

1

3
~�(i) � ~�(j)

�
(1.39)

V
(1)
C

= �
X
i>j

1

4

e2

rij
(�

(i)
3 + �

(j)
3 ) (1.40)

V
(2)
C

=
X
i>j

1

4

e2

rij

�
�
(i)
3 �

(j)
3 � 1

3
~�(i) � ~�(j)

�
(1.41)

The isovector part clearly can induce mixing between states whose isospin di�er

by one unit. The results obtained in the previous subsections are still approxi-
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mately valid, if the Coulomb interaction can be considered a small perturbation

of the dominant nuclear hamiltonian.

It should now be observed that the mixing induced by the Coulomb interaction

may explain why transitions which would be otherwise forbidden actually occur.

Consider for example the low-lying states of even-even self-conjugate nuclei. In

the absence of Coulomb interaction, these would be pure T = 0 states, but

the Coulomb interaction induces an admixing between these and the T = 1

states (with the same quantum numbers) lying higher in excitation energy. The

wavefunctions will have the following structure:

jN = Z; ai = �jN = Z; a; T = 0i+ �jN = Z; a; T = 1i (1.42)

where a stands for the set of quantum numbers (save for isospin) fully specifying

the state and �2 +�2 = 1. Note that introducing the familiar isospin raising and

lowering operators:

T+ = T1 + iT2 (1.43)

T� = T1 � iT2 (1.44)

one can extract the isospin mixing probability as:

�2 =
1

2
hN = Z; ajT�T+jN = Z; ai (1.45)

This can be easily veri�ed remembering that:

hN = Z; a; T = t1jN = Z; a; T = t2i = Æt1t2 (1.46)

Electric dipole transitions between two states a, b are thus allowed between

the T = 0 component of the state a and the T = 1 component of the state b,

or between the T = 1 component of a and the T = 0 component of b. Since, in

the perturbative limit, in the low-lying states of self-conjugate nuclei �2 � �2

(typically, one expects �2 of the order of a few per cent), one should expect that

the strength of these \forbidden" transitions will be much lower than the typical

values for electric dipole transitions in N 6= Z nuclei.
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1.6 The 64Ge nucleus

It is worthwhile to review the literature regarding the 64Ge nucleus. Note that

new results on it have been obtained in the present work, which are presented in

chapters 3 and 4.

As discussed in [Enni91], the predicted ground-state shape of 64Ge is very

sensitive to the method of calculation employed. Many di�erent theoretical ap-

proaches have been attempted, but to date the experimental data suggest that

at low spins at least, this nucleus has a triaxial deformation and is \soft" to

-deformation. Calculations including mirror-asymmetric shapes up to the hex-

adecapole shape degrees of freedom [Naza90] suggest the presence of enhanced

octupole correlations around N = Z = 32. The same calculations predict that the

neutron-de�cient germanium and selenium isotopes would be soft with respect to

octupole deformation, and in particular that these e�ects should be strongest in

64Ge.

The susceptibility of nuclei to octupole deformation strongly depends on their

underlying microscopic structure. Speci�cally, in cases of permanent octupole

deformation, there are single-particle orbitals which di�er by three units of orbital

and total angular momentum (i.e. �l = �j = 3) and lie close to the Fermi surface

for both protons and neutrons. For instance, in the case of nuclei close to 222Ra

[Ward83] the orbitals involved are �f7=2 ! �i13=2 for protons and �g9=2 ! �j15=2

for neutrons. In the proton-rich germanium and selenium isotopes, the p3=2 and

g9=2 orbitals lie close to the Fermi surface for both protons and neutrons, therefore,

there is the possibility that signi�cant octupole correlations can be expected in

these nuclei.

In the case of axially symmetric nuclei with moderate octupole deformation,

the main experimental signature of a permanent octupole deformation is the ob-

servation of a negative-parity rotational band, depressed in excitation energy and

interleaved with the positive-parity ground-state rotational band. The change
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of parity is a consequence of the reection-asymmetric shape associated with a

permanent octupole deformation. Following the change of parity, enhanced E1

transitions should connect the positive- and negative-parity bands. In the case

of triaxial nuclei, the situation is complicated by the mutual interaction of the

octupole negative-parity band and the -vibrational band. This should lead to a

low-lying 2� state resulting from the coupling between the -vibrational and the

octupole band [Chas86].

It should be noted that low-lying negative-parity states have been observed

in nuclei in this region [Gros89]. However, these states have been interpreted as

arising from non-collective, two-quasiparticle excitations or from non-permanent

octupole vibrations. More experimental data is therefore needed before perma-

nent octupole deformation is clearly demonstrated in this region.

In the case of 64Ge, the calculations of [Naza90, Skal91] indicate that both

the octupole and the triaxial degrees of freedom should be considered and that

they should be strongly coupled. Negative-parity states were proposed in 64Ge

by Ennis and co-workers, but such states could not be understood in terms of

a collective rotation coupled to an octupole vibration [Enni91]. Probably, the

mixture of such a collective excitation with a two-quasiparticle excitation should

be included. An experimental estimate of the lifetimes of the 3(�) and 5(�) states

would also help in addressing this question.

Another problem for which a lifetime estimate is needed is the presence of

an assigned intense E1 transition in 64Ge. As pointed out in [Radi52, Gamb52]

and as discussed in section 1.5.1, E1 transitions between the low-lying states of

N = Z nuclei with T = 0 character are forbidden and the only possible way

to produce a �nite E1 strength between such states is to assume the admixture

of one (or more) state(s) with T = 1 (and equal spin and parity) to the parent

state and/or to the daughter state of the E1 transition. This could be the case in

64Ge, where, according to the estimates of [Doba95], the degree of isospin mixing

should have a local maximum. As discussed in [Enni91], a measurement of the
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lifetime of the 5(�) level depopulated by the 1665 keV E1 transition is essential

to get a precise estimate of the degree of isospin mixing. It should be noted that

the estimates of the lifetime strongly depend on the model used to obtain them,

being �1665 ' 62 � 10�12 s in the work of Ennis and co-workers [Enni91] and being

about 1000 times shorter in the model by Bini and co-workers [Bini84], originally

introduced to explain forbidden E1 transitions in the s-d shell.

Thus, two goals of the present work were �rstly to produce a clear assignment

for the 1665 keV transition and secondly to measure the lifetime of the I� = 5(�)

level.

1.7 Experimental problems

In order to get spectroscopic information on the nuclei of this mass region, typ-

ically fusion-evaporation reactions have been used. In this kind of reaction the

beam and the target nuclei fuse together, sharing their nucleons and forming

an intermediate excited system, named the compound nucleus. The compound

nucleus has no memory of the initial state, save for energy, momentum and an-

gular momentum conservation. Its excitation energy Ex is given by the following

expression:

Ex = Q+ Eb

�
1� mb

mb +mt

�
(1.47)

where energy and momentum conservation have been assumed, mb, mt are the

masses of the beam and of the target nuclei respectively and Eb is the beam

energy in the laboratory reference frame. Q is called the Q-value and is de�ned

as the di�erence between the masses of the initial and �nal states:

Q =
X
i

mi �
X
f

mf = mb +mt �mCN (1.48)

There is no de�nite way to predict the decay of each single recoiling compound

nucleus, but some general features may be pointed out (�gure 1.4):
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Figure 1.4: Schematic history of a fusion-evaporation reaction. Taken from

[Rile98].
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1. Light particle emission: at the �rst stages of the decay of the compound nu-

cleus, light particles are emitted (evaporated) with an approximate isotropic

distribution in the centre of mass system and a thermal energy spectrum.

Since the emission of charged particles is hindered by the Coulomb barrier,

normally the evaporation of neutrons is a faster process than the evapo-

ration of protons and � particles. Each particle removes about 5{8 MeV

per nucleon and carries an few units of angular momentum, leaving the

angular momentum of the residual nucleus only marginally reduced. This

means that most of the compound nucleus excitation energy is dissipated

through particle evaporation. This process continues until the -ray emis-

sion probability becomes comparable to the particle emission probability.

This generally happens when the compound nucleus excitation energy is

comparable to (or lower than) the particle separation energy.

2. -ray emission: after particle evaporation, the residual nucleus is generally

left in a state of relatively high angular momentum, while its excitation

energy is of the same order as the particle separation energy. Subsequently,

the residual nucleus decays via the emission of -rays. At high excitation

energy, the density of states is large and many decay paths are available;

the many transitions, closely spaced in energy, between these states create

a continuum background. When the excitation energy is low enough, the

nucleus �nally decays through discrete transitions between the yrasta states,

which are widely spaced in excitation energy.

The angular distribution of the evaporated particles is approximately isotropic

in the centre of mass system, apart from Coulomb barrier e�ects in deformed

compound nuclei, which favour the emission of charged particles in directions

where the barrier is lower. Due to the motion of the compound nucleus, the

aFor each value of nuclear spin I , the yrast state is de�ned as the state with the lowest

excitation energy.



1.7. EXPERIMENTAL PROBLEMS 25

angular distribution in the laboratory system is not isotropic, but it is peaked at

forward angles, following the initial centre of mass velocity vcm:

vcm =
mb

(mb +mt)

s
2Eb

mb

(1.49)

It is clear that in fusion-evaporation reactions many exit channels may be

open, following the various possible decay paths of the compound nucleus. Since

N = Z nuclei above 40Ca lie far from the stability line, the probability to populate

them in the A ' 70 mass region is generally rather low, and, additionally, it is

much lower than the probability to populate the competing reaction channels.

Therefore, from an experimental point of view, great care has to be taken to

isolate the signals of interest among the unwanted background.

Even the high selecting power of large arrays of High-Purity Germanium de-

tectors, like GASP or EUROBALL, is often not suÆcient by itself to study nuclei

far from the stability line. Higher selectivity can be reached by combined use of

these arrays with special ancillary detectors to trigger the signals of interest. One

of the goals of the present work has therefore been the development of one such

detector, the ISIS Si-ball, to perform in-beam studies of nuclei requiring high

channel selectivity and in particular of 64Ge. In the next chapter the details on

the design and construction of ISIS will be provided, together with the basic ideas

on channel selection with array of -ray detectors.
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Chapter 2

The ISIS Si-ball

In this chapter we will report on the design, construction and operation of the

ISIS Si-ball. This device, composed of 40 �E-E Si telescopes, has been used in

coupled operation with the GASP and the EUROBALL arrays.

First, we will discuss the choice of silicon detectors and the adopted geometry.

Then, we will provide detailed information on the mechanical arrangement and

on the adopted electronics. We will then present the performance of the detector,

including its capability to discriminate between the various reaction channels, its

eÆciency and the possibility it o�ers to improve the resolving power of a -ray

spectrometer through a kinematical reconstruction of events. Finally, we will talk

about the design and construction of the improved version of ISIS, the EUCLIDES

Si-ball, which recently started operation. Part of this work has previously been

presented in [Farn97, Gade97].

2.1 Arrays of HPGe detectors

Recent trends in -spectroscopy involve the study of nuclear states populated

with very small cross sections with respect to the total reaction cross section. As

a result, one has to isolate the signals of interest from an unwanted background

of intense and dominating signals.

27
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Figure 2.1: E�ects of the �nite opening angle of the detectors.

The most natural way to achieve this is to use multiple-fold coincidences.

The energies of the -rays emitted by each nucleus are typical and characteristic,

therefore acquiring the data only when �xed-energy -rays are detected (that is,

putting gates over the transitions of interest) the signals corresponding to the

nucleus of interest can be enhanced. What is usually done, is to acquire all of the

signals on tape, and to put software gates later, so that no information is lost.

It is clear that good energy resolution is essential in such studies, since when

the energies of two -rays are within the resolution of the detectors, it will be not

possible to distinguish them. Putting a gate over one of the transitions, the other

will also lie within the gate and neither of the -rays will produce full, complete

channel selection.

A bene�t of using many detectors is that the overall detection eÆciency in-

creases. This reduces the time required to collect spectra with the desired statis-

tics.

The same eÆciency value can be obtained by putting fewer detectors very

close to the source, or many detectors far from the source. However, using only

a few detectors will imply a loss of selectivity, because it will not be possible to
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Figure 2.2: De�nition of the peak-to-background ratio.

gate on high-fold events. In addition, using a few detectors, each one covering

a large solid angle, there will be a high probability of multiple hits, that is,

two or more -rays simultaneously hitting the same crystal, when many photons

are emitted at the same time from the source. Such high-multiplicity cascades

are typical in fusion-evaporation reactions. When a multiple hit event occurs,

all of the information carried by the individual photons will be inevitably lost,

therefore the multiple hit probability should be minimized. This implies that

high granularity is required for a multi-detector system.

A high granularity is also required to correct for Doppler e�ects, which occur

when the photons are emitted from a recoiling nucleus. The expression describing

the Doppler e�ect is given by the well-known equation:

E 0


= E

p
1� �2

1� � cos �
� E(1 + � cos �) (2.1)

where � is the recoil speed, expressed as a fraction of the speed of light, and � is

the angle between the recoil velocity and the direction of observation (�gure 2.1).

Assuming that the detector covers an in�nitesimal solid angle, the e�ect would

be that the energies of all of the detected photons would be shifted by the same

amount with respect to the energies of the emitted photons. Since, however, real
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detectors cover a �nite solid angle, photons will interact within a �nite angular

range [� � ��; � + ��] and the e�ect will be that the line will be broadened by

a �nite amount, which can be estimated in �rst order as:

j�Ej �
�����2��

@E 0



@�

����� = 2��E� jsin �j (2.2)

where �� is the half-opening of the detectors. Therefore, in order to reduce this

e�ect, the detectors should cover as small a solid angle as possible. It should be

mentioned that other e�ects inducing a velocity dispersion of the recoiling nuclei

contribute to the Doppler broadening of the peaks, among which the interaction

with the atoms of the target and the evaporation of light particles. A more

detailed discussion will be given in section 2.6.

These notions about multi-detector systems can be written down in a more

formal way, as discussed in [Gerl92]. Imagine that one wants to study a cascade of

M transitions, populated with intensity �0 in a fusion-evaporation reaction, with

a mean separation SE between the transitions. It is clear that only peaks stand-

ing out from the background can be properly identi�ed. We can say arbitrarily

[Gerl92] that a peak is identi�ed when its peak-to-background ratio Np=Nb (�g-

ure 2.2) is larger than 0.2 and its area is larger than 100 counts. The background

consists of an uncorrelated, fold-independent part, coming from transitions that

are not in coincidence with the cascade (both full-energy and Compton events),

and of a correlated, fold-dependent part, coming from transitions in coincidence

with the cascade (Compton contributions, statistical -rays, feeding transitions).

Taking coincidences between F � M detectors, the peak-to-background ratio

considering only the uncorrelated background can be calculated as [Gerl92]:

�
Np

Nb

�
(F )

= �0R0(0:76R)F (2.3)

where R0 is a background reduction factor coming from the use of external selec-

tion devices and R is a parameter called the resolving power of the spectrometer :

R =

 
SE

�E

P

T

!
(2.4)
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where P=T is the peak-to-total ratio and �E can be taken as the resolution of

the detectors. The factor 0.76, which is valid for gaussian peaks, originates from

the fact that gates are normally put at the half-height of the peaks. It is clear

that, in order to maximize the peak-to-background ratio, one has to maximize

P=T and to minimize �E , including the Doppler broadening of the peaks.

As mentioned earlier, to identify a peak properly it must stand above the

background and it must have a minimum area. The probability of detecting an

F -fold event is strongly dependent on the detection eÆciency:

W (F ) =

 
M

F

!
"F
ph

(1� "F )M�F � 1

F !
"F
ph

(2.5)

where the last approximation is valid for F � M . It is clear that, for a �xed

measurement time, since the probability of detecting F -fold events rapidly de-

creases with F , the area of F -dimensional peaks will decrease with F .

The minimum intensity of a -ray transition that can be detected or, in other

words, the observational limit Io, depends on a balance between the resolving

power and the eÆciency of the multi-detector system. Working at higher folds

the peak-to-background ratio improves, but the area of peaks decreases. The

intersection of the two curves Io(R;F ) and Io("ph; F ) de�nes the operating point

of the spectrometer, that is it �xes the optimal fold at which the spectrometer

should operate and the observational limit that can be reached (�gure 2.3).

We can have a look at some numbers to get an idea of what has been reached.

The GASP spectrometer [Bazz92], operating at Legnaro (Italy), is composed of

40 HPGe detectors with anti-Compton shields and an inner 80-elements BGO

calorimeter. Its photopeak eÆciency for a single 1.332 MeV photon is "ph = 3%,

its resolving power R � 6:5; its observational limit is about 8 �10�4, at an optimal

fold F = 3. The EUROBALL spectrometer [Gerl92] will be described briey in

section 3.4. It is composed of 239 germanium crystals, obtaining "ph = 9% for a

single 1.332 MeV photon and R � 9. It can reach an observational limit almost

one order of magnitude better than GASP, coming close to 1 �10�4, at an optimal
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Figure 2.3: The observational limit of an array as a function of the resolving

power and of the photopeak eÆciency. The values for some existing arrays are

also presented.
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fold F = 4.

2.2 Ancillary Detectors for light charged parti-

cles

The sensitivity of a -ray spectrometer to extremely weak reaction channels may

be enhanced by detecting some very characteristic signal in coincidence with

-rays, that is, the residual nucleus itself or the evaporated light particles.

The cleanest channel selection is probably achieved by identifying the resid-

ual nucleus directly (see for instance some examples in [Jame88, Enni91, Sign94,

Spol85, Spol91]). However, the direct detection of the recoiling nuclei requires

normally large and expensive instruments (Fragment Mass Analyzers or Recoil

Mass Spectrometers) which have generally low transmission eÆciencies of the or-

der of 5{10% in the most favourable cases, since normally the residual nuclei will

be found in a distribution of charge states, and not all of them will be simultane-

ously detectable. Thus, it is often convenient to infer indirectly the charge and

mass of the residual nucleus, by detecting the evaporated light particles.

Light charged particle detectors can be much cheaper than a recoil mass

spectrometer, are compact, can be inserted inside an array of -ray detectors

without degrading their performance. They also o�er the very important bene�t

of allowing a partial reconstruction of the momentum of the recoiling nucleus, as

will be discussed in section 2.6, thus correcting more eÆciently for the Doppler

broadening of lines in the spectra and improving the resolution (and the resolving

power) of the array. On the other hand, light charged particle detectors must

satisfy very restrictive requirements to provide an eÆcient channel selection, as

we will discuss later.

At this point, it is instructive to give a brief review of the various techniques

implemented in the past to build arrays of light charged particles detectors.
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2.2.1 Pulse shape discrimination with scintillation detec-

tors

Some scintillators, for instance CsI(Tl), present a light output with two com-

ponents, a fast, radiation-dependent one (� � 0:4�s) and a slow, radiation-

independent one (� = 7�s). The anode signal from the phototube can be inte-

grated in two time regions, one short and in prompt coincidence with the -rays

(�E), the other long and slightly delayed (E). The two-dimensional plot of E

versus �E allows particle discrimination (pulse shape discrimination). Arrays

of CsI(Tl) scintillators presently in operation are the MICROBALL [Sara96] and

DIAMANT [Sche97].

A similar technique can be applied to the phoswich detectors, created by

placing in optical contact a very thin scintillator (with fast, particle-dependent

light output) with a thicker one (with slow, particle-independent light output)

[Lide87]. Examples of phoswich arrays are the ANU detector ball [Rega95] and

the ERICIUS array [Lide88].

The major disadvantage of this technique is that, due to the large decay time

of the light pulse, the detectors can withstand only a limited counting rate.

2.2.2 Particle Discrimination with Silicon detectors

Considering the typical energy distributions for evaporated protons and � parti-

cles, their energy loss distributions are quite di�erent. Using a thin silicon detec-

tor to detect the particles, it will measure the energy loss, therefore allowing for

particle discrimination. Examples of application of this \di�erential energy loss"

technique can be found in [Mita89, Kuro92].

The major drawback of this technique is that, due to the kinematical fo-

cusing in the laboratory reference frame, they do not allow an eÆcient particle

discrimination at the backward angles, where the proton and � particle energy

loss distributions are strongly overlapping.
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Single monolithic silicon detectors can also be used to discriminate particles

on the basis of the detailed shape of the signals, as shown by Pausch and co-

workers [Paus92, Paus94, Paus95]; we will discuss this technique in section 2.7,

dealing with the development of the EUCLIDES Si-ball.

The technique which has been used in this work to discriminate between

particles employs E � �E telescopes, that is, pairs of silicon detectors: a thin

one to measure the energy loss �E and a thick one to measure the residual energy

E. Since the product of energy and energy loss is characteristic of the particle

species, two-dimensional plots of E versus �E allow clean particle discrimination.

2.3 Characteristics of the ideal ancillary detec-

tor for light charged particles

When developing an ancillary light charged particle device for a -ray spectrom-

eter, many things have to be carefully considered. The ideal detector would

identify all of the particles emitted in a reaction, and allow the user to measure

both their energies and momenta. This is not feasible in practice, since it is

necessary to leave an opening to let the beam reach the target. It is also very

important to keep in mind that the main interest resides in  spectroscopy, so the

light charged particle detector should a�ect as little as possible the performance

of the -ray detectors. Therefore, we can summarize the above prescriptions in

the following way:

1. Capability to discriminate between particles. This is fundamental to achieve

reaction channel selection. The minimum requirement is to distinguish

between protons and � particles. If possible, the capability of identifying

heavier ions may be useful. This causes problems with the limited dynamics

range of the associated electronics.
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Figure 2.4: The probability of multiple hit for a single segment covering a solid

angle 
 = 4�" as a function of the eÆciency " of the segment, for various values

of the emitted particle multiplicity. See text for details.

2. High detection eÆciency. This is important for two reasons. Firstly, it is

only with a detection eÆciency as close as possible to 100% that a proper

discrimination between the various reaction channels can be achieved. A

more detailed analysis of this e�ect will be provided in section 2.5.

Secondly, working in coincidence with an ancillary device of eÆciency "A,

only the fraction "A of what is detected in coincidence with events in the

-ray detectors is accepted.

3. High granularity. A good detector for light charged particles should have

high granularity in order to minimize the multiple hit probability (i.e.,

two or more particles hitting the same segment simultaneously). If there
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is no way to correctly identify the multiple hit events, the capability of

performing optimal channel discrimination is obviously reduced.

We can try to get an estimate of the number of segments that are needed in

an ideal charged particle inner ball. Assuming a single segment, covering a solid

angle 
, corresponding to a geometrical eÆciency " = 
=4�, and M particles

emitted in coincidence with an isotropic distribution, the probability that one or

zero particles hit the segment is [Werf78]:

P = P (M; 0) + P (M; 1) = (1� ")M +M"(1� ")M�1 (2.6)

Assuming a typical multiplicity M = 4, we obtain P � 98% (that is, P (m: hit) �

2%) for " < 0:055, requiring N = 1=" � 18 identical segments to cover the 4�

solid angle (see �gure 2.4). This does not take into consideration the kinematical

enlargement of the detectors positioned at forward angles due to the in-ight

emission from a recoiling nucleus. In order to estimate this e�ect, let us consider

7 MeV protons and 15 MeV � particles (in the centre of mass) emitted from

nuclei recoiling with a velocity of � = 4%, which are typical values in fusion-

evaporation reactions. A detector positioned at # = 35Æ with an opening angle

�# = 20Æ would have an e�ective opening angle of �# = 30Æ for the protons and

�# = 37Æ for the � particles. The same detector positioned at # = 145Æ would

have e�ective opening angles �# = 10Æ, �# = 8Æ for protons and � particles

respectively. In conclusion, including the e�ects of the kinematics the number of

equally sized segments should be about twice as large than our former estimate,

requiring N � 40 identical segments to keep P (m: hit) � 2%.

4. Transparency for -rays. From the point of view of -ray detectors, light

charged particle detectors add undesired material causing unwanted absorp-

tion and scattering of photons. There is thus a premium on keeping these

phenomena to a minimum. Therefore, light charged particle detectors with

high transparency for -rays are usually preferable.
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Other non-physical considerations are very important when designing an an-

cillary device. For instance, the segments which compose the device should have

only a few shapes. This reduces the costs for design and production of custom

made detectors. Furthermore, fewer spare detectors are needed.

2.4 Design and construction of the ISIS Si-ball

2.4.1 Choice of the detectors

In the case of ISIS, the main goal was to construct a device with the capability

of identifying the kind of incoming particles and at the same time to make a rea-

sonable energy measurement. The various techniques for particle discrimination

shortly reviewed in section 2.2 were taken into consideration.

An array of thin silicon detectors clearly was not suitable for these purposes.

In fact, the energy loss distributions for proton and � particles evaporated from a

recoiling nucleus overlap at backward angles with respect to the beam direction,

making it impossible to achieve particle discrimination at those angles with this

method.

Other kinds of detectors, for instance CsI(Tl) scintillators coupled to a pho-

tomultiplier or a photodiode, would allow both the identi�cation of the kind of

incoming particle and a measurement of its total energy, at the price of a rela-

tively high absorption and scattering of -rays. Another problem is that the light

pulse in a CsI(Tl) scintillator has a quite long decay time (about 7�s) [Knol89]

and the counting rate has to be kept relatively low to avoid pile-up problems.

For these reasons, the only technique that appeared feasible at the time the

design of ISIS was started was the use of �E-E telescopes. Each telescope is

composed of two detectors, a \thin" one facing the target and a \thick" one

placed behind it (see �gure 2.5). The energy loss of charged ions in matter can
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Figure 2.5: Scheme of a �E-E telescope.

be described using the simpli�ed Bethe-Bloch equation [Knol89]:

dE

dx
/ mZ2

E
(2.7)

where m and Z refer to the incoming ion. Using two detectors in a telescope con-

�guration, if the energy released in the �rst one is not very high, it will be roughly

proportional to its energy loss. Plotting the energy signal of the �rst detector

versus the signal of the second one, the events will be distributed among di�erent

loci, each one corresponding to di�erent values of mZ2 (see �gure 2.6). Using

telescopes, it is possible both to discriminate between the incoming particles and

to measure its total energy.

In the case of ISIS, Si-detectors were used for both the thin (�E) and the

thick (E) detectors. Silicon detectors o�ered the advantages of good transparency

for -rays, combined with ease of use.

2.4.2 Choice of the geometry

The ISIS Si-ball was developed to serve as an ancillary device for the GASP -

ray spectrometer [Bazz92]. Therefore, it has been developed keeping in mind the

constraints imposed by the existing structure, which consists of 40 high-purity

germanium (HPGe) detectors with anti-Compton shields, with an 80-element

BGO multiplicity �lter (�gure 2.7).

In order to minimize the amount of passive material between the target and
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Figure 2.6: Sample �E-E matrix obtained with one telescope of ISIS. The

reaction is 37Cl (187 MeV) + 120Sn. The loci corresponding to protons, deuterons

and tritons are clearly distinguishable.

the HPGe detectors of GASP, each silicon telescope directly faces a HPGe detec-

tor. This particular geometry derives from the decomposition of the faces of a

regular dodecahedron or, equivalently, of a regular icosahedron. These decompo-

sitions always produce 12 pentagonal faces and a varying number of hexagonal

faces [Cave91]. In the case of ISIS, there are 30 hexagonal faces, two of which

provide incoming and outgoing beam ports; ISIS is thus composed of 40 detector

telescopes (�gure 2.8). The hexagons are irregular; in this way, not considering

the dead areas, all of the detectors cover the same solid angle in the laboratory

reference frame. Following the discussion in section 2.3, we expect a multiple hit

probability of the order of 2%. Thus, the forward detectors should be further
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Figure 2.7: Picture of the GASP spectrometer in its standard con�guration

with the BGO multiplicity �lter.

segmented to reduce these phenomena.

2.4.3 The detectors

The hexagonal and pentagonal shaped detectors have an equal active area of

about 10.2 cm2. Each �E detector covers a solid angle of about 0.23 sr, at a

mean distance of 6.7 cm from the target position. The �E detectors cover a total

solid angle of about 72% of 4�. The E detectors have the same area as the �E

detectors and are placed 4 mm farther from the target position. Each of them

covers a solid angle of about 0.20 sr, and the total solid angle covered by the E

detectors, and therefore by the telescopes, is about 65% of 4�.

The silicon ion-implanted detectors, or Si(IP) detectors, (�gure 2.9) are cus-

tom made by Micron Semiconductors (UK), from n-type silicon, single crystal

wafers having a resistivity of 8{15 k
m. Both faces are covered with an evapo-
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Figure 2.8: Picture of the polyhedron which makes up the ISIS Si-ball. The

detector frames are not sketched.

rated layer of aluminium of 0.15�m thickness. The detectors are fully depleted.

Depletion depths of 130�m and 1000�m have been chosen for the �E and E

detectors respectively. Each detector is provided with a guard ring to reduce

the leakage current on the active area (�gure 2.10). On the outside edge of each

detector there is a 1000�m wide passivated silicon dioxide (SiO2) layer, inside

which are the guard ring and another SiO2 insulating gap (both of them 50�m

wide). Signal readout is achieved through Kapton strips, �xed to the inner part

of the frame with adhesive epoxy resin. Each strip carries 3 wires, connected

respectively to the rear detector side, to the front detector side and to the guard

ring. The three wires are shielded from both sides through a conductive grid. The

front detector side and the guard ring are short circuited and grounded together

with the shielding grid through an \o�set" 125 
 resistor in series. Individual

positive voltage supplies are provided to the rear detector faces via a decoupling
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Figure 2.9: Picture of the Si detectors in ISIS.

�lter with a 10 nF capacitor and a 100 k
 resistor. The e�ective voltage applied

to the detector is then a linear function of the leakage current. The Si-detectors of

ISIS are operated with the surface facing the target position at ground potential.

The typical energy resolution, using the 5.485 MeV line of the 241Am � source,

is 75 keV for the �E detectors, with full depletion biases ranging from 20 V to

40 V. For the E detectors, due to their smaller capacitance, the typical energy

resolution is about 40 keV, with full depletion biases ranging from 80 V to 150 V.

Leakage currents vary greatly, depending both on the Si wafer purity and on the

operating conditions, ranging from 10 nA to 500 nA. Larger values were observed
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Figure 2.10: Diagram of the guard ring of the Si detectors in ISIS.

during in-beam tests, due to the high counting rate and to the increase of the

detector temperatures.

2.4.4 The mechanical structure

Each Si detector is �xed to a frame, built of standard printed circuit board (PCB)

material (�gure 2.9). The �E detector frames have a thickness of 15 mm and are

slightly tapered, in order to get a close arrangement of the detectors. The E

detector frames are smaller and can be inserted into the �E detector frames.

Small bridges, also made of PCB, allow one to lock the �E detectors together

and to hold the E detectors in their place, obtaining a self-supporting structure.

Two ring-shaped printed circuit boards, collecting signals from the 80 individual

detectors, provide a holding structure for the Si-ball in the vacuum chamber.



2.4. DESIGN AND CONSTRUCTION OF THE ISIS SI-BALL 45

5000 5200 5400 5600 5800 6000

FWHM = 84 keV

Energy (keV)

0

1000

2000

3000

4000

5000
Delta E detector (0.130 mm thick)

5000 5200 5400 5600 5800 6000
Energy (keV)

FWHM = 54 keV

0

1000

2000

3000

4000

5000

6000
E detector (1 mm thick)

Figure 2.11: Sample spectra obtained with a triple-� Pu-Am-Cm source and

two detectors of ISIS.

This chamber is made of a central aluminium ring and two stainless steel side

halves and �ts inside the BGO multiplicity �lter of GASP without removing any

of the detectors of the -ray spectrometer (�gure 2.12). Signal collection from

the printed circuits is achieved through coaxial cables running inside the outgoing

beam line, and passing through glued anges. The mechanical arrangement to

couple ISIS to EUROBALL is basically the same, but with a di�erent chamber

to cope with the di�erent spacing of the detectors inside the two arrays. This

second chamber is made entirely of aluminium and as with the GASP set-up, no

germanium detector needs to be removed to host the chamber.

2.4.5 Absorbers

Since Si detectors are rather sensitive to radiation damage, they are shielded

from elastically scattered beam ions by means of absorber foils. A 12�m thick

aluminium foil is placed in front of each detector to prevent the Æ electrons,

produced by the heavy ion beam hitting the target, from hitting the passivated

layer, thus avoiding the development of current paths from the active silicon to

the conducting edge of the silicon wafer. Since such absorbers are too thin to

fully stop the elastically scattered beam ions, additional absorbers are needed for

typical beams and energies used in GASP and EUROBALL measurements. In
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Figure 2.12: Picture of ISIS and its chamber, positioned inside GASP.

order to easily match their thickness to the di�erent nuclear reactions without

dismounting the Si detectors, a cylindrical foil is used, which is inserted into

the Si-ball through the beam outgoing hole. The optimum thickness of this

foil is determined by a computer program, which determines the energies of the

particles involved using the evaporation code CASCADE [Puhl77] and uses the

stopping power given by Ziegler's expressions [Zieg77]. In order to reduce the

energy loss of light charged particles, it is convenient to vary the foil thickness

along the cylinder length, for instance making the backward half of the cylindrical

foil thinner than the forward half. Due to the large solid angle covered by the

detectors, the cylindrical geometry behaves on average as well as single absorber

foils in front of each detector (with the thickness depending on the angle), even

if at very forward and at very backward angles the cylindrical geometry typically

overestimates the thickness of material needed. For instance, �gure 2.13 shows

the comparison of the e�ective thicknesses of a two-layer Aluminium cylinder

(12.6�m forward, 5.2�m backward) and of the \optimal" absorber foils with
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Figure 2.13: Comparison between the minimum thickness of Aluminium re-

quired to stop the scattered beam in the reaction 32S(125 MeV) on 40Ca with

the e�ective thickness of a two-layer Aluminium cylinder (forward half 12.6�m

thick, backward half 5.2�m thick) and of the optimal foils placed in front of the

detectors for the ISIS geometry.

the minimum thickness required to stop the scattered beam for the reaction

32S(125 MeV) on 40Ca.

The Isis Absorbers program

As mentioned before, the thickness of the absorber foils should be chosen with

great care, since, once the geometry of the detectors is �xed, it is this factor that

ultimately determines the detection eÆciency. Isis Absorbers is a program

that calculates the stopping of beam and of light charged particles inside ISIS
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Figure 2.14: Opening window of the Isis Absorbers program.
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(�gure 2.14). Its main features are:

� Beam calculations: the elastic scattering of the beam on the target and

backing is calculated with classical expressions. The energy loss inside

the target and the backing is calculated using the expressions by Ziegler

[Zieg77]. Subsequently, the energy loss inside the absorbers is calculated.

Three geometries are available: a cylinder along the beam axis, a cone along

the beam axis and a \mixed" geometry (half cone and half cylinder). It is

possible to choose di�erent thicknesses for the backward and for the forward

portions.

� Optimization: the minimum thickness of absorber to stop the beam is cal-

culated. For each angle, an opening angle for the conical geometry is cal-

culated, taking into consideration the thickness required to stop the beam

at that angle and the thickness of absorber used in the calculation.

� Particle calculations: taking centre of mass spectra produced by the CAS-

CADE [Puhl77] evaporation code, laboratory spectra are calculated. The

fraction of particles stopped in the absorbers is then calculated. It is possi-

ble to write the spectra of the particles after the absorbers and the spectra

seen by the detectors, however this last feature is still not very precise and

is not maintained since the development of a real Monte Carlo simulation

of ISIS using the GEANT code [gean93].

2.4.6 Electronics and bias control

The electronics of the ISIS Si-ball and the bias voltage control system have been

developed following the same principles as in the case of GASP [Bazz90] (�g-

ure 2.15). Each energy channel requires a charge-sensitive preampli�er, a gated

shaping ampli�er and an analog-to-digital converter (ADC). Moreover, the trigger

requires a fast ampli�er, a constant fraction discriminator (CFD) and a time-to-

digital converter (TDC).
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Figure 2.15: Block scheme of the ISIS electronics. Only the part of the E

detectors is shown.

The preampli�ers (�gure 2.16) have been specially designed for the high ca-

pacitance of the Si detectors, which is about 130 pF for the E detectors and

850 pF for the �E detectors [Busc95]. They have a compact design, with two

channels on a 65 � 88 mm2 card. The rise time of the preampli�ers, when used

with low capacitance detectors, is about 50 ns. The decay time constant is about

50�s. The sensitivity is 15 mV/MeV, in order to have good linearity up to the

maximum energy released by an � particle in the E detectors, which is about

60 MeV. A test pulse can be fed into the preampli�er.

The gated shaping ampli�ers have been developed, following the same design

as those of the GASP inner ball, to accommodate 8 input lines in a single width

NIM module [Busc92]. Each line has a variable gain and �xed 1�s shaping time.

An external gate signal, generated by the trigger logic, enables the linear output

to avoid spurious signals.

Ampli�ed output pulses are sent to an eight-channel CAMAC-FERA Silena
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Figure 2.16: Diagram of the ISIS preampli�er.

4418/A ADC, with a common gate generated by the master trigger of the 

spectrometer.

Timing signals are provided by a custom single width CAMAC module with

4 input lines [Busc91]. Each channel incorporates a fast ampli�er, a constant

fraction discriminator and a gate-and-delay generator. The output signals are

used for the event trigger and to produce the individual gates for the shaping

ampli�ers and as stop signals to an 8-channel CAMAC-FERA Silena 4418/T

TDC with a �xed time range of 1�s and a common start which is, as before, the

event master trigger.

In EUROBALL (see section 3.4 for a brief description of the array and of

its acquisition system), the readout of the FERA ADCs and TDCs is performed

through a specially designed CAMAC module, called FERAROCO (FERA Read-

Out COntroller) [Isoc97]. The FERA data are collected by this module and

passed to a devoted Event Collector. Subsequently they are merged with data

coming from the other event collectors and �nally sent to the farm and spy pro-

cessors (�gure 2.17).

When coupling ISIS to GASP, the bias of the 80 Si detectors is provided by
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Figure 2.17: Block scheme of the ISIS data readout on EUROBALL.

two CAEN SY127 power supply main frames. Working with EUROBALL, the

bias is provided by a CAEN SY527 main frame. In both cases, the applied volt-

age and the reverse current of all individual detectors are controlled by dedicated

software running on a Macintosh computer. The voltage and the leakage current

are monitored continuously and presented graphically to the user. Another es-

sential feature of the control program is the automated adjustment of the applied

voltages, following the drifts of the leakage current, in order to keep the e�ective

voltage seen by each detector constant.

2.5 The performance of ISIS

The ISIS Si-ball has been employed in many di�erent experiments with GASP

and EUROBALL at the Laboratori Nazionali di Legnaro. Here we present results

from three experiments designed to obtain spectroscopic information about the

N = Z nucleus 64
32Ge. The �rst experiment used the reaction 32S+40Ca at 125 MeV

beam energy with the GASP spectrometer together with ISIS. A stack of two

500�g/cm2 targets was employed. In the second experiment, ISIS was coupled
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Figure 2.18: E-�E matrix from ISIS for the reaction 32S (155 MeV) +40Ca,

obtained summing the signals of the 40 telescopes after a gain matching with the

technique described in section 3.5.3.

to the EUROBALL spectrometer. The reaction was 32S+40Ca at 155 MeV beam

energy. Again, two stacked 500�g/cm2 targets were used. In the �nal experi-

ment, EUROBALL was coupled to ISIS and to a 20%-eÆcient array of neutron

detectors [Skep99] and the reaction was 32S+40Ca at 125 MeV. For this latter

experiment a thick target was used, composed of 1 mg/cm2 of 40Ca evaporated

onto a 12 mg/cm2 gold backing. In the �rst and in the last measurements, 64Ge

was populated via the evaporation of two � particles, with an estimated cross

section of about 500�b. In the second measurement, due to the higher com-

pound nucleus excitation energy, 64Ge was populated via the evaporation of two

neutrons, one � particle and two protons, leading to a slightly higher estimated
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cross section of about 700�b.

Besides the individual absorbers, an additional cylindrical Al foil of 24�m

thickness in the forward direction and 12�m thickness at the backward angles

was positioned along the beam axis to stop the scattered beam particles.

The data from the Si-ball telescopes, if present, were acquired together with

the  coincidence parameters. Events were stored in list mode on magnetic tape.

In the o�-line analysis gain matching was performed for �E and E detectors,

with the technique which will be described in section 3.5.3.

Two-dimensional gates were applied in order to select events corresponding to

the detection of protons or � particles in each Si telescope. For each evaporated

light charged particle con�guration, multiple  coincidence events were sorted

into two- and three-dimensional arrays for further analysis. In order to reduce the

Doppler broadening of the lines in the  spectra, an event-by-event kinematical

reconstruction of the trajectory of the recoiling nucleus was performed in the �rst

and second experiments, using the measured light charged particle momenta, as

will be discussed in greater detail later.

The e�ectiveness of ISIS to discriminate between light charged particles is

clearly demonstrated by the E-�E matrix presented in �gure 2.18. This matrix

is obtained by summing o�-line the matrices of the single telescopes after gain

matching. The di�erent loci corresponding to protons and � particles are clearly

visible. It is also possible to identify loci corresponding to multiple hits into the

same detector, for instance 2p or 1�1p. Examining the matrices of the single

telescopes, it appears evident that most of these multiple hit phenomena are

generated within telescopes positioned at forward angles (�gure 2.19), for which

the kinematical enlargement is maximized (as discussed in section 2.3). In this

reaction, the recoil velocity was � � 4%, thus the solid angle covered in the

centre of mass is about 1.5 times and 1.7 times respectively that covered in the

laboratory for evaporated protons and � particles. The experimental intensity

ratio N2p=N1p for the �rst matrix of �gure 2.19 is of the order of 2%, which is
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Figure 2.19: E-�E matrices from ISIS for the reaction 32S (155 MeV) +40Ca.

Top: telescope positioned at forward angle (36Æ). Bottom: telescope positioned

at backward angle (90Æ).
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consistent with our simple expectations, given the size of the detectors.

The e�ectiveness of ISIS in the selection of the reaction channel is illustrated

in �gure 2.20, which shows examples of  spectra where we require coincidences

with various combinations of light charged particles as detected in the Si-ball.

The �rst spectrum is the projection of a  matrix in coincidence with 1 proton.

Here, one can clearly see the transitions of 68Ge, which is populated in the 4p

reaction channel; also other transitions, belonging to intense reaction channels,

such as 65Ga (�3p) and 66Ge (�2p) are quite evident. Requiring the coincidence

with 1�, the transitions of 68Ge disappear, and the transitions belonging to re-

action channels populated through the evaporation of one or more � particles

are enhanced, e.g., 63Ga (2�p), 65Ga, 66Ge. This is clear looking at the second

spectrum, which is the projection of a  matrix in coincidence with 1�. The

coincidence with an additional � particle removes all the transitions belonging to

1�xp channels, enhancing all the transitions belonging to channels populated by

the evaporation of 2�, such as 62Zn (2�2p), 63Ga (2�p) and 64Ge (2�). This is

shown in the third spectrum, which is the projection of a  matrix in coincidence

with 2�. Putting gates on this matrix, corresponding to 64Ge known transitions,

and summing all the spectra after background subtraction, one gets the fourth

spectrum, which shows 64Ge transitions only.

The detection eÆciency of ISIS is, of course, intrinsically less than 100%.

If the probability of multiple hits in each detector is negligible and particles

are emitted with an isotropic distribution, the probability P (F;M) to detect F

identical particles out of M emitted is [Werf78]:

P (F;M) =

 
M

F

!
"F (1� ")M�F (2.8)

where " can be "p or "�, for proton or � detection respectively.

This leads to:

P (F;M)

P (F � 1;M)
=

I;F

I;F�1
=
M � F + 1

F

"

1� "
(2.9)
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Figure 2.20: Sample spectra for the reaction 32S (125 MeV) +40Ca, requiring

the coincidence with various numbers of light charged particles as detected in the

Si-ball. See text for details.
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where I;F is the intensity of a transition, characteristic of a nucleus populated

via the emission of M particles, as measured in a spectrum in coincidence with

F particles.

It is clear that, for low values of the eÆciency, most of the intensity associated

with high values M of particle multiplicity will appear in coincidence with F �M

particles. For instance, assuming "p = 30% and M = 2, only 9% of the events

will appear in coincidence with 2p, while 49% and 42% of the events will appear

respectively in coincidence with 0p and 1p. If "p = 50%, the fractions of events in

coincidence respectively with 0p, 1p, 2p will be 25%, 50% and 25%. Therefore, to

get clean spectra it is extremely important to maximize the detection eÆciency

for particles.

The average total eÆciency value of the ISIS Si-ball extracted from experi-

mental data is about 50% for protons and 40% for � particles, in good agreement

with the expected values of 50% and 45% calculated with a Monte Carlo simula-

tion of the whole Si-ball using the GEANT code [Gade97]. The same simulation

program has been used to optimize the design of the detectors for the EUCLIDES

Si-ball, as described in section 2.7.

The impact of ISIS on the performance of GASP was obtained using 60Co,

152Eu and 133Ba radioactive sources. The absorption of -rays, mainly caused by

the chamber, is relevant only at very low energy, being 50% at 50 keV for the

GASP stainless steel chamber. The absorption of -rays is negligible using the

EUROBALL chamber. The peak/total ratio is a�ected very little, going from

59% (GASP alone) to 53% in the con�guration with the GASP spectrometer

with the ISIS Si-ball.

2.6 Kinematical corrections

Despite the excellent intrinsic resolution of a HPGe crystal, which is approxi-

mately 2 keV for 1332 keV -rays, the performance of -ray spectrometers is often
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limited by the Doppler broadening of lines, due to the fact that photons are emit-

ted in-ight by recoiling nuclei. Starting again from the well-known expression

for the Doppler e�ect:

E 0


= E

p
1� �2

1� � cos#
� E(1 + � cos#) (2.10)

di�erentiating, a �rst order estimate of the broadening of lines induced by the

recoil of the residual nuclei is:������E

E

�����
2

= cos2 # � (��)2 + (� sin#)2 � (�#)2 (2.11)

Thus, it can be seen that the loss of resolution comes from two components,

originating from the dispersion in the recoil velocity � and in the angle # between

the direction of the -ray and the direction of the recoiling nucleus. The �nal

e�ect for typical recoil velocities in fusion-evaporation reactions (� � 1{4%) can

easily be of the order of magnitude of the intrinsic resolution of the germanium

crystal, or even larger.

One source of uncertainty for the angle # is the �nite, non-negligible opening

angle of the -ray detector. The interactions of the recoils with the atoms of the

target foil induce a spread both in the recoil velocity and in its direction (within

the so-called recoil cone), inuencing the �nal resolution.

A signi�cant cause of loss of resolution in fusion-evaporation reactions comes

from the way the residual nuclei themselves are produced, that is, via evaporation

of light particles from the compound nucleus. Since momentum is conserved, the

evaporation of particles induces a further spread in the velocity of the residual

nuclei and in their direction. The e�ect can be signi�cant, especially for relatively

light nuclei with A � 80 populated via evaporation of more than one � particle.

The conservation of momentum says that:

~pR = ~pCN �
nX
i=1

~pi (2.12)

where n particles are evaporated from the compound nucleus. Being:

E 0


= E

 
1 +

~vR

c
� ~d

!
(2.13)
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Figure 2.21: Sample spectra for the reaction 32S (155 MeV) +40Ca, without and

with kinematical correction. See text for details.
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where ~d is the unit vector in the direction of the emitted -ray, the expression

of the observed energy E 0


taking into account the emission of light particles is:

E 0


= E

0
@1 +

mCN

mR

~vCN � ~d
c

�
nX
i=1

mi

mR

~vi � ~d
c

1
A (2.14)

Detecting the evaporated light charged particles it is possible to perform an

event-by-event reconstruction of the velocity of the recoiling nucleus, thus allow-

ing a more precise correction of the Doppler e�ect [Sewe94]. The e�ect of this

reconstruction is twofold, improving both the e�ective resolution of the detectors

and the peak-to-total ratio. This is equivalent to an increase in the resolving

power of the -ray spectrometer, which, combined with the selectivity o�ered

by the coincidence with charged particles, allows to study nuclei populated with

smaller and smaller cross sections.

In practice, with ISIS it is not possible to get a precise energy measurement

for the light charged particles. This is for two reasons, namely:

1. The fraction of energy lost by the particles in the absorbers is not known a

priori; it can be estimated through detailed Monte Carlo calculations.

2. The E detectors are too thin to stop high-energy protons fully at the forward

angles.

For these reasons, using ISIS it is not possible to use directly the measured

particle energy, a mean value depending on the angle is used instead, optimizing

this mean value with successive approximations. Despite its empirical nature, the

method produces good results. Compare for instance the spectra in �gure 2.21,

obtained with the reaction 32S + 40Ca at 155 MeV of beam energy requiring the

coincidence with 2 � particles and two protons in order to enhance the transitions

of 62Zn. For all of the spectra the additional coincidence with the 557 keV and

the 954 keV 62Zn transitions is required. The resolution for the 1232 keV line is

20 keV without correction and 13 keV with correction. The corresponding values

for the 1341 keV line are 24 keV and 13 keV. Notice how only with the kinematical
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reconstruction the triple peak at 1160, 1177 and 1197 keV is properly identi�ed

as a triplet.

2.7 Future developments: the EUCLIDES Si-

ball

2.7.1 Limitations of the design of ISIS

The performance obtained with ISIS is at the limit of what can be obtained using

telescopes with individual frames for each crystal. This solution is interesting

from the economic point of view, because, in case of damage, it is possible to

replace a single crystal and there is no need to replace the telescope as a whole,

but it leads to large spaces between nearby detectors and, most important of all,

to large spaces between the two crystals composing a telescope.

Consider the spectra obtained with �E detectors and displayed in �gure 2.22.

In each part of the �gure, two spectra are drawn, requiring respectively a co-

incidence and an anticoincidence with the corresponding E detector. When the

telescope is positioned at backward angles, the shape of the anticoincidence spec-

trum is characteristic. In this case, due to the forward kinematical focusing of

the evaporated particles, the particles do not arrive at the E detector, because

their energy is too low and they can not pass the �E.

The shape of the anticoincidence spectrum when the telescope is positioned at

forward angles is clearly di�erent: superimposed over the \stopped" component,

there is a component that closely resembles the shape of the corresponding co-

incidence spectrum. This component corresponds to particles that pass through

the �E detector, but miss the E detector. The crystals of the �E and of the E

have the same size, but the E crystal is positioned farther from the target posi-

tion, therefore it covers a smaller solid angle and particles can enter the �E solid

angle without entering the E solid angle. This e�ect is more evident at forward
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Figure 2.22: Spectra for �E detectors positioned at various angles, requiring

the coincidence or the anticoincidence with the corresponding E detector. See

text for details.
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angles because the energies of the particles are higher and because the \escape

solid angle" is larger in the centre of mass due to the kinematical enlargement

(the centre of mass is moving in the forward direction).

The kinematical enlargement of solid angles is a source of further problems.

Since the centre of mass solid angle of forward detectors is too large, there are

too many multiple hit events. Furthermore, with large solid angle detectors the

beam current should normally be limited, because otherwise there will be too

many events a�ected by pile-up. This limitation is often unnecessary from the

point of view of the -ray spectrometer.

2.7.2 The design of EUCLIDES

Extensive Monte Carlo simulations of ISIS were performed [Gade97] in order

to design an improved version of the Si-ball. The simulations were performed

with the GEANT code [gean93], de�ning the whole ball. The particle spectra in

the centre of mass are produced with the CASCADE code, and event-by-event

transformation to the laboratory frame is produced with simple kinematics.

The new Si-ball that was designed and that is entering operation is the EU-

CLIDES Si-ball, a European project aimed at building a high-performance Si-ball

for the EUROBALL spectrometer.

The simulations helped to con�rm what was already evident from what we

mentioned previously, that is, the mechanical arrangement should be changed in

order to put closer both the detectors composing a telescope and the telescopes

themselves. Furthermore, the forward positioned detectors should cover smaller

laboratory solid angles with respect to the backward positioned detectors.

Since there was no way to reduce the distance between the detectors with

traditional, individual frames, it was decided to attempt a new technique (�g-

ure 2.23). The experience with ISIS showed that normally, following the radiation

damage, the two crystals of a telescope worsen their performance over similar time

scales, so that the telescope is generally replaced as a whole instead of replacing
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Figure 2.23: Diagram of the new telescopes of EUCLIDES.

the crystals individually. Supported by the good quality of the detectors provided

by Micron Semiconductors Ltd., it was decided to glue together the crystals of a

telescope, keeping them separated by small Kapton spacers about 100�m thick.

The extreme solution of glueing together the crystals without spacers is not fea-

sible, for electrical reasons (the glue could give rise to surface contamination and

to high surface currents) and for mechanical reasons (leaving little space for air

leakage would unreasonably increase the risk of damage during the pumping).

The solution adopted presents the clear disadvantage that in case of damage or

failure of only one of the crystals, both are lost, being very hard to detach the

crystals one from the other.

The adopted mechanical arrangement would lead to a very small distance

between the biased face of the �E detector and the grounded face of the E

detector, with a rather high possibility of sparks between these faces. To reduce

this risk, it was decided to \ip" the �E detector, so that its grounded face would

be close to the E grounded one. In this way, the �E can also be used to perform

pulse shape discrimination [Paus92], increasing the discrimination eÆciency for
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Figure 2.24: Scheme of the segmentation of the EUCLIDES forward detectors.

the particles that stop inside the �E.

In order to keep the telescopes as close as possible, it was decided to avoid

using frames on the border of the detectors. This is clearly dangerous, because

some dirt on the border could develop a low-resistivity current path, making it

impossible to polarize the detector, however it is the only feasible solution to

increase the eÆciency.

In order to cover a smaller laboratory solid angle with the forward positioned

detectors, it is not convenient to use smaller detectors, because this would increase

unnecessarily the dead areas at the borders, decreasing the detection eÆciency.

Therefore, the best solution was to electrically segment the forward detectors.

This would allow the detectors to withstand higher counting rates, keeping the

pileup rate low at the same time, and would reduce the number of multiple hit

events. Moreover, a reduced segment size would allow a better determination of

the direction of the particles, leading to an improved kinematical reconstruction

of the trajectory of the recoiling nucleus.

The number of segments per detector arises from a compromise between the

economic possibilities (each segment requires an electronics channel, which is

usually more expensive than the single detector!) and the physics requirements.
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Figure 2.25: Schematic design of the EUCLIDES detector array. In the leftmost

picture, the segments are drawn and a zero-degree detector is added. In the

rightmost picture, the detector frames are sketched and the zero-degree detector

has been removed.

The experience with ISIS and EUROBALL shows that the limiting factor for the

counting rate is the most forward Si detectors, and normally the beam current

has to be reduced by a factor 3{4 with respect to what could be accepted by

the Ge detectors only. Therefore, a reasonable segmentation would divide the

forward detectors into 3 or 4 parts. To simplify the kinematical reconstruction,

each segment should cover approximately the same angular range as the others.

Various segmentation designs were tried in the simulation. The adopted one

divides the pentagons in three segments and the hexagons in four (�gures 2.24,

2.25). It was not possible to divide the hexagons in three parts, because in

this way one segment always covered an angular range double that of the others

(�gure 2.26). In the �nal arrangement presently planned, only the two most

forward rings of detectors will be segmented. The segments of the second ring

will be short-circuited in pairs, providing a reasonable compromise between the
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Figure 2.26: Simulated angular coverage of the segments for the hexagonal

detectors (segmented into three parts). One segment always covers twice as

much # angle range than the other two segments.
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Figure 2.27: Con�guration of the electric �eld inside an ion-implanted Si de-

tector as the ISIS detectors.

optimal angular coverage and the cost of the associated electronics.

2.7.3 Pulse Shape Discrimination with Silicon detectors

At this point, it is worthwhile to review shortly the technique used to achieve

particle discrimination with single silicon detectors which has been developed

by Pausch and co-workers [Paus92, Paus94, Paus95]. The basic idea is that the

detailed shape of the pulse depends on the kind of incoming particle, due to the

fact that heavier particles produce a higher charge carrier density along their

track, and their range inside the detector is shorter. Heavy particles produce a

high-density plasma column of electron-hole pairs along their track, inside which

the charges cannot feel an external electric �eld. The plasma erosion time to
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dissolve the column is, according to the model proposed by England and co-

workers [Engl89], proportional to the electronic stopping power, and therefore it

is indicative of the incoming particle species. The pulse shape di�erence can be

enhanced by reversing the detector with respect to the usual mode of operation,

that is putting its biased face in the direction of the incoming particles. Since

heavier ions will produce ionization close to the biased face of the detector, that

is in a low-�eld region (�gure 2.27), the shape of the pulse will be dominated by

the migration of holes to the grounded face. A two-dimensional plot of the centre

of gravity of the time signal versus the deposited energy allows clear particle

discrimination (see for instance �gure 2.28). The quality of the discrimination,

however, degrades with diminishing released energy.

2.7.4 Particle discrimination with EUCLIDES

Since the �E detectors of EUCLIDES are placed in a reversed con�guration,

various techniques for particle discrimination will be employed depending on the

energy range.

High-energy particles entering the E detector will be discriminated using the

conventional telescope technique, through the analysis of �E �E bidimensional

plots.

Particles stopped in the �E crystal and releasing an energy greater than

7 MeV (that is, twice as much the maximum energy released by a proton within

the �E crystal), will be identi�ed as � particles, given the negligible proba-

bility for triple hit. For particles stopped in the �E crystal and releasing less

than 7 MeV, the pulse shape technique introduced in the previous section will be

employed.

To this end, a special CAMAC module was developed [Busc99], called the

Silicon Shaper Analyzer (�gure 2.29). Each module hosts a single channel and

provides the gaussian ampli�cation of the signal from the charge preampli�ers,

together with the standard Constant Fraction Discriminator timing and with the
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Figure 2.28: Sample energy versus risetime matrix obtained with one 500�m

thick silicon detector operated in a \reverse" con�guration. The reaction is 58Ni

(375 MeV) + 58Ni. It is possible to distinguish heavy ions up to 16O.

pulse shape information.

2.7.5 A special set-up to measure lifetimes: ISIS+Plunger

and EUCLIDES+Plunger

Using arrays of collimated germanium detectors, like GASP or EUROBALL,

direct measurements of lifetimes in nuclei populated with weak intensities in

fusion-evaporation reactions are impossible if the channel selectivity was achieved

by direct detection of the recoiling nuclei, due to the necessity to use a thin target.
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Figure 2.29: Block scheme of the Silicon Shaper Analyzer module, specially

designed for EUCLIDES.

Lifetimes measurements with the Doppler Shift Attenuation method however

can bene�t of the channel selectivity o�ered by high-eÆciency light charged par-

ticle detection, such as the one provided by ISIS or EUCLIDES.

The technical diÆculties of providing channel selectivity in experiments us-

ing the Recoiling Distance Doppler Shift method [Alle75] have been overcome

only recently by the Gamma Spectroscopy group of the Laboratori Nazionali di

Legnaro, in close collaboration with the University of K�oln group lead by Prof.

von Brentano and Dr. Dewald. Due to the kinematical focussing, the backward

positioned detectors contribute little to the overall detection eÆciency, thus it is

possible to dismount them, leaving space for the structure of the K�oln plunger

device [Dewa98].

Two set-ups have been constructed, coupling the plunger device to 25 out of

40 detectors of ISIS, which was used in one experiment with the GASP array,

and to 15 out of 40 detectors of EUCLIDES (�gure 2.30), which was used in

two experiments with the EUROBALL IV array. At present, these are the only

experiments in which the EUCLIDES detectors were employed, the EUCLIDES

campaign at EUROBALL having been delayed because of problems with the
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Figure 2.30: Picture of the EUCLIDES+K�oln plunger set-up, mounted on EU-

ROBALL IV at IReS Strasbourg.

Vivitron accelerator.
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Chapter 3

In-beam study of the 64Ge

nucleus

In the following two chapters we are going to present the experimental results on

64Ge that were obtained during the current work. A detailed description of the

analytical procedure will be given together with the results. This chapter will be

devoted to the construction of the decay scheme, while in the next one we will

concentrate on the determination of the lifetimes.

3.1 The experiments

The decay scheme for the 64Ge nuclei was deduced from three sets of data collected

during three experiments at the Laboratori Nazionali di Legnaro, in which a 32S

beam was accelerated by the Tandem XTU accelerator and subsequently �red on

a 40Ca target to produce fusion-evaporation reactions.

In the �rst experiment, a stack of two thin targets (500�g/cm2 each) was

used to enhance the resolution of the transitions between the high-spin states of

64Ge, which have a very fast decay and therefore are emitted in-ight. The beam

energy was 125 MeV, thus 64Ge was populated via the evaporation of 2� particles.

The -rays were detected with the GASP spectrometer and the evaporated light

75
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charged particles were detected with the ISIS Si-ball.

In the second experiment, a stack of two thin targets was again used and

the -rays were detected with the EUROBALL spectrometer coupled to the ISIS

Si-ball to achieve channel selection. This time, the beam energy was 155 MeV,

leading to an increased population cross section for 64Ge via the evaporation of

1�2p2n (see section 3.2).

In the third and last experiment, the EUROBALL spectrometer was coupled

to the ISIS Si-ball and to the highly eÆcient neutron-Wall described in [Skep99].

Again the 40Ca(32S, 2�) reaction at 125 MeV beam energy was employed, but

this time a 1 mg/cm2 40Ca target was evaporated on a 12 mg/cm2 gold backing.

In the rest of this chapter, we will concentrate on the analysis of the set of

data from the last Legnaro experiment.

3.2 Choice of the beam energy

The optimal beam energy was chosen on the basis of calculations performed

with the statistical code CASCADE [Puhl77] and of the experience of previous

experiments.

In �gures 3.1, 3.2, 3.3 we present the theoretical excitation functions for the

nuclei populated by �ring a 32S beam on a 40Ca target, calculated with CAS-

CADE. The calculations were not optimized and were used simply as an approx-

imate reference to understand the characteristics of the reaction.

The population cross section for 64Ge is predicted to reach a maximum value

of about 3 mb at 155 MeV beam energy. This value is orders of magnitude smaller

than the population cross section for many competing channels such as, for in-

stance, 63;64;65Ga, 65;66;67;68Ge, 62;63;64Zn. The calculated population cross section

for 64Ge as a function of the beam energy (�gure 3.1) presents a local maximum

at about 105 MeV, then it decreases up to 115 MeV where it starts increasing

again. This corresponds to two di�erent population paths, via evaporation of
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Figure 3.1: Population cross sections for the reaction 32S + 40Ca, calculated

with the evaporation code CASCADE.
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Figure 3.2: Population cross sections for the reaction 32S + 40Ca, calculated

with the evaporation code CASCADE.
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Figure 3.3: Population cross sections for the reaction 32S + 40Ca, calculated

with the evaporation code CASCADE.
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2� particles from the compound nucleus 72Kr� at low energy and via evaporation

of 1�2p2n at higher energy.

Experimentally, it is convenient to populate the 64Ge nuclei at a lower beam

energy even if the population cross section is lower, because the detection in

coincidence of -rays and � particles provides a better channel selectivity than

the simultaneous detection of -rays and protons. The �nal beam energy of

125 MeV was chosen on the basis of previous experiments performed in the 64Ge

region. To be convinced that at 125 MeV beam energy 64Ge is populated via

evaporation of 2� particles (and not via the evaporation of 1�2p2n), consider the

spectra presented in �gures 3.4 and 3.5. The spectra were obtained at 125 MeV

beam energy, gating on the 1665 keV 64Ge transition, respectively in coincidence

with 1�0p0n, 1�1p0n, 1�2p0n, 2�0p0n as detected by ISIS and by the n-Wall.

The characteristic transitions of 64Ge, like the 902 keV 2+ ! 0+ transition, are

visible only in the �rst and in the last spectrum, suggesting that 64Ge is not

signi�cantly populated via the evaporation of 1�2p2n at 125 MeV beam energy.

3.3 Previous work on 64Ge

Before the present work, the best source of information on 64Ge was the work

by Ennis and co-workers [Enni91]. Their deduced level scheme is presented in

�gure 3.6. Four rotational-like bands can be observed, extending up to a tentative

spin I� = (13�) and to about 8 MeV excitation energy. Although their data were

rather clean, the statistics was not suÆcient to extract multipolarities for most

of the transitions, thereby spin and parity assignments to most of the levels are

tentative.

Using the data from the GASP experiment (which were presented in [deAn98])

a new positive-parity band was found, extending slightly higher in energy, reach-

ing a tentative spin I� = (16�) and an excitation energy of almost 10 MeV. The

level scheme is presented in �gure 3.7. The quality of the data was such that a
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Figure 3.4: Top: spectrum obtained gating on the 1665 keV transition in a 

matrix in coincidence with 1�. Bottom: same, in coincidence with 1�1p.
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Figure 3.6: Previously known level scheme of the 64Ge nucleus. Taken from

Ennis et al. [Enni91].

DCO analysis was feasible. However, due to the limited statistics only spins were

assigned to the levels, with the parities assigned on the basis of the systematics.

3.4 The EUROBALL -ray spectrometer

The EUROBALL -ray spectrometer [Gerl92] is the �nal result of a European

collaboration to construct a powerful instrument, able to improve by orders of

magnitude the observational limit of the previous-generation arrays.

In the con�guration used at Legnaro, EUROBALL III was composed of 239

germanium crystals, arranged in the following way (�gure 3.8):

� 30 large eÆciency single-crystal detectors (Phase I), covering the forward

� of the total solid angle;
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Figure 3.8: Pictorial side view of the EUROBALL array.

� 26 Clover detectors [Beck94, Duch99], each composed of 4 crystals, covering

the central 2�;

� 15 Cluster detectors [Eber92, Eber96], each composed of 7 crystals, covering

the backward �.

Each of the detectors has its own anti-Compton shield. The composite detectors

of EUROBALL o�er the possibility to perform the addback [Gerl92]: the signals of

the neighbouring crystals of a same detector can be summed together if their anti-

Compton shield did not �re in coincidence. This allows to increase considerably

the photopeak eÆciency for high-energy -rays. The total photopeak eÆciency

is of the order of 10% when considering a single 1.33 MeV photon and drops to
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� 6% when �ring a cascade of 30 photons of the same energy.

Such a large number of electronic channels could not be sensibly managed

using commercial NIM or CAMAC electronics, therefore the collaboration has put

a large e�ort into the development of a devoted electronic system, adopting the

VXI standard for the modules [vxib89]. Each of the modules provides linear and

logical electronics for many germanium channels [Gerl92]: the card for the Phase

I detectors hosts 12 channels, the card for the Clovers hosts 5 channels, the card

for the Clusters hosts 8 channels. Each electronics channel includes also an ADC

and a TDC, thus performing direct digitization of the processed pulses. Similar

cards have been developed for the BGO anti-Compton shields. Each shield is

segmented in many parts and the signals from the individual photomultipliers

are processed individually. The set-up of the whole electronics is performed via

software and the con�guration can be saved and recovered in case of power losses.

Due to the high photopeak eÆciency of EUROBALL, the counting rate for

typical fusion-evaporation reactions is expected to be very high, therefore an ac-

quisition system has also been developed [Bara97], which is able to process a

very high data ux (of the order of 20 MB/s). The whole of the electronics for

the germanium detectors is arranged into 9 crates, divided into 3 racks. For

each crate, there is a ReadOut COntroller (ROCO), performing the readout of

the ADC and TDC channels. Three Event Collector cards (one for each rack)

perform the data readout from the racks; each one is equipped with a Hardware

Histogramming Unit (HHU). The spectra built with this unit reect the data

before the super-event construction. The subevents produced by the event col-

lectors are sent through an optical �bre net to the Event Processor Farm (EPF),

where the super-event is built. The EPF accepts raw data as input, producing the

formatted data to be written on tapes and pre-formatted data which are passed

to the Event Spy Farm (ESF) for further processing. The EPF can also produce

classi�cation spectra sending data to the Histogram Server (HS), allowing the

online storage of pre-sorted spectra. The ESF basically performs user-de�ned
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Figure 3.9: Block scheme of the EUROBALL data acquisition system.
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controls over the pre-processed data, allowing the user to check the validity of

the acquired data. The operations that the EPF and the ESF should execute

are de�ned through programs written in the Neo++ language, adding libraries

devoted to the detector de�nition to the standard C++ libraries. This allows

exibility of use and easy adaptation to the various user requirements.

3.5 The analysis

In this section we will describe the analysis procedures that have been used to

analyze the data coming from the EUROBALL experiment.

3.5.1 Structure of the data

Data were written on tape in list mode. In list mode, every time that a new event

occurs, the signals from each detector which �res are digitized and written on

tape, together with a number identifying the detector. In our case, the occurrence

of a new event is determined by the conditions de�ned in the farm program (see

section 3.4). These conditions are typically that a minimum number of detectors

�re in coincidence within a �xed time window.

Usually, data on tapes are arranged in �les, each one of which is called a run.

In our case, runs were kept as short as possible to minimize the risk of electronics

drifts, but care was taken to gather enough statistics in each run to perform a

good gain-matching later in the o�-line analysis.

Tapes were read using the GSORT program [Bazz97]. This is a general-purpose

sorting program, which accepts pre-de�ned commands written in a command

�le. User-written subroutines can be implemented in the program to perform

special operations. Using this program, raw data can be re-arranged in one-, two-

and three-dimensional, ordered structures for the following steps of the analysis.

Such structures are usually called spectra, matrices and cubes. In the rest of the

analysis, such structures were handled using the TRACKN and the CMAT programs
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of the GASP data analysis package [Bazz97].

3.5.2 Calibration of the -ray detectors

Using an array of many -ray detectors it is very important to have the possibility

to sum together the data coming from di�erent detectors. Therefore, the gains

of the electronic chains associated with each detector have to be aligned. This

process is called the gain matching . Even the gain of a single detector may change

in time due to instabilities of the electronics, so that each run of each detector

has to be matched to a reference run. In our case, to ensure a better energy

calibration, the last in-beam run was chosen, since it was the closest in time to the

runs taken with radioactive sources (see below). This minimized the risk of drifts

of the electronics in between. Tapes were read o�-line to produce projections for

each detector and for each run, that is one-dimensional spectra without further

conditions. The projections were subsequently analyzed to produce the alignment

coeÆcients matching each run to the last run. At this stage, the seven capsules

composing a Cluster and the four crystals composing a Clover were still treated

as independent detectors.

After this process, an absolute energy calibration has to be found to deduce

energies for the -ray transitions and for the levels. Therefore, runs with standard

radioactive sources of 152Eu and 56Co were taken. Absolute energy calibration

coeÆcients for each detector were obtained �tting the source spectra. They were

later combined with the alignment coeÆcients to ensure absolute energy calibra-

tion for each detector and for each run.

3.5.3 Calibration of the silicon detectors

In this experiment, the silicon detectors were simply used to identify the kind

of incoming particles, thereby an absolute energy calibration was not necessary.

Nevertheless, a gain matching was performed to simplify the further analysis.
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Figure 3.10: Schematic procedure for the second-order recalibration of the �E

detectors. The resulting spectrum is shown in a linear-log scale.

As a �rst step, a short in-beam run was taken, sending a precision pulser

signal into the preampli�ers, with six di�erent amplitudes. In this way it was

possible to align the electronic chains for all of the 80 detectors, producing a set

of alignment coeÆcients. Since the electronics for the Si-ball was quite stable and

very high precision was not needed, these same coeÆcients were used to align all

of the runs. It should be pointed out is that it is not possible to perform the pulser

calibration o�-beam. In fact, the preampli�ers of ISIS are of the charge-sensitive

type, thus their output signal is proportional to the collected charge:

V =
Q

C
(3.1)

This implies that any variation in the detector capacitance will reect on the

amplitude of the signals. Since the capacitance of the detectors varies with the

temperature and with the reverse current, depending on the ux of incoming

particles, an o�-beam pulser alignment would not produce precise results.

After the electronics alignment, a second-order recalibration is needed for the

�E detectors. In fact, the amplitude of the signals depends on the e�ective
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Figure 3.11: Crossover time versus Time-of-ight+Crossover time matrix from

a detector of the EUROBALL n-Wall. The reaction is 32S (125 MeV) + 40Ca.

thickness of the detector. Small variations in the thickness of the detectors lead

to negligible variations in the signal amplitudes for the E detectors, since their

average thickness of 1 mm is much larger than such variations (of the order of a few

micrometers). The situation is quite di�erent for the �E detectors, whose average

thickness is about 130�m. The second-order recalibration begins producing a

E��E matrix for each telescope, using the �rst-order recalibration coeÆcients.

Then, each matrix is \cut" in a direction parallel to the �E axis, as shown in

�gure 3.10. The resulting one-dimensional spectra present two prominent peaks,

corresponding to the intersection with the proton and with the � particle loci.

These two peaks can be used to deduce linear shift coeÆcients, which, combined

with the �rst-order recalibration coeÆcients, achieve the �nal gain matching for

the �E detectors. The results are quite reasonable, as already shown in chapter 2.

Therefore, for each particle species the same bi-dimensional gate could be applied

to all of the telescopes.
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3.5.4 The neutron-Wall

As mentioned previously, in this experiment EUROBALL was used together with

an array of neutron detectors. Referring for the detailed description of the ar-

ray to [Skep99], here we will simply recall that it was composed of 15 three-fold

segmented detectors containing liquid scintillator, each of them read indepen-

dently by three photomultiplier tubes. The detectors were mounted in place of

the forward 1� of EUROBALL.

In the case of the neutron-Wall, no recalibration nor gain matching were

performed. The cleanest -neutron discrimination is achieved examining a zero-

crossover time (n1) versus time-of-ight + zero-crossover time (n0) matrix, like

the one shown in �gure 3.11. A gain matching was attempted but subsequently

discarded, since it turned out that the \spots" corresponding to neutrons in

the n0-n1 matrices could not be superimposed with suÆcient precision. Since

the probability of interaction of a -ray with the neutron detectors is larger

than the probability of interaction of a neutron, it was sensible to keep the bi-

dimensional neutron gates as narrow as possible to reduce the contamination

coming from -rays detected in the neutron detectors. Therefore, we preferred

to apply individual bi-dimensional gates for each element of the neutron-Wall

[Gade99].

3.5.5 The sort

Having calibrated or gain-matched the -ray and the particle detectors, the tapes

were once again read to sort the data into matrices and cubes on disk, thereby

allowing easy access to the data and simplifying the further analysis. A matrix

is a bi-dimensional histogram where each axis corresponds to a de�ned quantity,

such as the signal of a particular class of detectors or a combination of signals.

For instance, a  matrix is generated by histogramming on one axis the signal

of any -ray detector and on the other axis the signal of whatever -ray detector
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�res in coincidence with the �rst one.

Various matrices and cubes were produced with di�erent conditions on the

-ray detectors and on the particle multiplicity. These matrices were used in the

following analysis. At this stage, the addback was performed.

3.6 Channel selection

As mentioned previously, the population cross section for 64Ge was smaller than

those of many other reaction channels. Therefore, it was not possible to study

its structure using -ray detectors only.

Consider the �rst spectrum shown in �gure 3.12, which is the projection of

a  matrix without conditions on particles. No 64Ge -ray is evident in the

projection. A gate on the 1665 keV transition leads to the second spectrum of

�gure 3.12, where again none of the prominent lines can be attributed to 64Ge,

all of them belonging to intensely populated channels and entering the gate by

random coincidence. The transitions of 64Ge are visible but are extremely weak.

The number and the intensity of lines belonging to other nuclei means that this

spectrum is not useful to reconstruct the 64Ge decay scheme. For this purpose,

spectra with lower statistics but cleaner channel selection are needed.

In order to identify the transitions of 64Ge, the coincidence with particles was

used. Requiring the coincidence with one � particle as detected in the Si-ball,

the transitions of 64Ge begin to appear, as shown in �gure 3.13. Gating on the

1665 keV transition, one gets the second spectrum of �gure 3.13, where only 64Ge

-rays can be identi�ed.

The coincidence with two � particles is even a stronger condition and the

64Ge transitions are evident in the projection of the matrix (�gure 3.14). The

additional coincidence with the 1665 keV line leads to a very clean spectrum,

although with a low number of counts. Similar results are obtained adding the

anticoincidence with neutrons.
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Figure 3.12: Top: projection of a  matrix without conditions on particles.

Bottom: spectrum obtained gating on the 1665 keV transition on the same ma-

trix.
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Figure 3.13: Top: projection of a  matrix in coincidence with an � parti-

cle. Bottom: spectrum obtained gating on the 1665 keV transition on the same

matrix.
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Figure 3.14: Top: projection of a  matrix in coincidence with two � parti-

cles. Bottom: spectrum obtained gating on the 1665 keV transition on the same

matrix.
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64Ge (2�) transitions, gate on 528keV

E (keV) I(1�) I(2�) "� (%)

848 1131 208 26:9� 2:0

873 1412 428 37:7� 2:1

902 3370 765 31:2� 1:2

1127 2566 545 29:8� 1:4

1151 2407 509 29:7� 1:5

1665 1731 365 29:6� 1:7

63Ga (2�1p) transitions, gate on 649 keV

E (keV) I(1�) I(2�) I(1p) I(1�1p) I(2�1p)

443 2979 576 1354 1367 317

625 15534 2878 11271 7502 1416

1077 45942 8570 30093 22631 4248

1140 55979 10499 34308 27590 5196

1772 42961 8114 27715 20991 4111

63Ga (2�1p) transitions, gate on 649 keV

E (keV) "�(2�� �) "�(2�p� �p) "�(�p� 0�p)

443 27:9� 1:2 31:7� 2:0 33:2� 1:8

625 27:0� 0:5 27:4� 0:8 25:0� 0:4

1077 27:2� 0:3 27:3� 0:5 27:3� 0:2

1140 27:3� 0:3 27:3� 0:4 28:7� 0:2

1774 27:4� 0:3 28:1� 0:5 27:4� 0:3

63Ga (2�1p) transitions, gate on 649 keV

E (keV) "p(2�p� 2�) "�(�p � �0p)

443 35:5� 2:5 43:2� 1:8

625 33:0� 1:1 39:9� 0:6

1077 33:1� 0:6 42:9� 0:4

1140 33:1� 0:6 44:6� 0:4

1774 33:6� 0:6 43:1� 0:4

Table 3.1: Measured peak areas and deduced light particle eÆciencies for some

characteristic transitions in 64Ge and 63Ga.
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65Ge (1�2p1n) transitions, gate on 111 keV

E (keV) I(1�) I(1�1p) I(1�2p) I(1�1n) I(1�1p1n) I(1�2p1n)

519 10019 8318 1620 3283 2779 721

863 13906 12355 2276 4318 3963 1003

1104 11212 10006 1864 3367 3259 843

1255 7446 6496 1181 2363 2152 489

1356 6098 5266 932 2074 1792 396

65Ge (1�2p1n) transitions, gate on 111 keV

E (keV) "p(�2p� �p) "p(�2pn� �pn) "p(�n� �0pn) "p(�p� �0p)

519 28:0� 0:8 34:1� 1:4 29:7� 0:8 29:1� 0:4

863 26:9� 0:6 33:6� 1:2 31:5� 0:7 30:8� 0:4

1104 27:1� 0:7 34:1� 1:3 32:6� 0:8 30:9� 0:4

1255 26:7� 0:8 31:2� 1:5 31:3� 0:9 30:4� 0:5

1356 26:1� 0:9 30:6� 1:7 30:1� 0:9 30:1� 0:6

65Ge (1�2p1n) transitions, gate on 111 keV

E (keV) "n(2�p� 2�) "n(�p� �0p) "n(�p� �0p)

519 30:8� 1:4 25:0� 0:5 24:5� 0:5

863 30:6� 1:2 24:3� 0:4 23:7� 0:4

1104 31:1� 1:3 24:6� 0:5 23:0� 0:5

1255 29:3� 1:6 24:9� 0:6 24:1� 0:6

1356 29:8� 1:8 25:4� 0:7 25:4� 0:6

Table 3.2: Measured peak areas and deduced light particle eÆciencies for some

characteristic transitions in 65Ge.
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67Ge (4p1n) transitions, gate on 1327 keV

E (keV) I(3p) I(4p) "p

420 672 178 51:4� 4:3

734 1312 273 45:4� 3:0

996 2312 424 42:3� 2:2

1240 1678 433 50:8� 2:7

Table 3.3: Measured peak areas and deduced light particle eÆciencies for some

characteristic transitions in 67Ge.

3.7 Detection eÆciency for particles

As discussed in section 2.5, since the eÆciency of the light particle detectors is

intrinsically lower than 100%, the gates on light particles will not be absolutely

\clean". In other words, a channel populated via emission of M identical particles

will have a nonzero probability to be observed in coincidence with M � 1, M � 2,

. . . , 1, 0 particles as detected by the light particle detectors. Such leakage of

higher-particle-fold channels into a given channel provides a way to determine

experimentally the detection eÆciency.

Starting from the expression of [Werf78] for the probability P (F;M) of de-

tecting F identical particles out of M emitted:

P (F;M) =

 
M

F

!
"F (1� ")M�F (3.2)

we get:

P (F;M)

P (F � 1;M)
=

I;F

I;F�1
=
M � F + 1

F

"

1� "
(3.3)

where I;F is the intensity of a transition, characteristic of a nucleus populated

via the emission of M particles, as measured in a spectrum in coincidence with

F particles. In practice, it may be diÆcult to identify the lines in the projection

of a matrix and it may be necessary to gate on a given transition. This leads to a
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factor "ph(Egate) at the numerator and at the denominator, which cancels leaving

the expression unaltered.

The results for the EUROBALL experiment are summarized in tables 3.1, 3.2

and 3.3.

The various estimates suggest that "� ' 30%, "n ' 25%. Notice that this

implies that about 40% of the statistics for 64Ge will be seen in coincidence with

1� particle and only 10% of the statistics will be seen in coincidence with 2�

particles. This justi�es the fact that in the analysis it was often preferred to

look at the 1� matrix rather than at the 2�, even if the former was somewhat

\dirtier" than the latter.

The situation for the protons is somehow di�erent. Looking at the 65Ge

(�2p1n) transitions, the best estimate is "p ' 35%, while looking at the 67Ge

(4p1n) transitions one gets "p ' 50%. This discrepancy may be attributed to a

di�erence in the center-of-mass spectra of the protons in the two cases, leading to

a lower average proton energy in the case of 65Ge and thereby to a larger fraction

of protons stopped in the absorber foils and in the �E detectors.

3.8 Construction of the level scheme

The level scheme deduced from the EUROBALL experiment is shown in �g-

ure 3.15. It was obtained by investigating two  matrices in coincidence respec-

tively with one and two � particles as detected in the Si-ball. Some ambiguities

were solved looking at the intensities, DCO ratios (see section 3.10.1), angular

distributions (see section 3.11.3), polarization (see section 3.12) and at the sys-

tematics.

The following aspects should be pointed out:

� The I� = 5� level at 3718 keV excitation energy is de-excited by three

-rays of 1665 keV, 747 keV and 1048 keV which were all observed in En-

nis' experiment. However, due to the limited statistics, in their work the
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Figure 3.15: Level scheme for the 64Ge nucleus, as deduced from the EU-

ROBALL experiment. The widths of the arrows are proportional to the intensities

of the transitions. The dashed transitions were seen in the GASP experiment but

not in the present EUROBALL experiment.
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Figure 3.16: Spectrum obtained gating on the 528 keV transition on a  matrix

in coincidence with two � particles. The 1048 keV transition is clearly visible.

1048 keV transition was incorrectly placed, depopulating a 5+ level at al-

most the same excitation energy as the 5�. Our data clearly prove the

coincidence between the 528 keV and the 1048 keV -rays, which would be

impossible if the latter did not depopulate the 5� level (see �gure 3.16).

� The order of the 1234 keV-1820 keV transitions cannot be uniquely deter-

mined by the  data. The same happens for the 2206 keV-848 keV tran-

sitions. The �nal order was assigned on the basis of the systematics and

of the multipolarity determinations, suggesting that the 1234 keV and the

2206 keV transitions link states with a �I = 1 spin di�erence (see sec-

tions 3.10.1 and 3.11.3).

� Many previously known transitions are not directly observed in the EU-

ROBALL data. These include the cascade above the 4+ level at 2053 keV

and the cascade above the 9� at 5373 keV excitation energy. Another

1187 keV transition was tentatively placed above the 14(+) level on the basis

of the GASP data. It is also invisible in the EUROBALL data, suggesting
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quite a fast decay.

3.9 Intensities

The �rst step to determine the intensity of 64Ge transitions is to measure an

eÆciency calibration. The photopeak eÆciency of a detector varies with the

photon energy, meaning that the area of peaks in the spectrum will depend both

on the absolute number of emitted photons and on the photopeak eÆciency at

their energy.

Another problem in determining the intensities of low-intensity transitions is

that they are not directly visible in the projection of a matrix. They can only be

seen gating on some more intense transition. In order to deduce properly their

intensity, it is therefore necessary to correct for the eÆciency at the gate.

3.9.1 EÆciency calibration

The relative eÆciency calibration is determined analyzing the spectra taken with

standard radioactive sources of 152Eu and 56Co, for which the intensity ratios of

the transitions are well-known. Two sources were needed to cover the energy

range between 40 keV and 3 MeV: the low-energy estimates were provided by the

X-rays and the -rays coming from the 152Eu source, the high-energy estimates

were obtained with the 56Co source.

The standard procedure to get an eÆciency calibration for an array of detec-

tors with similar eÆciency response starts summing together the spectra of all

the detectors. The resulting spectrum is then analyzed to �nd the area of the

known peaks, which can be considered as discrete eÆciency estimates. These dis-

crete estimates can be subsequently �tted with a semiempirical expression. This

was attempted also in our case, but the results were not good particularly at low

energies, since EUROBALL is composed of detectors whose eÆciency response is

rather di�erent.
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Figure 3.17: Relative eÆciency curve for the EUROBALL array coupled to the

ISIS Si-ball and to the n-Wall. Add-back was performed for both the Clover and

the Cluster detectors. The points are the experimental eÆciencies for the 152Eu

and 56Co radioactive sources.

Therefore, an eÆciency calibration for the Clusters alone and for the Clover

alone had to be found. After the addback, the spectra of all the detectors of

the same kind were summed together. The discrete eÆciency estimates obtained

from those spectra were �tted with the semiempirical expression of J�ackel et al.

[Jack87]:

ln "+ constant = (a1 + a2x+ a3x
2) � arctg (exp(a4 + a5x+ a6x

2)) (3.4)

where x = ln(E=E0) and E0 = 1 keV. The �t was performed with the JAECKEL

program by A. Gadea, which uses the �2 minimization procedures of the MINUIT

package [cern95]. In the subsequent analysis, the relative eÆciency curves for the

Clusters and for the Clovers were summed together. A correction factor was

found, imposing that the sum of the discrete eÆciency estimates for a number of

peaks in the spectra of the Clovers alone and of the Clusters alone be equal to

the eÆciency estimates for the same peaks obtained by summing the Clover and
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the Cluster spectra.

The �nal curve resulting from such a procedure is shown in �gure 3.17.

3.9.2 Intensities

Having a relative eÆciency calibration curve, it was possible to determine the

experimental -ray intensities. As mentioned earlier, since most of the 64Ge

transitions were not evident in the projections of the matrices, their intensities

were deduced after a gate on other 64Ge -rays. An absolute, normalized intensity

I = 1000 was taken for the ground-state transition of 902 keV. When possible,

the intensity of the -rays was directly deduced from the gate on the 902 keV

transition, assuming I(1151) + I(677) + I(2068) = 1000. The intensities of the

transitions connecting the levels above 4 MeV (that is, above I� = 5�) were

deduced by gating on the 1665 keV -ray and �xing the intensity of the 528 keV

-ray to the value obtained with the 902 keV-gate. For a few transitions no

clean gate from below could be found. In these cases, a gate on the 528 keV

transition was taken and a proportion to the intensity of the 1665 keV line was

made, neglecting possible direct feeding of the levels.

The intensities were thus calculated as:

I(E) = I0
A(E)

"(E)"(Egate)
(3.5)

where I0 is the normalization factor (in our case, I0 = 1000) and A(E) is the area

of the peak in the gated spectrum. Errors were estimated taking the statistical

error for the number of counts and the �t dispersion for the eÆciency.

The results are summarized in table 3.4 and in �gure 3.15, where the width of

the arrows is proportional to the intensity of the transitions.



106 CHAPTER 3. IN-BEAM STUDY OF THE 64GE NUCLEUS

Energy (keV) Intensity

528 780� 25 a

677 1520� 6 a

747 89� 6 b

848 220� 25 c

873 340� 30 c

902 1000 d

1048 130� 9 b

1090 105� 8 b

1127 570� 50 c

1151 750� 18 a

1234 330� 30 c

1580 < 50 b

1665 567� 18 a

1820 300� 30 c

2068 96� 6 a

2206 250� 30 c

a: weighted average, from 902 keV-gated spectra

b: proportion with the 1665 keV transition in 528 keV-gated spectra

c: from 1665 keV-gated spectra, taking the 528 keV transition as reference

d: absolute reference

Table 3.4: Relative intensities of the 64Ge transitions as deduced from the EU-

ROBALL data, normalized to the 902 keV 2+ ! 0+ transition. The energies of

the transitions were rounded to the keV.
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3.10 DCO Analysis

Spins and parities were assigned to the levels on the basis of a Directional Cor-

relation from Oriented states (DCO) analysis, of an Angular Distribution from

Oriented states analysis and of a Polarization Correlation form Oriented states

(PCO) analysis. A general theory describing these phenomena can be found in

the review edited by W.D. Hamilton [Stef75]. Here we will simply quote the main

results.

The formalism to describe ensembles of microscopic particles, such as nuclei,

is the density matrix formalism. Knowing the density matrix � for an ensemble,

it is possible to calculate the average value of any observable. A tensor ��
q

can

be constructed from the density matrix, which is called the statistical tensor and

gives the same information as the density matrix.

We say that an ensemble of nuclei is oriented if the average value of the

angular momentum projection is di�erent from zero. Starting from an oriented

ensemble with density matrix �(Ii) and statistical tensor ��i
qi

, let us suppose that

a photon is emitted in direction ~k. The probability of detection will be given by:

W (~k; ~Q) =
X
�� 0

h� j�00(If)j� 0ih� 0j"(Q)j�i(2If + 1)1=2 (3.6)

where "(Q) is called the eÆciency matrix and tells how the detecting system

responds to pure states.

Let us now suppose that the initial oriented state decays through the emission

of a cascade of two -rays, 1 and 2 and that both photons are detected. The

probability of detecting the �rst photon in direction ~k1 and the second one in

direction ~k2 will be given by:

W (k1Q1k2Q2) =
X

�1�
0

1
�2�

0

2

(2I2 + 1)1=2h�1�2j�00(I2~p1~p2)j� 01� 02i �

�h� 01j"( ~Q1)j�1ih� 02j"( ~Q2)j�2i (3.7)

If no polarization is measured, that is if only a directional correlation is measured,
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and if the nuclear states have perfect (or \good") parity, the �nal result is:

W (#1'1#2'2) =
d 
1 d 
2

4�

�1�2=evenX
�0q0�1Q1�2Q2

(�1)�1+�2(2I0 + 1)1=2��0
q0

(I0) �

�A�2�0

�1
(1)A�2

(2)

0
B@ �2 �1 �0

Q2 Q1 q0

1
CA (2�2 + 1)�1=2 �

�Y�1Q1
(#1'1)Y�2Q2

(#2'2) (3.8)

where the A�() are called the angular distribution coeÆcients:

A�() =

P
L�L0�0 F�(LL0IfIi)(�L)�(�0L0)P

L� j(�L)j2
(3.9)

the A�2�0

�1
() are the generalized directional distribution coeÆcients:

A�2�0

�1
() =

P
L�L0�0 F

�2�0

�1
(LL0IfIi)(�L)�(�0L0)P
L� j(�L)j2

(3.10)

the F� are the F-coeÆcients:

F�(LL0I2I1) = (�1)I1+I2�1[(2�+ 1)(2L+ 1)(2L0 + 1)(2I1 + 1)]1=2 �

�

0
B@ L L0 �

1 �1 0

1
CA
8><
>:
L L0 �

I1 I1 I2

9>=
>; (3.11)

the F �1�0

�
are the generalized F-coeÆcients:

F �1�0

�
(LL0I1I0) = (�1)L

0+�1+�0+1[(2I0 + 1)(2I1 + 1)(2L+ 1) �

�(2L0 + 1)(2�0 + 1)(2�1 + 1)(2�+ 1)]1=2 �

�

0
B@ L L0 �

1 �1 0

1
CA
8>>>>><
>>>>>:

I1 L I0

I1 L0 I0

�1 � �0

9>>>>>=
>>>>>;

(3.12)

and #, ' give the direction of ~p with respect to the reference frame.

If additional intermediate transitions are not observed, the directional corre-

lation between the two photons can still be calculated taking in consideration the

de-orientation coeÆcients. Starting from the de-orientation factor :

U�(IfIiL) = (�1)If+Ii+L+�[(2Ii + 1)(2If + 1)]1=2

8><
>:
Ii Ii �

If If L

9>=
>; (3.13)
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the de-orientation coeÆcient is calculated as:

U�() =

P
L� U�(IfIiL) j(�L)j2P

L� j(�L)j2
(3.14)

It is possible to prove that the �nal-state statistical tensor ��n
qn

(In) describing the

situation of the system after the emission of an unobserved photon n from an

initial state ��n�1

qn�1
(In�1) is simply given by:

��n
qn

(In) = U�n
(n)��n�1

qn�1
(In�1)Æ�n�n�1

Æqnqn�1
(3.15)

leading to:

��
q
(In) = U�(n)U�(n�1) � � �U�(1)�

�

q
(I0) (3.16)

for the case in which several radiations are emitted but not observed. It can be

demonstrated that the directional correlation does not change if the intermediate

transitions form a stretched cascade, that is if all of the transitions composing

the cascade are pure 2L-poles and the spins In of the excited nuclear states form

a monotonic sequence, In = I0 � nL.

3.10.1 Experimental DCO ratios for the 64Ge nucleus

Using an array of -ray detectors, many combinations of angles are available

to study the directional correlations. The available statistics may be increased

by summing pairs of detectors positioned at similar angles. In the case of EU-

ROBALL, all of the Clover detectors are located at a polar angle # very close

to 90Æ. Five of the Cluster detectors are positioned at the same # ' 155Æ, the

remaining ten Cluster detectors are positioned at # ' 137Æ. Thereby, many

non-symmetric  matrices with conditions on the detected light particles were

constructed, putting on one axis the signals from the second \ring" of Cluster de-

tectors (at # ' 137Æ) and on the other axis, the signals from the Clover detectors.

Our experimental DCO ratio was then calculated as:

DCO =
I(1 at 137Æ gated by 2 at 90Æ)

I(2 at 90Æ gated by 1 at 137Æ)
(3.17)
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Figure 3.18: Relative eÆciency curve for the Clover detectors (top) and for the

second \ring" of Cluster detectors (bottom). Add-back was performed in both

cases.
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Figure 3.19: Experimental determination of the �=J value for the 63Ga nucleus.

This corresponds to calculating the following quantity:

DCO =

P
W (#1'1#2'2)P
W (#2'2#1'1)

(3.18)

where W (#1'1#2'2) is de�ned in equation 3.8 and the sums are extended over

the available pairs of Clover and Cluster detectors.

An eÆciency curve as a function of the energy of the photons was determined

for the Clover detectors alone and for the ring of Cluster detectors alone, as

described in section 3.9.1. The results are shown in �gure 3.18. The experimental

DCO ratios were calculated as:

DCO =
AQ!C

AC!Q

"
Q

gate"
C



"Cgate"
Q


(3.19)

where AQ!C is the area of the peak in the Cluster spectrum, gated by the Clover

spectrum. The statistical errors were assumed for the areas, while the dispersion

of the �t was assumed for the eÆciencies. The program APDCO by Jos�e Luis

Ta��n [Tain97] was modi�ed to calculate the sums of equation 3.18, allowing a

theoretical estimate of the DCO ratio to be obtained for the various cases.
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The experimental results and the assignments are summarized in tables 3.5,

3.6 and 3.7, now we are going to discuss them in more detail.

Experimental determination of the initial alignment

One of the main problems in determining multipolarities through a DCO anal-

ysis is that the DCO ratio depends simultaneously on the spins of the levels

connected by the transition, on the multipolarity of the transition, on its degree

of multipole mixing ratio (Æ) and on the degree of initial alignment (�=J) for the

reaction channel. The initial and �nal spins can be estimated, but ultimately the

experimental DCO ratio will simply limit a region in the virtual �=J � Æ plane.

The determination of Æ will still be possible if �=J can be estimated. This may

involve the comparison of the theoretical and experimental DCO ratios for some

dipolar transition with known degrees of mixing. A dipolar transition is needed

because the DCO ratio for an E2 transition gated by another E2 is exactly 1 for

the geometry of EUROBALL, independently from the alignment �=J .

In the case of 64Ge, no �rmly assigned dipolar transitions were available.

Therefore, we examined two known E1 transitions (Æ = 0) in 63Ga [Weis97]

(which is populated by evaporation of 2�1p), assuming that the additional evap-

oration of one proton would not change the degree of alignment very much. The

experimental DCO ratio for the 625 keV 9=2+ ! 7=2� transition, gating on the

894 keV -ray, was 0:609 � 0:022, limiting the possible values of the alignment

to 0:20 � �=J � 0:27. In the case of the 1772 keV 19=2� ! 17=2+ transition,

gating on the 649 keV line, we obtained a DCO ratio of 0:700� 0:025, suggesting

0:27 � �=J � 0:35 (see �gure 3.19). The latter value seems somehow cleaner

and is obtained with larger statistics. Anyway the value obtained for 63Ga gives

simply an order of magnitude for 64Ge and should not be taken as a very precise

estimate. The rest of the analysis was performed considering �=J = 0:30� 0:05.
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E Particles Gate Line DCO

528 1� 902 528 0:949� 0:170 E2 stretched

1� 1151 528 1:154� 0:153

1� 528 902 0:926� 0:166

1� 528 1151 1:018� 0:135

1� 1127 528 1:189� 0:156

1� 528 1127 1:175� 0:155

2� 902 528 1:062� 0:221

2� 1151 528 0:846� 0:157

2� 528 902 1:154� 0:238

2� 528 1151 0:872� 0:162

2� 1127 528 0:981� 0:175

2� 528 1127 0:971� 0:168

848 1� 528 848 1:131� 0:178 E2 stretched

1� 1127 848 0:926� 0:274

1� 848 528 0:848� 0:150

1� 848 1127 1:164� 0:213

2� 528 848 0:890� 0:224

2� 1127 848 0:722� 0:214

2� 848 528 0:820� 0:196

Table 3.5: Experimental DCO ratios for 64Ge transitions. The assignments were

made assuming �=J = 0:30� 0:05. See text for details.
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E Particles Gate Line DCO

2206 1� 2206 1127 0:538� 0:096 �I = 1

1� 2206 848 0:664� 0:118

2� 848 2206 0:566� 0:195 Æ � 0

2� 2206 528 0:680� 0:190

2� 2206 1127 0:477� 0:147

2� 2206 848 0:667� 0:195

873 1� 873 528 1:079� 0:151 E2 stretched

1� 528 873 1:071� 0:150

1048 2� 528 1048 0:53� 0:17 �I = 1

747 1� 528 747 1:28� 0:27

2� 528 747 1:3� 0:4

1820 2� 1820 873 0:911� 0:276 E2 stretched

1� 1820 873 1:080� 0:172

1� 1820 1127 0:985� 0:193

1� 1127 1820 0:904� 0:177

1� 873 1820 0:930� 0:142

1151 1� 902 1151 1:302� 0:197 E2 stretched

2� 902 1151 1:050� 0:200

2� 1151 902 1:276� 0:262

Table 3.6: Experimental DCO ratios for 64Ge transitions. The assignments were

made assuming �=J = 0:30� 0:05. See text for details.
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E Particles Gate Line DCO

1234 1� 1234 1820 0:626� 0:118 �I = 1

1� 1820 1234 0:650� 0:140

1� 1234 1127 0:667� 0:153 �0:20 � Æ � 0:09

1� 1127 1234 0:698� 0:177 or

1� 528 1234 0:703� 0:110 jÆj � 6

1� 1234 528 0:689� 0:118

1� 1234 873 0:738� 0:111

1� 873 1234 0:680� 0:106

2� 873 1234 0:645� 0:170

2� 1234 873 0:539� 0:188

2� 1234 528 0:602� 0:164

2� 528 1234 0:679� 0:153

2� 1127 1234 0:560� 0:176

2� 1234 1127 0:494� 0:251

2� 1234 1820 0:658� 0:197

2� 1820 1234 0:578� 0:161

1665 1� 528 1665 0:616� 0:085 �I = 1

1� 1665 528 0:635� 0:087

1� 1151 1665 0:636� 0:067 �0:2 � Æ � 0:2

1� 1665 1151 0:665� 0:071 or

2� 528 1665 0:606� 0:116 jÆj � 6

2� 1665 528 0:685� 0:095

2� 1151 1665 0:786� 0:151

2� 1665 1151 0:824� 0:162

Table 3.7: Experimental DCO ratios for 64Ge transitions. The assignments were

made assuming �=J = 0:30� 0:05. See text for details.
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The 1665 keV transition

This transition was reported in the literature to have a possible stretched E1

character. In the present data the statistics for this line were adequate and the

gates rather clean, so it was possible to determine its DCO ratio both gating

from above (on the 528 keV -ray) and from below (on the 1151 keV line). The

weighted average for the two cases is respectively 0:637�0:047 and 0:681�0:043.

These values are not compatible with a stretched E2 transition for which the

theory predicts DCO = 1:0.

Therefore, we investigated the possibilities that this transition links levels

with a �I = 0 or �I = 1 spin di�erence. The former possibility is excluded with

a degree of con�dence of about 96% when gating from below, since the theoretical

estimates for the DCO ratio are DCOth(�I = 0) � 0:76 for any value of Æ and

for 0:1 � �=J � 0:5. The gate from above is compatible with a �I = 0 spin

di�erence and a mixing ratio �5:7 � Æ � �0:8 (assuming 0:25 � �=J � 0:35 as

mentioned before).

Assuming �I = 1, one obtains results in mutual agreement when gating from

above and from below. Three di�erent ranges of Æ are compatible with our data

(see �gure 3.20). The three intervals are Æ � �3:7, �0:23 � Æ � +0:10, Æ � +11

from the gate on the 528 keV -ray, Æ � �5:7, �0:02 � Æ � +0:19, Æ � 5:7

from the gate on the 1151 keV transition. It is not possible to discriminate, on

the basis on the DCO ratios only, between the two possibilities of small or large

mixing ratio, but only to establish the �I = 1 spin di�erence.

The �I = 1 assignment for the 1665 keV line is con�rmed also by the Angular

Distribution analysis (section 3.11).

The 1048 keV transition

In this case, due to the limited statistics, the only estimate for the DCO ratio

comes from the gate on the 528 keV -ray. The �nal value, DCO = 0:53�0:17 is
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Figure 3.20: Theoretical DCO ratios in the arctg Æ versus �=J plane for a 5 ! 4

transition gated from above (7 ! 5, top) and from below (4 ! 2, bottom).
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compatible with a �I = 1 spin di�erence, but here it is not possible to determine

the value of Æ. It should be noted that in this case the possibility of a �I = 0

spin di�erence is also excluded with 85% of con�dence.

The 747 keV transition

Due to the limited statistics, the experimental estimate of the DCO ratio for

the 747 keV -ray is a�ected by a large relative error. Its value, DCO = 1:3 �

0:4, suggests a stretched quadrupole character, but other possibilities cannot be

excluded.

The 1820 keV and 1234 keV transitions

The 1820 keV transition was previously observed both in the work by Ennis and

co-workers and in the GASP experiment. In the latter, it was tentatively assigned

a stretched E1 character. In the present data, no coincidence is observed between

the 1820 keV and the 848 keV transition, strongly suggesting that the level scheme

of [deAn98] should be modi�ed.

The levels at 8427 and 5373 keV appear to be connected by two parallel cas-

cades of transitions, namely 1820 and 1234 keV on one side and 848 and 2206 keV

on the other. As mentioned previously, the intensities of the 1820 and 1234 keV

transitions are almost equal, therefore their ordering is not de�nitive. The DCO

analysis clearly points to the 1820 keV transition possessing a quadrupole char-

acter and that the 1234 keV transition links levels with a �I = 1 spin di�erence.

The gates from below (528 and 1127 keV) lead to an average DCO ratio of

0:660� 0:053 for the 1234 keV transition. The possibility that the spin di�erence

could be �I = 0 is excluded with a con�dence of about 96%, since the theoretical

estimates for the DCO ratio are DCOth(�I = 0) � 0:77 for any value of Æ and

for 0:1 � �=J � 0:5.

Taking �=J = 0:30� 0:05 and �I = 1, three ranges of Æ are compatible with

the data (see �gure 3.21). The three intervals are Æ � �5:7, �0:21 � Æ � +0:09,
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Figure 3.21: Theoretical DCO ratios in the arctg Æ versus �=J plane for a 10 ! 9

transition gated from below (9 ! 7).

Æ � +8:2.

No clear gates from above were available, since the character of the 873 keV

transition is not completely �xed and it is dubious whether the 1820 keV transi-

tion lies above or below. We conclude simply that the 1234 keV transition links

levels with a �I = 1 spin di�erence.

The 848 keV and 2206 keV transitions

In this case, the experimental data favour a stretched E2 character for the 848 keV

transition and a �I = 1 spin di�erence for the 2206 keV -ray. The weighted

average of the estimates for the 2206 keV transition obtained gating from below

is DCO = 0:544 � 0:074. This value in not compatible with a �I = 0 spin

di�erence with a con�dence of about 99%, since also in this case the theoretical

DCO ratio for �I = 0 is DCOth(�I = 0) � 0:77.

The experimental DCO ratio is compatible with �I = 1, but from the analysis

of the bi-dimensional arctg Æ versus �=J plot (see �gure 3.21) it is not possible to
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Ring number 1 2 3 4 5 6 7

# (deg.) 72 81 99 108 123 129 133

Ring number 8 9 10 11 12 13 14

# (deg.) 137 141 146 149 155 157 163

Table 3.8: The # angles in which the detectors of EUROBALL were grouped.

restrict the range of possible values of Æ.

The 873 keV transition

Only one clean gate was found for the 873 keV transition. Its experimental DCO

ratio, DCO = 1:075� 0:150, is compatible with a stretched E2 character.

3.11 Angular Distributions

For the theory describing the intensity distribution of -rays from oriented nuclear

states we refer again to [Stef75]. Here we will simply quote the �nal result:

W (#) =
X

�=even

B�(Ii)A�()P�(cos#) (3.20)

where the P�(cos#) are the Legendre polynomials, B�(Ii) are the orientation

parameters de�ned as:

B�(Ii) = (2Ii + 1)1=2��0(Ii) (3.21)

and the A�() are the angular distribution coeÆcients of equation 3.9. It is cus-

tomary to put A� in the following form, remembering the de�nition of Æ() =

(�0; L + 1)=(�; L):

A�() =
F�(L; L; If ; Ii) + 2ÆF�(L; L+ 1; If ; Ii) + Æ2F�(L+ 1; L+ 1; If ; Ii)

1 + Æ2

(3.22)
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Figure 3.22: Ratios between the areas of the 1510 keV -ray in 66Ge in coinci-

dence with di�erent combinations of transitions.

Since the B�(Ii) parameters depend on �=J through the ��0(Ii) factor, we obtain

the following useful way of putting equation 3.20:

W (#) =
X

�=even

a�(�=J; Æ)P�(cos#) (3.23)

Expression 3.23 was used to �t our angular distribution data.

3.11.1 Experimental technique

Traditionally, angular distribution measurements are performed moving a single

detector to a few angular positions, with obvious limitations in detection eÆ-

ciency. Such limitations can be overcome by using an array of detectors. In this

case, many angles can be measured at the same time, depending on the geometry

of the array, and many detectors are available at each angle. Thus, a correction
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for the detection eÆciency at each angle is required, as we will discuss later.

Another bene�t of using an array of many detectors is the possibility to select

weak reaction channels by gating on -rays, provided that the gate is put over

the whole 4� solid angle. This can be proven, as shown in [Stef75], by integrating

equation 3.8 in '1, #2, '2 over the whole 4� solid angle.

In the case of EUROBALL, the Clover segments and the Cluster capsules can

be grouped into 14 sets, according to their angular position #, as summarized in

table 3.8. The number of counts in a line at energy E1 will be:

N(#) = N0P (#)"(E1; #)fg(#) (3.24)

where N0 is the number of emitted photons, P (#) is the sum of polynomials

de�ned by equation 3.23, "(E1; #) is the intrinsic photopeak eÆciency at energy

E1 and angle # and fg(#) is a geometrical factor taking into consideration the

geometrical coverage of the detectors. The intrinsic photopeak eÆciency depends

on the angle # since di�erent kinds of detectors can be positioned at di�erent

angles. If the photons come from non-oriented states, such as in the decay of a

radioactive source, then Pnon�or(#) is a constant and we can write:

Pin�beam(#) / Nin�beam(#)

Nnon�or(#)

"(E;non�or; #)

"(E; in�beam; #)
(3.25)

Notice that the proportionality holds also if the area of the in-beam peak is

measured in a coincidence spectra (with a gate set on all the angles available),

since in this case the r.h.s. of equation 3.24 is multiplied by the constant factor

"(E; gate). This also suggests that the statistics can be incremented by summing

various gates, making it easier to study weak transitions.

This technique was attempted with our data. For each detector angle of

EUROBALL, a - matrix with conditions on the detected light particles was

constructed, putting on the �rst axis the detectors at that given angle and on the

second axis the rest of EUROBALL, which ensures with good approximation that

the gate is set on the full 4� of solid angle. This can be checked comparing the
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areas of the same line in coincidence with di�erent gates, since the ratios should

be a constant for a given couple of gates. The results in our case are satisfactory,

see �gure 3.22 for the 1510 keV -ray (5� ! 4+) in 66Ge.

To check the consistency of the method, it was �rst tried to �t �rmly assigned

transitions with good statistics, such as the 1510 keV and the 1217 keV (4+ ! 2+)

lines in 66Ge. However, the technique apparently failed, giving results not in

agreement with the ones reported in the literature [Bhat98]. It was then decided

to look for an internal reference within the data. The ideal candidate would

have been some intense isomeric state with a mean life of � � 100 ns. This

would be long enough to assume that the state is no longer fully oriented when it

decays but at the same time short enough to fall within our prompt coincidence

window. Unfortunately, no such strong isomer was found in the region in the

channels populated via evaporation of � particles and a di�erent normalization

had to be looked for.

From equation 3.24 it follows that:

fg(#) = K
N(#)

P (#)"(E1; #)
(3.26)

For a given transition, we can also write:

X
#

fg(#) = K
X
#

N(#)

P (#)"(E1; #)
(3.27)

where # is one of the angles of table 3.8. Dividing member-by-member equa-

tions 3.26 and 3.27 and remembering that
P

# fg(#) is a constant depending on

the geometry of the spectrometer, and, via equation 3.27, also
P

#

N(#)

P (#)"(E1;#)
is a

constant for a given transition, one obtains:

fg(#) = K1

N(#)

P (#)"(E1;#)P
#

N(#)

P (#)"(E1;#)

(3.28)

This provides a way to estimate the geometrical factors from the in-beam data,

that is from the areas of peaks with known angular distributions. In practice, an

average over many di�erent calibration transitions should be made to minimize

the errors.
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To check these assumptions, the experimental geometrical factors fg for a

number of lines were extracted, using matrices in coincidence with 1� and 2�

particles. The results are summarized in �gure 3.23. The extracted factors, at

each angle, are, to a good approximation, independent (within a few percent) from

the -ray used to estimate them. The conditions on the detected particles have

little inuence on the geometrical factors, as is evident from �gure 3.24, where we

compare the factors extracted for the same lines but di�erent conditions on the

detected particles.

Having at disposal the geometrical factors fg, the experimental angular dis-

tribution were simply extracted as:

w(#) =
N(#)

fg(#)"(E1; #)
(3.29)

with:

w(#) = a0 � (1 + A2(�=J; Æ)P2(cos#) + A4(�=J; Æ)P4(cos#)) (3.30)

In order to determine Æ and �=J for the transitions of interest, the experimental

w(#) were �tted using the MINUIT subroutines [cern95]. It should be noted that

the extracted geometrical values also depend on �=J , since the reference angular

distributions depend on �=J . Thereby, agreement was required between the input

and the output �=J value.

3.11.2 Check with known transitions

Our technique for performing angular distributions was checked using previously

identi�ed transitions, with good statistics. See for example �gure 3.25, where

we present the results for the 1217 keV and the 1510 keV -rays in 66Ge. Three

transitions in 63Ga were chosen for normalization, that is the ones with energies

649 keV, 1077 keV and 1140 keV. The results for the same transitions are sum-

marized in table 3.9. The good agreement with the tabulated values of Æ [Bhat98]

gives us con�dence in the quality of the method, which was applied to the most

intense transitions in 64Ge.
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Figure 3.23: Geometrical factors extracted from the in-beam matrices in coin-

cidence with 1� and 2� (top) and with 1�, 1�1p, 1�2p (bottom).
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Figure 3.24: Comparison between the geometrical factors extracted from the

in-beam matrices in coincidence with 1� and 2� and with 1�, 1�1p, 1�2p.

3.11.3 Results for 64Ge

In this section we are going to present in detail our angular distribution data for

the most intense transitions in 64Ge. The results are summarized in table 3.10.

Even if the spectral quality of the data was good, the limited statistics often

hampered the validity of the results. Unfortunately, in general it was not possible

to increase the statistics by adding up gates, because of the contamination from

other, higher statistics, reaction channels.

The 902 keV and 1151 keV transitions

Both transitions were �tted as stretched quadrupoles, respectively as 2 ! 0 and

4 ! 2. For the 902 keV line, the gate used was on the 1665 keV -ray, while for

the 1151 keV the cleanest data were obtained gating on the 528 keV transition. In
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Figure 3.25: Angular distribution data for the 1217 keV (top) and the 1510 keV

(bottom) -rays in 66Ge. The curves corresponding to the best �t values of a0,

�=J and Æ are also sketched. See text for details.
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Figure 3.26: Angular distribution data for the 902 keV (top) and the 1151 keV

(bottom) -rays in 64Ge. The curves corresponding to the best �t values of a0,

�=J and Æ are also sketched. See text for details.
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Energy (keV) 1217 1510

�=J 0:42� 0:02 0:33� 0:14

Æ �0:008� 0:011 �0:021� 0:009

a0 2151300� 13000 334800� 2300

A2 +0:30� 0:01 �0:28� 0:08

A4 (�7:8� 1:4) � 10�2 (1:0+3:0
�0:9) � 10�4

�2 1.13 1.77

Æ (literature) 0.0 �0:023+0:005
�0:008

Table 3.9: Results from angular distribution analysis for the 1217 keV and the

1510 keV -rays in 66Ge.

both cases useful results were obtained, as shown in �gure 3.26, thus con�rming

the previously reported stretched quadrupole character. In the case of the 902 keV

line, we forced Æ = 0 (as expected for a 2 ! 0 transition) after an initial attempt

with no constraints on Æ, which produced results compatible with zero but with

a large uncertainty.

The 1665 keV transition

As mentioned previously, it was considered most important in our analysis to

determine clearly the multipolarity of the 1665 keV transition. In the work of

Ennis and co-workers [Enni91] a stretched E1 character was assigned mainly on

the basis of systematics arguments. However, the experimental set-up used in

that work did not allow extensive angular distributions measurements, nor did

it allow information on the polarization of the -ray. Ennis et al. data set was

equivalent to what was obtained with the present DCO ratio analysis, that is

only the a2 coeÆcient could be determined. This does not �x the possible values

of Æ.

It was clear from the DCO analysis that the 1665 keV -ray links states with a
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E DCO �=J Æ A2 A4 POL POLth

528 1.02(5) 0.26(11) 0.07(8) 0.43 -0.054 +0.5(3) +0.50

677

747 1.3(4)

848 0.93(7) 0.20 0.08(5) 0.45 -0.038

873 1.07(11) 0.25(9) -0.002(68) 0.32 -0.083

902 0.43(4) 0.0 0.46 -0.27 +0.7(3) +0.63

1048 0.53(17) -0.8(7)

1090

1127 0.88(6) 0.20(6) -0.04(4) 0.33 -0.16 +0.6(3) +0.50

1151 1.20(12) 0.4(2) +0.06(1) 0.37 -0.054 +0.8(4) +0.63

1234 0.66(5) 0.36(15) �3:5+3:4
�2:4 -0.43 +0.14

1580

1665 0.64(5) 0.38 �3:9+0:7
�0:4 -0.34 0.16 -0.8(5)

1820 0.97(8) 0.20(14) -0.06(7) 0.29 -0.16

2068

2206 0.54(7) 0.33 �6:4+6:4
�6:9 -0.29 0:18

Table 3.10: Results from the DCO ratio, angular distribution and polarization

analysis for the transitions in 64Ge. In the case of the 848, 1665 and 2206 keV

transitions, �=J was �xed to the value assumed after the �rst iteration and a

20% relative error is taken. A2 and A4 were calculated only for the central values

of �=J and Æ.
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Figure 3.27: Angular distribution data for the 1665 keV -ray in 64Ge. The

curves corresponding to the best �t values of a0, �=J and Æ are also sketched for

the two solutions with large and small mixing ratio. See text for details.

�I = 1 spin di�erence, which was con�rmed by the �rst inspection of the angular

distribution data, obtained by gating on the 528 keV line (�gure 3.27). The �t

was performed assuming a 5 ! 4 transition and �xing �=J to the value assumed

after the �rst iteration. A minimum is found for �=J = 0:38, Æ = �3:9+0:7
�0:4, which

was found also in the DCO analysis. A second minimum is found for �=J = 0:36,

Æ = �0:09�0:03. As shown in �gure 3.28, the latter minimum is slightly shallower

than the former, having the reduced �2
�

values 0.54 and 0.80 respectively. No other

minima was found. The �2 arguments are not strong enough to make a de�nite

assignment. This was ultimately made after a polarization analysis and taking

again into consideration systematics arguments. We will return to the argument

later, here we simply anticipate that the solution with large Æ was chosen.
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Figure 3.28: Values of �2 as a function of Æ for �xed values of �=J and A0.

The 528 keV and 1127 keV transitions

These transitions had also already been assigned a stretched quadrupole character

on the basis of the DCO analysis. The angular distribution analysis con�rms such

an assignment (see �gure 3.29). The 528 keV -ray was �tted as 7 ! 5, gating

on the 1151 keV line; for the 1127 keV transition the gate was again put on the

1151 keV -ray and a 9 ! 7 decay was assumed.

The 1234 keV transition

The analysis of the transitions placed high in excitation energy in the decay

scheme was made diÆcult, due to the limited statistics. In the case of the

1234 keV -ray, the cleanest gate was the 1820 keV transition (�gure 3.30). Again,

the angular distribution analysis con�rms the results obtained with the DCO

analysis. The data are compatible with a �I = 1 spin di�erence, which implies a
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Figure 3.29: Angular distribution data for the 528 keV (top) and the 1127 keV

(bottom) -rays in 64Ge. The curves corresponding to the best �t values of a0,

�=J and Æ are also sketched. See text for details.
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Figure 3.30: Angular distribution data for the 1234 keV (top) and the 2206 keV

(bottom) -rays in 64Ge. The curves corresponding to the best �t values of a0,

�=J and Æ are also sketched. See text for details.
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Figure 3.31: Angular distribution data for the 1820 keV (top) and the 848 keV

(bottom) -rays in 64Ge. The curves corresponding to the best �t values of a0,

�=J and Æ are also sketched. See text for details.
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Figure 3.32: Angular distribution data for the 873 keV -ray in 64Ge. The

curves corresponding to the best �t values of a0, �=J and Æ are also sketched for

the two cases of a 14 ! 12 decay (continuous line) and 12 ! 12 decay (dashed

line). See text for details.

spin 10 ! 9 decay. Here there is basically the same ambiguity as in the case of the

1665 keV transition, that is, the �tting program �nds a minimum at Æ = �3:5+3:4
�2:4

and a slightly shallower minimum at Æ = �0:14 � 0:06. The large Æ solution is

not well determined, however we choose it using the same arguments as for the

1665 keV -ray.

The 2206 keV transition

In the case of this -ray the statistics are very low (�gure 3.30). Furthermore, the

DCO analysis suggests a �I = 1 spin di�erence, which makes the analysis even

more complicated, since the minimum intensity is expected at the angles where



3.11. ANGULAR DISTRIBUTIONS 137

the detection eÆciency is lower, due to the smaller number of crystals. Therefore,

the same considerations made for the 1234 keV transition hold in this case. The

cleanest gate at 528 keV lead to large mixing, Æ = �6:4+6:4
�6:9, with a 10 ! 9 decay,

but the error is poorly determined. Fixing �=J , a shallower minimum can be

found at Æ = �0:03 � 0:06, however, we choose the large mixing solution as in

the previous case.

The 1820 keV transition

In this case, the angular distribution analysis is consistent with the result from the

DCO analysis. Gating on the 873 keV -ray, we obtain data in agreement with a

stretched quadrupole (12 ! 10) character. The �t suggests Æ = �0:06+0:09
�0:07, which

is in agreement with the expectations for a pure stretched quadrupole. However,

the data show large uctuations due to the limited statistics (see �gure 3.31) and

a non-stretched transition with mixing Æ � 0:6 cannot be excluded.

The 848 keV transition

This -ray shows characteristics similar to the 1820 keV line (see �gure 3.31).

Again the data (obtained gating on the 528 keV) are compatible with a 12 ! 10

stretched quadrupole decay, with Æ compatible with zero. The best �t gives

Æ = 0:035+0:131
�0:058, but in this case �=J is not well determined. Fixing �=J = 0:208

we get Æ = 0:08+0:05
�0:09. As for the 1820 keV transition, a 10 ! 10 decay cannot be

completely ruled out.

The 873 keV transition

The same considerations which were made for the 1820 keV and 848 keV -rays

can be applied to the 873 keV line. Gating on the 1665 keV transition, the best

�t is compatible with a 14 ! 12 stretched quadrupole decay, but a 12 ! 12

transition cannot be ruled out with the current data (see �gure 3.32). In the



138 CHAPTER 3. IN-BEAM STUDY OF THE 64GE NUCLEUS

0

0.1

0.2

0.3

0.4

500 1000 1500 2000 2500 3000

 Experimental PCO

 Monte Carlo simulation
 Raffi et al. NIM A 391 (97) 461

EUROBALL III   Polarization Sensitivity

 Energy (keV) 

 P
ol

ar
iz

at
io

n 
Se

ns
iti

vi
ty

 Q

Figure 3.33: Comparison between the simulated Polarization Sensitivity for

EUROBALL and some experimental points, determined using �rmly assigned

transitions in nuclei populated in the same experiment discussed in the text.

14 ! 12 hypothesis one obtains Æ = �0:002+0:117
�0:057, while in the other case the �t

gives Æ = 0:58+0:17
�0:48.

3.12 Polarization analysis

One of the ways to determine the parity of the nuclear states involved in the

emission of -rays is to measure the linear polarization of the emitted photons.

For low Z nuclei, this is often the only way to do it, since the alternative measure-

ment of conversion electrons becomes impractical at large values of the emitted
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photon energy, due to the small values of the conversion coeÆcients. The mea-

sure of the polarization is made possible by the dependence of the Klein-Nishina

formula for the Compton scattering on the degree of linear polarization of the

photon undergoing scattering [Klei29, Heit54]. The degree of linear polarization

can be evaluated by comparing the scattering in two orthogonal directions.

The composite detectors of EUROBALL o�er a unique polarization measure-

ment capability, using the single segments as the scatterer and the detector as a

whole to identify the -rays. It has been shown by RaÆ and co-workers that the

Cluster detectors can be used to measure polarization [Garc95], but the analysis is

complicated, since the angles between the segments are multiples of 60Æ, implying

that for each detected scattering one measures both components, perpendicular

and parallel. Thus, it is much easier to use the Clover detectors positioned around

90Æ, which o�er most naturally the possibility of identifying the photons scattered

in the two directions. Experimentally, one measures a degree of asymmetry:

A =
N? �Nk

N? +Nk

(3.31)

which is related to the degree of linear polarization P through a quantity called

sensitivity of the polarimeter Q:

P =
A

Q
(3.32)

where Q is usually evaluated by comparing the experimental asymmetries for

known transitions with the expected polarization values.

In order to measure the degree of linear polarization for weak transitions, it is

not possible to use \singles" spectra, but one has to use coincidences between the

detectors and put gates on other lines. Thus, the degree of asymmetry extracted

from the data will depend not only on the polarization, but also on the transition

on which the gate is put; in other words, one performs a Polarization Correlation

from Oriented states (PCO) analysis. As for the DCO analysis discussed earlier,

details on the formalism can be found elsewhere [Stef75, Garc97, Dros99]. Here,
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we will only remind that the degree of linear polarization depends on the mixing

ratio Æ of the transition, thus one should determine Æ and P through a simul-

taneous �t of the angular distribution and polarization correlation data. In the

case of the EUROBALL geometry this is not so easy, since one has to take into

consideration a large number of available detector pairs. A program to calculate

the degree of polarization correlation for the geometry of EUROBALL was devel-

oped by A. Gadea at IFIC Valencia [Gade00]. The program takes several minutes

to perform the calculation of the polarization correlation for a given combination

of initial and �nal spin (of the observed and of the gating transition) and for a

value of the mixing ratio Æ, thus it is impractical to use it in any �tting program

based on �2 minimization routines. The compromise was chosen, to determine

Æ only through the analysis of the angular distribution data and to check if the

polarization correlation calculated for that value of Æ was in reasonable agreement

with the experimental value.

In order to relate the experimental asymmetries with the degree of polariza-

tion, one has to estimate the energy dependence of the polarization sensitivity Q.

As mentioned before, one possible method to evaluate the polarization sensitivity

is to extract the asymmetries for known transitions and to compare them with the

theoretical values. The values of Q thus obtained can be interpolated to deduce

the sensitivity value at every energy value of interest in the range of the reference

transitions. In our case, it was decided instead to obtain directly the values of

Q from a Monte Carlo simulation, based on the GEANT subroutines modi�ed

by RaÆ and co-workers to include the e�ect of the linear polarization [Garc97].

The result is shown in �gure 3.33, which shows the simulated curve together with

some experimental values determined as above, with excellent agreement between

simulation and experiment. The error on Q was assumed to be negligible with

respect to the statistical errors on the areas of the peaks.

The experimental data were sorted in matrices, putting the clover data cor-

responding to the perpendicular (or parallel) scattering on one axis and the rest
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Figure 3.34: Polarization as a function of the mixing ratio Æ for a 5 ! 4

transition with or without change of parity between the states.

of EUROBALL on the other one, with the required gating conditions on the

detected light particles. The results are summarized in table 3.10, here we will

concentrate on the 1665 keV line.

Recalling that the DCO and angular distribution analysis established a 5 ! 4

spin di�erence for the 1665 keV transition, this rules out the possibility of a non-

stretched 4 ! 4 decay. The most probable solution was a 5 ! 4 transition with

a large Æ = �3:9+0:7
�0:4, but the solution with small Æ = �0:09� 0:03 could not be

completely excluded. In �gure 3.35 we compare the polarization spectra for the

1510 keV line in 66Ge and for the 1665 keV line in 64Ge. The angular distribution

results indicates that the 1510 keV -ray links a I = 5 and a I = 4 level and
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has a small mixing ratio, Æ = �0:023+0:005
�0:008. With the EUROBALL geometry, one

would expect a positive asymmetry for a stretched electric dipole transition with

small Æ, as shown by �gure 3.34. With our data, we obtain a positive asymmetry,

A = +0:026 � 0:007, leading to P = +0:25 � 0:05, in good agreement with the

theoretical expectations. The statistics for 64Ge are two orders of magnitude

lower than for 66Ge, leading to a signi�cantly larger relative error, this results

in a negative asymmetry, A = �0:09 � 0:05, corresponding to P = �0:8 �

0:5. A negative asymmetry is not expected for a stretched E1 transition with

small mixing ratio, and could correspond to a stretched M1 transition with small

mixing ratio or to a stretched E1=M2 transition with large mixing ratio. It

is not possible to discriminate clearly between the two possibilities, due to the

large uncertainty on the asymmetry. We tend to prefer the solution with large

Æ, which does imply a change in parity, in agreement with the systematics of

the light even Germanium isotopes [Herm92], even if the polarization data agree

slightly better with the small Æ solution. It should be noticed that for all of

the reference transitions and for all the transitions which were analyzed in 64Ge

experimental degrees of polarization were obtained which were in agreement with

the expectation, giving con�dence in the validity of the analysis and on the choice

for Æ in the case of the 1665 keV line.
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Chapter 4

Lifetime measurement for the

64Ge nucleus

In this chapter the results of the experimental lifetime measurement for the 64Ge

nucleus are presented, in particular for the I� = 5� level at 3718 keV excitation

energy.

4.1 Choice of the experimental method

As mentioned previously, the experimental determination of the lifetime of the

5� level at 3718 keV excitation energy is an essential ingredient to estimate the

amount of isospin impurity in the 64Ge nucleus.

Limits on its lifetime were set by analyzing the set of data from the thick target

experiment performed in Legnaro. The absence of a de�nite lineshape for the

1665 keV line suggested that the lifetime of the 5� level was longer than the time

in which the recoils stopped in the target, namely � � 1 ps. On the other hand, an

upper limit is set by the observation of the 1665 keV transition itself, indicating

that the photons, although delayed, are emitted within the coincidence time

window set by the EUROBALL data acquisition. This indicates � < 10 ns. Such

limits range over various orders of magnitude and a more precise measurement is

145
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Figure 4.1: Comparison between the partial decay schemes of the 66Ge and 64Ge

nuclei.

needed to estimate the amount of isospin mixing.

A plunger lifetime measurement, exploiting the Recoiling Distance Doppler

Shift (RDDS) Method [Alle75], was considered optimal to extract the lifetime of

the 5� level, on the following basis. Considering the similarity of the 64Ge decay

scheme with the structures observed in the light even Germanium isotopes (see

for instance �gure 4.1), we can assume that the B(E2; 747 keV) is in agreement

with the systematics [Herm92]. In the extreme approximation, we can assume:

B(E2; 747 keV; 64Ge) � B(E2; 886 keV; 66Ge) = 0:4 W:u: (4.1)

Under this assumption, �5� � 65 ps, in the optimal range for a plunger experi-

ment. This holds also if B(E2; 747 keV) � 0:04 W:u: as suggested by the decreas-

ing B(E2; 5� ! 3�) in the light even Germanium isotopes [Herm92], leading to
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�5� � 6:5 ps.

4.2 The experiment

An experiment aimed at measuring lifetimes in the 64Ge region, and in par-

ticular in the 64Ge nucleus, was performed at IReS Strasbourg using the EU-

ROBALL IV array coupled with the K�oln plunger device [Dewa98] to exploit

the RDDS method. A good degree of channel selectivity was achieved by cou-

pling the plunger device with an early implementation of the EUCLIDES Si-ball,

composed of 15 non-segmented telescopes positioned at forward angles.

The reaction chosen was the same as the EUROBALL III experiment, that

is 32S(125 MeV) on 40Ca. It was not possible to produce a self-supporting 40Ca

target with the characteristics needed for a plunger experiment. In these cases,

the target foil has to be perfectly stretched on the target frame, to allow a precise

measurement of the target-stopper distance. For this reason, the 1 mg/cm2 thick

40Ca target was evaporated on a 2 mg/cm2 gold foil, providing the necessary

mechanical strength. A further 0.2 mg/cm2 gold layer was evaporated on the

opposite side, to protect the Calcium foil during the positioning and the stretching

of the target. The 32S beam was extracted from the Vivitron accelerator at an

energy of 137.5 MeV, in a way that the beam energy at the beginning of the

calcium foil would be 125 MeV.

The target-stopper distances were chosen in order to span the 10 ps{1 ns range.

Considering the expected recoil velocity, � � 4% (see next section), the distances

ranged from 2�m to 5.8 mm (see table 4.1). Only eight distances were measured,

in order to collect suÆcient statistics at each distance, on the basis of yield

estimates extrapolated from the Legnaro experiment.
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Distance (�m) 2 100 300 600 1200 2400 4000 5800

Table 4.1: Distances at which the measurement was performed.

4.3 Determination of the recoil velocity

In a plunger experiment, it is vital to determine the recoil velocity, which gives the

scale factor between the distances and the time-of-ight. From simple reaction

kinematics, we expected � = v=c of the order of 4%.

In order to extract � from the experimental data, we examined the projections

of single detectors, looking for known lines in which the shifted (emitted in-ight)

and the stopped (emitted by completely slowed-down nuclei) components would

be visible with enough statistics. The energies of the shifted ESH and of the

stopped EST component are related in �rst approximation by the well-known

expression for the Doppler e�ect:

ESH = EST (1 + � cos #) (4.2)

where # is the angle between the direction of the recoiling nucleus and the direc-

tion of the -ray, which can be approximated by the direction of the beam and

the direction of the -ray detector.

The shifted component of the lines could be safely identi�ed only for low-

energy -rays, such as the 190 keV transition in 65Ga (see �gure 4.2). From those

lines we could extract an experimental value (see table 4.2), � � 2:75%, which

clearly was not in agreement with the expectations, even considering the energy

loss of beam and recoils within the target. For higher-energy lines, for instance

the 957 keV -ray in 66Ge (�gure 4.3), no shifted component could be clearly

identi�ed, however very broad \bumps" were visible, whose centroid was in the

position corresponding to the shifted component for an average recoil velocity in

agreement with the one determined for the low-energy photons. This suggests
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Figure 4.2: Shifted and stopped component for the 190 keV line in 65Ga, for a

Cluster capsule at 137Æ (top) and for a Tapered detector at 34:6Æ (bottom).
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Figure 4.3: Shifted and stopped component for the 957 keV line in 66Ge.

that, besides being lower than our expectations, the velocity dispersion was higher

than expected. A few elementary calculations (see table 4.3) show that the target

was put (by mistake) in the wrong position, that is, with the thin 0.2 mg/cm2

gold layer facing the beam instead of the 2 mg/cm2 one. Neglecting the thin gold

layer, the desired situation was one in which the 32S beam (with an initial energy

of 137.5 MeV) crossed the 2 mg/cm2 gold layer, to make a fusion-evaporation

reaction in the 40Ca layer with approximately 125 MeV energy. The initial kinetic

energy of the recoils is:

ERec = EP

m32S

m32S +m40Ca

(4.3)

where EP is the energy of the projectile. Subsequently, the 64Ge residual nu-

clei lose energy within the target, starting from an initial energy corresponding

basically to the center-of-mass kinetic energy. Considering the extreme cases of

reactions occurring at the very beginning or at the very end of the calcium layer,

we get a �nal recoil velocity � = 3:0% and � = 4:0%, with an average velocity
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Detector C#037 C#078 T#018

# (degrees) 137.0 137.0 34.6

ESH (keV) 185.57 186.37 194.49

EST (keV) 189.19 190.07 190.50

� (%) 2.62 2.66 2.80

Table 4.2: Experimental estimate of the �nal recoil velocity, from the position

of the shifted and stopped components of the 190 keV transition of 65Ga in some

of the germanium counters.

� = 3:5% for reactions happening in the middle of the calcium layer.

Assuming instead that a 137.5 MeV 32S beam made a fusion-evaporation in

the calcium layer and that subsequently the recoils cross the calcium and the gold

foils, the �nal velocities for reactions occurring at the very beginning or at the

very end of the calcium layer are respectively 2.2% and 3.3%, and the velocity

for a reaction in the middle of the calcium layer is � = 2:8%.

Since we have neglected the thin gold layer in this reasoning, these numbers

are in reasonable agreement with the experimental estimates. We conclude that

the target was incorrectly positioned and that the reaction occurred at 137.5 MeV

beam energy, meaning that the population cross sections would most likely di�er

from the Legnaro experiments.

4.4 An unconventional method to measure life-

times

At this point in the analysis, it was clear that the state-of-the-art techniques

of analysis of plunger data [Dewa89] were not applicable in this case, since for

weak high-energy -rays, such as the ones in 64Ge, the shifted component was
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Desired situation:

Reaction occurring: Beginning Half End

EP (MeV) 125.0 119.0 113.0

ERec (MeV) 55.5 52.9 50.2

ERec (end target) (MeV) 27.0 37.9 50.2

� (%) 3.0 3.5 4.0

Wrong situation:

Reaction occurring: Beginning Half End

EP (MeV) 137.5 131.5 125.5

ERec (MeV) 61.1 58.5 55.7

ERec (end target) (MeV) 31.6 43.5 55.7

ERec (end gold) (MeV) 15.0 24.0 34.2

� (%) 2.2 2.8 3.3

Table 4.3: Estimates of the �nal recoil velocity for the two cases of target

positioned in the proper and in the wrong way. See text for details.

not identi�able. This was a theoretical disadvantage, however, on the other hand

it opened up the possibility of a rather unconventional way of handling our data

which is discussed in this section.

From the angular distribution analysis, it was clear that weak dipole transi-

tions were the most diÆcult to study, since the detectors positioned at the angles

for which the sensitivity to the mixing ratio was the highest (i.e. the Cluster

detectors) were also the ones for which the intensity was the lowest. Measuring

lifetimes of dipole transitions in a plunger experiment using EUROBALL, one

has to face a similar problem, since the separation between the shifted and the

stopped components of the line is again highest for the Cluster detectors. It would

be highly desirable to use the Clover detectors to determine lifetimes, since in
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Figure 4.4: Clover/Cluster intensity ratio for the 521 keV and the 1510 keV

-rays in 66Ge.
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the case of dipole transition they collect the maximum intensity.

This is normally not possible, since for detectors positioned around 90Æ the

shifted and stopped component have the same energy. In principle, one could

deduce lifetimes from the detectors around 90Æ by following the evolution of the

lineshape at the various distances. In the current work, however, for medium-

and high-energy lines, the shifted component is washed out in the background,

because of the large velocity dispersion of the recoils. Thus it can be assumed

that in the Clover spectra only the stopped component survives and one can �t

its intensity in a traditional way, as a function of the distance, with the Bateman

equations [Kran88]. This is justi�ed by the experimental observation (see �g-

ure 4.4) that the decay curves de�ned by the Clover and the Cluster spectra are

basically the same, or, in other terms, that the Clover/Cluster intensity ratio is

approximately a constant. From �gure 4.4 is clear that the Clover/Cluster inten-

sity ratio is better approximated by a constant value in the case of the 1510 keV

than in the case of the 521 keV -ray, since in the former case the e�ect of the

resolution of the germanium counters amplify the e�ect of the dispersion of the

recoil velocity. This gives con�dence that it is possible, for instance, to use the

Clover spectra to measure the intensity of the stopped component in the case of

the 1665 keV line.

We conclude this section pointing out a further bene�t coming out of the

wrong position of the target: the reduced recoil velocity extends the sensitivity

of the measurement towards long lifetimes. This was quite important in the case

of 64Ge, considering that the estimates obtained considering a B(M2; 1665 keV)

in agreement with the tabulated strengths of [Endt79] suggested a lifetime of the

I� = 5� level of the order of a few nanoseconds.
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Figure 4.5: The 1665 keV line in 64Ge in Clover spectra, gated on the 902 keV

and 1151 keV transitions, at 2�m (top) and 300�m (bottom) target-stopper dis-

tances.
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Figure 4.6: The 1665 keV line in 64Ge in Cluster (Ring 2) spectra, gated on

the 902 keV and 1151 keV transitions, at 2�m (top) and 600�m (bottom) target-

stopper distances.
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Figure 4.7: Decay curve for the 528 keV -ray deexciting the 7� level in 64Ge.

4.5 The analysis

In a preliminary phase of the analysis, the germanium detectors were calibrated

in energy using a standard 152Eu radioactive source. Using those calibration

coeÆcients, an internal calibration was then performed, taking as a reference a

few lines with a de�nite stopped component at all of the distances. Calibration

coeÆcients were obtained for each run and for each germanium counter.

Using these last calibration coeÆcients, data were sorted into bi- and tri-

dimensional arrays, with and without conditions on the charged particles detected

with EUCLIDES. However, it was soon realized that the impact of the plunger

device on the detectors of EUCLIDES was not negligible. At the large distances
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at which the experiment was performed, the plunger mechanics shadowed most

of the telescopes, resulting in a detection eÆciency for alpha particles lower than

10%. This value was considered far too low to achieve a good channel selection,

thus the decision was taken to ignore the data from EUCLIDES and to perform

the rest of the analysis without any condition on the detected charged particles.

Matrices were produced, with the �rst axis corresponding to -ray detectors

at a given angle and the second axis corresponding to the rest of EUROBALL.

Most of the analysis was performed considering the Clover as a whole (positioned

around 90Æ), a ring of 10 Cluster detector positioned at about 137Æ and a ring of

5 Cluster detectors positioned at about 155Æ. Some sample spectra are presented

in �gures 4.5 and 4.6 to give an idea of the quality of the data.

4.5.1 The I
� = 9� level

The highest spin level identi�ed in this experiment is the I� = 9� at 5373 keV

excitation energy. This level deexcites via emission of a -ray of 1127 keV. No

further levels were identi�ed in this experiment.

It was evident from the Cluster spectra that this level has a rather short

lifetime. The 1127 keV -ray already appears completely shifted at the 100�m

distance, corresponding to a time-of-ight of approximately 10 ps. In the rest of

the analysis we assumed that all of the levels above I� = 7� have shorter lifetimes

and essentially decay instantaneously to the I� = 7� level at 4246 keV.

4.5.2 The I
� = 7� level

Under the assumption that the decay path to the 7� level at 4246 keV excitation

energy is essentially instantaneous, the decay of the 7� level is described by a

simple one component exponential curve:

N(t) = N0e
�

t
� (4.4)
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We can therefore assume that the intensity of the stopped component of the

528 keV line deexciting the level follows the same exponential law:

NST (d) = N0e
�

d
v� (4.5)

It is necessary to normalize the experimental intensities at each distance to some

quantity proportional to the number of reactions. A convenient normalization

was found to be the area, in the projections of each matrix, of unshifted lines

corresponding to relatively long lifetimes. In particular, the best results were

obtained with the two lines at 158 keV and 214 keV, which show no visible shifted

component up to 4000�m distance.

It was not possible to use the second ring of 10 cluster detectors to determine

the lifetime, because of the contamination arising from the shifted component

of an intense line, close in energy to the 528 keV. Despite the lower statistics,

the data from the ring of 5 cluster detectors are quite clean. Gate conditions

were put on the 902 keV 2+ ! 0+ and on the 1151 keV 4+ ! 2+, summing the

gated spectra together. For each of the spectra the area of the 528 keV peak

was extracted, which was subsequently normalized to the area of the 214 keV

transition. It is possible to measure the area of the 528 keV line using gated

spectra because, experimentally, the transitions where the gate is put are emitted

by stopped nuclei. Putting a gate on a transition with a measurable shifted

component would a�ect the lifetime estimate if the shifted component were not

included in the gate, since the fraction of photons entering the gate would also

depend on the target-stopper distance.

We performed a �t of these data with the Bateman equations, using the

MINUIT �2 minimization subroutines [cern95]. In this case, the Bateman equa-

tions reduce to a mere exponential decay, with the possibility to include a non-

negligible sidefeeding. The results do not change signi�cantly treating the side-

feeding as a free parameter or �xing �sidefeeding = 0:0 s, which proves that in this

case the sidefeeding is negligible. The best �t (keeping the sidefeeding and the
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Figure 4.8: Comparison of the decay data for the 1665 keV -ray deexciting the

5� level in 64Ge, extracted from the clover and cluster.

initial population as �xed parameters) is � = 43�8 ps, corresponding to a half-life

t1=2 = 30� 6 ps (see �gure 4.7).

4.5.3 The I
� = 5� level

The I� = 5� level at 3718 keV excitation energy is depopulated by three tran-

sitions, the most intense being a 1665 keV -ray with probable strongly mixed

E1=M2 character, and the others a weak 747 keV E2 transition and 1048 keV

electric dipole transition. In the present set of plunger data only the 1665 keV

-ray is visible, therefore the lifetime of the level has been extracted by the de-

cay curve of this transition. The areas of the 1665 keV peak were extracted, as

in the case of the 528 keV line, from spectra double-gated on the 902 keV and
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1151 keV transitions, and have been normalized to the area of the 158 keV -ray.

As shown in �gure 4.8, the data from the cluster and clover detectors indicate

a very similar trend. This enables us to deduce the lifetime of the level both

from the clover and from the cluster spectra. The analysis program made a

simultaneous �t of the 7� ! 5� ! 4+ cascade. It was possible to �t simulta-

neously the shifted and stopped components, but, as mentioned previously, only

the stopped components were included in the �t. Possible sidefeedings for the

7� and 5� levels were included in the �t. The intensities extracted from the

thick target Legnaro experiment were I(528) = 780 � 25, I(1665) = 567 � 18,

I(1048) = 130� 9, I(747) = 89 � 6 (where I(902) = 1000 by de�nition). Being

I(1665) + I(1048) + I(747) = 786 � 21, this justi�es the assumption that the

5� level is populated only via the  decay of the 7� level and any other direct

population of the level is negligible, therefore its initial population was �xed to

zero in the �t.

The lifetime of the 7� level was treated initially as a free parameter and sub-

sequently, after checking that the two-level �t gave results in agreement with the

one-level �t, it was �xed at � = 43 ps as obtained before. Also the sidefeeding

for the 5� level was initially treated as a free parameter and subsequently, after

checking that it was negligible, it was �xed to zero. From the clover data we get

� = 23� 16 ps (�gure 4.9). In the case of the cluster spectra, the statistics were

lower and the contamination worse (see again �gures 4.5, 4.6), therefore we had

to discard the point at 1200�m, obtaining a result in agreement with the clover

data, but with a larger uncertainty, � = 30� 20 ps. The small di�erence between

the two estimates can be explained recalling that the angular distribution for the

1665 keV transition is peaked at 90Æ, due to the stretched dipole character of the

transition. The recoiling nuclei gradually lose their initial orientation, thus reduc-

ing the asymmetry A = W (90Æ)=W (137Æ) at large values of the target-stopper

distances. This means that the areas of the 1665 keV line measured with the

Clover detectors are reduced with respect to the value which one would measure
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Figure 4.9: Decay curve for the 1665 keV -ray deexciting the 5� level in 64Ge,

from the clover (top) and cluster (bottom) spectra.
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without deorientation; an opposite e�ect occurs with the Cluster detectors. The

global result is that the mean life of the 5� level measured with the Clover detec-

tors is shorter than that obtained with the Cluster detectors. In order to correct

for this e�ect, one can simply make a weighted average of the two results, which

in the present case gives � = 26� 13 ps.

4.6 Extraction of the experimental strengths

Having at disposal the experimental lifetime of the 5� level, we can calculate the

B(E1), B(M2) and B(E2) reduced matrix elements, which are basic parameters

for any theoretical description of the nucleus.

To begin with, we recall the following expression for the partial decay proba-

bility P(XL) of a given level [Lobn75]:

P(XL) = ��1
I(XL)P

d Id
(4.6)

where Id is the intensity of the d decay channel. Considering the experimental

situation for the 5� level in 64Ge and the experimental intensities, we obtain:

P(1665) = (0:721� 0:029) ��1 = (27:7� 13:9) � 109 s�1 (4.7)

P(747) = (0:113� 0:008) ��1 = (4:3� 2:2) � 109 s�1 (4.8)

where we assumed � = 26� 13 ps. Being:

P(E1) =
P

1+Æ2
= (1:69� 0:93) � 109 s�1 (4.9)

P(M2) =
P

1+Æ�2 = (26:1� 11:9) � 109 s�1 (4.10)

where we assumed Æ = �3:9� 0:6 and the errors were propagated with the usual

formulas, the results for the 1665 keV transition are:

B(E1) = 6:288 � 10�16E�3

P(E1) = (2:29� 1:27) � 10�7 e2fm2 (4.11)

B(M2) = 7:381 � 10�8E�5

P(M2) = (150� 80)

 
e�h

2Mpc

!2

fm2 (4.12)
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corresponding to B(E1) = (2:26 � 1:25) � 10�7 W:u:, B(M2) = 5:7 � 3:0 W:u:.

Here it should be pointed out that, starting from very similar values for the mean

life of the I� = 5� level, namely 32�3 ps in 66Ge and 23�13 ps in 64Ge, due to the

extremely di�erent values of the multipole mixing ratio (for the 1510 keV -ray in

66Ge, it is Æ = �0:023+0:005
�0:008), one obtains electric dipole strengths very di�erent in

the two cases, being B(E1; 5� ! 4+; 66Ge) = (3:7�0:6)�10�6 W:u: [Herm92]. As

a consequence of the large value of the multipole mixing ratio, the present value

of B(M2) is quite large compared with the average strengths published in the

compilation of [Endt79]. However, other transitions with large B(M2) are known

in this mass region, for example B(M2; 59Cu; 2128 keV) = 1:8+1:5
�0:8 W.u. [Bagl93],

B(M2; 63Cu; 1179 keV) = 78 � 16 W.u. [King91] and B(M2; 65Ga; 750 keV) =

23+37
�19 W.u. [Bhat93].

The values for the 747 keV transitions are instead:

B(E2; 747) = 8:161 � 10�10E�5

P(E2) = 15:2� 6:92 e2fm4 (4.13)

corresponding to B(E2) = 1:0�0:5 W:u:, in good agreement with the systematics

of the light even germanium isotopes [Herm92, Bhat98].



Chapter 5

Discussion and conclusions

As shown in chapter 3, the decay scheme for 64Ge obtained in the present work

in general con�rms that of Ennis and co-workers [Enni91]. The main di�erence

is a revised multipolarity assignment for the 1665 keV transition, which is now

assigned a stretched electric dipole character with a large magnetic quadrupole

admixture. The B(E1; 1665 keV) and B(E2; 747 keV) strengths have been mea-

sured experimentally, as shown in chapter 4.

In this chapter, the discussion of section 1.6 will be expanded. In section 5.2,

the problem of isospin mixing will be discussed, introducing a possible way of

extracting the isospin mixing probability from the present data set. The result-

ing estimate is then compared with various theoretical calculations published in

the literature. Finally, in section 5.3 the perspectives of the present work are

discussed.

5.1 Triaxiality and octupole correlations in 64Ge

There have been a number of previous works, suggesting a triaxial shape for the

ground-state of 64Ge. In axially-symmetric nuclei, it is possible to estimate the

degree of deformation of the ground-state using a phenomenological formula in-

troduced �rst by Grodzins [Grod62]. As described in [Enni91], the predictions of

165
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Figure 5.1: Calculated Total Routhian Surfaces for 64Ge at the rotational fre-

quencies �h! = 0:0; 0:42; 0:64 MeV. Taken from [Enni91].
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this formula are in poor agreement with the experimental data for the even ger-

manium isotopes. If one assumes that 64Ge and the heavier germanium isotopes

have a triaxial shape, there will be a considerable mixing between the I� = 2+1

and the I� = 2+2 levels, of the ground-state band and of the -band respectively.

This leads to a lowering of the 2+1 level and to a prediction of anomalously large

�2 deformation.

According to the work of Davydov and Filippov [Davy58], the degree of tri-

axiality for a rigid rotor can be estimated from the following ratio:

R =
B(E2; 2+2 ! 2+1 )

B(E2; 2+2 ! 0+1 )
(5.1)

The results for 64Ge, deduced from the intensity branching ratios, suggest  =

27Æ. The assumption of a rigid rotor is however not completely justi�ed: in 64Ge,

E(4+1 )=E(2+1 ) = 2:27, which is very close to the asymptotic value of 2.5 predicted

for a -soft nucleus. Further evidence pointing to a -soft character can be

obtained, as suggested by Zam�r and Casten [Zamf91], from the ratio S(4; 3; 2)

of the energies of the members of the -band relative to the �rst excited state:

S(J; J � 1; J � 2) =
[E(J)� E(J � 1)]� [E(J � 1)� E(J � 2)]

E(2+2 )
(5.2)

In the case of a rigid triaxial rotor, S = +1:7 is predicted, while S = �2 for a

completely -unstable rotor. Since the levels of the  band were not identi�ed in

the present work, one has still to rely on the results of [Enni91], which suggest

S = �1:8, indicating a large -instability.

In a recent letter by Takami and co-workers [Taka98], fully-consistent mean-

�eld calculations were performed, using a Skyrme-Hartree-Fock plus BCS method

with a three-dimensional mesh representation [Bonc86]. These calculations pre-

dict a triaxial shape for the ground-state of 64Ge, with �2 = 0:27 and  = 25Æ.

The calculations also considered the e�ect of a possible octupole deformation,

which was found to be negligible (�3 = �33 = 0:01).

Ennis and co-workers [Enni91] performed Total Routhian Surfaces calcula-

tions based on a Woods-Saxon cranking model with pairing, in order to study
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Figure 5.2: The m-scheme dimension of the M = 0 and of the complete spaces

for N = Z nuclei in the pf shell. Taken from [Otsu99].

the e�ects of -softness with angular momentum. These calculations, shown in

�gure 5.1, predict that 64Ge is almost completely -unstable in its ground-state.

The triaxial minimum stabilizes at �2 � 0:2 and  � �30Æ at J � 2; 4, evolving

at higher spins to a well-deformed prolate minimum with �2 � 0:3 and  � +15Æ.

This is probably caused by the alignment of a pair of protons or neutrons in the

g9=2 subshell, which has a particle character and exerts a strong shape-driving

force.

It would be extremely interesting to compare the experimental data for 64Ge

with detailed shell-model calculations. As discussed in [Otsu99], the very large

m-scheme dimension of the M = 0 space, which in this case is of the order of

109, makes such calculations unfeasible at present (�gure 5.2).

A possible way of reducing the dimensions of the Hilbert space is to employ the

Shell Model Monte Carlo technique introduced by Honma, Misuzaki and Otsuka

[Honm96]. They performed also calculations for 64Ge, but could not reproduce

any of the negative-parity states, since the unique-parity g9=2 orbital was not
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included in their model space. They assumed 40Ca as a core, and 24 valence

particles in the f7=2, p3=2, p1=2 and f5=2 orbitals. The average occupation number

for the f7=2 orbital was 15.1, suggesting that this orbital has still an active role

and should be included in the model space.

An alternative way of reducing the dimensions of the Hilbert space is to use

the Interacting Boson Approximation originally developed by Arima and Iachello

[Arim76]. Many theoretical works on the nuclei of this mass region can be found

in the literature, for example see the papers by Elliott [Elli96], Joubert [Joub94],

Hsieh [Hsie92], Chuu [Chuu93], Yoshida and Arima [Yoshi85], and Sahu and

Pandya [Sahu92].

The paper by Sahu and Pandya is speci�cally devoted to the analysis of the

observed bands in 64Ge. Although using axially-symmetric wavefunctions, they

obtain a fair agreement with the experimental data for positive- and negative-

parity states, with the notable exception of the I� = 3� state (�gure 5.3). On

the other hand, the present experimental result of B(E2; 5� ! 3�) � 1 W:u:,

in agreement with the systematics of the light germanium isotopes [Herm92],

suggests that the 3� and the 5� levels have quite di�erent structures. Such an

hypothesis is supported by earlier calculations by Petrovici and Faessler for the

heavier even germanium isotopes [Petr83], indicating a diverging structure for the

3� and the 5� levels with reducing neutron number. Following the discussion by

Ennis and co-workers, Sahu and Pandya point out that their calculations produce

a 3� and a 5� level almost degenerate in energy. Thus, they suggest that a slight

change in the parameters of the interaction could bring the 3� above the 5�,

making it non-yrast and thus weakly populated in a fusion-evaporation reaction.

The nature of the experimentally observed 3(�) level would be di�erent from

the rest of the negative-parity band, possibly arising from a collective octupole

vibration.

Octupole collectivity originates from the interaction between the unique parity

orbit in a major shell and the common parity orbit having both l and j 3�h units
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Figure 5.3: Comparison between the experimental and the calculated collective

bands in 64Ge, for the positive-parity (a) and the negative-parity (b) states.

The quantities near the arrows represent the B(E2) values in Weisskopf units.

Modi�ed from [Sahu92].
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Figure 5.4: Total energy surface in the (�2; �3) plane for 64Ge obtained with

a Woods-Saxon model including pairing. At each �2 and �3 the energy was

minimized with respect to �4 and �5. The contour lines are 250 keV apart. Taken

from [Naza90].

less than the unique parity orbit. In the 64Ge region, octupole collectivity is

expected to arise from the interaction of the g9=2 and the p3=2 orbits. The e�ect

is expected to be particularly intense in this mass region, since valence protons

and neutrons occupy the same orbitals. According to Nazarewicz [Naza90], the

large energy separation of the two orbits should reduce the e�ects of octupole

instability.

The Potential Energy Surface plot for 64Ge calculated by Nazarewicz [Naza90]

(�gure 5.4) shows a pronounced softness in the octupole deformation for both the

oblate and the prolate minima. The I� = 3(�) level is an obvious candidate for

an octupole excitation, however the nature of this level is presently not yet well

understood. It is possibly an admixture of a pure collective excitation and of

a two-quasiparticle excitation coupled to the core, as suggested by Ennis and
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co-workers [Enni91]. As a possible signature of this, they suggest to employ the

parameter ÆE(J) introduced by Cottle and co-workers [Cott89]:

ÆE(J) = E(J; � = �)� E(J � 3; � = +)� E(3�) (5.3)

In the ideal case of an aligned octupole phonon and of identical core moments

of inertia for the ground-state and for the negative-parity bands, ÆE(J) should

be zero. The criterion is not expected to be valid in systems where the single-

particle and the collective degrees of freedom are strongly coupled. In the case

of 64Ge, Æ(5) = �154 keV, Æ(7) = �776 keV, indicating a dramatic lowering of

the negative-parity band that can not be well understood in terms of either pure

collective excitations, nor in terms of pure two-quasiparticle excitations coupled

to the core. In the present set of data, no direct 3(�) ! 0+ transition was

identi�ed, and the lifetime of the 3(�) level was not measured. A measurement

of the 3(�) decay branching ratio to the ground state and of B(E3; 3� ! 0+),

together with a clear multipolarity assignment, would help greatly in addressing

the question of the collectivity of the negative-parity states.

5.2 Isospin mixing

In this section, we will try to obtain an estimate for the degree of isospin mixing

induced by the Coulomb interaction in 64Ge. It is the author's feeling that the

concept of isospin mixing probability has not always been correctly interpreted

in the past, thus a brief review of the useful equations describing the mixing of

two levels will be given. Subsequently, the theoretical expectations found in the

literature will be presented, and an estimate of the isospin mixing probability

based on the experimental data obtained in the present work will be given.
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5.2.1 Two-level mixing

Let us assume here, as for example discussed in [Cast90], that two states, labelled

1 and 2, are mixed by a generic interaction V̂ , E1 and E2 being the unperturbed

energies and �1, �2 the unperturbed wavefunctions. Having de�ned the mixing

matrix element:

v = h�1jV̂ j�2i (5.4)

the �nal energies and wavefunctions are obtained by diagonalizing a 2�2 matrix,

which has the following form in the basis of the unperturbed states:

H =

0
B@ E1 v

v E2

1
CA (5.5)

De�ning the ratio R:

R =
jE1 � E2j

v
=

�Eu

v
(5.6)

the energies of the mixed states, which will be labelled I, II, are:

EI;II =
1

2
(E1 + E2)�

�Eu

2

s
1 +

4

R2
(5.7)

Thus, each state is shifted by an amount:

j�Esj =
�Eu

2

2
4
s

1 +
4

R2
� 1

3
5 (5.8)

The mixed wavefunctions  I ,  II are:

 I = ��1 + ��2 (5.9)

 II = ���1 + ��2 (5.10)

with �2 + �2 = 1 and � given by the following expression:

� =
1s

1 +

�
R

2
+
q

1 + R2

4

�2 (5.11)
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5.2.2 Theoretical estimates

Many authors in the past have provided a theoretical estimate for the isospin

mixing probability inN � Z nuclei. The problem has been debated since long, see

for instance the paper by W.M. MacDonald [MacD55] where the amount of isospin

impurity is calculated for light N � Z nuclei. Here it should be stressed once

again that measuring the isospin mixing probability corresponds to measuring

the coeÆcient � of equations 5.10 and 5.11. The probability itself, however, is

not the amplitude �, but the square of the same coeÆcient, i.e. P = �2. We will

not enter into details, referring to the original publications, but rather simply

quote the main results.

The model to which the other calculations typically refer was developed by

Bohr and Mottelson [Bohr69] and is known as the hydrodynamical model . Recog-

nizing that the Coulomb interaction acts to polarize the nucleus and that there

are forces (such as the pairing interaction) counteracting this tendency, the ex-

citations associated with the nuclear polarization are described as normal modes

of oscillation similar to those in a liquid drop consisting of two uids. Assuming

that the charge of the protons is distributed uniformly inside the nucleus, the

�nal result for the isospin mixing probability is:

P (T = 1) = 3:50 � 10�7Z2A
2

3 (5.12)

For the special case of an N = Z nucleus, A = 2Z and one obtains a Z
8

3 depen-

dency. In the case of 64Ge, the model predicts �2 = 0:5%.

Col�o and co-workers [Colo95] suggest a di�erent way of evaluating the isospin

mixing probability, where the energy-weighted sum rule for isovector monopole

excitations is considered. In this case the �nal result is:

P (T = 1) = 3:28 � 10�6
NZ3

A
4

3

(5.13)

For N = Z nuclei, one again obtains a Z
8

3 dependency. In the case of 64Ge, the

model predicts �2 = 1:34%.
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Figure 5.5: Isospin mixing probabilities calculated using the Hartree-Fock ap-

proximation with a Skyrme III interaction, for deformed solutions (solid squares)

and for spherical shapes (open circles). The dotted curve shows the predictions

of the hydrodynamical model of Bohr and Mottelson. Taken from [Doba95].
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Many authors, for instance Col�o and co-workers [Colo95], Hamamoto and

Sagawa [Hama93], Sagawa [Saga95], Dobaczewski and Hamamoto [Doba95], have

extracted the isospin mixing probability through self-consistent Hartree-Fock or

Random Phase Approximation calculations with Skyrme-type forces. In all cases,

their estimates for the isospin mixing probability are systematically 2-3 times

higher than the hydrodynamical estimate. Here the results from Dobaczewski

and Hamamoto are quoted (�gure 5.5), which imposed a deformed shape for the

nuclei, in agreement with previous estimates and with the experimental results

known at the time. Imposing a spherical shape, the result for 64Ge is �2 = 2:4%,

while allowing the nucleus to assume a deformed shape the result is �2 = 1:6%.

5.2.3 Direct evaluation of the Coulomb matrix element

In this section the isospin mixing probability will be estimated with the technique

proposed by B.A. Brown [Brow82] to extract the Coulomb matrix element from

experimental binding energies, using a one-particle{one-hole model. Remember-

ing the expressions for the mixing of two levels, this corresponds to evaluating

the isospin mixing probability if the energy distance between the unperturbed

T = 0 and T = 1 states can be estimated.

The single-particle energies for particles and holes can be extracted from:

�(jp) = E

�
A = 65; T =

1

2

�
� E(64Ge g:s:) (5.14)

�(jh) = E(64Ge g:s:)� E

�
A = 63; T =

1

2

�
(5.15)

where E is the opposite of the binding energy, that is E = �BE. The binding

energies taken from the last compilation of G. Audi and A.H. Wapstra [Audi95]

are presented in table 5.1. These are experimental values, save for 63Ge and 64As

which at present have not been measured. The following single-particle energies

are obtained:

�(�jp) = 0:080 MeV
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�(�jp) = �10:057 MeV

�(�jh) = �5:024 MeV

�(�jh) = �15:586 MeV

The strong isospin-conserving (Tz-independent) particle-hole matrix element

hVSi can be deduced from one of the following expressions:

E(64As; J; T = 1) = �(�jp)� �(�jh) + E(64Ge g:s:) + hVSi (5.16)

E(64Ga; J; T = 1) = �(�jp)� �(�jh) + E(64Ge g:s:) + hVSi (5.17)

The excited states of 64As are not known at present, thus one can estimate hVSi

only from the 64Ga data (equation 5.17). In 64Ga, the 4+ state lies at 538 keV

and the 5� at 1843 keV excitation energy [Sing96], thus:

E(64Ga; 4+; T = 1) = �550:607 MeV

E(64Ga; 5�; T = 1) = �549:302 MeV

The matrix elements thus obtained are hVS(4+)i = 380 keV and hVS(5�)i =

1685 keV for the 4+ and 5� states, respectively.

The Coulomb particle-hole matrix element between two protons hVCi can be

obtained from the following expression:

E(64Ge; J; T = 1) = E(64Ge g:s:) + hVSi+
1

2
hVCi+

+
1

2
[�(�jp)� �(�jh) + �(�jp)� �(�jh)] (5.18)

It is therefore necessary to determine the position of the T = 1 states in 64Ge. To

this end, one should compare the masses of 64Ga, 64Ge and 64As, after correcting

for the e�ects of the Coulomb interaction, namely the proton-neutron mass dif-

ference and the di�erent interaction energy of the protons inside the nuclei. It is

�mpn = (mp�mn) �c2 = �1:293 MeV; in order to compare the mass of 64Ga or of

64As with the mass of the N = Z isobar 64Ge, one must �rst add (Z�N)�mpn=2

to the binding energies. The Coulomb interaction energy EC of the protons can
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Nucleus BE (MeV)

63Ga 540.930 experimental

63Ge 530.368 extrapolated

64Ga 551.146 experimental

64Ge 545.954 experimental

64As 530.268 extrapolated

65Ge 556.011 experimental

65As 545.874 experimental

Table 5.1: Experimental and extrapolated binding energies in the 64Ge mass

region. Taken from [Audi95].

be evaluated as the interaction energy of an uniformly charged sphere, obtaining

the following expression:

EC = �aC
Z(Z � 1)

A
1

3

(5.19)

Taking aC = 0:720 MeV, the �nal values for BE � EC + (Z � N)�mpn=2 are

719.538 MeV, 724.514 MeV and 719.055 MeV for 64Ga, 64Ge and 64As respec-

tively. Averaging, the lowest T = 1 state in 64Ge is estimated to lie at 5.218 MeV

excitation energy. The excitation energies of the T = 1 levels in 64Ge are there-

fore:

E�(64Ge; 4+; T = 1) = 5:756 MeV

E�(64Ge; 5�; T = 1) = 7:060 MeV

This implies:

�Eu(4+) = E�(64Ge; 4+; T = 1)� E�(64Ge; 4+; T = 0) � 3:703 MeV

�Eu(5�) = E�(64Ge; 5�; T = 1)� E�(64Ge; 5�; T = 0) � 3:343 MeV

Using equation 5.18, one obtains values in agreement for the 4+ and the 5�

levels, hVC(4+)i) = 119 keV and hVC(5�)i) = 117 keV respectively.
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Finally, the o�-diagonal matrix element can be deduced from:

��1 = [�(�jp)� �(�jp)]� [�(�jh)� �(�jh)] (5.20)

hJ ; T = 0jVCjJ ; T = 1i = �1
2
(��1 + hVCi) (5.21)

The results are again in good agreement for the 4+ and the 5� levels, v4 =

h4+; T = 0jVCj4+; T = 1i = 153 keV, v5 = h5�; T = 0jVCj5�; T = 1i = 154 keV.

Applying the expressions for the two-level mixing, which were presented in sec-

tion 5.2.1, one obtains � = 0:041 and � = 0:046 for the 4+ and the 5� levels

respectively. The isospin mixing probabilities in the two cases are �2 = 0:17%,

�2 = 0:21%, of the order of magnitude of the hydrodynamical estimate of Bohr

and Mottelson [Bohr69]. It should be observed that in the work of Ennis and co-

workers, hJ ; T = 0jVCjJ ; T = 1i � 200 keV is estimated from the experimental

data available at the time. With an estimated gap of about 3 MeV between the

unperturbed T = 0 and T = 1 states, � = 0:06 was obtained, which was quoted

incorrectly as a probability. In their case, the isospin mixing probability should

have been quoted as �2 � 0:44%, of the order of the present estimate.

5.2.4 Estimate of the isospin mixing probability

Having determined the electric dipole strength B(E1; 1665 keV) in 64Ge, one

would try to relate it to the isospin mixing probability. In principle, one should

calculate the reduced transition matrix elements of the electric dipole operator

for 64Ge, requiring a detailed knowledge of the nuclear wavefunctions. This is not

feasible at present: as discussed in section 5.1, detailed calculations for 64Ge using

a full fpg space are beyond the present computational capabilities when using

conventional shell model techniques; to the author's knowledge, no results for

the negative-parity states of 64Ge are published in the works of Honma, Misuzaki

and Otsuka [Honm96, Otsu99] using Shell Model Monte Carlo Techniques. For

these reasons, at present one can only extract the isospin mixing probability in

a model-dependent way. For example, one could follow the recipe used by Ennis



180 CHAPTER 5. DISCUSSION AND CONCLUSIONS

and co-workers in the erratum to the original paper [Enni91]. The non-zero

electric dipole strength in 64Ge originates from two contributions, namely a I� =

5�; T = 0 ! I� = 4+; T = 1 decay and a I� = 5�; T = 1 ! I� = 4+; T = 0

decay, acting independently. Assuming that each of the contributions provides a

strength of the order of �2B(E1; non� forbidden), it is:

B(E1; 64Ge) = 2�2B(E1; non� forbidden) (5.22)

Ennis and co-workers assumed B(E1; non� forbidden) = 10�4 W:u: from an

average of the strengths of allowed E1 transitions for the nuclei in that mass

region. An experimental evaluation of the E1 strength in 64Ge was not available.

Ennis and co-workers assumed an extreme similarity in the structures of 64Ge

and 66Ge, implying:

B(E2; 747 keV; 64Ge) � B(E2; 886 keV; 66Ge) = 0:4 W:u: (5.23)

They obtained B(E1; 64Ge) � 2:4 �10�6 W:u:, leading to �2 = 1:2%. It should be

noted that in the erratum, �2 was mistaken as an amplitude when the Coulomb

matrix element is extracted (a value of �2 = 0:012 corresponds to a matrix

element of about 330 keV and not of 36 keV as quoted). Applying the same

formula to the experimental data in the current work one obtains �2 = 0:12%,

four times lower than the hydrodynamical estimate and one order of magnitude

lower than the other theoretical estimates.

Expression 5.22 is extremely simpli�ed: it does not consider the proper vector

coupling coeÆcients for the isospin and the assumption for the non-forbidden

electric dipole strength is in any case questionable. A similar recipe to evaluate

the isospin mixing probability is suggested by the extreme similarity of the decay

schemes of 64Ge and 66Ge, which has been pointed out previously (see again

�gure 4.1). If one assumes that such a similarity reects an extreme similarity

between the underlying microscopic structure of the states in 64Ge and 66Ge, the

di�erence between B(E1; 64Ge) and B(E1; 66Ge) is due to the isospin selection
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rules. An isospin hindrance factor can be calculated, depending on the isospin

mixing probability and on the vector coupling coeÆcients for the states involved

in the transition. In the rest of the subsection, an expression for this hindrance

factor is derived, in an attempt to extract the isospin mixing probability from

the present data set.

Recalling the de�nition of B(E1):

B(E1; i! f) =
1

2Ii + 1
jhf jj�(E1)jjiij2 (5.24)

where �(E1) is the electric dipole operator, it is clear that the electric dipole

transition matrix elements should be evaluated for the present case. The observed

states in 64Ge are the linear superposition of states with good isospin:

j4+; 64Gei = (5.25)

= �4j64Ge; 4+; T = 1; Tz = 0i+ �4j64Ge; 4+; T = 0; Tz = 0i

j5�; 64Gei = (5.26)

= �5j64Ge; 5�; T = 1; Tz = 0i+ �5j64Ge; 5�; T = 0; Tz = 0i

where �2
4 + �24 = �2

5 + �25 = 1. Using the fact that the T = 0 ! T = 0 and

T = 1 ! T = 1 E1 matrix elements vanish in the case of 64Ge, the E1 matrix

element can be written as:

h4+; 64Gejj�(E1)jj5�; 64Gei = (5.27)

= ��4�5h64Ge; 4+; T = 1; Tz = 0j�(E1)j64Ge; 5�; T = 0; Tz = 0i+

+��4�5h64Ge; 4+; T = 0; Tz = 0j�(E1)j64Ge; 5�; T = 1; Tz = 0i

where the matrix element on the l.h.s. is reduced in the ordinary spin. Applying

the Wigner-Eckhart theorem (equation 1.28) one obtains:

h64Ge; 4+; T = 1; Tz = 0j�(E1)j64Ge; 5�; T = 0; Tz = 0i =

= � 1p
3
h64Ge; 4+; T = 1jj�(E1)jj64Ge; 5�; T = 0i (5.28)
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and:

h64Ge; 4+; T = 0; Tz = 0j�(E1)j64Ge; 5�; T = 1; Tz = 0i =

= � 1p
3
h64Ge; 4+; T = 0jj�(E1)jj64Ge; 5�; T = 1i (5.29)

where the matrix elements on the r.h.s. do not contain any further explicit

dependence on the third component of the isospin.

In the case of 66Ge, one should consider, in principle, the mixing of the low-

lying T = 1, Tz = 1 states with the T = 2, Tz = 1 states lying higher in energy.

However, the 5� ! 4+ electric dipole transition is dominated by an allowed

component T = 1; Tz = 1 ! T = 1; Tz = 1, thus it is with good approximation:

h4+; 66Gejj�(E1)jj5�; 66Gei =

=
1p
2
h66Ge; 4+; T = 1jj�(E1)jj66Ge; 5�; T = 1i (5.30)

where the Wigner-Eckhart theorem has been applied. The matrix element on the

l.h.s. is reduced in spin, while the one on the r.h.s. is reduced in isospin. From

equations 5.28, 5.29 and 5.30 one obtains directly the ratio between B(E1; 64Ge)

and B(E1; 66Ge):

B(E1; 64Ge)

B(E1; 66Ge)
=
jh64Ge; 4+jj�(E1)jj64Ge; 5�ij2
jh66Ge; 4+jj�(E1)jj66Ge; 5�ij2 = (5.31)

=
2

3
h66Ge; 4+; T = 1jj�(E1)jj66Ge; 5�; T = 1ij�2 �

�j��4�5h64Ge; 4+; T = 1jj�(E1)jj64Ge; 5�; T = 0i+

+��4�5h64Ge; 4+; T = 0jj�(E1)jj64Ge; 5�; T = 1ij2

where again the matrix elements on the l.h.s. are reduced in spin and the ones on

the r.h.s. are reduced in isospin. In order to simplify equation 5.31, the following

assumptions are proposed:

1. The three matrix elements on the r.h.s. of equations 5.28, 5.29 and 5.30 are

equal between each other;
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2. The coeÆcients of the T = 1 amplitudes are the same for the 4+ and the

5� states in 64Ge, i.e. � = �4 = �5.

Note that, following assumption 1, assumption 2 implies that also �4 = �5 = � in

order to obtain a non-zero value of B(E1; 64Ge).

Thus the following expression is obtained:

B(E1; 64Ge)

B(E1; 66Ge)
=

8

3
�2(1� �2) (5.32)

Taking B(E1; 66Ge) = (3:7 � 0:6) � 10�6 W:u: [Herm92] and considering the

present experimental uncertainty on B(E1), one obtains �2 = 2:3 � 1:4%. This

value is in reasonable agreement with the estimates of Dobaczewski and Hamamoto

for spherical shapes [Doba95], but the large uncertainty does not allow to exclude

their solution obtained with constraints to non-spherical shapes. One should not

forget that the present estimate is strongly model-dependent.

To conclude this section, one should be aware that the T = 1 states in 64Ge

could be fragmented into many levels, thus the present estimate, obtained with

a two-level mixing model, should be regarded as a lower limit.

5.3 Future perspectives

In this section, the future perspectives of the present work are discussed from the

point of view of further detector developments and of possible future experiments.

The ISIS Si-ball is a widely used instrument. About 60% of the experiments

performed with GASP employ this device, and it was used in seven out of thir-

teen experiments performed with EUROBALL III coupled with ancillary devices.

Many results in di�erent areas of investigation were obtained. Apart from the

ones obtained in the present work, other results include the detailed investigation

of many N = Z nuclei in the f7=2 shell, such as 48Cr [Lenz96] or 52Fe [Ur1998], the

observation of delayed alignment in 72Kr as a signature of np pairing [deAn97], the

study of octupole correlations in 109Te [deA198], the study of magnetic rotation
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in 82;84Rb [Schn99] and 105Sn [Gad197], the �rst identi�cation of excited states in

103Sn [Fahl00] and 88Ru [Marg00]. Nevertheless, the performance required of an

ancillary device for light charged particles is so stringent that it was felt necessary

to develop an improved version of ISIS, namely the EUCLIDES Si-ball presented

in section 2.7. At the time of writing, EUCLIDES has not started operation,

however there are twelve experiments approved by the Strasbourg PAC requiring

EUROBALL IV coupled with EUCLIDES (in most of them also the neutron-Wall

will be used). The future large scale European projects employing radioactive

beams, for example the EURISOL facility which is presently being discussed, will

probably require the development of a Silicon ball similar to EUCLIDES, possibly

with even further improved design performances. Furthermore, there is currently

a great interest in light charged particle identi�cation with single monolithic sil-

icon detectors, using the pulse-shape analysis and eventually employing Digital

Signal Processing (DSP). In this context, it will be extremely important to test

the pulse shape capabilities of the �E crystals of EUCLIDES.

Many experimental groups are presently working on Digital Signal Processing

to replace conventional electronics with digital electronics. Basically, the shape

of the preampli�ed signals would be digitized by measuring its amplitude with

a certain frequency, which is said the sampling frequency. Subsequently, all of

the operations which are normally performed on the preampli�ed signals (ampli-

�cation, �ltering, etc.) would be performed via software on the digitized signals.

The method is e�ective if the inverse of the sampling frequency is small compared

with the time in which the signal evolves. DSP has been successfully employed

in experiments using germanium detectors [Pfut00], because of their poor tim-

ing characteristics, but the sampling frequencies of the commercial electronics

available at present are too low to employ the same modules with detectors with

better time characteristics, such as the silicon detectors. The situation in this

�eld is rapidly evolving and probably the present diÆculties will be overcome in

a few years.



5.3. FUTURE PERSPECTIVES 185

As discussed in chapter 4, the plunger lifetime measurement performed with

EUROBALL IV at Strasbourg su�ered from a number of experimental problems.

Ultimately, the requested channel selectivity was not reached, because the detec-

tion eÆciency for light charged particles was lower than expected and, most of

all, because the population of 64Ge occurred via evaporation of 1�2p2n instead

of 2�. The main goal of measuring B(E1; 1665 keV) could be reached. It was

also not possible to deduce the mean life of the I� = 3(�) level, which could help

addressing the question of its collectivity. However, it is the author's feeling that

the lifetime measurement for the 1665 keV -rays of 64Ge was at the limits of the

present sensitivity and that to measure the decay curve of the 2970 keV -ray

an increase in detection eÆciency will be required. In this sense, the planned

-ray tracking arrays, such as GRETA [Dele99] or AGATA [Lied99] could open

many exciting possibilities. In the case of 64Ge, they will probably allow a direct

determination of the branching ratio of the decay of the I� = 3(�) level to the

ground state, which is below the present limits of sensitivity.

The experimental evaluation of the isospin mixing probability is certainly one

of the reasons of interest to continue studying medium-mass N = Z nuclei. In

many cases, the experimental information available is scarce and there are no

reported E1 transitions, thus the technique of the present work is not applicable.

A promising case is 68Se, where an electric dipole transition was recently assigned

by Fischer and co-workers [Fisc00]. However, the situation from the point of

view of the required detection eÆciency looks quite similar to the case of the

I� = 3(�) level in 64Ge, and probably will have to wait for the next generation of

instruments.

An alternative way of measuring the isospin mixing probability is to study

forbidden �-decays, as currently planned by the Leuven group [Schuu99] at the

ISOLDE facility. In the case of 64Ge, the present data for its decay to 64Ga

[Fire96], neglecting the possible contributions from higher-order Gamow-Teller

decays, suggest �2 � 0:15%, which is of the order of the hydrodynamical esti-
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mates. Naturally more precise experiments and more detailed theoretical models

would greatly help in addressing the question.

Arguably, the information most needed regarding 64Ge at the moment is a

complete shell-model analysis performed in the full fpg space. For example,

in the present determination of the isospin mixing probability, the assumption

of identical contribution of the nuclear wavefunctions of 64Ge and 66Ge could

receive its ultimate justi�cation from a complete microscopical description of the

two nuclei, or, alternatively, it would be possible to calculate directly the nuclear

matrix elements. Also more detailed calculations including the fragmentation of

the T = 1 states would be very useful.

To conclude this section, it should be remarked that the future radioactive

beam facilities will probably o�er the possibility to measure directly the spectro-

scopic factors in 64Ge, which is presently impossible. The most straightforward

possibility will be to use transfer reactions such as (p,d) or (d,p) in inverse kine-

matics with beams of unstable nuclei.



Conclusions

This work has demonstrated the usefulness of ancillary detector selection devices,

coupled to an array of -ray detectors for the study of neutron-de�cient nuclei.

The ISIS Si-ball has been constructed, developed and used in a number of exper-

iments with the GASP and EUROBALL -ray spectrometers. It has been shown

that the performances of these arrays may be improved when ISIS is used in con-

junction with them, since it provides channel selection through the identi�cation

of the di�erent species of emitted particles while simultaneously improving the

e�ective energy resolution of the -ray detectors through a kinematical recon-

struction of the trajectories of the recoiling nuclei. The improved version of ISIS,

namely the EUCLIDES Si-ball, has been constructed and is foreseen to begin

operation in February 2001.

The sensitivity of EUROBALL together with the ISIS Si-ball and with an

array of neutron detectors has allowed to study heavy N = Z nuclei in the mass

region with A ' 60{80.

In this work new results on 64Ge have been presented. The quality of the

data was such that a number of ambiguous points in the previously reported

decay scheme could be clari�ed. Intensities were extracted for all of the observed

transitions. Spins and parities were assigned on the basis of a DCO ratio analysis,

of an angular distribution analysis and of a polarization correlation analysis. The

character of the 1665 keV transition has been established as a stretched electric

dipole with a large magnetic quadrupole component.

An experiment has been performed in Strasbourg to measure lifetimes in 64Ge

187
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using EUROBALL coupled to an early implementation of EUCLIDES and the

K�oln plunger. The lifetime of the 5� level has been measured, thus allowing an

estimate of the isospin mixing probability, which is in fair agreement with the

theoretical estimates found in the literature.
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