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Abstra
t
The region of the nu
lear 
hart around A∼100 is an area of stru
tural
hanges where di�erent shapes 
oexist and therefore, an interestingpla
e to study stru
tural evolution and test nu
lear models. Withinthe element that populate this region, zir
onium is one whi
h is ex-pe
ted to present well deformed states, but for whi
h little experi-mental data has been measured so far. The stru
ture of the 102−108Zrnu
lei has been studied using the Intera
ting Boson Model (IBM).Energy states and transition probabilities have been predi
ted andtested using the limited amount of existing experimental data. How-ever, the results of these 
al
ulations produ
ed several possibilities, soknowledge about non-yrast states is needed in order to deepen the un-derstanding of the stru
tural 
hanges in zir
onium nu
lei. Therefore,a series of experiments to measure non-yrast states of 102−108Zr are re-quired. A new te
hnique, for separating di�erent states of nu
lei, hasbeen developed and tested at the University of Jyväskylä, using theIGISOL III fa
ility for the known 
ase of 100Nb β-de
ay into 100Mo.This te
hnique has been su

essfully extended to allow the separatestudy of the gamma-ray de
ay of states populated by the di�erent par-ent states. Lower spin states of 102−108Zr are populated via beta-de
ayfrom 102−108Y. In order to measure the non-yrast states of 102−108Zrpost-trap online spe
tros
opy will be used at IGISOL IV. IGISOLIV is the improved version of IGISOL III and is 
urrently under 
on-stru
tion. Part of my Ph.D. 
onsisted of helping with the developmentof IGISOL IV, the improvements of this fa
ility are explained in thisthesis alongside its operation and several tests performed during 2012.
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"So you don't have unique answers to your questions?""Adson, if I had, I would tea
h theology in Paris.""Do they always have a right answer in Paris?""Never", said William, "but there they are quite 
on�dent of theirerrors." Umberto E
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Chapter 1
Introdu
tion
There are several theoreti
al models of the atomi
 nu
leus, divided into two main
ategories: mi
ros
opi
 models, in whi
h the degrees of freedom are those of theparti
les 
onstituting of the nu
leus, and 
olle
tive models, whi
h des
ribe theproperties of the nu
leus as a whole. A major question remains in how to re
on
ileboth points of view. How do you explain 
olle
tive properties from a mi
ros
opi
point of view? In the sear
h for a better understanding, s
ientists are 
urrently
hallenging the limits of nu
lear matter stability, pursuing new data whi
h mightenlighten the 
ompli
ated nu
lear stru
ture. Exoti
-nu
lei resear
h has produ
edan in
reasing amount of new experimental data, un
overing a wide range of newnu
lear behaviour that is not fully understood and, providing a testing groundfor nu
lear models and highlighting the need for a theory able to explain theseexoti
 
on�gurations.Some nu
lear properties, su
h as the nu
leons' separation energy, exhibit sudden
hanges at 
ertain numbers of nu
leons, indi
ating the existen
e of large gaps be-tween energy levels. These "magi
 numbers" of nu
leons, whi
h are more stable
on�gurations, 
onstitute the origin of the shell model [1℄. Closed-shell 
on�gura-tions greatly simplify the des
ription of the system, allowing an interpretation inwhi
h only valen
e nu
leons are taken into a

ount. The nu
lear shell model wasdeveloped based on empiri
al data within a restri
ted area of the nu
lear 
hart,
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lose to the stable isotopes. Due to the a
quisition of new data on exoti
 nu
lei,the idea of the magi
 numbers validity a
ross the entire nu
lear 
hart has beendisputed in re
ent years [2, 3, 4℄. Therefore, the evolution of shell stru
ture alongthe nu
lear lands
ape has be
ome one of the main unknowns in nu
lear physi
s.Away from 
losed shells, where several valen
e nu
leons exist, other stru
turalrepresentations prevail. Here 
olle
tive motion dominates, 
hanging the nu
leusfrom a spheri
al equilibrium shape to a deformed one. Stru
tures are often ex-plainable on the basis of geometri
 or dynami
al symmetries, where the main twoar
hetypes are the harmoni
 vibrator and the symmetri
 rotor [5℄.A
ross the nu
lear lands
ape, transitions from spheri
al to deformed shape o

ur.Although these transitions are often sudden, an intermediate 
ondition of shape
oexisten
e is also possible. At present there are no simple theoreti
al models ableto des
ribe these regions. In absentia of an appropriate stru
tural framework, theempiri
al observation is essential. The nu
leus is an unique laboratory to examinethe quantum basis of shape 
oexisten
e, sin
e it 
an exhibit properties asso
iatedwith both single-nu
leon and 
olle
tive motion.The Intera
ting Boson Model (IBM) [6℄ treats the nu
leus as a system of bosons(pairs of fermions 
oupled to spin 0 or 2 in its simplest version, IBM-1) and
omprises a mi
ros
opi
 des
ription able to explain 
olle
tive properties. Su
ha system of bosons, 
onstitutes a unitary group whi
h 
an undergo di�erent de-
ompositions, leading to three di�erent dynami
al symmetries. These limits in-
lude rotational and vibrational paradigms, linking with the geometri
al modeldes
ription. Motivated by the shell model, the bosons are interpreted as pairsof nu
leons in the valen
e shell, thus the number of bosons for a given nu
leusis �xed and depends on the de�nition of 
losed shells. Therefore, in prin
iple,it should be possible to �t neighbouring nu
lei using the same Hamiltonian butdi�erent numbers of bosons; an approa
h whi
h has been su

essful in some 
ases[7℄. The advantage of using the IBM framework is that it provides an easy wayto perform 
al
ulations for low spin states not only at the three limits, but in thetransition between them, examples of whi
h 
an be found at referen
es: [8, 9, 10℄.
2



The region of the nu
lear 
hart A∼100 is one of stru
tural 
hange, where di�erentshapes 
oexist [11, 12℄. Large deformed ground states and shape transitions fromnearly spheri
al to well deformed prolate shapes have been observed in Sr, Zrand Mo [13, 14, 15℄. Eviden
e of triaxiality has also been found in Mo and Ruisotopes [16℄ while, heavier Sr and Zr isotopes display an axially symmetri
 welldeformed shape. In addition, nu
lei in the region as well have long lived isomers[17, 18℄, providing new opportunities to study unusual nu
lear states [19℄.This thesis is dedi
ated to the study of the nu
lear stru
ture of 102−108Zr isotopes.Zir
onium nu
lei in the A∼100-110 region have been measured to have well-deformed shapes [20℄, isomeri
 states [17, 21℄ and are predi
ted to exhibit di�erent
on�gurations [22℄. Chapter 2 brie�y explains the basi
 nu
lear models neededin order to understand the nu
lear deformation phenomenon. It also gives anoverview of the experimental indi
ators of deformation and stru
tural evolutionin the area of interest. Chapter 3 applies the Intera
ting Boson Model (IBM)to the study of 102−108Zr. Given that almost no data is available for 104−108Zr,the need to a
quire new data in order to test and re�ne, not only the IBMbut also, other nu
lear models is highlighted. This leads to the last two 
hapters,whi
h are dedi
ated to the experimental te
hnique and fa
ility in whi
h Zir
oniumdata will be 
olle
ted in the future. Chapter 4 fo
uses on a new te
hnique, forseparating di�erent states of nu
lei [23℄, whi
h has been developed and tested atthe University of Jyväskylä, using the IGISOL III fa
ility. The isomeri
 
leaningte
hnique has been extended to allow the separate study of the gamma-ray de
ayfollowing the β-de
ay of di�erent parent states and, was tested for the known 
aseof 100Nb de
ay into 100Mo [18℄. It is known that lower spin states of 102,108Zr arepopulated via beta-de
ay from 102,108Y [17, 24℄. In order to measure the non-yraststates and other stru
tural information, a series of experiments using post-traponline spe
tros
opy at the IGISOL IV will be performed. Therefore, the lastChapter, 5, is dedi
ated to IGISOL IV, an upgraded version of the IGISOL IIIfa
ility. The development of the IGISOL IV fa
ility and its 
urrent status, payingparti
ular attention to the work in whi
h the author played a prominent part willbe presented.
3



Chapter 2
Physi
s Motivation
From the point of view of quantum me
hani
s, the phenomenon of deformationis a prerequisite to 
olle
tive rotation. It does not make sense to speak aboutrotation of a spheri
al obje
t given that su
h a system will be invariant underrotations. Nu
lear rotation and vibrations, and, therefore, nu
lear deformation,are well explained in the 
ontext of the geometri
al model. Given that the stru
-ture of neutron ri
h zir
onium nu
lei is known to be well deformed for severalisotopes, it is essential to understand the nature of nu
lear surfa
e deformation.On the other hand, the zir
onium isotopes studied in this thesis, are situated inthe shape transition region around A∼100, whi
h shows a stru
tural evolutionfrom spheri
al to well deformed states. For this reason, the present 
hapter isfo
used on two topi
s: the basi
s of the 
olle
tive nu
lear model and nu
leardeformation, and the stru
tural evolution of the region of interest, with partialemphasis on the experimental and theoreti
al analysis of the zir
onium nu
lei.2.1 Colle
tive nu
lear modelsPostulated by N. Bohr and Kal
kar in 1937 [25℄, the liquid drop model arosefrom a 
omparison between the high density spe
trum of sharp resonan
es, inslow-neutron-
apture rea
tions, and the vibrational modes of a drop of in
om-
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pressible �uid. As the shell stru
ture of the nu
leus was later experimentallydemonstrated, the need to re
on
ile individual parti
le and 
olle
tive degrees offreedom lead to the development of the 
olle
tive model. The des
ription of thenu
leus as a 
olle
tive identity able to undergo vibrations and rotations, wasproposed by J. Rainwater [26℄ and developed by A. Bohr and B. R. Mottelson[5, 27℄. This model in
ludes aspe
ts of Shell and liquid drop models, explaining
ertain ele
tromagneti
 properties of the nu
leus that previous models had failedto des
ribe.2.1.1 The vibrational modes of a spheri
al nu
leus

0+

2+

4+, 2+, 0+

0+, 2+, 3+, 4+, 6+

0+

2+

2+0+
4+

0+

3+
4+2+

6+

a) Harmonic vibrator b) Anharmonic vibratorFigure 2.1: Low-lying levels of the: a) harmoni
 vibrator model; b) anharmoni
vibrator model.Imagine the nu
leus as a liquid drop of radius R0 vibrating with small os
illationsaround a spheri
al equilibrium 
on�guration. While the average shape is spheri-
al, the instantaneous form is not. Therefore, one 
an des
ribe the 
hanges in thenu
lear surfa
e, due to the nu
lear vibrations, through the following parametriza-tion [28℄:
5



R(θ, φ) = R0

(

1 +
∑

λ=0

µ=+λ
∑

µ=−λ

α∗
λµ(t)Yλµ(θ, φ)

) (2.1)where λ des
ribes the multipolarity of the shape, R0 is the radius of the spheri
alnu
leus, Yλµ are the spheri
al harmoni
s and αλµ are the time-dependent expan-sion 
oe�
ients whi
h des
ribe the vibrations of the nu
lei. λ = 0 
orrespondsto a 
ompression mode whi
h is at high energy, λ = 1 do not 
orresponds to adeformation but to a shift of the 
enter of mass, λ = 2 represents a quadrupoledeformation, λ = 3 an o
tupole deformation, et
. As the λ = 0 
omponent is
onstant and the λ = 1 term (dipolar vibration) gives a null average displa
e-ment of the 
entre of mass, the lowest relevant shape 
omponent, in terms ofdeformation, is the quadrupole one, for whi
h the radius 
an be des
ribed bysetting λ = 2 in eq. 2.1 (quadrupole approximation). The vibration quantum is
alled a phonon by analogy to quantum ele
trodynami
 theory; a single unit ofvibrational energy. λ = 1 is 
alled a dipole phonon and 
arries one unit of angu-lar momentum, λ = 2 is a quadrupole phonon and 
arries two units of angularmomentum, et
. Sin
e the quadrupole deformation is the most important one,it is useful to write the Hamiltonian for a quadrupole os
illator. By analogy tothe 
lassi
al harmoni
 os
illator is possible to write a quantized Hamiltonian asa fun
tion of the 
reation and annihilation operators bµ and b†µ as follows:
Ĥ = ~ω

(

2
∑

µ=−2

b†µbµ +
5

2

)

. (2.2)
Introdu
ing the phonon number operator N̂ =

(
∑

b†µbµ
) with eigenvalue N, theenergy spe
trum will be given by:

6



EN = ~ω(N + 5/2), (2.3)Therefore, the ground state is a state with N=0, N=1 
orresponds to the �rstexited state, N=2 
orresponds to the se
ond ex
ited state and so on.For an even-even nu
leus adding one phonon (λ = 2) to the 0+ ground state, givesonly a 2+ state, adding a se
ond phonon leads to a triplet of states with spins
Jπ = 0+, 2+, 4+, et
. Fig. 2.1 shows the level s
heme for a typi
al vibrationalnu
leus in the 
ases of a) an harmoni
 vibrator, whi
h is the 
ase des
ribed hereand, b) an anharmoni
 vibrator, whi
h in
ludes two-body residual intera
tionswhi
h have the e�e
t to break the degenera
y of the multiple phonon ex
itations.2.1.2 Rotational model and deformed shapes

Figure 2.2: The origin of the frame of referen
e represents the spheri
al shape,and the point, P, represent an asymmetri
 deformed nu
lear shape. The modulusof the ve
tor OP is the magnitude of the deformation, β, and the angle withrespe
t to the horizontal axis is the asymmetry parameter, γ.Rotational motion is only observed in nu
lei with non-spheri
al equilibrium shapes,thus the nu
lei whi
h present this behaviour are known as deformed nu
lei. As
7



in the 
ase of the vibrational motion the lowest appli
able shape 
omponent is aquadrupole distortion. Therefore, we shall fo
us on the 
ase λ = 2:
R = R0

(

1 +

2
∑

µ=−2

α∗
2µY2µ(θ, φ)

)

. (2.4)It is possible to express α2µ in terms of the Euler angles and two variables β and
γ, so that the nu
lear shape 
an be des
ribed in a two dimensional β-γ plane,using polar 
oordinates. Fig 2.2 shows the point P as a fun
tion of β, whi
hrepresents the length of the ve
tor (magnitude of quadrupole deformation), and
γ, its angular 
oordinate (degree of axial symmetry). The variation of the nu
learradius as fun
tion of these two parameters 
an be expressed as follows:

δRκ = R− R0 =
√

5
4π
βR0 cos(γ − κ2π

3
), κ = 1, 2, 3. (2.5)Where the indi
es 1,2 and 3 
orrespond to the body-�xed frame axes x, y and z.In the 
ase of γ = 0o, the nu
leus is 
ompressed in the x and y dire
tions andextended in the z dire
tion, assuming what is 
alled a prolate (rugby ball) shape;if γ = 2π/3 and γ = 4π/3, the nu
leus is 
ompressed in the y and z dire
tions andextended in the xz and xy planes, respe
tively, turning into an oblate (disk-like)shape. Both nu
lear shapes are shown in �g. 2.3. Note that eq. 2.5 implies that

δRκ is invariant under 
y
li
 permutations of values of γ whi
h are multiples of
π/3 and that γ, γ − 2π/3 and γ − 4π/3 des
ribe the same nu
lear surfa
e, andthat γ and −γ also de�ne the same surfa
e.

8



Figure 2.3: Representation of the two di�erent deformed nu
lear shapes.2.1.2.1 Rotational EnergiesConsider an axially symmetri
 nu
leus undergoing rotational motion. Su
h anu
leus will have a total angular momentum, I, whi
h has a proje
tion on thesymmetry axis denoted by K. The Hamiltonian for a rigid rotor is:
Hrot =

3
∑

ki=1

Î2

2Ii
, (2.6)where Ii is the moment of inertia [29℄ [30℄ and ki are the three dire
tions of thesystem of referen
e. If the nu
leus is axially symmetri
, two moments of inertiaare equal and, for K=0 the expe
tation value of Hrot 
an be written as:

Erot =
~
2

2I
I(I + 1). (2.7)This expression gives the energy of a rotating obje
t in quantum me
hani
s and
an be used to reprodu
e the energy spe
trum of a rotational nu
leus. Di�erent
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values of I result in di�erent rotational energies of the nu
leus. The resultingnu
lear states form a sequen
e 
alled a rotational band. The ground state of aneven-even nu
lei has a spin-parity of 0+ and the re�e
tion symmetry of the nu
leiimposes even values of I, therefore the energy levels for a rotational nu
leus areexpe
ted to be:
E(0+) = 0,

E(2+) = 6 ~
2

2I

E(4+) = 20 ~2

2I

E(6+) = 42 ~2

2I

(2.8)
and so on. The ratio E(4+)/E(2+) ∼ 3.3 is one of the best signatures for rota-tional motion and deformation, as will be dis
ussed in se
tion 2.2.2.1.3 Rotations and vibrations of deformed nu
leiThe last spe
ial 
ase of 
olle
tive motion in this se
tion is the rotational-vibrationalmodel. Nu
lei with an axially deformed minimum present small os
illations inboth the γ and β degrees of freedom. Therefore, in general, it is possible todes
ribe the Hamiltonian as:

H = Hvib +Hrot. (2.9)The expli
it expression of the Hamiltonian is a fun
tion whi
h depends on thedeformation parameters, β and γ, the total angular momentum, I, and its pro-je
tion on the symmetry axis, K. The representation, in terms of the shape andangle variables, provides a simple des
ription of the situation in whi
h the nu
leusos
illates around a nonspheri
al equilibrium shape. In this 
ase, the motion ofthe nu
leus is 
omposed of rotations and intrinsi
 shape vibrations:
10



EnβnγIK = ~ωβ(nβ +
1

2
) + ~ωγ(2nγ +

1

2
| K | +1) +

~
2

2I
[I(I + 1)−K2], (2.10)where nβ and nγ are the number of quanta of vibration added in the β and γdire
tions respe
tively. Due to the ambiguity in the 
hoi
e of intrinsi
 axes, thesymmetrization of the wave fun
tion leads to the 
ondition that only even valuesof K are possible. Given that the wave fun
tion only depends on | K |, it isenough to 
onsider positive values of K. Fig. 2.4 shows the band stru
ture of thespe
tra generated by eq. 2.10 for an even-even nu
leus. The bands are de�nedby a set of quantum numbers (K, nβ, nγ). The ground state band 
orrespondto (0,0,0); the β-band to (010) (
ontains one quantum in β dire
tion) and, the

γ-band is 
hara
terized by K=2.
0+ 0
2+ 91.4

4+ 299.5

6+ 614.4

8+ 1024.6

2+ 860.2
3+ 946.4

4+ 1058.5

5+ 1197.5

6+ 1358.7

0+ 1246.0
2+ 1314.6

4+ 1464.7

164

68
Er

β band

gsb

γ band

Figure 2.4: Ground, γ and β bands of a standard deformed nu
leus, 164Er [31℄.
2.2 The deformation region A∼100In the study of nu
lear stru
ture some of the most interesting regions are thoseof stru
tural 
hange, where the spheri
al shapes evolve into deformed 
on�gura-tions. One of those regions has mass number A∼100, where the nu
lear shape ispredi
ted to 
hange quite dramati
ally [22℄.

11



From an empiri
al point of view the main observables are the ratio between theenergy of the �rst ex
ited 4+ state and the energy of the �rst exited 2+ state,R4/2=E(4+1 )/E(2+1 ); the energy of the �rst ex
ited 2+ state and, the redu
edtransition probability, B(E2:2+1 →0+1 ), where the subs
ript 1 refers to the lowestenergy state with a given spin and parity.

Figure 2.5: The energy ratio R4/2 as a fun
tion of N, for even-A Ru, Mo, Zr, Srand Kr nu
lei.From the energy spe
tra in the previous se
tion it is easy to follow that the valueof the energy ratio R4/2 
an vary from 2 for a spheri
al vibrator to 3.33 for aprolate symmetri
 rotor, so is a key indi
ator of nu
lear deformation. Fig. 2.5shows the evolution of the E(4+1 )/E(2+1 ) values in the A∼100 region as a fun
tionof the neutron number for Ru, Mo, Zr, Sr and Kr nu
lei. As is illustrated in the�gure, the ratio 
hanges from a minimum value around N = 58 to a maximum,of approximately 3.3, for N = 62, 64; indi
ating the existen
e of well deformedsymmetri
 rotors in the 
ases of zir
onium and strontium.Fig. 2.6 shows that the energy of the �rst exited 2+1 state de
reases as 
olle
tivity(deformation) in
reases. The main 
hanges in E(2+1 ) o

ur in Sr and Zr in whi
hthe ex
itation energy de
reases, indi
ating a transition between a spheri
al shape
12



and a deformed rotor. The fast 
hange in the deformation of the zir
oniumisotopes is what makes it more interesting when 
ompared with the other nu
leiin the region.

Figure 2.6: The energy of the �rst ex
ited 2+ state, as a fun
tion of N, for even-ARu, Mo, Zr, Sr and Kr nu
lei.The energy of the �rst ex
ited 2+ state 
an be used to 
al
ulate a β2 deformationby using Grodzin's formula [32℄:
E(2+1 ) =

1225

A7/3β2
2

(2.11)where the E(2+1 ) energy is in MeV and the subs
ript 2 
orrespond to the quadrupoleterm (λ = 2 in the previous se
tion). The results of this 
al
ulation in the regionof interest are presented in Fig. 2.7 whi
h shows a maximum for the N = 62, 64nu
lei.B(E2:2+1 →0+1 ) is a key observable sin
e it is dire
tly related to the quadrupolemoment and hen
e the degree of deformation. The deformation parameter, β2,
an be 
al
ulated from the half-lives of the �rst 2+1 state via the transition prob-ability, λ, de�ned as:
13



Figure 2.7: The deformation parameter β2, 
al
ulated using Grodzin's formula,as a fun
tion of N, for even-A Ru, Mo, Zr, Sr and Kr nu
lei.
λ =

ln2

T1/2

. (2.12)The transition probability, λ, is also related to the redu
ed transition probabil-ity for an ele
tri
 multipole transition B(EL:initial state→�nal state). In thepresent 
ase, the transition studied is an ele
tri
 quadrupole transition from the�rst ex
ited 2+ state to the �rst 0+state, B(E2:2+1 →0+1 ), whi
h is related to itstransition probability in the following way [33℄:
λ(E2) = 1.22 · 109E5

γB(E2) (2.13)where Eγ is measured in MeV, λ in s−1 and the B(E2) value is in e2fm4. For anaxially symmetri
 nu
leus (γ = 0o) the B(E2) value is also related to the intrinsi
quadrupole moment Q0 [34℄ by:
14



B(E2 : 2+1 → 0+1 ) =
e2Q2

0

16π
. (2.14)Finally, the quadrupole moment is related to the deformation parameter throughthe formula [34℄:

Q0 =
3√
5π

ZR0β2(1 + 0.16β2) (2.15)to se
ond order in β2. It is assumed that R0 is the radius of the spheri
al nu
leusgiven by the equation: R0 = 1.2A1/3, in fm. Fig. 2.8 shows the results 
al
ulatedfor Ru, Mo, Zr and Sr nu
lei using this formula. In the 
ases of Zr and Sr alarge in
rease in the value of the deformation parameter o

urs between N=58and N=60.

Figure 2.8: The deformation parameter β2, 
al
ulated from the half-lives [35, 36,37, 38, 39, 40, 41℄, as a fun
tion of N.
15



A more dire
t measurement of the shape is via the 
hange in the nu
lear mean-square radius δ < r2 >
A,A′, whi
h 
an be expressed as a fun
tion of β2 by [42℄:

δ < r2 >A,A′

= δ < r2 >sph + < r2 >sph
5

4π

∑

i

δ < βi > (2.16)where < r2 >sph is the mean-square radius of a spheri
al nu
lei of the samevolume, δ < r2 >sph is the 
hange in the mean-square radius respe
t to thespheri
al shaped nu
leus, and i denotes the multipole order. From isotope shiftmeasurements it is possible to obtain information about δ < r2 >A,A′ in theregion of interest. Fig. 2.9 shows the di�eren
e in the mean square 
harge radiirelative to N=50 for krypton [43℄, rubidium [44℄, strontium [45, 46℄, yttrium[42℄,zir
onium[47℄ and molybdenum[11℄. The �gure 
learly shows a large in
rease in
δ < r2 >N,50 around N=60, espe
ially for Zr, Y, Sr and Rb. This has beeninterpreted as the onset of deformation [42℄.The experimental data presented in �gs. 2.5, 2.6, 2.7, 2.8 and 2.9 shows a suddenshape 
hange around N=60, espe
ially in the 
ases of Sr and Zr whi
h jump fromspheri
al to well-deformed prolate 
on�gurations. Figs. 2.5, 2.6, 2.7, 2.8 and 2.9also show that the zir
onium nu
lei are the isotopes with the greater degree ofdeformation ( �g. 2.5 shows the R4/2 value 
lose to the value for a perfe
t rotor for
102,104,106Zr). Moreover �g. 2.8 shows that half-life measurements of the �rst 2+states indi
ate that the quadrupole deformation in
reases toward N=64. Howeverthe evolution of the stru
ture of the ground state beyond 108Zr remains unknown,as does the stru
tural information about non-yrast states beyond 102Zr. Cur-rently, the only information available 
omes from several theoreti
al 
al
ulations,whi
h are still unproven. J. Skalski et al., using global shape 
al
ulations withthe Nilsson-Strutinsky method and the 
ranked Woods-Saxon average potential[22℄, 
on
luded that nu
lei with oblate and prolate ground states are expe
ted to
oexist in this region of the nu
lear 
hart. In the 
ase of Zr nu
lei (Z=40) with60<N<72, Skalski's 
al
ulations indi
ate well-deformed prolate ground-states,with oblate stru
tures at ex
itation energies around 1 MeV. Also, spe
i�
ally for
106Zr, Salski predi
ted a prolate ground state with a deformation β2 = 0.37 and
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Figure 2.9: The di�eren
e in the mean square 
harge radii relative to N=50 forkrypton [43℄, rubidium [44℄, strontium [45, 46℄, yttrium[42℄, zir
onium[47℄ andmolybdenum[11℄ as a fun
tion of the neutron number, N. Ea
h isotope 
hain isseparated by 0.5 fm2 in the �gure, with the intention of making it 
learer.the oblate minimum at an ex
itation energy of 1.4 MeV. On the other hand, Chas-man et al. [48℄, using the liquid drop model and the shell-
orre
tion approa
hwith the Woods-Saxon potential, predi
t that the transition to oblate shape willo

ur at the mid shell isotone 106Zr. Further 
al
ulations by Xu et al. [49℄, basedon a non axial deformed WS potential in the framework of the 
ranked shellmodel using the total Routhian surfa
e show 
oexisting prolate (β2 ∼ 0.35) andoblate (β2 ∼ 0.2) minima for zir
onium isotopes with 66 ≤ N ≤ 76. Xu also 
on-
luded that the oblate shape is stabilised at high spin, by the addition of angularmomentum due to the alignment of pairs of g9/2 protons and h11/2 neutrons.Therefore the experimental and theoreti
al information to date suggests a pi
tureof shape 
oexisten
e in the zir
onium isotopes and, at the same time, highlightsthe need for new experimental information in order to understand the stru
turalevolution of these nu
lei. As suggested in the introdu
tion, the Intera
ting BosonModel is a theoreti
al approa
h, whi
h has been applied with su

ess to study the
17



low spin states of the nu
lei in transitional regions [8, 9, 10℄. The interpretation ofthe zir
onium isotopes within this model, will be the subje
t of the next 
hapter.
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Chapter 3
The Zr isotopes within the IBM
ontext
The intera
ting boson model (IBM) [6℄ is a theory used to study medium andheavy nu
lei in a relatively easy way. Based on the shell model but redu
ingits 
omplexity by 
ombining the nu
leons in pairs (bosons), it has many similarproperties to the 
olle
tive models (des
ribed in se
tion 2.1). This model is ableto determine quantitatively several properties of the atomi
 nu
leus su
h as thenu
lear moment, the energy levels of the nu
leus and their transition probabilities.It has been widely used in the past in order to study exoti
 nu
lei [7, 10, 50, 51℄.Within the IBM-1 theoreti
al framework [52℄, a series of 
al
ulations have beenperformed to provide a predi
tion and explanation of the low spin states of
102,104,106,108Zr. The IBM-1 programs used previously in [51℄ [7℄ and the last avail-able experimental data, have been 
ombined to study the stru
tural evolution ofzir
onium nu
lei in the region A∼100.This 
hapter is stru
tured as follows: Se
tion 3.1 provides a brief introdu
tion tothe IBM-1. In the following se
tions, the methodology used to perform the IBM
al
ulations for the 
ase of 102,104,106Zr and its results are explained. As the samepro
edure is used in the three zir
onium isotopes, it is only dis
ussed in detail inthe 
ase of 102Zr, while for 104,106Zr only the results are presented. Finally, some
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general 
on
lusions are highlighted and new data on 108Zr is dis
ussed.

Figure 3.1: Casten triangle.The parameters of the Casten triangle are based ona simpli�ed three-dimensional IBM Hamiltonian:H = ǫn̂d + κQ̂χ · Q̂χ + κ′′P̂ † · P̂ .Ea
h vertex represents one of the three symmetry limits of the IBM. The valueof the 
oe�
ients giving ea
h dynami
al symmetry are indi
ated, as well as theratio between the 
oe�
ients whi
h give the 
hange between two limits (alongthe sides of the triangle).
3.1 Intera
ting Boson ModelThe Intera
ting Boson Model (IBM) or Intera
ting Boson Approximation (IBA)[53℄ des
ribes the 
olle
tive ex
itations of even-even nu
lei as a result of intera
-tion between bosons. In its simplest version, IBM-1, fermions (no distin
tion ismade between protons and neutrons) are 
oupled in pairs of angular momenta0 and 2, known as s and d bosons. Therefore, low-lying 
olle
tive states of thenu
lei 
an be des
ribed as a result of the intera
tion between these two types ofbosons. In the IBM, 
losed shells of either protons or neutrons are negle
ted,thus the ex
itation spe
tra of the nu
lei depends only on the valen
e spa
e. It is
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possible to de�ne the 
reation and annihilation operators of the s and d bosonsas follows [52℄:
s|ns >=

√
ns|ns − 1 >, s†|ns >=

√
ns + 1|ns + 1 >

dµ|ndµ >=
√
ndµ |ndµ − 1 >, d†µ|ndµ >=

√

ndµ + 1|ndµ + 1 >
(3.1)where nd and ns are the number of d and s bosons respe
tively and µ=2,1,...,-2.The 36 bilinear produ
ts of the boson 
reation and annihilation operators satisfythe 
ommutation relations of the unity Lie algebra in six dimensions, U(6). Inaddition, it is possible to express the Hamiltonian of a physi
al system des
ribedby the bosons as a 
ombination of these 36 operators. Su
h a Hamiltonian, inthe multipole expansion, it is often written in two forms:

H = ǫn̂d + κQ̂χ · Q̂χ + κ′L̂ · L̂+ κ′′P̂ † · P̂ + c3T̂3 · T̂3 + c4T̂4 · T̂4, (3.2)or
H = ǫn̂d + κQ̂χ · Q̂χ + κ′L̂ · L̂+ κ′′P̂ † · P̂ + c3T̂3 · T̂3 + λn̂d

2, (3.3)where ǫ, κ, κ′, κ′′, λ, c3 and c4 are free parameters, n̂d = d† · d is the number of d-bosons and the last term, n̂d
2, leads to a so-
alled τ -
ompression whi
h varies themoment of inertia proportionally to the angular momentum [54℄. ˆ

Lµ ≡
√
10[d† × d]

(1)
µis the angular momentum operator and, the operators T̂3 and T̂4 are de�ned asfollows ˆT3,µ ≡ [d† × d]

(3)
µ and ˆT4,µ ≡ [d† × d]

(4)
µ . Finally, the quadrupole operatoris Q̂χ ≡ [d†× s+ s†× d]

(2)
µ +χ[d† × d]

(2)
µ and, in the Consistent-Q Formalism [55℄,the operator for ele
tri
 quadrupole transitions is T̂µ = ebQ̂

χ
µ.
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The 36 IBM operators whi
h 
onstitute the Hamiltonian 
onform the Lie algebra
U(6). The de
omposition of U(6) into di�erent subalgebras leads to separatesymmetries, three of whi
h are interesting from a physi
al point of view, U(5),
SU(3) and O(6). The U(5) symmetry represents an anharmoni
 vibrator, the
SU(3) a symmetri
 rotor and the O(6) an gamma-soft rotor. The three sym-metries generate di�erent spe
tra, examples of whi
h 
an be found in [53℄. TheHamiltonians, 
orresponding to ea
h of these three limits, in multipole expansionare:

U(5) → H = ǫn̂d + κ′L̂ · L̂+ c3T̂3 · T̂3 + c4T̂4 · T̂4,

SU(3) → H = κQ̂χ · Q̂χ + κ′L̂ · L̂,
O(6) → H = κ′L̂ · L̂+ κ′′P̂ † · P̂ + c3T̂3 · T̂3.

(3.4)In reality, most nu
lei do not satisfy the parti
ular 
onstraints of one of these sym-metries, so that to perform realisti
 
al
ulations a deviation from these limits, ora transition between them, will be required. The three limits are illustrated in�g. 3.1 and 
an be used as referen
e points to develop a more realisti
 des
riptionof the low lying 
olle
tive states of a single nu
leus or series of nu
lei [53℄. The�gure shows a symmetry triangle. Based on a simpli�ed 3D-Hamiltonian, ea
hvertex represents one of the analyti
 limits of the IBM, the three sides representa transition path between two limits while the inner spa
e of the triangle repre-sents the body of more general solutions that 
an be obtained from the generalHamiltonian 3.2/3.3. The stru
ture of a parti
ular transition along the sides willbe determined, at any point, by the ratio between the two parameters whi
h
hara
terize the symmetries in question.From this dis
ussion it is 
lear that the IBM provides an easy way to studytransition regions (besides the three basi
 symmetries) as a fun
tion of a small setof parameters, 
onstituting a signi�
ant simpli�
ation 
ompared to other nu
learmodels.
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Before dis
ussing the 
al
ulations presented in this 
hapter, it is 
onvenient tomake a brief introdu
tion to the programs employed. During this study, threeprograms have been used: �ti, ibm and ibmt. The �rst 
ode, �ti, �ts of theparameters in the IBM1 Hamiltonian, whi
h 
an be written in the two formsdis
ussed in se
tion 3.1, in order to reprodu
e experimental energy levels and,
al
ulates E2 redu
ed transition probabilities; ibm 
al
ulates the energy levels fora given set of parameters; and ibmt, uses the output provided by the ibm 
ode to
al
ulate the redu
ed transition probabilities. The 
al
ulations performed for theisotopes 102,104,106Zr were performed with the �ti 
ode and reprodu
ed with ibmand ibm1t. In the 
ase of 108Zr, the three programs were used to provide originalresults based on two di�erent approa
hes.3.2 Results for 102Zr and methodology:For a given nu
leus, the total number of bosons, N, is de�ned as half the num-ber of valen
e parti
les or holes 
ounted from the nearest proton and neutron
losed shell [34℄. This means that the number of bosons is �xed for a given nu-
leus and limits the maximum spin that 
an be 
al
ulated with this theory. Thisalso means that two nu
lei with di�erent numbers of neutrons and protons butthe same total number of bosons 
ould be predi
ted to have exa
tly the samebehaviour (if they had the same values of the parameters in the Hamiltonian).In order to avoid this problem, the relevant parameters have been adjusted fol-lowing the 
onvention adopted in [51℄. Namely, a pro
edure whi
h separately
onsiders 
hains of isotones (N= 62) and isobars (A=102), and provides a dif-ferent set of parameters in ea
h 
ase. Tables 3.1 and 3.3 show respe
tively theexperimental energies and transition probabilities used for ea
h nu
leus in the iso-bari
 (102Pd (N=5),102Ru (N=7),102Mo (N=9),102Zr (N=11)) and isotoni
 
hains(106Ru (N=9),104Mo (N=10),102Zr (N=11)), to �t the low spin states in 102Zr.In addition to the six parameters in ea
h Hamiltonian in eq. 3.2 and 3.3, χ and ebalso have to be determined. Ergo there are eight possible parameters to minimize.Although these parameters might vary with the boson number, in order to keep
23



Nu
leus Jπ E1 E2 E3 Nu
leus Jπ E1 E2 E3

102Pd 0+ 0 1593 1658(N=5) 2+ 556 1534 19943+ 21124+ 1276 21385+6+ 21117+8+ 33409+10+ 3340
102Ru 0+ 0 944 1968 106Ru 0+ 0 991(N=7) 2+ 475 1103 1581 (N= 9) 2+ 270 7923+ 1522 3+ 10924+ 1106 1799 4+ 715 13075+ 5+ 16416+ 1873 6+ 1296 19087+ 7+ 22848+ 2706 8+ 19739+ 9+10+ 3434 10+ 2705
102Mo 0+ 0 698 1334 104Mo 0+ 0 886(N=9) 2+ 297 848 1250 (N= 10) 2+ 192 8123+ 1245 3+ 10284+ 744 1398 4+ 561 12155+ 5+ 14766+ 1327 6+ 1080 17247+ 7+ 20378+ 2019 8+ 17229+ 9+10+ 2418 10+ 2455
102Zr 0+ 0 895 102Zr 0+ 0 895(N=11) 2+ 152 1036 1211 (N=11) 2+ 152 1036 12113+ 3+4+ 478 1387 1538 4+ 478 1387 15385+ 5+6+ 965 1652 1829 6+ 965 1652 18297+ 7+8+ 1595 8+ 15959+ 9+10+ 2351 10+ 2351Table 3.1: Experimental energies (in keV) for levels in neutron-ri
h A=102 iso-bari
 and N=62 isotoni
 
hains [38, 39, 40℄ used in the 
hara
terization of theparameters for 102Zr. 24



the number of free parameters to a minimum they are taken as 
onstant for agiven 
hain [51℄. Therefore the stru
tural 
hanges within a 
hain depends onlyon the boson number N.The �rst task is to establish the value of χ. Using the Hamiltonian proposed in[51℄ (given by eq. 3.2 with κ′ and κ′′ equal to zero) and the experimental datashown in tables 3.3 and 3.1, for the isobari
 
hain, it is possible to 
al
ulate theroot mean square (rms), of the di�eren
e between the 
al
ulated and experimentalenergies and B(E2) values, in the following way [7℄:
∆(E) =

√

1

NE

∑

i

(Ei
ex − Ei

th)
2, (3.5)

∆(E2) =

√

1

NE2

∑

i

(B(E2)iex − B(E2)ith)
2, (3.6)

where NE and NE2 are the number of energy levels and B(E2) values used in the�t respe
tively. The value of χ = −0.6 was found to be the one whi
h gave smallervalues of both standards deviations. This 
al
ulation was repeated with di�erentHamiltonians and it was found that the value of χ whi
h minimizes both standarddeviations almost does not vary on 
hanging the Hamiltonian. Therefore a valueof χ = −0.6 was used for all the 
al
ulations, and the next step is determine theappropriate Hamiltonian.As a starting point, the Hamiltonian 
orresponding to ea
h of the three lim-its of the IBM was tried. For ea
h one, the initial values of the parameters(ǫ, κ, κ′, κ”, c3, c4 or λ) were varied in order to �nd a global minimum. As theresults displayed in table 3.2 show, all the three 
ases give a big rms deviation interms of energy, so it is possible to 
on
lude that we are looking for a transitionalHamiltonian.
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Symmetries Hamiltonian ∆(E)A(keV ) ∆(E2)A(me2b2)SU(3) H = κQ̂χ · Q̂χ + κ′L̂ · L̂ 471 108O(6) H = κ′L̂ · L̂+ κ′′P̂ † · P̂ + c3T̂3 · T̂3 483 84U(5) H = ǫn̂d + κ′L̂ · L̂+ c3T̂3 · T̂3 + c4T̂4 · T̂4 312 121Table 3.2: The table shows the rms deviation for the experimental energies andredu
ed transition probabilities for the 102Zr isobari
 
hain in the 
ase of the threeIBM-1 limits.It was found that two or three-term Hamiltonians gave a poor result while morethan four term Hamiltonians lead to unstable solutions. Therefore, a four-termHamiltonian was de
ided to be the best option. In the multipolar expansion,there are two possible Hamiltonians with six terms ea
h, as de�ned in equations3.2 and 3.3. Given that �ve of the six terms are 
ommon, 
ombinatori
s givetwenty �ve possible four-term Hamiltonians, whi
h are shown in table 3.4. Thetable shows the minimum energy and transition probability standard deviationsobtained for ea
h of the Hamiltonians listed, by varying the parameters in ea
hHamiltonian. All twenty �ve possibilities were tried for the isobari
 
hain, whileonly the Hamiltonians whi
h provided smaller values of energy rms deviation wereused for the isotoni
 
hain.Transition 102Pd 102Ru 102Mo 102Zr 104Mo 106Ru
2+1 → 0+1 0.0926(64) 0.1276(20) 0.1979(63) 0.3924(871) 0.2233(184) 0.1976(296)
4+1 → 2+1 0.1445(70) 0.1889(315) 0.2543(508) _ 0.3208(98) _
0+2 → 2+1 _ 0.1005(160) 0.1935(760) _ 0.3184(100) _
2+2 → 2+1 _ 0.1454(181) _ _ _ _Table 3.3: Experimental B(E2) values (in units e2b2) used in the 
al
ulation of

eb [38, 39, 40℄.
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n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d
2 ∆(E)A ∆(E2)A ∆(E)N ∆(E2)N

(keV ) (me2b2) (keV ) (me2b2)1 X X X X 165 74 161 752 X X X X 160 77 95 643 X X X X 155 53 98 994 X X X X 231 915 X X X X 192 586 X X X X 192 687 X X X X 167 56 98 998 X X X X 166 83 128 1479 X X X X 146 63 97 13810 X X X X 312 14011 X X X X 325 9912 X X X X 454 17513 X X X X 336 10314 X X X X 327 8715 X X X X 414 13116 X X X X 214 7217 X X X X 231 8818 X X X X 237 9419 X X X X 123 82 115 14020 X X X X 170 5521 X X X X 312 13522 X X X X 462 19823 X X X X 441 9524 X X X X 442 19525 X X X X 495 84Table 3.4: The minimised root mean square values obtained by varying the pa-rameters in ea
h Hamiltonian. The �rst 
olumn assigns a number to ea
h Hamil-tonian; 
olumns two to the eight indi
ate whi
h terms of the general Hamiltonianare 
onsidered in a parti
ular 
al
ulation; �nally, the last four 
olumns show theroot mean square for the energy levels and B(E2) values (using eb = 0.11 eb), the�rst two for the 102Zr isobari
 
hain and the last two for the 102Zr isotoni
 
hain.
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Isotones (N=62)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

22 0.8867 0.2803 0.0312 0.01433 1.0837 0.0735 -0.0291 -0.14437 0.8710 -0.0336 0.0035 -0.13309 1.1195 -0.0353 -0.1178 -0.106019 0.6739 -0.0277 0.0167 -0.0752Isobars (A=102)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

22 0.9032 0.2629 0.0401 0.01463 0.9318 -0.0657 -0.0420 -0.16647 0.9140 -0.0296 0.0012 -0.12969 1.055 -0.0304 -0.1098 -0.073419 0.8534 -0.0283 0.0108 -0.0791Table 3.5: The value of the 
oe�
ients for the Hamiltonians 2, 3, 7, 9 and 19 inthe 102Zr 
al
ulation. The �rst 
olumn assigns a number to ea
h Hamiltonian;
olumns two to eight indi
ate the di�erent terms of the general Hamiltonian
onsidered in a parti
ular 
al
ulation.At this point, Hamiltonians 2,3,7,9 and 19 were used to 
al
ulate the redu
ede�e
tive 
harge, eb, using all the redu
ed transition probabilities available in agiven 
hain. These are shown in table 3.3. For a given Hamiltonian, the matrixelements are provided by the �t. As the B(E2) value is given by:
B(E2; I → I ′) = e2b

| < I ′||Qχ||I > |2
(2I + 1)

(3.7)the value of eb is 
al
ulated to minimize the di�eren
e between the theoreti
aland experimental redu
ed transition probabilities. The value was 
al
ulated bymaking an average of the quantities obtained for ea
h 
hain using the �ve Hamil-tonians mentioned earlier. The result was eb = 0.11.The di�erent results for the rms deviation in energy and redu
ed transition prob-ability give an idea of the pre
ision of this pro
edure. Inspe
tion of the 
al
ulated
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rms deviations indi
ates that the Hamiltonians labelled as 2, 3, 7, 9, 19 give bet-ter �ts, although there is not enough di�eren
e to 
hose a parti
ular one over theothers. The value of the 
al
ulated 
oe�
ients for ea
h of these Hamiltonian areshown in table 3.5. The presen
e of the n̂d and Q̂χQ̂χ terms in these Hamiltoni-ans suggest a region of transition between U(5) and SU(3) symmetries, while thesmall value of χ and the existen
e of a P̂ †P̂ term in two of the �ve Hamiltoniansindi
ates a 
ertain degree of O(6) symmetry is also present.Isobars (A=102)Transition Experimental H2 H3 H7 H9 H192+1 → 0+1 0.3924(871) 0.2347 0.3464 0.3320 0.4119 0.45854+1 → 2+1 0.3385 0.5144 0.5022 0.5940 0.64312+2 → 0+2 0.0703 0.1318 0.0517 0.0312 0.07942+3 → 0+2 0.1021 0.0962 0.2020 0.2501 0.2389Isotones (N=62)Transition Experimental H2 H3 H7 H9 H192+1 → 0+1 0.3924(871) 0.2536 0.3727 0.3777 0.4529 0.43874+1 → 2+1 0.3567 0.5389 0.5432 0.6354 0.61082+2 → 0+2 0.1914 0.1653 0.0441 0.03820+2 → 2+2 0.02632+3 → 0+3 0.1905 0.2441 0.2357 0.2203 0.3072Table 3.6: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 102Zr. The upper half of the table shows the results 
al
ulated by �ttingthe parameters of the Hamiltonians using the experimental data available in theisobari
 
hain, while the bottom half shows the values obtained using the knowndata in the isotoni
 
hain. A value of eb = 0.11 is used in all the 
ases.Figures 3.2 and 3.3 show the 
al
ulated energy levels of 102Zr using the Hamil-tonians 2, 3, 7, 9 and 19 alongside the experimental data. The 
al
ulated valuesfor the yrast states are 
lose to the experimental data in all 
ases, while the re-sults be
ome less pre
ise as we move higher in energy, beyond the se
ond spin
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0+ state. All 
al
ulated transition probabilities are shown in tables 1 and 2 inappendix A. Figures 3.2 and 3.3 also show the stronger transition probabilities,namely the transitions whi
h values are bigger than 0.09 e2b2. The levels in the�gures are grouped in bands a

ording to the 
al
ulated transition probabilities.The 
al
ulated set of levels are 0+1 , 2+1 , 4+1 , 6+1 , 0+2 , 2+2 , 4+2 , 6+2 , 0+3 , 2+3 , 4+3 and6+3 . Although the initial intention was to represent all the levels, the 0+3 levelwas removed in most of the 
ases plotted in the �gures due to small transitionprobabilities 
onne
ting this level with the others. Given that �gures 3.2 and 3.3show that the β-band is lower in energy than the γ-band for the parti
ular 
aseof 102Zr and that is a 
ommon feature of the nu
lei populating this region, we 
an
on
lude looking at the �gures that the results obtained using Hamiltonian 7 arethe only ones whi
h verify this fa
t using both 
hains.Table 3.6 shows the results for some redu
ed transition probabilities. For bothisobari
 and isotoni
 
hains, Hamiltonian 2 gives weaker B(E2) values while 9and 19 predi
t stronger transitions. Four of the �ve Hamiltonians (3, 7, 9 and19) provide a predi
tion whi
h agrees within the error with the only transitionprobability measured so far. The di�eren
e between the results of the 
al
ulationsobtained using di�erent Hamiltonians and either the isobari
 or isotoni
 
haingives an idea of the limitations of the method.
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3.3 Results for 104Zr:In order to make a 
al
ulation of the energy levels and transition probabilitiesin 104Zr, data in two separate 
hains of nu
lei have been used. The nu
lei of theisotoni
 
hain (N=64) are: 110Pd, 108Ru, 106 Mo and 104Zr; while the isobari

hain (A=104) is 
omposed of 104Ru, 104Mo and 104Zr. The experimental energylevels and B(E2) values used to �t the parameters in the Hamiltonian are shownin tables 3 and 4, in appendix A, respe
tively. Following the pro
edure explainedin the previous se
tion, the values obtained for eb and χ were 0.1 and -0.3. Thevalue of the e�e
tive boson 
harge is similar to the one in the 
ase of 102Zr, butthe value of χ is signi�
antly lower. Twenty-�ve four-term Hamiltonians weretested and table 3.7 shows the root mean square deviation for the Hamiltonianswhi
h have the smaller values (3, 7, 9, 19, 20). The root mean square deviationsobtained in all twenty �ve possibilities are shown in table 5, in appendix A. Itis observed that a very similar set of Hamiltonians as for 102Zr have been foundto provide the �ts to the available data with smaller value of root mean squaredeviations. The 
al
ulated 
oe�
ients for this set of Hamiltonians are providedin table. 3.8. The table shows how the 
oe�
ients have a bigger value when
al
ulated using the data of the isotoni
 
hain, ex
luding k′ in Hamiltonian 7and λ in 20. The results of the energy 
al
ulations and the stronger asso
iatedtransition probabilities for this set of Hamiltonians, using the data of the iso-bari
 and isotoni
 
hains, are plotted �g. 3.4 and �g. 3.5 respe
tively. As in theprevious se
tion the levels are grouped in bands; with the ex
eption of Hamilto-nians 7 and 19 whi
h have some levels whi
h do not appear to �t into a bandstru
ture, given that their asso
iated transition probabilities are weak. They areeasily re
ognizable be
ause no transitions are indi
ated between them sin
e the
al
ulated value of those transitions are smaller than 0.9 e2b2. The 
omplete setof 
al
ulated transition probabilities are in tables 6 and 7, in the appendix A.For 104Zr, the only 
al
ulation whi
h shows the β-band lower than the γ-band,is the one performed using the Hamiltonian 3 and the isotoni
 
hain. Althoughone might expe
t that 104Zr will have a β-band lower in energy than the γ-band,there are no data available at the moment whi
h 
an 
on�rm this hypothesis, so
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n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d
2 ∆(E)N ∆(E2)N ∆(E)A ∆(E2)A

(keV ) (me2b2) (keV ) (me2b2)3 X X X X 80 84 76 807 X X X X 79 83 67 789 X X X X 80 83 73 7419 X X X X 80 90 54 8020 X X X X 79 84 63 73Table 3.7: 104Zr. The minimum root mean square values obtained varying theparameters in Hamiltonians 3, 7, 9, 19, 20. From left to right: the �rst 
olumnassigns a number to ea
h Hamiltonian; 
olumns two to eight indi
ate whi
h termsof the general Hamiltonian are 
onsidered in a parti
ular 
al
ulation; �nally, thelast four 
olumns show the root mean square for the energy levels and B(E2)values, the �rst two for the isobari
 
hain and the last two for the isotoni
 
hain.no Hamiltonian 
an be dis
arded.Table 3.9 shows the main 
al
ulated B(E2) values as well as the only redu
edtransition probability in 104Zr whi
h has been experimentally measured. The
al
ulated 2+1 → 0+1 transition probabilities are smaller than the experimentalvalue. Although none of the values for this transition agree with the experimentaldata within one standard deviation, this result is not unexpe
ted given that the2+1 → 0+1 redu
ed transition probability value for 104Zr is 0.2 units higher than the
orresponding values for this transition of the rest of the nu
lei 
onsidered in both
hains, as is shown in table 3, appendix 6. The value of eb needed to �t the 2+1 →0+1 transition probability would have to be 0.12, 0.02 bigger than the 
al
ulated.This indi
ates the importan
e to measure other transition probabilities in 104Zr.The table also shows a 
onsiderable di�eren
e between the predi
tions obtainedusing the two di�erent 
hains, espe
ially in the 
ase of the two last transitionslisted in the table.Table 3.5 shows that there is a di�eren
e between the parameters obtained for thesame Hamiltonian using di�erent data sets and, therefore, for the energy levels
al
ulated with the same Hamiltonian for the di�erent 
hains. This is highlightedby the energy levels shown in �gures 3.4 and 3.5 where the di�eren
e between
34



Isotones (N=64)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

23 1.2114 0.0394 -0.0545 -0.21677 1.2038 -0.0586 -0.0013 -0.22759 1.1532 -0.0595 -0.2379 0.028919 1.159 -0.0440 0.0176 -0.141220 1.1611 -0.0559 -0.2066 -0.0071Isobars (A=104)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

23 0.7948 -0.0186 -0.0394 -0.10987 0.9490 -0.0447 -0.0026 -0.14439 0.8030 -0.00408 -0.1297 0.034819 0.8681 -0.0385 0.0123 -0.099120 0.9604 -0.0459 -0.1285 -0.0203Table 3.8: The value of the 
oe�
ients for the Hamiltonians 3, 7, 9, 19 and 20in the 104Zr 
al
ulation. The �rst 
olumn assigns a number to ea
h Hamiltonian;
olumns two to the eight indi
ate the di�erent terms of the general Hamiltonian
onsidered in a parti
ular 
al
ulation.the 
al
ulated energies for ea
h 
hain 
an be seen. The 
al
ulation performedwith the data in the isobari
 
hain gives a lower energy for the 2+1 , 4+1 and 6+1energy levels than the ones 
al
ulated with the isobari
 
hain (and also than theexperimental values), while the rest of the states are predi
ted to have a higherenergy in the 
al
ulation performed with the data of the isotoni
 
hain.
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Isobars (A=104)Transition Experimental H3 H7 H9 H19 H202+1 → 0+1 0.5301(796) 0.3297 0.3384 0.3192 0.3569 0.35584+1 → 2+1 0.4797 0.4863 0.4641 0.4974 0.50782+2 → 0+2 0.0222 0.0218 0.0226 0.0114 0.02052+3 → 0+2 0.2244 0.2380 0.2212 0.2404 0.2509Isotones (N=64)Transition Experimental H3 H7 H9 H19 H202+1 → 0+1 0.5301(796) 0.3508 0.3473 0.3399 0.2592 0.34994+1 → 2+1 0.4932 0.4881 0.4781 0.3564 0.49292+2 → 0+2 0.0026 0.00160+2 → 2+2 0.0466 0.0069 0.00712+3 → 0+2 0.0569 0.0310 0.2043 0.0777 0.0316Table 3.9: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 104Zr. The upper half of the table shows the results 
al
ulated by �ttingthe parameters to the isobari
 
hain while the bottom half shows the predi
tionsobtained by �tting the parameters to the isotoni
 
hain. A value of eb = 0.1 hasbeen used in all the 
ases.
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3.4 Results for 106Zr:In the 
ase of 106Zr the data used for the isotoni
 
hain (N=66) in
ludes the nu
lei:
112Pd, 110Ru, 108Mo and 106Zr, and for the isobari
 
hain (A=106): 106Ru, 106Moand 106Zr. The experimental data used in this �t is shown in table 8 (B(E2)s)and table 9 (energy levels), in appendix A. The values of eb and χ 
al
ulated withthese data are 0.09 and -0.3 respe
tively. The value of eb is slightly lower than inthe two previous 
ases but the value of χ is the same as for 104Zr.Table 3.10 shows the Hamiltonians with smaller root mean square standard de-viations for both 
hains, while the results for all the tested Hamiltonians areshown in table 10 of appendix A. The Hamiltonians whi
h provide lower rootmean square values are: 2, 3, 7, 9, 19 and 20 and their 
oe�
ients are shown intable 3.11. Therefore, there is a set of Hamiltonians (3, 7, 9 and 19) providinglower rms values 
ommon to the three zir
onium isotopes.Figures 3.6 and 3.7 show the energy levels obtained by varying the parametersin ea
h Hamiltonian to minimize the rms energy using the data in the isotoni
(N=66) and isobari
 (A=106) 
hains respe
tively, as well as the stronger transi-tion probabilities. The main 
al
ulated redu
ed transition probabilities for the
hosen Hamiltonians are shown in table 3.12. As in the previous 
ases, the 
al-
ulations made with the two 
hains provide di�erent results; but there is noexperimental data available to 
ompare them with. All the 
al
ulated transitionprobabilities are shown in tables 12 and 13, in appendix A. The levels shown aregrouped into bands ex
ept for some set of no bands levels shown for the 
al
u-lation performed with the isobari
 
hain and the Hamiltonian 19. The �gures
learly show that the 
al
ulations performed with the isotoni
 
hain gives a bet-ter �t to the energies of the ground state band than the 
al
ulations performedusing the isobari
 
hain. The latter produ
es notably lower energies than the ex-perimentally observed yrast levels and gives higher energy levels than �g. 3.6 fornon-yrast states. All the 
al
ulations performed with the isobari
 
hain presenta β-band lower in energy than the γ-band, as do the 
al
ulations performed withHamiltonians 3, 7 and 9 and the isotoni
 
hain.
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n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d
2 ∆(E)N ∆(E2)N ∆(E)A ∆(E2)A

(keV ) (me2b2) (keV ) (me2b2)2 X X X X 68 143 88 1383 X X X X 64 148 86 1527 X X X X 62 145 87 1509 X X X X 56 166 89 14919 X X X X 53 164 98 12120 X X X X 61 142 87 151Table 3.10: 106Zr. The minimum root mean square values obtained by varying theinitial parameters in Hamiltonians 2, 3, 7, 9, 19, 20. From left to right: the �rst
olumn assigns a number to ea
h Hamiltonian; 
olumns two to the eight indi
atewhi
h terms of the general Hamiltonian are 
onsidered in a parti
ular 
al
ulation;�nally, the last four 
olumns show the root mean square for the energy levels andB(E2) values, the �rst two for the isotoni
 (N=66) 
hain and the last two for theisobari
 (A=106) 
hain. Isotones (N=66)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

22 0.8652 0.2502 0.0361 0.01783 1.2325 0.1067 -0.0246 -0.14567 0.9585 -0.0313 0.0032 -0.14139 1.1716 -0.0244 -0.0712 -0.134819 0.7297 -0.0201 -0.0160 -0.062220 0.9980 -0.0315 -0.1725 -0.0173Isobars (A=106)
n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d

22 1.2130 0.5273 0.0396 0.01333 0.9558 0.0685 -0.0385 -0.12977 0.9168 -0.0434 -0.0008 -0.14329 0.8681 -0.0431 -0.1431 0.016419 1.1124 -0.0472 0.0166 -0.145720 0.9039 -0.0428 -0.1355 -0.0042Table 3.11: The value of the 
oe�
ients for the Hamiltonians 2, 3, 7, 9, 19 and 20in the 106Zr 
al
ulation. The �rst 
olumn assigns a number to ea
h Hamiltonian;
olumns two to the eight indi
ate the di�erent terms of the general Hamiltonian
onsidered in a parti
ular 
al
ulation.
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Isobars (A=106)Transition H2 H3 H7 H9 H19 H202+1 → 0+1 0.2708 0.3353 0.3273 0.3211 0.2066 0.33024+1 → 2+1 0.3814 0.4767 0.4656 0.4574 0.2856 0.46970+2 → 2+2 0.1436 0.1343 0.1124 0.1224 0.0095 0.11302+3 → 0+2 0.2124 0.2418 0.2349 0.2297 0.0607 0.2372Isotones (N=66)Transition H2 H3 H7 H9 H19 H202+1 → 0+1 0.2360 0.3015 0.2829 0.3579 0.3522 0.26284+1 → 2+1 0.3433 0.4396 0.4173 0.5028 0.4949 0.39200+2 → 2+2 0.2301 0.1697 0.0764 0.18542+2 → 0+2 0.0322 0.02122+3 → 0+2 0.1761 0.2211 0.2015 0.2430 0.2334 0.1935Table 3.12: Cal
ulated B(E2) values (in units of e2b2) for transitions in 106Zr.The upper half of the table shows the 
al
ulations made with the isobari
 
haindata while, the bottom half shows the results obtained with the isotoni
 
haindata. A value of eb = 0.09 was used in all the 
ases.
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3.5 Con
lusions:After examining the results for 102−104−106Zr, it is observed that there is a 
leardependen
e of this method on the available experimental data. All the resultsdis
ussed in this 
hapter for the three nu
lei 
onsidered show de�nite di�eren
esdepending on whether the isobari
 or isotoni
 
hain data are used. It is alsoimportant to highlight the fa
t that be
ause the IBM depends strongly on thenumber of bosons, all the 
al
ulations depend on the de�nition of 
losed shells,and therefore the existen
e of magi
 numbers in this region of deformation isassumed. Finally, all the 
ases show a strong dependen
e on the Hamiltonian
hosen. For the three isotopes a similar set of four-term Hamiltonians was foundto produ
e the best results in terms of standard deviation and, in fa
t, tables 3.4,3.7 and 3.10 show that there are four Hamiltonians whi
h were sele
ted for all ofthe nu
lei: 3, 7, 9 and 19. All these Hamiltonians 
ontain the two terms: ǫn̂d and
κQ̂χ. The �rst of these is inherent of a vibrator and, the se
ond one is inherentto a symmetri
 rotor.The nu
lei of this region are know for having a stru
ture in whi
h the band-head of the beta-band has an energy lower than the band-head of the gamma-band. The 
al
ulations for 102Zr showed that only the results obtained using theHamiltonian 7 
al
ulate a beta band whi
h is lower than the gamma band forboth 
hains (isotoni
 and isobari
) of data. Therefore this is the best Hamiltonianfor this nu
leus. Given that there is no data about non-yrast states of 104−106Zrit is not possible to extent this argument. Even if we assume that the beta bandwill be lower than the gamma band for 104−106Zr, the results are still in
on
lusive.Only Hamiltonian 3 
ombined with the isotoni
 
hain gives su
h a result for 104Zr,while Hamiltonians 2, 19 and 20 
ombined with the isotoni
 
hain do so in the
ase of 106Zr.Therefore, it is important to 
olle
t new data in order to re�ne these 
al
ulationsto provide a better interpretation of the nu
lear stru
ture of zir
onium in theIBM 
ontext. An in
reased set of data will hopefully 
ontribute to 
hoosing oneHamiltonian over the others, and will provide a useful tool in order to study the
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hanges in the nu
lear shape due to the shell 
on�gurations, and thus the nu
learstru
ture.3.6 Extension to 108ZrA re
ent measurement of 108Zr [17℄ has produ
ed the level s
heme shown in �g. 3.8.In order to 
ompare this new data with the theory, a series of 
al
ulations havebeen performed. Given the small amount of experimental data available in this
ase, 
al
ulations are more tri
ky than for the previous zir
onium isotopes 
on-sidered. Therefore two di�erent approa
hes have been tested: On one hand, itis possible to make an extrapolation of the parameters for a given Hamiltonian,based on the results for 102,104,106Zr. As dis
ussed in the previous se
tion, thereare four Hamiltonians whi
h were sele
ted for all of the zir
onium nu
lei studied:3, 7, 9 and 19, therefore these are the only ones 
onsidered for 108Zr. Unfor-tunately, this method is only available for the �rst three, sin
e the ibm 
ode,whi
h 
al
ulates the energy states for a given set of parameters, only 
ontainsHamiltonians of the form 3.2. Fig. 3.9 shows the evolution of the parameters ofHamiltonian 7, as a fun
tion of the mass number. The values of the parameter for
102,104,106Zr are shown in bla
k, while the extrapolated values to 108Zr are shown inred. The di�
ulty in extrapolating the parameters to 108Zr is that we only havethree masses to try to establish a systemati
 trend. Inputting these parametersinto the programs provides results for both energy levels and transitions. Due tothe la
k of experimental data, it is not possible to 
al
ulate the values for eb and
χ as before, and therefore it has been de
ided to use the same ones as in the 
aseof 106Zr.Alternatively it is possible to use �ti to made a 
al
ulation based on the dataavailable for the zir
onium isotopi
 
hain (102,104,106,108Zr) in the same way asdis
ussed in previous se
tions. Given the la
k of experimental information forredu
ed transition probabilities in this 
hain, it was de
ided that the values ofeb=0.09 and χ=-0.3 would be used, as they were the values obtained for 106Zr. TheHamiltonians used were 3, 7, 9 and 19, as in the previous 
ase. Together both
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Figure 3.8: Proposed level s
heme of 108Zr [17℄.methods provide seven possible out
omes whi
h have been 
ompared with theexperimental data shown in �g. 3.8 [17℄. Based on this 
omparison, it has been
on
luded that the best 
al
ulation uses Hamiltonian 7 and the isotopi
 
hainexperimental data. Fig. 3.9 shows these parameters in blue. There is a 
leardi�eren
e between these 
oe�
ients and the extrapolated ones (shown in red).The di�
ulty of �tting the parameters by minimizing the standard deviation isthe small amount of data, whi
h for three of the four nu
lei in the isotopi
 
hain,
onsists only of the low spin energy levels of the ground state band. Thereforeone would expe
t larger dis
repan
y between theory and experimental data forstates of higher spin and energy.Fig. 3.10 shows the results of �tting Hamiltonian 7 to the experimental datain the isotopi
 
hain. The �rst two bands in the theoreti
al level s
heme havebeen arranged to emulate the experimental data shown in �g. 3.8. These twobands are extremely similar to the ones obtained with pure SU(3) symmetry.In fa
t the 
al
ulations provide an almost perfe
t rotational ground state band
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Figure 3.9: Cal
ulated 
oe�
ients, in keV, of the Hamiltonian 7 for 102,104,106Zr(bla
k); extrapolated 
oe�
ients to 108Zr (red) and, 
al
ulated 
oe�
ients for
108Zr (blue).with RIBM

4/2 =3.35, while the experimental data provides a `less rotational' value,Rexp
4/2=3. Fig. 3.10 also shows a third set of states represented by dotted lines,whi
h is not a property of a rotational obje
t. Even if it is possible arrange theenergy levels in a way to 
orrespond to the �rst two bands of the �gure with theground state and γ bands, there is no similarity between the third band and thebeta band des
ribed in se
. 2.1.3.The most striking feature of �g. 3.8 is the measurement of an isomeri
 6+ stateof T1/2=0.536(26) µs. Shi etal. at [56℄ have explained this isomeri
 state as a twoquasineutron state of high K-value. In an extension of previous 
on�guration-
onstrained potential-energy-surfa
e 
al
ulations [49℄, a possible K-isomeri
 stateof Kπ=6+ and energy of 1.997 MeV is 
al
ulated, in good agreement with theexperimental data. Other authors point out the possibility that this state isan isomer due to a tetrahedral shape [20℄. Using the ibmt 
ode and assumingthat this isomeri
 state is the se
ond 6+ state, E2 transition probabilities forthe 6+2 →8+1 and 6+2 →5+1 transitions have been 
al
ulated and are shown in
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ZrFigure 3.10: Cal
ulated level s
heme of 108Zr. The labels at the arrows indi
ate
al
ulated E2 transition probabilities in units of e2b2.�g. 3.10. Although the value of B(E2:6+2 →8+1 ) is very small, that is not the 
asefor the B(E2:6+2 →5+1 ). Using equation 2.13 shown in se
tion 4.3, the 
al
ulatedB(E2:6+2 →5+1 ) and the 
al
ulated energy di�eren
e betwen the 6+2 level and the5+1 level as the energy of the gamma-ray transition between both, a half-life of2.17 ns has been 
al
ulated for the 6+2 energy state. The transition 6+2 →8+1 hasnot been taken in a

ount due to its small probability. Although this value doesnot agree with the measured half life for the 6+2 [17℄, one should 
onsider that the
al
ulations are base on the level s
heme shown in �g. 3.8 whi
h is the only datapublished at the present. Re
ently, other measurements of 108Zr have taken pla
eat RIKEN during the experiment NP 0702 RIBF26. The result of this resear
hwill enlighten our knowledge of the stru
ture of 108Zr and provide a new test ofthe 
al
ulations presented in this 
hapter.
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Chapter 4
Experimental Method
This 
hapter is stru
tured in three parts: Se
tion 4.1 explains the IGISOL IIIfa
ility, where the zir
onium isotopes are planned to be measured; se
tion 4.2explains why it is possible to perform this resear
h using the IGISOL fa
ility;�nally, se
tion 4.3 explains the post-trap on line spe
tros
opy te
hnique, thatwill be used in the forth
oming attempts to measure zir
onium at IGISOL IV,and presents the results of using this method in the 
ase of 100Mo.The zir
onium isotope of interest for the present work is 102Zr. Levels in 102Zr havebeen studied subsequent to the beta de
ay of 102Y [21, 57, 58℄, uranium indu
ed�ssion [16, 59℄ and spontaneous �ssion of 
alifornium [60, 61℄. The beta de
aystudies have been 
ompli
ated be
ause of the existen
e of two de
aying stateswith very similar half lives in 102Y: a low spin state (T1/2=0.30(1) s) [57℄ anda high spin one (T1/2=0.36(3) s) [58℄. Therefore, a method able to distinguishbetween the de
ay of the two states is needed. A new te
hnique to separatedi�erent states of nu
lei has re
ently been developed [23℄, at the IGISOL fa
ilityof the University of Jyväskylä. This now has been extended and applied for the�rst time with gamma spe
tros
opy, in a proof of prin
iple experiment for thewell known de
ay of the two states of 100Nb into 100Mo [18℄. It is proposed thatfurther experiments will produ
e a beam of a single state of 102Y, in a similar wayto the one used to produ
e the two separate states of the 100Nb, so the separate
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measurement of the di�erent de
ay paths will be possible.4.1 IGISOL III

Figure 4.1: Layout of the IGISOL fa
ility. The following parts are numbered:1)target 
hamber, 2) primary beam line, 3) beam dump, 4) extra
tion 
hamber,5) dipole magnet, 6) beam swit
hyard, 7) RFQ 
ooler and bun
her, 8) Penningtraps, 9) four-way quadrupole de�e
tor, 10) beam line to 
ollinear laser set-up,and 11) dete
tor set-up lo
ation (adapted from [62℄).The nu
lei of interest are produ
ed at the Ion Guide Isotope Separator On-Line(IGISOL III) fa
ility at the University of Jyväskylä, Finland [63℄. Fig. 4.1 showsa layout of the fa
ility. A proton primary beam is produ
ed in an ion sour
e anda

elerated by the K-130 
y
lotron. Protons are impinged, through the primarybeam line (labelled as 2 in �g. 4.1) on a thin target (1 in the �gure) produ
ing a �s-sion rea
tion. Fission produ
ts re
oiling from the target are thermalised, stoppedand 
onverted into 1+ ions by a helium bu�er gas. Following extra
tion from thegas 
ell, ions are transported through a radiofrequen
y sextupole devi
e (SPIG)[64℄ (situated between the target and the extra
tion 
hambers) to the extra
tion
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hamber (labelled as 4 in �g. 4.1). From the extra
tion 
hamber, the se
ondarybeam is subje
ted to a �rst mass sele
tion inside the dipole magnet (5), beforeit enters the swi
hyard (6), to be transferred into the ion beam 
ooler-bun
her(RFQ) (labelled as 7 in �g. 4.1) [65℄ . Inside the RFQ, ions are thermalised,bun
hed and inje
ted into the JYFL double Penning trap (8 in the �gure) [66℄.Here, the mass of the ions is sele
ted using Ramseys te
hnique [67℄, whi
h allowsthe sele
tion of the mass by sele
ting the frequen
y of the radiofrequen
y �elds.After the JYFLTRAP, several dete
tion set ups are possible (11).4.1.1 Prin
iple of the ion guide method

Figure 4.2: Fission ion guide and extra
tion system (SPIG + extra
tion ele
trode)[68℄.Fig. 4.2 shows the �ssion ion guide pla
ed in the target 
hamber alongside theSPIG and the extra
tion ele
trode. The primary beam enters the ion guide bythe havar beam window. Radioa
tive nu
lei are produ
ed in a �ssion rea
tionand re
oil out of the thin produ
tion target. The fa
t that the �ssion produ
tsare produ
ed with an almost isotropi
 spatial distribution, makes it possible toseparate them from the in
ident primary beam. Some of them travel through theplasma s
reen and are stopped in a helium-�lled 
hamber, where they lose kineti
energy by 
ollisions with the gas (thermalization). Thereupon, the produ
ts aretransported, due to the gas �ow, out of the gas 
ell. This same gas �ow is
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responsible for guiding the ions, through the radio frequen
y sextupole, SPIG,into the beam line of the mass separator [64℄. After the SPIG, the ions are guidedthrough the extra
tion ele
trode into the se
ondary beam line. Although somebu�er gas is always going into the SPIG with the produ
ed ions, the di�usion oilpumps drain the helium out.4.1.2 JYFLTRAPIn addition to the ion guide, the most important 
omponent of the IGISOL is theJYFLTRAP [66℄. It 
onsists of a radiofrequen
y quadrupole 
ooler and two Pen-ning traps (labelled as 7 and 8 respe
tively on �g. 4.1) inside a super
ondu
tingsolenoid [23℄.4.1.3 Ion beam 
oolerPrior to entering the RFQ-
ooler, the kineti
 energy of the ions in the beamis redu
ed from 30 keV to about 100 eV. The RFQ-
ooler is an ion trap whi
h
on�nes the ions using only ele
tri
 �elds, following the prin
iple of a segmentedlinear Paul trap [69℄. The devi
e is �lled with helium gas (0.01-0.1 mbar) so theions entering the 
ooler are thermalized. The 
ombination of the bu�er gas withthe quadrupole �eld has the e�e
t of 
ooling and 
entering the ions, whi
h area

umulated around the trap axis, dire
ted to the exit of the RFQ-
ooler [65℄ andextra
ted as bun
hes.4.1.4 Penning Trap systemIn the JYFLTRAP, two Penning traps are used. The �rst Penning trap, thepuri�
ation trap, is used for isobari
 
leaning and the se
ond Penning trap, thepre
ision trap, is used for isomeri
 
leaning and high pre
ision mass measurements[23℄. The main di�eren
e between the two traps is that the puri�
ation trap is�lled with a bu�er gas (helium) while the pre
ision trap is situated in ultra-high
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va
uum (<10−7 mbar). Further information on the e�e
t of the bu�er gas 
an befounded in referen
e [69℄.Fig. 4.3 represents the motion of a 
harged parti
le in a Penning Trap. A magneti
�eld 
on�nes the parti
les in the radial dire
tion (ρ), while the axial dire
tion (z)
on�nement is exe
uted by an ele
trostati
 quadrupole �eld. The motion of theions inside the trap is a 
ombination of an axial motion, whi
h 
onstitutes anos
illation around the trap 
entre, and a radial motion, whi
h 
an be expressedas a sum of two independent eigenmotions: the magnetron motion with frequen
y
ω+ and the redu
ed 
y
lotron motion with frequen
y ω− [66℄. Both eigenmotionsare 
ir
ular in the plane perpendi
ular to the magneti
 �eld (whi
h is equal tothe trap axis). Sin
e the 
y
lotron frequen
y given by ωc = qB/m (where q is the
harge of the ion, m is its mass and B is the external magneti
 �eld) 
an be writtenas the sum of both frequen
ies ω+ and ω−, determining the frequen
y ratio oftwo ions, one of interest and one of 
alibration, will allow the measurement of themass of the �rst one.Ion motion 
an be manipulated by applying azimutal multipole RF �elds. A

Figure 4.3: The orbit of an ion inside the Penning Trap. The dashed line repre-sents the magnetron 
omponent of the motion. The movement produ
ed by thesum of the axial os
illation about the radial plane plus the magnetron 
ompo-nent is represented by the solid line. Adding the 
y
lotron motion to the sum,the total motion of the ion is obtained. The whole movement 
an be visualizedas a 
y
lotron os
illation about the solid line. (Taken from [70℄)
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dipole �eld 
an be used to remove one (or all) of the ion spe
ies from the 
entreof the trap. A quadrupole �eld 
an be used to ex
ite the ion motions at sumsor di�eren
es of the frequen
ies ω+ and ω− and to 
onvert one motion into theother [71℄. Sin
e the quadrupole ex
itation of the 
y
lotron frequen
y is stronglymass dependent, it is possible to 
entre a single ion spe
ies and extra
t it througha small window situated in the 
entral axis of the trap. Also, in the last years,the Ramsey te
hnique [67℄, whi
h ex
ites the ions with time-separated os
illa-tory �elds, has been introdu
ed to the JYFLTRAP [23℄. This has been used toprodu
ed isomeri
ally pure beams with mass resolving power greater than 105[23℄.4.2 Measuring zir
onium with the IGISOL:

Figure 4.4: A theoreti
al 
omparison between the produ
tion 
ross se
tion forproton and deuteron-indu
ed �ssion for Yttrium isotopes [72℄.The �rst attempt to measure 102−106Zr at IGISOL III was made in November2009. Previously to this experiment, the possible rates of produ
tion for 100−104Zrwere estimated using a series of 
al
ulations by V. A. Rub
henya [72℄ and yield
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measurements of masses A=100, 102, 104.Fig. 4.4 shows the results of su
h a 
al
ulation for the relative population of Yt-trium isotopes. For isotopes with mass number grater than 98, the theoreti
alpredi
tions indi
ate an expe
ted in
rease in the 
ross se
tion of the �ssion produ
-tion, using deuteron-indu
ed �ssion rather than proton-indu
ed �ssion. However,the measurements, of the relative produ
tion of 100−104Zr using 30 MeV protonand 25 MeV deuteron-indu
ed �ssion, did not show relevant di�eren
e. In the
ase of the proton beam, the ratio of the intensities of the 2+ → 0+ transitions is1:0.129:0.007 for A=100, 102, 104 respe
tively; for deuterons, it is 1:0.104:0.005.Fig. 4.5 shows the spe
tra 
olle
ted, after the swit
hyard, during the yield mea-surements with the proton beam. The 2+ → 0+ gamma-ray transition energiesin 100−104Zr are 212.5, 151.7 and 139.9 keV. The beam 
urrent was 5µA and therate of emitted 2+ → 0+ gamma-rays in 102Zr was 600 per se
ond. The diagramshows a 
lear need for the high resolution 
leaning of the Penning trap.

Figure 4.5: Gamma-ray spe
tra yield measurements for A=100, 102, 104 atIGISOL III [73℄.
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The experimental time to measure 102,104Zr was s
heduled at the IGISOL IIIin November 2009 and February 2010. Unfortunately it was not possible toextra
t useful intensities of yttrium beam in either experiment. The problem wasnot dis
overed until later when, during the transfer of the IGISOL to the newexperimental hall, an oil leak in the IGISOL roots blower system was dis
overed.This 
aused 
ontamination of the beam line with oil, leading to poisoning ofthe radioa
tive spe
ies. As yttrium is a highly 
hemi
ally rea
tive element, theextra
tion of yttrium beams with enough intensity to perform the experiment wasimpossible. In those 
ir
umstan
es, a proof of prin
iple experiment was exe
utedinstead. Su
h an experiment tested the possibility of 
ombining the JYFLTRAPisomer 
leaning te
hnique with gamma-spe
tros
opy, and is explained in detail inthe following se
tion.4.3 Trap-assisted gamma-ray spe
tros
opy. The
100Mo 
aseLow-lying levels in 100Mo are known to be populated by beta de
ay from ground(Jπ = 1+) and isomeri
 (Jπ = 5+) states in 100Nb. Fig. 4.6 shows the de
ays
heme of 100Nb into 100Mo and 
ontains only the gamma rays measured duringthis experiment. The β-feeding from both parent states is also indi
ated. Thesmall energy di�eren
e between the two parent states of 313(23) keV [74℄ andthe similarity of their half lives (1.5(2)s [37℄ for the ground state and 3.0(1)s[75℄ for the isomer) make it di�
ult to distinguish experimentally between thetwo de
ay paths. Therefore, a te
hnique able to separate the di�erent states of

100Nb is needed and, thus, 
onstitutes an ideal 
ase to test the online post-trapspe
tros
opy method.The 100Nb nu
lei were produ
ed at the IGISOL via proton indu
ed �ssion. Theproton beam was a

elerated to 30 MeV in the K-130 
y
lotron and impingedon a Uranium target of e�e
tive thi
kness 123 mg/
m2. Se
tion 4.1 explainshow �ssion produ
ts re
oiling from the target were transported out to the gas
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Figure 4.6: A s
hemati
 of the beta de
ay of 100Nb isomeri
 and ground statesinto levels in 100Mo. Levels with β-feeding lower than 3% are represented bydotted lines. Spins and energies of the levels are taken from [37℄.
ell, through the SPIG, to the JYFLTRAP. Fig. 4.7 shows one of the mass-s
ansperformed with the se
ond Penning trap in order to determine the frequen
yneeded to sele
t ions of 100Nb in the ground state and in the isomeri
 state. Inthis 
ase, the 100Nb ground state is expe
ted at a frequen
y of 1075395 Hz, andthe 100Nb isomeri
 state at 1075391 Hz. The Nb and Nb* labels indi
ate thefrequen
ies at whi
h these masses are expe
ted with the small energy di�eren
e(313 keV) 
orresponding to a separation in the frequen
y of 3.6 Hz. The A=100Mo peak is expe
ted a further 74 Hz away but due to the timing pattern usedin the Ramsey te
hnique, peaks are repeated every 16 Hz [23℄. The Mo peakobserved in �g. 4.7 is therefore the fourth `repeat' peak, expe
ted 10 Hz fromthe Nb peak. The spe
trum shows a 
lear separation between 100Nb and 100Mobut also, the 
lose proximity of both states in Nb, whi
h makes the experimentdi�
ult. Many frequen
y s
ans in the pre
ision trap were performed in order toas
ertain the frequen
y to optimize the extra
tion of a puri�ed ion sample.
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Figure 4.7: The number of transmited ions, in arbitrary units, as a fun
tionof dipole frequen
y in the pre
ision trap. The dotted straight lines show thefrequen
y where nu
lei in the ground state (1075395 Hz) and in the isomeri
state (1075391.4 Hz) were expe
ted.The beam exits the JYFLTRAP and is implanted in an aluminium stopper. Sin
ethe ions travel down the pipe with very small kineti
 energy, they 
an be stoppedin a deposition point. Two separate measurements were performed. One, at1075395 Hz, where the ions were implanted during 3 s and, allowed to de
ay foran other 3 s before the reopening of the trap. The other measurement, at 1075391Hz, was set up with a 
y
le of 6 s implantation/ 6 s de
ay.A 3π 
ylindri
al beta dete
tor and three germanium dete
tors (two 
lover de-te
tors at 90 ◦ and 270 ◦, and one LOAX at 180 ◦) were pla
ed surrounding thedeposition point. The beta dete
tor was a 2 mm thi
k plasti
 s
intillator.4.3.1 Gamma-ray spe
tros
opyThe gamma-ray dete
tors were energy 
alibrated using two di�erent sour
es, ea
hone pla
ed at the deposition point for ten minutes. One sour
e was a mixture of
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133Ba and 152Eu. The other was 
omposed of 241Am, 139Ce, 60Co. With these twospe
imens an energy range from 59 keV to 1408 keV was 
overed.s
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Figure 4.8: The absolute e�
ien
y of a)the 
lover dete
tor and, b) the Loaxdete
tor. The e�
ien
y was 
al
ulated using the 133Ba and 152Eu sour
e andin
luding add-ba
k.The lines show the result of the e�
ien
y �tting performedwith the RADWARE pa
kage, as it is explained in the text.E�
ien
y 
urves were obtained from the 133Ba and 152Eu sour
e. The positionand size of the peaks were pro
essed using the RADWARE pa
kage to obtain theabsolute e�
ien
y. The e�
ien
y data was �tted to the following expression:
Eff = exp[((A +Bx+ Cx2)−G + (D + Ex+ Fx2)−G))−1/G] (4.1)

where x = ln(Eγ/100keV ) and y = ln(Eγ/1MeV ). Fig. 4.8 shows the abso-
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lute e�
ien
y 
urves, for the 
lover and loax dete
tors. Both 
lover and loaxe�
ien
ies have a maximum around an energy of 100 keV.The 3π beta-dete
tor e�
ien
y was provided by the IGISOL team, from theUniversity of Jyväskylä, and is about ≃ 70% e�
ient.4.3.2 Analysis pro
edure and results

Figure 4.9: .The relative position of the sour
e with respe
t to the 
lover dete
tor. Thegamma-ray sour
e is situated perpendi
ular to the front of the dete
tor(represented on the right side of the �gure). The distribution of germanium
rystals within a 
lover dete
tor is shown on the left side of the �gure.The trigger for the data a
quisition was either a beta-gamma 
oin
iden
e or agamma-gamma 
oin
iden
e event. Energies from beta and/or gamma de
ays werere
orded in a event-by-event basis for further o�-line analysis by two di�erent si-multaneous systems; an analog system, MIDAS (Multi Instan
e Data A
quisitionSystem), and a digital one DAS (Digital A
quisition System).Ea
h germanium 
lover dete
tor is 
omposed of four germanium 
rystals (labelledA, B, C and D) as shown in �g. 4.9. The spatial distribution of the 
rystalswithin the 
lover dete
tors is shown in �g. 4.9 (left side) as well as the positionof the sour
e relative to the dete
tor. Table 4.1 shows the number of single
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(only one 
rystal �red), double (two 
rystals �red), triple (three 
rystals �red)and quadruple hits (four 
rystals �red) for ea
h germanium dete
tor obtainedwith the 133Ba and 152Eu sour
e. Fig. 4.10 shows that horizontal (A+B, D+C)and verti
al (A+D, B+C) events are more likely to o

ur than diagonal ones(A+C, D+C). This 
an be explained due to the bigger grater 
onta
t area in the�rst 
ase, leading to the 
on
lusion that double hits are essentially 
onstitutedby gamma-rays s
attered between the 
rystals. Therefore add ba
k has beenperformed. The energy of the photons belonging to these multiple hits has beenadded to obtain the original energy of the gamma ray emitted from the depositionpoint. The per
entage of double hits is 6.6% for one of the 
lover dete
tors and9.1% for the other, so the add ba
k had a relevant e�e
t in the improvement ofthe gamma spe
tra e�
ien
y.Clover 1 Clover 2Number of 
ounts % Number of 
ounts %Singles 6090440 92.7 6161092 90.1Doubles 436588 6.6 623042 9.1Triples 43092 0.6 50965 0.7Quadruples 2163 0.03 2413 0.03Table 4.1: Measured proportion of single, double, triple and quadruple hits inea
h germanium dete
tor obtained with the 133Ba and 152Eu sour
e.During the experiment, two sets of data were measured; one at a trap frequen
yof 1075395 Hz and the other at 1075391 Hz, where ground and isomeri
 statesof 100Nb respe
tively are expe
ted to be sele
ted. Fig. 4.11 shows a segment ofthe measured spe
tra for trap frequen
ies of 1075391 Hz and 1075395 Hz. A keysignature of the parent state nature is the ratio between the 4+1 → 2+1 (600.5(1)keV) and the 2+1 → 0+1 (535.7(1) keV) transition intensities in the daughter nu-
leus. This ratio is known to be 73(6)% from the isomer de
ay [74℄ and 1.2(1)%from the ground state [75℄. The reason for this behaviour, is that the (Jπ = 4+)energy level, whi
h de
ays via the 600.5 keV gamma ray, is strongly populatedby the Jπ = 5+ 100Nb isomer, but not by the Jπ = 1+ 100Nb ground state. Asimilar 
ase is the 461.1 keV gamma ray, whose level of origin is not fed by the
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ground state at all. Another signi�
ant di�eren
e between the two spe
tra isthe 
hange in relative the intensities of the 535.7 keV 2+1 → 0+1 , and 159.1 keV
0+1 → 2+1 transitions, also due to the di�erent feeding patterns from the isomeri
and ground states in 100Nb.In order to establish whi
h parent state 
ontributes to the 
reation of ea
h of themeasured spe
tra, measured gamma-ray intensities have been 
ompared to the
hara
teristi
 gamma rays of 100Mo from 100Nb ground-state [37℄ and isomeri
state de
ay [76℄. This is shown in table 4.2 where the �rst 
olumn lists energiesof gamma-rays observed in this work and, the se
ond and third 
olumns showrespe
tively, the measured intensities for ea
h transition from previous studies [37℄[76℄. The two following 
olumns lists the intensities of the gamma-rays obtainedin this experiment, for the frequen
ies 1075391 Hz and 1075395 Hz normalizedfor the 535.7 keV transition. Finally, the last 
olumn list the 
al
ulated isomeri
state intensities using the data presented in 
olumns 4 and 5.Bran
hing ratios have also been 
al
ulated, for those 
ases in whi
h it was possi-ble, and 
ompared to known values [37℄ [76℄. The results are given in table 4.3.This table shows, in 
olumn order, from left to right, the energy level of originof the gamma rays, the gamma-ray energy and the bran
hing ratios 
al
ulated in
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Figure 4.10: Double hits represented as a fun
tion of the 
rystals whi
h have �redfor one of the germanium dete
tors using the 133Ba and 152Eu sour
e .
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Eγ Ground state Isomeri
 state 1075395 Hz 1075391 Hz Cal
ulatedIsomeri
 state(keV) Iγ(%) [37℄ Iγ(%) [76℄ Iγ(%) Iγ(%) Iγ(%)159.5 (1) 19.3 (11) 3.8 (5) 29 (2) 14 (1) 0(3)440.9 (1) 2.3 (1) 1.9 (2)461.1 (2) 8.2 (5) 4.2 (8) 8(2)528.3 (2) 19.9 (4) 10 (1) 21 (2) 14 (1) 7 (3)535.7 (1) 100.0 (2) 100 100 (8) 100 (5) 99 (16)543.5 (1) 0.9 (1) 5.5 (8) 2.6 (5) 5.2 (9)573.6 (2) 0.6 (1) 0.9 (1)600.5 (1) 1.2 (1) 73 (6) 0.8 (1) 37.4 (31) 74 (8)622.5 (2) 3.3 (7) 3.7 (4)768.7 (1) 7.4 (7) 5.2 (5) 8.1 (6) 5 (1) 1 (2)792.8 (2) 4.2 (6) 1.7 (4) 3.3 (7)928.3 (1) 5.5 (2) 3.7 (4) 7.3 (6) 5.3 (6) 3 (1)952.5 (3) 4.9 (6) 2.1 (4) 4.2( 8)967.0 (2) 17 (2) 11 (1) 22 (3)969.1 (1) 5.7 (7) 5.6 (5)1022.5 (3) 10.7 (13) 12 (1) 4.0 (6) -4.4 (16)*1063.7 (1) 7.2 (4) 4.4 (9) 8.9 (7) 8 (1) 7( 2)1071.7 (2) 1.1 (2) 3.8 (7) 0.9 (1) 1.8 (3) 2.6 (7)1246.4 (3) 2.7 (4) 2.9 (7) 6 (1)1257.0 (6) 2.0 (2) 2.1 (3)1280.3 (2) 24 (3) 11 (1) 22 (3)1441.5 (2) 0.6 (1) 1.2 (2)1501.9 (1) 9.6 (7) 13 (1) 6 (1) -1 (2)*1516.8 (3) 4.0 (6) 1.6 (4) 3.2 (9)1550.5 (3) 1.5 (2) 2.3 (2)1567.4 (3) 6.0 (9) 3.3 (6) 7 (1)1653.9 (2) 2.7 (2) 3.0 (4)2434.6 (5) 3.0 (2) 3.3 (5)* A negative intensity is 
learly non physi
al and will be dis
ussed in the text.Table 4.2: Gamma-ray energies and intensities for transitions in 100Mo. Columns 2 and3 list the intensities previously measured following the beta de
ay of the ground [37℄and isomeri
 [76℄ states in 100Nb. Columns 4 and 5 list the intensities measured withPenning trap frequen
ies of 1075395 Hz and 1075391 Hz respe
tively. Column 6 liststhe isomer state intensities 
al
ulated using the results of this experiment (
olumns 4and 5).
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Figure 4.11: The beta-gated gamma-ray spe
tra measured at frequen
ies of1075391 Hz (measured during 3 h and 12 min) and 1075395 Hz (measured during10 h and 19 min). The upper plot, 1075391 Hz, 
ontains 461.1 keV and 600.5 keVpeaks whi
h are missing in the lower plot. There is also a notable di�eren
e inthe relative intensities of the 159.5 keV and 535.7 keV peaks in the two spe
tra.the 
ase of: the ground state [37℄, the isomeri
 state [76℄, the 1075395 Hz data �leand the 1075391 Hz data �le. All the bran
hing ratios obtained in this experimentare in agreement, within two standard deviations, with those 
al
ulated from pre-vious studies [37℄ [76℄, ex
ept in one 
ase. As one 
an infer from table 4.3, thebran
hing ratio for the 1607 keV level (543.5(1) and 1071.7(2) keV transitions) isnot 
onsistent between the two measurements [37℄ [76℄. Although the measuredbran
hing ratio for the 1607 keV level agrees with Suhonen's measurement [76℄,it has been removed from further 
al
ulations.The per
entage of ea
h parent state at ea
h frequen
y 
an be 
al
ulated usingthe assumption that the measured intensity for ea
h frequen
y must be a linear
ombination of ground and isomeri
 states. Expressing this idea through anequation:
Ii = ai · Igi + bi · I ii (4.2)
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where the subs
ript i labels ea
h gamma-ray, Igi is the known intensity of the ithgamma-ray from the ground state de
ay and I ii is the known intensity of the ithgamma-ray from the isomer state de
ay. In addition, sin
e a+b=1, it is possibleto express the measured intensity of ea
h measured gamma-ray as a fun
tion ofone parameter ai and, therefore, a weighted mean value of a 
an be 
al
ulatedusing the following equations:Level Eγ Ground state Isomeri
 state 1075395 Hz 1075391 Hz(keV) (keV) [37℄ [76℄1064 528.3 (2) 100 (2) 100 (12) 100 (5) 100 (8)1063.7 (1) 36 (2) 42 (10) 42 (4) 57 (10)1464 768.7 (1) 100 (9) 100 (10) 100 (8) 100 (22)928.3 (1) 73 (7) 71 (10) 91 (10) 115 (29)1505 969.1 (1) 100 (12) 100 (8)440.9 (1) 41 (5) 34 (5)1607 543.5 (1) 100 (8) 100 (14) 100 (17)1071.7 (2) 117 (21) 69 (16) 69 (2)2037 151.9 (1) 100 () 100 ()573.6 (2) 6 (1) 7 (1)2086 1022.5 (3) 100 () 100 ()1550.5 (3) 14 (2) 18 (3)622.5 (2) 31 (7) 30 (4)2103 967.0 (2) 100 (11) 100 (11)1567.4 (3) 35 (6) 30 (6)2416 1280.3 (2) 100 (11) 100 (11)952.5 (3) 21 (3) 19 (4)2564 461.1 (2) 100 (6) 100 (19)792.8 (2) 51 (8) 40 (12)Table 4.3: Bran
hing ratios, in in
reasing order of level energy, observed in de
ayfrom the ground state [37℄, the isomer [76℄ and for the data 
olle
ted at frequen
iesof 1075395 Hz and 1075391 Hz respe
tively.
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ā =

∑

wiai
∑

wi
. (4.3)where the individual weights, wi, are 
al
ulated from the errors, ∆ai, for ea
h
oe�
ient ai:

wi =

(

1

∆ai

)2 (4.4)and the weighted error of ā is given by:
∆̄a =

1
√

∑

w2
i

(4.5)This 
al
ulation gives the following results: at a frequen
y of 1075395 Hz the
100Nb ground state was su

essfully separated, with a purity of about 100%; ata frequen
y of 1075391 Hz, a mixture between the two states was measured withisomeri
 state proportion of about 50% (ā = 0.50(2)).Using the value ā = 0.50(2) the intensities of the gamma rays populated in thede
ay of the isomeri
 state of 100Nb 
an be obtained. The results of su
h a
al
ulation are listed in the sixth 
olumn of table 4.2 and should be 
omparedwith those in 
olumn three. 79% of the intensities listed in 
olumn six agreewithin one standard deviation with those in 
olumns three and four, 95% agreewithin two standard deviations and 100% agree within three standard deviations.The last 
ase (1022.5 keV) with a 
al
ulated intensity of −4.4(16) 
onstitutes aproblemati
 interpretation from the physi
al point of view, sin
e it is a negativeintensity even within 2σ. Nonetheless, this 
ould be interpreted from the pointof view of the statisti
al nature of experimental data [77℄ whi
h says that, for anormal distribution, the true value has ≃ 68% probability of being within one
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standard deviation of the measured value, ≃ 95% of being within two standarddeviations and ≃ 99.7% of being within three standard deviations. Therefore,the 
al
ulated intensities are 
onsistent with those presented in the literature,although the high errors obtained for these 
al
ulated intensities highlight theneed to improve the separation te
hnique in order to in
rease its pre
ision.s
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Figure 4.12: Above: The time of the gamma-ray emission relative to trap opening,for the 1075395 Hz data �le, showing part of the implantation time as well as thede
ay time. Below: The gamma-ray spe
trum 
orresponding to the above timespe
trum. The dashed lines show how a gate 
an be set on one of the energypeaks to obtain the time spe
tra relevant to that peak.Is also possible to measure the half-life of ea
h state. As stated at the beginningof this se
tion, ions were implanted during 3 s and allowed to de
ay for another 3s at the 1075395 Hz frequen
y; the same pro
edure in 
y
les of 6 s implantation/6 s de
ay was used in the 
ase of 1075391 Hz. The data 
olle
ted using the DigitalA
quisition System (DAS) was used for this analysis and sorted into time versusgamma-ray energy matrix. Figure 4.12 shows the proje
tion of this matrix in
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the 
ase of a frequen
y of 1075395 Hz . The top spe
trum shows the number of
ounts relative to the time and shows part of the implantation time as well asthe de
ay time. The spe
trum on the bottom of �g. 4.12 represents the re
ordedgamma-ray energies.Setting a gate on a gamma-ray peak, as indi
ated by the dashed lines in the lowerdiagram of Figure 4.12, allows a ba
kground subtra
ted time spe
trum for thatpeak to be obtained. This time spe
trum 
an be used to 
al
ulate the half-lifeof the state sele
ted at ea
h frequen
y. Due to the small statisti
s the �nal dataneeded to be rebinned in order to minimize the spe
tra �u
tuations, and was�tted to the exponential law of radioa
tive de
ay:
N(t) = Noe

−λt. (4.6)In the 
ase of the data 
olle
ted at 1075395 Hz, time spe
tra obtained by gatingon the peaks: 159.5(1), 535.7(1) and 1022.5(3) keV have been added together.The �nal spe
trum was rebinned by 100, 200 and 300 and �tted to de equation4.6. The half-life obtained, by performing a weighted mean of the three sets, is
T 1075395
1/2 = 1.40(2) s. This result is 
lose to the expe
ted 1.5(2) s [37℄ reportedin previous studies and is 
onsistent with the hypothesis of 100% 100Nb groundstate data.The 1075391.4 Hz time spe
trum was made by adding the individual time spe
traobtained by gating on the peaks: 535.7(1), 600.5(1) and 1022.5 (3) keV rebinnedby 300, 500 and 700. In this 
ase, the analysis of the intensities, dis
ussed above,indi
ates that the de
ay should 
omprise 50%-50% of the ground and isomeri
states. So it is logi
al to expe
t the half-life �t to have two 
omponents. Theradioa
tive de
ay law for this parti
ular 
ase is:

N(t) = N1e
−λ1t +N2e

−λ2t (4.7)
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Figure 4.13: Below: the time pro�le of 159.5(1), 535.7(1) and 1022.5(3) keVgamma rays measured at a frequen
y of 1075395 Hz . Above: the time pro�leof 535.7(1), 600.5(1) and 1022.5 (3) keV gamma rays measured at a frequen
y of1075391.4 Hz. The solid line shows the results of a 
onstrained �t to the expo-nential de
ay law, performed assuming equal initial populations of both states of
100Nb and known half-lives (1.5(2) s [37℄ and 3.0(1)s [75℄).where the subs
ripts 1 and 2 refer to the ground and isomeri
 states of 100Nb.However, the low statisti
s in this 
ase made it impossible to separate the two
omponents, and the best possible �t 
al
ulated one exponential fun
tion with aresulting half-life dominated by the isomeri
 state (T 1075391

1/2 = 2.7(1), χ2=2.76 ).Constraining the �t, su
h that the value of the de
ay 
onstants relates to half-lives of 1.5 and 3.0 s and that the initial populations of both parent states areequal, gives a redu
ed χ2=3.02. Fig 4.13 shows the �t of the to the radioa
tivede
ay law. The lower graph shows the �t for the spe
tra 
olle
ted at 1075395Hz. The upper pi
ture represents the 
onstrained �tting for the 1075391 Hz 
ase,showing that the data is 
onsistent with the results obtained in the 
al
ulation
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of the per
entages of the parent state population previously explained.
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Chapter 5
IGISOL IV
The upgrade from IGISOL III to IGISOL IV started with the a
quisition of theMCC30 light ion 
y
lotron. The previous fa
ility was moved to a new buildingadja
ent to the existing one, whi
h was 
onstru
ted in order to house the newa

elerator and IGISOL IV. As a 
onsequen
e, a new layout was designed to adaptthe IGISOL to the new experimental hall and to in
lude several improvementswhi
h will be dis
ussed in this se
tion.The MCC30 light ion 
y
lotron provides proton (30 MeV, 100 µA) and deuteron(15 MeV, 50 µA) beams and is 
apable of produ
ing two beam simultaneously[78℄. In addition it will be used only by the IGISOL fa
ility and 18F produ
tion tomake a 
ompound 
alled FDG, used for PET. The IGISOL will also have a

ess tothe K130 heavy ion 
y
lotron but, sin
e IGISOL is mainly using light ion indu
ed�ssion rea
tions, the annual beam time of the fa
ility is expe
ted to be in
reasedup to 4000 hours [79℄; and longer experimental runs will also be possible. The useof neutron 
onverter targets (
urrently being designed) will enable the 
reation ofprimary neutron beams for neutron indu
ed �ssion rea
tions. The 
ombination ofproton, deuteron and neutron beams with several a
tinide targets and optimizedgas 
ells will expand the limits of the produ
tion of neutron-ri
h nu
lei beyondthe limits of IGISOL III.Sin
e no signi�
ant modi�
ations have been made to the IGISOL front-end, the
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Figure 5.1: A 3D sket
h of the new hall where the main 
omponents of IGISOLIV have been labelled. The green arrows indi
ate the a

ess of the pulsed lasersto the target 
hamber from the FURIOS 
abin and of the 
ollinear laser to theRFQ from the 
ollinear laser hut [68℄.upgrade of the layout does not a�e
t the e�
ien
y of the IGISOL te
hnique.Fig. 5.1 represents a 3D sket
h of the new experimental area. Beam lines of a

essfrom both a

elerators are shown inside the IGISOL 
ave. A beam swit
hingmagnet provides a

ess to the primary beam from the MCC30 
y
lotron, whi
his situated behind the 
ave ba
k wall. The two green arrows, from the FURIOSlaser 
abin (situated above the 
ave) to the target 
ave, show the laser paths forthe LIS (laser ion sour
e)and LIST (laser ion sour
e trap) methods [80℄. Thea

ess of the laser light to the IGISOL front-end has been 
onsiderably improvedby the new outline. In the new design a 15 ◦ bender, situated after the extra
tion
hamber, gives dire
t a

ess of the laser light to the SPIG [64℄. This set-up allowshigh sele
tivity RIB (radioa
tive ion beam) produ
tion through a novel te
hnique
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in whi
h laser ionization is performed within the expanding gas jet immediatelyfollowing the gas 
ell [81℄.Following the beam line beyond the target 
hamber the next important 
hangeis the existen
e of a verti
al line as shown in �g. 5.1. A 90 ◦ degree bender 
an beused to get o�-line beam into the main beam line from an o�-line sour
e situatedupstairs. A series of o�-line sour
es (e.g. dis
harge sour
e, alpha-de
ay re
oilsour
e, 
arbon 
luster sour
e) are 
ommonly used to tune the beam line andfor mass measurement 
alibrations [82℄, as will be explained in se
tion 5.1. TheIGISOL beam line often needs to be tested between experiments so the verti
alline provides a way to avoid the high radiation levels in the 
ave. After the 90 ◦degree bender the line 
ontinues into the swit
hyard, through the mass sele
tingdipole magnet. The new swit
hyard has been designed in order to swit
h betweenthree di�erent lines: the main beam line, a permanent monitoring station and, athird line for spe
tros
opy experiments [79℄. Fig. 5.1 shows how the main beamline 
ontinues to the Radiofrequen
y 
ooler and bun
her (RFQ) [65℄ and, fromthere to the JYFLTRAP [66℄. Given that the RFQ is exa
tly the same as before,a similar performan
e is expe
ted. The JYFLTRAP is also the same one but,as a 
onsequen
e of the in
reased spa
e after the trap, bigger and more 
omplexdete
tor setups 
an be built to perform trap-assisted measurements. The beamtransfer line from the RFQ to the 
ollinear laser spe
tros
opy hut is indi
atedby an arrow in �g. 5.1. In the new 
on�guration, this line is shorter and, thevisibility to the opti
al axis of the RFQ improves the opti
al manipulation ofthe ioni
 ensemble, used to populate metastable states whi
h are subsequentlyused in the 
ollinear experiments [83℄. Furthermore, the trap and the RFQ areele
tri
ally isolated from ea
h other, whi
h permits the independent operation ofboth devi
es a�ording more �exibility on operation.Despite all these 
hanges, there is no expe
ted signi�
ant improvement in theupgrade of the IGISOL fa
ility regarding the 102Zr measurements. The prin
ipalelements of the old IGISOL (SPIG, 
ooler-bun
her, Penning trap) are the same,with most of the 
hanges being a matter of layout, and the main improvements(verti
al line for o�ine sour
es, optimization of the pulsed laser line, radiationsafety, et
 ) not a�e
ting the isomeri
 
leaning. On the other hand, from laser
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measurements, an improvement by a fa
tor of 5/3 in the �ssion yield have beenobserved. This might be due to better extra
tion opti
s in the front end (IGISOLIV has two extra
tor ele
trodes where, in the past, there was only one, and theapertures of the ele
trodes have been opened up so it may have less losses intransmission to the mass separator).5.1 First beamline tests at IGISOL IV

Figure 5.2: The pla
ement of the Faraday 
ups, �uores
en
e panels and sili
ondete
tors used in the �rst test of the IGISOL IV beam line. Faraday 
ups arepla
ed at positions 1 to 5. Fluores
en
e panels were also situated in spots 2 to 5.Finally, 3 sili
on dete
tors were used at 2, 3 and 5.The �rst tests of IGISOL IV were performed in February 2012 and measured theperforman
e of the fa
ility from the target 
hamber to the swit
hyard. At thatmoment, the va
uum level in the beam line was 10−5 mbar and the gas lines
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were not 
ompleted. Therefore, the tests were performed by inje
ting the bu�ergas into the ion guide dire
tly from a gas bottle.Originally, a spark sour
e pla
ed at the ion guide site was used to 
reate an ioni
beam. A spark sour
e is a method used to produ
e ions from a solid sample.The prepared solid sample is vaporized and partially ionized by an intermittentdis
harge or spark. In this parti
ular 
ase, within the gas 
ell, an ele
tri
al pulse(spark) between two 
opper ele
trodes is used to vaporize and ionize surfa
eatoms. These ions are stopped in the gas 
ell whi
h 
ontains the ele
trodes andare then extra
ted by the gas �ow and are guided through the radio frequen
ysextupole into the beam line of the mass separator (see se
tion 4.1.1). The pro-du
ed 
urrent was used to tune the beam settings and give an initial estimationof the performan
e of the beamline. Fig. 5.2 shows the positions along the beamline in whi
h a series of �uores
en
e panels and Faraday Cups were pla
ed in or-der to measure the 
urrent and shape of the stable ion beam. This set up allowedthe tuning of the fo
using and dire
tional elements of the fa
ility in di�erentstages, fa
ilitating the optimization of its 
urrent and intensity. The results weresimilar to the ones obtained for IGISOL III. About 400 nA were measured afterthe SPIG (position labelled as 1 in �g. 5.2) and 100 nA in the beam line about32 
m after the swit
hyard (5 in �g. 5.2). It is 
onvenient to remark that thesenumbers should not be taken as an estimation of the transmission e�
ien
y sin
ethe Faraday Cups used have di�erent sizes.Following the dis
harge sour
e test, an alpha re
oil sour
e was used to study thee�
ien
y of the IGISOL, whi
h is the main performan
e 
riterion of the fa
ility.In order to dete
t the ions, the Faraday 
ups were repla
ed by sili
on dete
torsin the lo
ations tagged as 2,3 and 5 in �g. 5.2.The 223Ra α-de
ay re
oil sour
e used for these measurements was made using a
227A
 sour
e by the method des
ribed in [84℄. The e�
ien
y was re
orded bymeasuring the alpha-parti
les emitted by the �rst daughter in the de
ay 
hain,
219Rn, using a sili
on dete
tor. Fig. 5.3 shows the 227A
 de
ay 
hain, where thenu
lei of interest are highlighted.
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Figure 5.3: The 227A
 de
ay 
hain.For the purpose of measuring the e�
ien
y of the beam line, the 223Ra alpha-de
ay needle tip sour
e was pla
ed in an ion guide installed within the target
hamber in a transverse position with respe
t to the extra
tion axis of the ionguide. A sili
on dete
tor used to measure the re
oils from the α sour
e, waslo
ated after the swit
hyard (position 5 in �g. 5.2). The signal from the dete
torwas ampli�ed and manipulated by a 
omputer program so that the rate of α-parti
les from 219Rn with energy 6819.1(3) keV were the only ones used to performthe e�
ien
y measurements. Fig. 5.4 shows the relative transmission e�
ien
yas fun
tion of the He pressure with di�erent voltage settings for the SPIG anddi�erent distan
es between the repeller and the ion guide exit hole. All the tuningelements along the beam line were also used in order to maximize the measuredyield. The behaviour of the e�
ien
y, shown in �g. 5.4, 
an be explained by the
hange of the gas �ow �eld 
aused by the transverse position of the alpha sour
ewith respe
t to the beam line [84℄. The best e�
ien
y is obtained in 
ase b), ata He pressure of 38 mbar, distan
e between the repeller and the exit hole of theion guide is 12(1) mm and the SPIG voltages are optimized for su
h a distan
e.Fig. 5.5 was taken from [84℄, and shows the �rst results obtained for a previousSPIG in 
omparison with ones for the skimmer at IGISOL II. Is possible to seethat the results in the 
ase of a broken axial symmetry shown in �g. 5.5 a) are ingood agreement with the ones presented in �g. 5.4; while in the 
ase of full axial
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Figure 5.4: The relative e�
ien
y, measured using the alpha re
oil sour
e, as afun
tion of He pressure. The three graphs show the response obtained with thetransverse α re
oil sour
e a)Initial SPIG voltage settings [64℄. Distan
e betweenthe repeller and the exit hole of the ion guide d=12(1) mm; b)Optimized voltagesettings, d=12(1) mm; 
) Same voltages as in b), d=5(1) mm.symmetry, �g. 5.5 b), there is a smoother pattern, with no se
ondary maxima.The measurements reported in [84℄ were obtained for a di�erent 
hamber withdi�erent volume, shape, distan
es and voltages. Therefore, the 
hange in theposition of the maxima and the relative e�
ien
y, as well as the di�erent pressurerange are not unexpe
ted. No simulations have been done to study the in�uen
eof a sour
e pla
ed in a transverse position over the gas �ow inside the ion guide,but 
omparing the results in �g. 5.4 and in �g. 5.5 a) it is 
lear that they show asimilar pattern. In both 
ases, the e�
ien
y 
urve shows an absolute maximum,a deep minimum and a se
ondary maximum.The results of the alpha-sour
e experiments gave an overall e�
ien
y of 1% mea-sured at the sili
on dete
tor pla
ed at position 5 in �g. 5.2, and a transporte�
ien
y of about 50% from the ion guide to the sili
on dete
tor situated afterthe swit
hyard.Finally, the light ion guide was tested on line using the rea
tions 58Ni(p,n)58Cuand 54Fe(p,n)54Co. The measurements of the Cu atoms were performed with thesame sili
on dete
tors. He and Ar gases were separately employed in an attemptto in
rease the e�
ien
y. The transport e�
ien
y of the system using He as thebu�er gas was similar to that obtained in the 
ase of the alpha re
oil sour
e (50%
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Figure 5.5: Taken from [84℄. The e�
ien
y, measured with the alpha re
oil sour
eas a fun
tion of He pressure, for di�erent ion guide set-ups at IGISOL II. a) Axialsymmetry broken; b) Full axial symmetry. The a
ronym HIGISOL means heavy-ion ion guide isotope separator on-line and is di�erent from the light ion guideused for the 2012 tests.transmission e�
ien
y). No signi�
ant di�eren
es were per
eived by repla
ingthe He with Ar.5.2 Further experiments:Between February and August 2012 several improvements were performed at thefa
ility, su
h as the 
onstru
tion of the gas feeding lines, new alignments, theaddition of new beam-line tuning elements, et
. The �rst experiment at IGISOLIV was s
heduled for the last week of August 2012. As a 
onsequen
e a series ofnew tests and �ne tuning were 
arried out to the IGISOL IV front end. Fig. 5.6shows a s
hemati
 view of the beam line used in these experiments, from thetarget 
hamber to the swit
hyard, and the spe
tros
opy set up 
onsisting of one4π s
intillator and two germanium dete
tors at the deposition point. Fig. 5.6show the set up used in all the test mentioned in this se
tion so, in the following,all the des
riptions of the set up will refer to di�erent devi
es shown in this �gure.
78



Figure 5.6: A s
hemati
 view of the IGISOL IV beam line used in the test runduring August 2012.The beam produ
ed in the target 
hamber (ion guide) istransported through the SPIG to the mass separator and dire
ted to the dipolemagnet. In the magnet a single mass is sele
ted and inje
ted into the swit
hyardthrough a slit. Several dete
tion devi
es are pla
ed between the slit and thedeposition point, allowing di�erent kind of measurements depending on the testrealized.The �rst study 
onsisted of the testing of the dipole magnet and its mass 
ali-bration. For that purpose the dis
harge sour
e was pla
ed in the target 
hamber,inside the ion guide. Also, a small amount of Xe gas was introdu
ed into the ionguide along with helium. A mixture of stable isotopes of Xe gas, with massesbetween 124 and 136 u, was used. The mass separation of the a

elerated nu
leiis done using an ele
tri
al dipole magnet that splits the traje
tory of the ionsa

ording to their mass to 
harge ratio.The mass resolution of the magnet, is its ability to distinguish between 
losemasses and, is de�ned as the ratio between the full width at half maximum(FWHM) and the 
entroid of the peak. The smaller the �gure for the resolutionthe better the magnet will be able to distinguish between two nu
lei with adja-
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c)Figure 5.7: The resolution of a Xe mass s
an with a 3.1 mm slit: a) the 
urrentof the dipole magnet; b) the magneti
 �eld of the dipole magnet; and 
), themeasured 
urrent at the swit
hyard Faraday 
up (see �g. 5.6), as a fun
tion ofthe atomi
 mass. Xenon isotopi
 abundan
es are labelled a

ordingly.
ent masses. Di�erent m/q ratios 
orrespond to di�erent 
urvature radii in themagneti
 �eld, so that a beam of desired m/q ratio is sele
ted by a slit lo
atedat the entran
e of the swit
hyard, as 
an be seen in �g. 5.6. By varying themagneti
 �eld inside the magnet it is possible to perform a mass s
an in order tosee the di�erent masses produ
ed at the ion guide. Fig. 5.7 shows a mass s
anperformed for the Xe isotopes using a 3.1 mm slit. In the bottom graph, 
), the yaxis shows the 
urrent 
olle
ted at the Faraday 
up situated inside the swit
hyard(see �g. 5.6) in A per 1.341 s, while the x axis shows the approximate mass unit.The size of ea
h peak is proportional to the parti
ular Xe isotope abundan
e and,the resolution is 
learly not enough to separate adja
ent masses. Fig. 5.7 a) andb) show, respe
tively, the 
urrent of the dipole magnet and the magneti
 �eld
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of the dipole magnet as a fun
tion of the mass. Both relations are linear and,assuming that the straight line "magneti
 �eld versus mass" goes though zero,one 
an do a 
alibration with a single known mass. This �gure 
an be 
omparedwith �g. 4.7 whi
h shows the mu
h higher resolution of the double Penning Trap.The mass s
an for molybdenum performed with JYFLTRAP presents a 
lear sep-aration between masses with one unit of di�eren
e, while �g. 5.7 shows a 
learoverlapping between those.
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Figure 5.8: A Cu mass s
an for two di�erent slit widths: a) 1.2 mm; b)10.4 mmSimilar to opti
al spe
tros
opy, low resolution is a
hieved using wide slits whilehigh resolution is attained employing narrow slits. This behaviour is illustrated in�g. 5.8 whi
h shows two mass s
ans 
orresponding to two di�erent slit widths for
63,65Cu. Fig. 5.8 a) shows a mass s
an for a slit width of 1.2 mm and, presenting a
hara
teristi
 triangular peak with a low mass tale while, �g. 5.8 b) used a widthof 10.4 mm and illustrates a lower resolution with a �atter top peak.The mass resolution of the dipole magnet for di�erent slit widths is shown inFig. 5.9 a) 
al
ulated for the 
ases of 134Xe and 136Xe. For both masses, it is
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possible to see how the resolution in
reases as the width de
reases. However, itshould be emphasized that as the resolution in
reases the transmission de
reases,as 
an be seen in �g. 5.9 b); where the transmission is taken as the number of
ounts in 1.341s at the 
entral mass for ea
h peak. So in order to get a reasonablenumber of ions for a parti
ular experiment it is ne
essary to �nd a 
ompromisebetween these two limitations.Finally, in order to 
ompare these results with the performan
e of IGISOL III, itis 
onvenient to de�ne the mass resolving power: MRP = M/∆M . For IGISOLIII, it has been established that the MRP was 300 between the dipole magnetand the SPIG for a slit width of 7 mm [85℄. In the present 
ase, the MRP variesfrom a value 
lose to 300, for a slit width of 1.2 mm, to less than 200 for a slitwidth of 5.6 mm. Considering these results, it is natural to 
on
lude that theMRP after the dipole magnet 
ould still be improved by manipulating the beam.As the MRP depends on the quality of the beam, i. e. of the beam emittan
e,further adjustments in the beam tuning implemented with the SPIG and thedi�erent fo
using elements, or any 
hanges a�e
ting the beam (like alignmentmodi�
ations), 
ould result in a better resolution.5.2.1 The light ion guideOn
e the dipole magnet was ready, the dis
harge sour
e was repla
ed by thelight ion guide. A primary beam of 18 MeV protons impinged onto a 58Ni target(thi
kness 1.8 mg/
m2) to produ
e 58Cu via the 58Ni(p,n) rea
tion. For a pressureof 128 mbar, the maximum 
ount rate was found for a magneti
 �eld of 1160G. Fig. 5.10 shows a pressure test 
ondu
ted with the light ion guide with themagneti
 �eld of the dipole magnet �xed at this value. The number of ionsdete
ted by the sili
on dete
tors after the swit
hyard during a period of time of30 s is plotted against the pressure inside the light ion guide. The plot shows aregion of saturation between 150 and 200 mbar, thus this region appears to besuitable for optimal running.The pressure was then set at 200 mbar, the magneti
 �eld at the dipole mag-
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Figure 5.9: The resolution and transmission of the dipole magnet in the 
ase of
134Xe and 136Xe: a) Slit width VS resolution; b) Transmission VS resolution.net was 
hosen to sele
t mass 58 (1160.82 G) and all the beam line elementswere tuned to maximize the 
urrent of the small Faraday 
up lo
ated before thespe
tros
opy set up (see �g. 5.6). In IGISOL III, indire
t measurements of 58Cuperformed with a similar set-up, a primary 
urrent of 1µA resulted in a mea-sured yield of 6850 ions/s. In the present 
ase measurements were taken usinga primary beam of 500 pA. Ions were implanted in an aluminium foil in frontof the sili
on dete
tor, resulting in a rate of 17500 ions/30s. Given that the ef-�
ien
y of su
h a dete
tor using the foil is 33%, the a
tual rate per se
ond is1750 ions, whi
h extrapolates to about 3500 ions/s for a primary beam of 1 µA.This is two times lower than in the 
ase of IGISOL III, whi
h is a reasonableresult at this stage. Finally, the γ-ray spe
trum of the 58Cu was measured withthe spe
tros
opy set up. The results are shown in �g. 5.11 where the key 58Cugamma-rays, 1321.2, 1448.2 and 1454.45 keV are 
learly visible, proving that the
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Figure 5.10: The number of 58Cu ions observed in 30 s in fun
tion of the pressureinside the ion guide.IGISOL IV is able to provide mass sele
ted radioa
tive ion beams.Work on the IGISOL fa
ility has 
ontinued sin
e the test experiments des
ribedin this se
tion. Currently the trap line is �nished and transmission e�
ien
ieshave been measured all the way through the line [86℄. Also, some test have beenperformed using the JYFLTRAP proving that both traps are working. Nonethe-less, all results are preliminary. The transmission through the trap beam line isto be re�ned, the transport between both traps needs to be improved, a 
hara
-terization of the JYFLTRAP settings is needed, et
.The o�-line preparation of the 
ollinear laser spe
tros
opy set-up has been 
om-pleted. On-line beams produ
ed via proton-indu
ed �ssion have been delivered tothe 
ollinear laser line with similar spe
tros
opy e�
ien
ies to the ones obtainedfor IGISOL III [87℄. Also some advan
es in the status of the FURIOS laser systemhave been a

omplished and are reported in [88℄.In addition to the ongoing work in the 
onstru
tion and re�nement of the IGISOLIV fa
ility, the �rst beam time proposals have already been performed at the
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Chapter 6
Con
lusions
The information presented in this thesis shows the importan
e of study the stru
-ture of neutron-ri
h zir
onium isotopes. Strong deformation, predi
ted shape 
o-existen
e and isomerism are key phenomena in the study of nu
lear physi
s. The
al
ulations performed within the IBM-1 model, have provided a set of four-termHamiltonians, all of them in
luding a term proportional to the quadrupole mo-ment, responsible for deformation. This is 
onsistent with the known rotationalbehaviour of the ground state bands of zir
onium nu
lei. Despite the presentresults being too broad to provide a real understanding of the stru
ture in thisregion, there are four possible Hamiltonians whi
h are 
onsistent with the system-ati
s shown in Chapter 1. The zir
onium nu
lei have greater deformation thanthe rest of the ones used in these 
al
ulations, so the pro
edure employed in thisthesis might not be the most appropriate. It would be interesting to repeat the
al
ulations for the isotopi
 
hain when a in
reased amount of experimental databe
omes available; Espe
ially data regarding the transition probabilities whi
hare 
urrently almost 
ompletely unknown in the 
ase of zir
onium. It would alsobe interesting to 
ompare the 
al
ulations for 108Zr with new data, given that theexperimental level s
heme used is only tentatively known.The online post-trap spe
tros
opy method developed at IGISOL III and explainedin 
hapter 4, will provide the opportunity to measure new low-lying states in
102,104,106Zr, study the separated de
ay of the 102Zr isomeri
 state and, in general,
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�nd new information about these nu
lei whi
h will help us to understand theirstru
ture and behaviour. A paper on this method has been published [18℄ and itis the hope of the author, that it will prove a useful te
hnique, not only in thestudy of zir
onium, but for general resear
h of nu
lear isomerism. It also mightbe that, in the future, the new IGISOL IV fa
ility will be able to produ
e evenmore neutron-ri
h zir
onium nu
lei and, with it, develop a further understandingof deformed atomi
 nu
lei.
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Isobars (A=102)Transition H2 H3 H7 H9 H19B[E2; 2(1)�> 0(1)℄ 0.2347 0.3464 0.3320 0.4119 0.4585B[E2; 4(1)�> 2(1)℄ 0.3385 0.5144 0.5022 0.5940 0.6431B[E2; 6(1)�> 4(1)℄ 0.3588 0.5672 0.5635 0.6453 0.6819B[E2; 2(2)�> 0(2)℄ 0.0703 0.1318 0.0517 0.0312 0.0794B[E2; 4(2)�> 2(2)℄ 0.1372 0.1517 0.1842 0.2091 0.2544B[E2; 6(2)�> 4(2)℄ 0.2412 0.3276 0.3467 0.3876 0.4245B[E2; 0(3)�> 2(3)℄ 0.0451 0.0915 0.1025 0.1082 0.0579B[E2; 4(3)�> 2(3)℄ 0.1789 0.2136 0.3197 0.3761 0.3872B[E2; 6(3)�> 4(3)℄ 0.2304 0.3459 0.3614 0.3899 0.4368B[E2; 2(2)�> 0(1)℄ 0.0349 0.0095 0.0182 0.0146 0.0095B[E2; 0(2)�> 2(1)℄ 0.0486 0.1034 0.1109 0.0522 0.0047B[E2; 4(2)�> 2(1)℄ 0.0210 0.0130 0.0107 0.0085 0.0045B[E2; 6(2)�> 4(1)℄ 0.0156 0.0140 0.0106 0.0084 0.0030B[E2; 2(3)�> 0(2)℄ 0.1021 0.0962 0.2020 0.2501 0.2389B[E2; 0(3)�> 2(2)℄ 0.0446 0.0974 0.0089 0.0088 0.0054B[E2; 4(3)�> 2(2)℄ 0.0481 0.1150 0.0118 0.0043 0.0179B[E2; 6(3)�> 4(2)℄ 0.0120 0.0149 0.0087 0.0052 0.0049B[E2; 2(3)�> 0(1)℄ 0.0059 0.0087 0.0015 0.0005 0.00001B[E2; 0(3)�> 2(1)℄ 0.0012 0.0014 0.0013 0.0039 0.0089B[E2; 4(3)�> 2(1)℄ 0.0002 0.00002 0.0001 0.00005 0.0025B[E2; 6(3)�> 4(1)℄ 0.0011 0.0006 0.00003 0.0007 0.0055B[E2; 4(2)�> 2(3)℄ 0.0038 0.0265 0.0055 0.0055 0.0029B[E2; 6(2)�> 4(3)℄ 0.0003 0.0011 0.0006 0.0012 0.0010Table 1: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 102Zr. The table shows the results 
al
ulated by �tting the parametersof the Hamiltonians using the experimental data available in the isobari
 
hain.A value of eb = 0.11 eb is used in all the 
ases.
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Isotones (N=62)Transition H2 H3 H7 H9 H19B[E2; 2(1)�> 0(1)℄ 0.2536 0.3727 0.3777 0.4529 0.4387B[E2; 4(1)�> 2(1)℄ 0.3567 0.5389 0.5432 0.6354 0.6108B[E2; 6(1)�> 4(1)℄ 0.3777 0.5896 0.5915 0.6738 0.6421B[E2; 0(2)�> 2(2)℄ 0.1914 0.1653 0.0441 0.0382B[E2; 2(2)�> 0(2)℄ 0.0263B[E2; 4(2)�> 2(2)℄ 0.1498 0.1882 0.1855 0.1996 0.1951B[E2; 6(2)�> 4(2)℄ 0.2701 0.3588 0.3540 0.3669 0.3608B[E2; 0(3)�> 2(3)℄ 0.0172 0.0529 0.0850 0.0161 0.00002B[E2; 4(3)�> 2(3)℄ 0.2651 0.3528 0.3524 0.2568 0.4183B[E2; 6(3)�> 4(3)℄ 0.2775 0.3747 0.3777 0.1394 0.4256B[E2; 2(2)�> 0(1)℄ 0.0438 0.0175 0.0166 0.0094 0.0045B[E2; 0(2)�> 2(1)℄ 0.0076 0.0337 0.0390 0.0025 0.0069B[E2; 4(2)�> 2(1)℄ 0.0204 0.0098 0.0109 0.0063 0.0020B[E2; 6(2)�> 4(1)℄ 0.0142 0.0096 0.0108 0.0068 0.0013B[E2; 2(3)�> 0(2)℄ 0.1905 0.2441 0.2357 0.2203 0.3072B[E2; 0(3)�> 2(2)℄ 0.0061 0.0009 0.0052 0.0005 0.0095B[E2; 4(3)�> 2(2)℄ 0.0049 0.0040 0.0027 0.0018 0.0001B[E2; 6(3)�> 4(2)℄ 0.0056 0.0053 0.0045 0.0002 0.0007B[E2; 2(3)�> 0(1)℄ 0.0001 0.0005 0.0010 0.00008 0.0032B[E2; 0(3)�> 2(1)℄ 0.0003 0.0008 0.0010 0.0061 0.0017B[E2; 4(3)�> 2(1)℄ 0.00002 0.00002 0.0001 0.0014 0.0069B[E2; 6(3)�> 4(1)℄ 0.0001 0.00008 0.00004 0.0015 0.0097B[E2; 4(2)�> 2(3)℄ 0.0181 0.0099 0.0069 0.0012 0.0065B[E2; 6(2)�> 4(3)℄ 0.0145 0.0032 0.0025 0.0050 0.0041Table 2: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 102Zr. The table shows the values obtained using the known data in theisotoni
 
hain. A value of eb = 0.11 eb is used in all the 
ases.
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Transition 110Pd 108Ru 106Mo 104Zr 104Mo 104Ru
2+1 → 0+1 0.1769(28) 0.1891(157) 0.3059(10) 0.5301(796) 0.2231(184) 0.1713(30)
4+1 → 2+1 0.2828(21) 0.3134(234) 0.4217(846) _ 0.3208(90) 0.2414(258)
6+1 → 4+1 0.3415(34) _ 0.3874(1660) _ 0.3183(100) _
8+1 → 6+1 _ _ 0.2664(362) _ _ _
0+2 → 2+1 _ _ _ _ _ 0.07229(82)Table 3: Experimental B(E2) values (in units e2b2) used in the 
al
ulations of ebfor the 104Zr [41℄ [39℄ [40℄ .

91



Nu
leus Jπ E1 E2 E3 Nu
leus Jπ E1 E2 E3

110Pd 0+ 0 947(N=9) 2+ 374 813 12143+ 12124+ 0921 13985+6+ 1574 20617+8+9+10+
108Ru 0+ 0 976 104Ru 0+ 0 988(N=10) 2+ 242 710 1249 (N= 8) 2+ 358 8933+ 975 3+ 12424+ 665 1068 4+ 888 1503 20805+ 5+ 18726+ 1240 1761 6+ 1556 21968+ 8+ 232010+ 10+ 3112
106Mo 0+ 0 956 104Mo 0+ 0 886(N=11) 2+ 171 710 1150 (N= 10) 2+ 192 8123+ 885 3+ 10284+ 522 1068 4+ 561 1215 15835+ 5+ 14766+ 1033 1563 6+ 1080 17248+ 8+ 172210+ 10+ 2455
104Zr 0+ 0 104Zr 0+ 0(N=12) 2+ 139 (N=12) 2+ 1393+ 3+4+ 452 4+ 4525+ 5+6+ 926 6+ 926Table 4: Experimental energies (in keV) for levels in neutron-ri
h A=104 iso-bari
 and N=64 isotoni
 
hains [41℄ [39℄ [40℄ used in the 
hara
terization of theparameters for 104Zr.
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n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d
2 ∆(E)N ∆(E2)N ∆(E)A ∆(E2)A

(keV ) (me2b2) (keV ) (me2b2)1 X X X X 104 1122 X X X X 133 1003 X X X X 80 84 76 804 X X X X 273 3205 X X X X 357 3286 X X X X 102 103 106 -7 X X X X 79 83 67 788 X X X X 129 1089 X X X X 80 83 73 8410 X X X X 193 18411 X X X X 167 12412 X X X X 192 11813 X X X X 164 11314 X X X X 169 8815 X X X X 142 19616 X X X X 143 10817 X X X X 147 12018 X X X X 157 12819 X X X X 80 90 54 8020 X X X X 79 84 63 7321 X X X X 193 18422 X X X X 250 23123 X X X X 251 21724 X X X X 250 23125 X X X X 242 230Table 5: The root mean square values obtained by �tting di�erent Hamiltoni-ans. From left to right: the �rst 
olumn assigns a number to ea
h Hamiltonian;
olumns two to the eight indi
ate whi
h terms of the general Hamiltonian are
onsidered in a parti
ular 
al
ulation; �nally, the last four 
olumns show the rootmean square for the energy levels and B(E2) values, the �rst two for the isobari
(A=104) 
hain and the last two for the isotoni
 (N=64) 
hain.
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Isobars (A=104)Transition H3 H7 H9 H19 H20B[E2; 2(1)�> 0(1)℄ 0.3297 0.3384 0.3192 0.3569 0.3558B[E2; 4(1)�> 2(1)℄ 0.4797 0.4863 0.4641 0.4974 0.5078B[E2; 6(1)�> 4(1)℄ 0.5326 0.5330 0.5158 0.5241 0.5516B[E2; 0(2)�> 2(2)℄ 0.2731 0.2011 0.2698 0.0717 0.1583B[E2; 4(2)�> 2(2)℄ 0.2008 0.1854 0.1933 0.1688 0.1870B[E2; 6(2)�> 4(2)℄ 0.3656 0.3524 0.3555 0.3138 0.3554B[E2; 0(3)�> 2(3)℄ 0.0271 0.0277 0.0206 0.0004 0.0279B[E2; 2(3)�> 0(3)℄ 0.0054 0.0055 0.0041 0.0001 0.0056B[E2; 4(3)�> 2(3)℄ 0.0962 0.2659 0.0788 0.3147 0.3506B[E2; 6(3)�> 4(3)℄ 0.2270 0.3167 0.2124 0.3160 0.3741B[E2; 2(2)�> 0(1)℄ 0.0222 0.0218 0.0226 0.0114 0.0205B[E2; 0(2)�> 2(1)℄ 0.0310 0.0165 0.0244 0.0034 0.0117B[E2; 4(2)�> 2(1)℄ 0.0071 0.0090 0.0074 0.0040 0.0093B[E2; 6(2)�> 4(1)℄ 0.0044 0.0065 0.0044 0.0024 0.0074B[E2; 2(3)�> 0(2)℄ 0.2244 0.2380 0.2212 0.2404 0.2509B[E2; 0(3)�> 2(2)℄ 0.0014 0.0011 0.0014 0.0108 0.0003B[E2; 4(3)�> 2(2)℄ 0.0442 0.0215 0.0466 0.0009 0.0039B[E2; 6(3)�> 4(2)℄ 0.0122 0.0092 0.0121 0.0018 0.0044B[E2; 2(3)�> 0(1)℄ 0.0016 0.0007 0.0016 0.0024 0.0003B[E2; 0(3)�> 2(1)℄ 0.0000 0.0000 0.00007 0.0099 0.0004B[E2; 4(3)�> 2(1)℄ 0.0003 0.0001 0.0002 0.0046 0.000005B[E2; 6(3)�> 4(1)℄ 0.0001 0.0000 0.0001 0.0065 0.00005B[E2; 2(2)�> 0(3)℄ 0.0003 0.0002 0.0003 0.0021 0.00007B[E2; 4(2)�> 2(3)℄ 0.0225 0.0189 0.0231 0.0119 0.0161B[E2; 6(2)�> 4(3)℄ 0.0009 0.0069 0.0008 0.0084 0.0085B[E2; 2(3)�> 4(2)℄ 0.0405 0.0341 0.0415 0.0215 0.0290Table 6: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 104Zr. The table shows the results 
al
ulated by �tting the parametersto the isobari
 
hain. A value of eb = 0.1 has been used in all the 
ases.
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Isotones (N=64)Transition H3 H7 H9 H19 H20B[E2; 2(1)�> 0(1)℄ 0.3508 0.3473 0.3399 0.2592 0.3499B[E2; 4(1)�> 2(1)℄ 0.4932 0.4881 0.4781 0.3564 0.4929B[E2; 6(1)�> 4(1)℄ 0.5248 0.5189 0.5090 0.3654 0.5253B[E2; 0(2)�> 2(2)℄ 0.0466 0.0069 0.0071B[E2; 2(2)�> 0(2)℄ 0.0026 0.0016B[E2; 4(2)�> 2(2)℄ 0.1667 0.1071 0.1628 0.0884 0.1593B[E2; 6(2)�> 4(2)℄ 0.3038 0.1564 0.2997 0.1630 0.2394B[E2; 2(3)�> 0(3)℄ 0.1292 0.0899 0.0107 0.0367 0.1117B[E2; 4(3)�> 2(3)℄ 0.0859 0.0387 0.2769 0.0493 0.0475B[E2; 6(3)�> 4(3)℄ 0.0196 0.0033 0.2412 0.0008 0.0007B[E2; 2(2)�> 0(1)℄ 0.0158 0.0151 0.0161 0.0039 0.0159B[E2; 0(2)�> 2(1)℄ 0.00002 0.000004 0.0009 0.0009 0.000002B[E2; 4(2)�> 2(1)℄ 0.0110 0.0070 0.0121 0.0012 0.0102B[E2; 6(2)�> 4(1)℄ 0.0112 0.0087 0.0126 0.0010 0.0091B[E2; 2(3)�> 0(2)℄ 0.0569 0.0310 0.2043 0.0777 0.0316B[E2; 0(3)�> 2(2)℄ 0.0388 0.0360 0.0028 0.0143 0.0450B[E2; 4(3)�> 2(2)℄ 0.0018 0.0564 0.0015 0.0012 0.0081B[E2; 6(3)�> 4(2)℄ 0.0003 0.0488 0.0044 0.0002 0.0395B[E2; 2(3)�> 0(1)℄ 0.00003 0.0000 0.00002 0.0017 0.000001B[E2; 0(3)�> 2(1)℄ 0.0006 0.0008 0.0003 0.0823 0.0016B[E2; 4(3)�> 2(1)℄ 0.0002 0.0039 0.0004 0.00006 0.0006B[E2; 6(3)�> 4(1)℄ 0.0001 0.0010 0.0009 0.000001 0.0007B[E2; 2(2)�> 0(3)℄ 0.0078 0.0072 0.0006 0.0028 0.0090B[E2; 4(2)�> 2(3)℄ 0.0021 0.0093 0.0024 0.0063 0.00002B[E2; 6(2)�> 4(3)℄ 0.0008 0.0612 0.0004 0.0003 0.0067B[E2; 2(3)�> 4(2)℄ 0.0037 0.0168 0.0043 0.0114 0.00004Table 7: Experimental and theoreti
al B(E2) values (in units of e2b2) for transi-tions in 104Zr. The table shows the results 
al
ulated by �tting the parametersto the isotoni
 
hain. A value of eb = 0.1 has been used in all the 
ases.
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Transition 112Pd 110Ru 108Mo 106Zr 106Mo 106Ru
2+1 → 0+1 0.1310(22) 0.2197(137) 0.4276(256) _ 0.3059(1) 0.1976(29)
4+1 → 2+1 _ 0.2291(211) _ _ 0.4217(84) _
6+1 → 4+1 _ 0.3743(155) _ _ 0.3875(160) _
8+1 → 6+1 _ _ _ _ 0.2664(361) _Table 8: Experimental B(E2) values (in units e2b2) used in the (A=104) isobari
and isotoni
 (N=64) 
hains 
al
ulations [41℄ [39℄ [40℄ for the 106Zr.
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Nu
leus Jπ E1 E2 E3 Nu
leus Jπ E1 E2 E3

112Pd 0+ 0(N=10) 2+ 348 7363+ 10964+ 883 13625+ 17596+ 1550 20027+ 24838+ 23189+ 308510+ 3049
110Ru 0+ 0 106Ru 0+ 0 991(N=11) 2+ 241 613 (N= 9) 2+ 270 792 13923+ 860 3+ 10924+ 663 1084 4+ 715 13075+ 1375 5+ 16416+ 1239 1684 6+ 1296 19087+ 2021 7+ 22848+ 1945 2397 8+ 1973 29609+ 2777 9+10+ 2759 3225 10+ 2705
108Mo 0+ 0 106Mo 0+ 0 956(N=12) 2+ 193 586 (N= 11) 2+ 171 710 11503+ 783 3+ 8854+ 564 978 4+ 522 10685+ 1232 5+ 13076+ 1090 1508 6+ 1033 15637+ 1817 7+ 18688+ 1753 2170 8+ 1688 21949+ 2524 9+10+ 2529 2950 10+ 2474
106Zr 0+ 0 106Zr 0+ 0(N=13) 2+ 152 607 (N=13) 2+ 152 6073+ 3+4+ 476 4+ 476Table 9: Experimental energies (in keV) for levels in neutron-ri
h A=106 iso-bari
 and N=66 isotoni
 
hains [41℄ [39℄ [40℄ used in the 
hara
terization of theparameters for 106Zr.
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n̂d P̂ †P̂ Q̂χQ̂χ L̂L̂ T̂3T̂3 T̂4T̂4 n̂d
2 ∆(E)N ∆(E2)N ∆(E)A ∆(E2)A

(keV ) (me2b2) (keV ) (me2b2)1 X X X X 73 145 109 1652 X X X X 68 143 88 1383 X X X X 64 148 86 1524 X X X X 84 145 130 1455 X X X X 82 1636 X X X X 81 1647 X X X X 62 145 87 1508 X X X X 92 1559 X X X X 56 166 89 14910 X X X X 196 16811 X X X X 175 17912 X X X X 232 26013 X X X X 88 15614 X X X X 71 15915 X X X X 171 27016 X X X X 279 26617 X X X X 83 16118 X X X X 85 140 128 14019 X X X X 53 164 98 12120 X X X X 61 142 87 15121 X X X X 169 16822 X X X X 236 16023 X X X X 246 26724 X X X X 223 14925 X X X X 239 145Table 10: The root mean square values obtained by �tting di�erent Hamiltoni-ans. From left to right: the �rst 
olumn assigns a number to ea
h Hamiltonian;
olumns two to the eight indi
ate whi
h terms of the general Hamiltonian are
onsidered in a parti
ular 
al
ulation; �nally, the last four 
olumns show the rootmean square for the energy levels and B(E2) values, the �rst two for the isobari
(A=106) 
hain and the last two for the isotoni
 (N=66) 
hain.
Jπ Eexp EH3 EH7 EH92+ 174 132 151 2084+ 522 435 470 5806+ 1000 899 940 10918+ 1642 1517 1550 1725Table 11: Experimental [17℄ and theoreti
al energy levels (in keV) 108Zr.
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Isobars (A=106)Transition H2 H3 H7 H9 H19 H20B[E2; 2(1)�> 0(1)℄ 0.2708 0.3353 0.3273 0.3211 0.2066 0.3302B[E2; 4(1)�> 2(1)℄ 0.3814 0.4767 0.4656 0.4574 0.2856 0.4697B[E2; 6(1)�> 4(1)℄ 0.4086 0.5182 0.5059 0.4982 0.2970 0.5102B[E2; 0(2)�> 2(2)℄ 0.1436 0.1314 0.1124 0.1224 0.0095 0.1130B[E2; 4(2)�> 2(2)℄ 0.1452 0.1744 0.1685 0.1662 0.0747 0.1702B[E2; 6(2)�> 4(2)℄ 0.2768 0.3383 0.3264 0.3239 0.1327 0.3293B[E2; 0(3)�> 2(3)℄ 0.0005 0.0154 0.0201 0.0227 0.0149 0.0200B[E2; 2(3)�> 0(3)℄ 0.0001 0.0031 0.0040 0.0045 0.0030 0.0040B[E2; 4(3)�> 2(3)℄ 0.2955 0.3241 0.3346 0.3285 0.0194 0.3372B[E2; 6(3)�> 4(3)℄ 0.3109 0.3498 0.3611 0.3580 0.0049 0.3632B[E2; 2(2)�> 0(1)℄ 0.0277 0.0184 0.0179 0.0185 0.0017 0.0178B[E2; 0(2)�> 2(1)℄ 0.0001 0.0037 0.0057 0.0064 0.0017 0.0057B[E2; 4(2)�> 2(1)℄ 0.0137 0.0083 0.0091 0.0092 0.0009 0.0089B[E2; 6(2)�> 4(1)℄ 0.0098 0.0058 0.0072 0.0069 0.0004 0.0071B[E2; 2(3)�> 0(2)℄ 0.2124 0.2418 0.2349 0.2297 0.0607 0.2372B[E2; 0(3)�> 2(2)℄ 0.00001 0.0004 0.0005 0.0010 0.0164 0.0004B[E2; 4(3)�> 2(2)℄ 0.0011 0.0059 0.0012 0.0017 0.0001 0.0012B[E2; 6(3)�> 4(2)℄ 0.0027 0.0049 0.0024 0.0027 0.0001 0.0025B[E2; 2(3)�> 0(1)℄ 0.000002 0.0002 0.0003 0.0004 0.00001 0.0002B[E2; 0(3)�> 2(1)℄ 0.00002 0.00001 0.0001 0.00003 0.0914 0.0002B[E2; 4(3)�> 2(1)℄ 0.00003 0.0001 0.00005 0.0001 0.00002 0.00004B[E2; 6(3)�> 4(1)℄ 0.0001 0.00001 0.00000 0.00002 0.0000 0.000003B[E2; 2(2)�> 0(3)℄ 0.000001 0.0001 0.0001 0.0002 0.0033 0.0001B[E2; 4(2)�> 2(3)℄ 0.0195 0.0172 0.0135 0.0148 0.0000 0.0136B[E2; 6(2)�> 4(3)℄ 0.0166 0.0116 0.0087 0.0099 0.0010 0.0087B[E2; 2(3)�> 4(2)℄ 0.0351 0.0310 0.0243 0.0267 0.0000 0.0244Table 12: Cal
ulated B(E2) values (in units of e2b2) for transitions in 106Zr.The table shows the 
al
ulations made with the isobari
 
hain data. A value of
eb = 0.09 eb was used in all the 
ases.
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Isotones (N=66)Transition H2 H3 H7 H9 H19 H20B[E2; 2(1)�> 0(1)℄ 0.2360 0.3015 0.2829 0.3579 0.3522 0.2628B[E2; 4(1)�> 2(1)℄ 0.3433 0.4396 0.4173 0.5028 0.4949 0.3920B[E2; 6(1)�> 4(1)℄ 0.3754 0.4883 0.4642 0.5350 0.5262 0.4397B[E2; 0(2)�> 2(2)℄ 0.2301 0.1697 0.0764 0.1854B[E2; 2(2)�> 0(2)℄ 0.0322 0.0212B[E2; 4(2)�> 2(2)℄ 0.1401 0.1789 0.1591 0.1781 0.1846 0.1515B[E2; 6(2)�> 4(2)℄ 0.2556 0.3271 0.2985 0.3281 0.3328 0.2861B[E2; 0(3)�> 2(3)℄ 0.0312 0.0278 0.0180 0.0108 0.000001 0.0521B[E2; 2(3)�> 0(3)℄ 0.0062 0.0056 0.0036 0.0022 0.0000 0.0104B[E2; 4(3)�> 2(3)℄ 0.2527 0.1696 0.0034 0.3257 0.3262 0.2850B[E2; 6(3)�> 4(3)℄ 0.2578 0.2245 0.0012 0.2800 0.3394 0.3061B[E2; 0(2)�> 2(1)℄ 0.0298 0.0232 0.0399 0.0021 0.0038 0.0458B[E2; 4(2)�> 2(1)℄ 0.0144 0.0075 0.0100 0.0054 0.0055 0.0106B[E2; 6(2)�> 4(1)℄ 0.0120 0.0067 0.0099 0.0039 0.0035 0.0106B[E2; 2(3)�> 0(2)℄ 0.1761 0.2211 0.2015 0.2430 0.2334 0.1935B[E2; 0(3)�> 2(2)℄ 0.0012 0.000001 0.00001 0.0088 0.0532 0.0003B[E2; 4(3)�> 2(2)℄ 0.0048 0.0348 0.00001 0.0007 0.0015 0.0067B[E2; 6(3)�> 4(2)℄ 0.0053 0.0105 0.0008 0.0016 0.0018 0.0064B[E2; 2(3)�> 0(1)℄ 0.0001 0.0003 0.0002 0.0009 0.0013 0.0003B[E2; 0(3)�> 2(1)℄ 0.0011 0.0003 0.0004 0.0011 0.0011 0.0011B[E2; 4(3)�> 2(1)℄ 0.0001 0.000001 0.0000 0.0031 0.0055 0.00001B[E2; 6(3)�> 4(1)℄ 0.0005 0.0001 0.00005 0.0037 0.0090 0.0003B[E2; 2(2)�> 0(3)℄ 0.0002 0.0000 0.0000 0.0018 0.0106 0.0001B[E2; 4(2)�> 2(3)℄ 0.0081 0.0168 0.0077 0.0095 0.0096 0.0076B[E2; 6(2)�> 4(3)℄ 0.0032 0.0010 0.0001 0.0054 0.0044 0.0013B[E2; 2(2)�> 0(2)℄ 0.0322 0.0460 0.0339 0.0153 0.0212 0.0371B[E2; 2(3)�> 4(2)℄ 0.0147 0.0302 0.0138 0.0171 0.0173 0.0136Table 13: Cal
ulated B(E2) values (in units of e2b2) for transitions in 106Zr.The table shows the 
al
ulations made with the isotoni
 
hain data. A value of
eb = 0.09 eb was used in all the 
ases.
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henya, Phys. Rev. C 75, 054601 (2007). 54
104



REFERENCES[73℄ A. M. Bru
e, Private 
omuni
ation 2013. 55[74℄ S. Rinta-Antila et al., Eur. Phys. A, No. 31, 1 (2007). 56, 61[75℄ G. Menzen et al., Z. Phys. A, No. 327, 119 (1987). 56, 61, 69[76℄ J. Suhonen and G. Lhersonneau, Phys. Rev. C, No. 64, 014315 (2001). 62,63, 64, 65[77℄ W. R. Leo, Te
hniques for Nu
lear and Parti
le Physi
s Experiments. AHow to Approa
h (Springer-Verlag, Berlin, Heidelberg, New York, 1987). 66[78℄ https://www.jyu.fi/fysiikka/en/resear
h/a

elerator/a

elerator/index_html/m

30, A

esed: Mar
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