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Abstra
tSpe
tros
opi
 studies of the transfermium nu
lei 254No and 253No have been 
arried outat the A

elerator Laboratory of the University of Jyväskylä, Finland, using the gas-�lled re
oil separator ritu. The use of two very e�
ient spe
trometers, the jurogamgermanium array at the target position and the multidete
tor great spe
trometer atthe fo
al plane, allowed the powerful re
oil-gating and re
oil-isomer tagging te
hniquesto be used.Rotational band stru
tures are present in both nu
lei and are built upon the groundstate. Eviden
e for the de
ay of non-yrast states has been observed for the �rst timein 254No and is spe
ulated to be due to the de
ay of a K = 3 band head. In 253No a
22(4) µs isomeri
 state was observed at the fo
al plane. In addition the level s
hemeof the α-de
ay daughter 249Fm 
ould be 
onstru
ted.The results presented extend the knowledge of rotational, isomeri
 and non-yraststru
tures in transfermium nu
lei and provide valuable input to nu
lear stru
ture
al
ulations in the heavy element region.
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1 Introdu
tionThe atomi
 nu
leus is a unique mi
ros
opi
 system, a quantum laboratory in whi
h thebehaviour of a limited number of strongly intera
ting fermions 
an be studied. Thereare less than 300 stable nu
lei whi
h o

ur in nature. Some 3000 additional unstablenu
lei have been produ
ed in nu
lear laboratories during the last 
entury. They areunstable against 
harged-parti
le de
ay or spontaneous �ssion. Several thousand nu
leipredi
ted to lie between the drip lines are still waiting to be studied.The 
hart of the nu
lides in �gure 1.1 shows the stable and unstable isotopes produ
edso far as a fun
tion of proton and neutron number, together with the region of nu
leiwhose existen
e is predi
ted.The majority of nu
lei 
ontain su�
ient numbers of nu
leons so that ma
ros
opi
quantities su
h as shape, surfa
e and deformation 
an be de�ned. However, the numberof 
onstituent nu
leons is still small enough for a single proton or neutron to alter thebehaviour of the system. In other words there is a deli
ate interplay of single parti
leand 
olle
tive degrees of freedom.Although nu
lear stru
ture studies have been 
arried out for several de
ades, thenu
lear for
e is still largely unknown and 
an not be expressed in an analyti
al form.In the absen
e of a 
omprehensive nu
lear theory, several models have been developedto des
ribe the properties of nu
lei. Some use the mi
ros
opi
 approa
h where nu
leonsmove in a potential generated by all the nu
leons, the most well known examplebeing the shell model. Another group of models are based on the 
olle
tive approa
h,des
ribing the nu
leus as a liquid drop-like entity.A 
on
ise des
ription of both approa
hes is given in 
hapter 2.Although these models are rather su

essful for well-studied nu
lei 
lose to the line ofstability, it is un
lear how well they extrapolate to exoti
 regions where experimentaldata are s
ar
e or non-existent. To gain further insight, experimental data for theseregions are needed to provide a testing ground for various theoreti
al models.One of the main regions of interest is situated at the high-mass end of the nu
lear
hart. Here nu
lear stru
ture resear
h is strongly based on heavy-ion a

elerators andhighly sophisti
ated spe
tros
opi
 te
hniques. Beyond the last known doubly-magi
nu
leus 208Pb, all nu
lei are unstable against radioa
tive de
ay and only a few ele-ments in this 'heavy element' region 
an still be found naturally.While the 'heaviest elements' (Z > 106) around the next predi
ted doubly magi
nu
leus are still out of rea
h for detailed spe
tros
opi
 studies, te
hnologi
al devel-1
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Figure 1.1: The 
hart of the nu
lides in
luding stable nu
lei (bla
k squares) and unstable nu
lei(grey squares). The solid lines indi
ate the standard magi
 numbers.opments and new te
hniques have made spe
tros
opi
 study 
lose to the heaviestelements possible. In 
hapter 3 both the progress in dete
tion and data-a
quisitionsystems as well as new spe
tros
opi
 and analysis te
hniques will be dis
ussed.The region around 254No, 
ontaining the so-
alled 'transfermium nu
lei' (Z = 100 −
106, so in
luding Fm itself in this work) produ
ed with relatively high 
ross se
tions,are the heaviest elements whi
h 
an be studied in-beam. In 
hapter 4 motivationfor the study of the transfermium nu
lei will be given as well as an overview of theprevious experimental results. The two nu
lei dis
ussed thoroughly are the even-evennu
leus 254No and its odd-mass neighbour 253No. Data of re
ent in-beam and de
ayspe
tros
opi
 studies of 253No and 254No, performed at Jyväskylä, will be presented,dis
ussed and interpreted in 
hapters 4 and 5.The here presented new results on 254No are also published in:S. Ee
khaudt, P.T. Greenlees, N. Amzal, J.E. Bastin, E. Bou
hez, P.A. Butler, A. Chatillon,K. Eskola, J. Gerl, T. Grahn, A. Görgen, R.-D. Herzberg, F.P. Hessberger, A. Hürstel,P.J.C. Ikin, G.D. Jones, P. Jones, R. Julin, S. Juutinen, H. Kettunen, T.L. Khoo,W. Korten, P. Kuusiniemi, Y. Le Coz, M. Leino, A.-P. Leppänen, P. Nieminen,J. Pakarinen, J. Perkowski, A. Prit
hard, P. Reiter, P. Rahkila, C. S
holey, Ch. Theisen,J. Uusitalo, K. Van de Vel and J. WilsonEviden
e for non-yrast states in 254NoEur. Phys. J. A 26 (2005) 227.
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2 Nu
lear stru
ture and de
aymodesIn the �rst part of this 
hapter some of the most widely used nu
lear models are dis-
ussed. This overview is not meant to be exhaustive but will allow the di�erent typesof 
al
ulations mentioned in forth
oming 
hapters to be pla
ed against the right ba
k-ground.In the mi
ros
opi
 approa
h the nu
leus is viewed as a 
ompa
t 
olle
tion of individualparti
les. The behaviour of a few valen
e parti
les is des
ribed in a 
entral potential
reated by all the other nu
leons.A more intuitive pi
ture of a nu
leus as an in
ompressible liquid drop lies at the basisof the ma
ros
opi
 approa
h. Therein the nu
leus 
an be des
ribed by its surfa
e, andall the nu
leons 
olle
tively determine the rotational and vibrational movements.Aspe
ts of both approa
hes are 
ombined in the ma
ros
opi
-mi
ros
opi
 model whi
hplays an important role in the region of interest in this work, the heavy elements.Radioa
tive nu
lear de
ay 
an be used to study the stru
ture of the nu
lei experimen-tally. In the se
ond part of this 
hapter properties of relevant de
ay modes will beaddressed.This 
hapter is based upon [Kra88, Cas00, Hey94, Rin04℄.2.1 Mi
ros
opi
 approa
hThe mi
ros
opi
 approa
h is based on the mean-�eld 
on
ept with a 
entral potential
reated by all the nu
leons. While the spheri
al shell model is derived from a spheri-
ally symmetri
 potential, introdu
tion of deformation to the potential well leads toa deformed shell model, the Nilsson model. The superposition of rotation is des
ribedby the 
ranked shell model. Those three di�erent mi
ros
opi
 models together withthe mean-�eld 
on
ept itself are brie�y dis
ussed in this se
tion.2.1.1 Mean-�eld approximationA fully analyti
al des
ription of a system of A nu
leons requires the solution of theS
hrödinger equation, HΨ(1, .., A) = EΨ(1, ..., A). The non-relativisti
 Hamiltonian5
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lear stru
ture and de
ay modes
H des
ribes the kineti
 energy of the individual nu
leons and the intera
tion betweenthe nu
leons, here assumed to be a 2-body intera
tion V :

H =
A
∑

i=1

p2
i

2mi

+
A
∑

i=1

A
∑

k>i

Vik. (2.1)Cal
ulating the wave fun
tions results in a 
omplex many-body problem whi
h 
anbe solved exa
tly for the lightest nu
lei only and an approximation is 
alled for.In the mean-�eld approximation the nu
leus is viewed as a 
ompa
t 
olle
tion ofparti
les whose properties are determined by the behaviour of a few valen
e parti
lesmoving in a 
entral potential U 
reated by all the other nu
leons. The nu
leon-nu
leonintera
tion is repla
ed by an e�e
tive one-body intera
tion and a residual two-bodyintera
tion as a 
orre
tion fa
tor.Equation 2.1 
an then be written as the sum of a 1-body Hamiltonian Hmf and aresidual intera
tion Hamiltonian Hres.
H =

A
∑

i=1

(
p2

i

2mi

+ Ui) +
A
∑

i=1

A
∑

k>i

(Vik − Ui) (2.2)
= Hmf + Hres. (2.3)A proper 
hoi
e of the average potential U aims to redu
e the 
ontribution of theresidual intera
tion. Often the analyti
ally solvable spheri
al harmoni
 os
illator po-tential is used. In order to reprodu
e the well established shell stru
ture in nu
lei,Mayer [May49℄ and Haxel, Jensen and Suess [Hax49℄ added an extra spin-orbit term

∼ l · s representing the 
oupling between the spin s and orbital angular momentum l.Furthermore an extra l2 term was in
luded to a

ount for the s
reening of nu
leons atthe 
enter of the nu
leus from the asymmetri
 distribution at the boundary. Addingthose terms to the spheri
al harmoni
 os
illator potential reprodu
es the 
orre
t magi
numbers as shown in �gure 2.1.The harmoni
 os
illator, albeit simple, is not the most realisti
 
entral potential. Anumber of potential wells whi
h are often used are depi
ted in �gure 2.2.The determination of a more realisti
 average potential 
an be approa
hed as a vari-ational problem. The single-parti
le potential U 
an be derived in a self-
onsistentway from e�e
tive 2-body nu
leon-nu
leon intera
tions su
h as Skyrme (δ-type) andGogny for
es (�nite range) using the Hartree-Fo
k variational method (HF). There areseveral parametrisations available for the e�e
tive nu
leon-nu
leon intera
tion 
omingfrom di�erent �ts to known experimental data. If pairing 
orrelations have to be takeninto a

ount, the Hartree-Fo
k-Bogoliubov method (HFB) is used.Relativisti
 mean-�eld theory treats the nu
leons as relativisti
 Dira
 parti
les. Thenu
leons are the sour
e of meson 
louds whi
h 
reate the mean �eld they move in.
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ros
opi
 approa
h 7

Figure 2.1: Single-parti
le states for a simple harmoni
 os
illator potential (SHO) in the mean-�eldapproximation, with the e�e
t of the l
2 term and �nally a more realisti
 shell model potential withboth l

2 and spin-orbit l ·s 
orre
tion terms, with the standard magi
 numbers indi
ated. N labels theos
illator shells while the �nal shell model states are labeled nlj where the orbital angular momentum
l = 0, 1, 2, 3, ... is denoted with the 
onventional s, p, d, f, ... notation, n 
ounts the states of same lvalue and j = l + s = l ± 1

2 where s is the spin angular momentum. [Pau00℄
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Figure 2.2: The shape of di�erent potential wells.2.1.2 Spheri
al shell modelIn the independent parti
le model, the detailed intera
tions between nu
leons areignored and ea
h parti
le moves in a state independent of the other parti
les. Themean-�eld for
e is an average smoothed-out intera
tion with all the other parti
les.The independent parti
le model with a spheri
al potential explains properties of nu
leiwith one valen
e parti
le outside an inert 
ore very well. When more valen
e nu
leonshave to be taken into a

ount, the residual intera
tions (equation 2.3) between thevalen
e parti
les start to play a role. In the spheri
al shell model, in addition to themean �eld, those residual intera
tions are taken into a

ount.In prin
iple, one would need to diagonalise the full Hamiltonian H of equation 2.3.However, for nu
leons of the same type, the residual intera
tion is dominated by theattra
tive pairing for
e. Pairing introdu
es the 
oupling of two nu
leons to spin andparity Iπ = 0+ and s
atters those pairs into di�erent orbitals with a smearing of theFermi surfa
e as a 
onsequen
e as illustrated in �gure 2.3. Considering the pairs asan inert 
ore, one 
an redu
e the model spa
e to a few valen
e parti
les outside theinert 
ore.A 
onvenient way to treat pairing is the introdu
tion of a new 
on
ept: quasi-parti
les.They are linear 
ombinations of parti
le and hole wave fun
tions. The single-parti
leenergy ǫi be
omes a quasi-parti
le energy e′i:
e′i =

√

(ǫi − λ)2 + ∆2 (2.4)with λ the Fermi energy and ∆ the pairing-gap parameter. An obvious manifestationof the pairing intera
tion is the I+ = 0+ ground state in all even-even nu
lei. In odd-mass nu
lei, the state o

upied by the odd nu
leon 
an not be used in the s
attering ofthe quasi-parti
les a
ross the Fermi-gap, giving rise to the so 
alled 'blo
king' e�e
t.
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Figure 2.3: The smearing e�e
t of pairing on the Fermi surfa
e. λ is the single-parti
le energy atthe Fermi surfa
e and V indi
ates the o

upation probability of a 
ertain orbital. [Pau00℄In 
ase both valen
e protons and neutrons are present, the attra
tive proton-neutronintera
tion plays a 
ru
ial role. This intera
tion is responsible for the development ofdeformation with an in
reasing number of valen
e nu
leons.2.1.3 Deformed mean �eld: the Nilsson modelWhen the number of valen
e nu
lei be
omes too large, spheri
al shell model 
al
ula-tions be
ome 
ompli
ated and a transition from a spheri
al to a deformed mean �eld
an be made. The Nilsson model is a single-parti
le model appli
able to nearly alldeformed nu
lei.For a deformed axially symmetri
 nu
leus with symmetry axis z (i.e. x = y 6= z) themean-�eld potential is no longer isotropi
, and the single parti
le Hamiltonian 
an bewritten as:
H =

p2

2m
+

m(ω2
x(x

2 + y2) + ω2
zz

2)

2
+ 2~ω0κl · s + µκ~ω0l

2. (2.5)The se
ond term represents the mean �eld anisotropi
 harmoni
 os
illator with ω2
x =

ω2
y = ω2

0(1 + 2
3
ǫ2) and ω2

z = ω2
0(1 −

4
3
ǫ2) where ǫ2 is the deformation parameterintrodu
ed by Nilsson and is related to the quadrupole deformation parameter β2 ≈

1.05ǫ2 and ω0 is the os
illator frequen
y in a spheri
al potential. The strength of thel · s and l2 terms is parametrised by κ and µ.The Nilsson states are typi
ally labeled as follows:
Ωπ[NnzΛ] (2.6)



10 Nu
lear stru
ture and de
ay modes
l

Figure 2.4: Illustration of the quantum numbers used in the Nilsson model. [Pau00℄where the �rst quantum number, Ω = Σ + Λ, gives the proje
tion of the total single-parti
le angular momentum (sum of the spin Σ and orbital Λ angular momentumproje
tion) onto the symmetry axis. The parity is π, N is the prin
ipal quantumnumber of the major shell (see �gure 2.1) and nz the number of nodes in the wavefun
tion along the z axis. Some of the quantum numbers used in the Nilsson modelare depi
ted in �gure 2.4. For axially symmetri
 nu
lei, K, the proje
tion of the totalangular momentum onto the symmetry axis, is often substituted for Ω.The single-parti
le states emerging after solving the Hamiltonian in equation 2.5 forthe regions Z ≥ 82 and N ≥ 126 are depi
ted in �gure 2.5 and 2.6 respe
tively wheresingle-parti
le energy is plotted as a fun
tion of the deformation parameter ǫ2 [Fir96℄.Ea
h state 
an hold two nu
leons due to the ±Ω degenera
y. The ground state andex
ited states of the deformed nu
leus 
an be easily read o� the Nilsson diagrams.2.1.4 Cranked shell modelIn order to des
ribe 
olle
tive rotation around an axis (x) perpendi
ular to the sym-metry axis (z), the 
ranked shell model is used. In this model the mean-�eld 
on
eptis extended to in
lude rotation. The dynami
al 
oupling between the single quasi-parti
le states and the nu
lear rotation 
an be des
ribed by the 
ranking Hamiltonianor Routhian:
Hω = Hint − ~ωIx (2.7)with Ix = (I(I + 1)−K2)1/2 (2.8)where Hint is the intrinsi
 single-parti
le Hamiltonian, ω the rotational frequen
y and

Ix the proje
tion of the total angular momentum onto the rotational x-axis (also
alled aligned angular momentum). The term ~ωIx in
ludes the 
entrifugal and Cori-olis for
es. The single-parti
le Hamiltonian 
an be based on di�erent shapes of the
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Figure 2.5: The Nilsson states for proton number Z ≥ 82.
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Figure 2.6: The Nilsson states for neutron number N ≥ 126.
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Figure 2.7: The evolution of the single-parti
le energies in the di�erent mi
ros
opi
 ap-proa
hes. [Pau00℄potential, as dis
ussed in se
tion 2.1.1.Due to the addition of the 
ranking term ~ωIx to the single-parti
le Hamiltonian, sym-metries are broken. However, rotating twi
e by π around the x-axis leaves the wavefun
tion un
hanged for even-mass nu
lei and 
hanges the sign for odd-mass nu
lei:
R2

x(π)Ψ = r2Ψ = (−1)AΨ (2.9)with eigenvalues r = ±1 for even-mass and r = ±i for odd-mass nu
lei. For 
onve-nien
e, the signature quantum number α is de�ned as r = e−iπα. The spin1 sequen
esare restri
ted to I = αmod2. Parity is the only other remaining 
onserved quantumnumber and hen
e Routhians are often labeled with signature α and parity π.As a summary of this 
hapter, the evolution from the spheri
al harmoni
 os
illatorsingle-parti
le states via the deformed shell model to the 
ranked shell model solutionsis shown for the N = 2 major shell in �gure 2.7.1In nu
lear spe
tros
opy, the total angular momentum I is often 
alled 'spin'.
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lear stru
ture and de
ay modes2.2 Ma
ros
opi
 approa
hIn the liquid-drop model, the nu
leus is seen as an in
ompressible sphere of nu
leonsresembling a drop of liquid. While this simple model gives reasonable estimates forbulk properties of the nu
leus, it does not take into a

ount quantal behaviour. Themore advan
ed 
olle
tive model, largely developed by Bohr and Mottelson [Boh75℄,is based on the 
on
ept of a non-spheri
al shaped nu
leus whi
h 
an undergo ma
ro-s
opi
 motions and ex
itations.This se
tion gives an overview of vibrational and rotational 
hara
teristi
s of 
olle
-tively behaving deformed nu
lei. Emphasis is put on the rotational motion as this willbe of major importan
e for the analysis performed in this work.2.2.1 DeformationWhen moving far away from the magi
 shell 
losures, nu
lei 
an have stable defor-mation in their ground state. The most 
ommon non-spheri
al shape is a quadrupoleshape (λ = 2) but also o
tupole (λ = 3) shapes are observed.In a laboratory-�xed frame the radius 
an be expressed as:
R(θ, φ) = R0

(

1 +
λmax
∑

λ=0

λ
∑

µ=−λ

αλµYλµ(θ, φ)

) (2.10)where R0 represents the radius of a spheri
al nu
leus with the same volume, Yλµ arespheri
al harmoni
s and αλµ expansion 
oe�
ients. In 
ase of quadrupole deformation,the αλµ 
oe�
ients 
an be rewritten in the body-�xed frame as α2,0 = β2cosγ and
α2,2 = α2,−2 = β2sinγ whi
h introdu
es the quadrupole deformation parameter β2and the parameter γ indi
ating the deviation from axial symmetry. The rest of thedis
ussion will be restri
ted to the 
ase of axially symmetri
 nu
lei (i.e. γ = 0) with aquadrupole deformed ground state. In that 
ase β2 > 0 gives prolate (rugby ball like)deformed shapes while β2 < 0 stands for oblate (disk like) deformation.2.2.2 Vibration and rotationThe 
olle
tive motion of nu
leons in an axially deformed nu
leus 
an be 
lassi�ed asvibrational or rotational motion.
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Figure 2.8: Illustration of the rotational quantum numbers. [Pau00℄VibrationThe 
olle
tive vibrations of a nu
leus around its equilibrium shape give rise to a set oflow-lying states in deformed nu
lei. They 
an be in
luded in equation 2.10 by makingthe αλµ expansion 
oe�
ients time dependent.The lowest mode of vibration is a λ = 2 quadrupole vibration whi
h 
an take twoforms: β-vibrations (Kπ = 0+) are shape os
illations along the symmetry axis while
γ-vibrations (Kπ = 2+) give rise to temporal deviations from axial symmetry. Thelowest-lying negative-parity ex
itations are o
tupole vibrations (λ = 3) whi
h 
anhave Kπ = 0−, 1−, 2− or 3−.RotationA deformed nu
leus is an obje
t with spatial orientation and inevitably has rotationaldegrees of freedom. Rotations 
an be superimposed on the ground state as well as onintrinsi
 vibrational or quasi-parti
le ex
itations, giving rise to rotational bands builton top of those states.A state is 
hara
terised by the total angular momentum (i.e. spin) I=R+J (where
R is the angular momentum generated by the rotation of the 
ore and J is the sumof the intrinsi
 angular momenta j of the nu
leons, see �gure 2.8) and its proje
tiononto the symmetry axis K.The total ex
itation energy of ea
h state is a sum of a single-parti
le 
ontribution and
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Figure 2.9: S
hemati
 representation of the a) deformation aligned and b) rotation aligned 
ouplings
hemes. [Pau00℄the rotational energy Erot derived from the rotational Hamiltonian:
Hrot =

~
2

2J (0)
R2 (2.11)

=
~

2

2J (0)
(I2 + J2 − 2I · J) (2.12)where the term I · J represents the 
oupling of the degrees of freedom of the valen
eparti
le to the rotation, analogous to the 
lassi
al Coriolis for
e. J (0) represents theintrinsi
 moment of inertia and will be dis
ussed further in this se
tion.Two extreme 
ases of the 
oupling of the valen
e parti
le to the 
ore 
an be de�ned.In the strong 
oupling limit, valid when the deformation is large and/or the K valueis high, the odd parti
le 
ouples to the deformed 
ore as shown �gure 2.9a. This 
aseis 
alled deformation aligned and j pre
esses freely around the symmetry axis. K isa good quantum number and states with spin I = K,K + 1, K + 2, . . . are observed(unless K = 0 in whi
h 
ase only even spin values are allowed) with energies givenby:

EK
rot(I) =

~
2

2J (0)
(I(I + 1)−K2). (2.13)For K = 0 a single rotational band with ∆I = 2 is seen while for integer K 6= 0two signature partner bands with α = 0, 1 and ∆I = 2 transitions with interlinking

∆I = 1 transitions are observed. For half integer K values the two signature partnerbands have signature α = ±1/2.If the odd parti
le sits in an orbital with a large j and low Ω, the Coriolis for
estarts to a
t, introdu
ing some perturbation to the rotational properties des
ribed byequation 2.13, giving instead:
EK

rot(I) =
~

2

2J (0)
((I − i0)(I − i0 + 1)−K2) (2.14)
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h 17with i0 the alignment [Wu92℄.In the 
ase of weakly-deformed nu
lei or fast rotation the Coriolis 
oupling may bestrong enough to break the 
oupling between the nu
leon and the deformed 
ore,aligning j with the rotational axis instead (�gure 2.9b).Equation 2.13 is a simple �rst order expression and a �rst possible improvement isthe addition of a higher order term in I to better �t the variation in the moment ofinertia:
EK

rot(I) = A(I(I + 1)−K2) + B(I(I + 1)−K2)2. (2.15)An alternative approa
h to improve equation 2.13 was proposed by Harris and expandsthe energy of the rotational states in terms of the angular velo
ity ω:
E(ω) = ω2(A + Bω2 + ...). (2.16)This expansion gives very good results, even with just a two-parameter approximation,to whi
h Harris usually restri
ted himself.This method is equivalent to the Variable Moment of Inertia (VMI) model whi
hre
ognises the frequen
y dependen
e of the moment of inertia J (0).To show 
hanges in the moment of inertia of equation 2.13, the kinemati
 moment ofinertia (J (1)) and the dynami
al moment of inertia (J (2)) are de�ned in general as:
J (1) = Ix(

dE(I)
dIx

)−1
~

2 = ~
Ix

ω
(2.17)

J (2) = (d2E(I)
dI2

x

)−1
~

2 = ~
dIx

dω
(2.18)where Ix =

√

I(I + 1)−K2 is the aligned angular momentum and the angular fre-quen
y ω 
an be derived from:
~ω =

dE(I)

dIx

. (2.19)For a rigid rotor, J (1) is 
onstant as a fun
tion of ω.For a ∆I = 2, K = 0 band these quantities be
ome more transparent and 
an bedire
tly related to experimental observables. The kinemati
 moment of inertia 
an bewritten as:
J (1)(ω2) =

~
2(2I − 1)

Eγ2

(2.20)where spin I and Eγ2 are de�ned in �gure 2.10 and the rotational frequen
y 
an beapproximated by ω2 ≈ Eγ2/2~.
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Figure 2.10: Level s
heme de�ning the notations used for spins and transition energies.The Variable Moment of Inertia model assumes in �rst order that:
J (1) = J0 + J1ω

2 or J (2) = J0 + 3J1ω
2 (2.21)where J0 and J1 are known as the Harris parameters. The VMI method 
an alsobe used to �nd the 
orre
t spin assignment for a K = 0 rotational band. When the
orre
t spin assumption is made, the Harris parameters 
an be used to extrapolatethe energies of unknown transitions using:

I(ω) = ω(J0 + J1ω
2) +

1

2
. (2.22)Another experimentally useful quantity is the dynami
al moment of inertia

J (2)(ωlevel) =
4~

2

Eγ1 − Eγ2

(2.23)where ωlevel = (Eγ1 + Eγ2)/4~. The dynami
al moment of inertia J (2) is independentof the spin assignment and 
an be determined based on the experimentally observed
γ-ray transition energies.The term Eγ1−Eγ2 should be 
onstant along a rotational band so when the dynami
almoment of inertia J (2) is plotted against rotational frequen
y ω, non-linearity is a signof deviations from an ideal rotor.As the nu
leus rotates, it experien
es a 
entrifugal for
e that tends to in
rease thedeformation and de
rease the rotational spa
ings. The plot of J (2) against ω thereforegradually in
reases, exhibiting slight non-linearity. At some point the rotational energyex
eeds the energy to break a pair of nu
leons whi
h then align along the axis ofrotation. The moment of inertia in
reases along with a de
rease of rotational frequen
yand a more radi
al behaviour in the plot known as ba
kbending 
an be observed afterwhi
h the gradual in
rease takes pla
e again until the next pair breaks. Upbendingwill be observed instead of ba
kbending when the intera
tion strength is small.
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ros
opi
-mi
ros
opi
 modelThe ma
ros
opi
-mi
ros
opi
 models are based on the assumption that the total en-ergy of a nu
leus 
an be de
omposed in two parts:
E = Emacro + Emicro (2.24)where Emacro is the ma
ros
opi
 energy and Emicro represents the shell plus pairing
orre
tion.For the 
al
ulation of the ma
ros
opi
 energy di�erent models 
an be used, the most
ommon one being the liquid drop model. Over the years extensions to this modelhave resulted in the �nite-range liquid drop model and the droplet model (for anoverview see [Mol94℄ ).To 
al
ulate the mi
ros
opi
 part various deformed single-parti
le potentials 
an beused su
h as the deformed Woods-Saxon potential.Strutinsky shell 
orre
tion methodStrutinsky developed an algorithm to superimpose the shell strength as a 
orre
tionto the liquid-drop model energy.He de�nes in [Str67℄ a shell in general as a gap within the inhomogeneous distributionof the single-parti
le states. From this de�nition, shells may be expe
ted for anynu
lear shape. The non-uniformity in the level spa
ing 
reates the required shell-
orre
tion energy to an appropriately 
hosen average, the liquid-drop energy. Thetotal energy 
an then be written as:

E = Emacro + Esh (2.25)
= Emacro +

∑

i

ǫi − ESHELL (2.26)where the sum of individual single-parti
le energies are subtra
ted by a smoothedshell energy to obtain the quantum me
hani
al 
orre
tions to the ma
ros
opi
 model.The ground-state shape is determined by the balan
e of the shell-
orre
tion energyfavouring di�erent shapes as fun
tion of proton and neutron number and the liquid-drop part, favouring spheri
al shapes.This is an extremely su

essful ma
ros
opi
-mi
ros
opi
 method that forms the basisof understanding the relative stability of nu
lei with proton number Z & 100.
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ay modes2.4 Nu
lear de
ay modesRadioa
tive nu
lear de
ay 
an be used as a probe to reveal nu
lear stru
ture infor-mation. In this work γ-ray emission was studied at the target and the fo
al planeof ritu, revealing properties of the ex
ited states. Additionally 
onversion ele
tronsand α parti
les were dete
ted at the fo
al plane in order to 
hara
terise ground- andex
ited states of the implanted nu
lei.Some properties of those de
ay modes are dis
ussed here.2.4.1 Ele
tromagneti
 de
ayWhen a nu
leus de
ays internally via the ele
tromagneti
 intera
tion from an initialex
ited state of spin Ii to a �nal state of spin If , a photon of γ radiation with energy
Eγ = Ei − Ef , angular momentum L and parity πγ 
an be emitted. This will eitherbe an ele
tri
 (E) or magneti
 (M) transition, depending on the angular momentumand parity sele
tion rules:

|Ii − If | ≤ L ≤ |Ii + If | (L 6= 0) (2.27)
πiπγπf = 1 (2.28)with π(EL)

γ = (−1)L and π(ML)
γ = (−1)L+1where L is known as the multipolarity of the transition. Ele
tromagneti
 transitionsare not always pure and often a mixture of di�erent multipolarities exists.The total γ-ray transition probability T fi

γ (ÔL), i.e. the de
ay rate from an initial state
i to a �nal state f via a transition with multipolarity L and energy Eγ, is expressedas:

T fi
γ (ÔL) =

8π(L + 1)

~L((2L + 1)!!)2
(
Eγ

~c
)2L+1B(ÔL : Ii → If )[1/s] (2.29)where B(ÔL : Ii → If ) is the redu
ed γ-ray transition probability, dis
ussed below.Theoreti
al total γ-ray transition probabilities were estimated by Weisskopf for single-parti
le transitions and by Bohr and Mottelson for 
olle
tive transitions [Boh75℄.These values serve as a 
omparison for experimentally observed transition proba-bilities if 
orre
ted appropriately for internal 
onversion. Expressions for the lowestmultipolarities are given in table 2.1. The transition probability de
reases with in-
reasing multipolarity and for a 
ertain multipolarity, L, ele
tri
 transitions dominateover magneti
 transitions.The partial γ-ray de
ay half-life tγ1/2 is inversely proportional to the transition rate
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T fi

γ and 
an be 
al
ulated as:
T fi

γ (ÔL) =
ln2

tγ1/2

= λγ (2.30)where λγ stands for the partial γ-ray de
ay 
onstant.Table 2.1: Estimated γ-ray transition probabilities for single-parti
le (Weisskopf estimates) and
olle
tive transitions. Transition probabilities Tγ in s−1, transition energies Eγ in MeV, B(EL) ine2fm2L and B(ML) in µ2
N fm2L−2. Weisskopf Colle
tiveTγ(E1) 1.0× 1014A

2
3 E3

γ 1.59× 1015B(E1)E3
γTγ(M1) 5.6× 1013E3

γ 1.76× 1013B(M1)E3
γTγ(E2) 7.3× 107A

4
3 E5

γ 1.23× 109B(E2)E5
γTγ(M2) 3.5× 107A

2
3 E5

γ 1.36× 107B(M2)E5
γTγ(E3) 3.4× 101A2E7

γ 5.71× 102B(E3)E7
γTγ(M3) 1.6× 101A

4
3 E7

γ 6.31× 100B(M3)E7
γThe redu
ed transition probability B(ÔL : Ii → If ) 
an be used to 
ompare thestrength of transitions over the entire nu
lear 
hart, independent of the transitionenergy. In the 
ase of 
olle
tive M1 or E2 transitions, the redu
ed γ-ray transitionprobability 
an be expressed (for K 6= 1/2) as:

B(M1 : Ii → If ) =
3

4π
(gK − gR)2K2| < IiK10|IfK > |2 [µ2

N ] (2.31)
B(E2 : Ii → If ) =

5

16π
Q2

0| < IiK20|IfK > |2 [(eb)2] (2.32)where Q0 is the intrinsi
 quadrupole moment. The rotational gyromagneti
 ratio (g-fa
tor) gR 
oming from the 
ontribution of a rotating 
ore to the magneti
 moment ofthe nu
leus, 
an be approximated as gR ≈ Z/A. In the 
ase K 6= 0, the 
ontributionof the valen
e parti
le(s) 
an be des
ribed by an additional g-fa
tor gK , 
hara
teristi
of a 
ertain 
on�guration.Frequently stru
tural information 
an be dedu
ed from the redu
ed transition rates.In the 
ase of transitions of multipolarity L originating from the same initial state
IiKi and de
aying into di�erent �nal states If1Kf and If2Kf of the same band, theAlaga rules are valid [Ala55℄. They rely on the fa
t that the intrinsi
 stru
ture of thestates If1Kf and If2Kf is approximately the same and state that:

B(ÔL : Ii → If1)

B(ÔL : Ii → If2)
=

< IiKiL∆K|If1Kf >2

< IiKiL∆K|If2Kf >2
. (2.33)
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Figure 2.11: Trends of the hindran
e fa
tor relative to the Weisskopf estimate FW drawn throughsystemati
 data by K.E.G Löbner in [Lob68℄ for di�erent multipolarities.When ele
tromagneti
 transitions 
onne
t states with di�erent K-values, they 
an beforbidden with a 
onsequential de
rease in the transition probability. The degree of
K-forbiddenness ν is de�ned by:

ν = |∆K| − L. (2.34)It is evident from this expression that transitions with high multipolarity redu
e thedegree of K-forbiddenness and for K-forbidden transitions the slow, higher multipoletransitions are able to 
ompete with dipole and quadrupole de
ays. The hindran
efa
tor FW is de�ned by:
FW =

tγ1/2

tW1/2

(2.35)where tγ1/2 is the partial γ-ray de
ay half-life and tW1/2 the theoreti
al Weisskopf single-parti
le estimate.Systemati
 study by Löbner of the absolute transition probabilities of K-forbidden(single-parti
le) γ-ray transitions resulted in ranges of hindran
e fa
tors FW for ele
tri
and magneti
 γ-ray transitions whi
h 
an be found in [Lob68℄. In �gure 2.11 the linesdrawn through the experimental ranges in [Lob68℄ are shown as an illustration. Arough empiri
al rule was proposed by Rusinov [Rus61℄:
logFW = 2(|∆K| − L) = 2ν (2.36)whi
h shows that ea
h additional unit of ∆K 
orresponds approximately to an addi-tional fa
tor of one hundred in hindran
e.
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e per degree of K-forbiddenness f ν whi
h isde�ned by:
f ν = (FW )1/ν . (2.37)A pro
ess 
ompeting with γ-ray de
ay is internal 
onversion where the ex
itationenergy is transferred to one of the ele
trons of the inner shells of the atoms (e.g. K, Land M shell). The ele
tron is emitted with an energy Ee:

Ee = Etrans −Be (2.38)where Etrans is the energy of the transition and Be the binding energy of the ele
tron(see table 2.2). After emission of an inner ele
tron, the va
an
y in the ele
troni
 shellis �lled by an ele
tron and the released energy is 
arried away by a 
hara
teristi
X-ray.Table 2.2: Binding energies Be of atomi
 ele
trons in nobelium for di�erent atomi
 shells (in keV).K L1 L2 L3 M1 M2 M3 M4 M5149.2 29.2 28.3 21.9 7.7 7.2 5.7 5.0 4.7The total de
ay probability λ of a transition is given by the sum of γ-ray (λγ) andinternal 
onversion (λe) de
ay probabilities:
λ = λγ + λe ≡ λγ(1 + α) (2.39)where the total internal 
onversion 
oe�
ient α = λe/λγ is de�ned. This 
oe�
ientis the sum of all partial 
onversion 
oe�
ients, i.e. α = αK + αL1 + αL2 + αL3 + . . ..The 
loser the shell is to the nu
leus, the higher the 
onversion 
oe�
ient, providedthe binding energy Be is not larger than the transition energy.Internal 
onversion is important for high Z nu
lei, low energy transitions and highmultipolarity transitions. The 
onversion 
oe�
ient is also larger for magneti
 tran-sitions than for ele
tri
 transitions, a fa
t that will play a major role in the studyof transfermium nu
lei. The 
onversion 
oe�
ients used in this work are 
al
ulatedusing the BRICC software [bri

℄.The ratio of the 
onversion ele
tron and γ-ray intensities gives dire
t experimentala

ess to the 
onversion 
oe�
ient, and by 
omparing to the theoreti
al values themultipolarity of the transition 
an be dedu
ed. When only one kind of radiation is de-te
ted experimentally, ratios of partial 
onversion 
oe�
ients 
an help in determiningthe multipolarity.
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ay modes2.4.2 Alpha de
ayThe majority of transfermium elements in their ground state α de
ay where the mothernu
leus A
ZXN emits a 4He2+ ion (i.e. an α parti
le) with a dis
rete energy Eα leavingthe daughter nu
leus A−4

Z−2YN−2. The α parti
le has spin and parity 0+, 
arries awayangular momentum l (|Ii− If | < l < Ii + If ) and 
hanges parity by (−1)l. The energy
Eα is 
hara
teristi
 of a 
ertain isotope and aids in the identi�
ation of produ
edisotopes.The α-de
ay pro
ess is generally treated as a two-step pro
ess, namely the preforma-tion of an α parti
le inside the nu
leus followed by penetration through the Coulombbarrier. The probability for the formation of the α parti
le is related to the redu
edwidth δ2 [keV℄, 
ontaining most nu
lear information and de�ned as:

δ2 =
λh

P
(2.40)with λ the partial de
ay 
onstant and P the barrier penetration probability 
al
u-lated using the Rasmussen formalism [Ras59℄. In 
ase the angular momentum 
arriedaway by the alpha parti
le is non-zero, an additional 
entrifugal barrier redu
es thepenetration probability.The α de
ay 
an then pro
eed to the ground state or ex
ited states in the daughternu
leus. To 
ompare the de
ay strengths to di�erent states, a hindran
e fa
tor HF
an be de�ned as:

HF =
δ2
gs

δ2
exc

(2.41)where δ2
gs and δ2

exc are the redu
ed α-de
ay widths of ground-state to ground-stateand ground-state to ex
ited state de
ays, respe
tively.The hindran
e fa
tor for transitions between odd-A nu
lei HFodd is de�ned in termsof the ground-state to ground-state transition in the even-even neighbours:
HFodd =

δ2
A−1 + δ2

A+1

2δ2
decay

. (2.42)The formation of an α parti
le involves a pair of neutrons and a pair of protons 
losely
orrelated in spa
e and hen
e is sensitive to the pairing 
orrelations a
ting amongstthe nu
leons and the similarity of the wave fun
tion of the initial and �nal states.Therefore transitions in odd-mass nu
lei whi
h involve a 
hange of 
on�guration ofthe odd quasi-parti
le are hindered and α de
ays between levels of the same quasi-parti
le stru
ture are favoured.
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ay modes 252.4.3 Spontaneous �ssionIn nu
lear �ssion the original nu
leus splits into two lighter fragments with a higherbinding energy per nu
leon than the original nu
leus. The �ssion pro
ess is inhibitedby the Coulomb barrier and in general extra energy has to be added to the system for�ssion to o

ur. For very heavy elements, however, the �ssion barrier 
an be relativelylow and exists mainly be
ause of shell e�e
ts. In those elements, spontaneous �ssion
an o

ur and is an important 
ompeting de
ay mode.
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3 Experimental te
hniquesThe study of transfermium nu
lei poses a major 
hallenge due to very low rea
tion
ross se
tions and strong 
ompetition from �ssion. However, signi�
ant progress hasbeen made during the last years due to the development of a new te
hnique for in-beamspe
tros
opy, the 
onstru
tion of advan
ed fo
al plane systems at re
oil separators andthe in
rease in beam 
urrent 
oming from ECR ion sour
es.Heavy-ion indu
ed fusion-evaporation rea
tions provide the best way to produ
e heavyelements and were hen
e used in this work. The beam was provided by the ECR ionsour
e and the K=130 MeV 
y
lotron at the A

elerator Laboratory of the Universityof Jyväskylä (JYFL).The nu
lei of interest were studied using the jurogam−ritu−great setup, provid-ing an e�
ient 
olle
tion system. The gas-�lled separator ritu was designed for heavyion studies where fast and e�
ient separation from unwanted produ
ts is required.Additionally, the re
ently installed spe
trometers jurogam at the target position andgreat at the fo
al plane of ritu allowed e�
ient dete
tion of in-beam γ rays andde
ay produ
ts, respe
tively. great also a
ted as a stop dete
tor for the separatedre
oils. The data were 
olle
ted with the newly designed tdr data-a
quisition systemand analysis was performed with the software pa
kage grain. The 
ombination ofjurogam, ritu, great and tdr allowed the re
oil-gating and re
oil-de
ay tagging(rdt) te
hnique to be used, and made progress in the study of transfermium nu
leipossible.This 
hapter will give a 
on
ise overview of the experimental te
hniques used in thein-beam, de
ay, and isomer spe
tros
opi
 studies in this work.3.1 Produ
tion of heavy elementsHeavy-ion indu
ed fusion-evaporation rea
tions are very useful in the study of nu
learstru
ture as they 
an indu
e high angular momentum and ex
itation energy withreasonable 
ross se
tions. It has been the main method used so far for the study oftransa
tinide elements.A beam of 48Ca ions is available at JYFL and was used in this work in 
ombinationwith a 207Pb or 208Pb target to produ
e the nobelium isotopes 253No and 254No,respe
tively. 27



28 Experimental te
hniques3.1.1 Beam produ
tionThe 48Ca10+ ions were produ
ed in the 14.6 GHz ECRIS (Ele
tron Cy
lotron Reso-nan
e Ion Sour
e) at JYFL. In an ECR ion sour
e, a plasma is kept in a magneti
trap formed by solenoids and a hexade
apole magnet. The originally neutral atomsare 
on�ned long enough to be ionised in step-by-step 
ollisions with ele
trons, whi
hare kept in motion by the introdu
tion of resonant mi
rowaves.The highly-
harged ions were subsequently inje
ted into the K = 130 MeV 
y
lotronat JYFL. The maximum energy per nu
leon whi
h 
an be rea
hed,
E/A = K

q2

A2
(3.1)(with A the mass number and q the 
harge state of the beam), is quadrati
ally depen-dent on the 
harge state q and only linearly on the K-value. Therefore the 
reationof the highly 
harged ions in the ion sour
e plays a very important role in produ
tionof high energy beams. The delivered beam energy has an a

ura
y of around 1 %.3.1.2 Heavy-ion indu
ed fusion-evaporation rea
tionsIn heavy-ion indu
ed fusion-evaporation rea
tions, beam and target nu
lei fuse to-gether into a 
ompound system. The formation of su
h a 
ompound nu
leus requiresa minimum energy to over
ome the Coulomb barrier between beam and target nu
lei.Assuming spheri
al nu
lei, the Coulomb barrier Bc 
an be written in the simple form:

Bc ≈
ZpZt

A
1/3
p + A

1/3
t

[MeV ] (3.2)where p and t indi
ate the proje
tile (beam) and target nu
lei, respe
tively. The
ompound system will have an ex
itation energy E∗ de�ned by the rea
tion Q-valueand the 
enter of mass energy Ecm:
E∗ = Ecm + Q. (3.3)For these heavy nu
lei, �ssion dominates. The 
ompound nu
lei whi
h withstand�ssion 
ool down through parti
le de
ay followed by γ-ray emission. Charged parti
lede
ay is suppressed in the region of interest due to the high Coulomb barrier of thehigh Z 
ompound system and hen
e the emission of neutrons is favoured. When theenergy is below the parti
le evaporation threshold, the de-ex
itation 
ontinues through

γ rays. At �rst, the level density is very high and so-
alled statisti
al γ rays are emitted.These 
annot be resolved and form a quasi-
ontinuum ba
kground. The de-ex
itationpaths �nally end up 
lose to the yrast line whi
h represent the lowest energy state fora given spin. At that point, the γ rays are dis
rete and observable. They are dete
ted
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Figure 3.1: S
hemati
 pi
ture of the de-ex
itation pro
ess of the 
ompound nu
leus in heavy-ionindu
ed fusion-evaporation rea
tions.

Figure 3.2: Evaporation residue 
ross se
tion from the 1n (empty 
ir
les), 2n (bla
k 
ir
les) and 3n(grey 
ir
les) evaporation 
hannels from the 48Ca+208Pb rea
tion. The solid lines show the HIVAPpredi
tions. [Gag89℄
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hniquesin in-beam spe
tros
opi
 measurements and 
an reveal the properties of the nu
leus.The entire de-ex
itation pro
ess is pi
tured s
hemati
ally in �gure 3.1.Cross-se
tions for the one, two and three neutron evaporation 
hannels of the 48Ca+208Pbrea
tion are shown in �gure 3.2. The small width of the ex
itation fun
tion indi
atesthe a
tion of two e�e
ts whi
h both strongly redu
e the 
ross se
tion. The low energyside of the ex
itation fun
tion is 
ut by the Coulomb barrier penetrability, the highenergy side by the �ssion whi
h wins over the neutron evaporation and the 3n evap-oration 
hannel.For beam energies around 220 MeV (i.e. E∗ ∼ 23 MeV), the 
ompeting rea
tion 
han-nels produ
ing 253No and 255No through 3n and 1n evaporation, respe
tively, amountto less than 1 % of the total fusion-evaporation 
ross se
tion.By using target and proje
tile nu
lei 
lose to magi
 nu
lei, the Q value is highly neg-ative and 
old fusion rea
tions are possible where the ex
itation energy E∗ of the
ompound nu
leus is around 20 MeV at the fusion barrier. The introdu
tion of littleex
itation energy to the nu
leus minimises the number of evaporation steps. As theprobability for spontaneous �ssion goes down by minimising the evaporation steps, the2n evaporation 
hannel of this rea
tion has a relatively high 
ross se
tion of ∼ 2 µb.When using a 207Pb target, the optimal 
ross se
tion produ
ing 253No amounts toapproximately 500 nb.As the ex
itation fun
tion is narrow, the use of thi
k targets would not in
rease theyield and the target thi
knesses are limited to around 500 µg/
m2.
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Figure 3.3: S
hemati
 drawing of the setup: great, ritu and jurogam. (beam dire
tion: ←)3.2 Experimental setupIn 2002-2003 two new spe
trometers were installed and 
ommissioned in JYFL to beused in 
onjun
tion with the gas-�lled re
oil separator ritu. The target germaniumarray jurogam, 
omprising 43 germanium dete
tors, has a higher e�
ien
y thanprevious γ-ray spe
trometers used at JYFL. The great fo
al plane spe
trometer hasbeen designed to measure various types of de
ay radiation using a 
ombination ofgermanium, sili
on and gas dete
tors. Both spe
trometers and the separator rituwill be des
ribed in more detail in this se
tion.3.2.1 The jurogam array of germanium dete
torsIn modern, multidete
tor γ-ray arrays one aims for a 
ombination of high e�
ien
yand energy resolution with a low ba
kground 
ontribution. The best energy resolutionis a
hieved with HPGe and the 
ombination of several dete
tors in an array in
reasesthe γ-γ 
oin
iden
e e�
ien
y. The latter is important in high-spin studies where 
as-
ades of multiple γ rays are emitted.In the energy region of interest to nu
lear stru
ture studies (100 keV -1.5 MeV),Compton s
attering dominates the intera
tion between the in
oming photons and
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Figure 3.4: The absolute photopeak e�
ien
y of the jurogam array.the dete
tor material, 
reating ba
kground by partial dete
tion of the photon energywhi
h is s
attered out of the a
tive dete
tor volume. The addition of BGO Comp-ton suppression shields helps to improve the peak to total ratio by suppressing theba
kground 
oming from Compton s
attered events.In the jurogam array, 43 Eurogam Phase-I high purity germanium dete
tors withtheir individual Compton suppression shields are arranged in a honey
omb stru
turearound the target [Nol90, Pak05℄. The dete
tors sit in 6 di�erent rings around thetarget at 157.6◦(5), 133.57◦(10), 107.94◦(10), 94.16◦(5), 85.84◦(5) and 72.05◦(8) withrespe
t to the beam dire
tion.Usually 1 mm thi
k 
opper degraders are put in front of the germanium dete
torsto suppress 
ontribution from X-rays from target and �ssion produ
ts, redu
ing theindividual 
ounting rates. The 
rystals are kept 
ool with liquid nitrogen and theregular �lling of the dete
tor dewars is fully automated.The Phase-I germanium dete
tors of jurogam have an average FWHM of about2.8 keV and an absolute total photopeak e�
ien
y of 4.1 % at 1332 keV. To 
alibratethe dete
tors, 152Eu and 133Ba sour
es are pla
ed at the target position. The absolutee�
ien
y 
urve for the entire array obtained using those two sour
es is shown in�gure 3.4 .While performing the energy 
alibration of the dete
tors, a non-linear response of theADC's was observed at low energy. To 
orre
t for this, a damped sine fun
tion was
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Figure 3.5: The non-linear behaviour of an ADC. Plotted is the di�eren
e between the 
alibratedenergy (with quadrati
 
alibration) and the energy as listed in the Table of Isotopes [Fir96℄ as afun
tion of 
hannel number for di�erent γ-ray transitions of 152Eu and 133Ba. The solid line is a�t with an exponentially damped sinusoidal fun
tion. (This data set was generated with a lowerampli�er gain in order to obtain more data points in the non-linear region.)applied along with the quadrati
 
alibration (see �gure 3.5) and a good 
orresponden
ebetween 
hannel number and photon energy was found down to 80 keV.3.2.2 The ritu gas-�lled re
oil separatorIn-�ight re
oil separators 
an be used to separate beam and �ssion produ
ts from tenu
ei of interest 
reated in heavy-ion indu
ed fusion-evaporation rea
tions. They 
anbe operated in either va
uum mode (su
h as the fma at ANL [Dav89℄) or gas-�lledmode (su
h as ritu at JYFL [Lei95, Uus96℄). Va
uum separators have a good massresolving power (m/∆m ∼ 300) and allow neighbouring nu
lei to be separated whereasgas-�lled separators trade some mass resolution for higher transmission e�
ien
y.The fast and e�
ient gas-�lled re
oil separator ritu (Re
oil Ion Transport Unit)
omprises one magneti
 dipole (D) and three quadrupole �elds (Q) in a QvDQhQv-arrangement. Whilst the Q-�elds are used to fo
us the beam in verti
al (v) or horizon-tal (h) dire
tion, the magneti
 dipole is the a
tual dispersive element. ritu deviatesfrom the standard DQQ 
on�guration in that it has an extra fo
ussing element before
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hniquesthe dipole to better mat
h its angular a

eptan
e.The dipole 
hamber of ritu is �lled with a 
onstant �ow of helium gas to keepimpurities to a minimum. The helium gas provides 
harge-state fo
ussing and hen
ebetter re
oil transmission is a
hieved 
ompared to va
uum-mode devi
es whi
h onlyallow a few 
harge states to be 
olle
ted.In a heavy-ion indu
ed fusion-evaporation rea
tion, the fusion-evaporation residuesexit the target with a 
ertain spread in energy, dire
tion and 
harge state. For heavyelements, up to 30 di�erent 
harge states are possible. As the ions move through thedilute gas of ritu, they undergo 
harge-ex
hange 
ollisions and eventually rea
h anaverage 
harge state qave, approximated by the Thomas-Fermi model to be:
qave ≈ (v/v0)Z

1/3 (3.4)where Z and v are the proton number and the velo
ity of the re
oiling ion, respe
tively,and v0 is the Bohr velo
ity.The relationship between the magneti
 rigidity Bρ and the average 
harge state qave
an then be expressed as:
Bρ =

mv

eqave

=
mv

((ev/v0)Z1/3)
≈

0.0227A

Z1/3
[Tm] (3.5)where mv is the momentum of the rea
tion produ
t. As for the re
oils the radius

ρ is �xed, equation 3.5 shows that ritu is indeed a mass separator. It also showsthat to �rst order the magneti
 rigidity is independent of the initial velo
ity and
harge distribution and in prin
iple 100 % 
harge transmission 
an be a
hieved. Thisis, however, at the expense of a poor mass resolving power due to the s
atteringpro
esses with the helium gas. The optimal pressure of the helium gas is found bybalan
ing the interplay between 
harge fo
ussing and multiple s
attering. An imagesize whi
h ni
ely 
overs the fo
al plane dete
tor is rea
hed for a helium pressure of
∼ 0.6 mbar for the rea
tions used in this work.Re
ently, mu
h development has taken pla
e to redu
e the level of unwanted produ
tsat the fo
al plane. A di�erential pumping system has been introdu
ed to separatethe gas in ritu from the beam-line va
uum, repla
ing the window system [Uus06℄. Aseries of 
ollimators and va
uum pumps allow a very fast transition from va
uum inthe beam line to a helium pressure of ∼ 0.6 mbar in ritu. The target is kept in heliumwhi
h allows better 
ooling than in va
uum allowing for higher beam intensities.In addition, better suppression of the beam parti
les was a
hieved with the installationof a larger dipole 
hamber and a beam dump further away from the opti
al axis of thedipole magnet. Also the beam stop was given a new shape to redu
e the s
atteringof parti
les ba
k into the separator [Gre03℄. The total transmission of the ritu gas-�lled separator amounts to ∼ 40 % for the heavy-ion indu
ed fusion-evaporationrea
tions used in this work [Uus06℄ (with the dipole �eld B = 1.1 T). This number
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Figure 3.6: The s
hemati
 layout of the great fo
al plane dete
tor system.takes into a

ount both the angular a

eptan
e of the magnets and an estimated 10 %additional loss due to lateral s
attering of the re
oils in the helium gas. In 
omparison,the transmission of the same rea
tions with the va
uum separator fma amounts toonly ∼ 6 % [Uus06℄.3.2.3 The great fo
al plane dete
tor spe
trometergreat stands for Gamma Re
oil Ele
tron Alpha Tagging whi
h ni
ely summarisesall its fun
tions. The spe
trometer was developed in a British 
ollaboration betweenDaresbury Laboratory and the Universities of Liverpool, Man
hester, Surrey, Yorkand Keele [Pag03℄. Even though designed as a portable devi
e to be used at di�erentlaboratories, it has up to now been in permanent use in Jyväskylä at the fo
al planeof the ritu gas-�lled separator.great is a highly e�
ient spe
trometer for dete
ting the de
ay properties of rea
tionprodu
ts at the fo
al plane of a re
oil separator. It also plays an important role inthe identi�
ation of evaporation residues based on energy and time of �ight 
riteria.Figure 3.6 shows the layout of great, 
omprising di�erent dete
tor types.The re
oils 
oming from the ritu separator are transmitted through theMulti-WireProportional Counter (mwp
) whi
h a
ts as an a
tive re
oil dis
riminator. The
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hniqueswires of the anode are 50 µm thi
k and 1 mm apart and have an aluminium 
ath-ode foil in between. Two thin mylar windows 
ontain a volume �lled with isobutanegas and also separate the 0.6 mbar pressure in ritu from the va
uum in the great
hamber. The re
oils are then implanted into one of the two Double-Sided Sili
onStrip Dete
tors (dsssd's). The two 300 µm thi
k dsssd dete
tors ea
h have an areaof 60x40 mm2 with a strip pit
h of 1 mm in both the verti
al and horizontal dire
tion,rendering a total of 4800 pixels. The high granularity allows for high 
ounting ratesand/or long 
orrelation times. The total 
overage 
an be estimated from the distribu-tion of the dete
ted α parti
les and was dedu
ed to be ∼ 81 % for the experimentsdis
ussed here. The dsssd's are normally operated at a bias voltage of +30 V.As re
oils are implanted typi
ally only a few µm deep, about 45 % of the α parti
leses
ape the dsssd dete
tor. To dete
t those es
aping α parti
les, 28 sili
on PINphotodiode dete
tors (pin diodes) are arranged in a box in the ba
kward dire
-tion from the dsssd's, 
overing a solid angle of ∼ 30 %. Their ampli�ers 
an alsobe tuned to measure 
onversion ele
trons. The pin diodes ea
h have an a
tive areaof 28x28 mm2, a thi
kness of 500 µm and are operated at +80 V. Together with thedsssd preampli�ers, they are mounted on a 
ooling blo
k whi
h is kept at -15 ◦C.A segmented Planar germanium dete
tor (planar) is pla
ed behind the dsssd'sto measure low-energy γ rays. The 120x60 mm2 area of the planar 
onsists of 24x12orthogonal strips with 5 mm pit
h on both fa
es. The 15 mm thi
k 
rystal is normallyoperated at +800 V. The dete
tor's 
asing is aluminium with a very thin (0.5 mm) Bewindow in front of the 
athode and a thin (1.1 mm) Al window on the anode side. The
athode side is 
losest to the dsssd dete
tor and the thin beryllium entran
e windowallows the dete
tion of low-energy γ rays. High-energy γ rays are dete
ted with alarge volume segmented Clover dete
tor (
lover) pla
ed above the great va
-uum 
hamber. This germanium dete
tor has four individual 
rystals, ea
h segmentedfurther ele
tri
ally in four parts, pa
ked together in the same 
ryostat. A BGO shieldis used for Compton suppression.To 
alibrate the di�erent dete
tors, a range of 
alibration sour
es is available.Two internal sour
es are pla
ed in the great 
hamber between the mwp
 and the
ooling blo
k: a triple α sour
e 
omprising the isotopes 239Pu, 241Am and 244Cm with
α energies in the range of 5 − 6 MeV and a 133Ba sour
e for 
onversion ele
trons of
45 − 400 keV. The sour
es 
an be moved in and out of the dete
tors' fo
us withoutbreaking the va
uum in the great 
hamber.The planar and 
lover germanium dete
tors are 
alibrated using external 152Euand 133Ba sour
es.To 
alibrate the dsssd and pin dete
tors more a

urately, a 
orre
tion still has to bein
orporated for the re
oil e�e
t and the absorption of energy in the dead layers ofthe dete
tor. More pre
ise 
alibrations 
an be done internally where known isotopeswith a short half-life and de
ay energies 
lose to the α-de
ay energy of interest areimplanted into the dsssd's. In this work, the 48Ca+170Er rea
tion was used, produ
ingRa and Rn α emitters via various evaporation 
hannels.
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Figure 3.7: The simulated photopeak e�
ien
y 
urves for the planar (solid 
urve) and 
lover(dashed 
urve) germanium dete
tors.The e�
ien
ies of the di�erent dete
tors of the great spe
trometer have been sim-ulated by Andreyev et al. [And04℄ using geant Monte Carlo simulations [geant℄ andare shown in �gures 3.7 and 3.8.
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Figure 3.8: The simulated photopeak e�
ien
y values for the pin dete
tors. (solid line to guide theeye)3.3 Data pro
essingThe time and energy signals 
oming from the jurogam and great spe
trometersare handled by the triggerless Total Data Readout data-a
quisition system. Onlineand o�ine analysis of the event stru
tures is performed using the analysis pa
kagegrain.3.3.1 Total Data ReadoutThe Total Data Readout (tdr) system is an integral part of the great proje
t [Laz01℄.It is a triggerless data a
quisition system, embodying a new approa
h to data-a
quisitionte
hniques. All 
hannels are treated individually and as su
h the dead time is limitedand only 
omes from the individual signal pro
essing (∼ 14 µs). The only 
ommonfa
tor linking all the data 
hannels in the entire system is a 100 MHz (i.e. 10 ns gran-ularity) 
lo
k.The front-end ele
troni
s 
onsist of 
ommer
ial NIM and CAMAC units. The signalsare fed into the VXI ADC 
ards (Analog to Digital Converters) via linear ampli�ers,and the ADC's are gated by the 
orresponding CFD (Constant Fra
tion Dis
rimina-
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Figure 3.9: S
hemati
 representation of the tdr system.tor) signals. The 100 MHz 
lo
k is distributed from the metronome module to theVXI 
rates and subsequently distributed over the VXI ba
kplane, providing the 
om-mon 
lo
k for the timestamping of the di�erent signals. Syn
hronisation is ensuredby the metronome module whi
h sends out a syn
 pulse every 655 µs to all ADC's.The output of the ADC 
ards is put in a time-ordered stream by 
ollators and thosestreams are time ordered in the data merge. Here the time syn
hronisation is veri�edagain and a single time-ordered data stream is sent to the event builder.In the event builder, pile-up and Compton suppressed events get marked. If desired,the data 
an be pre-�ltered, retaining for example only those events at the targetposition within a 
ertain time window from a fo
al plane event. In the 254No exper-iment no pre-�lter was applied. Finally the stream is sent to a data-storage devi
e,either DLT tapes or hard disks, and to the online sorting devi
e. Figure 3.9 shows as
hemati
 overview of the tdr system.3.3.2 Analysis pa
kage: GRAINAs the tdr is a fully triggerless system where all 
hannels run independently, eventre
onstru
tion has to be done in software. This was done in the software analysispa
kage grain [Rah06℄, written in Java. The 
hoi
e of 'trigger' is highly �exible andin this work the trigger was 
hosen to be any signal in the dsssd, originating bothfrom implantation and de
ay signals. An event is then re
onstru
ted from a 
ertaindelay (a few µs) before the trigger and a 
hosen event length (12 µs for 254No and225 µs for 253No). The event length in the 253No experiment was 
hosen to be longerto allow observation of the isomeri
 de
ay of the implanted re
oil. Within this triggerlength all signals are stored in an event obje
t.The 
reated events 
an then be analysed. Raw spe
tra 
an be �lled, one- and two-dimensional time and energy gates 
an be applied and di�erent time, energy and
oin
iden
e 
onstraints 
an be set to sele
tively �ll one- and two-dimensional spe
tra.The spe
tra shown in the following 
hapters are obtained in this manner.
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hniques3.4 Nu
lear spe
tros
opy at RITUIn-beam γ-ray spe
tros
opi
 studies using jurogam allow determination of ex
itedstru
tures in nu
lei. The rotational properties of transfermium nu
lei provide informa-tion 
on
erning their deformation and the maximum spin and ex
itation energy they
an sustain. The variation of the moments of inertia with transition energy alonga rotational band 
an be studied systemati
ally. Additionally, for odd-mass nu
lei
on�gurations of the band-head states give dire
t a

ess to information about single-parti
le 
on�gurations, while for even-even nu
lei this information is a

essible viathe study of high-K states.During in-beam experiments, simultaneous study of the nu
lei at the fo
al plane 
anbe 
arried out. Alpha-de
ay spe
tros
opy 
an be 
ombined with 
oin
ident measure-ments of γ rays and ele
trons within the great spe
trometer to aid the determinationof spin and parity of levels in the daughter nu
leus.Stru
tures built upon isomeri
 states 
an be studied prompt in jurogam, lookingfor the transitions feeding the isomer. In great, the transitions out of the isomeri
state and its half-life 
an be observed. Those di�erent spe
tros
opi
 te
hniques areused in this work and s
hemati
ally depi
ted in �gure 3.10. More detailed information
on
erning nu
lear spe
tros
opy 
an be found in [Kan95, Eji89℄.3.4.1 In-beam γ-ray spe
tros
opy and re
oil-de
ay taggingEle
tromagneti
 transitions with simple sele
tion rules provide a powerful tool tostudy nu
lear stru
ture. In an in-beam experiment the nu
lei, 
reated in an ex
itedstate using an a

elerated beam, de-ex
ite via γ rays and 
onversion ele
trons. Theintensities and multipolarities of the ele
tromagneti
 transitions allow detailed levels
hemes to be built 
omprising rotational and vibrational stru
tures.However, when produ
ing nu
lei via heavy-ion indu
ed fusion-evaporation rea
tions, ahuge ba
kground is 
reated in the prompt spe
tra due to the dominant �ssion 
hannel.To make in-beam spe
tros
opi
 studies of heavy elements possible, the re
oil-gatingand re
oil-de
ay tagging te
hniques were developed [Sim86, Pau95℄ where the fusionprodu
ts of interest are sele
ted on an event-by-event basis, dramati
ally redu
ing theba
kground in the prompt γ-ray spe
tra.Re
oil-gating and re
oil-de
ay taggingThe fusion-evaporation events are dis
riminated from s
attered beam and target-liketransfer produ
ts implanted into the dsssd's by setting 
onditions on the time of
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Figure 3.10: S
hemati
 representation of the di�erent spe
tros
opi
 te
hniques used in this work:(a) re
oil-gating and re
oil-de
ay tagging, (b) de
ay spe
tros
opy and (
) re
oil-isomer tagging andisomer de
ay spe
tros
opy.
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Figure 3.11: The energy loss in the mwp
 versus the time of �ight between the mwp
 and thedsssd's. The two dimensional gate sele
ting the re
oils is shown and other rea
tion produ
ts areindi
ated.�ight between the mwp
 and dsssd's and the ∆E signal in the mwp
. An exampleof a matrix showing the time of �ight versus energy loss in the gas dete
tor is shownin �gure 3.11. The two dimensional gate, displayed in �gure 3.11 sele
ts the re
oilsof interest. The ba
kground present in the gate from s
attered beam and transferprodu
ts 
ontributes about 40 % to the total number of events in the gate. Sele
tionof the γ rays dete
ted in the target array belonging to the events bounded by the twodimensional gate is known as the re
oil-gating te
hnique. The asso
iation of prompt
γ rays with re
oils is done in delayed 
oin
iden
e, taking into a

ount the �ight timeof the re
oils through the separator (∼ 1 µs). The time di�eren
e between the re
oilimplantation and the prompt γ-ray dete
tion is shown in �gure 3.12 and a prompt
γ-ray sele
tion gate is set on the peak around 1 µs as shown in the �gure. The baselinestru
ture is 
aused by the 
y
lotron frequen
y.To be even more sele
tive, the re
oil-de
ay tagging te
hnique (rdt) 
an be appliedwhere the re
oil is identi�ed via its radioa
tive de
ay. Only those re
oils passing thetwo dimensional gate are sele
ted for whi
h the isotopi
al 
hara
teristi
 α de
ay isdete
ted in the same pixel of the dsssd's. The α-de
ay signals are dis
riminated fromre
oil implants by requiring an anti-
oin
iden
e with the mwp
. To asso
iate an αde
ay with a re
oil implanted into the same pixel, a 
orrelation time of up to threehalf-lives is employed. Random 
orrelations between re
oils and α parti
les o

ur asit is always assumed that the α de
ay belongs to the re
oil whi
h was previously
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Figure 3.12: Time di�eren
e between the re
oil implant and the γ-ray dete
tion in jurogam. Thegate sele
ting prompt γ rays is indi
ated with dashed lines.implanted in the same pixel. These random 
ontributions 
an be redu
ed by employ-ing a large pixelation and �nding a good balan
e between the implantation rate inthe dsssd's and the half-life of the nu
leus. For studies of transfermium nu
lei, thehalf-lives are rather long (e.g. 55 s for 254No and 1.7 m for 253No), but a very lowimplantation rate (∼1 Hz) and the high granularity of the dsssd's are su�
ient tominimise random 
orrelations.Delayed 
oin
iden
e with a re
oiling nu
leus identi�ed through its 
hara
teristi
 de-
ay renders a very 
lean prompt γ-ray spe
trum. However, applying the re
oil-de
aytagging te
hnique de
reases the e�
ien
y due to losses 
onne
ted to the dete
tion ofthe 
hara
teristi
 α de
ay.Therefore, the majority of the analysis presented in following 
hapters is based on thete
hnique of re
oil-gating to extra
t the prompt γ rays of interest.3.4.2 De
ay spe
tros
opyThe 
hara
teristi
 energy of an α parti
le provides a spe
tros
opi
 signature of theisotope under study. At the same time nu
lear stru
ture information 
an be derived.As α de
ays prefer to 
ouple identi
al stru
tures, assignment of the quasi-parti
lestru
ture of an unknown level 
an be made if it is linked to a known stru
ture via anunhindered α de
ay.
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hniquesUsing the great spe
trometer, low and high-energy γ rays and 
onversion ele
trons
an be dete
ted in 
oin
iden
e with the α-de
ay. Multipolarity determination of thoseele
tromagneti
 transitions aids the spin assignment and the 
onstru
tion of a levels
heme in the daughter nu
leus.
3.4.3 Isomer de
ay spe
tros
opy and re
oil-isomer taggingIsomeri
 states are 
hara
terised by their retarded de
ay. This slow de
ay 
an be
aused by the absen
e of a de
ay path via low multipolarity transitions. A

ording tothe Weisskopf estimates of table 2.1 only low multipolarity transitions are likely tobe dete
ted at the target position (e.g. only E1, M1 and E2 for Eγ ∼ 250 keV and
A ∼ 250). In other 
ases, the re
oil is transported in an isomeri
 state to the fo
alplane where it de
ays into the ground-state, provided the lifetime is longer than the
∼ 1 µs �ight time through ritu. Delayed γ-rays and 
onversion ele
trons emittedwhen the re
oil is implanted in an isomeri
 state are asso
iated to the re
oil for up tothree isomeri
 half-lives.Measurement of the life-time and the multipolarity of the ele
tromagneti
 de
ay outof the isomeri
 state 
an provide information on its 
on�guration.A promising approa
h in the very heavy element region is to study bands built onmulti quasi-parti
le states. Due to the presen
e of many high-K single-parti
le orbitalsnear the Fermi surfa
e in the transfermium region, several high-K states are expe
tedwith rotational bands built on top of them. As they 
an sometimes only de
ay by
K-forbidden transitions, they may be
ome isomeri
.Determining the 
on�guration of a high-K isomer by its feeding or de-ex
iting ele
tro-magneti
 transitions gives information on the single-parti
le states around the Fermisurfa
e. Sin
e E2qp > 2∆ the ex
itation energy of a 2 quasi-parti
le state provides animmediate upper boundary for the pairing gap ∆.Jones has suggested a method to dete
t su
h high-K isomers with the setup des
ribedin se
tion 3.2 using the dsssd's as an ele
tron 
alorimeter (see [Jon02℄).Re
oil-isomer taggingNot only the de
ay out of the isomer but also the transitions feeding into the isomeri
state 
an be observed. To sele
t the transitions built on top of the isomer, those re
oilsare sele
ted whi
h de
ay via an isomeri
 transition at the fo
al plane. The prompt
γ rays observed in jurogam and asso
iated with those re
oils are then assigned astransitions built on top of the isomeri
 state.



4 Spe
tros
opi
 study oftransfermium nu
lei: 253,254NoIn this 
hapter the results and data-analysis of two experiments 
arried out at JYFLare des
ribed: the in-beam gamma-ray spe
tros
opi
 study of 254No and the in-beam andde
ay spe
tros
opi
 study of 253No. They are part of a series of experiments studyingtransfermium nu
lei in the region around 254No. The motivation for studying these el-ements in a quest for the next doubly magi
 nu
leus beyond 208Pb is given below. Someproperties of 254No and 253No are already known from previous experimental investi-gations. A variety of theoreti
al predi
tions also exist and will be brie�y summarisedbefore the new results are presented.4.1 MotivationA long-standing 
hallenge in nu
lear physi
s resear
h has been the exploration of nu-
lei at the limits of existen
e. One extreme region is that of high mass and 
harge,the superheavy elements. The mere existen
e of superheavy elements has been a long-standing fundamental s
ienti�
 problem. For nu
lei with Z & 100 the liquid-dropbarrier vanishes as the Coulomb repulsion over
omes the attra
tive nu
lear intera
-tion. It was found that the relative stability of those nu
lei against �ssion is generatedentirely by mi
ros
opi
 shell 
orre
tions to the liquid-drop energy.The high-mass end of the 
hart of the nu
lides is shown in �gure 4.1. The heaviestelements synthesised to date whi
h have been 
on�rmed and named are Z = 110, 111and element Z = 112 has been observed by three independent experimental groups.The isotopes were identi�ed on the basis of their de
ay properties using the unambigu-ous parent-daughter α− α 
orrelation, identifying an unknown spe
ies by 
orrelationof its de
ay properties to those of the known daughter a
tivities.Several theoreti
al 
al
ulations have been 
arried out in an attempt to des
ribe theproperties of the heaviest nu
lei. In the beginning, parti
ularly su

essful 
al
ulationswere made based on the ma
ros
opi
-mi
ros
opi
 method (see e.g. [Cwi94℄). Di�erentpotentials were used and the studies were able to reprodu
e the masses of the heavyelements and they predi
ted the spontaneous �ssion half-lives to be long.Due to in
reasing 
omputational abilities, it has re
ently be
ome possible to des
ribe45
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Figure 4.1: High-mass end of the 
hart of the nu
lides in
luding some non-
on�rmed observationsof elements Z = 114, 116.the superheavy nu
lei with fully self-
onsistent 
al
ulations based on the Hartree-Fo
k approximation with Skyrme or Gogny intera
tions (non-relativisti
 mean-�eldmodels, see e.g. [Ben03℄ and [Dug01℄) or with the relativisti
 mean-�eld approximation(e.g. [Afa03℄).Although those 
al
ulations 
an reprodu
e some of the experimentally available data,the exa
t lo
ation of the next doubly magi
 nu
leus after 208Pb and the predi
ted is-land of spheri
al stability around it is still unknown and has been the subje
t of mu
htheoreti
al debate. A

ording to most non-relativisti
 mean-�eld models, the nextspheri
al shell 
losures are expe
ted to be Z = 124, 126 and N = 184 [Ben99, Ben03a℄and predi
ted to be situated around Z = 120, N = 172 by relativisti
 mean-�eld mod-els [Afa03℄, depending on whi
h for
es and parametrisations are used. Ma
ros
opi
-mi
ros
opi
 
al
ulations on the other hand favour Z = 114 and N = 184 [Cwi94℄. Cal-
ulations of the shell-
orre
tion energy using the Strutinsky shell 
orre
tion methodand the position of some predi
ted spheri
al magi
 shell 
losures are shown in �g-ure 4.2.To solve the theoreti
al dis
repan
ies, more experimental data are needed. Due to thelow 
ross se
tions (sub-nanobarn), extensive spe
tros
opi
 studies of elements with
Z > 106 are extremely di�
ult. Important information about the properties of theheaviest nu
lei therefore 
omes indire
tly from investigating lighter shell-stabilized
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Z

NFigure 4.2: Contour map of the ground-state shell-
orre
tion energies Esh (see equation 2.26) tothe potential energy around the predi
ted island of stability. The positions of the next magi
 shell
losures are indi
ated. A se
ond minimum 
an be observed at the Z = 108 and N = 162 deformedshell gaps. [Smo95, Hof00℄nu
lei around 254No whi
h are a

essible for in-beam studies. In a systemati
 studyto get to the superheavy island of stability, both rea
tion me
hanisms and nu
learstru
ture properties of those transfermium nu
lei 
an be investigated. Su
h studies
an test the reliability of predi
tions made by the various theories trying to des
ribethe heaviest elements and put 
onstraints on the 
al
ulations.The quantum shell-
orre
tion energy favours shape deformation for 
ertain numbersof nu
leons and indeed many very heavy elements seem to be well deformed. A se
ondregion of enhan
ed stability, this time strongly deformed, is predi
ted around N = 162and Z = 108 [Cwi94℄ and is visible in �gure 4.2. Several 
al
ulations also predi
t de-formed shell gaps at N ∼ 152 and Z ∼ 100 around 254No [Cwi94, Ben03℄.Experimental 
on�rmation of large quadrupole deformation in the very heavy elementregion has 
ome from γ-ray spe
tros
opy around 254No. Be
ause of the deformed na-ture of transfermium nu
lei, some of the Nilsson orbitals a
tive at the Fermi surfa
e innu
lei around 254No are derived from down-sloping single-parti
le levels a
tive aroundthe predi
ted spheri
al superheavy island of stability (see �gures 2.5 and 2.6). Thosesingle-parti
le levels 
an then be extrapolated to zero deformation at higher neutronor proton number and give an idea of the level ordering at spheri
ity.
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Figure 4.3: Extra
t of the nu
lear 
hart in the 254No region. The transfermium elements studiedin-beam so far are marked with dotted boxes. (Light grey for α-de
ay, medium grey for EC+β+ anddark grey for spontaneous �ssion.)4.2 Previous theoreti
al and experimental knowledgeIn-beam spe
tros
opi
 studies of transfermium elements are very 
hallenging. Fusion-evaporation rea
tions have relatively low 
ross se
tions and a strong 
ompetition of�ssion, requiring a re
oil separator with dete
tors at its fo
al plane for 
hannel sele
-tion. Furthermore many of the transitions are highly 
onverted and information onboth γ rays and 
onversion ele
trons is ne
essary to get a full pi
ture of the nu
leusunder study. But in re
ent years a lot of progress has been made and several in-beamexperiments have been 
arried out at two separators: fma at ANL (Argonne) andritu at JYFL (Jyväskylä). Figure 4.3 gives an overview of the transfermium nu
leistudied at those two fa
ilities.The gammasphere target array 
oupled to the fma (Fragment Mass Analyser) sep-arator 
onsists of 101 germanium dete
tors with a γ-ray singles photopeak e�
ien
yof 10 % at 1.3 MeV, mu
h higher than that of the present target dete
tor array ju-rogam at JYFL (4.1 %). However, due to the mu
h higher transmission e�
ien
y ofritu (∼ 40 %) 
ompared to the fma (∼ 6 %) for transfermium re
oils, the presentsetup at JYFL is more e�
ient for γ-ray singles and both setups are about equal in
γ-γ 
oin
iden
e e�
ien
y. The germanium dete
tor arrays previously used at JYFLwere less e�
ient.Apart from in-beam measurements, several de
ay experiments and theoreti
al studieshave already been 
arried out in the transfermium region around 254No. An overviewof the previously known properties of 254No and its odd-mass neighbour 253No arepresented in the following se
tions.



4.2 Previous theoreti
al and experimental knowledge 49

Figure 4.4: Re
oil-gated (upper panel) and α-tagged (lower panel) 254No γ-ray singles spe
tra takenwith the sari array. [Lei99℄4.2.1 The even-even nu
leus 254NoThe �rst 
orre
t synthesis of element 102 was reported by Ghiorso et al. in 1958 [Ghi58℄.The ground-state rotational band of 254No was observed several de
ades later in a pi-oneering in-beam γ-ray experiment 
arried out at ANL employing gammasphere
oupled to the fma [Rei99℄. This and all subsequent experiments used the re
oil-gating and re
oil-de
ay tagging te
hniques des
ribed in se
tion 3.4.1. In the initialexperiment the ground-state band was observed up to a spin of 14~. A follow-up ex-periment 
arried out using the sari unsuppressed Clover germanium dete
tor array
oupled to the gas-�lled re
oil separator ritu at JYFL 
on�rmed this observationand extended the band to a spin of 16~ [Lei99℄. The re
oil-gated and α-tagged γ-raysingles spe
tra obtained in that experiment are shown in �gure 4.4.These experiments allowed a value for the quadrupole deformation parameter, β2, of
0.29(2) to be derived from the extrapolated energy of the lowest 2+ state [Her02a℄,in good agreement with theory: theoreti
al predi
tions range from β2 = 0.25 byma
ros
opi
-mi
ros
opi
 models to β2 ∼ 0.3 by relativisti
 mean �eld 
al
ulations(see [Her04℄ and referen
es therein). The ground-state band was extended to a ten-tative spin of 20~ in a further experiment 
arried out at ANL to study the entry
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lei: 253,254Nodistribution, �ssion barrier and formation me
hanism of 254No [Rei00℄. The entry dis-tribution is de�ned as the phase spa
e available for the last nu
leon evaporation (see�gure 3.1) and hen
e gives the initial angular momentum and ex
itation energy ofthe 254No re
oils. This entry distribution depends on the bombarding energy and fora beam energy of 219 MeV the observed feeding was 
entered around spin 15~ withmost of the intensity 
oming in between spin 10~ and 20~. It was also dedu
ed thatthe �ssion barrier still amounts to at least 5 MeV at spin 20~. This was 
on�rmedby Hartree-Fo
k-Bogoliubov 
al
ulations with a Gogny for
e in [Egi00℄ and with aSkyrme for
e in [Dug01℄ and the �ssion barrier was predi
ted to persist up to spinvalues of ∼ 40~ or even higher. Altogether the results show the robustness of shell-e�e
ts against rotation in this region of the nu
lear 
hart.A two quasi-parti
le Kπ = 8− state has been predi
ted to lie below 1.5 MeV in 254Noby di�erent theoreti
al 
al
ulations [Laz89, Sol91℄. A 
andidate isomeri
 de
ay for this
on�guration was observed in the 1970's by Ghiorso et al. with a measured half-lifeof 280(40) ms [Ghi73℄. The de
ay out of the isomer 
ould not be observed but the
Kπ = 8− state was assumed to de
ay into the Iπ = 8+ level of the ground-state band.Several experiments were 
arried out over the years at Jyväskylä [But03℄ and Ar-gonne [Muk05℄ but none was able to dete
t the presumed 8− → 8+ transition linkingthe isomer to the ground-state band of 254No.Indire
t eviden
e for the presen
e of high-K bands was obtained in an in-beam
onversion-ele
tron study 
arried out at JYFL. The experiment employed the sa-
red 
onversion-ele
tron spe
trometer [But96, Kan04℄ 
oupled to ritu. Figure 4.5shows the re
oil-gated prompt 
onversion-ele
tron spe
trum of 254No.A broad distribution of events 
entered around 100 keV was observed whi
h has amu
h higher ele
tron multipli
ity than the dis
rete transitions. It was shown to beof nu
lear origin and dedu
ed to arise from M1 transitions built on high-K multiquasi-parti
le states [But02℄. In �gure 4.5 a simulation of this broad distribution isshown when assuming it arises from bands built on su
h high-K states.In this in-beam 
onversion-ele
tron experiment the 4+ to 2+ transition 
ould be ob-served for the �rst time and a transition energy of 101.1(6) keV was dedu
ed. Unfortu-nately the 2+ to 0+ transition 
ould not be dete
ted as for this transition the ele
trons
an not over
ome the high-voltage barrier applied between the target position and thedete
tor to suppress the ba
kground of low-energy δ ele
trons. The E2 multipolarityof the lowest observed transitions (up to 10+ to 8+) was 
on�rmed [Hum04℄. It wasfurthermore dedu
ed that about 40 % of the population of 254No pro
eeds throughhigh-K bands, presumably terminating in isomeri
 states [But02℄.
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Figure 4.5: Ele
tron data of 254No obtained with sa
red showing the re
oil-gated prompt
onversion-ele
tron spe
trum with marked ground-state band transitions. A simulation of the broaddistribution due to the de
ay of high-K bands is also shown (shaded region). [But02℄4.2.2 The odd-mass nu
leus 253NoThe lowest lying levels in odd-N nu
lei are essentially determined by the odd neutronand should thus be similar for all isotones with even Z. For the N = 151 isotoni
 
hain,the ground state is assumed to be 9/2− as predi
ted by theoreti
al 
al
ulations. Theheaviest nu
leus with a measured 9/2 ground-state spin in this 
hain is 247Cm [Abr73℄.The 
al
ulated lowest lying single-parti
le levels for some N = 151 isotones are shownin �gure 4.6 for two di�erent theoreti
al approa
hes: Nilsson-Strutinsky ma
ros
opi
-mi
ros
opi
 
al
ulations with a Woods-Saxon potential by S. Cwiok et al. [Cwi94℄and HFB 
al
ulations with a Skyrme for
e by P.-H. Heenen [Hee05℄. Even thoughthey both predi
t 9/2− as the ground state, the order and ex
itation energies of thelow-lying ex
ited states are di�erent.Experimental information on the stru
ture of odd-mass transfermium nu
lei has untilre
ently almost solely 
ome from α-de
ay studies. The assignment of single-parti
lelevels is then essentially based on the analysis of hindran
e fa
tors of the α-de
aytransitions and systemati
s. This alone, however, does not �rmly pin down the 
on-�gurations of the states.Sometimes de
ay studies of the parent nu
leus has allowed 
onstru
tion of an exten-sive level s
heme. In the 
ase of 249Cf, an isotone of 253No, the ele
tron 
apture de
ayof its parent 249Es was studied and the three lowest single-parti
le states in 249Cf weredetermined to be 9/2−[734] (0 keV), 5/2+[622] (145 keV) and 7/2+[624] (379.5 keV)
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Cf Fm No249 251 253Figure 4.6: Position of the neutron single-parti
le states 9/2−[734], 7/2+[624], 5/2+[622], 1/2+[620]and 3/2+[622] in some N=151 isotones. The left hand 
olumns are states 
al
ulated by Cwiok etal. [Cwi94℄ and the right hand 
olumns states 
al
ulated by P.-H. Heenen [Hee05℄.respe
tively [Ahm76a℄.Re
ent te
hni
al developments have made it possible to study α-γ 
oin
iden
es inde
ay measurements, where the determination of the γ-ray multipolarity aids theassignment of the spin and parity of the states.Two α-γ de
ay studies of 253No have been 
arried out, one at JYFL [Her04℄ during the
ommissioning of a great prototype and a 
on�rmation experiment at GSI [Hes04℄,leading to the identi�
ation of three states in the α-de
ay daughter nu
leus 249Fm.A disadvantage of de
ay studies is that a heavier nu
leus has to be populated, whi
hgenerally means an even lower 
ross-se
tion. Also the interpretation may be 
ompli-
ated due to the summing of the ele
trons and alpha parti
les in the same dete
tor.However, in-beam studies of odd-mass nu
lei are more 
ompli
ated than those of even-even nu
lei be
ause of the fragmentation of the population between di�erent bandsand often dominating internal 
onversion. In well deformed nu
lei, the two signa-ture partners of stret
hed E2 transitions are linked by M1 transitions whi
h 
an bestrongly 
onverted. Whether the de
ay goes mainly via stret
hed E2 or M1 transitionsis determined by the single-parti
le stru
ture of the band-head, and more spe
i�
allythe gK − gR fa
tor as 
an be seen from equation 2.31. Only bands built on stateswith positive gK values 
lose to gR ≈ 0.4 de
ay mainly via stret
hed E2 transitions.Out of the lowest lying states of the N = 151 isotones, only the 7/2+[624] state hasa gK value that favours E2 transitions. While in-beam ele
tron spe
tros
opy is more
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Figure 4.7: Ba
kground subtra
ted 
onversion-ele
tron spe
trum of 253No observed with sa
redin the upper panel. Lowest two panels show results of two simulations with di�erent assumptions forthe band-head 
on�guration. [Her02℄sensitive to the highly 
onverted M1 transitions, in-beam γ-ray spe
tros
opy favoursthe observation of stret
hed E2 bands.An in-beam 
onversion-ele
tron study of 253No was performed at JYFL with sa-
red 
oupled to ritu [Her02, Pag03a℄. The total singles 
onversion-ele
tron spe
-trum (ba
kground subtra
ted) is shown in the upper panel of �gure 4.7. To determinethe origin of the dete
ted ele
trons, two simulations were made of bands with di�er-ent single-parti
le 
hara
ter, assuming that all the de
ay intensity goes through onestrongly-
oupled band. The middle panel with gK = −0.25 
orresponds to the simu-lated ele
tron spe
trum of a band built on the 9/2−[734] single-parti
le state, de
ayingmainly via M1 transitions while the lower panel with gK = +0.28 shows the simu-lated spe
trum in 
ase of a band built on the 7/2+[624] single-parti
le state, de
ayingprimarily via E2 transitions. Comparing the simulated and experimental spe
tra from�gure 4.7, the observed spe
trum seems more 
onsistent with the spe
trum from aband built on the 9/2−[734] state. Improved experimental data are however neededto make a more reliable judgement.Re
ently, a rotational band of 253No was observed in an in-beam γ-ray study at ANL.
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Figure 4.8: Level s
heme of 253No as proposed by Reiter et al. [Rei05℄.Reiter et al. [Rei05℄ assigned the transitions to a band built upon the 7/2+[624] stateand pla
ed the band-head at an ex
itation energy of 355 keV above the 9/2− groundstate. The level s
heme of 253No proposed by Reiter et al. is shown in �gure 4.8. Theassignment of the band-head 
on�guration was mainly based on the positive gK valueof the state, favouring the de
ay via stret
hed E2 transitions. Also a de
rease in KX-ray intensity, indi
ative for the presen
e of 
onverted transitions, for higher γ-raymultipli
ity was used to support the assignment. The 355 keV transition is a memberof the ground-state band but was assumed to be part of a quintuplet based on thebroadened peak shape in the spe
trum [Rei05, Kho06℄.In the isotone 251Fm, the 7/2+ level was pla
ed at E∗ = 354 keV based on an α-γ
oin
iden
e study [Hes06℄ and although both assignments are tentative, they are inrough agreement with the 
al
ulations. The alpha de
ay of 257Rf to the 7/2+ state in
253No is strongly hindered and it will hen
e be di�
ult to observe this transition anddedu
e the energy of the 7/2+[624] single-parti
le state in this manner.
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al and experimental knowledge 55An isomeri
 state in 253No was observed in di�erent experiments studying the α de
ayof 257Rf. In 1973 Bemis et al. [Bem73℄ used the rea
tion 249Cf(12C,4n)257Rf in anexperiment to establish the atomi
 number of the daughter of an α de
ay, attributed to
257Rf, by its 
oin
iden
e with nobelium K X-rays. They found that ten out of thirteen
oin
ident K X-rays were not prompt but originated from an isomeri
 stru
ture in
253No at an ex
itation energy of approximately 300 keV with a half-life of 31.3(41) µs.More than two de
ades later, Hessberger et al. [Hes97℄ used two di�erent rea
tions toprodu
e 257Rf, namely 208Pb(50Ti,n)257Rf and 208Pb(58Fe,n)265Hs whi
h gives 257Rf asan α-de
ay granddaughter. In this study the α line of 8779 keV was attributed to thede
ay into the (isomeri
) 5/2+[622] level in 253No. The ex
itation energy of the 5/2+state was then taken as the di�eren
e between that α line and the one attributed tothe de
ay into the ground state of 253No, resulting in an energy of the isomeri
 state ofaround 124 keV. As this is below the K-ele
tron binding energy, it is in 
ontradi
tionwith the results found by Bemis et al..An isomeri
 state with similar ex
itation energy (∼ 200 keV) and half-life (∼ 25 µs)has been observed in di�erent N = 151 nu
lei, suggesting the same 
on�guration tobe present in all isotones. It should be noted that the 
al
ulations shown in �gure 4.6pla
e the 5/2+[622] state above the 7/2+[624] state and hen
e do not predi
t anisomeri
 
hara
ter for the 5/2+ state.
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opi
 study of transfermium nu
lei: 253,254No4.3 Experimental detailsTwo new in-beam γ-ray spe
tros
opi
 measurements were performed at JYFL underimproved experimental 
onditions.The �rst experiment 
arried out after the 
ommissioning of jurogam in 2003 was anew in-beam γ-ray spe
tros
opi
 study of 254No. The great fo
al plane setup wasnot yet 
ompleted and was operated without the planar and 
lover dete
tor. Asuper
lover on loan from GSI was pla
ed behind the fo
al plane va
uum 
hamber butno useful data 
ould be extra
ted from this. The pin diodes had a gain range suitablefor dete
ting es
aping α's.The 208Pb(48Ca,2n)254No rea
tion was used and the beam energy was in �rst instan
e
hosen to be at maximal 
ross se
tion (219 MeV). In the end of the experiment aslightly higher beam energy (221 MeV) was used to try and populate higher spinstates.The stationary targets were situated in the helium �lling gas of ritu and 
ould with-stand the beam intensities of up to 30 pnA used in the experiment. The maximumbeam intensity was limited by the maximum 
ounting rate of the individual germa-nium dete
tors (∼ 10 kHz).In January 2005 a spe
tros
opi
 measurement of 253No was 
arried out with the 
om-plete great spe
trometer at the fo
al plane. This time the 207Pb(48Ca,2n)253No re-a
tion was used at maximal 
ross se
tion. The pin diodes were set up to measure
onversion ele
trons.Details of both experiments 
an be found in table 4.1.Table 4.1: Some details from the 254No and 253No experiments.
254No 253NoBeam material 48Ca10+ 48Ca10+Beam energy 219 MeV, 221 MeV 219 MeVEx
itation energy 
ompound nu
leus 22.5 MeV, 24.0 MeV 22.6 MeVAverage beam intensity 16 pnA, 26 pnA 18 pnAtime beam on target 116 h, 42 h 240 htarget material 208Pb 207Pbtarget thi
kness 500 µg/
m2 610 µg/
m2number of re
oils dete
ted 54398 82174number of tagged No α's 11844 9296half-life (gs) 55 s 1.7 m

α-de
ay energy 8.09 MeV 8.01, 8.04, 8.06 MeV
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Figure 4.9: Alpha spe
trum (vetoed with mwp
) of 254No, the α-de
ay daughter 250Fm and grand-daughter 246Cf and the EC granddaughter 254Fm.4.4 In-beam γ-ray spe
tros
opy of 254NoThe total α-parti
le energy spe
trum is shown in �gure 4.9. About 15 − 20 % ofthe ground-state α de
ays of 254No are expe
ted to feed the �rst ex
ited 2+ levelat approximately 45 keV in 250Fm. However, the energy of the α parti
le and thesubsequent 
onversion ele
tron are summed up in the dsssd dete
tor and only one αpeak is seen. Also daughter and granddaughter produ
ts are observed.Approximately 54400 re
oil events were sele
ted and the asso
iated prompt γ raysdete
ted in jurogam are displayed in the re
oil-gated γ-ray singles spe
trum shownin �gure 4.10(a), whi
h is dis
ussed below. The data taken at the higher beam energy(221 MeV) (displayed in �gure 4.10(
)) did not show a signi�
ant enhan
ement in thepopulation of the higher spin states and 
ontained relatively low statisti
s, thus thedata displayed are always for both beam energies 
ombined. Also shown for 
omplete-ness in �gure 4.10(b) is the γ-ray singles spe
trum obtained using the rdt te
hnique.The spe
trum was obtained by sele
ting only those re
oils whi
h were followed byan 8.09 MeV 254No α de
ay in the same pixel of the dsssd within a sear
h time of
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Figure 4.10: Gamma-ray singles spe
tra of 254No with data of both beam energies 
ombined: (a)Re
oil-gated γ-ray singles spe
trum (b) No-α tagged γ-ray singles spe
trum (
) The re
oil-gated
γ-ray singles spe
trum for higher beam energy only.180 se
onds. A total of approximately 12000 
orrelated re
oil-α pairs were found.4.4.1 Rotational bandThe regular sequen
e of peaks seen in �gure 4.10 are assumed to form an yrast ro-tational band of stret
hed E2 transitions built upon the ground state of 254No. Theearlier assignments of these transitions to the ground-state band of 254No (up to aspin of 20~) [Rei99, Lei99, Rei00℄ 
ould be 
on�rmed and the transitions are markedin �gure 4.11. The spin assignments are based on the VMI method (equation 2.22).Due to the low level of statisti
s, angular 
orrelations or distributions 
ould not beperformed to 
on�rm the multipolarity of the transitions in this experiment.The energy of the 20+ to 18+ transition was determined to be 498(1) keV, in agree-ment with the tentative value given in [Rei00℄. A 
lear peak is observed at an energy of536(1) keV, whi
h is assumed to be the 22+ to 20+ transition. This assignment is sup-ported by the re
oil-gated γ-γ 
oin
iden
e data. Example spe
tra from the re
oil-gated
γ-γ 
oin
iden
e data for the ground-state band transitions are shown in �gure 4.12and in the upper two panels of �gure 4.13.Figure 4.12 shows a sum of gated spe
tra, proje
ted from the re
oil-gated γ-γ 
oin-
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Figure 4.11: Re
oil-gated γ-ray singles spe
trum of 254No (X-ray region s
aled with fa
tor 1/3).The rotational ground-state band transitions are labelled with their respe
tive spin assignments. Theinset displays an expansion of the spe
trum showing the two prominent high-energy γ-ray peaks.
iden
e matrix, with gates on ground-state band transitions from the 6+ state up tothe 18+ state. The spe
trum 
learly shows all transitions up to the 22+ state and thepeak at an energy of 570(1) keV is tentatively assigned as the 24+ to 22+ transition.If the dynami
al moment of inertia 
ontinues to behave smoothly (see �gure 4.14),the next transition is expe
ted to have an energy around 600 keV. A 
luster of 
ountsis observed at this energy in �gure 4.12, though inspe
tion of the re
oil-gated singlesspe
trum (�gure 4.11) suggests that there is a 
ontribution from some other stru
-ture at this energy. This stru
ture is more 
learly visible in the α-tagged spe
trumin �gure 4.10(b). Also of note in the spe
trum in �gure 4.12 is the sequen
e of peaksat 397, 440 and 483 keV and one at 335 keV, whi
h 
ould not be pla
ed in the levels
heme due to the la
k of statisti
s.As in the earlier γ-ray spe
tros
opi
 studies, the lowest two transitions of the ground-state band were not observed due to strong internal 
onversion. However, their en-ergies 
an be extrapolated from a Harris �t to the known members of the band.Su
h a �t (a

ording to equation 2.21) was performed for the well-established mem-bers of the ground-state band and the Harris parameters were determined to be
J0 = 68.21~

2/MeV and J1 = 162.22~
4/MeV3 (see �gure 4.14). Using those values,equation 2.22 was used to extrapolate to the unknown members of the band. The 4+ to

2+ and the 2+ to 0+ transition energies were 
al
ulated to be 44(1) keV and 102(1) keVrespe
tively. This method was proven to be valid as the energy of the 4+ to 2+ tran-
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Figure 4.12: A sum of γ-ray spe
tra proje
ted from the re
oil-gated γ-γ 
oin
iden
e matrix. Thesum spe
trum in
ludes spe
tra gated on the ground-state band transitions from the 6+ state up tothe 18+ state.sition was measured to be 101(1) keV by 
onversion ele
tron spe
tros
opy [Hum04℄.The intensities of the ground-state band transitions are plotted in �gure 4.15 as afun
tion of spin, 
orre
ted for dete
tion e�
ien
y and for internal 
onversion assuming
E2 multipolarity. The intensity in
reases with de
reasing spin and levels o� at spin
10~ whi
h 
on�rms the feeding is mainly situated between spin 10− 20~ as dis
ussedin se
tion 4.2.1.4.4.2 High-energy transitionsAn interesting feature of the re
oil-gated γ-ray singles spe
trum is the observationat high energies of two intense transitions at 842(1) keV and 943(1) keV, as shownin �gure 4.11. An expansion of the high-energy part of the spe
trum is shown in theinset. The intensities of these transitions are 31(8) % and 86(14) % of the 8+ to 6+ground-state band transition, respe
tively (where all intensities are 
orre
ted for γ-ray e�
ien
y only, not for internal 
onversion). The energy di�eren
e of these two γrays (101(1) keV) 
orresponds to the energy of the 4+ to 2+ transition (101.1(6) keV)measured in the re
ent 
onversion-ele
tron spe
tros
opi
 study [Hum04℄. The γ raysare therefore assumed to originate from a high-lying low-spin state whi
h de
ays intothe 4+ and 2+ yrast states as shown in the partial level s
heme of �gure 4.16. This as-
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Figure 4.13: Example spe
tra proje
ted from the re
oil-gated γ-γ 
oin
iden
e matrix. The labelsin the upper right-hand 
orner indi
ate the transition or transition energy used as a gate. The uppertwo panels show spe
tra gated on ground-state band transitions, the lower two spe
tra gated on thehigh-energy transitions. Dotted lines indi
ate the positions of the ground-state band transitions.
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Figure 4.14: Dynami
al moment of inertia J (2) against rotational frequen
y of the ground-stateband of 254No. The solid line represents the Harris �t to the well established members of the ground-state band.

Figure 4.15: Intensity of the ground-state band transitions as a fun
tion of the initial spin. Thepeak areas are 
orre
ted for dete
tion e�
ien
y and for internal 
onversion assuming E2 
hara
ter.
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Figure 4.16: Partial level s
heme of 254No.sumption is supported by the absen
e of 
lear γ-γ 
oin
iden
es with ground-state bandtransitions above the 4+ state, as illustrated in �gure 4.13 where 
oin
iden
e spe
tragated on both the high energy lines and sample ground-state band transitions areshown. Although the 18+ to 16+ ground-state band transition and the 943 keV tran-sition have 
omparable areas in the re
oil-gated γ-ray singles spe
trum of �gure 4.11,they show a large di�eren
e in the number of 
oin
iden
es with the ground-stateband transitions above a spin of 4+. The positions of the ground-state band transi-tion energies are marked with verti
al dotted lines in �gure 4.13. The se
ond panelof �gure 4.13 shows the 
oin
iden
e spe
trum obtained by gating on the 18+ to 16+transition, where 
oin
iden
es with the ground-state transitions 
an 
learly be seen.The 
oin
iden
e spe
tra gated on the 842 keV and 943 keV transitions (shown in thelower two panels of �gure 4.13) do not show su
h a 
lear 
orrelation.
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Figure 4.17: Re
oil-gated (upper panel) and α-tagged (lower panel) γ-ray singles spe
tra of 253No.4.5 Spe
tros
opi
 study of 253NoDuring the study of 253No interesting results were obtained both at the target andthe fo
al plane of ritu. Prompt γ-ray spe
tros
opy, de
ay and isomer spe
tros
opy
ould be performed during the same experiment.4.5.1 Prompt γ-ray spe
tros
opyThe re
oil-gated and α-tagged γ-ray singles spe
tra of 253No are shown in �gure 4.17.A total of 82174 re
oils were sele
ted and, within a sear
h time of 6 minutes, 9300re
oils 
ould be 
orrelated to a 253No α de
ay in the same pixel. Both spe
tra show thesame stru
tures 
on�rming the predominant produ
tion of the 2n evaporation 
hannel
253No. The total intensity in an odd-mass nu
leus is distributed over many di�erentbands, where the unresolved bands 
ontribute to the ba
kground level, making thelatter higher than in 254No (see �gure 4.10).In odd-mass nu
lei, rotational bands are built on single-parti
le states with half-integer
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Figure 4.18: Expansion of re
oil-gated γ-ray singles spe
trum with band members indi
ated byarrows. (X-ray region res
aled by fa
tor 1/3).
K-values and in the strong 
oupling limit two signature partner bands are expe
ted.The main peaks visible in the spe
trum of �gure 4.17 and more detailed in �gure 4.18are assumed to be stret
hed E2 transitions belonging alternately to the positive andnegative signature partner of a strongly 
oupled band. Although the tentative spinassignment will be dis
ussed further, for the purpose of 
larity the transitions arealready grouped a

ording to signature:

α = +
1

2
: (157), (208), 259, 307, 352, 397, 440, 480, (519) keV (4.1)

α = −
1

2
: (184), 233, 283, 330, 376, 421, 461, (501) keV. (4.2)The energies in bra
kets are tentative extensions to lower and higher energies. Errorsamount to ±1 keV for the most intense transitions and ±2 keV for the tentative ones.The 
as
ade nature of these transitions is supported by γ-γ 
oin
iden
e data. In �g-ure 4.19 the sum of the γ-ray spe
tra proje
ted from the γ-γ 
oin
iden
e matrix gatedon the transitions of ea
h signature partner separately as well as on both signaturepartners 
ombined are shown. From �gure 4.19 the tentative extensions to lower andhigher energy are visible. They are based on the 
oin
iden
e data and to a lesser extenton the assumption of a regular 
ontinuation of the rotational band stru
ture. At low
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Figure 4.19: Sum of γ-ray spe
tra proje
ted from the γ-γ 
oin
iden
e matrix with spe
tra gatedon band transitions of both signature partners separately (panel (a) negative signature and panel(b) positive signature, gated transitions marked with dot) and the sum of both in panel (
). Thepositions of the band transitions are marked with dashed lines.energy the assignment is not straightforward and stressed to be very tentative. Notethat at lower energy in �gure 4.18 several peaks lie within a few keV of the statedtransition energies and the 
oin
iden
e statisti
s are very low.To assign spin values to the transitions mentioned above, three di�erent approa
heswere used.The �rst method was based on equation 2.15 and a least χ2 �t to the transitionenergies was performed with I and K as variable parameters. The obtained tentativespin assignments are shown in �gure 4.21. As the transitions only start to be 
learlyvisible higher up the band and K only introdu
es a se
ond order e�e
t, the �t is notsensitive enough to K. This is illustrated in �gure 4.20 where the evolution of χ2 withvarying I and K is plotted. Whereas χ2 rea
hes a 
lear minimum at a 
ertain spinvalue, its behaviour is very 
onstant as a fun
tion of K.An extrapolation to the low energy region has been made by �tting equation 2.15(ignoring the unknown parameter K) to the main visible transitions whi
h resulted in
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Figure 4.20: Upper panel: the value of χ2 as a fun
tion of the spin of the level that the 233 keVtransition originates from. Lower panel: the value of χ2 as a fun
tion of the K value for a �xed spin.low energy transitions of 132 and 183 keV for the α = −1/2 and 157 and 208 keV forthe α = +1/2 signature band. Even though K was ignored, it would only introdu
ea se
ond order 
orre
tion and the values are assumed not to deviate too mu
h fromthe real value. The 
al
ulated transition energies do indeed 
oin
ide with suggested
andidates for the low energy transitions stated previously.To 
he
k the spin determination, the "ab" formula [Wu92℄:
E(I) = a(

√

1 + bI(I + 1)− 1) (4.3)was �tted to the experimental transition energies and the parameters a and b were ob-tained for di�erent spin assumptions. The root mean square (rms) deviation betweenthe 
al
ulated values from equation 4.3 and the experimental energies is predi
ted toshow a pronoun
ed minimum at the 
orre
t spin assignment [Wu92℄. The tentativespin assignment (as shown in �gure 4.21) is represented by I0. The assigned spinsof the di�erent levels are then arti�
ially shifted one or two units of ~ up or downwith respe
t to the I0 value and the obtained rms deviation for those di�erent spinassumptions is shown in �gure 4.22. A 
lear minimum is obtained for the tentativespin assignment obtained above. The extrapolations to lower and higher transitionenergies as suggested in the lists 4.1 and 4.2 are reprodu
ed to within 1 keV based onequation 4.3.Additional support for this spin assignment 
omes from the study of the variation of
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a = +1/2 a = -1/2Figure 4.21: Display of the tentative spin assignment of the main visible transitions of two signaturepartner bands.
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Figure 4.22: Root mean square (rms) deviation between 
al
ulated and experimental values basedon the "ab" formula for di�erent spin assumptions.the moments of inertia with the aligned angular momentum of a rotational band [Liu98℄.The behaviour of J (1) as a fun
tion of ξ =
√

I(I + 1)−K2 is plotted in �gure 4.23for di�erent spin assumptions together with the spin independent dynami
al momentof inertia J (2). The low energy transitions (157, 184 and 208 keV) are in
luded. Theplots shown are for K = 3.5 but other K values give similar results. Again the tenta-tive assignment is represented by I0 and the spins are then in
reased or de
reased byone or more units of ~. Based on [Liu98℄ and the fa
t that the parameter b was foundto be positive when �tting equation 4.3, the 
urves of the two moments of inertia
J (1) and J (2) should monotoni
ally in
rease with in
reasing ξ, be 
on
ave upwardsand never 
ross at non-zero spin values. In the limit of ξ → 0 the moments of inertiashould 
onverge to the band-head moment of inertia J0 = ~

2/ab and their derivativewith respe
t to ξ should be zero, meaning the 
urves should be horizontal at low ξvalues. From all the plots shown in �gure 4.23 only the one with the tentative spinassignment I0 does exhibit those properties and the band-head moment of inertia
J0 = 75.36~

2/MeV, 
al
ulated with the �tted parameters a and b from equation 4.3,does 
orrespond to the 
onvergen
e point.Hen
e all three approa
hes agree on tentative spin assignment given in �gure 4.21.However, all methods are model dependent and only valid if the alignment i0 is zeroand the obtained values a
tually represent I − i0 [Wu92℄. However, I and i0 
an notbe extra
ted separately from the experimental data.In the high-energy part of �gure 4.17 a very intense peak is found at 802(1) keV.
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Figure 4.24: Fo
al plane (a) γ-ray and (b) ele
tron spe
tra asso
iated with implanted re
oils withina 90 µs sear
h time.This peak is 
oin
ident with nobelium K X-rays but no other 
oin
iden
e with 
learstru
tures were found. Several other peaks show up between the main band transitions,indi
ating the presen
e of other bandstru
tures. The level of statisti
s is however toolow to allow further investigation.4.5.2 Isomer spe
tros
opyIf a re
oil is implanted in an isomeri
 state, the de
ay out of the state 
an be observedin the dete
tors at the fo
al plane. In �gure 4.24, γ rays and 
onversion ele
tronsobserved within 90 µs after a re
oil implantation are displayed.1 A 
lear stru
ture isseen around 140 keV in the ele
tron spe
trum shown in the lower panel. The 
ountsat very low energy (below 40 keV) in the ele
tron spe
trum are solely due to noise. Inthe γ-ray spe
trum only nobelium K X-rays are visible.The time di�eren
e between the ele
trons in the broad peak at around 140 keV in1To improve the quality of the planar spe
trum, only those planar events were a

epted for whi
hthe horizontal and verti
al strip in the dete
tor gave the same energy within a few keV. This way, theba
kground of s
attered events was redu
ed signi�
antly and a rather 
lean spe
trum was obtained.
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Figure 4.25: Exponential �t of the isomeri
 half-life from the time di�eren
e between re
oil implan-tation and ele
tron de
ay.�gure 4.24(b) and the asso
iated re
oil implantation is plotted in �gure 4.25. A �t ofthe exponential behaviour results in a half-life of 22(4) µs. The nobelium K X-raysshow a similar time behaviour and here a half-life of 28(3) µs was dedu
ed. Thisindi
ates that they originate from the de
ay of the same isomeri
 state.Prompt γ rays at the target position asso
iated with ele
tron-tagged isomeri
 re
oilsat the fo
al plane are shown in �gure 4.26. A few small peaks are visible but noindi
ation of a band stru
ture is present.4.5.3 De
ay spe
tros
opyIn prompt 
oin
iden
e with the 253No α de
ay, ele
trons and γ rays belonging tothe daughter nu
leus 249Fm were observed as shown in �gure 4.27.2 Three distin
t
γ-ray transitions with energies of 151, 221 and 279 keV show up along with asso
iated
onversion ele
trons (L+M ele
trons for all three transitions and also K ele
trons forthe 279 keV transition). No γ-γ 
oin
iden
es between the observed transitions werefound.As the re
oil is implanted into the dsssd dete
tor, radiation sour
e and dete
torare not separated. Hen
e emission of 
onversion ele
trons subsequent to the α de
ayleads to the dete
tion of their sum energy [Hes89℄. This is illustrated in �gure 4.282Idem previous footnote.
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Figure 4.26: Isomer tagged γ-ray singles spe
trum of 253No.where the γ-ray energy is plotted against observed α energy. While the width of the αpeak in 
oin
iden
e with the 279 keV transition is 
omparable with a ground-state toground-state transition, the 
oin
iden
e α peaks for the 221 and 151 keV γ rays seemto have a 
ontribution from ele
tron 
oin
iden
e summing. Note also that althoughthe linewidth of the α de
ays in 
oin
iden
e with the three γ rays is di�erent in the
α-γ matrix, the minimum energy is the same for ea
h suggesting that in all three
ases the α de
ay populates the same state in 249Fm.
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Figure 4.27: The α-de
ay gated fo
al plane de
ay spe
tra of (a) γ rays in the planar dete
tor and(b) ele
trons in the pin diodes.

Figure 4.28: Plot of γ-ray energy versus α energy. The boxes indi
ate 
oin
iden
es of the threepeaks shown in �gure 4.27.



5 Dis
ussionBased on the re
ent experiments with jurogam-ritu-great, information about thetransfermium nu
lei 254No and 253No 
ould be dedu
ed.The ground-state rotational band of 254No was 
on�rmed and extended up to spin 22~and a rotational stru
ture was observed in 253No.After the assignment of a band-head 
on�guration to the rotational band stru
ture in
253No, the rotational properties of various transfermium elements are dis
ussed.In both nu
lei hints for non-yrast stru
tures were observed in the form of high-energy
γ-ray transitions. Interpretation of the origin of those transitions will be addressedin this 
hapter and supported by more re
ent experimental results. Furthermore theinterpretation of the isomeri
 stru
ture in 253No as well as the level stru
ture in 249Fmdedu
ed from de
ay spe
tros
opy will be given.The 
hapter will be 
on
luded with a summary of the experimental and theoreti
al�ndings and a look into the future prospe
ts of the study of transfermium nu
lei.5.1 Rotational propertiesA rotational band stru
ture has been observed in 254No and 253No as shown in 
hap-ter 4. While in the even-even nu
leus 254No the assignment of the stru
ture to the 0+ground state was straightforward, in 253No the 
hara
ter of the band-head the rota-tional stru
ture is based on is not that evident and will be dis
ussed in this se
tion.To summarise, the rotational properties are 
ompared with other transfermium nu
leiand theoreti
al predi
tions based on the dynami
al moment of inertia.5.1.1 Interpretation of the rotational band in 253NoIn heavy-ion indu
ed fusion-evaporation rea
tions mainly the yrast states of the �nalnu
leus are populated. However, when produ
ing very heavy elements, only a limitedamount of angular momentum is brought into the system, enhan
ing the populationof the non-yrast states at lower spin values. Spe
i�
 theoreti
al 
al
ulations or exper-imental values estimating the level of non-yrast population are however not available.With this in mind, the band shown in �gure 4.21 
an in prin
iple be built upon anyof the low-lying states predi
ted by theoreti
al 
al
ulations (see se
tion 4.2.2). The75
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gK values of the lowest lying single-parti
le states were 
al
ulated based on the modelin [Cwi94℄ and following values were obtained: −0.25 (9/2−[734]), +0.28 (7/2+[624]),
−0.41 (5/2+[622]) and −1.70 (1/2+[620]). Non-yrast stru
tures with dominant M1transitions will have a very low probability to be observed via in-beam γ-ray spe
-tros
opy. Therefore, ex
luding ex
ited states with dominant M1 transitions, the ob-served band is expe
ted to be built either upon the 9/2−[734] ground state of 253No,or upon the only low-lying ex
ited single-parti
le state with positive gK value, the
7/2+[624] state. The transition energies of the bands built on these states are ex-pe
ted to be very similar and hen
e the two bands are not easily distinguishable.Also, the pro
edures used for the spin assignment of the di�erent transitions were notsensitive enough to the K value of the band to de
ide on K = 9/2 or K = 7/2 (seese
tion 4.5.1).If the main visible band belongs to the ex
ited 7/2+[624] state, E1 transitions outof this band to the assumed 9/2−[734] ground-state band should be 
learly distin-guishable in both singles and 
oin
iden
e spe
tra (see �gure 4.18 and 4.19). The 290,
342, 402 and 472 keV peaks present in the singles and 
oin
iden
e spe
tra around thetheoreti
ally predi
ted energy of ∼ 300 keV for the 7/2+[624] band-head might be
andidates. None of these 
andidates are intens enough, however, to be E1 transitionsdepopulating the lowest members of the 7/2+[624] band, 
arrying the intensity of onesignature partner.In the paper by P. Reiter et al. [Rei05℄ the transitions of the broad peak around
355 keV are assumed to be the E1 transitions out of the band. As this peak also
omprises a member of the band, self-
oin
iden
es of this broad peak are expe
ted.However, no su
h 
oin
iden
es 
ould be observed in their experiment [Kho06℄, nor inthe data dis
ussed here, although this might be due to the low level of statisti
s.In order to aid the interpretation, a simulation of the spe
tra for the signature partnerbands built upon the 9/2−[734] and 7/2+[624] single-parti
le states was performed.As input, the tentative spins and energies of the E2 transitions of a strongly 
oupledband as seen in �gure 4.21 were used, with the extensions to lower transition energiesas mentioned in se
tion 4.5.1. Transitions linking the band with mixed M1 and non-stret
hed E2 
hara
ter were added and the relative position between the two signaturepartners was obtained by �tting the level energies with equation 2.15. The total levels
heme used as an input is displayed in �gure 5.1, where the lowest level is omittedin the simulation of the K = 9/2 band.Bran
hing ratios were 
al
ulated for a K = 7/2 band built upon the 7/2+[624] single-neutron orbital with gK = +0.28 and for a K = 9/2 band built upon the 9/2−[734]orbital with gK = −0.25. The 
al
ulated transition strengths were based on the ro-tational model of Bohr and Mottelson using the expressions in table 2.1, where the
B(M1) and B(E2) values obtained from equations 2.31 and 2.32 were 
orre
ted forinternal 
onversion and the parameters Q0=13.1 eb and gR = 0.4 were used.
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Figure 5.1: Level s
heme used as an input for the simulation with E2 
as
ades linked by M1transitions.
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Figure 5.2: Example simulated γ-ray singles spe
tra for the K = 7/2 and K = 9/2 band. (X-rayregion s
aled by fa
tor 1/3 for K = 9/2 band)The spin dependent population of the states was assumed to be the same as themeasured feeding pattern of 254No [Rei00℄ and the dete
tion e�
ien
y of jurogamwas taken from �gure 3.4. The simulation was repeated 2000 times to remove thedependen
e on a spe
i�
 set of random numbers. The total number of events wass
aled to mat
h the experimentally observed number of 
ounts in the 307 keV peak inthe γ-ray singles spe
trum. The Kα and Kβ X-rays were grouped at 127 and 140 keV inthe simulated spe
tra respe
tively to make any underlying stru
ture more visible. Bothsingles and 
oin
iden
e data were simulated and example spe
tra from one simulationare shown in �gures 5.2, 5.3 and 5.4 and some quantities, averaged over the 2000simulations, are summarised in table 5.1.Table 5.1: Summary of experimental and simulated values. (simulation repeated 2000 times)experimental K = 7/2 band K = 9/2 bandsingle No K X-rays 1213 64 1060single area 146 keV peak ∼42 2 73single area 111 keV peak ∼21 2 43straight/
ross 
oin
iden
es 1.06 11.1 1.8number of events at target 6300 22000To 
reate the simulated singles spe
tra, a di�erent total number of events at the target
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Figure 5.3: Example simulated 
oin
iden
e data for the K = 7/2 band. Sum of 
oin
iden
e spe
tragated on band transitions of both signature partners separately (panel (a) negative signature andpanel (b) positive signature, gated transitions marked with dot) and the sum of both in panel (
).The positions of the E2 band transitions are marked with dotted lines.
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Figure 5.4: Idem to �gure 5.3 for K = 9/2 band. (X-ray region s
aled with fa
tor 1/3)
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ussionwas assumed for the di�erent 
on�gurations to mat
h the 307 keV transition strength.The total number of events used as an input is shown in table 5.1 and from this it
an be seen that the K = 9/2 band has to be fed 3.5 times as mu
h as the K = 7/2band to be equally well visible. The K = 9/2 band is assumed to be yrast and the
K = 7/2 band is expe
ted to lie about 300 keV higher a

ording to 
al
ulations shownin �gure 4.6.Cranking 
al
ulations were performed using the 
ranking 
ode from [Pau99℄ for thesingle-parti
le neutron states with a Woods-Saxon potential. The deformation param-eters were taken from Cwiok et al. [Cwi94℄ and the 
al
ulated quasi-neutron levels areshown in �gure 5.5. The 9/2− level is 
losest to the Fermi surfa
e, whi
h is situatedat e′ = 0.57 MeV for zero rotation, the next level being a 7/2+ state. These 
ranking
al
ulations show that the ground-state 9/2− band does not 
ross any higher lyingpositive parity band in the region where the main feeding is situated, i.e. below atransition energy of ∼ 500 keV (ω ∼ 250 keV).Hen
e a rather strong non-yrast feeding has to go to the K = 7/2 band to make itmore visible than the K = 9/2 yrast band. Although, as mentioned before, heavy-ionindu
ed fusion-evaporation rea
tions usually very mu
h favour the feeding of yraststates, in the rea
tion used here the entry distribution is situated at low spins andsome non-yrast feeding is expe
ted. The extent to whi
h this is so is di�
ult to knowhowever as there is not enough data available in the region to make 
areful studies ofknown population patterns in su
h rea
tions possible.The strength of the stret
hed E2 γ-ray transitions as a fun
tion of the position ofthe transitions in the band is dependent on the 
on�guration. The peak area of thestret
hed E2 transitions as a fun
tion of transition energy for experimental and sim-ulated data are plotted in �gure 5.6. The experimental data agree better with theresults of the K = 7/2 band simulation at higher transition energies. However, thebehaviour around the 283 keV transition is better reprodu
ed with the K = 9/2 bandsimulation. The simulated data is of 
ourse dependent on the feeding pattern used,whi
h is assumed to be identi
al for the yrast and the non-yrast states. This rathergood agreement might therefore be 
onsidered more as a 
on�rmation that the 
hosenfeeding pattern is valid than as an argument to support a 
ertain assumption on theband-head 
on�guration.The experimental γ-ray singles spe
trum in �gure 4.17 is dominated by nobeliumKα and Kβ X-rays. As for the simulated data (see �gure 5.2) only the K = 9/2band spe
trum has a large number of K X-rays present, originating from 
onvertedtransitions in the simulated band. When gating on the E2 band transitions, onlyK X-rays in 
oin
iden
e with the members of the signature partner bands shouldremain. In the experimental data a reasonable number of K X-rays remain after gating,
omparable again to the K = 9/2 simulated data of �gure 5.4. There are hardly anyK X-rays in the K = 7/2 simulation of �gure 5.3.One must, however, be 
areful to draw any de�nite 
on
lusions from this as the K
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Figure 5.5: Quasi-neutron levels in 253No obtained by 
ranking 
al
ulations.
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Figure 5.6: Plot of the yield (peak area) in fun
tion of transition energy for the experimental dataand simulations of K = 7/2 and K = 9/2 band.



82 Dis
ussion

100 200 300 400 500
Gamma-ray energy [keV]

0

50

100

150

200

C
ou

nt
s/

ke
V

No
X-rays

Figure 5.7: Simulated singles γ-ray spe
trum for the ground-state band of 254No.X-rays in the experimental spe
trum 
an originate from other populated stru
tureswhose γ-ray transitions are not resolved in the spe
trum. In the 
ase of 254No forexample, a large number of K X-rays are present in both singles and 
oin
iden
e datawhi
h 
an for most part not be a

ounted for by the ground-state rotational band.This 
an be seen from the simulated singles γ-ray spe
trum of the ground-state bandin 254No up to spin 22~ in �gure 5.7 and the experimental spe
trum in �gure 4.11.Hen
e most of the K X-ray intensity must originate from unresolved higher-lyingstru
tures feeding into the ground-state band.When 
omparing the experimentally observed intensity ratios of the Kα1,α2,α3 andKβ1,β2,β3 X-rays to the theoreti
al values [Fir96℄, it was found that about half of the95 
ounts in the peak at ∼ 147 keV are not Kβ2 X-rays . In the simulated spe
tra, an
M1 transition at 146 keV is 
learly visible for the K = 9/2 band but almost absentfor the K = 7/2 band (see table 5.1).Also the other M1 transitions are mu
h stronger in the K = 9/2 band simulation dueto the strong transition strength between the two signature partners in a negative gKstru
ture. For example, the intensity of the 111 keV M1 transition is 
ompared intable 5.1. Also here, the K = 9/2 band 
orresponds rather well to the data while thevalue obtained for the K = 7/2 band is a fa
tor of 10 di�erent to the experimentalvalue.The low energy region for the simulated and experimental spe
tra is enlarged in�gure 5.8. In the experimental singles data in panel (
), a large number of low energy



5.1 Rotational properties 83
0

10

20

30

0

0

20

40

50 100 150 200 250
Energy [keV]

0

2

4

C
ou

nt
s/

ke
V

Pb
 X

-r
ay

s

(a)

(b)

(c)

(d)

Figure 5.8: Enlargement of low energy part of γ-ray spe
tra: γ-ray singles spe
tra for the (a)
K = 7/2 band simulation and (b) K = 9/2 band simulation and experimental (
) singles and (d)
oin
iden
e data. In (d) 
oin
iden
e 
ounts with suggested M1 transitions are marked with arrows.peaks are seen whi
h are good 
andidates for the interlinking M1 transitions. The sumof 
oin
iden
e gates on both signature partners together is shown for the experimentaldata in panel (d). Despite the very low statisti
s, the expe
ted M1 transitions arepresent and marked with arrows (only those M1 transitions are marked whose energydoes not 
oin
ide with the energy of an E2 transition or X-ray). The 
orresponden
e ofthe stru
ture in the experimental spe
trum and the expe
ted M1 transitions in boththe experimental singles and 
oin
iden
e spe
tra favours the K = 9/2 assignment.From the 
oin
iden
e data, one 
an estimate the strength of the M1 and non-stret
hed
E2 transitions between the two signature partners by looking at the number of 
oin-
iden
es interlinking the two signature partners. For the K = 9/2 band a 
omparablenumber of 
oin
iden
es between the two signature partners ('
ross 
oin
iden
es') to
oin
iden
es between the transitions of the same signature partner ('straight 
oin-
iden
es') are seen. In the K = 7/2 simulation the 'straight 
oin
iden
es' 
learlydominate. Ratios of straight to 
ross 
oin
iden
es were taken (shown in table 5.1)and the experimental data shows a low ratio of straight to 
ross 
oin
iden
es, 
learlyfavouring the K = 9/2 band. The distribution of those ratios for 2000 simulations isshown in �gure 5.9. Around the experimental ratio of 1, the simulated distribution of
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Figure 5.9: Distribution of the ratio of straight to 
ross 
oin
iden
es for the simulated K = 7/2(solid line) and K = 9/2 (dashed line) band with the region of low values of the ratio expanded inthe inset.the K = 9/2 band 
learly dominates the simulated K = 7/2 band distribution. Hen
e,although 
oin
iden
e statisti
s are very low, on the basis of the γ-γ 
oin
iden
e datathe K = 9/2 assignment seems very probable.A strong �nal argument is based on the 
omparison of the γ-ray intensity ratio ofmixed M1 and non-stret
hed E2 transitions (denoted E2') 
onne
ting the two sig-nature partners to the stret
hed E2 transitions within the same signature partner.These values 
an be obtained from the experimental data by taking the e�
ien
y
orre
ted ratio of the areas of the di�erent peaks. The theoreti
al γ-ray transitionstrengths were again based on the rotational model of Bohr and Mottelson using the
B(M1) and B(E2) values obtained from equations 2.31 and 2.32 with Q0=13.1 eband gR = 0.4 and the expressions in table 2.1. The 
al
ulated total γ-ray transitionprobabilities for K = 7/2 and K = 9/2 are plotted in �gure 5.10 as a fun
tion of thespin of the de-ex
iting state. The experimental data points are in very good agreementwith the theoreti
al values of the K = 9/2 band and almost an order of magnitudedi�erent from the K = 7/2 theoreti
al values.Moreover, the experimental gK fa
tor 
ould be 
al
ulated based on the ratio of equa-tions 2.31 and 2.32. For K = 9/2 the average solutions for gK were 1.04(5) and
−0.24(5) and for K = 7/2 the values for gK were 
al
ulated to be 1.23(14) and
−0.43(14). The negative solution gK = −0.24(5) 
orresponds very well to the theo-
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Figure 5.10: The ratio of the 
al
ulated total γ-ray transition probabilities Tγ of mixed M1 andnon-stret
hed E2 (E2') transitions to stret
hed E2 transitions as a fun
tion of the spin of the initialstate for the K = 7/2 (squares) and K = 9/2 (
ir
les) 
on�gurations. The experimental total γ-raytransition probabilities (
rosses) are shown with error bars.reti
al value for the K = 9/2 band whi
h is gK = −0.25. In the K = 7/2 
ase, the gKvalues are far from the theoreti
al values of the K = 7/2 band (gK = +0.28).Hen
e, both the value of gK and the γ-ray transition probabilities extra
ted from theexperimental data agree very well with the theoreti
al values for the K = 9/2 band.Most of the arguments presented above were based on models and assumptions andoften a low level of statisti
s. Therefore no de�nite assignment 
an be made. Butnevertheless almost all arguments point towards the observation of a band based onthe 9/2−[734] single-parti
le state, making this the tentative assignment here. As the
K = 9/2 assignment is in disagreement with the K = 7/2 assignment made by Reiteret al. [Rei05℄, further experiments might be ne
essary to draw any �rm 
on
lusions.The 9/2−[734] state, originating from the 1j15/2 orbital, has relatively large j andsmall Ω and hen
e some Coriolis alignment is expe
ted to o

ur. Although the align-ment i0 
an not be extra
ted dire
tly from the experimental data, predi
tions 
an bemade based on systemati
s. The rotational parameter A = ~

2

2J (0) (see equation 2.13)is assumed to stay 
onstant within an isotoni
 
hain provided no stru
tural 
hangeso

ur. To obtain a value of A 
lose to the values of the isotones 247Cm (A = 5.6)and 249Cf (A = 5.7) �tted using equation 2.13 [nnd
℄ the spin values I0 obtained inse
tion 4.5 have to be in
reased by 1~, giving A ∼ 5.8. Hen
e the systemati
s of the
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Figure 5.11: Cal
ulated moments of inertia with 
ranked HFB for the rotational bands built on the
9/2−[734] and 7/2+[624] single-parti
le states. [Afa06, Rei05℄rotational bands built on the 9/2−[734] state is followed if an alignment i0 of 1~ istaken into a

ount.The presen
e of parti
le alignment for the K = 9/2 band is supported by 
rankedHFB 
al
ulations shown in �gure 5.11 for both K = 9/2 and K = 7/2 [Afa06, Rei05℄.For the 7/2+[624] state originating from the 2g9/2 orbital no alignment is expe
tedand the moments of inertia 
onverge at low frequen
ies. This behaviour 
orrespondsto the plot in �gure 4.23 for the I0 spin assignment and alignment i0 = 0~. For the
K = 9/2 band, however, the moments of inertia 
ross at a rotational frequen
y ofaround 0.14 MeV. This behaviour is similar to the one shown in �gure 4.23 for the
I0 + 1 
ase, indi
ating an alignment i0 of 1~.The tentative partial level s
heme of 253No in
luding the assignment of the band-head
on�guration and the dedu
ed alignment is shown in �gure 5.12.
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Figure 5.12: The tentative partial level s
heme of 253No.
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ussion5.1.2 Moments of inertiaThe rotational properties of di�erent transfermium nu
lei have been studied andare here 
ompared based on the dynami
al moment of inertia of the observed ro-tational stru
tures. The J (2) values as a fun
tion of the rotational frequen
y ω for theknown rotational bands in transfermium nu
lei (251Md [Cha06℄, 250Fm [Bas06℄ and
252No [Her02a℄ with N = 150, 253No with N = 151 and 254No with N = 152) areshown in �gure 5.13. From this �gure, a similarity in the behaviour of the N = 150isotones is apparent.Besides 
ontributing to the stabilisation, pairing 
orrelations play a substantial rolein the 
olle
tive motion of nu
lei. They 
ause the moments of inertia to be smallerthan the rigid rotor value of ∼ 150 ~

2/MeV. As the rotational frequen
y in
reases,the pairing 
orrelations are redu
ed by the alignment of the nu
leon pairs and themoments of inertia show a gradual in
rease. The heavy N = 152 isotones have signif-i
antly slower alignment than the N = 150 isotones nu
lei with a minimum predi
tedfor 254No [Ben03℄.The di�eren
e in behaviour between N = 150 and N = 152 isotones has been quali-tatively des
ribed by non-relativisti
 mean-�eld theory [Ben03℄ but the quantitativedes
ription is still la
king. Duguet et al. [Dug01℄ 
an reprodu
e the fa
t that the mo-ment of inertia in
reases faster for 252No than for 254No, although the experimentaldi�eren
e is more pronoun
ed. The results from 
ranked relativisti
 mean-�eld the-ory [Afa03℄ reprodu
e the moments of inertia rather well up to rotational frequen
iesof ω ≈ 0.18 MeV if the strength of the pairing 
orrelations is redu
ed by ∼ 12 % 
om-pared to lighter nu
lei. The latter 
al
ulation gives the reversed behaviour 
omparedto experiment but this is attributed to the fa
t that in the 
al
ulations N = 150 isobtained as a deformed shell gap while experimentally the gap is at N = 152. Thefa
t that 254No is more deformed than 252No is apparent from the relative magnitudesof the dynami
al moment of inertia at low frequen
ies.In odd-mass nu
lei, the pairing 
orrelation is redu
ed be
ause of the blo
king e�e
t ofthe odd nu
leon, ex
luding the o

upied level from pairing 
orrelations. Consequently,the moments of inertia will be 
loser to the rigid rotor value and hen
e larger thanin the even-even neighbour. This 
an be seen from �gure 5.13 where the moment ofinertia of 253No lies higher than that of the even-even neighbour 254No.An upbend is visible for 252No at a rotational frequen
y of around 0.2 MeV/~. In 254Nosu
h an upbend is predi
ted to happen at a rotational frequen
y of ∼ 0.32 MeV/~due to the full alignment of the πi13/2 and νj15/2 valen
e nu
leons. The rotationalfrequen
y ω for the experimental data approa
hes the 
al
ulated value at whi
h theupbend is expe
ted, but no upbend 
an yet be seen.The moments of inertia of 254No and 253No, 
al
ulated by Bender et al. [Ben03℄, are
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Figure 5.13: Dynami
al moment of inertia J (2) against rotational frequen
y for the ground-stateband of 251Md, 250Fm, 252No, 253No and 254No.shown together with the experimentally obtained values in �gures 5.14 and 5.15. Thegeneral behaviour is rather well des
ribed by the theoreti
al 
al
ulations for bothnu
lei. The observed band in 253No with the tentative extensions to lower and highertransition energies seems to follow the theoreti
al predi
tions for the K = 9/2 bandrather well.
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Figure 5.14: Cal
ulated (empty symbols) and experimental (�lled symbols) dynami
al moment ofinertia for 254No. Cal
ulations from [Ben03℄.
9/2

-

7/2
+

Figure 5.15: Cal
ulated (empty symbols) and experimental (�lled symbols) dynami
al moment ofinertia for 253No. Cal
ulations for one signature partner band for two di�erent band-head assump-tions [Ben03℄ (
ir
les for K = 7/2 and squares for K = 9/2). Experimental values shown are forboth signature partners 
ombined with in bla
k the main visible transitions and in grey the tentativeextensions.
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]Figure 5.16: Yrast plot of ground-state band with suggested positioning of high energy lines. Theassumed feeding pattern of the high-lying low-spin state is indi
ated with dashed lines.5.2 Non-yrast stru
tures: high-K states and isomersThe presen
e of high-energy γ-ray transitions and delayed ele
tromagneti
 de
ayspoint towards the observation of non-yrast stru
tures in both 254No and 253No. Theassignment of the transitions to the de
ay from isomeri
 states or high-K states tothe ground-state band is dis
ussed in this se
tion.5.2.1 K = 3 stru
ture in 254NoHaving pla
ed the two high-energy γ rays feeding the 4+ and 2+ states as showns
hemati
ally in the yrast plot in �gure 5.16, it then remains to spe
ulate as to thespin and parity of the de
aying state. Due to the low level of statisti
s obtained,it has not been possible to perform an angular distribution analysis to aid in thedetermination of the γ-ray multipolarities. However, as the γ rays are observed promptin the germanium dete
tors surrounding the target, the multipolarity of the transitions
an immediately be 
onstrained to E1, M1, E2 or M2. Higher multipolarity de
ayswould exhibit too long a life-time to be observed promptly. The possible spins andparities of the de
aying state are then Iπ = 2±, 3± or 4±.The basi
 argument for the following dis
ussion is the fa
t that we observe the de
ay
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ussionout of a band-head state. Would this not be the 
ase, interband γ-ray transitions fromlower-lying band members to the ground-state band should be visible. And as 
an beseen from �gure 4.11, no eviden
e for further interband transitions 
an be gleanedfrom the spe
tra.The Iπ = 4± possibility 
an then be qui
kly ruled out, as for a K = 4 band thetransition is strongly K-hindered and hen
e too slow to be observed in the targetarray (see equations 2.34 and 2.35 and �gure 2.11.).Very little systemati
 data exist in this region of the nu
lear 
hart, though in lighterisotopes of Fm, Cf and Cm, a number of o
tupole K = 2− bands (e.g. 250Cf [Fre77℄,
246Cm [Mul71, Ahm76℄) andK = 2+ orK = 3+ bands (e.g. 256Fm [Hal89℄, 252Cf [Fie73℄)have been observed. They are interpreted either as o
tupole vibrational states or twoquasi-parti
le ex
itations.The Iπ = 2± possibilities 
an be ruled out on the basis of the observed de
ay pattern.For a K = 2+ band-head state, the Alaga rules (see equation 2.33) suggest that for E2transitions de
aying to the 4+, 2+ and 0+ states, the intensities should approximatelyhave the relationship 3:100:85, respe
tively. This is 
learly not what is observed, asthere is no strong transition to the 0+ ground state. The 
ase of Kπ = 2− 
an beruled out by 
omparing the de
ay patterns observed from the known Kπ = 2− o
-tupole bands in the isotones 250Cf and 246Cm. In both 
ases, the 2− state de
ays bya dominating E1 transition to the 2+ state (see, for example refs. [Fre77, Ahm76℄).Again, this is 
learly not what is observed in the present 
ase. The most plausiblespin assignment is then I = 3.Assignment of the parity of this state is di�
ult from the present data as there isno 
lear eviden
e for de
ays of the band members above this state. Feeding to thishigh-lying low-spin state is expe
ted to pro
eed via highly-
onverted low-energy M1transitions. Re
ently, a broad distribution 
omprising high-multipli
ity ele
tron 
as-
ades was observed in an in-beam 
onversion ele
tron spe
tros
opi
 study of 254No asmentioned in se
tion 4.2.1. These 
as
ades are expe
ted to arise from M1 transitionsin bands built on high-K states. It was not possible to observe these highly 
onvertedtransitions in the present experiment.As mentioned before, no other interband γ rays were observed. It 
ould be arguedthat this non-observation of interband transitions suggests that su
h transitions are
K-hindered, and are not observed as the de
ay is dominated by unhindered in-bandlow-energy M1 transitions.In the o
tupole 
ase the interband transitions may be expe
ted to 
arry more intensityas it is assumed that the K-hindran
e is less pronoun
ed for 
olle
tive stru
tures.However, inspe
tion of the level s
hemes and de
ay intensities observed in the K = 2o
tupole bands in 250Cf and 246Cm shows that the intensities of interband transitionsfrom the band members are at most only around 8 % [Fre77, Ahm76℄ of the de
ayintensity of the band-head state. Su
h transitions would have an intensity of less than10 
ounts in the spe
tra obtained here and it is therefore again not possible to draw



5.2 Non-yrast stru
tures: high-K states and isomers 93

Figure 5.17: Detail of �gure 2.5 showing the Nilsson states for proton number Z ≥ 82. The single-parti
le states of interest here are 
ir
led and the deformation of 254No is indi
ated by a dottedline.any 
on
lusion. The limited data available in the region also suggest that the K = 2o
tupole bands lie lowest in energy, whi
h may be an argument against the Kπ = 3−s
enario. Cal
ulations of Neergård and Vogel performed in the 1970's also predi
tthat the K = 2 o
tupole states lie lowest, at least up to Fm, the highest Z element
onsidered [Nee70℄. It should be noted, however, that the systemati
 behaviour issu
h that the energies of the K = 2 and K = 3 bands 
onverge when going to heaviersystems.This then leaves the Kπ = 3+ s
enario. An ex
ellent 
andidate for a two quasi-parti
le Kπ = 3+ state 
an be formed by 
oupling the proton 7/2−[514] and 1/2−[521]orbitals whi
h are 
lose to the Fermi surfa
e in 254No (see �gure 5.17). On the basis ofWeisskopf estimates and the systemati
s of K-hindran
e fa
tors of Löbner et al. (seeequation 2.35, table 2.1 and �gure 2.11), the lifetime of su
h a Kπ = 3+ band-head
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ussionstate is expe
ted to be less than 1 ns. A lifetime at this level means that the statede
ays well within the fo
us of the dete
tors surrounding the target.Experimental support for the tentative Kπ = 3+ assignment was obtained during are
ent experiment, studying high-K isomers in 254No.5.2.2 K-isomers in 254NoAs mentioned in se
tion 4.2.1, an isomeri
 state has been predi
ted and observed in
254No. However, no dis
rete transitions depopulating the isomer 
ould be dete
ted.Re
ently, a dedi
ated experiment to study high-K isomers in 254No, 
arried out atJyväskylä, 
ould shed more light on the isomer de
ay path [Her05℄. An isomeri
 statewas observed with a 266(2) ms half-life, in good agreement with the previously pub-lished values, 
on
luding that the same isomer is observed. An isomeri
 ratio of∼ 30 %was determined.The planar γ-ray spe
trum in 
oin
iden
e with an ele
tron 
as
ade revealed, apartfrom nobelium L and K X-rays, a strong 53 keV line and several regularly-spa
edlow-energy transitions. However, no 
oin
ident transitions of the ground-state banddown to 4+ were seen, whi
h led to the 
on
lusion that the isomer has a di�erentde
ay path than previously assumed.Furthermore, the same two high-energy transitions (842 and 943 keV) dis
ussed inse
tion 4.4.2 were observed in the 
lover in 
oin
iden
e with an ele
tron 
as
ade,with an additional weak line at 887 keV. So even though they are in the de
ay path ofthe isomer be
ause of the delayed dete
tion, they 
an not originate dire
tly from theisomeri
 state due to the prompt dete
tion. Hen
e, a de
ay path of the isomer via anintermediate stru
ture was proposed in [Her05℄. Determining the multipolarities of thehigh-energy transitions 841 and 943 keV as M1 and the 53 keV as E1, based on thenobelium K and L X-ray intensities respe
tively, and assuming M1 
hara
ter for theweak low-energy transitions forming a rotational stru
ture, the level s
heme shownin 5.18 was obtained. Further support for the pla
ement of the high-energy transitionsas in the level s
heme shown here and in �gure 4.16 was provided from fo
al plane
oin
iden
e data where one 
oin
iden
e on a zero ba
kground was observed betweenthe high-energy 841 keV and the 4+ → 2+ ground-state band transitions.These data support the reasoning presented above 
on
erning the presen
e of a Kπ =
3+ band-head in 254No de
aying into the 4+ and 2+ ground-state band levels.5.2.3 Isomerism in 253NoBased on the feeding and de-ex
itation pattern of the isomeri
 state observed in 253No,tentative assignments of its stru
ture and ex
itation energy 
an be made.
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254
NoFigure 5.18: Partial level s
heme of 254No showing the de
ay path of the K = 8 isomer. [Her05℄
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ussionIn the absen
e of visible γ rays, the de-ex
itation path of the isomer was only observedvia nobelium K X-rays and 
onversion ele
trons and is assumed to pro
eed via a singletransition.The nature of the ele
trons in �gure 4.24 is not immediately evident. If the broad peakat around 140 keV is due to K-
onversion of the transition de-ex
iting the isomeri
state, the L and M ele
trons should lie at about 120 keV higher. For a M2 transitionof 280 keV the ratio αK/(αL + αM) is 1.92 so the peak 
omprising L and M ele
tronsshould only be at most a fa
tor of two smaller but is absent in the spe
trum. If onthe other hand the visible ele
trons are L and M ele
trons, the K ele
trons should bepresent around 20 keV, whi
h is below the threshold of the dete
tors. In addition, a�t of the broad ele
tron peak with two gaussian shapes gives a di�eren
e between thetwo 
entroids 
lose to the di�eren
e in binding energy between the L and M ele
tronsin nobelium and a FWHM 
lose to that of the 133Ba sour
e data. Hen
e it is assumedthat the visible ele
trons are L and M ele
trons and the ex
itation energy of theisomer is determined to be 160(10) keV based on equation 2.38. The multipolarity ofthe transition 
an be veri�ed by 
omparing the ratio of K 
onversion obtained fromthe K X-ray intensity to the L+M 
onversion derived from the ele
tron intensity withthe theoreti
al values (see table 5.2). The experimental αK/αL+M ratio of 0.73(22) ismost 
onsistent with an M2 transition.Table 5.2: Theoreti
al values of αK/αL+M for a 160 keV transition in 253No assuming di�erentmultipolarities. transition E1 M1 E2 M2 E3 M3
αK/αL+M 2.9 3.5 0.0070 1.3 0.0011 0.12No 
lear transitions feeding the isomeri
 state 
ould be distinguished in �gure 4.26,suggesting that the band built on the isomeri
 state mainly de
ays via highly 
onvertedtransitions. The state is therefore expe
ted to have a large negative gK value, favouring

M1 transition strength and as su
h di�
ult to dete
t via γ-ray spe
tros
opy. Based onthe available low-lying levels shown in �gure 4.6, a suitable 
andidate for the isomeri
state would be the 5/2+ state with gK = −0.41, de
aying by an M2 transition to the
9/2− ground state.Shortly after this experiment, an α-γ de
ay study of 257Rf was 
arried out by Hess-berger et al. [Hes06℄. They also 
learly observed delayed nobelium K X-rays but no
γ-ray transitions de-ex
iting the isomeri
 5/2+[622] state were observed. They dedu
eda tentative transition energy of 180(30) keV in 
ase of a mixed M2/E3 transition witha half-life of 23(4) µs. Hen
e this experiment 
on�rms the values obtained here. Bothre
ent experiments disagree with the results obtained in [Hes97℄.



5.2 Non-yrast stru
tures: high-K states and isomers 975.2.4 Other non-yrast stru
turesSigns of non-yrast stru
tures have been observed in several transfermium nu
lei.In the even-even nu
lei 254No, 252No and 250Fm a 
on
entration of 
losely spa
edpeaks is observed at around 600 keV. They are assumed to be inter-band transitionsbetween a β-vibrational band and the ground-state band. The transition energies inthe two bands are expe
ted to be similar and therefore all the interband transitionsare 
on
entrated at around the same energy.In those even-even nu
lei transitions at higher energy are also observed. In a similarmanner to the interpretation given for 254No they are expe
ted to de-ex
ite high-Kstates and be part of an isomeri
 de
ay path.A strong high-energy γ-ray at 802(1) keV has been dete
ted in 253No, the origin ofwhi
h is not yet known. Measurement of the multipolarity of the transition was notpossible and hen
e only spe
ulation regarding the 
hara
ter of the de-ex
iting state
an be made. States around or above 1 MeV in this region 
ould be due to a threequasi-parti
le ex
itation or a vibrational ex
itation [Ahm05℄.If the state is a three quasi-parti
le ex
itation, the most evident 
on�guration forsu
h a state would be the 
oupling of the lowest-lying two-proton 
on�guration withthe odd neutron, i.e. ((π7/2−[514] ⊗ π1/2−[521])3+
⊗ ν9/2−[734])15/2− . This state isthen assumed to de
ay by the ∆K = 3 hindered 802(1) keV E2 transition to the

11/2− member of the 9/2−[734] rotational band, pla
ing the level at 864 keV. Inthe homologue rare-earth N = 102 isotones, similar stru
tures have been observedaround 1 − 2 MeV. The lowest Kπ = 3+ state in the even-even nu
lei 174Hf and
172Yb has been assigned a two quasi-neutron 
on�guration (ν5/2−[512]⊗ν1/2−[521])3+and in the odd-Z nu
leus 177Re the lowest lying three quasi-parti
le 
on�guration
onsists of a π9/2−[514] proton 
oupled to the same two quasi-neutron 3+ stru
ture((ν5/2−[512]⊗ν1/2−[521])3+

⊗π9/2−[514])15/2− [nnd
℄. The three quasi-parti
le statein 177Re de
ays into the rotational band built on the π9/2−[514] 
on�guration.Re
ent de
ay spe
tros
opi
 studies by Ahmad et al. studying the nu
lei 249Bk [Ahm05℄and 251Cf [Ahm05a℄ revealed the presen
e of β- and o
tupole-vibrational bands ataround 800 keV. Hen
e the high-energy γ-ray at 802(1) keV 
ould also originate froma vibrational stru
ture.
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ussion5.3 De
ay spe
tros
opyThe observed α de
ay of the implanted re
oils 
an be used to study de
ay propertiesof the ground state of the produ
ed nu
lei and level stru
ture in the daughter nu-
leus. The α-de
ay bran
hing ratio was determined for 254No and 253No. In the 253Noexperiment the fo
al plane spe
trometer was 
ompleted and allowed α-γ-ele
tron 
o-in
iden
e measurements of 249Fm to be 
arried out.5.3.1 Alpha-de
ay bran
hing ratios of 254No and 253NoThe α-de
ay bran
hing ratios of 254No and 253No were derived from the experimentaldata by 
omparing the nobelium K X-ray yield in the re
oil-gated and α-tagged γ-raysingles spe
tra. After 
orre
ting for α dete
tion e�
ien
y (∼ 55 %) and limited sear
htime, an estimate of the α-de
ay bran
hing ratio was obtained. For 254No the α-de
aybran
hing ratio was determined to be 81(9) % while for 253No a mu
h lower value of
48(6) % was obtained.To obtain those values in a di�erent manner, the ele
tron 
apture and β+ de
ay pathwas followed and the produ
ed number of the α-de
aying granddaughter nu
lei wasderived from the singles α spe
trum. As this method relies on the previously measuredbran
hing ratios for the granddaughter nu
leus, the results are merely used to 
he
kthe values obtained previously. 254No has 254Fm as an EC+β+ granddaughter whi
hhas an estimated α-de
ay bran
hing ratio of 100 %, resulting in an α-de
ay bran
hingratio for 254No of ∼ 92 %, 
lose to the previous value. Similarly, in 253No, the ele
tron
apture de
ay grand-daughter 253Fm has an α-de
ay bran
hing ratio of 12(1) % anda half-life of 3 days. Taking both fa
tors into a

ount an α-de
ay bran
hing ratio of
∼ 50 % was obtained, 
on�rming the previously stated value.The value obtained for 254No is in agreement with the earlier measured value of
90(4) % [nnd
℄. The extra
ted α-de
ay bran
hing ratio of 253No is mu
h lower than for
254No. Up to now, only α-de
ay has been observed for 253No and no bran
hing ratiohas been determined experimentally. Although systemati
 dedu
tion of the EC half-life (10 min) [nnd
℄ gives an estimated EC bran
hing ratio of 15 %, whi
h does notfully support the low α-de
ay bran
h, in other odd mass nobelium nu
lei a signi�
antEC+β+ bran
h has been observed, making the obtained value of 48(6) % plausible.5.3.2 Level stru
ture in α-de
ay daughter 249FmThree γ-ray transitions and asso
iated internal 
onversion ele
trons 
ould be observedin the α-γ de
ay study of 253No and the multipolarity of the highest two transitions
ould be determined by 
omparing the L+M 
onversion 
oe�
ient to the theoreti
al



5.3 De
ay spe
tros
opy 99

Figure 5.19: Level s
heme of α-de
ay daughter 249Fm obtained in an α-γ de
ay study of 253No.values as shown in table 5.3. The transitions are most 
ompatible with an E1 or E2transition a

ording to present data and determined to be E1 in previous studies.Table 5.3: Comparison of theoreti
al and experimental values for αL+M .transition E1 M1 E2 M2 exp221 keV 0.022 1.3 0.87 7.0 0.06(3)279 keV 0.013 0.65 0.34 3.0 0.17(12)Further it is noti
eable that few K X-rays are observed, indi
ating that the possiblenon-observed highly 
onverted transitions have a low transition energy.With this information and the fa
t that no 
oin
iden
es were dete
ted between theobserved transitions, the level s
heme from two earlier studies (see se
tion 4.2.2) was
on�rmed and is shown in �gure 5.19. The α-γ de
ay study supports the 9/2− spinand parity assignment of the 253No ground state. No new information 
ould be addedto the previously obtained level s
heme and the data was mainly used to demonstratethat α-γ-ele
tron de
ay spe
tros
opy 
an be performed simultaneously with in-beamstudies at the jurogam-ritu-great setup.
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ussion5.4 Summary and future prospe
tsThe gas-�lled re
oil separator ritu at JYFL has re
ently been provided with powerfuland e�
ient spe
trometers both at the target and at the fo
al plane. The jurogamtarget array and the great fo
al plane spe
trometer, in 
ombination with the tdrdata-a
quisition system, give a

ess to neutron-de�
ient heavy elements using there
oil-gating te
hnique.In this work, in-beam γ-ray spe
tros
opi
 studies of 254No and 253No have been dis-
ussed. In both nu
lei, a rotational band was observed and interpreted as built uponthe ground state, although in 
ase of 253No this assignment is tentative. Both isotopeswere found to be robust against �ssion at least up to 22~, meaning the deformed shellstabilisation against �ssion persists up to high rotational frequen
ies. In both 
ases,the rotational properties were found to agree rather well with various theoreti
al pre-di
tions.Eviden
e for non-yrast stru
ture was found in 254No and interpreted to be a Kπ = 3+two quasi-parti
le ex
itation whi
h was later 
on�rmed in a dedi
ated study of high-K isomers in 254No. Now the position of the Kπ = 3+ (and Kπ = 8−) state is �xedexperimentally, theoreti
al predi
tions of the relative positions of the single-parti
lestates in this region 
an be adjusted.Other indi
ations for non-yrast stru
tures are present in spe
tra of both 254No and
253No and thought to originate from the de
ay out of a vibrational band or a high-Kstate.Whilst for the experiment to study 254No the fo
al plane spe
trometer was not 
om-pleted, in the study of 253No the observation of isomeri
 states and α-de
ay �nestru
ture was possible. Although the transitions feeding the isomeri
 state 
ould notbe observed, both X-rays and 
onversion ele
trons depopulating the isomeri
 statewere dete
ted in the great spe
trometer. The 22(4) µs isomer has tentatively beenassigned a spin and parity of 5/2+ and an ex
itation energy of 160(10) keV.In the α-de
ay daughter 249Fm, three levels were identi�ed and the spin and parity ofthe ground-state of 253No was 
on�rmed to be 9/2−.One goal in the study of transfermium elements is to learn more about the regionbeyond it, around the next spheri
al doubly magi
 nu
leus. Although this is a validmotivation, extrapolation from the region around 254No to the region around Z ∼ 120and N ∼ 184 is not that straightforward. After all, the shell stru
ture of those nu
leiis governed by large mass, hen
e weakened spin-orbit intera
tion, and large ele
tri

harge, whi
h means prominent Coulomb intera
tion. Also the single-parti
le leveldensity for very heavy elements is very high, so small 
hanges in single-parti
le energies
an produ
e spheri
al shell gaps at di�erent proton or neutron numbers. However,transfermium elements are the heaviest elements whi
h are at present a

essible forin-beam spe
tros
opy and hen
e provide the best information we 
an obtain at highmasses.



5.4 Summary and future prospe
ts 101To further explore the region around 254No, proposals have been a

epted to study
248Fm and 256Rf for the �rst time, and the high-K isomeri
 stru
tures in 254No and
250Fm at JYFL with the present setup.The o

urren
e of highly 
onverted transitions in the odd-mass transfermium nu
leiand in the bands built upon high-K isomeri
 states renders it very di�
ult to studythe nu
lei via in-beam γ-ray spe
tros
opy alone. Simultaneous γ-ray and ele
tronspe
tros
opy at the target position would be the best way to further investigate theregion around 254No. It is hoped that su
h studies will be possible within a few yearsat JYFL with the development of the new sage spe
trometer whi
h is in prin
iplea 
ombination of the sa
red and jurogam target spe
trometers. sage will be de-signed and built in a 
ollaboration led by the University of Liverpool and DaresburyLaboratory in the U.K..A study of 253No using this highly e�
ient target array will be the best way of 
on�rm-ing the assignments of the rotational stru
ture seen in in-beam 
onversion ele
tronand γ-ray spe
tros
opi
 studies separately. The 
on�guration of the single-parti
lestate the band is built on 
an be dedu
ed from the B(M1)/B(E2) bran
hing ratio,whi
h 
an be a

urately measured provided both γ rays and 
onversion ele
trons aredete
ted in the same experiment. Also for the study of the stru
tures based on K-isomers, the 
ombination of γ-ray and ele
tron spe
tros
opy is desirable.A further development planned at JYFL is the introdu
tion of digital ele
troni
s. Thiswould allow mu
h higher 
ount rates in individual 
hannels and hen
e higher beamintensities 
an be used.A broader range of nu
lei will be a

essible with the use of radioa
tive ion beams. Moredevelopment is however needed as the 
urrent available intensities are two orders ofmagnitude lower than present stable beam intensities. But on
e the required intensitieswill be available, more neutron-ri
h heavy elements 
an be studied.At this moment, only in-beam and de
ay spe
tros
opi
 studies are 
arried out in thisregion. A wide array of te
hniques are waiting to be applied: e.g. plunger measurementsto measure the life-times of the ex
ited levels [Dew03℄ and pre
ise mass measurementsof very heavy elements using e.g. shiptrap [ship℄.The sear
h for the superheavy island of stability will therefore remain one of the mainfo
uses of nu
lear stru
ture investigations.
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