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Abstra
tThe gas-�lled re
oil separator RITU was utilized in 
onjun
tion with di�erent sup-plemental radiation dete
tion devi
es to study nu
lei under extreme 
onditions. Theneutron de�
ient isotopes 218U, 252No and 255Db were produ
ed in fusion evaporationrea
tions. Ea
h experiment used di�erent experimental setups. Spe
tros
opi
 infor-mation was obtained via the dete
tion of α and γ radiation. In the 
ases of 252No and
255Db the spontaneous �ssion de
ays of the nu
leus were also observed.The �rst study in this thesis addresses the issue of average 
harge of ions in dilutehelium and also magneti
 rigidities, or Bρ values of di�erent heavy isotopes. The RITUseparator separates beam from fusion produ
ts a

ording to their magneti
 rigidity.In heavy element studies, where produ
tion 
ross se
tions are low, the 
orre
t tuningof the RITU magneti
 �elds is essential in order to maximize the 
olle
tion of thefusion re
oils. The magneti
 rigidity of a fusion re
oil is dependent on the average
harge of the ion. There are several models that predi
t the average 
harge of ionsin dilute helium. These models were used to 
al
ulate theoreti
al magneti
 rigiditieswhi
h 
ould be 
ompared with experimental values.In the 218U experiment, the ground state properties were measured with improvedstatisti
s and a new α de
aying isomer was dete
ted. Some theoreti
al models predi
ta sub-shell 
losure at Z=92. These models partly rely on the single-parti
le shellmodel energies. However, these models do not take into a

ount the o
tupole (L=3)
orrelation whi
h is strong in the light uranium isotopes. The o
tupole 
orrelation 
andistort the orbitals signi�
antly. The dete
tion of this isomer impugns the existen
eof the sub-shell 
losure at Z=92 and thus enfor
es the signi�
an
e of the o
tupole
orrelations.In the 252No experiment a proof-of-method for re
oil-�ssion tagging was a
hieved. Inaddition it was proved that �ssion originates from the same initial as the 
hara
teristi

α de
ay. The statisti
s were in
reased by 
ombining re
oil �ssion and re
oil α taggingdata. The improved statisti
s revealed new weak γ-ray transitions at high spin.The 255Db experiment was the �rst RITU test experiment in the very heavy andextremely low 
ross se
tion region. Two statisti
ally meaningful 255Db �ssion eventswere seen in the experiment. Also one 
hain was observed where 255Db de
ayed via
α emission into an ex
ited state of 251Lr. The 251Lr de
ayed subsequently via �ssion.The 255Db α de
ay indi
ates an allowed transition whi
h a

ording to systemati
swould be a de
ay from the ground state of 255Db to an ex
ited state in 251Lr. These�ndings possibly mark a dis
overy of a new isotope.
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1 Introdu
tionNu
lear physi
s studies have been going on for 
lose to 100 years. Rutherford's dis-
overy of a gold atom having a heavy tightly pa
ked nu
leus and an ele
tron 
loudopened up a whole new �eld of s
ien
e. Many s
ientists started studying the nu-
lear stru
ture and during the next 20 years a lot of progress was made. In 1929 E.Lawren
e invented the 
y
lotron whi
h allowed new elements and isotopes to be syn-thesized in nu
lear rea
tions. The �rst transuranium elements synthesized in arti�
ialnu
lear fusion, neptunium and plutonium, were dis
overed in 1940. In 1938 O. Hahndis
overed nu
lear �ssion, new fa
ilities and experimental methods were devised forsynthesing new elements and isotopes. In the heavy element region many new isotopeswere dis
overed.Today 116 elements and some 3500 di�erent isotopes of these elements are known tos
ien
e. A lot of progress has been made in the study of the atomi
 nu
leus yet itremains enigmati
 and 
ontinues to surprise s
ientists. Many questions are still openwhi
h were asked almost 100 years ago, like "How big 
an a nu
leus be ?" or "Whereare the limits of nu
lear stability ?" or "What does a nu
leus look like ?" et
. In orderto answer these questions s
ientists have studied the atomi
 nu
leus extensively. Someof the results of these studies 
an be seen today in our daily lives in good and in bad.Many of us �rst think of the atomi
 bomb or nu
lear power but one should not forgetthe many medi
al appli
ations e.g. radiotherapy, Nu
lear magneti
 resonan
e imaging(NMRI) or Boron Neutron Capture Therapy (BNCT).In nu
lear physi
s the stability of the heaviest and superheavy elements has been alongstanding fundamental question. Theoreti
ally, the mere existen
e of the heaviestelements with Z>102 is entirely due to quantal shell e�e
ts. Indeed, for these nu
leithe shape of the 
lassi
al nu
lear droplet, governed by surfa
e tension and Coulombrepulsion, is unstable to surfa
e distortions driving these nu
lei to spontaneous �ssion.That is, if the heaviest nu
lei were governed by the 
lassi
al liquid drop model, theywould �ssion immediately from their ground states due to the large ele
tri
 
harge.However, in the mid-sixties, with the invention of the shell-
orre
tion method, it wasrealized that long-lived super-heavy elements (SHE) with very large atomi
 numbers
ould exist due to the strong shell stabilization [Mye66℄.The shell model has proven to be fairly a

urate when predi
ting the properties ofmany unknown nu
lei. For example, the shell model predi
ts 
orre
tly the major shell
losures or so 
alled magi
 numbers. The question 
on
erning the lo
ation of the next1



2 Introdu
tionmajor proton shell 
losure after Z=82 is a debate whi
h has been going on for de
ades.The predi
tions for the next 
losed proton shell vary between di�erent nu
lear models.One of the important tasks whi
h 
an shed light on this debate is to synthesize theheavy elements and test the validity of the shell model predi
tions with experimentaldata.Nu
lei far from stability are an important testing ground for the predi
tive powerof nu
lear models. The 
olle
ted de
ay data establish a means of 
omparison withtheoreti
al data. When sear
hing for super-heavy elements (SHE) the island of sta-bility beyond the magi
 Z=82 shell plays a 
ru
ial role. In order to understand shellstabilization in super-heavy systems one must have a 
lear understanding of nu
learstru
ture. Unfortunately the super heavy elements are produ
ed in fusion evapora-tion rea
tions at pi
o- or even at femtobarn level [Oga02℄. This means that stru
tureinformation is limited to α de
ay energies, bran
hing ratios or de
ay half-lives. Trans-fermium elements with 100<Z≤104 are produ
ed with mu
h higher 
ross se
tions, inthe sub-mi
robarn level and detailed nu
lear spe
tros
opy 
an be performed even upto spins 22 ~. In re
ent studies new interesting information has also been obtained
on
erning the non-yrast states [Ee
05℄, [Pri05℄.In this thesis I will fo
us on three di�erent heavy isotopes: 218U, 252No and 255Db. Allthree experiments probe di�erent parts of the nu
lear 
hart. Ea
h nu
leus was studiedfor a di�erent purpose using di�erent experimental methods and thus di�erent setupsof dete
tors and target systems were needed. All of the experiments dis
ussed in thiswork were made at the A

elerator Laboratory of the University of Jyväskylä. TheECR ion sour
es were used to produ
e the stable heavy ions whi
h were a

eleratedwith the K-130 
y
lotron [Hei95℄. The beams were a

elerated to an energy of roughly5 MeV/nu
leon and used to bombard stable targets at the target position of the RITUre
oil separator. The main instrument in these studies was the RITU gas-�lled re
oilseparator whi
h separated the fusion produ
ts from the unrea
ted beam and target-like parti
les. Di�erent dete
tors were used to dete
t the radiation emitted by the fu-sion re
oil. The dete
tor setups used were the JUROSPHERE II γ-ray array to dete
tthe prompt γ rays at the target position and various fo
al plane dete
tor systems in-
luding the GREAT spe
trometer. Di�erent target and beam 
ompositions were usedto synthesize di�erent isotopes. The uranium isotope was synthesized with the rea
tionof 182W(40Ar,4n)218U, the nobelium isotope with the rea
tion of 206Pb(48Ca,2n)252Noand the dubnium isotope with the rea
tion of 209Bi(48Ti,2n)255Db. All of these isotopesare relatively heavy and unstable. In these studies the α- and γ-ray spe
tros
opy wereused to obtain nu
lear stru
ture information. The stru
ture information was 
omparedwith theoreti
al predi
tions and 
on
lusions of the stru
ture of the nu
leus of interestwere made.



2 Physi
s ba
kground
2.1 The atomi
 nu
leusThe atomi
 nu
leus is very small 
ompared to the size of the atom. The nu
leus isonly 1/10 000 of the size of the atom. The nu
leus is 
omposed of positively 
hargedprotons and neutral neutrons. The protons and neutrons are pa
ked 
losely into asphere or ellipsoidal obje
t where protons repel ea
h other. The for
e holding thenu
leus together is 
alled the strong intera
tion whi
h is an attra
tive for
e. Thestrong intera
tion is a short range for
e with a range of only 10−15 m. The strongintera
tion is transmitted via parti
les 
alled gluons.Equation 2.1 shows that the nu
leus grows in size as more protons or neutrons areadded. Geometri
ally, the size of the nu
leus follows the relation as if the protons andneutrons were billiard ball-like obje
ts whi
h are pa
ked together. The nu
lear radiusR follows the relation

R = R0 A1/3 , (2.1)where R0 is the radius parameter and is approximately 1.4 fm for nu
lear matter androughly 1.25 fm for nu
lear 
harge.The most 
ompa
t shape for a nu
leus is spheri
al. The nu
lei 
lose to the 
losedshells are spheri
al, but the nu
lei lo
ated between the magi
 numbers are deformed.There are several di�erent shapes of nu
lear deformation su
h as prolate, oblate, o
-tupole and even tetrahedron. The �rst three shapes of the nu
leus have been observedexperimentally but the tetrahedron is only predi
ted from the theory [Dud02℄.2.2 Fusion of two nu
leiThe only transuranium nu
lei that exist in nature are radioa
tive with long half-lives and nu
lei arising from their subsequent radioa
tive de
ay. In order to studynu
lei far from stability with half-lives of se
onds or even millise
onds they have to beprodu
ed in nu
lear rea
tions in a laboratory. The preferred method is the heavy-ion3



4 Physi
s ba
kgroundfusion evaporation rea
tion where an a

elerated heavy ion beam is used to bombarda heavy target. The ion and target fuse together forming a 
ompound nu
leus. Theidea of 
ompound nu
leus formation was �rst suggested by Niels Bohr in 1936. By
ombining suitable target, beam and bombardment energy, a variety of new nu
lei
an be synthesized.Two nu
lei 
an be fused together by a

elerating the proje
tile to an energy whi
his su�
ient to over
ome the Coulomb repulsion between the beam and target nu
lei.This repulsion is more 
ommonly known as the Coulomb barrier and it des
ribes theenergy whi
h is needed in order to bring the two nu
lei into 
onta
t. The height ofthe Coulomb barrier BC 
an be des
ribed as
BC =

e2

4πǫ0

ZpZt

Rp + Rt
, (2.2)where Zp and Zt are the proton numbers of the proje
tile and target, respe
tively. Rpand Rt are the nu
lear radii of the proje
tile and target, respe
tively.Typi
al energies needed to over
ome the Coulomb barrier are around 5 MeV/nu
leonwhi
h 
orresponds to 10 % of the speed of light. The energy equal to the Coulombbarrier height is only enough to bring the two nu
lei into 
onta
t but it is not enough toinitiate nu
lear rea
tions. Additional energy is needed for two nu
lei to fuse together.This additional energy is sometimes 
alled extra push. For heavy systems the Bassbarrier is used to model the Coulomb barrier [Bas74℄. The Bass barrier takes intoa

ount the fri
tion between nu
leons and the energy needed to reorganize nu
leonsin the nu
leus.After the fusion the 
ompound nu
leus is "hot" i.e. having a lot of ex
ess energyand angular momentum. The 
ompound nu
leus 
ools down by emitting parti
les.Depending on the ex
itation energy neutrons, protons, α-parti
les or 
ombinations
an be evaporated. In the 
ooling pro
ess of very heavy systems neutron emission isthe preferred evaporation 
hannel due to the frailty of the system. The �nal nu
leus,when no more parti
les 
an be emitted, is 
alled an evaporation residue.The disadvantage of using fusion evaporation rea
tions for studying heavy neutron-de�
ient nu
lei is the relatively low produ
tion 
ross se
tion whi
h sets high require-ments for sele
tivity on separators and dete
tor systems.In addition to the fusion or intera
tion barrier, other important parameters in fusionevaporation rea
tions are the ex
itation energy of the 
ompound nu
leus and therea
tion Q-value. The rea
tion Q value 
an be determined as the mass di�eren
ebetween the initial target and proje
tile and the �nal 
ompound nu
leus. This mass,or energy, di�eren
e is the binding energy di�eren
e in ea
h nu
leus. Many of the fusion



2.2 Fusion of two nu
lei 5

Figure 2.1: A s
hemati
 of the de
ay of the 
ompound nu
leus.rea
tions are endothermi
 or the fusion produ
t is less bound than the proje
tile andthe target. In su
h 
ases the Q value is negative and an energy input is needed for afusion to o

ur. The rea
tion Q value is de�ned as
Q = (minitial − mfinal)c

2 = (mt + mp − mCN)c2 , (2.3)where mt is the mass of the target, mp is the mass of the proje
tile and mCN is themass of the 
ompound nu
leus.The ex
itation energy E∗ determines the �nal produ
t in the fusion evaporation rea
-tion. Typi
ally, the ex
itation energies are around 30-40 MeV and the typi
al energyremoved by the evaporation of a neutron is approximately 12 MeV where 10 MeV 
anbe a

ounted for by neutron separation and 2 MeV by neutron kineti
 energy. Theex
itation energy 
an be expressed as the sum of 
enter-of-mass bombardment energyand the rea
tion Q value.
E∗ = ECM + Q , (2.4)where ECM is the bombardment energy in 
enter-of-mass frame and Q is the rea
tion



6 Physi
s ba
kgroundQ value.When synthesizing heavy elements the ex
itation energy has to be minimized due tothe high �ssility of the 
ompound nu
leus. This 
an be realized by 
hoosing proje
tileand target nu
lei with magi
 numbers of protons and/or neutrons. In a fusion evapora-tion rea
tion the ex
itation energy is important but it is not the only parameter whi
hdetermines the su

ess of the fusion of the target and the proje
tile. The angular mo-mentum transfer in the fusion evaporation rea
tion should be small. The 
entrifugalrepulsion 
aused by the rapid rotation of the hot nu
leus 
an over
ome the short-rangeattra
tion of the nu
lear for
e whi
h leads to a �ssion of the 
ompound nu
leus. Theangular momentum transfer 
an be minimized by using asymmetri
 rea
tions wherethe target nu
leus is heavy and the bombarding ion is light.The measure of the su

essful fusion 
an be de�ned with a 
ross se
tion and thusthe 
ross se
tion is one of the key parameters in nu
lear physi
s. The 
ross se
tiondes
ribes the probability for a nu
lear rea
tion to o

ur. More 
ommonly the 
rossse
tion is the measure of the size of the nu
leus from the point of view of the bom-barding ion. The unit for 
ross se
tion is the barn, whi
h 
orresponds to the size of atypi
al atom, whi
h is 10−24 
m2. For di�erent rea
tions the 
ross se
tion 
an vary sig-ni�
antly. The highest known 
ross se
tion is 3.1×106 barns for the thermal neutron
apture 
ross se
tion of the well known nu
lear rea
tor poison 135Xe. The fusion 
rossse
tions for the new super heavy elements are of the order few hundred femtobarns(10−15 barns) thus making the range 19 orders of magnitude wide [Oga02℄. Fusion
ross se
tions in RITU experiments are typi
ally in the range of a few hundreds ofmi
robarns down to few tens of pi
obarns.The general equation for the 
ross se
tion σ 
an be written as
σ =

RpA

RbNALρ
, (2.5)where Rp is the produ
tion rate of the nu
lei under interest, Rb is the rate of thebombarding ion, NA is the number density of the target, A is the area of the target,L is the thi
kness of the target and ρ the density of the target.A more useful form of equation 2.5 
an be written as

σ =
n

IbNtT
, (2.6)where n is the number of produ
ed ions, Ib is the beam intensity, Nt is the numberdensity of the target and T is the duration of the experiment.



2.3 Di�erent de
ay modes 72.3 Di�erent de
ay modesFollowing the fusion the nu
leus is "hot" and must 
ool down. The nu
leus has a lot ofex
itation energy, typi
ally of the order of a few tens of MeVs, and angular momentum.The easiest way for the nu
leus to lose energy rapidly is to emit light parti
les likeneutrons, protons, α-parti
les or some 
ombination of these simultaneously. Whensynthesizing very heavy neutron-de�
ient nu
lei, parti
le emission after fusion is lessfavored 
ompared with �ssion whi
h is usually the dominant de
ay mode. Indeed, thefusion-�ssion 
ross se
tion 
an be several orders of magnitude higher than the fusionevaporation 
ross se
tions.When the ex
ess energy in the nu
leus has fallen below the neutron or proton sepa-ration energy, no more parti
les 
an be emitted to 
ool down the nu
leus. The evap-oration residue has fairly low ex
itation energy but high angular momentum. Thefurther 
ooling o

urs via ele
tromagneti
 radiation by the emission of high energyE1 γ-rays. When the nu
leus is near the yrast line the emission of γ rays slows downthe rapid rotation of the nu
leus as well as losing the ex
ess energy. At this stage�ssion still 
ompetes with the γ-ray emission as a 
ooling down pro
ess. If the nu
leussurvives �ssion, a 
as
ade of γ-rays are emitted until the ground state is rea
hed. Atground state the nu
leus does not have any ex
itation energy left yet it is unstableand must de
ay towards the valley of stability. This 
an be a
hieved via radioa
tivede
ay pro
esses by emitting 
harged parti
les su
h as α- or β-parti
les or by sponta-neous �ssion. In the heavy element region where the nu
lei dis
ussed in this work arelo
ated, spontaneous �ssion and α-de
ay are 
ommon de
ay modes.2.3.1 Gamma de
ayMost nu
lear rea
tions and α or β de
ays leave the nu
leus in an ex
ited state. Whenthe ex
itation of the nu
leus has dropped below the parti
le separation energy thenu
leus 
ools down towards the ground state by emitting γ rays. The γ rays are pho-tons of ele
tromagneti
 radiation. The γ rays have 
hara
teristi
 energies a

ordingto the energy di�eren
e between quantum nu
lear states. Our knowledge of nu
learstru
ture 
an be extended by investigating the ex
ited states in the nu
leus. Thus thestudy of γ-ray emission is a standard te
hnique in nu
lear spe
tros
opy. By study-ing γ emission, and the rival pro
ess internal 
onversion, we may dedu
e the spinsand parities of the ex
ited states. Also 
olle
tive phenomena su
h as vibrations androtations 
an be studied via γ spe
tros
opy.The motion of protons in the nu
leus gives rise to 
harge and 
urrent distributions.The 
harge distributions 
an be des
ribed by ele
tri
 multipole moments and 
urrentdistributions by magneti
 multipole moments. The ele
tromagneti
 radiation �eld
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kgroundprodu
ed, when the nu
leus emits radiation in the form of γ rays, 
an be des
ribed interms of a multipole expansion. The index L 
an be de�ned so that 2L is the multipoleorder of the radiation. One of the key properties of the 2L-pole radiation is the angulardistribution whi
h is governed by the Legendre polynomials su
h as P2=1/2(3
os2θ-1)for dipole and P4=1/8(35
os4θ-30
os2θ+3) for quadrupole transitions. If the ele
tri
�eld is labelled with E and the magneti
 �eld with M then the parity of the radiation�eld 
an be written as
π(ML) = (−1)L+1

π(EL) = (−1)L , (2.7)where the ele
tri
 and magneti
 multipoles of the same order have opposite parity[Kra88℄.After quantization of the radiation �eld the transition probabilities of the di�erentmultipole orders 
an be dedu
ed assuming the nu
lear radius follows the relationgiven in equation 2.1. Table 2.1 shows the simpli�ed equations used to 
al
ulate thetransition probability for the lowest 4 ele
tri
 and magneti
 multipoles [Kra88℄. Theunit of λ is s−1 when E is in MeV.Table 2.1: Simpli�ed equation to 
al
ulate transition probabilities for ele
tri
 and magneti
 multi-poles.Multipole 1 2 3 4
λ(E) 1.0×1014A2/3E3 7.3×107A4/3E5 34A2E7 1.1×10−5A8/3E9

λ(M) 5.6×1013E3 3.5×107A2/3E5 16A4/3E7 4.5×10−6A2E9Internal 
onversionInternal 
onversion is an ele
tromagneti
 pro
ess that 
ompetes with γ emission inheavy nu
lei. In this 
ase the ele
tromagneti
 multipole �elds of the nu
leus do notresult in the emission of a photon. Instead, the �elds intera
t with the atomi
 ele
tronsand 
ause one of the ele
trons to be emitted from the atom. In 
ontrast to β de
ay, theele
tron is not 
reated in the de
ay pro
ess but rather is a previously existing ele
tronin an atomi
 orbit. Thus the transition energy is the sum of the kineti
 energy andthe binding energy of the ele
tron whi
h must be supplied to kno
k out an ele
tronfrom an atomi
 shell. The internal 
onversion has a threshold energy equal to theele
tron binding energy in a parti
ular shell. As a result, the 
onversion ele
trons arelabelled a

ording to the ele
troni
 shell from whi
h they originate: K, L, M et
. Whena 
onversion ele
tron is eje
ted the atomi
 shell is left with a va
an
y. This va
an
y
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ay modes 9is qui
kly �lled with an ele
tron from a higher orbit. In the pro
ess 
hara
teristi
X-rays are emitted and asso
iated with the 
onversion ele
tron. The strength of the
onversion is measured with the 
onversion 
oe�
ient α, the 
onversion 
oe�
ientgives the probability of ele
tron emission relative to γ emission,
α =

λe

λγ
, (2.8)where λe is the de
ay 
onstant for 
onversion ele
tron emission and λγ is the de
ay
onstant of γ emission.Some of the general features of the 
onversion pro
ess 
an be stated. The 
onversionin
reases as Z3 and thus is more important for heavy nu
lei. The 
onversion 
oe�-
ients de
rease rapidly with in
reasing transition energy i.e. low energy transitions aremore likely to be 
onverted. Also the 
onversion 
oe�
ients in
reases as the multi-pole order of the transition in
reases. For high spin (I ) values the 
onversion ele
tronemission may be far more probable than the emission of γ ray. The 
onversion 
oe�-
ients de
rease for higher atomi
 shells as 1/n3, where n=1,2,3... 
orresponding to theprin
ipal atomi
 quantum numbers, or alternatively the ele
troni
 shells K,L,M. . . .2.3.2 Alpha de
ayThe nu
leus has survived through the 
ooling pro
ess to the ground state or to anisomeri
 state. At this stage the immediate 
ooling has stopped. The nu
leus is stillunstable and the heavy nu
lei on the neutron-de�
ient side of the valley of stabilitygain stability via α de
ay. In heavy systems the disruptive Coulomb for
e in
reaseswith size at a faster rate than does the spe
i�
 nu
lear binding for
e. The nu
leus
an spontaneously emit an α-parti
le 
arrying away disruptive positive 
harge. An

α parti
le is an ideal parti
le to be emitted be
ause it is a light, stable and tightlybound. The emission of an α parti
le 
an be represented as:
A
ZXN →A−4

Z−2 X ′

N−2 + αThe driving for
e in the α de
ay is the Coulomb intera
tion where the positively
harged daughter and the α parti
le, having a 2+ 
harge state, are repelled from ea
hother.The energy release is dependent on the energy level in the nu
leus from whi
h the
α-parti
le originates, the higher the energy level the higher the Q-value. There is a
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kgroundstriking 
onne
tion between the Q-value and the half-life of the nu
leus that was dis-
overed in 1911 by Geiger and Nuttall. Geiger and Nuttall dis
overed that α emitterswith large de
ay energies had short half-lives and vi
e versa. For example a fa
tor oftwo in energy 
orresponds to a fa
tor of 1024 in half-life.The α-parti
le emission 
an be treated as a barrier penetration problem. The one-body model of α de
ay assumes a preformed α parti
le 
on�ned inside the nu
leus bythe Coulomb barrier. In this theory the α parti
le is assumed to move in a potentialwell, determined by the daughter nu
leus. The α parti
le vibrates inside the nu
leushitting the Coulomb barrier, 
lassi
ally the α parti
le 
annot es
ape from the nu
leusunless the energy of the parti
le is higher than the potential well where the parti
leis 
on�ned in. The Coulomb barrier height at the distan
e of Ri, the surfa
e of thenu
leus or the inner radius of the potential, 
an be de�ned as
BC =

1

4πǫ0

zZ ′e2

Ri

, (2.9)where z is the 
harge of the α parti
le, Z' is the proton number of the daughternu
leus and e is the unit 
harge.Classi
ally, an α parti
le 
annot es
ape from the nu
leus but in quantum me
hani
sthere is a �nite probability that the α parti
le 
an penetrate, or "tunnel", throughthe barrier and es
ape from the nu
leus [Gur29℄, [Gam28℄. The α parti
le vibrates ina 
ertain energy state inside the nu
leus hitting the Coulomb barrier. At this level theCoulomb barrier depth is determined by the inner and outer radii of the barrier.The α-de
ay 
onstant 
an be written as a produ
t of the frequen
y of 
ollisions withthe barrier, or "kno
king frequen
y" f, and the barrier penetration probability P, as
λ =

(

vα

2Ri

)

P = fP , (2.10)where λ is the de
ay 
onstant, vα is the velo
ity of the α-parti
le and Ri is the innerradius of the Coulomb potential. When a typi
al potential well depth of 35 MeV is
onsidered and the Q-value is 5 MeV the kno
king frequen
y is of the order of 1021Hz.The barrier penetration probability P 
an be written as
P = e−2G , (2.11)
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ay modes 11where the Gamow fa
tor G is
G =

√

2m

~2

∫ Ro

Ri

[V (r) − Q]1/2 dr =

√

2m

~2Q

zZ
′

e2

4πǫ0

[

arccos
√

x −
√

x(1 − x)
]

, (2.12)where x = Q/B. Here Q is the Q value of the α de
ay pro
ess and m is the massof the α parti
le. Ri and Ro are the inner and outer radius of the Coulomb barrier,respe
tively.One of the main features in α de
ay is that a given initial state 
an populate di�erent�nal states in the daughter nu
leus. This property is known as �ne stru
ture of αde
ay. Similarly, in the mother nu
leus there 
an be di�erent states where the αde
ay 
an originate from. Thus, α-de
ay spe
tros
opy is a sensitive probe of nu
learstru
ture.Spe
tros
opi
 toolsIn α de
ay the α parti
le has to penetrate through the total barrier whi
h is 
omposedof the Coulomb and the angular momentum barriers. The spin of the α parti
le iszero and thus the total angular momentum 
arried away by the α parti
le is purelyorbital in 
hara
ter. If the spin of the �nal state (If ) is di�erent from the the spin ofthe initial state (Ii), the α parti
le must 
arry this di�eren
e in angular momentum.The allowed angular momentum l 
arried by the α parti
le is limited to the range
| Ii−If |≤l≤ (Ii + If ). The parity follows the rule (-1)l . If the initial and �nal paritiesare the same then l must be even and if the parities are di�erent then l must beodd. The addition of the 
entrifugal barrier 
an add a signi�
ant portion to the totalbarrier thus hindering the de
ay pro
ess and prolonging the half-life signi�
antly.The previous models assume a preformed α parti
le inside the nu
leus. The preforma-tion of α parti
le is dependent on the nu
lear stru
ture. The preformation probabilitymay result in a redu
tion in the α-de
ay probability. More 
ommonly the preforma-tion probability is referred to as the redu
ed α-de
ay width, or simply the redu
edwidth. In the late 1950's J.O. Rasmussen de�ned the redu
ed α-de
ay width (δ2)using the de
ay 
onstant and barrier penetration fa
tor. The Rasmussen method sim-pli�ed the 
al
ulation of the redu
ed α-de
ay width. The method be
ame popular andwidely used as a spe
tros
opi
 tool in the α de
ay studies. The redu
ed width de�neda

ording to the Rasmussen method is given by

δ2 =
λexp h

P
[eV], (2.13)
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kgroundwhere λexp is the experimental de
ay 
onstant, h is the Plan
k's 
onstant and P thebarrier penetration fa
tor. The δ2 values 
al
ulated with the Rasmussen method arenormally around 40 keV or greater for a favoured de
ay and around 1 keV for ahindered α de
ay.A widely used spe
tros
opi
 tool is the 
on
ept of hindran
e fa
tor (HF) whi
h 
anbe de�ned as
HF =

δ2
even−even

δ2
expwhere δ2

even−even is the redu
ed width of the 
losest even-even nu
leus representingthe general nu
lear stru
ture in that parti
ular region of nu
lear 
hart and δ2
exp is theredu
ed width of the nu
leus of interest.An alternative way to 
al
ulate the hindran
e fa
tor is

HF =
Tmeas

1/2

TRasm
1/2

, (2.14)where Tmeas
1/2 is the measured half-life and TRasm

1/2 is the Rasmussen half-life.This alternative method 
al
ulates the hindran
e fa
tor using the half-lives instead ofredu
ed widths. The Tmeas
1/2 is the measured half-life and TRasm

1/2 is the half-life relativeto the unhindered de
ay of 212Po [Ras59℄. In a one-body model the 212Po is an idealexample where the α parti
le is vibrating in a spheri
al region formed by the doublymagi
 208Pb nu
leus.The Rasmussen method is an approximate method to determine spins and parities ofdi�erent states. A hindran
e fa
tor less than 4 implies a favored α de
ay among statesof equal spin, parity and 
on�guration [Nu
75℄. The hindered transitions usually havehindran
e fa
tors from few tens up to hundreds of thousands of units. There is noupper limit for hindran
e fa
tor but if the transition is very hindered other 
ompetingde
ay pro
esses are more likely to o

ur.The Rasmussen method is an approximate method and it does not take into a

ountany stru
tural 
hanges between initial and �nal states. Thus the Rasmussen methodis only used in de
ay studies where α de
ay is the only viable method to obtain anynu
lear stru
ture information.



2.3 Di�erent de
ay modes 132.3.3 Spontaneous �ssionThe energeti
 preferen
e for nu
lei to �ssion 
an be understood from the bindingenergy per nu
leon. A heavy nu
leus in the uranium region has a binding energy of7.6 MeV/nu
leon, if the nu
leus is divided into two equal fragments with A≈119 thebinding energy per nu
leon would be 8.5 MeV/nu
leon. A full range of approximately800 di�erent fragment nu
lei may be formed in �ssion de
ay with ea
h fragmentbeing very neutron ri
h. A pe
uliarity of low-energy �ssion, thermal neutron indu
edor spontaneous �ssion, is the asymmetry of the mass division. In the lighter a
tinidesfrom thorium to einsteinium, nu
lei disintegrate asymmetri
ally into a heavier and alighter fragment. For example, in a �ssioning nu
leus su
h as 236U, a typi
al ratio ofheavy/light fragment mass numbers is 140/96. The mass A=132 is singled out due tothe extra stability of the 132Sn nu
leus with a magi
 Z=50 proton number and with amagi
 N=82 neutron number. The shell-stabilization of 132Sn is understood to be oneof the roots for the preferen
e of asymmetri
 mass splits in the a
tinides. Similarly,in the light mass group one may anti
ipate the in�uen
e of the magi
 proton numberZ=28 (Ni) and the magi
 neutron number N=50.In a spontaneous �ssion pro
ess the �ssion fragments are "hot" and they 
ool down byevaporating neutrons. For example in the spontaneous �ssion of 252Cf on the average3.77 neutrons are evaporated.The �ssion pro
ess itself 
an be treated as a barrier penetration problem where the�ssion fragments have to penetrate through the �ssion barrier. The fragments lie in amean-�eld potential, the �ssion de
ay is analogous to the α de
ay with the di�eren
ein parti
le mass and energy.The two fragments are pushed away by Coulomb repulsion and a ne
k region is formedbetween the fragments. As the Coulomb repulsion gets stronger the fragments arepushed apart and the ne
k region 
ollapses. The fragments share the �ssion energya

ording to their masses as kineti
 energy and the angle between the fragments isdetermined by 
onservation of momentum. Usually the fragments are eje
ted in 180◦angle in respe
t to ea
h other. This holds true if the nu
leus is s
issioned into two�ssion fragments. In some rare 
ases the ne
k region may form ternary or quarternary�ssion fragments. In these 
ases the �ssion energy is divided between three or fourfragments 
ausing deviation in the fragments relative emission angles. Figure 2.2 showsa s
hemati
 drawing of a spontaneous �ssion pro
ess.The energy release in �ssion is mu
h higher than in other forms of radioa
tive de
ays,of the order of 200 MeV. The total kineti
 energy release (TKE) is a measure ofthe �ssion energy. It has been found that the �ssion energy 
an be des
ribed by asimple model based on Coulomb repulsion between prolate spheroids. Su
h a modelpredi
ts that the most probable total kineti
 energy release 〈EK〉 depends linearly on
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Figure 2.2: S
hemati
 drawing of a spontaneous �ssion pro
ess.the Coulomb parameter Z 2/A1/3 of the �ssioning nu
leus [Vio85℄. This is also knownas the Viola systemati
s whi
h 
an be written as
〈EK〉 = 0.1189

Z2

A1/3
+ 7.3MeV . (2.15)A single �ssion event has a well-determined energy but for a large group of �ssionevents an energy distribution is formed. This is due to the fa
t that �ssion fragmentshave a mass distribution instead of the nu
leus always s
issioning into the same par-ti
les.2.3.4 Beta de
ayThe β de
ay is a weak intera
tion pro
ess. There are three di�erent de
ay paths whi
hthe β de
ay 
an pro
eed through: β+ de
ay, β− de
ay and ele
tron 
apture. In β+de
ay a proton is 
onverted into a neutron, in β− de
ay a neutron is 
onverted into aproton and in ele
tron 
apture (ǫ) an orbital ele
tron is 
aptured by a proton in thenu
leus. These de
ay pro
esses are are des
ribed below.

n → p + e− + ν negative beta decay (β−)

p → n + e+ + ν positive beta decay (β+)
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p + e− → n + ν orbital electron capture (ǫ)In a nu
leus, β de
ay 
hanges both Z and N by one unit so that the mass number A ofthe nu
leus remains 
onstant. In the de
ay pro
ess one ele
tron or positron and oneneutrino or antineutrino are 
reated. The neutrino is an ele
tri
ally neutral parti
lewith a spin of 1

2
. The emission of a neutrino and an ele
tron results in a 
ontinuousele
tron energy spe
trum where the de
ay energy is divided between the neutrino andthe ele
tron. The maximum energy of the ele
tron 
orresponds to the energy of thetransition in the nu
leus.Beta de
ay is the most 
ommon de
ay mode among the di�erent isotopes. The β−de
ay o

urs in neutron-ri
h nu
lei while the β+ de
ay and the ele
tron 
apture arede
ay pro
esses of proton-ri
h nu
lei. The β de
ay di�ers from the α de
ay signi�-
antly. The β parti
le and the neutrino are not preformed but have to be 
reated inthe de
ay pro
ess and in β− de
ay there is no barrier to be penetrate. Even in β+de
ay the exponential fa
tor in the barrier penetration fa
tor is of the order of unity[Kra88℄.2.3.5 Nu
lear ex
itationsThe times
ale of nu
lear phenomena has an enormous range. The shortest lived nu
leibreak apart in 10−21 s. Many nu
lear rea
tions take pla
e in this time s
ale whi
his roughly the length of time whi
h the rea
ting nu
lei are in range of ea
h other'snu
lear for
e. Ele
tromagneti
 de
ays of nu
lei o

ur with lifetimes of 10−15 s andeven up to years.The fundamental ex
itations of atomi
 nu
lei fall into two 
lasses; single parti
le ex
i-tations in whi
h individual nu
leons 
hange orbits and 
olle
tive ex
itations involvingthe 
oherent motion of many nu
leons. The latter 
an be pi
tured as rotations andvibrations of the nu
leus. Several di�erent types of vibrational ex
itations have beendis
overed but the nature of the vibrational ex
itations is not well understoodA fundamental issue for any many-body system of strongly-intera
ting fermions isthe interplay of 
olle
tive and single-parti
le degrees of freedom. Colle
tive vibra-tional (phonon) modes are 
onstru
ted from ex
itations of nu
leons from one orbit toanother. Ea
h type of phonon will be di�erent in stru
ture depending on the 
hara
ter-isti
 orbits involved and will evolve di�erently in energy and ex
itation strength withneutron and proton number. But the Pauli Prin
iple limits the number of fermions ina given orbit. In nu
lear states 
onsisting of superpositions of many phonons, thereis a 
ontinuous struggle between the Pauli Prin
iple and the survival of 
olle
tivityin these states. This strikes at the heart of the issue of understanding the 
oherentmotion of nu
leons in the nu
leus.
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kgroundBy studying the γ radiation emitted by the nu
leus stru
tural information aboutdi�erent nu
lear ex
itations 
an be obtained. For example, indi
ations of vibrationalstates in 252No (detailed in Chapter 6) were observed in addition to the rotationalground state band.



3 Experimental devi
es & methodsIn order to a
quire a broad experimental knowledge of exoti
 nu
lear properties di�er-ent experimental te
hniques must be employed. The exoti
 nu
lei 
an be synthesizedin a fusion evaporation rea
tion by bombarding a target with proje
tile ions. The�ux of the beam is enormous 
ompared to the �ux of synthesized nu
lei. The nu
leiof interest have to be isolated from the large ba
kground of the unwanted nu
lei inorder to study the radiation whi
h they emit and thus get stru
ture information. Theexperimental te
hniques together with an advan
ed data a
quisition system allow usto separate "the needle from a haysta
k".3.1 The RITU separatorThe RITU (Re
oil Ion Transport Unit) separator is designed to separate fusion re-
oils from the beam parti
les, prompt �ssion and transfer produ
ts [Lei95℄. RITU is agas-�lled separator with QDQQ 
on�guration where Q stands for quadrupole magnetand D for dipole magnet. RITU was designed for the study of heavy elements withmaximum dipole magneti
 �eld of 1.2 T. The separator is �lled with dilute heliumgas, normally at 0.5-1.0 mbar pressure. Following formation at the target position,the nu
lei of interest re
oil into the �rst quadrupole magnet. The �rst quadrupolemagnet is verti
ally fo
using and mat
hes the re
oil 
one to the a

eptan
e of theRITU dipole 
hamber. The dipole magnet separates fusion produ
ts from the pri-mary beam a

ording to their magneti
 rigidities. The fusion produ
ts re
oil throughthe dipole 
hamber into the �nal set of quadrupole magnets where they are fo
usedand implanted into an implantation dete
tor lo
ated at the magneti
 fo
al point. As
hemati
 drawing of RITU 
an be seen in �gure 3.1.The original proje
tiles, or beam parti
les, are bent in a magneti
 �eld to a traje
-tory with a smaller radius of 
urvature than the evaporation residues and eventuallydumped into a beam stopper made of tantalum. The traje
tory of the evaporationresidues 
an be 
al
ulated and thus the magneti
 �eld 
an be tuned in ea
h 
ase.In the 
ase of lighter mass regions, where more symmetri
 rea
tions with beam andproje
tile mass of A≈40-50 are used, RITU has di�
ulties in separating the beamfrom the fusion produ
ts. 17
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Figure 3.1: S
hemati
 view of the RITU gas-�lled separator.3.1.1 Working prin
ipleThe working prin
iple of RITU relies heavily on understanding the me
hanism ofseparation of ions in a magneti
 �eld. Soon after the dis
overy of �ssion there was aneed to develop a theory 
on
erning heavy ions moving with high velo
ity in a gaseousmedium. The following separation method was �rst developed by Cohen and Fulmerin 1958 for �ssion produ
ts [Coh58℄.Like �ssion fragments, fusion produ
ts inside the target are formed with high velo
ityand a variety of high 
harge states. When entering RITU the ions are in 20-30 di�erent
harge states. In a magneti
 �eld the radii of 
urvature of the ions are determined bytheir momentum and 
harge. In va
uum this would mean 20-30 di�erent traje
torieseven for 
onstant momentum. Fo
using of su
h a large number of traje
tories into asmall spot at the fo
al plane is virtually impossible. The transmission 
an be improvedby �lling RITU with dilute helium. In helium the di�erent 
harge states are "fo
used"to an average 
harge state. The fusion re
oils 
lose to the average 
harge 
an befo
used into to the fo
al plane of RITU. In va
uum separators an additional 
arbonre
harging foil is used to redu
e the number of di�erent 
harge states thus improvingthe transmission.The RITU separator is �lled with dilute helium gas, normally under 0.5-1 mbar pres-sure. In dilute helium the 
ollisions between re
oiling nu
lei and the gas atoms 
on-tinuously 
hange the 
harge state of the re
oils thus making 
harge �u
tuate aroundan average 
harge state. The traje
tory of ea
h parti
le is determined by its average
harge state q. This average 
harge is found to be independent of the initial 
hargedistribution and roughly proportional to the velo
ity of the parti
les. The me
hanismresults in 
harge and velo
ity fo
using so that a gas-�lled separator a
ts as a massseparator. The RITU transmission is dependent on the target and proje
tile. The



3.2 The 1999 setup and JUROSPHERE II 19transmission of fusion produ
ts formed with heavy beams and heavy targets 
an beas high as approximately 40 %. For slower re
oils, for the 
ombination of a light beam(A≈20-30) and a heavy target (A>200), the transmission drops and 
an be as low as10 %.3.2 The 1999 setup and JUROSPHERE IIAt the time of the experiment des
ribed in Chapter 6, the JUROSPHERE II dete
torarray was mounted at the target area of RITU to dete
t prompt γ rays. This 
an beseen in �gure 3.2. The JUROSPHERE II array 
onsisted of 27 Compton suppressedHPGe dete
tors (15 Eurogam Phase I, 5 Nordball and 7 Tessa) with a total photopeake�
ien
y of 1.7 % at 1.3 MeV [Bea92℄, [Her85℄, [Nol85℄.

Figure 3.2: RITU 
oupled with JUROSPHERE II array.The re
oiling ions were implanted in a fo
al plane dete
tor setup 
omprising a Passi-vated Implanted Planar Sili
on (PIPS) dete
tor and a multiwire proportional 
ounter(MWPC). The PIPS-type sili
on dete
tor has 16 individual strips. This dete
tor wasused to 
olle
t energy and position signals from fusion implants and de
ay produ
ts.The MWPC was pla
ed 10 
m upstream from the main dete
tor and it was used tomeasure the energy loss of the ion (∆E). A time-to-amplitude 
onverter (TAC) unitwas pla
ed between the PIPS and the MWPC to measure the Time-Of-Flight (TOF)of the fusion produ
ts. The PIPS had a lower 
ounting rate thus the start signal forthe TOF measurement was taken from the PIPS. The stop signal for the TOF mea-surement was taken from the MWPC signal whi
h was delayed. The whole systemhad one master trigger whi
h was a high energy signal from the PIPS dete
tor. If
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es & methodstriggered, all the dete
tors were read simultaneously. Thus all the signals 
olle
tedwithin a 
ertain time window after the trigger signal are 
onsidered to belong to thatparti
ular event whi
h triggered the master trigger. Figure 3.3 shows a blo
k 
hart ofthe JUROSPHERE II ele
troni
s.3.2.1 The fo
al plane dete
tor systemThe PIPS dete
tor was used to measure the implantation of the fusion produ
ts andthe subsequent de
ay (α or �ssion) energy of the implanted nu
lei. The dete
tor was305 µm thi
k and measured 80×35 mm2 and 
onsisted of sixteen 5 mm wide individualstrips. Ea
h strip was position-sensitive with a boron implanted resistive layer. Theverti
al position resolution was typi
ally around 700 µm (the full width of the positionwindow).Top and bottom signals were taken from ea
h strip. The signal was divided to eitherthe high or low ampli�
ation 
hannel depending on the dete
ted energy. This alloweddi�erent ampli�
ations for low energy α de
ays and high energy re
oils. The twoampli�
ation 
hannels overlapped and high energy α de
ays 
ould be seen in there
oil side also. In addition, there were sum ampli�ers on either ampli�
ation 
hannelwhi
h took the sum of the top and bottom signals indi
ating the total energy. Thesignal from the sum ampli�er saturated before the individual top and bottom signalssaturated. This is a problem when measuring energeti
 �ssion de
ays. This 
ould bepartly avoided if a new sum energy signal was 
reated by summing the individualtop and bottom signals in the o�ine analysis. The time limit for the fo
al planemeasurements was set by the �ight time of the fusion produ
ts through RITU andthe ele
troni
s dead time. The �ight time of the fusion produ
ts was approximately500 ns and the ele
troni
s dead time was some tens of mi
rose
onds. A blo
k diagramof the the PIPS ele
troni
s is shown in Figure 3.4.3.3 RITU upgradesRITU went through a series of upgrades during the years of 2000-2002. These upgradesimproved the suppression of the s
attered beam parti
les and the target-like produ
ts.The improvements a�e
ted the whole energy region but the most signi�
ant redu
tionin ba
kground was in the low-energy part of the re
oil spe
trum. The quality of thelow-energy α spe
trum was also improved by the se
ond MWPC and two quadrantdete
tors behind the PIPS dete
tor. Ea
h quadrant dete
tor was a sili
on dete
tor ofthi
kness 450 µm and of area 60×60 mm2. The quadrant dete
tors were used to vetohigh energy α parti
les and protons that pun
hed through the main PIPS dete
tor.
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susedinRITUandJUROSPHEREIIsetup
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Figure 3.4: A blo
k 
hart of the main stop dete
tor (PIPS dete
tor) ele
troni
s. In the �g-ure LA=linear ampli�er, PA=preampli�er, TFA=timing �lter ampli�er, SUM=sum ampli�er,CFD=
onstant fra
tion dis
riminator, GDG=gate and delay generator, PT=pattern trigger andMP=multiplexer.3.3.1 The se
ond fo
al plane setupThe �rst improvement to the RITU fo
al plane dete
tor system was the in
lusion of anew gas-
ounter system [Ket01℄. The old MWPC was repla
ed by two new MWPCswhere the �rst MWPC was pla
ed only 1.5 
m from the PIPS dete
tor. The se
ondMWPC was pla
ed 30 
m upstream allowing better dis
rimination of beam and re
oilsin the TOF spe
trum 
ompared with the pre
eding system. The MWPCs had a 20
µm thi
k wiring with 1 mm pit
h. The wire was made of tungsten 
oated with gold.The �lling gas in the MWPCs was isobutane at 3 mbar pressure. The system wasisolated from the va
uum with 0.9 µm thi
k mylar windows. The TOF measurementwas made between the two gas 
ounters. The required start signal was taken fromthe �rst MWPC, 
losest to the PIPS dete
tor, and the stop signal was taken fromthe se
ond MWPC. The signal from the se
ond MWPC was delayed with a delay
ir
uit. The se
ond MWPC was also used to veto es
aped α parti
les thus redu
ingthe ba
kground in the low energy part of the α spe
trum. Two quadrant dete
torswere pla
ed behind the main dete
tor to a
t as a veto for pun
h through α parti
lesand energeti
 protons. The main dete
tor of this system was a PIPS dete
tor as inthe previous system.
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Figure 3.5: A wireframe view of the new fo
al plane setup. The new gas 
ounter (MWPC) systemsare visible along with a partial view of the PIPS dete
tor.Figure 3.6 shows a blo
k 
hart of the gas 
ounter ele
troni
s.

Figure 3.6: A blo
k 
hart of the MWPC ele
troni
s. In the �gure PA=preampli�er, LA=linear am-pli�er, TFA=timing �lter ampli�er, CFD=
onstant fra
tion dis
riminator, TAC=time to amplitude
onverter.
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es & methods3.3.2 The di�erential pumping system and the new dipole
hamberThe di�erential pumping system was installed together with the new dipole 
hamberin O
tober 2001. The upgrade was important sin
e it redu
ed the ba
kground froms
attered beam parti
les signi�
antly. The beam dump was moved further away fromthe dipole magnet whi
h redu
ed the amount of s
attered beam rea
hing the fo
alplane. The new beam dump was modi�ed to �t into the new 
hamber. The retra
tablebeam delimiter was repla
ed with a new one. Figure 3.7 shows the improvements madeto the dipole 
hamber.
Dipole magnet

Q

New dipole chamber and beam stop

Old dipole chamber and beam stop

Retractable aluminum beam delimiter

Figure 3.7: Comparison of new and old RITU dipole 
hambers.The di�erential pumping system repla
ed the 
arbon and ni
kel foils whi
h were usedas a gas window. The gas window was a limiting fa
tor in experiments where veryhigh beam intensities were used. The di�erential pumping redu
ed the s
attering andenergy straggling of the primary beam. A well-de�ned primary beam energy allows amore e�
ient produ
tion of the desired fusion produ
ts. The gas window also in
reasedthe ba
kground 
ounting rate of the HPGe dete
tors at the target area. The redu
tionof the s
attering was seen at the fo
al plane where less s
attered light parti
les weredete
ted.The di�erential pumping system 
onsists of a Roots pump station and a turbomole
-ular pump station. The Roots pump station has a 1020 m3/h Roots pump whi
h isprepumped with a two-stage rotating vane pumps. The Roots pump operates with agreat volume �ow thus eva
uating most of the helium out of the system. Although theRoots is pumping most of the helium away it does not have the 
apability to rea
hpressures of the order of 10−5 mbar. The turbomole
ular pump is lo
ated right next
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trometer and TDR data a
quisition system 25to the Roots station. With the turbo station 10−5...−7 mbar pressures in the beam line
an be a
hieved. The 
ollimators are needed to redu
e the volume �ow of helium andmaintain the required helium pressure inside RITU. Figure 3.8 shows a �ow 
hart ofthe di�erential pumping system.
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Figure 3.8: Flow 
hart of the di�erential pumping system3.4 The GREAT spe
trometer and TDR data a
qui-sition systemThe GREAT (GammaRe
oil Ele
tron Alpha Tagging) fo
al plane spe
trometer [Pag03℄and its asso
iated Total Data Readout (TDR) [Laz01℄ data a
quisition system wereinstalled and 
ombined with RITU in November 2002. The GREAT spe
trometer re-pla
ed the se
ond fo
al plane dete
tor setup des
ribed in 
hapter 3.3.1. At the sametime the data a
quisition ele
troni
s were repla
ed by TDR. The most signi�
ant fea-ture of the TDR data a
quisition system is that it does not 
ontain a hardware trigger.The heart of the TDR system is the 100 MHz 
lo
k, or metronome, where every eventis time stamped. The time stamped data is eventually fed to event builder whi
h
onstru
ts the events. Figure 3.9 shows a blo
k diagram of the TDR data a
quisitionsystem.The GREAT spe
trometer is 
omposed of two Double-sided Sili
on Strip Dete
tors(DSSD), 28 PIN diodes, a planar High Purity Germanium (HPGe) strip dete
tor, aClover dete
tor lo
ated outside the va
uum 
hamber and an MWPC. The DSSD a
tsas a main stop dete
tor where fusion produ
ts are implanted. The DSSD also a
ts as
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MWPC PIN diodes DSSDs
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Figure 3.9: S
hemati
 diagram of TDR system's ele
troni
s and data a
quisition. Figure adaptedfrom [Laz01℄.a start dete
tor for Time-Of-Flight measurement between the DSSD and the MWPC.PIN diodes are pla
ed in a box geometry around the DSSD pair to measure 
onversionele
trons and es
ape α parti
les. A planar HPGe dete
tor is lo
ated behind the DSSDpair to measure X-rays and low energy γ rays. The Clover dete
tor is lo
ated outsidethe va
uum 
hamber above the DSSD pair. The Clover is used to measure delayed
γ-rays. The MWPC is pla
ed 40 
m upstream from the DSSD pair. Figure 3.10 showsa wireframe drawing of the GREAT setup. The quadrant dete
tors are not shown in�gure 3.10 but the dete
tors 
an be installed as an add-on feature whenever needed.Although the fo
al plane germanium dete
tors play an important role in many exper-iments and are 
ru
ial in the study of isomers, here only the DSSDs, PIN diodes andMWPC are dis
ussed. The planar HPGe dete
tor and the Clover dete
tor were notin
luded in any of the experiments dis
ussed in this thesis.Ea
h DSSD is 300 µm thi
k and 60×40 mm2 in size 
onsisting of 60 individual stripsin x-dire
tion and 40 individual strips in y-dire
tion. Thus one pixel measure approx-imately 1×1 mm2 in size. The two dete
tors are adja
ent to ea
h other with only asmall gap between them allowing majority of the Gaussian-like re
oil distribution to
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PIN diode box

Clover

DSSDs

PlanarFigure 3.10: A wireframe drawing of the GREAT fo
al plane dete
tor setup ex
luding the MWPC.be 
olle
ted. The energy signals from the strips are read out with a hybrid preampli�ermounted on a motherboard whi
h is dire
tly 
onne
ted to the DSSD. The DSSD andPIN dete
tors and the DSSD preampli�ers are mounted on a 
ustom made 
oolingblo
k whi
h is 
ooled with 
ir
ulating al
ohol. The normal operating temperature isaround -15 ◦C. Figure 3.11 shows a blo
k diagram of the DSSD dete
tor ele
troni
s.
X-strips (total 60)

Y-strips
(total 40)

PA

PA

LA

LA

TDR

Vacuum chamber

DSSD

Figure 3.11: A blo
k diagram of the DSSD dete
tor ele
troni
s. In �gure PA=pre-ampli�er andLA=linear ampli�er.A distin
tive feature of GREAT is the array of 28 PIN photodiode dete
tors to measure
onversion ele
trons and es
ape α-parti
les. Ea
h PIN diode measures 28×28×0.5mm3.An implanted nu
leus inside the DSSD 
an emit 
onversion ele
trons whi
h will es
apethe DSSD dete
tor sin
e the thi
kness of the DSSD is not su�
ient to stop 
onversionele
trons from es
aping. Similarly, the range of α parti
les in sili
on is around 50-60
µm while the range of signi�
antly heavier fusion re
oils is only around 10 µm. Theimplantation depth of fusion produ
ts is not enough to stop α parti
les emitted ba
k-wards. Only 55 % of the α de
ays are dete
ted with a full energy and 45 % of the αparti
les es
ape from the DSSD. The PIN diode array is pla
ed upstream in respe
t
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es & methodsto DSSD. The PIN diode array is 
onne
ted to the same 
ooling blo
k as the DSSDpair.The purpose of the MWPC is to dete
t and distinguish fusion re
oils from the s
atteredbeam and transfer produ
ts by the energy loss and time-of-�ight. The MWPC is wiredin X- and Y dire
tion with 50 µm thi
k tungsten wire 
oated with gold with a 1 mmpit
h. The MWPC is �lled with isobutane gas at approximately 3.5 mbar pressureand the 
entral 
athode is biased with -470 V. The windows on either side of theMWPC are made of 0.9 µm thi
k mylar foil. The 
entral 
athode is made of 0.9 µmthi
k aluminized mylar foil where the aluminum 
oating is on both sides. Figure 3.12shows a 
ross se
tion of the GREAT spe
trometer MWPC.
C YX WW

Beam

- 470 V

C H   at 3.5mbar4 10

Figure 3.12: S
hemati
 drawing of the 
ross se
tion of the MWPC. In the �gure W= 0.9 µm mylarwindow, C= 0.9 µm aluminized mylar 
athode, X= wiring to measure parti
les in X- dire
tion, Y=wiring to measure parti
les in Y-dire
tion.3.5 Calibration of the dete
torsThe whole data analysis relies on the a

ura
y of the 
alibration. The dete
tor systemsmeasure only ele
tri
al signals and without a referen
e they have no signi�
an
e.All the dete
tors have to be 
alibrated to mat
h the energy region of the 
urrentmeasurement. The dete
tors have to be 
alibrated with a radioa
tive sour
e withknown α or γ-de
ay energies.3.5.1 Sour
e 
alibrationThe sour
es used for the 
alibration of the main implantation dete
tor 
ontain isotopeswith long half-lives like 239Pu, 241Am and 244Cm. These isotopes are synthesized in



3.6 Data analysis 29nu
lear rea
tors in neutron 
apture pro
esses. The α-de
ay energies of these nu
leiare well known but sin
e they have relatively long half-lives the α-parti
le energy isvery low from 5.1 MeV to 5.8 MeV. This 
alibration is less reliable for the studiednu
lei in whi
h an α-parti
le energy is normally a few MeV higher than the energyof the 
alibration peaks. In sour
e 
alibration some of the α-parti
le energy is lost inthe dead layer of the dete
tor thus introdu
ing an additional error to the 
alibration.In addition, in experiment the Q-value of the de
ay is measured instead of the energyof α parti
le. Thus the sour
e 
alibration does not take into a

ount the e�e
t of there
oil.The γ-ray dete
tors are 
alibrated with a γ emitting sour
e. The γ-ray dete
tors are
alibrated in energy and e�
ien
y. Standard 
alibration sour
es 
ontain isotopes of
60Co, 152Eu and 133Ba for energy 
alibration [Trz90℄.3.5.2 Internal 
alibrationThe un
ertainties introdu
ed in the sour
e 
alibration of the implantation dete
tor
an be minimized with an additional internal 
alibration. The internal 
alibrationuses the known α de
ays of fusion produ
ts that are implanted into the dete
tor. Thea
tual beam is used to bombard a target whi
h produ
es fusion re
oils with high 
rossse
tions. The de
ay energy of the fusion re
oils is 
lose to or at the α-de
ay energyrange of the studied nu
leus. The internal 
alibration measures the rea
tion Q-valueinstead of α-parti
le energy. This type of 
alibration is similar to the real situation andit eliminates the e�e
t of the dete
tor dead layer and the pulse height defe
t providedthat the mass of the re
oil in the 
alibration and in the experiment are reasonablysimilar. The 
alibration obtained is a

urate and reliable. The problem asso
iated withinternal 
alibration is that the 
ross se
tions of the desired 
alibration nu
lei might below thus the 
alibration 
onsumes valuable beam time. Also the �nding of the rightbeam and target 
ombination to produ
e isotopes with suitable de
ay properties insome 
ases may be di�
ult.3.6 Data analysisIn data analysis the methods of re
oil gating and re
oil-de
ay tagging (RDT) wereused to obtain 
lean γ-ray spe
tra [Pau95℄ [Sim86℄. In re
oil-de
ay tagging three stagesof data 
olle
tion 
an be de�ned; �rst the dete
tion of prompt γ-rays at the targetposition, se
ond the dete
tion of the re
oiling fusion produ
t at the fo
al plane andthird the dete
tion of the subsequent radioa
tive de
ays or ele
tromagneti
 radiation.The data from these three stages will be re
onstru
ted o�ine with the help of 
om-
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es & methodsputers to 
reate the whole event 
hain. The o�ine analysis method is known as the
orrelation method where ea
h event is related the to following event(s). The required
orrelations 
an be a 
ertain time, position or energy window or a 
ombination ofdi�erent windows.The de
ay lifetime is one of the key parameters when 
orrelating implanted re
oilevents with their subsequent de
ays, in this work α or �ssion. The lifetime information
an be turned into half-lives whi
h is a key element in nu
lear physi
s. The dataa
quisition system re
ords time information on all the dete
ted events. The lifetimeof, for example an α-de
ay event is determined as the time di�eren
e between theentry of the re
oil and the a
tual α de
ay.The random ba
kground from s
attered beam parti
les 
an pass the same gates as setfor α-de
ay thus interfering with the lifetime measurements of the real events. Thehalf-life of an α de
ay 
an be determined from the de
ay 
urve. When random ba
k-ground from s
attered beam is present two 
omponents 
an be seen in this plot; onefrom the real events and one from random ba
kground from s
attered beam parti
les.In order to obtain the half-life of the de
aying nu
leus the random ba
kground hasto be a

ounted for. The ba
kground events obey a similar exponential de
ay law asthe real events and thus the ba
kground events have an apparent half-life. Usuallythe half-life of the ba
kground events is signi�
antly longer than the half-life of realevents. The ba
kground half-life 
an be separated from the real data by doing a two
omponent �t with a very long sear
h time. The sear
h time has to be long so thatno real events are present towards the end of the sear
h time. This 
an mean sear
htimes up to 100 or even 1000 times the half-life of the real events [Lei81℄.3.6.1 Sorting the dataIn order to analyze the experimental data a suitable program had to be written toperform de
ay 
orrelations. The data a
quisition system during the 252No and 255Dbexperiments used the old VME based TARDIS system. The sort 
ode was written inthe C-programming language to perform 
orrelation analysis. The system output �leswere in ASCII-format and the detailed analysis had to be done with separate tools.Some earlier experiments were reanalyzed in order to ben
hmark the 
ode.The 
urrent data a
quisition system is the Total Data Readout- system. The GRAINpa
kage was designed to analyze the TDR data [Rah05℄. The GRAIN pa
kage is
oded with Java whi
h allows it to run on every platform. The GRAIN pa
kage worksas a standard method to sort online and o�ine data from JUROGAM and RITUexperiments. The data from the 218U experiment were analyzed with the GRAINpa
kage. GRAIN gives the advantage of being able to perform 
orrelations online.



3.6 Data analysis 313.6.2 Error analysisFor reliable analysis of the de
ay properties, error limits must be determined. Erroranalysis also provides a method to determine the statisti
al signi�
an
e of the obtainedresults. In many heavy element studies produ
tion 
ross se
tions are very low. In these
ases the number of interesting events is low and it 
an be questioned whether is areal event or produ
ed by the random ba
kground. In these 
ases the error analysisplays an important role in determining the signi�
an
e of the observed events.Maximum likelihood methodThe �tting of a de
ay 
urve is unreliable and quite often impossible due to low statis-ti
s. The regular methods of data analysis do not apply for low statisti
s 
ases. Thelow statisti
s 
ases require spe
ial analysis tools. One of the most utilized methods toanalyze low statisti
s 
ases is the maximum likelihood method [S
h84℄. With the max-imum likelihood method the de
ay energy and the de
ay half-life 
an be determinedwith reasonable a

ura
y.In this method the α de
ay half-life T1/2 is based on the arithmeti
 mean of theindividual lifetimes. A 
orre
tion to the mean lifetime τ must be added due to the�nite sear
h time T, whi
h 
an be 
al
ulated iteratively from the equation
τ =

1

N

N
∑

n=1

τn +
T

eT/τ − 1
, (3.1)where N is the number of nu
lei and τn is the lifetime of the n'th individual nu
leus[Seg65℄.Making this 
orre
tion 
an be avoided by making the sear
h time T long enoughso that the se
ond term in equation 3.1 approa
hes zero. Usually 7 half-lives is longenough so that all the nu
lei 
an be 
onsidered to have de
ayed. This applies only if the
ounting rate of the dete
tor is low enough and the number of a

idental 
orrelationsis not signi�
ant.The error limits for lifetimes are based on the method presented in Ref. [S
h84℄. Thelower and upper error limits for the lifetime measurement 
an be 
al
ulated for the
ase of N>2 from the equations

τu ≈ τ

1 − z/
√

N
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τl ≈

τ

1 + z/
√

N
, (3.2)where τ is the measured mean lifetime and N is the number of events and the quantityz is determined from the 
hosen 
on�den
e level. If the 68.3 % 
on�den
e level is
hosen, the parameter z is equal to 1. For 
ases with N≤2 the error limits are shownin table 3.1. Table 3.1: The error limits for unit half-life when N≤2.Number of 
ounts lower error limit upper error limit1 0.543 5.792 0.606 2.82The α-parti
le energy 
an be obtained by �tting a Gaussian 
urve into a peak in the

α-de
ay energy spe
trum. The 
entroid of the �t 
orresponds to the α-de
ay energy.This is useful espe
ially in the situation when several α-parti
le de
ay energies are
lose to ea
h other and it is not possible to separate the de
ay energies. Hen
e, amulti-
urve �t has to be performed. If the number of de
ay events is too low to �ta Gaussian in order to determine the de
ay energy, the α-de
ay energy Eα 
an bedetermined as an arithmeti
 mean of the individual α-parti
le energies. In equation3.3, the α-parti
le energy is determined as an arithmeti
 mean
Eα =

1

N

N
∑

n=1

Eαn . (3.3)The error limits for the α-parti
le energy 
an be established from the quadrati
 sumof standard error of the mean and from the energy 
alibration error. Equation 3.4gives the error of α-parti
le energy as
∆E =

√

(

FWHM

2.35 · n

)2

+ ∆E2
cal , (3.4)where n is the number of events, FWHM is the full width at half maximum of the
orresponding α-de
ay peak and ∆E cal is the 
alibration error.In 
ases of only a few events, the FWHM 
an be determined from an α peak 
lose tothe energy of interest. The typi
al FWHM for the GREAT DSSD dete
tors is 25 keVat 8000 keV.



3.6 Data analysis 33The number of a

idental 
orrelationsIn the 
ase of low statisti
s the observed re
oil-�ssion, re
oil-α-α or any de
ay eventsobserved after re
oil implantation 
ould have been produ
ed by random 
orrelationwith ba
kground �u
tuations. Before de
ay 
hains 
an be labelled as real 
hains, orstatisti
ally signi�
ant 
hains, produ
ed by the nu
lei of interest, the number of ob-served de
ay 
hains have to be 
ompared with the number of a

idental 
orrelationsprodu
ed by random events. Simply, the purpose is to "beat the odds". If the 
han
efor a random 
hain is low enough 
ompared to the observed de
ay 
hain, the 
hain
an be 
onsidered as statisti
ally signi�
ant. However, in a low statisti
s 
ase thereis always the danger to 
onfuse a real de
ay 
hain originating from another rea
tion
hannel. In su
h a 
ase the number of a

idental 
orrelations may be very low 
om-pared to the number of observed 
hains, and yet the de
ay 
hain is not a 
orre
tone.The random events obey the Poisson statisti
s. The number of a

idental re
oil-α-α
orrelations 
an be estimated using the equation by S
hmidt [S
h84℄. The equation
an be written as
Nacc =

npixels
∑

i=1

Nevaps(i)
λm(i)λd(i)

λt(i)2
[1 − e−λt(i)∆tm ][1 − e−λt(i)∆td ] , (3.5)where N evaps is the number of evaporation residues, λm(i) is the 
ounting rate of themother α parti
les, λd(i) is the 
ounting rate of the daughter α parti
les, λt(i) is thetotal 
ounting rate (the sum of the average 
ounting rates of evaporation residues,and mother and daughter α parti
le 
ounting rates), ∆tm the sear
h time for mother

α parti
les and ∆td the sear
h time for daughter α parti
les.The probability that the observed number of 
hains would have been produ
ed byrandom 
orrelations 
an be estimated with equation
Perr =

∞
∑

n=Nobs

N n
acc

n!
e−Nacc , (3.6)where P err is the error probability, N obs is the number of observed de
ay 
hains andN acc is the number of a

idental 
orrelations obtained from equation 3.5.
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4 B ρ studiesThe very heavy elements are produ
ed with a 
ross se
tion of the order of pi
obarns oreven femtobarns. In pra
ti
e this means one atom being produ
ed in a day or even onein a year. In order to study these nu
lei one 
annot a�ord to lose even a single 
ount.In the low 
ross se
tion studies with RITU the 
ross se
tions are on the order of fewtens of pi
obarns. In these experiments RITU must be tuned so that the maximumamount of fusion re
oils hit the main dete
tor. Due to the low 
ounting rate of thefusion produ
ts RITU 
annot always be tuned during the experiment. The 
orre
tmagneti
 rigidity of the fusion re
oils must be 
al
ulated beforehand to optimize theimplantation of the evaporation residues. The separation inside the RITU magneti
�eld obeys fairly simple ele
tromagneti
 law, but the equations 
ontain parameterswhi
h are di�
ult to determine. Thus, the 
al
ulation of the 
orre
t magneti
 �eld isdi�
ult.4.1 Theoreti
al ba
kgroundRITU is a gas-�lled magneti
 separator where the ions are separated in-�ight a

ordingto their magneti
 rigidity. As the re
oiling nu
lei �y through RITU they will have aknown mass and a fairly 
onstant velo
ity. The 
harge state of the ions varies aroundan average 
harge state as they �y through RITU. The RITU dipole magnet bendingradius ρ is �xed to 1.85 m. The magneti
 rigidity Bρ of the ion 
an be determined as
B ρ =

mv

q
≈ mv

q
, (4.1)where q denotes the average 
harge state, B the magneti
 �eld, ρ the bending radius,m the mass of the ion and v the velo
ity of the ion.The velo
ity of the re
oil 
an be 
al
ulated simply from the kineti
 energy of thefusion re
oil immediately after fusion. This 
an be approximated with the equation

EER
lab =

mB

mCN

× mER

mCN

× EB
lab (4.2)35



36 Bρ studieswhere Elab is the laboratory energy, B denotes beam, ER denotes evaporation residueand CN denotes the 
ompound nu
leus.Sin
e the velo
ities are well below relativisti
 values, normally ≈ 2 % of the speed oflight, the energy and velo
ity of the ion 
an be related as
E =

1

2
mv2 (4.3)In equation 4.1 the parameters B, ρ, m and v are known or 
an be 
al
ulated fairlyeasily. The unknown in the equation is the average 
harge q. The determination ofthe average 
harge is rather 
omplex 
ontaining many un
ertainties. Right after thetarget re
oiling fusion produ
ts have 20-30 di�erent 
harge states. In va
uum thiswould mean 20-30 di�erent traje
tories when re
oils pass through a magneti
 �eld.RITU is �lled with a dilute helium gas whi
h is used to fo
us the di�erent 
hargestates to an average 
harge state. In gas the 
harge states of the re
oiling nu
lei varyaround an average 
harge q.A

ording to Bohr's stripping 
riterion for an ion moving in a gaseous medium, theion loses those orbital ele
trons whose orbital velo
ity is less than the speed of theion. In the Thomas-Fermi atomi
 model the average 
harge state of the ion, or thenumber of ele
trons whose speed is less than the speed of the moving ion, 
an beapproximated as

q ≈ v

v0
Z1/3 (4.4)Equation 4.4 is valid if the ion velo
ity v satis�es the following 
ondition

1 <
v

v0

< Z2/3 , (4.5)where v0=2.19×106 m/s whi
h is the velo
ity of the 1s ele
tron of hydrogen atom inBohr's atomi
 model. In a typi
al RITU experiment equation 4.5 is well satis�ed.In 1982 Brandt and Kitagawa suggested that Bohr's stripping 
riterion should bemodi�ed to 
onsider the ion's ele
tron velo
ity only relative to the Fermi velo
ity ofthe solid [Bra82℄. The Fermi velo
ity is de�ned as the velo
ity of atomi
 ele
tronsat Fermi level. This modi�
ation to the stopping power theories has turned out tobe quite a

urate. The SRIM 2003 
ode uses the Thomas-Fermi model modi�ed withBrandt and Kitagawa's approximation and is known to 
al
ulate stopping powers withthe a

ura
y of 4.8 % [SRI03℄.



4.1 Theoreti
al ba
kground 37The re
oiling nu
leus is in a very high 
harge state as it exits the target and someof the primary ions 
an even be fully stripped. While re
oiling through the heliumvolume, the 
ollisions between the ion and helium atoms strip ele
trons from heliumatoms transferring them to the moving ion. The degree of ionization is proportionalto the ion velo
ity. An ele
tron is stripped if the velo
ity of the orbital ele
tron issmaller than the velo
ity of the ion. The velo
ity dependen
e of the average 
harge
q 
an be seen from equation 4.4. At the fo
al plane the separated fusion re
oils willhave a Gaussian-like position distribution in the horizontal dire
tion. The width of thedistribution is 
ase sensitive but it is normally several 
entimeters. The total widthof the two GREAT DSSD dete
tors used at the fo
al plane of RITU is 120 mm whilein the earlier system using the PIPS dete
tor the total width was 80 mm.The tails of the position distribution are normally lost sin
e the dete
tor width issmaller than the total size of the image. If the distribution is not well 
entered theredu
tion in transmission 
an be signi�
ant. This has been studied at the DubnaGas-�lled Separator (DGS) whi
h is �lled with hydrogen [Oga01℄. Figure 4.1 showshow broad the fusion produ
t distribution is at the fo
al plane of DGS. The widthof the fusion distribution at the RITU fo
al plane is 
omparable to �gure 4.1. Thewidth of the distribution presented in �gure 4.1 is often referred to as image size. Theillustration of the e�e
t of Bρ to the position of the fo
al point is presented in �gure4.1. This property is often referred to as dispersion.

Figure 4.1: Fo
al plane horizontal distribution of 252No ions 
orresponding to 9 % 
hange in magneti
rigidity in DGS. Figure is adapted from [Oga01℄.



38 Bρ studiesRITU was never designed to use hydrogen as �lling gas. The average 
harge state ofthe fusion re
oils is dependent on the proton number of the gas. Thus use of hydrogenwould require stronger magneti
 �elds sin
e the average 
harge states of the re
oilsis lower in hydrogen than in helium. At present the maximum magneti
 dipole �eldthat 
an be a
hieved by RITU is 1.2 T and in the heavy element region (Z≥100) therequired magneti
 �elds in helium mode are around 1.1-1.15 T. Thus for heavy andvery asymmetri
 rea
tions the 
urrent RITU dipole magnet is not strong enough tooperate in hydrogen mode. In addition hydrogen gas is highly explosive and the gashandling system would be more 
omplex.4.2 Empiri
al formulaeEmpiri
al formulae have been used to 
al
ulate the average 
harge state of heavy ionspassing through a dilute gas. In this work the emphasis has been on heavy ions indilute helium gas sin
e these are the working 
onditions for RITU. Dilute hydrogen isalso being utilized as a �lling gas in the DGS separator at Dubna. Empiri
al average
harge state formulae have been 
onstru
ted for ions in hydrogen by Yu. Oganessian etal. [Oga01℄. The intera
tions between two 
olliding atoms involve many-body systemsand the 
harge ex
hange between these systems is a very 
omplex phenomenon. Thepro
ess of the 
harge ex
hange is so 
omplex that today there is no reliable theoryfor predi
ting the mean 
harge of heavy ions moving through a dilute gas. Pra
ti-
ally all the available information has been obtained either experimentally or by veryapproximate models [Oga01℄. Several formulae have been 
onstru
ted over the yearsin various institutes. The �rst empiri
al formula was developed by Nikolaev in 1968[Nik68℄. Nikolaev studied the average 
harge state of Br, I, Ta and U passing throughsolids and 
onstru
ted a semi-empiri
al formula for the average 
harge q. This formulais valid for ions with Z≥20.
q = Z

[

1 +
( v

Zα v′

)

−
1

k

]

−k

, (4.6)where α, k and v′ are experimentally determined parameters having values α=0.45,k=0.6 and v′=3.6×106 m/s.In the early 1970's H.D. Betz made an extensive survey of the available theoreti
aland experimental data. As a result of this study a formula was 
onstru
ted in orderto determine the average 
harge of ions in dilute helium gas medium. The equation4.7 is mainly valid for ions with atomi
 number 16≤Z≤92 with v < v < Zv, wherev0=2.19×106 m/s or Bohr's velo
ity [Bet72℄.



4.2 Empiri
al formulae 39
q = Z

[

1 − C0 e
−C1

“

v
v0

”

Z−2/3

]

, (4.7)where C0 and C1 are determined by �tting the parameters into experimental data.For C0=C1=1 a �rst order expansion of the exponential gives the equation 4.4.In the 1980's Ghiorso et al., took all the experimental data available at the time.Equation 4.7 was �tted to the data points and the parameters C0 and C1 were deter-mined. The values for the parameters were found to be C0=1.04 and C1=0.91 [Ghi88℄.The resulting equation, along with equation 4.9, is quite often used to 
al
ulate theaverage 
harge state q in RITU experiments.
q = Z

[

1 − 1.04 e
−0.91

“

v
v0

”

Z−2/3

] (4.8)Meanwhile the resear
h group at Dubna was a
tively studying the subje
t. Yu. Oganes-sian has studied the problem for several years and 
onstru
ted empiri
al formulae forboth �lling gases, helium and hydrogen. The following formula is the most popular fordetermining the average 
harge state (q) for RITU experiments. The equation 
an beused with an a

ura
y of about 5 % and it is valid for ions with 60<Z<101 [Oga91℄.In table 4.2 this equation is labelled as Ogan. 1.if vZ1/3 < 2 × 107; q = 1.8 × 10−7 vZ1/3 + 1.65if vZ1/3 > 2 × 107; q = 3.3 × 10−7 vZ1/3 − 1.18 (4.9)After additional measurements with improved statisti
s Yu. Oganessian et al. 
on-stru
ted another mean 
harge state equation (equation 4.10). The data are from exper-iments performed with the DGS separator at Dubna. Equation 4.10 
overs the wholevelo
ity range while equation 4.9 has di�erent forms for di�erent velo
ity ranges. Intable 4.2 the equation 4.10 is labelled as Ogan. 2.
q = 0.00871

(

v

v0

)1.54

Z1.10 + 2.05 , (4.10)where the Bohr velo
ity is v0=2.19×106 m/s.The latest work and probably the most general formula have been published by G.S
hiwietz in 2001 [S
h01℄. In this study a wide range of experimental 
harge distri-butions were analyzed and an empiri
al formula was �tted to the experimental data.



40 Bρ studiesThe empiri
al formula is valid for heavy ions in gaseous and in solid targets. The ionsrange from protons all the way up to uranium while the targets, or in RITU's 
ase�lling gases, 
over all the gases [S
h01℄. The equation for average 
harges in solid tar-gets is not presented here. Equation 4.11 shows the method to determine the average
harge in any of the gaseous targets
q = Z

376x + x6

1428 − 1206 x0.5 + 690x + x6with
x =

[(

vp

v0

)

Z−0.52
p Z

h

0.03−0.017 Z−0.52
p

“

vp
v0

”i

t

]1+0.4/Zp

, (4.11)where the subs
ript t stands for gas (target) and p for ion (proje
tile). Equation 4.11
an be used with a relative un
ertainty of ∆q/Zp = 2.6 % whi
h is 
omparable to theun
ertainty of Bohr's stripping 
riterion ∆q/Zp = 4.7 %.4.3 Cal
ulating the average 
hargeCal
ulating the average 
harge state is not as straightforward as it seems at �rst.The input data needed for the equations are not easily obtained. The average 
harge
al
ulated with equations 4.6-4.11 is dependent on the fusion re
oil velo
ity. The initialkineti
 energy of the fusion re
oil 
an be 
al
ulated with equation 4.2. The velo
ityof the re
oil is redu
ed signi�
antly by the target. In addition, there are energy lossesin the helium volume before the RITU magneti
 dipole where the a
tual separationtakes pla
e. By knowing the stopping powers of the target material and the heliumvolume the re
oil velo
ity at the 
enter of the dipole 
an be determined. Thus theaverage 
harge and �nally the required Bρ value of the ion 
an be determined withthe equation 4.1. The determination of the re
oil velo
ity for heavy and slow ions isdi�
ult sin
e the stopping powers for elements heavier than uranium (Z=92) in varioustarget materials are not well known. This is due to that at slow velo
ities the ionizationenergies of di�erent ele
troni
 orbitals 
ome into play. The determination of stoppingpowers for transuranium ions is 
hallenging both experimentally and theoreti
ally. Theknowledge of ionization energies in the transuranium region is still sparse. One 
ouldnegle
t the ionization energies and estimate the stopping power from the Coulombrepulsion assuming a bare nu
leus, but this method is not very a

urate [Zie05℄.



4.3 Cal
ulating the average 
harge 414.3.1 Determining the stopping powersThe energy of the primary beam is known to an a

ura
y of ±1 MeV. The 
enterof target energy 
an be 
al
ulated if the energy losses in helium and in the targetare known. The stopping powers of di�erent materials and elements (up to uranium(Z=92)) have been 
al
ulated with the help of SRIM 2003. The stopping powers forions heavier than uranium 
annot be found from SRIM. In the re
ent heavy elementstudies with RITU it has been ne
essary to determine the stopping powers of theheavy elements with Z≥100.The stopping powers of transuranium (93≤Z≤103) ions are 
al
ulated and tabulatedin Ref. [Nor70℄. These values are obtained from di�erent extrapolations of experi-mental stopping power data up to iodine (Z=53). The extrapolation of the stoppingpower 
urves around and below 0.1 MeV/amu were guided by the predi
tions fromthe LSS-theory [Lin63℄, [Nor70℄. The typi
al energy of a fusion produ
t at the middleof the target is approximately 0.15 MeV/u. All the experimentally measured stoppingpower tables end at 1 MeV/u. Below this energy the atomi
 shell e�e
ts start to playa 
ru
ial role.Unfortunately none of the stopping power theories take atomi
 shell e�e
ts into a
-
ount. Therefore only estimates of stopping powers 
an be made. In the present workthe stopping powers have been 
al
ulated with the help of SRIM 2003 for re
oils withZ=66-92. The stopping powers were plotted as a fun
tion of Z while the velo
ity of there
oiling ion was kept 
onstant. Although the SRIM program is not ideal, sin
e theionization of ele
troni
 orbitals should be taken into a

ount, it is the best availablemeans of estimating stopping powers. Unfortunately, SRIM tends to underestimatethe stopping powers [Zie05℄. By plotting stopping powers as a fun
tion of Z the generaltrend of the stopping power at 
onstant velo
ity of E≈0.15 MeV/u 
an be obtained.The stopping powers in the Z≥100 region 
an be estimated by extrapolation. The ex-trapolation of data points is di�
ult due to s
attering e�e
ts from di�erent ele
tronshells. This is parti
ularly well represented by the odd-even staggering in the heavierelements. The atomi
 stru
ture of the transfermium elements has been studied andthe atomi
 
on�gurations are known, yet the energy losses in di�erent materials areunknown. Intuitively the value of the stopping power should in
rease with in
reasingZ. In �gure 4.2, two di�erent stopping power 
urves are displayed. The SRIM 
urveis 
al
ulated by using SRIM 2003 
ode and shows an interpolation of di�erent datapoints. The N-S 
urve represents tabulated North
li�e-S
hilling stopping power values(N-S) and interpolation of di�erent data points [Nor70℄. In both 
ases the velo
ity ofan ion has been kept 
onstant, in SRIM it was 0.15 MeV/u whi
h 
orresponded to areal experimental value and in N-S the tabulated 0.16 MeV/u values were taken.Di�erent fun
tions were �tted to the data points 
al
ulated with SRIM and the best�t was determined. The predi
tive power in this 
ase is di�
ult to de�ne sin
e reliable
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Figure 4.2: Interpolation of the stopping power data points as a fun
tion of Z in helium 
al
ulatedby using the SRIM 2003 and Ref. [Nor70℄. The 
urves represent di�erent models of stopping power.The SRIM values have been 
al
ulated at an energy of 0.15 MeV/u while the North
li�e-S
hilling(labeled as N-S) values are taken from tabulated values at 0.16 MeV/u.experimental stopping power data are not available for heavy elements with Z>92 atlow energies E≈0.1 MeV/u. The overall trend is in
reasing but starting from Z=83 thestopping powers de
rease whi
h 
ontradi
ts with the overall trend. The �tted fun
tiontries to follow the overall trend and thus is a very 
rude approximation. The fun
tion
an be written as
dE

dx
= a × ln(Z) − b

[

MeV

mg/cm2

]

, (4.12)where a and b are adjustable parameters. The �tted values for a and b were 5.0 and13.6 respe
tively.The stopping powers 
al
ulated for transfermiums with the equation 4.12 
ontainlarge margins of error and the estimated values are not very a

urate.
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Figure 4.3: Logarithm fun
tion �t to the stopping powers in helium obtained from SRIM 2003. Thevelo
ity of the ion was 0.15 MeV/amu.4.4 Comparison between theoreti
al and experimen-tal valuesThere are several empiri
al formulae available to 
al
ulate the average 
harge of anion in helium gas. Ea
h of them is tuned to mat
h experimental data obtained from
ertain area of the 
hart of nu
lides. A problem arises when one does experimentswith heavy elements with Z>92. The formulae presented in Se
tion 4.2 were �tted tothe data points obtained from the lighter regions of the nu
lear 
hart. The questionis whi
h of the formulae presented gives the most realisti
 result in the heavier regionwhen the average 
harge (q) is used in equation 4.1. The referen
e Bρ value 
anbe obtained from the magneti
 �eld values used in RITU heavy element studies. A
omparison between the experimental magneti
 �eld values and 
al
ulated magneti
�eld values, where the average 
harge have been 
al
ulated with equations 4.7-4.11,determines the most feasible average 
harge formula in the heavy element region.In the average 
harge 
al
ulations the velo
ity of the ion plays a 
ru
ial role. Withrespe
t to RITU experiments one 
annot use the ELab dire
tly but several energylosses have to be taken into a

ount as dis
ussed in Se
tion 4.3. Most of the energyloss takes pla
e in the target but also di�erent degraders 
hange the energy of re
oilingion signi�
antly. For example, an in
rease in beam energy in
reases the re
oil velo
ityand sin
e the average 
harge is velo
ity dependent, the average 
harge is in
reased. In



44 Bρ studiesa magneti
 �eld, su
h as the RITU dipole �eld, a higher 
harge state for
es ions intoa traje
tory with smaller radius of 
urvature. Intuitively, one would easily think thein
rease in beam energy would for
e the ions into a traje
tory with greater radius of
urvature and thus higher magneti
 �elds would be required to fo
us the beam.Table 4.1 shows quite a wide spread of the predi
ted average 
harge states 
al
ulatedwith di�erent equations. The equation by Betz was developed in the 1960's when theexperimental data in the heavy element region was sparse, thus the ina

ura
y of theequation in the heavy element region. The rest of the equations show a fairly smallspread of the average 
harge.Table 4.1: Average 
harge states in dilute helium 
al
ulated with equations presented in this 
hapter.The energies of the ions are taken from real experiments and the helium pressure 
orresponds toa
tual RITU helium pressure of 0.6 mbar. In the table Betz refers to equation 4.7, Ghiorso refersto equation 4.8, Ogan. 1 refers to equation 4.9, Ogan. 2 refers to equation 4.10 and S
hiw. refers toequation 4.11. Ion Betz Ghiorso Ogan.1 Ogan.2 S
hiw.
245Fm 9.6 5.1 6.1 6.6 7.3
250Fm 11.6 7.1 7.8 8.3 9.3
251Md 10.9 6.3 7.2 7.7 8.6
252No 10.8 6.2 7.0 7.6 8.4
253No 10.7 6.1 7.0 7.6 8.4
254No 10.8 6.2 7.0 7.6 8.4
255No 10.6 6.0 6.9 7.5 8.3
255Lr 10.7 6.1 7.0 7.6 8.4
257Rf 10.0 5.3 6.4 7.0 7.7
255Db 10.7 6.0 7.0 7.6 8.4In table 4.2, the 
al
ulated magneti
 �eld values are 
ompared to those used in a
tualRITU experiments. The average 
harge states were taken from table 4.1. All of theequations 4.7-4.11 are used in the 
omparison. Over the years di�erent helium pres-sures have been used in RITU. This a�e
ts the energy losses of the re
oiling ion insideRITU gas volume whi
h a�e
ts the average 
harge and thus the traje
tory of the ion.The e�e
t of helium pressure on the traje
tory 
an be seen in table 4.2. Some of theexperiments have been re-done due to the improvements in the RITU separator andin the dete
tor performan
e. Lower helium pressures have been used espe
ially in theexperiments made after the installation of the new dipole 
hamber and di�erentialpumping system in the fall of 2001. In table 4.2 the Experimental 1 values refer tomagneti
 �eld values when helium pressure of 1 mbar was used and Experimental2 values refer to magneti
 �eld values when He pressure of 0.6 mbar was used. The
olumn ∆% shows the di�eren
e between the 
al
ulated value and the a
tual experi-mental value in per
ent. The di�eren
e to the experimental values was only 
al
ulatedfor equations 4.8 and 4.9 sin
e they were the 
losest ones to the experimental ones.



4.5 Con
lusions 45Table 4.2: Cal
ulated magneti
 �eld values 
ompared with magneti
 �eld values used in experiments.All the values are expressed in units of Tesla [T℄. The 
olumn Exp. 1 refers to magneti
 �eld valuesused with 1 mbar He pressure while Exp. 2 refers to magneti
 �eld values used in 0.6 mbar Hepressure. The 
olumn labelled with ∆% refers to the per
entage di�eren
e between experimentaland 
al
ulated values. The di�eren
e to experimental values is 
al
ulated from the experimental 2value if available otherwise from the experimental 1 value.Ion Exp.1 Exp.2 Betz Ghi. ∆% Ogan.1 ∆% Ogan.2 S
hiw.
245Fm 1.083 0.680 1.277 17.9 1.070 -1.2 0.987 0.888
250Fm 1.155 1.137 0.702 1.154 1.5 1.053 -7.4 0.984 0.882
251Md 1.137 0.699 1.204 5.9 1.066 -6.3 0.991 0.890
252No 1.121 0.699 1.220 7.4 1.069 -6.0 0.989 0.892
253No 1.142 1.155 0.701 1.228 6.4 1.074 -7.0 0.993 0.896
254No 1.131 1.149 0.704 1.231 7.1 1.078 -6.2 0.997 0.899
255No 1.161 0.707 1.248 7.2 1.085 -6.6 1.003 0.905
255Lr 1.149 1.167 0.704 1.241 6.4 1.079 -7.5 0.994 0.900
257Rf 1.170 0.415 1.318 13.0 1.099 -5.9 1.003 0.913
255Db 1.133 0.411 1.251 10.4 1.073 -5.3 0.980 0.894The magneti
 �eld value used in the 255Db experiment was 
al
ulated before theexperiment using the method and equation 4.9 des
ribed in this 
hapter. During theexperiment only 3 events were observed and thus the magneti
 �eld value tabulatedin the table 4.2 may not represent the optimum.4.5 Con
lusionsTable 4.2 
ompares the 
al
ulated and measured magneti
 �eld values. In this studythe equations Ghi. (equation 4.8) and Ogan. 1 (equation 4.9) predi
ted the magneti
�eld values most a

urately.The di�eren
e between experimental and theoreti
al values is very reasonable 
onsid-ering all the un
ertainties in the average 
harge state models, in beam energy and inthe stopping powers of di�erent media. The general trend is that equation 4.8 under-estimates and the equation 4.9 over estimates the average 
harge. The most reliableequation in light of this study would be equation 4.9 sin
e the relative di�eren
e toexperimental values is fairly 
onstant of 5-7 %. Empiri
ally, equation 4.8 does notwork well for light or medium mass ions but works quite well in the heavy elementregion. Equation 4.9 is the most universal one of all the formulae sin
e it works fairlywell in the mass regions A>100 [Uus05℄.The measured RITU momentum dispersion is 12-13 mm/%(∆B) [Kos05℄. The di�er-
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e of 5-7 % in RITU dipole �eld 
hanges the image in horizontal dire
tion 60-90mm. When taking the dete
tor size into 
onsideration, 80 mm for PIPS dete
tor and120 mm for the DSSD, the 5 % error in RITU dipole �eld redu
es the dete
tion e�-
ien
y by more than 50 %. Thus the predetermined magneti
 �eld value, 
al
ulatedwith equation 4.8 or with equation 4.9, must be 
orre
ted towards higher values onthe average by 6 % to avoid the redu
tion in dete
tion e�
ien
y. This is espe
ially im-portant in heavy element experiments where produ
tion 
ross se
tions are small andwhere the tuning of RITU in the middle of the experiment is di�
ult. The di�eren
eof 1-2 % in magneti
 �eld value to the optimum is within the a

eptable limits sin
ethe redu
tion in dete
tion e�
ien
y is not signi�
ant.



5 Alpha de
ay study of 218U
5.1 MotivationThe neutron-de�
ient uranium nu
leus 218U is suggested to be a doubly magi
 nu
leuswith Z=92 and N=126 by assuming a sub-shell gap at Z=92 between the h9/2 and thef7/2 proton orbitals. This is predi
ted by many re
ent theoreti
al 
al
ulations [Rut98℄,[Möl97℄. The Nilsson diagram for the deformed nu
lei has been quite su

essful inexplaining the single-parti
le levels and the semi-magi
 numbers when the super-heavyelements have been studied. Sin
e the Nilsson diagrams partly rely on the input ofsingle-parti
le shell model energies also the magi
ity of Z=92 has an important role.This pi
ture is in 
ontradi
tion with the re
ent experimental results studying N=126isotones [Hau01℄,[Heÿ02℄. The standard mean �eld model does not take into a

ounto
tupole 
orrelations whi
h 
an distort the orbitals signi�
antly. The 
urrent dete
torsystem is not sensitive enough for in-beam γ spe
tros
opy at nanobarn level. Atnanobarn level the 218U nu
lear stru
ture 
an be probed with α spe
tros
opy. Thusdete
ting a relatively low energy shell-model isomer in 218U would give some eviden
eagainst the sub-shell gap at Z=92.5.1.1 Odd-even 
asesThe odd members of the N=126 isotones have been studied extensively. The statesabove the Z=82 magi
 shell gap are h9/2, f7/2 and i13/2. By forming parti
le-holeex
itations with the odd proton several di�erent states with di�erent spins and parities
an be formed. The heavier odd N=126 isotopes, 215A
 and 217Pa, have been studiedexperimentally with α de
ay in the Refs. [Kuu04℄, [Iku98℄, [Heÿ02℄. In the re
ent studyno α-de
aying isomers have been found in 215A
. The heavier odd-N=126 isotope 217Pahas α-de
aying isomers whi
h are based on parti
le-hole ex
itations between protonh9/2 and f7/2 or h9/2 and i13/2 orbitals. The α de
ay from these isomeri
 states ishindered due to a large di�eren
e in angular momentum between the initial and �nalstates. There is some dispute over the interpretations of the experimental results andthe ordering of the single parti
le levels is un
ertain. F. Heÿberger in Ref. [Heÿ02℄ has
on
luded that the isomeri
 de
ay would 
ome from a state with the 
on�guration
π(h9/2f7/2i13/2) 
oupled to spin 29/2+. With this interpretation the lifetime of the stateand the 
hange of the angular momentum between the initial and �nal states does47
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e ~0.95b2 2Figure 5.1: Single parti
le levels above Z=82. The full h9/2 orbital would 
orrespond to the magi
sub-shell Z=92. The �gure is adapted from [Fir96℄.not follow the systemati
s of Rasmussen. This is interpreted as an anomaly in 217Pa[Heÿ02℄. In addition this pi
ture 
ontradi
ts the re
ent shell model 
al
ulations byCaurier et al. [Cau03℄.5.1.2 Even-even 
asesThe re
ent shell model 
al
ulations by Caurier et al. do not support the shell gaptheory but rather a s
enario where the shell gap is non-existent. The o

urren
e of alow-lying isomeri
 state in 216Th is 
ited as eviden
e against the existen
e of a shellgap. In 216Th an 8+ state, with a πh9/2πf7/2 
on�guration, has been found to be 
loserin energy to the 6+ state, forming an isomer with a 5 % α-de
ay bran
h [Hau01℄.While several other N=126 isotones have been studied extensively, in 218U only the



5.2 The experiments with 40Ar beam 49ground state properties were known with fairly poor statisti
s. The dis
overy of a lowlying isomeri
 state in 218U would speak against the existen
e of a sub-shell gap atZ=92 [Lep05℄The same orbitals play a role in the 218U 
ase as in the odd-even 
ases but with theex
eption that the h9/2 proton orbital is now 
ompletely full. The nu
leus 
an beex
ited by breaking a proton pair and ex
iting a proton to the f7/2 or i13/2 orbital.In the shell model 
al
ulations the 8+ state is predi
ted to have a lower ex
itationenergy than 6+ state forming an yrast trap [Cau03℄. Su
h an yrast trap would have asu�
iently long half-life to survive the �ight time through RITU and to be dete
tedat the RITU fo
al plane with the e�
ient GREAT spe
trometer.The light uranium isotopes have been studied previously but with rather poor statis-ti
s. Only 4 
hains of 218U have been synthesized before [And92℄. The same appliesfor other light uranium isotopes, only 3 
hains of 217U and 6 
hains of 219U havebeen synthesized and thus more statisti
s were needed to determine de
ay propertiesa

urately [Mal00℄, [And93a℄.5.2 The experiments with 40Ar beamIn this study two separate experiments were performed one year apart. Between theexperiments the fo
al plane dete
tor setup was upgraded from the setup of H. Ket-tunen presented in Se
tion 3.3.1 to the new GREAT spe
trometer presented in Se
tion3.4 [Ket01℄, [Pag03℄. In addition, the data a
quisition system was upgraded from theold VME based system to the TDR data a
quisition. The experiments were 
arriedout at the JYFL 
y
lotron laboratory with the RITU re
oil separator. Both exper-iments were RITU "stand-alone" experiments where only MWPC, DSSD pair andPIN diodes of the GREAT spe
trometer were used. This allowed the use of relativelyintense beams on target e.g. the average beam intensity in the se
ond experiment was140 pnA. The data from these experiments were analyzed separately and the resultswere 
ombined. The experimental data from the �rst experiment was analyzed witha separate sort 
ode while the se
ond set of experimental data was analyzed with theGRAIN pa
kage [Rah05℄. Both sorting methods are des
ribed in Se
tion 3.6.1.A beam of 40Ar at an energy of Elab=186 MeV was used to bombard a 182W targetof 600 µg/
m2 thi
kness. The desired rea
tion 
hannel was 182W(40Ar,4n)218U. Thisrea
tion was similar to the rea
tion of Haus
hild et al. used in the 216Th experiment[Hau01℄. All the experimental details have been re
orded in table 5.1. The other optionwas to use the rea
tion 174Yb(48Ti,4n)218U. Sin
e the 40Ar beam has a signi�
ant ad-vantage in beam intensity the former rea
tion was sele
ted. The 40Ar beam 
omparedto 48Ti beam 
an be produ
ed 3-5 times higher in intensity [Koi05℄.



50 Alpha de
ay study of 218UTable 5.1: Summary of the experimental detailsBeam 40Ar8+Beam energy (Elab) 186 MeVEx
itation energy (E∗) 45 MeVTarget 182WTarget thi
kness 600 µg/
m2Irradiation time 97 hTotal dose 3×1017 part.5.2.1 CalibrationThe DSSDs were 
alibrated with an internal 
alibration. The internal 
alibrationallowed a more a

urate 
alibration at higher α-de
ay energies than the standard αsour
e. The internal 
alibration was performed with the beam of 40Ar whi
h was usedto bombard a 175Lu target. The 
ompound nu
leus was 215A
 whi
h is one of theN=126 isotones. The α-de
ay energies of the fusion produ
ts in the 
alibration runsrange from 6900-7500 keV. The energies are only 1.5-2 MeV lower than the α-de
ayenergy of the uranium isotopes of interest. Figure 5.2 shows the 
alibration spe
trumafter energy 
alibration and gain mat
hing of the DSSD strips. The α-de
ay peakswere identi�ed and 3 peaks were 
hosen for 
alibration. These peaks were 
hosenbe
ause they were single peaks whi
h spread a
ross the whole energy region used inthe 
alibration runs. In �gure 5.2 the peaks used in the 
alibration have been indi
atedwith arrows.5.2.2 The RITU-GREAT experimentThe same rea
tion and beam energy was used in the �rst experiment but with di�erentdete
tor equipment. The event 
hains were 
onstru
ted o�ine with the GRAIN pa
k-age [Rah05℄. The major improvements in the se
ond experiment were the redu
tionin a

idental re
oil-α 
orrelations due to the higher granularity of the DSSD dete
torand the TDR data a
quisition system eliminates 
ommon deadtime. Figure 5.3 showsthe α-de
ay energy versus the lifetime of the de
ay events. The TDR ele
troni
s deadtime 
an be estimated from the �gure by looking at the individual lifetimes of 218Pa.The dead time in the se
ond experiment was around 15 µs while in the �rst exper-iment with the old data a
quisition system the dead time was of the order of 200
µs.The redu
tion in the ba
kground from the s
attered beam parti
les was greatly en-han
ed due to the new dipole 
hamber. The separation of the beam and fusion prod-u
ts is very 
lear resulting in a high quality α spe
trum and also redu
ing the number
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Figure 5.2: Internal α 
alibration spe
trum. The peaks used in the 
alibration are indi
ated witharrows.of a

idental 
orrelations. Indeed, the re
oil-gated α spe
trum shows the very weakde
ay 
hannels whi
h are apparent above the ba
kground.In order to sele
t fusion re
oils from the vast number of implantation events, the
orrelation method was used. The known α parti
les were 
orrelated with re
oil-like events with fully open gates. Figure 5.4 shows the online analysis plots of theun
orrelated TOF versus ∆E 2-D plot in top �gure and on the bottom �gure the
orrelated TOF versus ∆E. The bottom shows re
oils 
orrelated with the most intense
α-de
ay peaks within 80 ms sear
h time. The intensity of the spe
trum b) has beenenhan
ed 
ompared to the spe
trum a). The method pi
ks out the real fusion re
oilsand thus the re
oil TOF and re
oil energy gates 
an be obtained to be used in thesear
h for uranium re
oil-α-α 
hains.In the se
ond experiment more statisti
s were 
olle
ted and the new isomer in 218Uwas measured with improved statisti
s. The energy of the isomer 
ould be deter-mined more pre
isely and moreover the improved pre
ision in timing allowed a betterdetermination of the de
ay half-life.
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Figure 5.3: Alpha de
ay energies versus the 
orresponding event lifetimes. The data a
quisition deadtime is the shortest lifetime dete
ted in the experiment.5.3 Data analysisBoth experiments were analyzed with their own sort 
ode although the prin
iples arethe same. The data analysis from the se
ond experiment with GREAT spe
trometeris des
ribed here be
ause it is the latest spe
trometer development.The gas vetoed α spe
trum in the �gure 5.5a shows only the strongest α-de
ay peaks.The interesting energy region su�ers from a strong ba
kground from s
attered beamparti
les and energeti
 α parti
les whi
h pun
h through the DSSD dete
tor. TheMWPC 
annot veto these energeti
 α parti
les sin
e they are too fast to leave adete
table amount of energy in the MWPC. Figure 5.5b shows the gas vetoed and
orrelated α spe
tra with 100 ms sear
h time. The strongest fusion evaporation 
han-nel in this experiment was not an xn-
hannel but an αxn-
hannel. In �gure 5.5a thethorium isotopes 215Th and 216Th, are produ
ts from α3n and α2n evaporation 
han-nels, respe
tively, while the radium isotopes are daughters of thorium isotopes andthe radon isotopes are produ
ed in the de
ay pro
ess of radium.
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Figure 5.4: Two GRAIN views; Time-Of-Flight versus energy loss (∆E) in the MWPC in the �gurea). The �gure b) shows the lo
ation of the 
orrelated fusion re
oils within 80 ms sear
h time, theintensity has been enhan
ed 
ompared to the �gure a). The units on the axes are arbitrary.The re
oil de
ay 
orrelation method was used to identify de
ay 
hains. Ea
h α de
aywas 
orrelated ba
k in time only with a re
oil event within the same pixel and withina given time and position window. In some 
ases the de
ay events may be found inneighbouring pixels due to the 
urrent leakage and it would be justi�ed to expandthe sear
h. This was not used be
ause it in
reases the number of a

idental 
orrela-tions signi�
antly 
ompared with the number of additional real 
hains obtained. Thusonly events within the same pixel were used in the 
orrelation analysis. The re
oil-α
orrelated spe
trum is shown in the �gure 5.5 b.The spe
trum quality is very good with little ba
kground. The peaks of di�erent ura-nium isotopes are visible and they are indi
ated in the spe
trum. Sin
e the produ
edlight uranium isotopes were measured earlier the observed de
ay energies 
ould be
ompared with known de
ay energies [And92℄, [And93a℄. The 
orrelation method wasused to 
orrelate with the daughter and granddaughter α de
ays. The de
ay 
hain
ould not be extended further sin
e the great-granddaughters of 217−219U isotopesde
ay via β+-de
ay.Figure 5.6 shows the observed mother-α daughter-α 
orrelations. The uranium iso-
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Figure 5.5: a) shows the gas vetoed α spe
trum. The de
ay peaks from the strongest rea
tion
hannel produ
ts are visible. b) shows the gas vetoed and re
oil 
orrelated α spe
trum within theenergy window of 6000-11500 keV and within the time window of 100 ms. Most of the ba
kgroundis suppressed allowing even the weakest α-de
ay peaks to be observed. Both of the �gures are takenfrom the RITU-GREAT experiment.topes are 
ir
led in this plot. If the daughter α has es
aped and the sear
h time islong enough, the 
orrelation between the mother α and the granddaughter α 
an beobserved. These types of 
orrelations 
an be found dire
tly below the mother-daughter
orrelations. A sear
h time of 20 s. was used in the α-α 
orrelations. The 
orrelated
218U and 219U pairs are 
ir
led in �gure 5.6.In the se
ond experiment the PIN diode box was also utilized. The PIN diodes 
an beused to 
lean the low-energy part of the α-de
ay spe
trum by vetoing all the de
ay
α parti
les dete
ted in 
oin
iden
e with an event in the PIN diodes. The α-parti
lerange in sili
on at these energies is 50-60 µm while the implantation depth of a re
oilis only around 10 µm. Almost half of the α parti
les es
ape leaving only 1-2 MeV ofenergy in the dete
tor.
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Figure 5.6: Mother α energy versus daughter alpha energy from the irradiation of 40Ar+182W atE∗= 45 MeV. The sear
h time for re
oil-α 
orrelations was 100 ms, and the sear
h time for α-α
orrelations was 20 s.5.3.1 Observed de
ay 
hainsIn �gure 5.6 there are many 
orrelations indi
ating de
ay 
hains of di�erent isotopes.The 4n neutron evaporation 
hannel is only a weak 
hannel among many other opende
ay 
hannels. The prota
tinium isotopes form broad blobs in the α-α 
orrelatedmother versus daughter α plot whi
h is due to α-ele
tron summing. The α de
ay isasso
iated with a prompt emission of a 
onversion ele
tron and the energies from twoseparate events are summed and the data a
quisition only sees a single pulse fromthe DSSD. The energy of a 
onversion ele
tron is well de�ned but the energy loss ofan ele
tron in the DSSD varies depending on the in
ident angle with respe
t to theDSSD. The result is a very broad distribution of de
ay energies.The main interest lies in the uranium isotopes. The uranium de
ay 
hains were iden-ti�ed from �gure 5.6 where the 
hains are labelled. The statisti
s were signi�
antlyimproved 
ompared to the previous experiments presented in Ref. [And92℄, [And93a℄.This allowed the ground state properties of the 218U and 219U isotopes to be measuredmore a

urately. The most interest in this experiment lies in the α-de
aying isomeri




56 Alpha de
ay study of 218Ustate in 218U whi
h was observed for the �rst time. The observed isomeri
 state in
218U has a signi�
ant meaning in the debate of sub-shell 
losure at Z=92. A similarisomeri
 state has been observed in 216Th whi
h is an isotone of 218U. The total num-ber of re
oil-α-α de
ay 
hains identi�ed in the experiments were 20 of 218gU, 12 of
218mU, 5 of 219U and in addition 1 
andidate event of 217U.The half-lives of the isotopes were determined from the average of the individuallifetimes. Interestingly, in 218U the half-life of the isomer seems to be longer thanthe half-life of the ground state. The high spin of the de
aying state extends the totalbarrier to be penetrated by an α parti
le so that it 
ompensates the di�eren
e in de
ayenergy. Thus the de
ay energy and half-life do not follow the general Geiger-Nuttallsystemati
s. Table 5.2 shows a summary of the dataTable 5.2: Summary of the resultsnu
leus E [keV℄ half-life [ms℄ 
ross se
tion [nb℄ number of 
hains state

217U 8024(14) 0.19+1.13
−0.10 0.05 1 (1

2

−)
218gU 8612(9) 0.51+0.17

−0.10 0.9 20 0+

218mU 10 678(17) 0.56+0.26
−0.14 0.5 12 8+

219U 9774(18) 0.08+0.10
−0.03 0.2 5 9

2

+The 
andidate event of 217U requires 
areful inspe
tion. If a re
oil is implanted very
lose to the edge of a pixel, 
loser than the range of an α parti
le in sili
on, the
α parti
le might es
ape from the pixel to the neighbouring one. Thus some of thede
ay energy might be lost to the neighbouring pixel whi
h is not in
luded in theanalysis. This is one type of es
ape α parti
le, the energy left in the pixel is fairlyhigh, maybe even very 
lose to the maximum energy of the de
ay. This type of anevent is a real event but it looks like a random one. It 
an be seen as "ghost" eventswhere only a partial amount of energy is 
olle
ted and the α peak is shifted towardslower energies. The 
andidate 
hain for 217U 
ould be a su
h a ghost event. Thede
ay energy mat
hes the de
ay energy of 217U presented in the Ref. [Mal00℄ but thelifetime of the event is too fast for 217U. The lifetime mat
hes better with the lifetimeof 218U. The daughters of 217U and 218U have almost identi
al de
ay properties andone 
annot tell the di�eren
e by looking at other members of the de
ay 
hain. Anotherpossibility is a de
ay from the isomeri
 or ground state of 218U to an ex
ited state in
214Th. It is interesting to note that if the 8024 keV de
ay is assumed to o

ur between
orresponding 8+ states in 218U and 214Th, the de
ay be
omes favored. The originof the alleged 217U 
annot be 
on�rmed and thus it 
annot be labelled as 217U. Themeasured fusion produ
tion 
ross se
tion for 218U was 1.4 nb. The fusion 
ross se
tionsfor all the uranium isotopes investigated in this work are presented in the table 5.2.



5.4 Dis
ussion 575.4 Dis
ussionThe possible spin and parity assignment for the new isomeri
 state in 218U is either 8+or 11− based on referen
es [Cau03℄, [Hau01℄. These two assignments are the only oneswhi
h are 
onsistent with the experimental α-de
ay data. If an isomeri
 α de
ay isobserved at the fo
al plane of RITU, the de
ay out of the state must be hindered. Thestronger the hindran
e, the more likely it is that α de
ay 
an 
ompete with γ de
ay.In the 
ase of 218U, 8+ or 11− states provide the ne
essary hindran
e. The transitionsfrom other levels do not have su�
ient hindran
e and thus they de
ay via γ de
aywhi
h 
ould not be observed at the fo
al plane of RITU. In order to determine the spinand parity of the new isomeri
 state the method of Rasmussen was applied [Ras59℄.Tentatively the α de
ay bran
h from the new state was assumed to be very 
lose to100 %. The hindran
e fa
tor of the α de
ay from the new isomeri
 state was 
omparedwith that found for the 8+ state in 216Th assuming a 5 % α de
ay bran
h [Hau01℄. The
al
ulated hindran
e fa
tors of the isomeri
 state in 218U seems to 
omply with thehindran
e fa
tors determined for the known 8+ isomeri
 state in 216Th. The values donot mat
h exa
tly but are within a

eptable limits. In the 
ase of 216mTh, the upperlimit of four for an allowed transition is rea
hed at ∆l=10 while in the 
ase of 218mUthe limit of allowed transition is rea
hed at ∆l=11. In addition, the hindran
e fa
torwith ∆l=12 is already well below the allowed transition limit.On the basis of this analysis the spin and parity of 11− was ruled out and an 8+assignment was given for the new isomer in 218U. The 
omparison 
an be reviewedfrom table 5.3. Table 5.3: Cal
ulated hindran
e fa
tors
∆l 216mTh 218mU 219U0 14000 69000 1304 3000 15000 246 500 2700 4.68 20 2809 13 7310 3 1711 0.5 3.412 0.1 0.6Figure 5.7 
ompares the ex
itation energy of the new 8+ isomer in 218U with the
al
ulations of Caurier et al. [Cau03℄. The theoreti
al ex
itation energy of the lower8+ state is 2085 keV while the measured ex
itation energy of the isomeri
 state is 2105keV, only 20 keV higher than the predi
ted value [Cau05℄. This is another indi
ationthat the 8+ assignment is 
orre
t.
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Figure 5.7: Theoreti
al level s
hemes of di�erent N=126 isotopes 
ompared with experimental results.The new isomeri
 state found in 218U has been added to the �gure. Level s
heme adopted from[Cau03℄.The 8+ state in 218U was observed at the ex
itation energy of 2105 keV. The 8+state was formed with two quasi-parti
le ex
itation between the h9/2 and f7/2 protonorbitals. This ex
itation is possible only if the h9/2 and f7/2 proton orbitals are 
loseenough in energy (whi
h is not predi
ted by the relativisti
 mean �eld model). Asa 
on
lusion, the experimental results obtained in this study support the theory byCaurier et al. [Cau03℄ where the strong L=3 o
tupole 
orrelations bring the h9/2, f7/2and the i13/2 proton orbitals 
loser in energy than predi
ted in the Ref. [Rut98℄. Thetheoreti
al results made by Caurier et al. predi
ted the ex
itation energy and the spinand parity of the isomer 
orre
tly. The new isomer in 218U supports the theoreti
alpredi
tions where the sub-shell 
losure at Z=92 is non-existent.



5.5 Future experiments 595.5 Future experimentsThe experimental result dis
ussed in Se
tion 5.4 gives only a glimpse of the single-parti
le stru
ture in heavy neutron-de�
ient nu
lei. The theoreti
al models predi
tmany interesting phenomena in 218U e.g. the lo
ations of the 11− and 3− states.In theoreti
al models the 3− state is predi
ted to lie high in energy but experimentsshow that the 3− state 
omes lower in energy with in
reasing proton number in N=126isotones. Based on systemati
s the 3− state in 218U should lie very low in energy, 
loseto or even below the 2+ state. If the 3− state falls below the 2+ state, the 3− statede
ays via E3 γ de
ay whi
h has a relatively long lifetime and may only be dete
tedat the fo
al plane. Another interesting state is the 11− state. In 216Th there is asimilar 11− state whi
h is an isomeri
 state with a 615 ns half-life. A

ording to theRasmussen method an unhindered α de
ay from this state, with de
ay energy around11.2 MeV, would have a lifetime of about 5 ns. This type of α de
ay would be toofast to be dete
ted at the fo
al plane of RITU sin
e the �ight time of a re
oil throughRITU is approximately 500 ns. Sin
e the spin 
hange in this 
ase is 11, the in
rease ofthe barrier is signi�
ant and thus the de
ay is slow. In 218U the α de
ay from the 11−state is expe
ted to be very hindered and the de
ay pro
eeds to the 8+ state mainlyvia E3 γ de
ay. If this state has a lifetime longer than 500 ns, whi
h is the �ight timeof the re
oil through RITU, the dete
tion of this γ transition should be possible atthe fo
al plane of RITU.Future 218U experiments will require a lot of development on the hardware side. Thelow produ
tion 
ross se
tion of 1 nb requires high beam intensities and high dete
-tion e�
ien
ies so that the experiment 
ould be performed in a reasonable amountof time. The intensity of the 40Ar beam has to be in
reased by 5-10 times. The in-
reased beam intensity requires further development of the ECR ion sour
e. The ionsour
e performan
e has already improved sin
e January 2003 when the se
ond ex-periment was performed. Even though tungsten has a very high melting point dueto the in
reased beam intensity a rotating 183W target system may be required. Avery important requirement is the in
rease of the γ-ray dete
tion e�
ien
y at thefo
al plane of RITU. This might be realized sometime in 2006-2007 if three Cluster[Ebe97℄ dete
tors are installed with the GREAT Clover giving an estimated dete
tione�
ien
y of approximately 4 %.The RITU suppression for beam parti
les is very good, together with a well fun
tioningMWPC, the quality of alpha, ∆E, TOF and re
oil spe
tra is also very good. Thisallows 
lear dis
rimination and identi�
ation of the desired produ
t thus making the α-gated γ-ray spe
trum very 
lean. A

ording to the systemati
s of the N=126 isotones,there should be only two dominating γ peaks in the fo
al plane spe
trum. One strongpeak 
ould be the transitions from the 3− state to 0+ ground state whi
h will befollowed by the 8612 keV α de
ay to the ground state of 214Th. The se
ond strong
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ay study of 218Upeak would be the de
ay from 11− → 8+ isomeri
 state whi
h again will be followedby the 10 678 keV α de
ay to the ground state of 214Th. These peaks are expe
tedto dominate the spe
trum and the 
onstru
tion of the level s
heme should be fairlystraightforward.



6 Re
oil-de
ay tagging studies of
252NoNu
lei far from stability are an important testing ground for the predi
tive powerof nu
lear models. The experimental de
ay data establish a means of 
omparisonwith theoreti
al data. Until re
ently studies of the super-heavy elements (SHE) havebeen generally limited to α-de
ay energies, de
ay half-lives and bran
hing ratios. Thetransfermium elements with 100<Z≤104 are produ
ed with 
ross se
tions at the sub-mi
robarn level and detailed nu
lear spe
tros
opy 
an be performed via in-beam ex-periments. Understanding the ex
ited stru
ture of the transfermium elements willallow us to begin to understand something about the stru
ture of the super-heavysystems. Today the heaviest system for whi
h in-beam stru
ture data has been ob-tained is 255Lr (Z=103) [Gre05℄.6.1 MotivationMany of the isotopes in the transfermium region have a signi�
ant spontaneous �ssionbran
h 
ompeting with α de
ay. This is due to the low �ssion barrier 
ompared to theCoulomb barrier. After implantation into a sili
on dete
tor the evaporation residuede
ays via an emission of an α or β parti
le or undergoes �ssion. Generally the α-dete
tion e�
ien
y is around 55 % while the �ssion de
ay is dete
ted with almost100 % e�
ien
y. The main te
hni
al problem in dete
ting both types of de
ay at thesame time is the huge di�eren
e between the de
ay energies. The α-de
ay energiesare of the order of 5-10 MeV while the total kineti
 energy release (TKE) in �ssion ison the order of 200 MeV. The main physi
s problem is the nature of �ssion. When anu
leus undergoes �ssion it is s
issioned into two massive nu
lei with a 
ertain massdistribution. The heavier part of the mass distribution is 
entered around mass A=130and the lighter part around A=90 [Kra88℄. A spontaneous �ssion event has a spe
i�
de
ay energy but for a large number of �ssion events only a wide energy distribution
an be measured. The total kineti
 energy release (TKE) is a measure of the �ssionenergy. The TKE follows the Viola systemati
s whi
h was presented in equation 2.16.In the 
ase of 252No �ssion the TKE would be 203 MeV a

ording to equation 2.16. Theexperimental TKE value for the �ssion of 252No is 194.3 MeV [Hul94℄. As an a

uratemeasurement of the TKE was not obtainable the expe
ted energy distribution of 252No61
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oil-de
ay tagging studies of 252No�ssion fragments is shown in �gure 6.1 taken from [Bem77℄. In �gure 6.1 the 252No(Z=102) �ssion study has been performed and the single fragment energy has beenmeasured to range from 70 to 130 MeV [Yer04℄, [Bem77℄.

Figure 6.1: Single-fragment energies in the 252No �ssion. The �gure shows the distribution of �ssionevents that are expe
ted to be seen in the fo
al plane dete
tor. Figure adapted from [Bem77℄.When studying weak rea
tion 
hannels the �ssion events are distributed a
ross severaltens of MeV, thus making it almost impossible to distinguish them from s
atteredbeam with high energy. At the time of the experiment the ampli�ers and ADCs in thedata a
quisition system 
ould not handle both α de
ay and �ssion simultaneously andstill maintain good resolution for α parti
les throughout the whole energy range. Thusthe system was normally tuned to get the α de
ays with a good energy resolution. Thesignals from the �ssion de
ays are too energeti
, go over the range of the ADCs andare lost. In this work, a study of the 252No nu
leus was made with the RDT methods.The nu
leus 252No has a signi�
ant �ssion bran
h of 20-30 %, and a total produ
tion
ross se
tion of 220 nb using the rea
tion 206Pb(48Ca,2n)252No at beam energy ofEMOT= 216 MeV. This makes it almost an ideal 
ase for �ssion tagging be
ause both
α-de
ay events and �ssion events are obtained. At the time of the experiment thefo
al-plane ele
troni
s were 
omposed of two di�erent ampli�
ation 
hannels thusenabling observation of the α-and �ssion-de
ay of 252No.The motivation for developing the �ssion tagging te
hnique was to improve statisti
s,to prepare the way for in-beam spe
tros
opy of spontaneously �ssioning heavy ele-



6.2 The experiment 63ments and to sear
h for weak γ-ray transitions in 252No. Su
h γ rays would representtransitions from possible low spin non-yrast states. These transitions have been ob-served in 246Cm (N=150) and in 248Cf (N=150) whi
h is an isotone of 252No [Mul76℄,[Yat75℄. Re
ent in-beam studies of 250Fm (N=150) show indi
ations of similar stru
-tures as in 246Cm and 248Cf [Pri05℄. Non-yrast states have also been observed inanother nobelium isotope 254No (N=152) [Ee
05℄.The statisti
s in the 252No re
oil-α tagged γ spe
trum were insu�
ient to identify γ-ray transitions at higher energies but the 
ombined re
oil-α and re
oil-�ssion taggedspe
trum 
ould have enough statisti
s to allow one to observe these transitions. Thesu

essful use of �ssion tagging proves the identi�
ation of �ssion events and the fa
tthat �ssion originates from the same initial state as the α de
ay. This provides newopportunities in nu
lear stru
ture physi
s to do in-beam spe
tros
opy in the regionof the nu
lear 
hart where the nu
lei have signi�
ant spontaneous �ssion bran
hes.6.2 The experimentThe experiment was 
arried out with the JUROSPHERE II array 
oupled to thegas-�lled separator RITU at the University of Jyväskylä A

elerator Laboratory. The
252No was produ
ed in the rea
tion 206Pb(48Ca,2n)252No, the beam energy at the
enter of the target being EMOT=216 MeV. The targets were made of isotopi
allyenri
hed 206Pb as self-supporting foils of thi
kness 500 µg/
m2. The total beam doseof 48Ca to the target was 9.3×1016 parti
les. The experimental details are summarizedin table 6.1. Table 6.1: Summary of the experimental detailsBeam 48Ca9+Beam energy (Elab) 216 MeVEx
itation energy (E∗) 22.5 MeVTarget 206PbTarget thi
kness 500 µg/
m2Irradiation time 238 hTotal dose 9.3×1016 part.Two separate analysis were done. In the �rst analysis a total of 2800 α de
ays fromthe ground state of 252No were identi�ed and in the se
ond analysis 1440 252No �s-sion events were identi�ed. The �rst analysis of the data was performed by Herzbergby using the re
oil-gating and RDT method and the results were published in Ref.[Her01℄. These results are presented in �gure 6.2. The highest energy transitions arenot de�ned unambiguously. Clearly more statisti
s would help identifying the highestenergy transitions.
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Figure 6.2: Spe
tra from the initial analysis originally published by Herzberg et al. [Her01℄.6.3 The analysisThe �rst step in the analysis was to reprodu
e the previously published results of
252No. One of the most important things 
on
erning the su

ess of the analysis was thesele
tion of 252No re
oils. This was done by setting 
ertain gates or limits on spe
tra.The essential spe
tra were the re
oil spe
trum taken from the low ampli�
ation sideof the PIPS dete
tor, the TOF spe
trum from the TAC whi
h was set between thegas 
ounter and the PIPS dete
tor and the ∆E spe
trum taken from the energy losssignal in the gas 
ounter. By 
orrelating these with 252No α de
ays with all gates openwith a long sear
h time, the 252No re
oils were pinpointed. A

urate gates 
ould thenbe set to limit the intrusion of the transfer produ
ts. The following 2-D plots showthe gate limits found. The 
luster shown in �gure 6.3 represents 252No re
oils, thiswas 
on�rmed by re
oil-α 
orrelations. The re
oil gates were subsequently set aroundthis 
luster.
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oil energy vs. Time-Of-Flight. The axes are in arbitrary units.The re
oil energy versus the energy loss in the gas 
ounter shown in �gure 6.4 wasa somewhat more di�
ult 
ase. The gates for ∆E 
ould be set following re
oil-α
orrelations. It was found that there is no 
lear separation between the s
atteredbeam and the fusion re
oils. This is understandable be
ause the MWPC is thin anda 
lear separation would require a thi
ker gas volume to be employed.
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66 Re
oil-de
ay tagging studies of 252NoThe Time-Of-Flight and ∆E gates are 
ombined in �gure 6.5.6.3.1 Re
oil-de
ay taggingThe 
orre
tness of the gates shown in �gures 6.3, 6.4 and 6.5 
an be tested. By makingthe re
oil gated γ-ray spe
trum the 252No rotational band should be visible. Figure 6.6shows the total re
oil-gated singles γ-ray spe
trum. Transitions in the ground stateband of 252No 
an 
learly be seen, however the lead X-rays and random ba
kgroundis still present.
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Figure 6.6: Re
oil gated γ-ray spe
trumThe ba
kground in the re
oil-gated γ-ray spe
trum 
an be redu
ed and the qualityof the spe
tra 
an be greatly enhan
ed by the re
oil-de
ay-tagging method (RDT)[Pau95℄. In RDT only those γ rays were a

epted whi
h were in 
oin
iden
e with there
oil 
orrelated with 252No α de
ay. The 
ondition for sele
ting a 252No re
oil wasthat it de
ayed via a 
hara
teristi
 252No α-de
ay within the same pixel within anappropriate sear
h time. Usually the sear
h time is sele
ted to be a multiple of thede
ay half-life. This method is 
alled re
oil-de
ay tagging. The RDT method doesnot 
ompletely remove the random ba
kground but it enhan
es the spe
trum qualitysigni�
antly and it also allows sele
tion of the weakest 
hannels.



6.3 The analysis 67The nobelium re
oils were 
orrelated to α de
ay of 252No. Similar results were obtainedas Herzberg et al. found in the �rst analysis (�gure 6.2). Approximately 2800 re
oil-
α 
hains were identi�ed. In the re
oil-gated α tagged (RDT) spe
trum the 252Norotational band is 
learly visible with the 
orre
t transitions energies.The singles α spe
trum (�gure 6.7) shows 
learly how the two-neutron evaporation
hannel is dominant over all other 
hannels. The α de
ay of 253No is visible in thespe
trum thus indi
ating the presen
e of the one neutron evaporation 
hannel. But it
an be stated that essentially only one strong 
hannel is open in this fusion evaporationrea
tion. The daughter and grand-daughter and great-grand-daughter of 252No 
analso be seen in the spe
trum. The de
ay 
hain and the elements are labelled in thespe
trum.
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Figure 6.7: Alpha de
ay spe
trum obtained in the experiment.One 
annot state with 100 % 
ertainty that the rotational band seen in the re
oil gatedspe
trum belongs to 252No. It is possible that it belongs to e.g. a transfer produ
t.In an ideal 
ase by tagging the re
oil-gated spe
trum with the 
hara
teristi
 α de
ayone should only be left with γ-rays belonging to the nu
leus of interest.By tagging with α de
ays the ba
kground is greatly redu
ed whi
h 
an be seen in�gure 6.8 with the redu
tion in intensity of the lead X-rays. In �gure 6.6, the lead
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E  [keV]Figure 6.8: 252No α-tagged γ-ray spe
trum. The same γ peaks are visible as in �gure 6.2X-rays are the strongest peaks while in �gure 6.8 they have almost vanished. In there
oil-gated spe
trum the rotational band is visible up to the 16+ → 14+ transition
orresponding to the 417 keV γ-ray energy. There are higher energy peaks in the RDTspe
trum, however it is impossible to extend the ground state band to high spin dueto the low intensity of these peaks. Probably the most signi�
ant di�eren
e betweenthe re
oil-gated and RDT spe
tra is the redu
tion of not only ba
kground but alsothe intensities of the peaks. This is due to the fa
t that only 55 % of the α de
ays aredete
ted while 45 % of the α parti
les es
ape from the PIPS dete
tor leaving somefra
tion of the full energy in the dete
tor.6.3.2 Re
oil-�ssion taggingThe �rst step in re
oil-�ssion tagging was to de�ne the possible �ssion events. This wasthe �rst time in RITU's history when �ssion events were studied. The major problem isthe huge di�eren
e in de
ay energy between α and �ssion de
ay as dis
ussed in se
tion6.1. A �ssion event would be identi�ed as an energeti
 event dete
ted solely on thelow ampli�
ation side of the PIPS ampli�ers, or in the so 
alled "re
oil-side", in thehigh 
hannel numbers. An additional requirement is a simultaneous anti-
oin
iden
e(veto) with the MWPC. Figure 6.9 shows the low ampli�
ation side spe
trum with
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Figure 6.9: Partial data from the re
oil side spe
trum with and without MWPC veto.It 
an be seen from �gure 6.9 that the most energeti
 signals are saturated. Thehigh peaks at the end of the spe
trum represent saturation from di�erent strips sin
eea
h strip has an individual sum ampli�er. In the spe
trum all the strips are summedtogether. This saturation e�e
t poses a major problem in dete
ting the high-energy�ssion events. It 
an be seen from the vetoed spe
trum that there is no 
lear indi
ationof �ssion events in the high energy part.This problem 
an be over
ome by summing the individual top and bottom signalsfrom the PIPS dete
tor and thus 
reating a new sum signal whi
h does not saturateas easily [Ket02℄. This method in
reases the maximum energy by almost a fa
tor oftwo. The following �gure 6.10 shows the same spe
trum as �gure 6.9 but this timethe individual top and bottom signals are used to 
reate a separate sum signal whi
hin this work has been labelled as "re
oil sum plus".The most interesting part lies at the top of the spe
trum where no saturation ofsignals 
an be seen. Instead the spe
trum gradually "dies" out towards the end of thespe
trum. One should also pay attention to the two broad distributions seen on bothsides of 
hannel number 2000. The same broad distributions 
an be seen in the �gure6.9 from 
hannel numbers 1500 to 3500. At the highest energies the signals starts tosaturate while in the �gure 6.10 the s
ale has been extended and no 
lear saturation
an be seen. This demonstrates quite well the power of this method.
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Figure 6.10: Partial data from the re
oil side with and without MWPC veto. Individual top andbottom signals were summed to 
reate a new total energy signal.There is an interesting feature in the high 
hannel numbers. The smaller distributionaround 
hannel number 2700 represents target-like transfer produ
ts with mass aroundA=210 whi
h have angle of approximately 0◦ with respe
t to beam dire
tion. Simplekinemati
s 
al
ulations show that the energy of the transfer produ
ts 
an be estimatedto be around 70-80 MeV when all the energy losses have been taken into a

ount. Theenergy 
alibration on the re
oil side 
an be performed by using these transfer produ
ts.If the 
hannel 2700 
orresponds to 70 MeV, the expe
ted �ssion energy region shouldlie at 
hannels 5000 and above. In �ssion the energy of the one fragment is 
olle
tedfully while the energy of the other fragment may only be 
olle
ted partially. Typi
alimplantation depths of the fusion produ
t are around 10 µm while the approximaterange of �ssion fragments in sili
on is 15-20 µm. The se
ond fragment might es
apethe dete
tor if the angle, with respe
t to the normal to the dete
tor surfa
e, is lowenough. If the angle is greater than this "
riti
al angle" the full energy of �ssion eventis 
olle
ted. With �ssion fragment ranges of 15-20 µm, the 
riti
al angle is around 45-60◦. In all the 
ases the 
olle
ted energy is higher than the energy of a single �ssionfragment. Figure 6.11 shows an illustration of the angles. The events whi
h are eje
tedat angles smaller than α will es
ape while events eje
ted at angles smaller than β willtrigger the MWPC. The shaded area 
orresponds to the area of the PIPS dete
torwhere full energy �ssion is 
olle
ted, the white area 
orresponds to the area whereonly a partial amount of the �ssion energy is 
olle
ted. The dark spot indi
ates thepla
e where �ssion o

urs.
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a

b

10 mmFigure 6.11: The angle α 
orresponds to the "
riti
al angle", �ssion fragments with a smaller anglethan α will es
ape. From the es
aped fragments the ones emitted at angles smaller than β will triggerthe gas 
ounter. When the range of �ssion fragments in sili
on is 15-20 µm, the angle α is around45-60◦.Figure 6.12 shows a gas vetoed and 252No re
oil 
orrelated spe
trum from the lowampli�
ation side, or the "re
oil-side", when the total energy signal was 
reated bysumming individual top and bottom signals. As it 
an be seen from �gure 6.12 thereis a broad distribution in higher 
hannel numbers than transfer produ
ts. If thisdistribution 
orresponds to real 252No �ssion events the de
ay half-life of the broaddistribution should be the same as the 252No α de
ay half-life assuming that the �ssiono

urs from the same state. The de
ay 
urves of the 252No α de
ay and the assumed�ssion events are plotted in �gure 6.13.After taking ba
kground into a

ount the half-life of the assumed �ssion events wasdetermined as T1/2= 2.54±0.07 s while the half-life of the 252No α de
ays was T1/2=2.46±0.05 s. Within the error limits the half-lives are identi
al. The observed �ssionhalf-life agrees well with the 252No spontaneous �ssion half-life of T1/2= (2.38+0.26
−0.22)s. reported in Ref. [Bel03℄ and with the half-life of T1/2= 2.44±0.12 s reported inRef. [Hul94℄. This strongly supports the assumption that the broad distribution athigh energy represents true 252No �ssion events and that �ssion de
ay and α-de
ayoriginate from the same initial state. Further support 
an be obtained from the re
oil-�ssion tagged γ-ray spe
trum, if it shows identi
al stru
ture as the re
oil-α taggedspe
trum. Both of the RDT spe
tra are presented in �gure 6.14 where the top panelshows the re
oil-�ssion tagged spe
trum and the bottom panel shows the re
oil-αtagged spe
trum.Both re
oil-α tagged spe
trum and re
oil-�ssion tagged spe
trum show the suppressionof the lead X-rays and the ground state band of 252No. This 
on�rms that the assumed�ssion events are real 252No �ssion events.
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Figure 6.12: Re
oil 
orrelated �ssion spe
trum within 15 s sear
h time. A total of 1440 �ssion events
an be found when �ssion gates were from 
hannels 4500 to 7500. The energy s
ale is in arbitraryunits.6.3.3 Combined re
oil-α and �ssion tagged spe
trumThe spe
tra from the re
oil-α tagging and from the re
oil-�ssion tagging methods
an be 
ombined to improve statisti
s by approximately 50 %. This allows an ex-
ellent opportunity to extend the known level s
heme to higher spin and ex
itationenergy. Figure 6.15 shows the 
ombined spe
trum. The γ-ray transitions of Eγ=453keV (16+ → 14+) and Eγ= 484 keV (18+ → 16+) 
an be dis
erned above the ba
k-ground.6.3.4 Spontaneous �ssion and α-de
ay bran
hing ratiosThe implantation depth in sili
on is not enough to stop �ssion fragments emittedat smaller angles than α (see Fig. 6.11). The es
aped �ssion fragments may hit theMWPC triggering it and thus making a �ssion event look like s
attered beam redu
ingthe �ssion dete
tion e�
ien
y. A geometri
 e�
ien
y 
orre
tion must be applied tothe dete
ted �ssion events. The 
orre
tion 
an be 
al
ulated from the MWPC's solidangle 
overage. The 
orre
tion was found to be approximately 11 %. A total of 1440�ssion events were identi�ed in the experiment, following the geometri
al 
orre
tionthe number of �ssion events is 1620. The total number of 252No α de
ays was 2890
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Figure 6.13: The de
ay 
urve of the possible �ssion events (a). De
ay 
urve of the 252No α de
ay (b).A two 
omponent �t was made to the data, the se
ond 
omponent is due to the random ba
kground.Identi
al de
ay rates 
an be observed in both 
ases.after taking random ba
kground into a

ount. This value has to be 
orre
ted with thenumber of es
ape α parti
les. Comparing these two numbers the ratio of α de
ay tospontaneous �ssion 
an be determined to be α/SF = 76/24. The obtained value agreesquite well with the a

epted ratios of α/SF = 73.1/26.9 reported in Ref. [Bem77℄ andwith the ratio of α/SF = 78.4/21.6 reported in Ref. [And93b℄. The most re
ent studyon the spontaneous �ssion of 252No by Belozerov et al. reports a �ssion bran
h ofbSF=32±3 % [Bel03℄.6.4 Transitions lying high in energyAn interesting question arises when the s
ale in the 
ombined re
oil-α and re
oil-�ssion spe
trum (�gure 6.15) is broadened up to 1000 keV. Unfortunately, the in-beam γ data is very sparse in this region and thus a thorough level systemati
s studyis di�
ult. Re
ently identi�ed non-yrast states in 254No and 250Fm [Ee
05℄,[Pri05℄raised the question whether similar non-yrast states 
ould also be present in 252No.Transitions from these states show up in the γ-ray spe
trum at 800-900 keV range.The re
oil-�ssion tagging improved the statisti
s of the 252No γ-de
ay spe
trum thus
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Figure 6.14: Comparison between re
oil-α and re
oil-�ssion tagged spe
trum.a sear
h for analogous transitions was made.The 
omparison between 250Fm, 254No and 252No γ-ray spe
tra is presented in �gure6.16. The non-yrast peaks found are marked with arrows and the areas where anintense 
luster of peaks was found are indi
ated by the dashed lines. The spe
traand peak identi�
ation for 250Fm and 254No has been adopted from Refs. [Pri05℄ and[Ee
05℄ respe
tively. In the 
ase of 252No γ-γ 
oin
iden
es are not available due to lowstatisti
s, thus only tentative 
on
lusions 
an be made.Similar behaviour 
an be observed in all three nu
lei, i.e. a 
omb-like intense 
lusterof peaks at the 600 keV region and few peaks in the 800 keV to 1000 keV region. Inthe 
ase of 252No there are only a few 
ounts in the high energy peaks. By 
omparingthe number of 
ounts in the peaks to the general ba
kground it 
an stated the highenergy peaks are from real transitions. An enlarged view of the areas of the interest
an be seen in the �gure 6.17. For example, there are 9 
ounts in the region from 550keV to 595 keV, an average of 0.2 
ounts/keV. Assuming that the random 
ounts aredistributed evenly the expe
ted number of random 
ounts in the region of 596 keV to615 keV is 3.8, the measured number of 
ounts in this window is 12. Thus it 
an bestated that all these 
ounts 
annot be produ
ed by random ba
kground.There are two types of stru
ture in these spe
tra. Firstly, there is a dense 
omb-like
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oil α and re
oil �ssion tagged spe
trum.stru
ture at 600 keV, and se
ondly there are peaks with wider spa
ing up to 1000 keV.The new peaks may belong to non-yrast states de
aying to the lower members of theground state band. Interestingly, the energy di�eren
e between the 607 keV and the651 keV 
andidate peaks is 44±2 keV, or the energy di�eren
e between the 603 keVand the 651 keV peaks is 48±2 keV. The predi
ted energy di�eren
e in the groundstate band between the 2+ and 0+ states is 46 keV, only a 2 keV di�eren
e. Similarly,the energy di�eren
e between the 627 keV and 732 keV peaks is 105±2 keV. Thepredi
ted energy di�eren
e between the 4+ and 2+ states of the ground state band is107 keV, again only a 2 keV di�eren
e.The peaks at 600 keV form an intense group. One 
ould spe
ulate that this stru
-ture is due to inter-band de
ays from a β-vibrational band. The β vibrations 
anonly be found in quadrupole deformed nu
leus [Cas00℄. In the study by Herzberget al. the measured quadrupole deformation of 252No was β2=0.27 [Her01℄. In a β-vibrational band the energy spa
ing between the levels mimi
 the energy spa
ing ofthe ground state band. Obviously, the spa
ings between the ground state band andthe β-vibrational band are not equal but fairly 
lose. The β vibration 
ouples with arotation to form a rotational band with Iπ=2+,4+,6+. . . .
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Figure 6.16: A 252No RDT spe
trum 
ompared with 
losest and relatively well studied 254No andthe N=150 isotone 250Fm [Pri05℄, [Ee
05℄. The interesting areas and peaks have been indi
ated. Thestru
ture of 252No seems to be very similar that of 254No and 250Fm.Experimentally β-vibrational bands are di�
ult to dete
t and not many are known.The in-band transitions in β-vibrational bands are experimentally di�
ult to see sin
ethe high energy transition from β-vibrational band to the ground state band is pre-ferred. In addition, in heavy elements the low-energy in-band E2 transitions are highly
onverted. Thus the only experimentally dete
table γ rays originate from high energyinter-band transitions between the β-vibrational band and ground state band. Thesetransitions 
an seen as E2 γ transitions [Cas00℄. In a γ-ray spe
trum these inter-bandtransitions from a β-vibrational band to the ground state band would 
reate peaksside-by-side as a 
omb-like stru
ture where the transition energy roughly 
orrespondto the energy di�eren
e between the bandheads. Su
h a dense 
on
entration of peaks
an be observed in 252No spe
trum in the 600 keV region as seen in �gures 6.15 and6.16.Another possibility is the γ vibrational band. Like in β vibrational band the γ vibra-tional band is a 
olle
tive stru
ture. The γ vibration 
ouples with rotation to form
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Figure 6.17: Enlarged view of the peaks around 600 and 800 keV regionsa rotational band with Iπ=2+,3+,4+. . . . The level spa
ing in the γ vibrational banddoes not mimi
 the level spa
ings of the ground-state band. This 
auses s
attering ofthe inter-band transition energies and a 
lear 
omb-like stru
ture would not be visible.The γ-ray transitions seen in the spe
trum at the 600 keV region would then representthe inter-band transitions to the ground state band. The transitions between the βand γ bands are not allowed due to the annihilation of a phonon in one band and
reation in another [Cas00℄.The weak γ peaks seen in the 800-1000 keV region are probably from a similar band asseen in 254No whi
h presumably do not originate from β or γ vibrations. The isotones
248Cf and 246Cm have been studied extensively and level s
hemes have been established[Yat75℄ [Mul76℄. In 248Cf there is a sideband with negative parity where the band headis lo
ated around 600 keV. In 246Cm there is also a similar negative parity sidebandwith the band head lo
ated at 840 keV. The peaks in 252No may belong to a similarband to those negative parity bands found in 246Cm and 248Cf. In the re
ent studiesof 254No the transitions with 841 keV and 943 keV de
ay energies were assigned tobe de
ays from a K=3 sideband [Ee
05℄. In the 
ase of 252No the situation is more
omplex and more peaks are visible. The predi
ted energy di�eren
e between the 4+and the 2+ states is 107 keV. The energy di�eren
e between the 799 keV and 903keV peaks is 104±2 keV, only 3 keV lower than the predi
tion. This would support



78 Re
oil-de
ay tagging studies of 252Nothe assumption that the situation is similar to that of 254No. Figure 6.18 displays apartial potential level s
heme of 252No. The high energy transitions whi
h de
ay tothe ground state band are marked with bla
k arrows. The open arrows represent theground state band. The dashed arrows represent 
onverted transitions.
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Figure 6.18: Partial potential level s
heme of the 252No.De�nite assignments 
annot be made due to the la
k of statisti
s and γ-γ 
oin
iden
es.Further experiments are needed to solve this puzzle. The GREAT spe
trometer withit's TDR data a
quisition and the JUROGAM array might be su�
iently e�
ient toobtain statisti
s required in order to make de�nite assignment on ea
h transition. Thestru
tures are very weak and 
an only be probed with powerful spe
tros
opi
 tools.6.5 Dis
ussionFission events dete
ted at the fo
al plane of RITU were analyzed for the �rst time. There
oil �ssion tagging method was employed to obtain tagged γ-ray data. The resultsof the analysis proved the feasibility of the method. The �ssion events were dete
ted
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ts 79simultaneously with α de
ay whi
h gives dire
t a

ess to relative bran
hing ratios.The measured spe
tra showed that �ssion originates from the same initial state as the
α de
ay does. In the �gure 6.2
, the 3-4 highest transitions are barely distinguishable.The weakest transitions in the rotational spe
trum published in Ref. [Her01℄ were
on�rmed. In addition new peaks were found but the origin of the peaks 
ould notbe determined due to low statisti
s. In the future, �ssion events may be utilized intagging experiments of super-heavy nu
lei.These peaks are labelled as members of the rotational band and it is important toverify these peaks. In the spe
tra published in Ref. [Her01℄ only re
oil α taggingmethod was used. In the se
ond analysis both α de
ay and �ssion events were used toobtain tagged γ spe
trum. The proof of feasibility of the �ssion tagging method wasa
hieved. Analysis of the high energy part of the γ spe
trum show signs of similarstru
ture as observed in 250Fm and in 254No, it 
an be spe
ulated that the observedtransitions are from di�erent vibrational bands or quasiparti
le stru
tures.6.6 Future prospe
tsThe re
oil-�ssion tagging method developed in this work opens new possibilities inheavy element nu
lear stru
ture studies (see se
tion 6.1). The transfermium nu
lideswith �ssion bran
hes 
lose to 100 % have never been studied via in-beam γ-ray spe
-tros
opy. The only available information for these nu
lei are from studies of de
ayhalf-life and bran
hing ratios. Re
oil-�ssion tagging provides an important tool tostudy the stru
ture of these nu
lei with in-beam methods. A natural way to pro
eedfurther is to study a heavier even-even nu
leus with Z=104. Experimentally this isvery 
hallenging sin
e the produ
tion 
ross se
tion be
omes extremely low, rea
hingthe nanobarn level.6.6.1 The 256Rf experimentThe 
hart of the nu
lides has been explored widely in
luding the heavy element regionwhere progress has been made also with in-beam spe
tros
opy of the transfermiumnu
lides. The 
urrent dete
tion system has allowed us to measure rotational spe
traof di�erent heavy elements and their various isotopes. Currently the heaviest isotopewhi
h has been su

essfully studied via in-beam spe
tros
opy is 255Lr [Gre05℄. Thenext interesting 
ase is the even-even isotope 256Rf (Z=104) whi
h lies on the N=152
losed neutron shell. Previously 256Rf has been studied via α spe
tros
opy with highpre
ision and the half-life, de
ay energy, α-de
ay bran
h and the produ
tion 
rossse
tion are known [Heÿ97℄. The general predi
tion in this region of the 
hart of the
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lides is strong prolate ground state deformation with β2 ≈0.25 [�wi94℄. Thusa rotational band is expe
ted in the experimental γ-ray spe
trum. Another generalfeature in this region is that the transitions from the lowest ex
ited states are strongly
onverted where the de
ay pro
eeds via internal 
onversion. The lowest transitionsvisible in the γ-ray spe
trum of 254No and 250Fm are the 6+ → 4+ transition andsimilar behaviour 
an be expe
ted in 256Rf.The experiment would be performed using the 50Ti(208Pb,2n)256Rf rea
tion with abeam energy of EMOT=237 MeV. The 
ross se
tion for this rea
tion is 12 nb whi
h isat the dete
tion limit for in-beam studies. 256Rf de
ays mainly via �ssion with a half-life of T1/2=6.2±0.2 ms [Heÿ97℄. The measured α bran
h is only bα=0.0032±0.0017,thus the �ssion bran
h is bSF>99.5 % [Heÿ97℄. In the 252No experiment the total pro-du
tion 
ross se
tion was 220 nb and from this the �ssion bran
h was 23 %, thus thee�e
tive spontaneous �ssion 
ross se
tion was approximately 50 nb. The produ
tion
ross se
tion of 256Rf is 4 times smaller, around 12 nb, whi
h puts it right at the de-te
tion limit. Sin
e the 252No experiment RITU has gone through a series of upgradesas dis
ussed in Chapter 3. The γ dete
tion e�
ien
y has gone up from 1.7 % to 4.3% with the JUROGAM dete
tor array. The RITU beam suppression has improvedsigni�
antly due to the new dipole 
hamber, and s
attering of the primary beam hasbeen redu
ed due to the di�erential pumping system. Although the produ
tion 
rossse
tion for 256Rf is only approximately 25 % of the e�e
tive 252No �ssion 
ross se
tionthe spe
trum quality is expe
ted to be better and the dete
tion e�
ien
y higher. In atwo week experiment the spe
trum expe
ted from a 256Rf experiment would be similarto the re
oil-�ssion tagged spe
trum shown in �gure 6.14 but with less ba
kground.The rotational stru
ture of the nu
leus should be visible with about 15 
ounts in themost intense peak, whi
h in the 252No 
ase was the 8+ → 6+ transition.The most 
hallenging part in this experiment is the identi�
ation of a �ssion event.The GREAT spe
trometer was never designed to dete
t �ssion and α de
ay eventssimultaneously. The gains would have to be lowered so that high energy signals from�ssion events will not saturate in the ampli�er resulting in the loss of the low-energy
α-de
ay signals. This is, however, not 
ru
ial sin
e the α de
ay bran
h in 256Rf isvery weak at only <0,5 %. As dis
ussed in se
tion 2.2.2, a �ssion event is a veryenergeti
 de
ay where the nu
leus is split into two lighter nu
lei. These parti
les �yroughly in opposite dire
tions. In the GREAT spe
trometer a �ssion event wouldbe 
hara
terized as a high de
ay energy, an anti-
oin
iden
e with the MWPC and,optimally, a PIN diode dete
ting the �ssion fragment.The 256Rf experiment requires an intense 50Ti beam and a rotating target system. Thenewly-
ommissioned target 
hamber by IReS allows us to do in-beam spe
tros
opywith rotating targets. At present, the major problem is the low intensity of the beam.The 
urrent MIVOC system where gaseous titano
ene has been used is based onnatural titanium. The abundan
e of 50Ti is only 5.2 % out of natural titanium. The
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Figure 6.19: Ex
itation fun
tion of 50Ti beam irradiated on 208Pb. The �gure adapted from [Heÿ97℄.situation 
an be improved if an oven system is used where enri
hed metalli
 titanium
an be used. The oven is expensive due to the exoti
 materials whi
h 
an standtemperatures above the titanium melting point (1660 ◦C). In addition the oven 
anonly be used on
e.At the moment the maximum beam intensity is around 30 pnA before the maximumgermanium dete
tor 
ounting rate is ex
eeded. There is ongoing development of digitaldata a
quisition ele
troni
s. The digital data a
quisition ele
troni
s will allow higher
ounting rates for germanium dete
tors and thus higher beam intensities 
an be usedand smaller 
ross se
tions 
an be rea
hed via in-beam studies.
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7 The low 
ross se
tion experimentof 255DbSynthesis of the heaviest elements has been a quest ever sin
e the �rst arti�
ialtransuranium isotopes were produ
ed in 1940. Theoreti
al 
al
ulations predi
t thenext major proton shell 
losure between Z=114 or Z=120 or Z=126, depending onthe model. Before the heaviest elements 
an be synthesized the behaviour and stru
-ture of these nu
lei should be understood. This requires thorough mapping of the
hart of nu
lides by studying de
ay properties of various isotopes of the heavy ele-ments. In
reasing the number of super-heavy elements that 
an be synthesized andprovides stringent 
onstraints on nu
lear stru
ture 
al
ulations.7.1 MotivationThe 255Db (Z=105) experiment was the �rst test at JYFL in the �eld of low 
rossse
tion studies in the region of very heavy elements. Claims that 255Db had beensynthesized were made by the Dubna group in the mid-1970's [Fle76℄. However, thereported 
ross se
tion and half-life do not agree with the systemati
s of the dubnium,rutherfordium and lawren
ium isotopes. From more re
ent 
hart of nu
lides the 255Dbhas been removed and therefore it is 
lassi�ed as undis
overed. The study of theheaviest man-made elements (Z=114-118) has progressed in re
ent years. All of theisotopes of new elements have been observed in low-yield experiments with 
rossse
tions of the order of pi
obarn or lower. The synthesis of new isotopes in this regionis a demanding task. Very high beam intensities are required 
ombined with highdemands on target te
hnology. Rotating targets must be used to prevent the targetfrom melting and the separator e�
ien
y has to be high in order to minimize fusionprodu
t losses.The ex
itation fun
tions in 
old fusion rea
tions where only 1-2 neutrons are evap-orated, are typi
ally very narrow. Thus, the middle of target energy must be wellde�ned. The beam energy has to be well tuned and all the energy losses before andin the target have to be taken into a

ount. This introdu
es the problem of stoppingpowers of heavy elements in di�erent media whi
h has been dis
ussed in Se
tion 4.3.1.The isotope 255Db should have a su�
iently high 
ross se
tion in order to gain expe-83



84 The low 
ross se
tion experiment of 255Dbrien
e in the synthesis of very heavy elements. It will provide valuable information onthe physi
s of the nu
lei under extreme 
onditions and experien
e in the �eld of low
ross se
tion studies.7.2 Experimental detailsThe isotope 255Db 
an be synthesized with the rea
tion 209Bi(48Ti,2n)255Db. The esti-mated 
ross se
tion for this rea
tion was 
al
ulated to be 360 pb by Heÿberger [Heÿ01℄with the HIVAP 
ode. The improvements in the ECR ion sour
e and the developmentof the MIVOC method has allowed the use of high intensity metalli
 beams [Koi94℄.The beam of 48Ti was used to bombard a 209Bi target with a thi
kness of 450 µg/
m2.The ex
itation energy of the 
ompound nu
leus 257Db was E∗=21.8-25.1 MeV withtwo di�erent bombarding energies of Ebeam=242 MeV and Ebeam=246 MeV. The totaldose of beam to the target was 2.1×1017 parti
les and the duration of the experimentwas 8 days. All these experimental details are summarized in table 7.1.Table 7.1: Summary of the experimental detailsBeam 48Ti10+Beam energy (Elab) 242-246 MeVEx
itation energy (E∗) 21.8-25.1 MeVTarget 209BiTarget thi
kness 450 µg/
m2Irradiation time 109 hTotal dose 2.1×1017 part.The rea
tion 209Bi(48Ti,2n)255Db is a so 
alled 
old fusion rea
tion where a heavystable target was bombarded with metalli
 ions. The name 
old fusion refers to lowex
itation energy of the 
ompound nu
leus where the ex
itation energy is 10-25 MeVand only 1-2 neutrons are evaporated. Towards the heavier elements �ssility in
reasesand the survival probability be
omes of in
reasingly important. Cold 
ompound sys-tems are expe
ted to have an enhan
ed survival probability. When synthesizing veryheavy elements the beam ions have barely enough energy to over
ome the Coulombrepulsion. In 
old fusion the proje
tile is sele
ted to be fairly heavy but 
lose to themagi
 numbers 20 and 28. In the 255Db experiment the proje
tile proton number was22 and the neutron number was 26.Sin
e the predi
ted 
ross se
tion was low, RITU had to be tuned to 
lose to theoptimum settings at the beginning of the experiment. The required magneti
 rigidityBρ was determined beforehand a

ording to the method presented in Chapter 4.During the experiment magneti
 �eld values were 
hanged from 1.112 T to 1.179 Tto s
an through the range of possible magneti
 �eld values.



7.2 Experimental details 857.2.1 Target wheelThe target foils were mounted on a rotating target wheel in order to prevent thetargets from melting. Figure 7.1 shows the rotating target wheel where the targetfoils are pla
ed on the 
ir
umferen
e of the wheel.
Target foils

Figure 7.1: S
hemati
 diagram of the target wheel used in the low 
ross se
tion experiments.The wheel 
an house 8 targets of 11×100 mm2 in size. The target wheel rotates atapproximately 100 rpm. The diameter of the wheel is 37.5 
m and thus it 
annot be�tted into any of the 
onventional target 
hambers and it requires a separate target
hamber. The target 
hamber is 
onne
ted to the RITU gas volume 
ontaining 0.6mbar pressure of helium gas. The helium is essential in order to 
ool down the targetvia 
onve
tion. During the experiment the 
hamber was separated from the beam linewith a thin gas window. The windows were made either of ni
kel of thi
kness 450
µg/
m2 or 
arbon of thi
kness 70-100 µg/
m2. During the experiment the gas win-dows were the main limiting fa
tor for beam intensity. Today RITU has a di�erentialpumping system and the gas windows have be
ome obsolete.7.2.2 CalibrationBefore the experiment the high ampli�
ation side of the PIPS dete
tor was 
alibratedwith an internal 
alibration. A beam of 48Ti was used to bombard 112Sn and 170Er



86 The low 
ross se
tion experiment of 255Dbtargets. The α de
ays from the fusion produ
ts were used to 
alibrate the PIPSdete
tor. Figure 7.2 shows the α spe
trum from the 
alibration runs. The peaks of
152Er and 155,155mLu were used to 
alibrate the high ampli�
ation 
hannel of the PIPSdete
tor. In �gure 7.2 the peaks used in 
alibration are marked with arrows.
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Figure 7.2: Alpha spe
trum obtained from the 
alibration runs. The peaks used to 
alibrate the highampli�
ation side of the PIPS dete
tor are marked with arrows.A rough 
alibration for the low ampli�
ation 
hannel 
an be obtained by using thetransfer produ
ts eje
ted at 0◦. Calibrating with transfer produ
ts is not an a

urate
alibration but it gives an energy s
ale appropriate for identifying �ssion events. Fromkinemati
s, the energy of the transfer produ
ts 
an be 
al
ulated. Taking all the energylosses into a

ount the transfer produ
ts have an energy of the order of 70 MeV whenhitting the PIPS dete
tor. Figure 7.3 shows the gas-vetoed re
oil spe
trum obtainedfrom the 
alibration runs where RITU was tuned to 
olle
t transfer produ
ts. In �gure7.3 the transfer produ
ts peak at around the 
hannel number 1400.The total kineti
 energy release (TKE) of the �ssion of 255Db was 
al
ulated to be214 MeV using equation 2.15. The �ssion energy measured should be of the sameorder as in the 252No experiment. In the 252No experiment the �ssion events were1.5-3 times higher in energy than the transfer produ
ts (see �gure 6.11). Initially the
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Figure 7.3: MWPC vetoed low ampli�
ation side energy spe
trum. The broad distribution around
hannel 1400 represents transfer produ
ts.target-like produ
ts have an energy on the order of 140 MeV, but when taking allthe energy losses into a

ount, the target-like produ
ts have an energy of the order of70 MeV when hitting the PIPS dete
tor. Thus, if the 
hannel number 1400 in Figure7.3 
orresponds to the target-like produ
t energy of 70 MeV, the �ssion events haveminimum energies of around 100 MeV. The �ssion events should lie in the 
hannelnumbers 2500 to 4500. The pulse height defe
t might 
ause distortions to the energys
ale. This 
auses non-linearity to the energy s
ale but the degree of non-linearity isnot 
lear. The pulse height defe
t is a fun
tion of energy and mass: the target-likeprodu
t is massive but less energeti
 while the �ssion fragment is less massive butmore energeti
.The 
alibration runs have a signi�
ant meaning in the low 
ross se
tion experiments.In low 
ross se
tion studies only a few fusion evaporation residues are produ
ed. The
alibration data not only give the energy 
alibrations for the main dete
tor but alsothe gate limits for the 255Db 
an be determined. In 
alibration runs the fusion re
oilsare abundant and an a

urate identi�
ation of fusion produ
ts in the ∆E and TOFspe
tra provides initial gate limits for the 255Db re
oils. For 
orrelation analysis, thegates in the ∆E, TOF and in the re
oil spe
trum must be set a

urately to minimizethe number of a

idental 
orrelations. The produ
tion 
ross se
tion is so low thatthe possible 255Db re
oils are lost in the ba
kground without e�e
tive reje
tion of
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attered beam and target-like parti
les.7.3 AnalysisIn the online analysis no de
ays of 255Db were observed. From the systemati
s thepossible de
ay properties of 255Db and the daughter 251Lr were dedu
ed. The dedu
ed
α de
ay properties for 255Db were Eα=9.45 MeV with a half-life of T1/2=20 ms and forthe daughter nu
leus 251Lr Eα=9.02 MeV with a half-life of T1/2=80 ms, respe
tively[Heÿ01℄. The estimates were obtained when an unhindered de
ay was assumed. Sin
ethe isotopes were unknown before and spontaneous �ssion is the dominant de
ay modein this region, it was un
lear if the 255Db or 251Lr have α-de
ay bran
hes at all. Thedata analysis was performed with the sort 
ode written with C-programming languagedes
ribed in Se
tion 3.6.1.Gates for a 255Db re
oil were determined from the 
alibration runs using the slightlymodi�ed gates set to 155Lu re
oils. It was realized that these gates are far too widesin
e the 255Db are slower and more massive than re
oils dete
ted in the 
alibrationruns. Sin
e the lutetium re
oils are faster and more energeti
 than 255Db re
oils theyare found in higher 
hannel numbers. The real 255Db re
oils would require tighter gatesbut the risk of losing real re
oils in a low 
ross se
tion experiments was too high. Thelow 
ounting rate at the fo
al plane and the high granularity of the PIPS dete
torallowed the use of wide re
oil gates without signi�
antly in
reasing the number ofa

idental 
orrelations. Figure 7.4 shows the position of the 
orrelated lutetium re
oilsin the re
oil energy versus TOF plot. The energy gates for 255Db re
oils were obtainedfrom this plot. Figure 7.4 also 
ompares the position of the 
orrelated lutetium re
oilsobtained from 
alibration runs with the position of the 
orrelated 255Db events whi
hare marked with open 
ir
les.7.3.1 Re
oil-�ssion 
orrelationThe gas-vetoed �ssion spe
trum did not show any 
lear signs of �ssion events. Theevents were buried in the ba
kground 
aused by s
attered parti
les. This 
an be seenin �gure 7.5.The de�nition of a �ssion event is of paramount importan
e in this respe
t. Fissionwere de�ned as energeti
 events in the PIPS with no 
oin
iden
e with either of theMWPCs. The se
ond MWPC was pla
ed only 1.5 
m upstream from the PIPS de-te
tor. In the 
ase of �ssion, the fragments share the �ssion energy a

ording to theirmasses. The angle between the fragments is determined by 
onservation of momen-



7.3 Analysis 89

0 200 400 600 800 1000 1200 1400 1600
0

200

400

600

800

1000

1200

1400

1600

TOF

Erec sum plusFigure 7.4: The 
orrelated re
oil energy versus TOF plot from the 
alibration runs. The lutetiumre
oils are visible as a 
luster. The positions of 
orrelated 255Db re
oils are marked with light 
ir
les.The limits for re
oil gates are indi
ated. The beam was 
ut o� in software by �tting a fun
tion tothe lower limit of the beam.tum. In binary �ssion the fragments are eje
ted at a 180◦ angle with respe
t to ea
hother. In this respe
t it is very likely that the other �ssion fragment traje
tory goesthrough at least the MWPC 
losest to the PIPS dete
tor triggering it. Tight gateswere 
hosen even if real events 
ould possibly be vetoed. The lower limit for the �ssiongate was determined based on the experien
e gained from the 252No experiment. Thesetwo experiments were done with fairly similar beam and target 
ombinations and witha similar bombarding energy. In the 252No experiment the lower limit of �ssion energyrange was about 1.6 times higher than the peak of the transfer produ
ts. In the 255Dbexperiment the peak of the transfer produ
ts was at 1400 and thus the lower limit for�ssion event energy was set to 2200. The lowering of the gate limits would in
reasethe number a

idental events and it would be hard to distinguish between real anda

idental 
orrelations. Figure 7.5 shows the un
orrelated spe
trum of events whi
hpassed through the �ssion gates.Figure 7.6 shows the 
orrelated �ssion spe
trum. The �ssion events were 
orrelatedwith re
oils within a one se
ond time window and a 1.3 mm position window. Onlytwo events were found with lifetimes of τ=4 ms and τ=99 ms, respe
tively.The 
orrelation was solely between re
oils and �ssion events. Most likely the 251Lralso has a spontaneous �ssion bran
h. In this study the distin
tion between 251Lr and
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h passed through the �ssion gate. The lower limit of the �ssion gates was setto 
hannel 2200 while no higher limit was set.
255Db �ssion events is impossible. Thus it is possible that the �ssion events are from
251Lr. This would require an α de
ay before the �ssion event. Possible re
oil-α-�ssionand re
oil-es
ape α-�ssion 
hains were also 
he
ked event-by-event for these two typesof events. Su
h de
ay 
hains were not found in either 
ase.7.3.2 Re
oil-α 
orrelationsThe α-de
ay bran
h of the 255Db isotope was unknown. The estimates presented in theSe
tion 7.2 were based on systemati
 studies by F. Heÿberger [Heÿ01℄. The α-de
ayenergy range seen in �gure 7.7 shows no 
lear α-de
ay peak above 9000 keV.The α-de
ay peaks from transfer rea
tion produ
ts are 
learly visible in �gure 7.7a,espe
ially 211Po and 211At whi
h 
orrespond to 2p and 1p1n transfer rea
tions. In�gure 7.7b the α spe
trum from the produ
tion runs is presented. In the lower spe
trathe peaks from transfer produ
ts are small ex
ept for two strong peaks from 211Poand 211At. These isotopes are the main transfer produ
ts whi
h s
atter to the fo
alplane during the produ
tion runs when RITU was tuned for 255Db. In addition, a lotof 211Po and 211At was implanted into the PIPS dete
tor during the 
alibration runswith transfer produ
ts. Despite the 
ontaminants from transfer produ
ts the energy
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Figure 7.6: Correlated re
oil-�ssion spe
trum within one se
ond time window. The lower limit forthe �ssion gate was set to 
hannel 2200.region where possible 255Db α de
ays are expe
ted is very 
lean. In �gure 7.7a thetransfer produ
ts with de
ay energies above 9000 keV are very s
ar
e thus this energyregion should 
ontain very few 
ontaminants. In �gure 7.7b the high energy part above9000 keV does not show any 
lear α de
ay peaks, but rather a steady ba
kground froms
attered beam. The possible α-de
ay peaks are lost in the ba
kground.The 
orrelation analysis was done in order to pinpoint the 255Db α-de
ay peak. The
α-de
ays were 
orrelated with a re
oil event within one se
ond time and within a 0.85mm position window. The 
orrelated α spe
trum 
an be seen in the �gure 7.8. Thespe
trum shows some 
orrelated events from the de
ay of 214mFr. The energy windowused to �nd the 255Db alpha de
ay was set to 8500-10500 keV 
overing all the possible
255Db α-
andidate energies in 
ase the estimated α-de
ay energy was not a

urate. In�gure 7.8 all the events are labelled with lifetimes.The only 
andidate, whi
h satis�es the expe
ted energy and lifetime requirements ofa 255Db α de
ay, is the event at Eα=9564 keV and with a lifetime of τ=56 ms. Thisevent is labelled in �gure 7.8. This re
oil-α 
orrelation is signi�
ant sin
e as mentionedpreviously this energy region was free from 
ontaminants. Any isotopes whi
h havesimilar de
ay energies and 
ould have been produ
ed in a transfer rea
tion have half-
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Figure 7.7: Two di�erent MWPC vetoed α spe
tra. Figure a) represents the α-de
ay spe
trumobtained when RITU was tuned for transfer produ
ts and �gure b) represents the α-de
ay spe
trumobtained when RITU was tuned for 255Db. RITU was tuned to 
olle
t transfer produ
ts twi
e, inthe middle and at the end of the experiment.lives of the order of 1 ms and below. Unfortunately, this event does not 
orrelatefurther with a full-energy daughter α de
ay thus making the identi�
ation of theevent un
ertain. The possible re
oil-α-α-α 
hain with a known 247Md α de
ay as agrand-daughter would give undisputed eviden
e for a dete
tion of an 255Db α de
ay.There is a possibility that the daughter of the 255Db α de
ay has es
aped the dete
torand the observed event would be followed by an es
ape α parti
les. Another possibilityis that the 255Db α de
ay is followed by a �ssion of 251Lr.Re
oil-α-251Lr �ssion 
orrelationThe daughter nu
leus of 255Db is 251Lr and the de
ay properties of 251Lr were unknownprior to this experiment. Generally, nu
lei in this region have signi�
ant spontaneous�ssion bran
hes and thus it is possible that 251Lr de
ays via �ssion. Sin
e there was
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Figure 7.8: Correlated α spe
trum within 1 s sear
h time and with an energy window of 8500-10500keV. The lifetime of ea
h event is indi
ated. The event labelled as 255Db was the only one whi
h
orrelated with a �ssion event.only one re
oil-α 
hain to be 
he
ked, a sear
h for the possible re
oil-α-�ssion andre
oil-α-es
ape α 
hains were performed event-by-event. The events following the 
or-related α de
ay within a �ve se
ond time window and in the same pixel were printedout. The 9564 keV α de
ay was followed by a �ssion event 
andidate whi
h satis�edall the requirements set for a �ssion event in the Se
tion 7.3.1. The energy of the eventin the arbitrary units used for the low ampli�
ation side was 3334. Determined fromthe top and bottom signals of a PIPS strip, this energy satis�es the requirements setfor a �ssion event in the se
tion 7.2.2. The lifetime of the �ssion event was withina

eptable limits sin
e the predi
ted half-life for 251Lr was 80 ms while the experi-mental half-life for this event was 27 ms. Some of the transfer-α de
ay events were
he
ked in a similar manner in
luding the isomeri
 α de
ays of 214mFr. The behaviourobserved following the 9564 keV α de
ay was unique and it was not found anywhereelse. Another possibility is that the produ
ed de
ay 
hain is a real 
hain but it doesnot originate from 255Db. For example, a transfer rea
tion 
an produ
e uranium orprota
tium isotopes with similar de
ay energies. The produ
ts produ
ed in transferrea
tions do not have known spontaneous �ssion bran
hes. In addition, the half-livesof the isotopes produ
ed in transfer rea
tions are of the order of 1 ms or faster whi
hare too fast 
ompared to the measured lifetime of 56 ms. Thus the 
hain was labelledas re
oil-α-�ssion 
hain belonging to 255Db.
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Figure 7.9: All the 
orrelated �ssion events observed in the experiment. Individual events labelleda

ording to their origin.A 
ase of spe
ial interest is if the super-heavy element experiments are done with a
-tinide targets. Transfer produ
ts from these targets have spontaneous �ssion bran
heswhi
h 
ould be mixed with �ssion events of interest. The 
urrent experiment was per-formed with a stable target where transfer produ
ts do not have spontaneous �ssionbran
hes and thus the only possible sour
e for �ssion events is fusion produ
ts.7.4 The error analysisIn low 
ross se
tion studies, a

idental 
orrelations 
an play a signi�
ant role. Sin
ethe dete
tor system measures the e�e
t of radiation on matter, not the de
ay dire
tly,the origin of the radiation 
annot be stated. Random �u
tuations of the ba
kgroundradiation 
an produ
e events or 
orrelation 
hains whi
h look like real events. In high
ross se
tion studies where the statisti
s of the de
ay peaks are mu
h higher thanthe ba
kground the number of random 
orrelations 
ompared to the number of realevents is pra
ti
ally non-existent. In low 
ross se
tion studies usually only few eventsare 
olle
ted and the number of random 
orrelations 
an be
ome 
omparable to thenumber of real events. Thus in low 
ross se
tion studies before an event or de
ay 
hain
an be stated as a real 
hain the probability of a

idental 
hain or event has to bemu
h lower than the number of observed 
hains or events.



7.4 The error analysis 95By using equation 3.5 the expe
ted number of a

idental re
oil-�ssion 
orrelations
an be determined. The error probability for the 
al
ulated number of a

idental
orrelations 
an be determined with equation 3.6. The values needed for the equationsare given in table 7.2. The energy range for �ssion events was from 2200 to 4500.Table 7.2: The details needed to estimate the probability of a

idental re
oil-�ssion 
orrelation.Number of �ssion 
andidates 324Number of re
oil 
andidates 79500Measurement time 391000 sSear
h time 1 sE�e
tive pixel number 300Number of a

idental re
oil-�ssion 
orrelations (Nr−f
acc ) 0.22Error probability (Perr(Nobs=2) ) 2.8 %The expe
ted number of a

idental re
oil-�ssion 
orrelations is 0.22 and the numberof observed 
orrelations is 2. The number of expe
ted a

idental 
orrelations is 
learlylower than the number of observed events. The error probability, or the probabilityfor observing two a

idental re
oil-�ssion 
hains, is 2.8 %.Similarly the expe
ted number of a

idental re
oil-α-�ssion 
orrelations 
an be 
al
u-lated. The ne
essary parameters and values are given in table 7.3. The energy rangefor �ssion events was from 2200 to 4500 and the energy range for an α event was9000-10 000 keV.Table 7.3: The details needed to estimate the probability of a

idental re
oil-α-�ssion 
orrelations.Number of re
oil 
andidates 79500Number of �ssion 
andidates 324Number of α-de
ay 
andidates 1646Measurement time 391000 sSear
h time for α-de
ay events 1 sSear
h time for �ssion events 5 sE�e
tive pixel number 300Number of a

idental re
oil-α-�ssion 
orrelations (Nr−α−f

acc ) 1.5×10−5Error probability (Perr(Nobs=1)) 1.5×10−3 %A

ording to the error analysis the probability that the re
oil-α-�ssion 
hain observedis produ
ed by random �u
tuation of the ba
kground is very small. The number ofexpe
ted a

idental 
orrelation 
hains is several orders of magnitude smaller than thenumber of observed de
ay 
hains. In light of this study, it 
an be stated that all ofthe observed de
ay 
hains are statisti
ally meaningful.
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ross se
tion experiment of 255Db7.5 Dis
ussionA total of three events of 255Db isotopes were dete
ted. The total produ
tion 
rossse
tion was estimated to be as low as 40 pb. Most likely this does not representthe maximum produ
tion 
ross se
tion for this rea
tion sin
e no ex
itation fun
tionwas available. The bombardment energy was based on HIVAP 
al
ulations [Heÿ01℄. Inaddition, this 
ross se
tion is fairly tentative sin
e the �ssion dete
tion e�
ien
y 
ouldnot be determined. Nevertheless the 
ross se
tion was mu
h lower than anti
ipated,roughly by an order of magnitude.Taking into a

ount es
aped α parti
les, a 50 % α bran
h 
an be dedu
ed. This valuewas used in the hindran
e fa
tor 
al
ulations. The �ssion dete
tion e�
ien
y 
ould notbe determined and it is likely some �ssion events were lost due to the triggering of these
ond gas 
ounter. Thus the real bran
hing ratio 
annot be determined a

urately butrather a statement 
an be made that 255Db has an α-de
ay bran
h of approximately50 % with a de
ay energy and half-life as given in table 7.4. A 
on�den
e interval of68 % was used in the error limits of the de
ay half-life.Table 7.4: Summary of the experimental results. For 255Db two �ssion events and one α de
ay eventwere seen. The error bars refer to 68% 
on�den
e levels.Nu
leus T1/2 [ms℄ Cross se
tion [pb℄ α de
ay energy [keV℄
255Db 37+51

−14 40 9564(27)
251Lr 27+118

−13 (�ssion)Table 7.5 shows a 
omparison of 
al
ulated hindran
e fa
tors between the 
losestknown isotope 257Db and the isotone 253Lr. The redu
ed widths shown the table were
al
ulated with the Rasmussen method using the known half-lives and bran
hingratios. The even-even isotopes around 255Db tend to de
ay via �ssion, the 
losesteven-even isotopes whi
h have an α de
ay bran
h are 254No and 260Sg (Z=106). Theywere 
hosen to be the referen
e de
ays in this region in the 
hart of nu
lei. The averagenu
leus is needed to 
al
ulate hindran
e fa
tors with the Rasmussen method. Sin
eboth of them are quite far away from 255Db both of them were used as referen
es.Table 7.5 shows a variety of nu
lei around 255Db and their 
al
ulated hindran
e fa
torsand redu
ed widths. In table 7.5 the hindran
e fa
tor 
omparison to 254No is labelledwith No and 
omparison to 260Sg is labelled with Sg. The experimental half-lives andbran
hing ratios needed for the hindran
e and redu
ed width 
al
ulations for 253Lrand 257Db were adopted from Ref. [Heÿ01℄. Similar values for 261Db were adoptedfrom Ref. [Ghi71℄, 261Bh from Ref. [Mün89℄ and 255Lr from Ref. [Esk71℄. If more thanone α-de
ay energy had been identi�ed, the transitions were labelled as e1 and e2 asde
ays to the �rst or se
ond ex
ited state in the daughter nu
leus, respe
tively.The hindran
e fa
tor and redu
ed width study presented in table 7.5 indi
ates that
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ussion 97Table 7.5: Comparison of hindran
e fa
tors of an alpha de
ay from ground state to an ex
ited statedin daughter nu
leus. The α de
ay redu
ed widths δ2 and hindran
e fa
tors were 
al
ulated a

ordingto Ref. [Ras59℄. In the 
ase of 255Db α bran
h of 50 % was used.Nu
leus HF (No) HF (Sg) δ2 [keV℄
261Bh 8.6 14 5
263Db 0.8 1.3 48
261Db 3.0 4.9 13
257e2Db 4.0 6.5 10
257e1Db 11 17 4
257Db 20 32 2
255Db 3.2 5.2 12
259Lr 1.1 1.8 35
257e2Lr 5.6 9.2 7
257e1Lr 19 32 20
255e2Lr 4.7 7.6 8
255e1Lr 2.1 3.5 18
253e1Lr 2.3 3.8 17
253Lr 3.0 4.9 13the favoured de
ay seen in 255Db agrees quite well with the systemati
s in this region.There is a 
orrelation between the redu
ed width and the hindran
e fa
tor of theobserved 255Db α de
ay and those of the known α de
ays from a ground state to theex
ited state in the daughter nu
leus. Based on this the de
ay of 255Db is a similarpro
ess as the favoured de
ays in 261Bh, 257Db and in 253Lr. In an odd system it is
ommon that the α de
ay from ground state de
ays to an ex
ited state in the daughternu
leus. Thus, indi
ating that the 255Db α de
ay is a favoured de
ay.The spins and parities of dubnium, lawren
ium and mendelevium isotopes are shownin table 7.6. Unfortunately there are no predi
tions available for the ground stateand ex
ited states spins and parities for 251Lr. The re
ent in-beam studies on 251Md[The04℄, 255Lr [Gre05℄ support �wiok et als. predi
tions for ground state spins andparities in these nu
lei.The predi
ted ground state, �rst ex
ited and the se
ond ex
ited state spins and paritiesfor the 259Db, 257Db and 255Db isotopes are 9/2+, 7/2− and 5/2− [�wi94℄. The groundstate and ex
ited states spins and parities of 251Lr were not available. An assumptionwas made, based on the systemati
s of the lowest levels in the dubnium, lawren
iumand mendelevium isotopes, that there is no major stru
tural 
hange between theisotopes 251Lr and 253Lr. Therefore, the spins and parities of ground state, �rst andse
ond ex
ited states in 251Lr and 253Lr was assummed to be similar. The ground-statespins and parities of the dubnium isotopes 
an be found as a �rst or a se
ond ex
ited



98 The low 
ross se
tion experiment of 255DbTable 7.6: Predi
ted ground state, 1st ex
ited state and 2nd ex
ited state spins and parities ofdubnium, lawren
ium and mendelevium isotopes a

ording to Ref. [�wi94℄.Nu
leus ground state 1st ex
ited state 2nd ex
ited state
261Db 9/2+ 5/2− 1/2−
259Db 9/2+ 7/2− 5/2−
257Db 9/2+ 7/2− 5/2−
255Db 9/2+ 7/2− 5/2−
257Lr 7/2− 9/2+ 1/2−
255Lr 7/2− 9/2+ 1/2−
253Lr 7/2− 1/2− 9/2+

251Lr - - -
251Md 1/2− 7/2− 7/2+

249Md 1/2− 7/2− 7/2+

247Md 1/2− 7/2− 7/2+state in the lawren
ium isotopes. Thus, the possible unhindered α de
ay would de
ayfrom ground state of the mother nu
leus to an ex
ited state in daughter nu
leus.In fusion-evaporation rea
tions the high-spin yrast states are more likely to be pop-ulated than the low-spin non-yrast states. A

ording to this the 9/2+ ground statein 255Db is more likely to be populated than the 7/2− and 5/2− ex
ited states. Thusbased on the proposed level s
heme by �wiok et al. the observed unhindered α de
ayin 255Db is possibly a de
ay from the ground state to an ex
ited state of 251Lr withidenti
al spin and parity of 9/2+.
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Figure 7.10: All three events presented as a blo
k diagram.In �gure 7.10 the observed de
ay 
hains are presented as a blo
k diagram. The sear
htime for re
oils was one se
ond. All of the events were 
he
ked for es
ape α parti
les.



7.6 Future prospe
ts 99Ea
h event is labelled by its de
ay properties.7.6 Future prospe
tsA rerun of the 255Db experiment would be instru
tive sin
e more statisti
s are ne
es-sary to 
on�rm the results presented in this work. In order to a
quire more statisti
sa 14 day experiment is needed. During the last run one of the "bottle ne
ks" was thegas window before the target whi
h has now been repla
ed by a di�erential pumpingsystem, thus allowing more intense beams to be impinged on the targets. Unfortu-nately, the 48Ti beam intensity has not improved signi�
antly over the years. A newoven system for ECR ion sour
e may improve the beam intensity to some extent. Themain problem with the oven is that at the moment it is expensive due to the exoti
materials whi
h are required to withstand temperatures above the titanium meltingof 1660 ◦C. Based on the experien
e gained in the present experiment the rotatingtarget system 
an withstand beam intensities of at least 100-120 pnA for long periodsof time.The upgrades (see Se
tion 3.3) of RITU sin
e the 255Db experiment have loweredthe ba
kground from s
attered beam 
onsiderably. The GREAT spe
trometer at theRITU fo
al plane provides a higher sele
tivity of fusion re
oils making the numberof a

idental 
orrelations even less. The GREAT spe
trometer only has su�
ientreadout 
hannels for one ampli�
ation to be used for a single DSSD strip; hen
e thesimultaneous 
olle
tion of α-de
ay and �ssion fragment is not straightforward. It ispossible to use two di�erent gain ranges on the front and the ba
k fa
es of the dete
torallowing both the �ssion fragment and α-parti
le to be identi�ed in a single pixel.This method has been su

essfully used to dete
t α-parti
les, ele
trons and internal
onversion ele
trons but has never been used to dete
t α-parti
les and �ssion events.The method is feasible and referring these experiments would provide a good proof ofprin
iple.
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8 SummaryIt has been shown in this work that the RITU separator 
ombined with a sensitivefo
al plane dete
tor setup is a powerful tool for studying heavy exoti
 nu
lei. Theexperiments were 
arried out in a four year time period when RITU and the dete
torsystems went through a series of upgrades. These upgrades improved the ba
kgroundsuppression and dete
tion e�
ien
y signi�
antly. The nu
lei of interest were produ
edin fusion evaporation rea
tions with very low 
ross se
tions. Ea
h of the studied 
asespresented di�erent 
hallenges. The experimental methods used were α-de
ay spe
-tros
opy, re
oil-de
ay tagging (RDT) and �ssion-de
ay tagging.The experimental results obtained from these three experiments gave new insightand information on nu
lear stru
ture in these exoti
 nu
lei. In the 218U experiment anew α-de
aying isomeri
 state was found to de
ay to the ground state of 214Th. Theexisten
e of this state does not support theoreti
al predi
tions of a sub-shell 
losureat Z=92. In addition the ground state properties of 218U and 219U were measured withimproved statisti
s.In the 252No study, a new method of re
oil-�ssion tagging was employed to obtainmore tagged γ-de
ay data. This work marks the �rst time this te
hnique has beenused. The method used in the 252No 
ase in
reased the statisti
s by approximately50 %, enabling new weak peaks to be dis
erned from the ba
kground. These peakslie higher in energy than the peaks belonging to the ground state band. Possibly twoseparate non-yrast or quasiparti
le bands were seen.The 255Db experiment was the �rst low 
ross se
tion experiment performed withRITU. The experiment required high beam intensity and a rotating target. The mea-sured 
ross se
tion in the experiment was as low as 40 pi
obarns. The 255Db isotopewas a previously unknown isotope of dubnium, in addition the daughter nu
leus 251Lrwas also an unknown isotope of lawren
ium. A total of three de
ay 
hains were ob-served; two of the 
hains de
ayed via �ssion and one 
hain via α-delayed �ssion. Littleinformation on the nu
lear stru
ture of 255Db 
ould be extra
ted, but informationon the de
ay properties of 255Db was obtained. The observed α de
ay of 255Db is anunhindered transition. In an odd-A system the ground state quite often de
ays toan ex
ited state in the daughter nu
leus. An unhindered de
ay refers to a de
ay toan ex
ited state in 251Lr with a similar stru
ture. The 
al
ulations by �wiok et al.support this pi
ture. 101



102 SummaryThe experiments 
arried out at the JYFL 
y
lotron laboratory and ea
h experimentwas a pioneering one. In ea
h experiment new information on ea
h of the nu
lei wasobtained. Many of the results obtained raised new questions and interest in thesenu
lei. In all of the 
ases new experiments and further study of the nu
lei is needed tofully understand the stru
ture of these nu
lei. The study of these nu
lei will help usto better understand the behaviour of the atomi
 nu
leus under extreme 
onditions.The results obtained will 
ontribute to untangling the mysteries of the atomi
 nu
leus.Many of the fundamental questions about the atomi
 nu
leus presented almost 100years ago still remain unanswered. The studies in this thesis 
ontribute a tiny portionto the sea of knowledge bringing the answers a little bit 
loser.
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