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AbstratIn this present work, a plunger devie has been ombined with the JUROGAM Ge-detetor array and the RITU gas-�lled separator in order to perform lifetime mea-surements of nulear exited states produed by fusion-evaporation reations. Thiswork was arried out at the Aelerator laboratory of the University of Jyväskylä.Lifetimes of prolate intruder states in 186Pb and oblate intruder states in 194Po havebeen determined by employing, for the �rst time, the reoil-deay tagging tehniquein reoil distane Doppler-shift lifetime measurements. In addition, lifetime measure-ments of prolate states in 188Pb up to the Iπ = 8+ state were arried out using thereoil gating method. The B(E2) values have been dedued from whih deformationparameters |β2| = 0.29(5) and |β2| = 0.17(3) for the prolate and the oblate bands,respetively, have been extrated.These pioneering experiments, ombining tagging tehniques with the reoil distaneDoppler-shift method, have shed new light on the olletivity and deformation ofthe intruder bands involving proton exitations aross the Z = 82 shell gap. Theseexitations of small numbers of partiles over the shell gap lead to dramati hanges inthe nulear shape. The present study addresses the phenomenon of shape oexistenetypial for the nulei near Z = 82 and N = 104 and provides information abouton�guration mixing of intrinsi strutures of the nulei of interest. The results areompared to the available lifetime data for neutron-de�ient Hg and Pt nulei.

ii



Contents1 Introdution 12 Physial bakground 52.1 Eletromagneti transitions and quadrupole moment . . . . . . . . . . 52.2 Nulear deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62.3 Con�guration mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82.4 Struture of neutron de�ient even-even Pb and Po nulei . . . . . . . . 93 Experimental proedure 133.1 The JUROGAM germanium detetor array . . . . . . . . . . . . . . . . 133.2 The reoil separator RITU . . . . . . . . . . . . . . . . . . . . . . . . . 153.3 The GREAT spetrometer . . . . . . . . . . . . . . . . . . . . . . . . . 153.4 Tagging tehniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173.5 Data aquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.6 The RDDS method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.7 Plunger devie . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253.8 The di�erential deay urve method . . . . . . . . . . . . . . . . . . . . 283.9 Summary of experimental details . . . . . . . . . . . . . . . . . . . . . 334 Results and disussion 374.1 Lifetimes of the yrast states in 188Pb . . . . . . . . . . . . . . . . . . . 374.2 Lifetimes of yrast states in 186Pb . . . . . . . . . . . . . . . . . . . . . 414.3 Lifetimes of low-lying states in 194Po . . . . . . . . . . . . . . . . . . . 454.4 Disussion and onlusions . . . . . . . . . . . . . . . . . . . . . . . . . 494.4.1 Con�guration mixing and olletivity in light Pb nulei . . . . . 494.4.2 Colletive oblate yrast band in 194Po . . . . . . . . . . . . . . . 544.4.3 Comparison of the measured deformation parameters . . . . . . 575 Summary 61Referenes 63
iii





1 IntrodutionThe spetaular phenomenon of shape oexistene observed in nulei lose to theproton drip-line near the shell gap at Z = 82 and neutron mid-shell at N = 104 isan ative �eld of study in nulear spetrosopy. The theoretial desription of shapeoexistene has been driven largely by experimental results and onsequently, severaltheoretial approahes have reently been developed. The subjet of shape oexisteneis losely intertwined with the nulear olletive motion and espeially quadrupoleolletivity at low spin in neutron mid-shell Pb and Po nulei. By probing propertiesof exited states in Pb and Po nulei near the neutron mid-shell, information about themirosopi origin of shape oexistene and quadrupole olletivity an be extrated.The shape of a �nite many-body quantum system, suh as the atomi nuleus, is nota quantum mehanial observable. This means that one annot de�ne an operatororresponding to the lassial physial observable that is understood as a shape. Thenearest whih an be done is to measure the expetation values of the eletromag-neti moments of a nulear state, usually the quadrupole moment Q. It has beenommon pratise to base shape oexistene arguments on the observed level spaingsof band-members and if available, on eletromagneti transition probabilities. Indeed,the moment of inertia extrated from the level energies of the observed olletivebands has in general a larger value for prolate states than that of oblate shapes (seee.g. Ref. [Juli 01℄) and an provide qualitative information about the shape of thenuleus. However, the moment of inertia is not an absolute measure of olletivity ordeformation as it an be in�uened by other fators. Transition probabilities, in turn,extrated from level lifetimes o�er a sensitive measure of olletivityThe unique ase of 186Pb, with well established triple shape oexistene [Andr 99a℄,o�ers a great laboratory to probe the eletromagneti properties of the prolate yrastband by employing the Reoil-Deay Tagging (RDT) method. While the proposedoblate band in 186Pb is non-yrast [Paka 05b℄ and therefore weakly populated by fusion-evaporation reations, an oblate yrast band has been observed in 192,194Po. Probingeletromagneti properties of the oblate yrast band in 194Po omplements the presentstudy of two di�erent shapes by means of Reoil Distane Doppler-shift (RDDS)measurements in neutron-de�ient Po and Pb region.Due to their sensitivity to the details of the nulear wave funtion, the knowledge ofabsolute transition probabilities and hene of lifetimes of nulear levels are of speialinterest for our understanding of nulear struture. Therefore, several methods to mea-1



2 Introdutionsure lifetimes have been developed. The methods most relevant to the sub-nanoseondtime sale are the eletroni timing method, the Doppler Shift Attenuation Method(DSAM) and the RDDS method. In the eletroni timing method the time di�erenebetween populating and depopulating γ-rays of the level of interest is measured. Thismethod is not appliable with the existing γ-ray detetion sensitivity to nulei withlow prodution ross setions, suh as the ones in the sope of this work. The DSAMis based on the measurement of a lineshape of γ-rays emitted by ions slowing downin matter. This tehnique requires a baked target where the reoils of interest even-tually stop. This method is inappliable for the neutron-de�ient Pb and Po nuleisine it is neessary to use a reoil separator to selet the reation hannel of inter-est. As the mehanism of Coulomb exitation is well understood, the measurementof the ross setion of Coulomb exitation an also provide lifetime information. Thismethod is also inappliable for the nulei studied in this work sine suh exoti beamsas 186,188Pb and 194Po are not available in the present radioative nulear beam fail-ities. An exellent, if albeit slightly outdated review of tehniques to measure a widerange of lifetimes of nulear levels is given in Ref. [Nola 79℄.In the present thesis a brief introdution to the theoretial bakground is given inChapter 2. The experimental proedure is desribed in Chapter 3 and the results andtheir interpretations are given in Chapter 4. Chapter 5 summarises the present work.In addition to ating as a spokesperson for the lifetime measurements presented inthis work, the author has been responsible for the design, onstrution and operationof the JUROGAM Ge-detetor array. The author has also given speial attentionto the maintenane and repair of the JUROGAM Ge-detetors. The results of thepresent work have also been reported in papers 1 and 2. The author has ativelypartiipated in other experimental studies arried out at the RITU reoil separatorreported in papers 3 - 13. These studies over an important part of the nulear physisprogramme at the Department of Physis of the University of Jyväskylä.1. Colletivity and on�guration mixing in 186,188Pb and 194PoT. Grahn, A. Dewald, O. Möller, R. Julin, C. W. Beausang, I. G. Darby, S.Christen, S. Eekhaudt, P. T. Greenlees, A. Görgen, K. Helariutta, J. Jolie, P.Jones, S. Juutinen, H. Kettunen, T. Kröll, R. Krüken, Y. Le Coz, M. Leino, A.-P. Leppänen, P. Maierbek, D. A. Meyer, B. Melon, P. Nieminen, M. Nyman,R. Page, J. Pakarinen, P. Petkov, P. Rahkila, B. Saha, M. Sandzelius, J. Sarén,C. Sholey, J. Uusitalo, Submitted to Physial Review Letters.2. RDDS Lifetime Measurement with JUROGAM + RITUT. Grahn, A. Dewald, O. Möller, C. W. Beausang, S. Eekhaudt. P. T. Greenlees,J. Jolie, P. Jones, R. Julin, S. Juutinen, H. Kettunen, R. Krüken, T. Kröll, M.Leino, A.-P. Leppänen P. Maierbek, D. A. Meyer, P. Nieminen, M. Nyman, J.Pakarinen, P. Petkov, P. Rahkila, B. Saha, C. Sholey, J, Uusitalo, European
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2 Physial bakground
2.1 Eletromagneti transitions and quadrupole mo-mentMost radioative deays and nulear reations leave the residual nuleus in an exitedstate, whih usually de-exites by an eletromagneti γ-ray transition. The γ-ray tran-sition probability between the initial and �nal states with angular momenta Ii and
If , respetively, is given by the formula

λ(L) =
1

τ
=

8π(L + 1)

~L[(2L + 1)!!]2

(

Eγ

~c

)2L+1

B(ML; Ii → If ), (2.1)where τ is the mean lifetime of the state, B(ML; Ii → If) is the redued transitionprobability, Eγ is the energy di�erene between the initial and �nal states, L is theindex of radiation de�ned so that 2L is the multipole order (L = 1 for dipole, L =2 for quadrupole and so on) and M indiates the harater of the transition (E foreletri and M for magneti). The redued transition probability is de�ned as
B(ML; Ii → If) =

1

2Ii + 1
|〈If ||m̂L||Ii〉|2, (2.2)where m̂L is the eletromagneti multipole operator. Eletromagneti transitions obeythe following angular momentum and parity π seletion rules:

|Ii − If | ≤ L ≤ Ii + If ∀ L 6= 0,
∆π = no : L = even for eletri, L = odd for magneti,
∆π = yes : L = odd for eletri, L = even for magneti.For the olletive exitations in deformed nulei the enhaned de-exitation mode isthe eletri quadrupole transition E2, espeially the strethed E2 with ∆I = Ii − If .Consequently all transitions investigated in this work are of strethed E2 harater.For an E2 transition with ∆I = 2 the redued transition probability an be extratedfrom Eq. 2.1 and an be written as

B(E2) =
0.0816

E5
γ(1 + αtot)τ

e2b2, (2.3)where αtot is the total internal onversion oe�ient and τ given in units of ps inludingalso the ontribution of eletron onversion and Eγ is given in units of MeV.5



6 Physial bakgroundFor an axially symmetri deformed rotating nuleus the redued transition probabilityfor the I → I − 2 E2-transitions within the rotational band an be written as (seee.g. [Bohr 75℄)
B(E2; KIi → KIf) =

5

16π
e2Q2

t 〈IfK20|IiK〉2, (2.4)where Qt is the transition quadrupole moment. With the assumption of well behavingrotor the transitional quadrupole Qt moment an be onsidered equal to the intrinsiquadrupole moment Q0 whih, in turn, is de�ned as
Q0 =

√

16π

5
〈IK|E2|IK〉. (2.5)As Eq. 2.2 indiates, the B(E2) values are sensitive to the wave funtions of the initialand �nal states. Sine the eletromagneti operators are well known, the measurementof absolute transition probabilities re�ets the details of nulear wave funtions andgives diret information about the struture of onsidered states. Equation 2.4 on-nets the B(E2) value to the quadrupole moment of the transition, whih is essentiallythe average of the intrinsi quadrupole moments of the initial and �nal states. If alarge di�erene in intrinsi on�gurations ours between the states I and I − 2, i.e.the value of Qt is low, the B(E2) value will be signi�antly suppressed. Typial B(E2)values for the olletive transitions in deformed nulei are of the order of 100 - 1000Weisskopf units (W.u.), whih is de�ned as an estimate for a single-partile transitionprobability.2.2 Nulear deformationThe shape of the axially symmetri deformed nuleus is desribed by the deformationparameter β2, whih represents the extent of quadrupole deformation and is relatedto the eentriity of an ellipse as

β2 =
4

3

√

π

5

∆R

Rave
, (2.6)where ∆R is the di�erene between semimajor and semiminor axes of the ellipse andthe average of nulear radius Rave an be taken equal to R0A

1/3. By assuming auniform harge distribution the intrinsi quadrupole moment is onneted to β2 bythe formula
Q0 =

3√
5π

ZR2β2(1 + 0.16β2)e, (2.7)where Z is the atomi number and R = R0A
1/3 is the radius of the nuleus.



2.2 Nulear deformation 7The quadrupole deformed nulei are labelled as prolate (Q0 > 0) or oblate (Q0 < 0)having a form of an Amerian football and a �at disk, respetively. From Eq. 2.7 onenotes that Q0 is diretly proportional to β2 in leading order.The other important quantity to desribe a quadrupole deformed nuleus is the mo-ment of inertia J (1), whih is given as
J (1) =

2

5
MR2(1 + 0.31β2), (2.8)where M is the mass of a nuleus. The moment of inertia given by Eq. 2.8 redues tothe familiar value of a sphere when β2 = 0. It is notable that for the atual deformednulei (β = 0 − 0.6) the ontribution of the deformation to the J (1) is rather small.In the ase of moderately deformed nulei (β2 ≈ 0.3) this is only of the order of 10%.In the hydrodynamial model the nuleus is onsidered to be an inompressible liquiddroplet with a rigid ore and its surfae part rotating. The onept of irrotational �owtakes plae when the droplet is deformed having an axially symmetri shape. Thenthe hydrodynamial moment of inertia is given by the formula [Mori 76, Bohr 75℄

J (hydr) = 3Bβ2
2 , (2.9)where B is the mass parameter as de�ned in Ref. [Bohr 75℄. The moment of inertia isthe result only of the eentriity of the liquid droplet whih is de�ned by β2. A semi-empirial Grodzins formula [Grod 62℄ based on the global systematis of absolutetransition probabilities from the �rst exited 2+ state in even-even nulei gives anestimate for the absolute transition probability

λγ(2
+ → 0+) = (3 ± 1)1010[E(2+)]4Z2A−1, (2.10)where E is the energy of the 2+ state. This formula has been used to support thehydrodynamial relation (Eq. 2.9) and an be written as [Mori 76℄

E(2+) ≈ 1225

A7/2β2
2

MeV, (2.11)linking it to β2 and furthermore to J (1). Experimentally the kinemati moment ofinertia for a quadrupole band derived from the rotational model an be extratedusing the equation
J (1) =

2I − 1

Eγ
~

2, (2.12)where I is the spin of the initial state and Eγ is the energy of the I → I −2 transitionexpressed in the units of MeV.As given by Eq. 2.9 the moment of inertia is proportional to the square of the de-formation parameter in the hydrodynamial model. This is in onsiderable ontrast



8 Physial bakgroundto the kinemati moment of inertia given by the rotational model (see Eq. 2.8). Asshown above, the moment of inertia does not only depend on the deformation but alsohas a strong dependene on the model itself. Therefore it annot be used as a quan-titative measure of deformation. An important problem in nulear struture studiesis to �nd the appropriate model to desribe the struture of the nuleus of interest.The knowledge of transition probabilities o�er a sensitive test for this purpose.It is essential to note that Qt is not diretly measured, it is extrated from measured
B(E2) values. Sine B(E2) is a funtion of the square of Qt as Eq. 2.4 indiates,in fat only the magnitude |Qt| is inferred. This means that one annot distinguishbetween prolate and oblate shapes only by means of lifetime measurements. To resolvethis ambiguity a more qualitative piture an be obtained by thoroughly studying thesystematis of the energy levels and derived moments of inertia in the viinity ofthe nuleus of interest. For instane, in the neutron-de�ient even-mass Pb nulei theassoiation of the observed bands to the prolate shape has been based on the observedmoments of inertia whih are similar to those observed in neutron-de�ient even-massHg and Pt nulei [Juli 01℄. In addition, the neutron de�ient even-mass Po nulei havea level pattern lose to the ones of adjaent odd-mass nulei. This an be seen as adeoupling of a neutron hole from an oblate ore [Hela 99, Step 73℄ whih, in turn,supports the piture of oblate shape of the yrast states in the viinity of 194Po.2.3 Con�guration mixingWhen desribing the struture of nulear states, wave funtions may be expressedin terms of any omplete set of basis states spanning the Hilbert spae. However,enormous simpli�ation in alulations and greater physial meaning arises if a simplebasis set is hosen. Often these basis states are assoiated with di�erent oexistingintrinsi strutures, whih for the sope of this work are the previously mentionedspherial, oblate and prolate strutures. It is of ommon interest to extrat the amountof mixing between these shapes, i.e. the mixing amplitudes of the wave funtions, fromthe experimental data. Sine transition probabilities are very sensitive to the �nestruture of wave funtions they o�er very bene�ial information about on�gurationmixing in nulei.The redued transition probability of an E2 transition an be expressed as

B(E2; Ii → If) =

[

∑

jk

αi
jα

f
k〈j|E2|k〉

]2

, (2.13)where j, k denote the unperturbed states and the αi
j and αf

k are the orrespondingorthonormal mixing amplitudes with ∑

j α2
j = 1. Interpreting the previous formula in



2.4 Struture of neutron de�ient even-even Pb and Po nulei 9a simple two-band mixing sheme where (a) the initial state i is assumed to be a puredeformed state with quadrupole moment Qdef
0 , (b) the �nal state is assumed to bemixed and () interband transitions between unperturbed states are forbidden, thenEq. 2.13 redues to

√

B(E2; Ii → If ) = αf
j

√

5

16π
〈Idef

i K20|Idef
f 0〉Qdef

0 . (2.14)In this relation Eq. 2.4 has been used and Qdef
t denotes the transition quadrupolemoment of the pure deformed band. In the framework of this simple mixing sheme themixing amplitudes of a given state an be extrated using measured eletromagnetiproperties of the states of interest.Indeed, the two-band mixing sheme desribed above is the simplest one and is not ap-pliable in general. More omplex on�guration mixing shemes have been developedand used to desribe level strutures and transition probabilities. Typial examplesare given in referenes [Dewa 03, Dra 04℄ where the mixing alulations based on theexperiments involving three oexisting bands in 188Pb have been arried out and inRef. [Hell 05℄ where the mixing alulations have been arried out for 188Pb in theframework of interating boson model.2.4 Struture of neutron de�ient even-even Pb andPo nuleiIn even-mass Pb nulei, lose to the neutron mid-shell at N = 104, deformed stru-tures intrude down in energy lose to the spherial ground state when approahingthe neutron mid-shell. In the mid-shell nuleus 186Pb the �rst two exited states areassigned as 0+ states. Together with the spherial 0+ ground state these levels es-tablish a unique shape triplet for whih π(2p − 2h) and π(4p − 4h) on�gurationsan be inferred by α-deay studies [Andr 00℄. Colletive yrast bands, similar to thoseobserved in neutron de�ient even mass Hg and Pt isotopes [Juli 01℄, have also beenobserved in even mass isotopes 182−188Pb [Jenk 00, Cok 98, Baxt 93, Hees 93℄. Allthese yrast bands have been experimentally assoiated with prolate shape. So far,andidates for olletive non-yrast bands build on the oexisting oblate strutureshave been observed only in 186,188Pb [Dra 04, Paka 05b℄.In alulations based on a deformed mean-�eld [May 77, Naza 93℄ two rather loselying oblate and prolate minima appear next to the spherial ground state in thetotal energy surfae and intrude down lose to the ground state when approahingthe neutron mid-shell. A similar piture is seen in reent Hartree-Fok-Bogoliubov(HFB) self-onsistent on�guration mixing alulations of mean-�eld states [Bend 04,
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Figure 2.1: A seletion of level systematis of the even-mass 182−200Pb isotopes. Data are takenfrom referenes [Jenk 00, Cok 98, Paka 05b, Dra 04, Sten 85, Alla 98, Dra 98, Van 87, Plom 93,Fant 91, Moor 95, Andr 00, Andr 99a, MDo 78, Penn 87℄ and referenes therein.Rodr 04℄. In the shell model language these oexisting strutures are assoiated with
2p − 2h and 4p − 4h proton exitations aross the Z = 82 shell gap. The exitationenergies are lowered by a residual quadrupole-quadrupole interation and are preditedto be lose to the π(0p− 0h) ground state near the neutron mid-shell [De C 00℄. Themean-�eld oblate minimum an be assoiated with the proton 2p− 2h exitation andthe prolate one with the 4p − 4h proton exitation [Naza 93℄.Figure 2.1 shows a seletion of levels in even-mass Pb isotopes as a funtion of massnumber A. The energies of the levels assoiated with the oblate struture intrude downin energy with the dereasing neutron number so that the oblate 0+ intruder state evenbeomes the �rst exited state below 194Pb. The level energies of intruder struturesreah their minimum at the neutron mid-shell N = 104. The prolate intruder stateshave been seen in even-mass 182−190Pb isotopes while 186,188Pb are the only lead nuleiwhere all the three oexisting 0+ states have been observed [Andr 00, Alla 98℄ althoughthe situation regarding the exited 0+ states in 188Pb is not lear [Van 03a℄. The



2.4 Struture of neutron de�ient even-even Pb and Po nulei 11yrast bands in 186,188Pb are assoiated with rather pure prolate struture from spin
4+ upwards whereas both experimental [Dra 04, Paka 05b℄ and theoretial [Hell 05℄results suggest the strong mixing of 2+ states.Extending the spetrosopi studies to Z = 84, intruder strutures have been veri�edin neutron-de�ient Po isotopes. A sudden drop in level energies is observed in Poisotopes with N ≤ 114, whih is similar to that for the intruding 0+

2 states observedin earlier α- and β-deay studies. These 0+
2 states have been assoiated with proton

4p − 2h on�gurations [Bijn 95℄, and on the basis of Nilsson-Strutinsky alulationsthey are based on an oblate minimum [May 77℄. Consequently, the observed yraststates in light even-mass Po isotopes down to 192Po are presumed to form oblatebands. Based on the observed quadrupole vibrational features of 196,198Po [Bern 95℄,the further suppression of level energies in 192,194Po is alternatively explained as anevolution towards more olletive anharmoni vibrator [Youn 95℄.In Fig. 2.2, a systematis of low-lying levels in even-mass Po isotopes are illustrated.So far, non-yrast strutures have only been seen in isotopes with A ≥ 194. The levelenergy behaviour is rather smooth until at 198Po a drop of energies of yrast statesis observed [Bern 95, Maj 90, Albe 91, Hela 99℄. In even-mass 192−196Po isotopes theyrast line forms a olletive band built on the 0+
2 state assoiated with the oblate

π(4p−2h) struture. In 194,196Po levelling o� of the yrast level energies is observed. In
190Po, a band similar to the prolate bands in 182−188Pb has been observed [Van 03b℄ toross the oblate ground state band at low spin. This is in aordane with theoretialpreditions of prolate minimum reahing the ground state at 188Po.Con�guration mixing of states assoiated with di�erent shapes is predited to bestrong at low spin in the mid-shell Pb and Po region. Reently, lifetime measurementsof exited states [Dewa 03℄ as well as spetrosopi studies [Dra 04℄ have establishedthe strong mixing of the 2+ state in 188Pb. Dewald et al. [Dewa 03℄ have determinedthe squared prolate amplitude of 0.62 for the wave funtion of the yrast 2+ state. Theresult is an outome of a 3-band mixing analysis based on the measured level energiesand �tted energies of unperturbed states. The result is onsistent with the B(E2; 4+

1 →
2+

1 ) value of 160(80) W.u. measured in the same referene. Moreover, Draoulis et al.[Dra 03℄ have determined the squared prolate amplitude of the yrast 2+ state to be0.69 using a formalism reported in Ref. [Dra 94℄. The higher spin yrast states aremainly of prolate harater. Similar mixing alulations for the 0+ states in 186Pbhave been arried out by Page et al. [Page 01℄ deduing the lowest exited 0+ state tobe approximately 66% of oblate harater while the ground state remains essentiallyas a pure spherial on�guration. In addition to the simple mixing alulations basedon the experimental data also theoretial studies support the piture of on�gurationmixing [Hell 05, Bend 04, Rodr 04℄.In even-mass Po nulei, the ontribution of the intruder on�guration in the ground
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Figure 2.2: A seletion of level systematis of the even-mass 190−204Po isotopes. Data are taken fromreferenes [Van 03b, Hela 99, Bern 95, Maj 90, Fant 90, Bijn 98, Bijn 95℄ and referenes therein.state inreases when approahing the neutron mid-shell. Bijnens et al. [Bijn 95℄ havedetermined the intruder ontribution to be 29% in 194Po and 58% in 192Po using theenergy level systematis. Similarly Allat et al. [Alla 98℄ and Andreyev et al. [Andr 99b℄determined the intruder on�guration in the ground state of 192Po to be ∼ 63%and > 65%, respetively, on the basis of α-deay studies. Based on the observedlevel patterns, Helariutta et al. [Hela 99℄ have dedued an inrease of the intruderon�guration of the 0+
1 ground state from 45% in 194Po to 73% in 192Po. The observed2+

1 state of 194Po is determined to be 99% of deformed oblate struture. The behaviourof inreasing ontribution of the deformed struture in yrast states when approahing
192Po is supported by the results obtained with several theoretial models onsideredby Oros et al. [Oros 99℄.



3 Experimental proedureThe onstrution of a new e�ient spetrosopi faility for tagging studies of heavynulei far from stability at the Aelerator laboratory of the University of Jyväskylägave rise to a suessful series of lifetime measurements of exited states in nulei. Thisnew faility onsists of the JUROGAM Ge-detetor array oupled to the RITU gas-�lled separator [Lein 95℄ and the GREAT spetrometer [Page 03℄ at the foal plane ofRITU. The Köln plunger devie was installed at the JUROGAM target position andoupled to RITU. A triggerless Total Data Readout (TDR) data aquisition system[Laza 01℄ omplements the faility olleting all the data read out from the detetors.Together these equipments onstitute one of the most e�ient failities dediated totagging experiments near the proton drip-line. In this Chapter the experimental set-upas well as experimental methods are desribed.3.1 The JUROGAM germanium detetor arrayIn spring 2003 the JUROGAM germanium detetor array was onstruted to oper-ate in onjuntion with RITU for nulear struture studies of very neutron-de�ientheavy nulei. In this work all the nulei under investigation were produed via fusion-evaporation reations where the beam and target nulei fuse into a ompound nuleus.In this ollision, large amount of kineti energy and angular momentum is transferredto the ompound nuleus. Partile evaporation of a few nuleons or α partiles our-ring after the ompound nuleus formation arry away large amount of energy butlittle angular momentum. The partile evaporation ontinues until the system reahesthe state where the exitation energy is less than the partile separation energy. Theremaining exitation energy and angular momentum is then released by a asade ofeletromagneti transitions.In order to detet prompt γ rays de-exiting the nulear states the JUROGAM ger-manium (Ge) detetors are plaed in a spherial array around the target. JUROGAMonsist of 43 Compton suppressed Ge detetors of EUROGAM Phase I [Beau 92℄ andGASP type [Alva 93℄. Eah Ge detetor is surrounded by a bismuth germanate (BGO)rystal ating as a veto detetor for γ rays sattered from a Ge rystal into the BGO.The supporting struture of the JUROGAM array is a slightly modi�ed EUROGAMPhase I supporting struture. The design of the detetor frame is based on an array ofregular pentagons with the Ge detetors plaed at six di�erent angular positions with13



14 Experimental proedurerespet to the beam axis (�ve at 157.6◦, ten at 133.6◦, ten at 107.9◦, �ve at 94.2◦, �veat 85.8◦and eight at 78.1◦). Figure 3.1 shows the JUROGAM array oupled to theRITU separator. A detailed desription of the JUROGAM array an be found in Ref.[Paka 05a℄.The JUROGAM Ge detetors onsist of a large oaxial n-type HPGe rystal of alength ≥ 70 mm and a diameter 69 - 75 mm. The e�ieny of a JUROGAM Ge-detetor ranges from 65% to 85% relative to the e�ieny of a 3×3 inh NaI(Tl)detetor, measured with a 60Co soure (1332 keV γ rays) at a distane of 25 m. Theenergy resolution (i.e. Full Width at Half Maximum, FWHM) of a typial JUROGAMdetetor at 1332 keV varies from 2.5 keV to 3.0 keV. For the needs of the present workthe standard JUROGAM target hamber was replaed by a speial plunger deviedesribed later in this Chapter.

Figure 3.1: The JUROGAM Ge-detetor array oupled with the RITU separator.



3.2 The reoil separator RITU 153.2 The reoil separator RITUGas-�lled separators are powerful tools in the study of heavy elements produed infusion-evaporation reations. The Reoil Ion Transport Unit (RITU) [Lein 95℄ is agas-�lled reoil separator used in the present work to separate the fusion-evaporationresidues from the primary beam and other reation produts, espeially �ssion frag-ments. The separation and the fousing of the ions is introdued by a magneti set-upin a QDQQ1 on�guration with a total length of 4.8 m. In the mass region A ≈ 190RITU provides a short separation time, typially on the order of 0.5 µs, and a trans-mission e�ieny on the order of 30%. RITU is �lled with Helium (He) gas at ap-proximately 0.7 mbar pressure. The high vauum of the beam line is separated fromthe gas volume of RITU either a by di�erential pumping system or a arbon foil. Inthe present work a 50 µg/m2 thik arbon foil was used.The trajetory of the ion in the magneti dipole �eld of RITU is determined by thefollowing relation:
Bρ =

mv

qe
, (3.1)where B is the magneti �ux density, e is the harge of an eletron, m and v are themass and the veloity of the ion, respetively, ρ is the radius of the urvature of theion path and q is the average harge state. As it an be seen from Eq. 3.1, the broadharge distribution of the ions leads to a wide spatial distribution of the reoils at thefoal plane of the separator. However, ollisions between reation produts and dilutegas atoms averages the harge state of the reation produts. Therefore several initialharge states will be foused to relatively small area of the foal plane of the separatorand the transmission ompared to the vauum mode is enhaned. The average hargestate is independent of the initial harge state distribution of the ions at the exit ofthe target. On the other hand, the harge state fousing leads to the loss of massresolution. Nevertheless, in tagging studies where the harateristi radioative deayis used to identify di�erent speies the loss of mass resolution is irrelevant.3.3 The GREAT spetrometerThe Gamma Reoil Eletron Alpha Tagging (GREAT) [Page 03℄ spetrometer om-prises a system of silion, germanium and gas detetors. It is designed to study prop-erties of the reation produts transported to the foal plane of RITU by means oftheir harateristi radioative deay. GREAT is optimised to detet the implantationof the reation produt as well as to orrelate it spatially and temporarily with any1Q=quadrupole, D=dipole
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Figure 3.2: The elements of the GREAT spetrometer.subsequent radioative deay involving the emission of α and β partiles, protons,
γ rays, X-rays and onversion eletrons. GREAT an either be used in stand-alonefoal-plane deay studies, or to provide a seletive tag for in-beam spetrosopi stud-ies. GREAT is a powerful tool to study nulei produed with a very low ross setiondown to the level of ∼ 100 piobarn (for stand-alone deay studies). For in-beamstudies orresponding ross-setion limit is around 25 nb. The elements of GREATare disussed below and the shemati drawing is presented in Fig. 3.2.A Multiwire Proportional Counter (MWPC) is positioned at the entrane ofGREAT. The MWPC onsists of an entrane and an exit Mylar window with anaperture of 131 mm (horizontal) × 50 mm (vertial) and is �lled with isobutane gas.The entrane window separates the MWPC from the He gas of RITU while the exitwindow protets the high vauum of other GREAT detetors. When ions pass throughthe MWPC, energy-loss, timing and position signals are generated.



3.4 Tagging tehniques 17After passing through the MWPC the reoils are implanted into a pair of Double-sided Silion Strip Detetors (DSSDs) with an ative area of 60 mm × 40 mmand a thikness of 300 µm eah. The DSSDs are divided into 60 vertial and 40horizontal strips with a strip pith of 1 mm in both diretions giving a total of 4800detetor pixels. The DSSDs are used to measure the energies of the implanted reoilsand of their subsequent α, β and proton radioativity. The high granularity of theDSSDs provides a signi�ant improvement in orrelation performane ompared topreviously used foal plane detetors. The two DSSDs, separated by a gap of 4 mm,give a total estimated reoil orrelation e�ieny of ≈ 80%. In addition, a time-of-�ight information is generated ombining the time information reorded with DSSDswith that of the MWPC. Combining the energy-loss and timing signals of MWPC withthe energy measured in the implantation detetor a lean separation of reoiling fusionreation produts and sattered beam partiles an be made. This, in turn, redues thebakground in the spetrum reorded with the implantation detetor and, therefore,maximise the e�ieny for orrelating radioative deays with the orresponding ionimplantation.Conversion eletrons or esaping α partiles emitted by a reoil implanted into theDSSDs are deteted by an array of 28 silion PIN diodes. The PIN diodes aremounted in a box arrangement around the DSSDs to measure the energies of theonversion eletrons and esaped α partiles.Energies of X-rays and low energy γ rays an be measured with a double-sidedplanar germanium strip detetor. The planar Ge detetor is mounted diretlybehind the DSSDs. The retangular rystal has an ative area of 120 mm× 60 mm anda thikness of 15 mm. The rystal of the planar Ge detetor is eletrially segmentedinto 12 horizontal and 24 vertial strips.High energy γ rays an be deteted with a lover Ge detetor mounted above thevauum hamber housing the DSSDs and PIN diodes. The GREAT lover detetoronsists of four Ge rystals with a diameter of 70 mm and length of 105 mm. Eah ofthe rystals is eletrially four-fold segmented. A BGO Compton suppression shieldsurrounds the GREAT lover detetor.3.4 Tagging tehniquesWhen studying exoti nulei lose to the proton drip line by in-beam spetrosopimethods employing fusion-evaporation reations the dominant part of the deteted
γ rays originate from unwanted �ssion or Coulomb exitation events. Usually, onlya small fration of the deteted γ rays are emitted by the nuleus of interest. Inthe neutron-de�ient Pb region the �ssion ontribution of around 80% of the total



18 Experimental proedureross-setion introdues enormous bakground in γ-ray spetrum of a typial in-beammeasurement. Therefore, several methods to assoiate the in-beam γ rays with thenuleus of interest have been developed. Within the framework of this study twotagging methods are essential:Reoil gatingWhen the nuleus of interest is one of the main fusion-evaporation produts, thereoil gating tehnique provides a seletive tag for prompt γ rays deteted at thetarget position. Nulei reoiling out of the target are �ltered with the RITU reoilseparator and deteted at the foal plane with the GREAT spetrometer. Combiningthe timing and energy loss signals of the MWPC with the timing signal of the DSSDsa lear separation of fusion produts from sattered beam partiles an be made.Figure 3.3 illustrates the priniple of reoil gating: using the time-of-�ight (TOF) andenergy loss signals generated by the MWPC and DSSDs a two dimensional spetrumis onstruted. Setting the two dimensional gate on the identi�ed reoils, prompt
γ rays are assoiated with the fusion evaporation produts. Note that reoil gatingtehnique annot distinguish between di�erent exit hannels of fusion-evaporationreations beause no partile identi�ation at the foal plane of RITU annot beobtained. Therefore the nuleus of interest has to be the dominant fusion-evaporationprodut to obtain a lean γ-ray spetrum, i.e. its prodution ross setion shoulddominate over the other open fusion-evaporation reation hannels. The reoil gatingtehnique has an essential role when the use of the reoil-deay tagging tehnique isimpossible due to the low α-deay branh or long α-deay half-life.The ase of 188Pb studied in the present work is a very good example of the advan-tage of the reoil gating tehnique. The α-deay half-life of 188Pb is relatively long(24.2 s) and its α-deay branhing amounts to 9.3% only. Under these onditions theuse of the reoil-deay tagging tehnique is not feasible. However, among the fusionevaporation reations indued by a 340 MeV 83Kr beam on a 108Pd produing 188Pb,i.e. 3n exit hannel, has a ross setion almost an order of magnitude higher than theother reation hannels. Therefore, reoil gating provides a su�ient redution of thebakground events in the γ-ray spetrum of 188Pb.Reoil-deay taggingMany nulei in the neutron-de�ient Pb region deay by emitting harateristi αpartiles. These deay-modes o�er an unique signature that a partiular nuleus hasbeen produed. The basi idea of the Reoil-Deay Tagging (RDT) method is toidentify the reoiling nuleus at the foal plane of a reoil separator by using its
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3.5 Data aquisition 213.5 Data aquisitionIn-beam spetrosopi measurements utilising tagging tehniques have normally usedonventional data aquisition systems with a ertain trigger ondition and thus haveoften been limited by the dead time of a data aquisition system. In this work, thetriggerless Total Data Readout (TDR) data aquisition system [Laza 01℄ has beenemployed. The TDR method solves the dead-time problems by reading all the datafrom every detetor independently. The data are time-stamped with a global 100 MHzlok down to a 10 ns auray and event fragments are ombined together in software.The front-end eletronis of the TDR system (i.e. the onstant fration disrimina-tors (CFDs) and shaping ampli�ers) omprises ommerial NIM/CAMAC units. Theanalog-to-digital onverter (ADC) ards read all the data timestamping them withthe 10 ns auray. The metronome unit ontrols the lok distribution and maintainssynhronisation of all the ADCs. The timestamped data reeived from the ADCs aretime ordered in the ollate units and sent to the merge unit. The merge unit puts allthe data into one time ordered data stream whih is then sent to the event builder.Using the spatial and temporal orrelations, events are reonstruted in the eventbuilder unit. A simple event ould start with a reoil deteted at the foal plane.Then by looking bak in time, the prompt γ rays within a ertain window entred onthe time-of-�ight of the reoil would be onsidered to be orrelated with the reoil (seethe desription of the reoil gating method in the previous setion). A shemati dia-gram of the TDR data aquisition system is presented in Fig. 3.5. The data olletedin the present work have been sorted under these onditions desribed in previousSetions.3.6 The RDDS methodIn the Reoil Distane Doppler-Shift (RDDS) method [Shw 68℄, the meanlifetime τ of the nulear state is related to the time needed by a reoiling nuleus witha veloity ~v/c to travel a ertain distane d. In the present work the fusion-evaporationreations are employed but the following desription of the RDDS method holds, inpriniple, for any nulear reation providing su�ient reoil veloity and leaving anuleus in an exited state.An evaporation residue formed in a fusion-evaporation reation reoils out of theprodution target with a reoil veloity ~v/c. In the onventional RDDS tehnique, theevaporation residues are stopped in a stopper foil loated at the distane d = vt fromthe target. The energy of the γ rays from nulear levels de-exited before reahing the
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Figure 3.5: A blok diagram of the TDR system olleting data from the GREAT and JUROGAMspetrometers. See text for details.stopper is Doppler-shifted aording to the equation
E = E0

[

1 +
v

c
cos θ

]

, (3.2)where E0 is the energy of the γ-ray emitted from nulei at rest and θ is the angle ofobservation of a γ-ray relative to the diretion of the veloity ~v. In a γ-ray spetrumthe fully Doppler-shifted γ rays are separated from those emitted by nulei stoppedin the stopper foil. Aording to Eq. 3.2 the relative Doppler-shift ∆E/E0 is diretlyproportional to the reoil veloity ~v. In a fusion-evaporation reation indued by heavyion beam suh as 83Kr, the reoil veloity is high enough to employ the RDDS method.In the present work it was assumed that a diretion of ~v was parallel to the beam(hereafter v ).The intensity of the Doppler-shifted omponent of the γ-ray of interest follows therelation
Is = I

[

1 − e−d/vτ
]

, (3.3)where I is the total number of emitted γ rays of interest. The intensity of the orre-sponding unshifted γ rays is
Iu = Ie−d/vτ , (3.4)



3.6 The RDDS method 23The mean lifetime τ an be extrated from a measurement of Is and Iu, or the ratio
Iu/(Iu + Is), as a funtion of the distane d if the reoil veloity v is known. Thedistane d an be varied by either moving the target or the stopper in the plungerdevie dediated to the RDDS measurements. The reoil veloity an be determineddiretly from the Doppler-shift observed at a ertain angle by using Eq. 3.2.The �rst RDDS measurements were applied to the reations where the nuleus of in-terest represent a dominant prodution hannel and the reoil veloity is high enoughto separate the Doppler-shifted omponent from the unshifted omponents of the γrays of interest. Suh measurements have been suessful even with low γ-ray dete-tion e�ieny. The onstrution of the large Ge-detetor arrays, suh as EUROGAMand GAMMASPHERE, have opened up possibilities for RDDS studies in γ-γ oini-dene measurements, enabling the extension of the RDDS studies towards more exotispeies.So far, most of the RDDS measurements have been based on the study of prompt γrays only. However, when studying exoti nulei suh as 186,188Pb and 194Po via fusion-evaporation reations, the prompt γ-ray spetrum is dominated by a huge bakgroundand onventional RDDS measurements are impossible. Therefore it is neessary tosomehow �selet� the γ rays originating from the nuleus of interest. Suh a sele-tion is feasible by employing the tagging methods desribed in Setion 3.4. Thesemethods, in turn, require the use of reoil separators. This makes the use of stopperfoils in a plunger devie impossible. Hene, in the present work the stopper foil ofthe onventional plunger devie has been replaed by a degrader foil, whih allowsthe evaporation residues to reoil into the reoil separator. As a result the stoppedomponent of a γ-ray transition of interest is replaed by a degraded omponent andthe separation ∆E between the two omponents is less pronouned than in the on-ventional ase with the stopper foil. To overome this problem fusion evaporationreations indued by suh a heavy beam as 83Kr are needed to obtain a high reoilveloity. In addition, the material of the degrader an be hosen so that the energyloss of the reoiling nuleus is optimised. Figure 3.6 illustrates the priniple of theRDDS method employing a degrader foil.Perturbing e�etsAs stated out in Ref. [Jone 69℄, in priniple, several e�ets have to be taken intoaount in the analysis of RDDS data. Aording to the set-up in Fig. 3.6 the solidangle of the detetor is larger for the fully Doppler-shifted γ rays than for the degradedones if deteted at the bakward angles with respet to the beam diretion. Thisobviously leads to a slight hange in the detetion e�ieny of the fully Doppler-shifted and degraded omponents of γ-ray transitions. In addition to the stati aseof positional dependene on the solid angle, one also has to onsider the relativisti
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Figure 3.6: The priniple of the RDDS method: γ rays originating from a nuleus moving with theinitial reoil veloity (γ1) undergo a di�erent Doppler-shift than γ rays originating from a nuleusmoving with degraded veloity (γ2). By measuring the intensities of both omponents of the depop-ulating γ rays as a funtion of target-to-degrader distane d, the lifetime of a nulear state an beextrated.orretion of the solid-angle aberration. As a onsequene of relativisti transformationof angles between referene frames the e�etive solid angle is bit di�erent for reoilsmoving with di�erent veloities. Also the in�uene of the detetion e�ieny of the Gedetetor for γ rays emitted in �ight with di�erent reoil veloities has to be taken intoaount. After a highly aligning heavy-ion reation the nulear spin alignment an beperturbed when the ion reoils into the vauum. This e�et of nulear deorientationtends to alter the angular distribution and hene the observed γ-ray intensities.In fat, from all these perturbing e�ets only the solid-angle e�ets at long target-to-degrader distanes and the nulear deorientation e�et at low spin an have signi�antin�uene on the lifetime measured by employing the RDDS method as disussed inRef. [Petk 92℄. However, for the present experiments similarly to the measurementreported in Ref. [Dewa 03℄, these e�ets fall within the unertainties of the derivedlifetimes and are therefore negleted in the analysis.
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degrader holder
target holder

Figure 3.7: Tehnial drawing of the target and degrader set-up of the Köln plunger devie used inthe present work [Dewa 06℄.3.7 Plunger devieFor the present RDDS measurements, the Köln plunger devie was installed into theJUROGAM target position. A speial hamber housing the target and degrader set-up was designed for this purpose. The target and degrader foils were attahed toaluminium rings and then strethed by srewing them on onial support rings (Fig.3.7). The strethed target and degrader foils were mounted on the frames whih, inturn, were attahed to two rods. By moving the target by a ommerial piezoeletridrive (Inhworm) and keeping the degrader �xed the target-to-degrader distane ofinterest was seleted Short distanes d . 200 µm were measured by a magneti trans-duer whereas for larger distanes an optial system attahed to the Inhworm wereused.The plunger devie was onneted to the gate valve at the entrane of RITU re-plaing the standard JUROGAM target hamber. Figure 3.8 illustrates the plungerdevie used in this work and Fig. 3.9 shows the plunger devie installed at JUROGAMtarget position. The target and degrader set-up was positioned in the middle of the JU-
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Figure 3.8: Shemati drawing of the plunger devie used in this work [Dewa 06℄. The left handside was onneted to the gate valve of the entrane of RITU. The right hand side was attahed tothe beam line. The hamber at the right end of the devie housed the eletronis and the distanemeasurement and regulation devies.ROGAM array. At the other end of the plunger devie, a arbon window (50 µg/m2)separated the high vauum of the beam line from the He gas of RITU replaing thedi�erential pumping system nowadays used in RDT measurements at RITU. The va-uum pumping system was designed so that simultaneous pumping down from bothsides of the target and degrader setup an be performed. A separate ontrol systemof the plunger devie reorded the distanes of eah experimental run. For the shorterdistanes an automati regulation of the distane based on the measurement of theapaitane between the target and degrader foils was used.

Figure 3.9: The Köln plunger devie installed at JUROGAM target position.
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Figure 3.10: Redution of the α-partile yield at the RITU foal plane with di�erent Au degraderfoil thiknesses ompared to the yield of 120 α/min with no degrader foil. The numbers at the top ofthe �gure indiate the alulated relative veloity di�erene of the reoiling nulei before and afterdegrader foil.Redution of RITU transmissionTransmission for fusion-evaporation residues of RITU was redued due to the degraderfoil used in the plunger devie. Due to the small angle sattering in the degrader foilthe solid angle overed by the reoiling evaporation residues was inreased whih, inturn, dereased the number of evaporation residues entering into RITU. Small anglesattering of harged partiles in thin foils is desribed by the equation [Kant 95℄.
θrms ∝

zZ

E

(

d

A

)

, (3.5)where θrms is the root-mean-square angle of the sattered ion, z and Z are the atominumbers of the reoiling ion and the medium, respetively, E is the energy of the ionbeam, A and d are the mass number and thikness of the foil, respetively.Prior to the �rst plunger measurement with JUROGAM a test measurement wasarried out in order to optimise both transmission through RITU and the energyseparation of the degraded and fully Doppler-shifted omponents of the γ-ray peaksof interest. A 108Pd target was bombarded by a 83Kr beam with an intensity of ≈ 3pnA and Au degrader foils of various thiknesses were used. Figure 3.10 summarisesthe outome of the test measurement. Based on the test measurement, a 2.5 mg/m2Au degrader foil provided su�ient statistis for the RDDS measurement of 188Pb. Arelative alulated veloity di�erene ∆v/c = 0.75% of the reoiling nulei before andafter the 2.5 mg/m2 Au degrader foil was obtained.In the later 186Pb measurement 1.0 mg/m2 Al and Mg degraders were tested to in-



28 Experimental proedurerease the transmission of RITU. Sine Al and Mg have higher dE/dx value than thatfor Au, thinner degraders ould be used and therefore RITU transmission would beinreased. As indiated by Eq. 3.5 the lower values for Z and d redue the θrms for theevaporation residues. By using a 2.5 mg/m2 Au degrader foil with a beam intensityof Ib ≈ 2.5 pnA 186Pb α partile yield at the RITU foal plane was ≈ 9 α's/min. With1.0 mg/m2 Al and Mg degrader foils and Ib ≈ 2.5 pnA the orresponding yields were19 and 24 α's/min. The Al degrader foil is not appliable for short distanes sine itannot be strethed. Therefore 1.0 mg/m2 Mg degrader was hosen for the following
194Po measurement. In this work, the transmission of RITU is assumed to be around10% when using the 2.5 mg/m2 Au degrader foil while for the 1.0 mg/m2 Al andMg degrader foils the transmission an be estimated to be around 20%.3.8 The di�erential deay urve methodIn this work, lifetimes of exited states of 186,188Pb and 194Po are derived by usingthe Di�erential Deay Curve Method (DDCM) [Dewa 89, Petk 92℄. In DDCM,the lifetime for eah individual level is determined from a single �rst order di�erentialequation of quantities, whih an be obtained from the experimental data, if all diretfeeders of the level of interest are known. By DDCM, at eah target-to-degraderdistane d the mean lifetime τ is determined independently from the equation

τi(d) = −Rij(d) − bij

∑

h Rhi(d)

vdRij(d)/dt
, (3.6)where Rij(d) is the intensity of the degraded omponent of the γ-ray transition from alevel i to a level j, Rhi(d) is the same for the diret feeding transition from a level h toa level i (a shemati level sheme is illustrated in Fig. 3.11) and bij is the branhingratio of the transition i → j. The quantities Rij(d) desribe the mean time evolutionof the number of nulei in a ertain nulear level and are linked to the deay onstants(λi = 1/τi) by a formula

Rij(d) = bijλi

∫

∞

t

ni(t)dt, (3.7)where ni(t) is the number of nulei at the given state i and d = vt. The derivative
dRij(d)/dt in the denominator of Eq. 3.6 has to be determined from the measureddeay urve by a �tting proedure whih �ts smoothly onneted polynomials throughthe experimental points without any assumptions. In this way, a smooth di�erentiablefuntion is reated and the values for the derivatives an be obtained.In the RDDS measurements, spetra are measured at di�erent target-to-degrader dis-tanes from whih the areas of Doppler shifted Is

ij(d) and degraded Id
ij(d) omponentsof the γ-ray peaks orresponding to the transitions Li → Lj an diretly be obtained.
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level Lilevels Lj

levels Lh

Figure 3.11: A shemati deay shemeIn the analysis of the RDDS data it is onventional to introdue the relative quanti-ties Qij(d) whih are proportional to Rij(d) and an easily be alulated from diretlymeasurable quantities aording to the relation
Qij(d) =

Rij(d)

Rij(0)
=

Id
ij(d)

Is
ij(d) + Id

ij(d)
. (3.8)Using the quantities Qij(d), the Eq. 3.6 an be rewritten as

τi(d) = −Qij(d) − bij

∑

h [Jhi/Jij] Qhi(d)

vdQij(d)/dt
, (3.9)where Jhi and Jij are the relative intensities of the γ-ray transitions Lh → Li and

Li → Lj , respetively. A detailed presentation of DDCM together with the derivationof the assoiated equations an be found in Ref. [Dewa 89℄.Aording to Eq. 3.6, the mean lifetime of the level Li an be obtained at any distane
d from the ratio of the quantities Rij(d)− bij

∑

i Rhi(d) and dRij(d)/dt. The resulting
τ(d) values should lie on a straight line sine, obviously, the lifetime of the level isonstant. This is the main advantage of the DDCM sine any deviation from thestraight line indiates learly the presene of systemati errors. Moreover, as both thenumerator and denominator of Eq. 3.6 reah their maximum at a ertain distane onean introdue the onept of a region of sensitivity, i.e. the region where the meanlifetime an be determined with small errors. Suh region is illustrated in Fig. 3.12.The priniple of lifetime determination aording to the DDCM is shown in Fig. 3.13.Some major advantages of the DDCM analysis are listed below:
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Figure 3.12: A graph of the intensity di�erene of the feeding and the depopulating transitionsas well as the intensity of the depopulating transition of the 4+ state in 188Pb measured with tenJUROGAM detetors at 134◦. These measured intensities are proportional to the quantities in Eq.3.6. The grey area indiates the region of sensitivity. The smooth lines are only to guide the eye.
• The resulting lifetime τ is not a single value resulting from a �t of an exponentialdeay urve but a weighted average of the values τ(d) orresponding to thedi�erent target-to-degrader distanes d. The values of τ(d) determined insidethe region of sensitivity should be onstant. Deviation from suh a behaviouris an indiation of an error in the analysis. In this way the DDCM enables toidentify systemati errors more transparent way as they an be deteted as adeviation from the onstant values of τ(d).
• Only diret feeding transitions to the level of interest have to be onsidered (orin ase of missing intensity make assumptions about unobserved feeding). Noomplex feeding history has to be taken into aount.
• Only the relative target-to-degrader distanes are important, there is no needto determine any aurate d = 0 point.
• The �tting proedure of a deay urve is very transparent. It is important to havea good derivative of a deay urve inside the region of sensitivity, in prinipleany funtion(s) an be used. Points outside the region of sensitivity are lessimportant for the �tting proedure.
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Figure 3.13: Lifetime determinationaording to the priniples of DDCM.The upper panel shows the lifetime τas a weighted mean of values τ(d). Theentral panel shows the deay urve
Qij(d) of the 2+ state in 186Pb mea-sured with ten JUROGAM detetorsat 134◦. Intensity di�erene desribedby the numerator in Eq. 3.9 is shownin the lower panel. The solid line inthe lower panel is the derivative (i.e.denominator in Eq. 3.9) obtained fromthe �t of the deay urve in the en-tre panel (solid urve). As it an beseen, the points outside the region ofsensitivity are less important.

• Errors of the lifetimes τ(d) are determined by the statistial errors of the inten-sities of the degraded and fully Doppler-shifted omponents of γ rays and theerror introdued determining the derivative of the deay urve.
• The lifetime of the onsidered level an be, in priniple, determined with rea-sonable error only with one target-to-degrader distane inside the region of sen-sitivity.DDCM and unobserved feedingIn an RDDS measurement the time behaviour of the depopulating γ-ray transitionis haraterised e.g. by the drop of the degraded omponent of the γ-ray peak withinreasing target-to-degrader distane. The lifetime of the level experimentally deter-



32 Experimental proeduremined by this way, however, provides information only on the e�etive lifetime of theinitial level. This information inludes besides the own lifetime of the level, the om-plete time behaviour of the feeding transitions. Analysing the exponential behaviourof an RDDS deay urve as presented in Equations 3.3 and 3.4 the lifetimes and theintensities of all the transitions preeding the given level have to be quantitativelyonsidered in order to extrat the lifetime of that level from the �t of the deay urve.Therefore, reasonable assumptions about the feeding history have to be made. If thefeeding history onsists of a omplex feeding pattern the number of free parametersbeomes large and therefore limits the reliability of the �t. Although in the DDCMonly the diret feeding transitions to the level of interest have to be taken into a-ount, in the analysis of singles RDDS data one has to deal with some assumptionsonerning unobserved feeding. This is due to the fat that it is impossible to de-tet all possible feeding transitions to the given level Li, inluding the feeding fromthe ontinuum or the feeding from unobserved disrete levels, whih are too weak todetet.The intensity of the unobserved feeding (Jf
i ) an be obtained from the di�erene ofthe relative intensities ∑

h Jhi and ∑

j Jij of the populating and depopulating γ-raytransitions, respetively
Jf =

∑

j

Jij(1 + αij) −
∑

h

Jhi(1 + αhi) = Jdepop − Jfeed (3.10)where αij is the internal onversion oe�ient of the transition Li → Lj . A problem,whih arises from the fat that the lifetime of the unobserved feeding is unknown,an be solved by using several approahes disussed in Ref. [Dewa 89℄ but the �nalsolution an only be obtained by a oinidene plunger measurement by gating abovethe level of interest. However, in ases where oinidene data is not available somereasonable assumptions about lifetimes of unobserved feeding transitions an reduethe disrepany of the results and valuable lifetime information an be obtained.If only the observed disrete feeding transitions are onsidered, the unobserved feedingis assumed to be prompt. If the lifetimes of the unobserved feeding transitions are notshort ompared to the lifetime τi and intensity Jf is not small ompared to the inten-sity Jdepop one has to take them into aount in the DDCM analysis and Eq. 3.9 hasto be modi�ed. A ommon hypothesis is that the time dependene of the unobservedfeeding is equal to the average lifetime of the diret observed feeders populating thelevel of interest [Hari 87℄. In other words, the deay urve of the missing intensityis obtained as a weighted average of the deay urves of the diret feeding transi-tions. This assumption is easy to introdue in Equations 3.6 and 3.9 by multiplyingthe ontribution of the feeders in the numerator by the quantity Jdepop/Jfeed. Thismethod has been found to be realisti [Petk 92℄ when there are no speial struturale�ets dominating the feeding pattern of the level of interest. In the present work thisassumption is taken for all the onsidered levels exept for the 2+ state in 188Pb as



3.9 Summary of experimental details 33will be disussed in the following Chapter. The validity of suh an assumption anbe heked by inspeting the graph of τ(d). Deviations from the horizontal line willindiate the presene of omponents with di�erent lifetimes. Figure 3.13 shows theonstant behaviour of τ(d) whih is an indiation of the orret assumption madeabout the unobserved feeding. In this way, DDCM will provide more on�dene on-erning the assumptions made on the unobserved feeding even in extreme ases whereonly one feeder is known or the feeding lifetime is partiularly long. The detaileddisussion about the problem of the unobserved feeding an be found in Referenes[Dewa 89, Petk 92, Hari 87℄.3.9 Summary of experimental detailsThe low prodution ross setions of 186,188Pb and 194Po require utilisation of taggingtehniques to study these nulei by in-beam spetrosopi methods. In the presentexperiments arried out at the Aelerator Laboratory of the University of Jyväskylä,the RDT method has been employed in the RDDS lifetime measurements for the�rst time (186Pb and 194Po) and the reoil gating tehnique has been used for theRDDS measurement of 188Pb. Exited states of 186,188Pb and 194Po were populatedvia the fusion-evaporation reations using the 83Kr beam delivered by the JYFL K130ylotron. Experimental details have been presented in Table 3.1. Estimating theross setions of the employed reations, 80% detetor overage at the foal planewas assumed. The e�ieny to detet α partile with full energy with the DSSDs wasassumed to be 55%. For the RITU transmission, the assumptions presented in Setion3.7 were used. Prompt γ rays were deteted by the JUROGAM Ge-detetor array.The beam intensity varied 1-3 pnA limited mainly by the ounting rate of the singleJUROGAM Ge detetor. Typial energy resolution of JUROGAM detetors used inthe present study was 2.7 keV for 1.3 MeV γ rays. Due to their suitable angular positionfor RDDS measurements, only 15 JUROGAM Ge detetors ould be used, �ve at anangle of 158◦ and ten at an angle of 134◦ with respet to the beam diretion. Thestandard JUROGAM target hamber was replaed by the Köln plunger devie whihhoused the target and the degrader set-up. The replaement of a standard stopperfoil of the plunger devie by a degrader foil allowed fusion-evaporation residues reoilinto RITU.The separated reoils were deteted at the RITU foal plane by the GREAT spe-trometer. The energy loss and timing signals generated by the reoils in �ight werereorded with the MWPC at the entrane of GREAT. After passing through theMWPC the reoils were implanted into the DSSDs whih were used to reord the po-sition of the reoiling nuleus as well as its subsequent deay properties. Signals fromall the detetors were olleted and time stamped independently with 10 ns aurayby employing the TDR data aquisition system. The olleted data were analysed of-



34 Experimental proedure�ine using the GRAIN [Rahk℄ software pakage. Seletion of reoils were made usingthe energy loss and time of �ight information provided by the MWPC and DSSDs.Temporal and spatial orrelations of a reoil and its subsequent radioative deay inthe DSSDs were performed and singles RDT γ-ray spetra were onstruted.The RDT singles (186Pb and 194Po) and reoil-gated (188Pb) γ-ray spetra from twoJUROGAM Ge-detetor rings were analysed separately. Several di�erent alternativesfor the normalisation fators assoiated with di�erent target-to-degrader distaneswere tested (e.g. normalising to the number of γ rays belonging to the Coulombexitation of the target nulei or total number of deteted α partiles). It was foundout by inspeting the resulting deay urves that the best distane normalisation isobtained by normalising the intensities of the fully shifted (or degraded) omponentsof the γ-ray transitions under investigation to the sum of the areas of these omponentsThese quantities (the funtions Qij(d)) are representative for the time behaviour ofthe orresponding transitions as indiated by Eq. 3.8.The �tting of the γ-ray peaks was performed arefully by �xing the entroids andwidths of degraded and fully-shifted omponents to obtain the peak areas for bothdepopulating and feeding transitions of the levels of interest. The �tting parameterswere determined from the γ-ray spetra of the experimental runs with shortest andlongest target-to-degrader distanes for the degraded and fully-shifted omponents,respetively. In these spetra essentially only one of the omponents is present.Deay urves of quantities Qij(d) were onstruted and analysed by means of DDCM.The resulting lifetime of eah level is an average of the lifetimes extrated from thedeay urves measured with JUROGAM Ge-detetors at 158◦ and 134◦.
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Table 3.1: Experimental details of present studies. In order to maximise the transmission of RITU, several types of degrader foils were usedin the 186Pb measurement. The values for ross-setion σ are rough estimates.Reation Ebeam [MeV℄ σ v/c Target thikness [mg/m2℄ Degrader(s) [mg/m2℄ Tagging mode

106Pd(83Kr,3n)186Pb 357 120 µb 3.8% 1.0 Au: 2.6, 2.2 mg/m2 RDTAl: 1.0Mg: 1.0
108Pd(83Kr,3n)188Pb 340 1 mb 3.8% 0.95 Au: 2.5 Reoil gating

114Cd(83Kr,3n)194Po 375 60 µb 3.6% 1.0 + 1.0 Ta support Mg: 1.0 RDT
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4 Results and disussionIn this Chapter a detailed desription of the results of the present experiments is given.Eah measured energy level is onsidered separately, paying attention to the treatmentof the unobserved feeding transitions. The level of quadrupole olletivity assoiatedwith di�erent shapes is onsidered in terms of transition quadrupole moments. Thequadrupole deformation parameter for eah level of interest is extrated. Finally, theresults of the present experiments are ompared to theoretial preditions and to theresults of earlier lifetime measurements arried out in the viinity of neutron-de�ientPo and Pb nulei.4.1 Lifetimes of the yrast states in 188PbIn the RDDS measurement of 188Pb reoil gated singles γ-ray spetra were olleted atten target-to-degrader distanes ranging from 5 µm to 1600 µm in order to extrat life-times of exited states in 188Pb. The reation 108Pd(83Kr,3n)188Pb with a beam energyof 340 MeV was used to populate the yrast states of 188Pb. The statistis obtainedwith the present experiment were su�ient to extrat the lifetimes of four lowestyrast states. A partial level sheme of 188Pb is shown in Fig. 4.1, whih illustratesthe yrast sequene and a seletion of non-yrast states [Dra 04℄. Detailed informa-tion about experimental runs related to di�erent target-to-degrader distanes in theRDDS measurement of 188Pb is given in Table 4.1. A degrader foil of 2.5 mg/m2 Auwas used in the plunger devie to obtain su�ient veloity di�erene, measured to be
∆v/c = 1.0% (v/c = 3.8% and 2.8% before and after the degrader, respetively). Thedetailed information of energy di�erenes of the fully Doppler-shifted and degradedomponents of the γ-ray transitions under investigation is presented in Table 4.2.Due to the relatively long α-deay half-life (t1/2 = 24 s) and low α-deay branhing ra-tio (8.5%) of 188Pb the RDT tehnique is inappliable. Sine the 3n exit hannel domi-nates over other evaporation hannels of the employed reation, su�ient suppressionof bakground γ-ray events was obtained for 188Pb by means of reoil-gating. Sam-ples of suh spetra reorded by the �ve 158◦ detetors at di�erent target-to-degraderdistanes are shown in Fig. 4.2. In addition to the redution of the transmission ofRITU, the use of the degrader foil in the plunger devie inreased the ounting rate ofthe JUROGAM Ge-detetors. It was found out that the 2.5 mg/m2 Au degrader foilapproximately doubled the ounting rate of the JUROGAM Ge-detetors ompared37
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Figure 4.1: Partial level sheme of 188Pb showing the yrast transitions and the dominant feedingtransitions to the yrast states aording to Ref. [Dra 04℄. The exited 0+ state is taken from Ref.[Van 03a℄.
Table 4.1: Summary of the measurements of di�erent target-to-degrader distanes of the RDDSmeasurement for 188Pb. The sum of the peak areas of the fully Doppler-shifted and degraded om-ponents of the 2+ → 0+ transition are measured with ten JUROGAM Ge-detetors at 134◦.Distane d [µm℄ Counts Iu + Is,724 keV 2+ → 0+ transition10.5(2) 151020.5(4) 130030.5(6) 98038.0(10) 324050.5(10) 159080.5(30) 860113(5) 2150200(2) 1730353(8) 970600(15) 760



4.1 Lifetimes of the yrast states in 188Pb 39Table 4.2: Energy separations ∆E of the fully Doppler-shifted and degraded omponents and therelative intensities Jγ of γ rays of interest as well as the intensity balane Jfeed/Jdepop (see Eq. 3.10)for eah level of interest in 188Pb.
Eγ [keV℄ Jγ ∆E at 158◦ [keV℄ ∆E at 134◦ [keV℄ Iπ

i Jfeed/Jdepop724 100 6.5 4.5 2+ 0.82(3)340 77(2) 3.1 2.3 4+ 0.94(3)370 74(3) 3.6 2.9 6+ 0.67(3)434 49(3) 3.9 3.2 8+ 0.53(3)to the ounting rate without the degrader foil. On the other hand, in the plungermeasurements it is extremely important to keep the target strethed and stable inorder to avoid �utuations in the target-to-degrader distanes. This, in addition tothe ounting rate limitation introdued by the signal proessing eletronis of Ge de-tetors, sets the limit for the beam urrent used in the present experiments. In theRDDS measurement of 188Pb a 0.95 mg/m2 thik strethed self-supporting 108Pdtarget was used.Deay urves measured with the JUROGAM Ge-detetors at 158◦ and 134◦ wereanalysed separately by means of DDCM. The distane normalisation was performedby normalising the area of the degraded (or fully Doppler-shifted) omponent to thesum of the areas of the fully Doppler-shifted and degraded omponents (see Eq. 3.8).Sample deay urves, i.e. the quantities Qij(d), are illustrated in Fig. 4.3. Deay urvesfor both degraded and fully Doppler-shifted omponents were analysed separatelyresulting in four lifetime values for eah level. The �nal lifetime is an average of thesevalues.In order to extrat the amount of unobserved feeding to the four lowest yrast states, therelative intensities of the feeding and depopulating transitions were studied. The rela-tive intensities of the transitions were extrated from the experimental run with high-est statistis (38.0 µm run). The results are presented in Table 4.2, where Jfeed/Jdepopindiates the intensity balane of the levels of interest. For the 4+, 6+ and 8+ statesit is realisti to assume the time behaviour of the unobserved feeding to be similarto that for the observed diret feeders as disussed in Setion 3.8. For the 2+ statethis assumption is not valid. It was found out that the 2+ state is populated ∼ 80%from the prolate 4+ state. The ambiguities arise due to the relative slow feeding fromthis 4+ state, whih an be seen as a small di�erene between deay urves of the 2+and 4+ states within the region of sensitivity in Fig. 4.3. Therefore the lifetime of theunobserved feeding transition was varied between 0.1 ps and 16 ps. As a result theextrated lifetime of the 2+ state varied between 12 ps and 5 ps, respetively. Themeasured lifetime of 15.9(10) ps for the 4+ state is in agreement with the value of16(8) ps obtained in Ref. [Dewa 03℄, whih indiates that the assumption made on the
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4.2 Lifetimes of yrast states in 186Pb 41side-feeding is reasonable. In the same referene a value of 13(7) ps for the 2+ stateobtained from the oinidene measurement would slightly favour the upper limit of12 ps determined in the present work.Table 4.3 summarises the results obtained in the present work for 188Pb. The reduedtransition probabilities are extrated using Eq. 2.1 and the transition quadrupolemoments using Eq. 2.4. The deformation parameters |β2| are extrated using Eq.2.7. In this way, the |β2| values presented in Table 4.3 are atually the deformationparameters for the onsidered transition Ii → If , similar to the |βt| in Ref. [Bend 04℄.Table 4.3: Eletromagneti properties of the low-lying yrast states in 188Pb extrated from thepresent lifetime measurements.
Eγ [keV℄ Iπ

i τ [ps℄ B(E2) [W.u.℄ |Qt| [eb℄ |β2|724 2+ 5 - 12 12 - 5 2.0 - 1.3 0.07 - 0.04340 4+ 15.9(10) 160(10) 6.0(2) 0.199(7)370 6+ 4.0(6) 440(70) 9.4(7) 0.31(3)434 8+ 2.4(4) 350(60) 8.2(7) 0.27(3)
4.2 Lifetimes of yrast states in 186PbThe RDT tehnique was employed for the �rst time in RDDS measurements to probelifetimes of low-lying yrast states in 186Pb. Singles RDT γ-ray spetra were olleted at11 target-to-degrader distanes. The 106Pd(83Kr,3n)186Pb reation with a beam energyof 357 MeV was used to populate exited states in 186Pb. A partial level sheme of
186Pb is presented in Fig. 4.4 [Paka 05a℄. Table 4.4 summarises the measurements atdi�erent target-to-degrader distanes. As desribed in Setion 3.7, several degraderfoils were tested in order to maximise the transmission of RITU. The target used in thepresent study was a strethed, self-supporting 1.06 mg/m2 106Pd foil. The limitationsonerning the beam urrent were very similar to those in 188Pb measurement.Singles RDT γ-ray spetra tagged with the t1/2 = 4.8 s and Eα = 6.38 MeV α-deayof 186Pb were onstruted for all 11 target-to-degrader distanes. Sample spetra areshown in Fig. 4.5. It is essential to note that in spite of the low number of events in the
186Pb spetra ompared to those for 188Pb, the muh lower bakground still enablesto resolve the peaks of interest. The prodution reation used for this study providedan initial reoil veloity v/c = 3.8%. With all degrader materials, a veloity di�erene
∆v/c ≈ 1% was obtained. The energy separations ∆E of the fully Doppler-shiftedand degraded omponents of the γ-rays of interest are listed in Table 4.5. The �ttingparameters onerning the lineshape and the entroid of the fully Doppler-shifted and



42 Results and disussiondegraded omponents of the γ-rays of interest were determined separately for eahdegrader material and thikness to obtain reliable �ts.As for 188Pb the spetra reorded at 158◦ and 134◦ were analysed separately by meansof DDCM. The resulting lifetime of eah level is an average of these values. The areasof the degraded omponents were normalised to the sum of the fully Doppler-shifted
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Figure 4.4: Partial level sheme of 186Pb [Paka 05a℄ showing the yrast states and major feedingtransitions to the yrast states. Exited 0+ states are taken from Ref. [Andr 00℄.Table 4.4: Summary of the measurements of di�erent target-to-degrader distanes of the RDDSmeasurement for 186Pb. The sum of the peak areas of the fully Doppler-shifted and degraded om-ponents of the 2+ → 0+ transition are measured with ten JUROGAM Ge-detetors at 134◦.Distane d [µm℄ Counts Iu + Is, Degrader662 keV 2+ → 0+ transition10.0(5) 70 2.6 mg/m2 Au26.0(15) 256 1.0 mg/m2 Mg48(3) 209 2.2 mg/m2 Au71(3) 204 1.0 mg/m2 Mg100(2) 75 2.6 mg/m2 Au147(3) 182 1.0 mg/m2 Mg240(5) 126 2.6 mg/m2 Au505(40) 175 1.0 mg/m2 Al700(40) 144 1.0 mg/m2 Al1000(40) 179 1.0 mg/m2 Al1600(40) 115 1.0 mg/m2 Mg



4.2 Lifetimes of yrast states in 186Pb 43Table 4.5: Energy separations ∆E of the fully Doppler-shifted and degraded omponents and therelative intensities Jγ of γ rays of interest as well as the intensity balane Jfeed/Jdepop (see Eq. 3.10)of eah energy level of interest in 186Pb.
Eγ [keV℄ Jγ ∆E at 158◦ [keV℄ ∆E at 134◦ [keV℄ Iπ

i Jfeed/Jdepop662 100 5.6 4.0 2+ 0.95(9)261 82(6) 2.1 2.0 4+ 0.78(9)337 69(6) 2.6 2.5 6+ 0.80(10)415 57(5) 3.0 2.7 8+ 0.57(5)Table 4.6: Eletromagneti properties of the low-lying yrast states in 186Pb extrated from thepresent lifetime measurements.
Eγ [keV℄ Iπ

i τ [ps℄ B(E2) [W.u.℄ |Qt| [eb℄ |β2|662 2+ 18(5) 6(2) 1.3(2) 0.045(7)261 4+ 18(4) 510(120) 10.3(2) 0.34(4)337 6+ 6(2) 460(160) 10(2) 0.31(5)415 8+ 5(2) 200(140) 6(2) 0.21(5)and degraded omponents of the γ-ray transition of interest and the deay urves of
Qij(d) were onstruted. Sample deay urves are presented in Fig. 4.6.Again, relative intensities of the γ-ray transitions were studied in order to determinethe amount of unobserved feeding to the states of interest. Table 4.5 lists the values forthe relative intensities of γ-rays and the quantities Jfeed/Jdepop, whih are determinedfrom the data of the experimental run with highest statistis (26.0 µm run). For allthe states in 186Pb probed in the present study, a similar time behaviour for theunobserved feeding transitions was assumed than that for the observed ones. It wasfound out that the e�et of varying the lifetime of unobserved feeding transitionsbetween the prompt feeding and similar to the observed feeding is negligible in thesense that the resulting lifetimes fall within the statistial error bars of the derivedlifetimes.In Table 4.6 the results for the lifetimes τ , absolute transition probabilities B(E2)and deformation parameters |β2| for 186Pb extrated in a similar manner as for 188Pbare presented.
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Figure 4.7: Partial level sheme of 194Po [Hela 99℄ showing the yrast states and major feedingtransition to the yrast states.4.3 Lifetimes of low-lying states in 194PoThe 194Po α-deay with t1/2= 390 ms and Eα = 6.99 MeV was used to tag the prompt γrays of interest to obtain singles RDT γ-ray spetra for 13 target-to-degrader distanes.The fusion-evaporation reation 114Cd(83Kr,3n)194Po with a 83Kr beam energy of 375MeV was used to populate exited states in 194Po. A partial level sheme of 194Po ispresented in Fig. 4.7 [Hela 99℄ and a summary the experiment is given in Table 4.7.To obtain the su�ient reoil veloity a heavy ion beam suh as 83Kr has to be used.This, in turn, sets the limits to the hoie of the target nulei. With the 83Kr beamthe target nuleus has to be 114Cd in order to produe 194Po via the 3n evaporationhannel. However, a metalli Cd foil annot be strethed and therefore annot be usedas a target in a plunger devie. In the present work a 1.0 mg/m2 strethed Ta foilfaing the beam was used to support a 1.0 mg/m2 114Cd target. It was found out thatthe use of Ta support at least doubled the ounting rate of the Ge detetors omparedto the situation when there is no Ta support. This, in addition to the inrease of theGe detetor ounting rate introdued by the degrader foil as disussed earlier, limitedthe beam urrent to 2 pnA in the present RDDS measurement of 194Po.



46 Results and disussionTable 4.7: Summary of the measurements of di�erent target-to-degrader distanes of the RDDSmeasurement for 194Po. The sum of the peak areas of the fully Doppler-shifted and degraded om-ponents of the 2+ → 0+ transition are measured with ten JUROGAM Ge-detetors at 134◦.Distane d [µm℄ Counts Iu + Is,320 keV 2+ → 0+ transition5.7(5) 2637.4(15) 12228(1) 36543.2(12) 44252.7(13) 215133(2) 333173(2) 207253(3) 391400(5) 186700(10) 1951000(10) 3581490(15) 1143000(40) 103Table 4.8: Energy separations ∆E of the fully Doppler-shifted and degraded omponents and therelative intensities Jγ of γ rays of interest as well as the intensity balane Jfeed/Jdepop (see Eq. 3.10)of eah energy level of interest in 186Pb.
Eγ [keV℄ Jγ ∆E at 158◦ [keV℄ ∆E at 134◦ [keV℄ Iπ

i Jfeed/Jdepop320 100 2.8 2.1 2+ 0.78(6)367 80(5) 3.3 2.7 4+ 0.60(6)The prodution reation employed in the present study of 194Po provided an initialreoil veloity of v/c = 3.6 %. Based on the experiene gained in the RDDS measure-ment of 186Pb, a 1 mg/m2 Mg degrader foil was used to obtain the veloity di�ereneof ∆v/c = 0.8 %. The separations ∆E of the fully Doppler-shifted and degradedomponents of the γ-rays of interest are given in Table 4.8.In the present study the prodution ross-setion of 194Po was approximately 60
µb representing an all time reord in an RDDS measurement. Despite of very lowstatistis, the low bakground in RDT γ ray-spetra still enabled to resolve the fullyDoppler-shifted and degraded omponents of γ-rays from the lowest 2+ and 4+ statesin 194Po. Sample γ-ray spetra are shown in Fig. 4.8.



4.3 Lifetimes of low-lying states in 194Po 47
0

20

40 13 µm

0

20

40

 C
ou

nt
s 

[a
rb

itr
ar

y 
un

its
]

700 µm

300 320 340 360 380 400
Energy [keV]

0

20

40 3000 µm

2+
→

 0+

4+
→

 2+

Figure 4.8: Singles RDT γ-ray spetra of 194Po measured at three distanes with �ve JUROGAMdetetors at 158◦ Dotted lines indiate the positions of the fully Doppler-shifted and degraded om-ponents of γ rays from the �rst exited 2+ and 4+ states in 194Po.As in the earlier measurements, spetra reorded with the JUROGAM detetors at158◦ and 134◦ were analysed separately by means of DDCM. The distane normalisa-tion was performed similarly to the 188Pb and 186Pb measurements and deay urvesof Qij(d) were onstruted. The resulting lifetime is an average of the values extratedfrom the spetra reorded at 158◦ and 134◦. An example of the deay urves is pre-sented in Fig. 4.9.In Table 4.8 the values of relative intensities of the γ-ray transitions under investiga-tion as well as the intensity balanes Jfeed/Jdepop for the states of interest are shown.These values were extrated from the experimental run with highest statistis (43.2
µm run). The treatment of unobserved feeding transitions is similar to that for 186Pb,i.e. the time behaviour of unobserved feeding is assumed to be similar to the observedone. In addition, it was found out that the e�et of varying the time behaviour ofthe unobserved feeding transitions is negligible within the error bars of the derivedlifetimes.
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Eγ [keV℄ Iπ

i τ [ps℄ B(E2) [W.u.℄ |Qt| [eb℄ |β2|662 2+ 37(7) 90(20) 5.5(6) 0.17(2)261 4+ 14(4) 120(40) 5.4(8) 0.17(3)



4.4 Disussion and onlusions 494.4 Disussion and onlusions4.4.1 Con�guration mixing and olletivity in light Pb nuleiIn the framework of oexisting spherial, oblate and prolate shapes, interesting on-lusions from the present results an be drawn. The large E2 transition strengthsof the 8+ → 6+ and 6+ → 4+ transitions in 186,188Pb reveal high olletivity of theyrast 4+, 6+ and 8+ states in these nulei and are in agreement with the hypothesisof prolate yrast states. A similar high E2-strength is observed for the 4+ → 2+ tran-sition in 186Pb indiating that the 2+ state in 186Pb is a pure member of the prolateband. However, in 188Pb the 4+ → 2+ transition rate is signi�antly lower than thatin 186Pb suggesting a strongly mixed harater for the �rst exited 2+ state in 188Pb.The predited spherial ground state in Pb nulei is re�eted by the low 2+ → 0+transition rate in 186,188Pb.It is supported by many theoretial studies (see e.g. [Hell 05, Bend 04℄) that theontribution of the spherial omponent in the wave funtion of the observed exitedstates is insigni�ant. Therefore, it is eligible to interpret the observed B(E2) valuesin 188Pb in a simple two level (prolate π(4p − 4h) and oblate π(2p − 2h)) mixingsheme introdued in Setion 2.3. By treating the 6+ and 8+ states as pure prolatestates an average Qdef
t value for prolate states an be derived as Qdef

t ≈ 8.8 eb. Byusing Eq. 2.14 a squared prolate amplitude α2
prolate ≈ 0.4 an be derived for the 2+yrast state in 188Pb. This is somewhat smaller than that determined in Referenes[Dewa 03, Dra 04℄ where di�erent assumptions were made to extrat the mixingamplitude. The α2

prolate value of 0.4 determined in this work takes into aount thelevel of olletivity obtained for the 6+ → 4+ and 8+ → 6+ transitions whih isremarkably higher than that for the 4+ → 2+ transition.Experimentally the degree of deformation in neutron-de�ient Pb and Po nulei hasbeen dedued from the kinemati moments of inertia J (1), whih in general, is largerfor prolate than oblate bands. Figure 4.10 shows J (1) values for typial prolate andoblate bands in neutron mid-shell nulei near Z = 82 extrated from the measurementsusing Eq. 2.12. As stated in Setion 2.2, the ontribution of the deformation parameter
β2 to J (1) is small. From Fig. 4.10 it an be seen that the di�erene between J (1) forprolate and oblate shapes is, however, well pronouned. This learly indiates the fatthat other e�ets, as desribed in Setion 2.2, ontribute to J (1) rather strongly.If a nulear system has an intrinsi struture in the band that is not hanging andthe system reeives olletivity via pure rotation, the quadrupole moment within theband should be onstant. The measured |Qt| values for 186,188Pb are plotted in Fig.4.11 in onjuntion with the kinemati moments of inertia J (1) dedued from themeasured level energies [Paka 05b, Dra 04℄. The strongly mixed harater of the 2+
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4+, 6+ and 8+ states in 186Pb and 6+ and 8+ states in 188Pb being β2 = 0.29(5). Thisvalue is in agreement with the theoretial values obtained using di�erent approahes[Naza 93, Niks 02, Egid 04, Bend 04℄.Bender et. al. [Bend 04, Bend 05℄ have arried out on�guration mixing alulationsof angular-momentum projeted mean-�eld states using the Skyrme interation tostudy the struture and transition probabilities in light Pb isotopes. In that workthe transitional quadrupole deformation parameter β

(t)
2 is determined for di�erenton�gurations in light Pb isotopes. As pointed out in Ref. [Bend 05℄, β(t)

2 is omparableto the spetrosopi quadrupole deformation parameter β2 extrated in this work. A
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2+ state.The disrepany between the measured and alulated values for the 8+ → 6+ transi-tion in 186Pb ould suggest some hange in the intrinsi on�guration within the band.The |Qt| values extrated for this transition seem to indiate a drop of olletivity.However, taking into aount the error bars the olletivity may well stay at the levelof that for the 6+ → 4+ transition as expeted on the basis of the smooth behaviourof the moments of inertia. On the other hand, if this drop of olletivity is aepted itmight be an indiation of more omplex strutural e�ets dominating at higher spinsin 186Pb.In Ref. [Bend 04℄ the B(E2) values for the 2+ → 0+ and 4+ → 2+ transitions de-exiting the prolate as well as oblate 2+ and 4+ states in 188Pb are also given. Thesevalues are listed in Table 4.10. The measured B(E2) value for 4+ → 2+ transitionfalls between the values alulated for the prolate and oblate on�gurations, beingslightly loser the oblate ones. Also the measured B(E2) value for 2+ → 0+ beingloser to the alulated oblate to spherial B(E2) would suggest the slightly largeroblate amplitude of the 2+ state. This is exatly what have been dedued above usingthe simple two-band mixing model. Unfortunately, alulated prolate to oblate B(E2)value for 4+ → 2+ transition is not available in Ref. [Bend 04℄ for omparison.Similar angular-momentum projeted on�guration mixing alulations of mean-�eldstates using the Gogny interation have been arried out by Rodríguez-Guzmán et.al. [Rodr 04℄ for even-mass 182−192Pb isotopes. The results are very similar to thoseobtained by Bender et. al. [Bend 04℄. The lowest 2+ state in 188Pb has been predited



4.4 Disussion and onlusions 53Table 4.10: Comparison of the measured and alulated B(E2) values in 188Pb expressed in W.u.The work of Bender et. al. and Rodríguez-Guzmán et. al. have been adopted from referenes [Bend 04℄and [Rodr 04℄, respetively. Calulated in-band B(E2) values are given for both prolate and oblatebands as well as the out-of-band B(E2) values from both deformed on�gurations to the spherialground state (Bender et. al. and Rodríguez-Guzmán et. al.).
Iπ
i this work Bender et. al. Rodríguez-Guzmán et. al.prol. → sph. obl. → sph. prol. → sph. obl. → sph.

2+ 12 - 5 0.2 17.0 1.4 8.7prol. → prol. obl. → obl. prol. → prol. obl. → obl.4+ 160(10) 288 126 262 142Table 4.11: Comparison of measured and alulated B(E2) values in 188Pb expressed in W.u. The
B(E2) values based on the IBM alulations of Hellemans et. al. have been adopted from Ref.[Hell 05℄.

Iπ
i this work Hellemans et. al.

2+ 12 - 5 34+ 160(10) 1526+ 440(70) 1978+ 350(60) 215to be a strong admixture of the prolate and oblate shapes, whereas the orrespondingstate in 186Pb is a rather pure prolate state. Calulated B(E2) values for 188Pb fromRef. [Rodr 04℄ are listed in Table 4.10. Again, the mixing of the 2+ state is probablyunderestimated sine the prolate → prolate B(E2) value for the 4+ → 2+ transitionis too high. This an also be seen as an evidene of the dominant oblate harater ofthe 2+ state in 188Pb.In addition to the alulations based on the mean-�eld, the Interating Boson Model(IBM) alulations have been arried out for 188Pb by Hellemans et. al. [Hell 05℄(Table 4.11). These alulations reprodue the values for the two lowest transitionsquite well but underestimate the level of olletivity obtained for the 6+ and 8+ states.In alulations of Ref. [Hell 05℄ the IBM parameters for Pb isotopes determined in[Foss 03℄ were used whih, in turn, were obtained from the neighbouring nulei basedon the intruder spin (Iintr) arguments [Heyd 92℄. It is worthwhile to note that at thetime of alulations in Referenes [Hell 05, Bend 04, Rodr 04℄ only the experimental
B(E2) values for the 2+ and 4+ states in 188Pb [Dewa 03℄ were known.



54 Results and disussion4.4.2 Colletive oblate yrast band in 194PoAs already stated in Setion 2.4 the yrast band of 194Po is assumed to be deformedhaving an oblate shape. Espeially in 192,194Po the level patterns are lose to theadjaent odd-mass nulei. This indiates a weak oupling of the i13/2 neutron to theeven-mass ore. This ould be regarded as a oupling of the odd i13/2 neutron to avibrating ore [Foti 97℄. With the rotational intruder piture this ould be seen as adeoupling of an i13/2 neutron hole (low Ω) from an oblate ore [Hela 99℄. This fat,in addition to the observed kinemati moments of inertia being signi�antly smallerthan those for the prolate shape, suggests an oblate shape for the yrast band in 194Po.In earlier mixing alulations based on the measured level energies [Hela 99℄ and α-deay hindrane fators [Bijn 95℄, the yrast 2+ and 4+ states in 194Po are interpretedas pure π(4p − 2h) oblate states, while the ground state is predited to be stronglymixed.The measured |Qt| values of 194Po, 186Pb and 188Pb are plotted in Fig. 4.13 along withthe kinemati moments of inertia for the yrast bands in these nulei. For 194Po thepresent results reveal that the olletivity of the 2+ → 0+ and 4+ → 2+ transitions ismuh lower than for the transitions between the prolate states in 186Pb and 188Pb. Thisis what is expeted for the oblate states, the |Qt| and β2 values are lower than thosefor the prolate states. In the work of Hellemans et al. [Hell 05℄ a omparison of B(E2)values of prolate and oblate bands in 188Pb is presented. This shows remarkably lower
B(E2) values for the transitions between the oblate states than between the prolateones. By using various theoretial frameworks the quadrupole deformation parameterfor the oblate shape in 194Po has been predited to be β2 ≈ 0.2 [May 77, Oros 99℄.In the present work, the orresponding value β2 = 0.17(3) has been extrated as anaverage of the β2 values of the yrast 2+ and 4+ states.The similar |Qt| values for the 2+ and 4+ states in 194Po indiates a similar intrinsistruture for both of these states. De Coster et al. [De C 99℄ have arried out IBMalulations for neutron-de�ient Po isotopes. Relative B(E2) values in 194Po areobtained in Ref. [De C 99℄ by arrying out on�guration mixing alulation of oblateand near spherial IBM states. Comparison of the alulated relative B(E2) valueswithin the unperturbed bands to the measured B(E2) values suggest rather pureoblate on�guration for the ground state and the �rst 2+ and 4+ states in 194Po. Theon�guration mixing alulation does not reprodue the measured B(E2) values whilethe trend of the relative B(E2) values between the pure oblate 0+, 2+ and 4+ statesis lose to what is observed in the present work. Although the near spherial shapemixed with the oblate one in even-mass Po isotopes is not expeted to represent suha well-de�ned energy minimum as the ground state of even-mass Pb isotopes [May 77℄the e�et of weak mixing of these strutures may well �t within the error bars of themeasured transition probabilities.
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Figure 4.13: Measured |Qt| values (upper panel) and the moments of inertia (lower panel) for 194Po,
186Pb and 188Pb.Alternatively, the observed level pattern of 194Po has been interpreted as that foran anharmoni vibrator [Youn 95℄. Vibrational systems are haraterised by equalenergy spaings and nearly degenerate phonon multiplets, ∆Nph = ±1 E2 sele-tion rules and B(E2) values saling with the phonon number. Younes and Cizewski[Youn 97℄ have arried out alulations in the frameworks of Partile Core Model(PCM) and Quasipartile Random Phase Approximation (QRPA). These alula-tions based on multiphonon exitations reprodue the level energies quite well but the
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B(E2; 2+
1 → 0+

g.s.) as a startingpoint. For the rotor, Eq. 2.4 hasbeen used with the value Q0 =5.45 eb.value of B(E2; 2+
1 → 0+

g.s.) = 16.4 W.u. obtained with QRPA is muh lower than thatthe present experimental value of 90(10) W.u. The e�et of intruder strutures arenot taken into aount in PCM and QRPA. This failure of reproduing the measured
B(E2; 2+

1 → 0+
g.s.) value indiates the important role of partile-hole intruder stru-tures, enhaning olletivity of the 194Po nuleus. Also Peltonen, Delion and Suhonen[Pelt 05℄ have alulated α-deay systematis to vibrational 2+ states using QRPA. Intheir work a value of 6.8 W.u. for B(E2; 2+

1 → 0+
g.s.) in 194Po has been dedued, whihis an order of magnitude smaller than the measured value. Again, in these alulationspartile-hole intruder strutures were not inluded.For a vibrating system, the B(E2) values should follow the relation

∑

If
Nph−1

B(E2; I i
Nph

→ If
Nph−1) = NphB(E2; 2+

1ph → 0+
g.s.), (4.1)where I i

Nph
and If

Nph−1 denote the total angular momentum of the initialN phonon and�nal N − 1 phonon states, respetively. To illustrate the di�erenes between the rota-tional and vibrational states in terms of the redued transition probabilities, B(E2)values for an ideal rotor and vibrator, along with the measured ones are drawn in Fig4.14. This �gure immediately shows the striking di�erene between the B(E2) valuesalong the band for the vibrating and rotating systems. The measured B(E2) values of
194Po slightly favour the interpretation of the rotating nuleus, but has to be furtheron�rmed by measuring the B(E2) values for the higher spin states. Additionally,one should bear in mind that the proposed anharmoniities of Ref. [Youn 95℄ wouldmodify the behaviour of the B(E2) values of the vibrator shown in Fig. 4.14.



4.4 Disussion and onlusions 574.4.3 Comparison of the measured deformation parametersProlate yrast bands with kinemati moments of inertia very similar to the prolatebands of 186Pb and 188Pb have been observed in even-mass Hg and Pt nulei nearthe N = 104 mid-shell. Lifetime measurements of yrast levels have been arried outfor 184Hg [Ma 86℄, 186Hg [Proe 74℄, 184Pt [Garg 86℄ and 192Pt [John 77℄. A seletionof β2 values extrated from the measured lifetimes are shown in Fig. 4.15. In 184Hgand 186Hg the oexisting weakly deformed oblate (|β2| ≈ 0.15) and higher deformedprolate (|β2| ≈ 0.28) bands maintain their purity of struture until they ross at the
4+ state. The ground state and the �rst exited 2+ state are assumed to representan oblate shape while for the states with higher spin a prolate shape is assumed.This an be seen from Fig. 4.15 where the |β2| values for the 2+ and 4+ states in
186Hg lie remarkably lower than those for the prolate states in 186,188Pb measuredin this work. The |β2| values for the 6+ and 8+ states are within the error bars oforresponding values in 186,188Pb representing similar intruder strutures. Also alikekinemati moments of inertia suggests similar intrinsi struture for these nulei.In 184Pt the yrast band has been assigned as prolate deformed intruder band with a
π(6p − 2h) on�guration. Aording to the intruder spin lassi�ation, this struturebelongs to the same intruder spin multiplet Iintr = 2 as the prolate π(4p− 4h) statesin 186,188Pb and thus should have similar band struture (see e.g. Ref. [De C 97℄). Asseen from Fig. 4.15 the kinemati moments of inertia are very similar for these nulei.However, the |β2| values for the prolate band in 184Pt are remarkably smaller thanthose for the prolate states in 186,188Pb. As disussed in Ref. [Garg 86℄ the mixing ofthe states plays a ruial role at low spins in 184Pt. States with Iπ ≥ 6+ are onsideredto be fully unmixed in 184Pt. This, in turn, ould lower the |β2| values at low spinsompared to those in 186,188Pb. The |β2| value for the 8+ state in 184Pt �ts alreadywell within the error bars of the orresponding values of the other nulei presented inFig. 4.15.As mentioned earlier, taking into aount the error bars, the olletivity of the 8+ →
6+ transition in 186Pb may well stay at the level of that for the 6+ → 4+ transition.But if this lowering of the olletivity is aepted it might indiate some more omplexstrutural e�et. Figure 4.15 shows that a slight drop of olletivity is also observed in
188Pb and 186Hg but also these nulei maintain, within the error bars, their onstant
|β2| value between the pure deformed states.The ground state and the lowest 2+ state in 184,186Hg are assumed to represent a weaklydeformed oblate shape with a π(0p − 2h) on�guration. The present measurementsreveal that the olletivity assoiated with these states are lower than that for theoblate states in 194Po studied in this work. This an be seen from Fig. 4.16 where the
|β2| values and the kinemati moments of inertia are plotted for the 194Po, 186Hg and
192Pt. The |β2| values for 194Po lie higher than those for the assumed oblate states in
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Figure 4.15: Comparison of the measured quadrupole deformation parameters in the viinity ofneutron-de�ient Pb nulei. The data are extrated from referenes [Proe 74, Garg 86℄ and from thepresent work. In the lower panel orresponding kinemati moments of inertia are shown.
186Hg. The lower olletivity assoiated with oblate states in 186Hg ompared to thosein 194Po is obvious sine the π(4p− 2h) on�guration in 194Po has a larger number ofvalene quasi-partiles than the π(0p − 2h) on�guration in 184,186Hg.The yrast band in 192Pt has been assigned with the π(0p−4h) on�guration having aslightly deformed oblate shape. The |β2| values for the yrast states in 192Pt extrated
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Figure 4.16: Comparison of the measured quadrupole deformation parameters in the viinity ofneutron-de�ient Po nulei. The data are extrated from referenes [Proe 74, John 77℄ and from thepresent work. In the lower panel orresponding kinemati moments of inertia are drawn.from the measurements in Ref. [John 77℄ have been plotted in Fig. 4.16. The defor-mation of the yrast states in 192Pt is slightly smaller than that for 194Po. The lowerolletivity of the yrast states in 192Pt ompared to the ones in 194Po is indiated bythe measured B(E2) values. The B(E2) value of the 2+ → 0+ transition in 192Pt(52(3) W.u. [John 77℄) is approximately a half of what is measured in the presentwork for 194Po. This is also observed as higher kinemati moments of inertia of the



60 Results and disussionyrast states in 194Po (Fig. 4.16).Compared to the well understood doubly magi spherial nuleus 208Pb from wherethe eletromagneti features of the spherial states in Pb nulei an be extrated, littleis known about the orresponding near spherial states in Po nulei. Further lifetimemeasurements of heavier Po isotopes, where the intruder strutures lie higher in en-ergy, would be required to study the degree of olletivity and on�guration mixingas a funtion of neutron number and angular momentum and thus obtain informationabout the eletromagneti properties of the near spherial states in neutron-de�ientPo nulei.



5 SummaryRDDS lifetime measurements of yrast states in 186,188Pb and 194Po have been arriedout at the Aelerator Laboratory of the University of Jyväskylä. The Köln plungerdevie was installed at the JUROGAM target position and oupled to the RITU gas-�lled separator. With this set-up the reoiling evaporation residues were separatedfrom the bakground introdued by other unwanted nulear reations and identi�edby the GREAT spetrometer at the foal plane of RITU. As the pioneering experi-ments arried out in this work demonstrate, the RDT tehnique provides essentiallybakground free γ-ray spetra for lifetime measurements and enables the extensionof the RDDS studies to exoti nulei near the proton drip-line with relatively lowross-setions.In this study the quadrupole deformation parameter |β2| has been extrated for bothprolate and oblate shapes in the viinity of neutron-de�ient Pb nulei having thevalues of |β2| = 0.29(5) (186,188Pb) and |β2| = 0.17(3) (194Po), respetively. The o-existing shapes lying low in exitation energy are harateristi of neutron-de�ientPb region nulei and therefore o�er the ultimate laboratory for nulear struturestudies. This, in addition to the measured values of redued transition probabilities
B(E2), has on�rmed the olletive behaviour of exited states in this region. Theeletromagneti properties of prolate bands have been probed in 186,188Pb, while theproposed oblate band in 186,188Pb is non-yrast and therefore too weakly populatedby fusion-evaporation reations for RDDS studies. Eletromagneti properties of theoblate yrast band in 194Po have been measured ompleting the study of deformedstrutures in the neutron-de�ient Pb and Po nulei.By means of lifetime measurements diret information about the on�guration mixingan be dedued. For the 2+ state in 188Pb the |Qt| value indiates that the mixing ofthe oblate and prolate shapes plays a ruial role, while in 186Pb the orrespondingstate is already a pure member of the prolate band. A omparison of the presentresults of 186,188Pb to the earlier lifetime measurements of prolate states near Z = 82and N = 104 shows that within the error bars the level of olletivity of these states issimilar. A lot of theoretial e�ort has been put towards investigating the struture ofneutron-de�ient Pb isotopes. These alulations have usually reprodued the energylevels and so far known B(E2) values reasonably well, but the results provided by thepresent study gain experimental input for the theoretial models and sets stringentonditions for more preise alulations. 61



62 SummaryIn ontrast to the earlier preditions, the present work indiates that the ground statestate in 194Po is dominantly oblate in harater. This an be seen from the nearlyonstant |Qt| values of the ground state and the �rst exited 2+ state. The availabilityof the alulatedB(E2) values of the yrast band in 194Po is rather limited. The existingvalues for the 2+ → 0+ transition are underestimated roughly by a fator of two. Tofurther study the olletivity in neutron-de�ient Po nulei, the lifetime measurementsof the heavier isotopes, where the intruder strutures lie higher in energy, would berequired.So far, the RDT measurements with stable beams are the most e�ient way to studyneutron-de�ient nulei near Z = 82. Lifetime measurements an be arried out em-ploying the RDDS method, whih is so far the only feasible method to gather lifetimeinformation in suh exoti nulei as desribed in this work. However, the ontinuoustehnial development of radioative ion beams has reently reahed new goals andhopefully in the future radioative ion beam failities will provide suh exoti beams as
186Pb with a high beam quality. This would open up new possibilities, e.g. to measure
B(E2) values via Coulomb exitation. With this tehnique states other than yrastones are also aessible for lifetime studies.Combining the high seletivity of tagging tehniques with the RDDS method pro-vides important tehnial development onerning the future Ge-detetor arrays in-strumented with digital eletronis (e.g. AGATA). Also the employment of the RDDSmethod with radioative ion beams is in progress and gains knowledge from the RDDSmeasurements of very exoti speies arried out with stable beams.Shape oexistene in the viinity of neutron-de�ient Z = 82 nulei is a topi ofstrong urrent interest. In order to further eluidate the origin of this phenomenonlifetimes of the low-lying 0+ exited states would be required. Due to the E0 haraterof these 0+

2,3 → 0+
g.s. transition this would require onversion eletron measurements.So alled reoil shadow onversion eletron measurements are planned to be arriedout to obtain the lifetime information of the exited 0+ states in 186Pb and 194Po.To onlude, the ontinuously evolving understanding of the nulear struture of theneutron-de�ient Pb and Po nulei will allow the gain of important information andinput for theoretial alulations from the lifetime measurements suh as the onesdesribed in the present work.
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