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AbstratThis thesis is based on the results of two experiments arried out at the AeleratorLaboratory of the Department of Physis, University of Jyväskylä. Detailed gamma-ray spetrosopy was performed to study the very neutron-de�ient nuleus 191Bi. Asa result an extended level sheme was onstruted and, for the �rst time, superde-formation was observed in suh a light Bi isotope. The other experiment onsisted ofin-beam and deay spetrosopi studies of 195At. Gamma-rays originating from thedeays of exited states in this nuleus were observed for the �rst time. Furthermore,the details of the deay modes of low-lying states were investigated. This experimentalso provided deay data for the odd-odd astatine isotopes, 194,196At. As a result, theirearlier deay shemes were revised.
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1 IntrodutionIt has been known for about a entury that an atom onsists of a very dense nuleussurrounded by a loud of eletrons. The basis for this was the famous gold foil experi-ment performed by Geiger and Marsden, where some alpha partiles impating the foilwere found to be de�eted to large angles. Rutherford was able to explain the resultsby assuming most of the atomi mass to be onentrated in a very small nuleus. Amodel where the nuleus was omposed of positively harged protons and unhargedneutrons was put forward by Heisenberg in 1932. Today a total of 117 di�erent el-ements are known to exist. The hemial nature of an element is ditated by thestruture of its eletron loud. The number of eletrons orbiting a neutral atom (theatomi number) is the same as the number of protons (denoted as Z) ontained in thenuleus. Atoms of the same element that ontain a di�erent number of neutrons (N)in their nulei are alled isotopes of that partiular element. The hange in neutronnumber has no e�et on the hemial properties of an element but an have rathersigni�ant e�et on the properties of the nuleus itself. There exists 256 isotopes thatare stable, i.e. they do not undergo radioative deay. Additionally about 80 radioa-tive isotopes exist naturally on this planet, some of whih have been around sinethe formation of the Earth while others are ontinuously reated in the deay of theprimordial nulides or due to osmi radiation. The vast majority of di�erent nulearspeies that are known to exist are produed arti�ially using failities suh as partileaelerators or nulear reators. Most of these are very short-lived and rapidly deayinto more stable isotopes. As an example, the nulei studied in this work had lifetimesaround milliseonds or seonds. The longest observed lifetimes of radioative isotopesare as long as billions of years. The total number of known isotopes is urrently morethan 3100. These are displayed in the hart of the nulides in �gure 1.1.Studies of the struture of the atomi nuleus have been ongoing ever sine the ex-istene of the nuleus was �rst dedued. Today these studies largely fous of the be-haviour of nulei in extreme onditions, suh as high energy, high angular momentumor imbalane between the number of neutrons and protons in the nuleus. The workpresented in this thesis involves the study of ertain bismuth (Z = 83) and astatine(Z = 85) isotopes with a large de�ieny of neutrons when ompared with the moststable isotopes of these elements. A large problem hampering the study of very exotinulei suh as these is the extreme di�ulty in produing them. They an be reatedin nulear reations by shooting a beam of partiles onto a target foil, resulting in afusion reation where the beam and target nulei ombine to form the �nal produt.Unfortunately the probability of forming a spei� nuleus is very small: most likely1



2 Introdution

Figure 1.1: The nulear hart, showing the urrently known isotopes. Neutron number inreasestowards the right and proton number upwards. The �lled blak squares represent the stable isotopes,all the rest are radioative. The nulei studied in the present work (191Bi, 194,195,196At) lie inside thelittle retangle.the beam passes through the target missing all the target nulei (the diameter of thenuleus is roughly 0.01 % of that of the atom). In the unlikely ase that the beampartile meets a target nuleus, a variety of nulear reations an our, only one ofwhih is the fusion reation. Even if the two nulei do fuse together, the hanes arethat the produt immediately breaks apart in a �ssion reation. Finally, in order toobtain information of the fusion produt, there is the problem of identifying it anddeteting the radiation emitted by it. This is the needle in the haystak problem thatneed to be solved if these exoti nulei are to be studied. As explained in hapter3 of this thesis, this requires rather omplex equipment and lengthy experiments -typially days or weeks.The author has had the priviledge to partiipate in the preparation and arrying outof a large number of experiments for almost the entire duration of the �rst inarna-tion of the JUROGAM spetrometer. Additionally the author has arried the mainresponsibility of the maintenane and repair of the Ge-detetors and the assoiatedautomati liquid nitrogen �lling system. This period of time has resulted in a numberof publiations in peer-reviewed sienti� journals; the ones of whih this author hasontributed are listed below. The results reported in this thesis are also the topi ofthe �rst three artiles on the list.
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2 Physis bakgroundIn this setion some theoretial onepts relevant to the present work are introdued.Firstly various nulear models are disussed. This is followed by a brief introdutionto various nulear deay proesses, with emphasis on those relevant to this thesis.Lastly, some features enountered in the region of the nulear hart where this workis entred are introdued.2.1 Nulear modelsIn modelling the atomi nuleus various di�erent approahes an be adopted. One is totreat the nuleus as a system of N neutrons and Z protons interating with eah other.Although the range of the nulear fore has been observed to be very short, indiatingthat the nuleons only interat with their nearest neighbours, as N and Z inrease thisapproah gets more and more ompliated. A way to simplify the piture is to onsideronly the outermost valene nuleons as ative players, while the rest form an inertore. Another approah is to onsider the entire nuleus as a �marosopi� entity,where many or all of the onstituent nuleons ontribute to olletive behaviour, suhas rotation and vibration of the nuleus. The two approahes an also be ombined.2.1.1 The spherial shell modelIn the spirit of the highly suessful atomi shell model a similar model was on-struted for the nuleus. The idea is that the nuleons are bound in a potential wellthey themselves reate. This is in ontrast to the atomi model where the eletrons or-bit in a potential reated by an external agent, the nuleus. There is adequate evidenefor a shell struture in nulei, suh as large hanges in proton and neutron separationenergies, neutron apture ross setions and hanges in nulear radii ourring at thesame values of proton or neutron numbers (the �magi numbers� 2, 8, 20, 28, 50, 82and for neutrons 126). There is an ongoing debate as to the values of the next maginumbers haraterizing the �island of stability� of the superheavy elements. Nuleiwith magi numbers of protons and neutrons are analogous to the noble gases in aseof atoms, i.e. they represent a losed shell on�guration and a spherial shape. After9



10 Physis bakgrounda shell is �lled there is an energy gap before the next shell, making magi nulei es-peially stable systems. A realisti form of the nulear potential is the Woods-Saxonpotential:
V (r) =

−V0

1 + e
r−Rav

a

, (2.1)where V0 is the depth of the potential well, Rav the mean radius of the nuleus and athe skin thikness, desribing the di�useness of the surfae of the nuleus. This aloneturns out to be insu�ient to produe the observed energy levels and spaings. Inaddition, one must introdue a spin-orbit term analogous to atomi physis wherethe spin-orbit interation (the interation between the eletron's magneti momentwith the magneti �eld generated by its orbital motion) aounts for the observed�ne struture in the energy levels. In the nulear ase though the interation is muhstronger (too strong in fat to be of eletromagneti origin) and opposite in sign, butit nevertheless produes the observed level spaings and magi numbers. The orbitalsare labelled aording to quantum numbers nlj, where n = 1, 2, 3,... is the numberof a given l state, l = s, p, d, f, g, h, i,... desribes the orbital angular momentum inthe spetrosopi notation (the orresponding quantum numbers are l = 0, 1, 2, 3, 4,5, 6,...), and j is the total angular momentum quantum number of the orbital. Thedegenaray of an orbital, i.e. the maximum number of protons or neutrons the orbitalan ontain is 2j + 1. This is due to the possible values of magneti substates being
mj = −j,..., j.In the shell model approah only quite light nulei an be treated suh that all theonstituent nuleons are taken into aount. In heavier nulei the nuleons �lling theorbitals up to the last losed shell are treated as an inert ore and the remaining valenenuleons then give rise to the observed energy levels. A shemati representationshowing the evolution of shell model energy levels with di�erent potentials is shownin �gure 2.1. The spherial shell model works well in desribing nulei lose to thelosed shells de�ned by the magi numbers. As an example, the spin and parity of
209Bi (Z = 83 and N = 126) is observed to be 9/2−, as would be expeted based on�gure 2.1. Indeed, the 9/2− state has been observed to be the ground state even insuh extremely neutron de�ient nulei as 191

83 Bi108 studied in this thesis.2.1.2 Nulear deformation and olletive modelsIn addition to the single-partile exitations, the nuleus an also exhibit olletiveexitation modes, suh as vibration and rotation. This is typial for nulei loatedoutside losed shells. The nulei studied in this thesis belong to this ategory, as theirneutron numbers lie lose to the neutron midshell between magi numbers 82 and 126.
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Figure 2.1: A shemati view of single-partile energy levels in various potentials relevant to nulearstruture. The energy spetrum of a simple harmoni osillator potential is labelled with (a), followedby a Woods-Saxon potential (b) and a Woods-Saxon potential with spin-orbit interation (). Theorresponding magi numbers are indiated between the major shells. It is obvious that the maginumbers atually observed in nulei (2, 8, 20, 28, 50, 82, 126) emerge only with the introdution ofa strong spin-orbit interation. The last sequene of energy levels (d) displays the e�et of mass ofthe nuleus, i.e. the inreasing size of the potential well. The ase presented here orresponds to anuleus around A ∼ 190, whih is relevant for this thesis. It is notable how the level ordering hangesbetween () and (d).



12 Physis bakgroundThe proton nnumbers on the other hand (Z = 83, 85) lie in the viinity of the Z = 82losed shell.Colletive exitations inlude a time-dependent or stati nulear deformation, whihan be quanti�ed using various deformation parameters. The nulear surfae an bedesribed in spherial oordinates by means of a spherial harmoni expansion:
R(θ, φ) = c(αLM)Rav [

1 +

∞
∑L=2

L
∑M=-LαLMYLM(θ, φ)

]

, (2.2)where the L = 1 terms are not inluded as they represent merely a displaement of theenter of mass. The c(αLM) fator is added to onserve the volume of a sphere withradius Rav. Often one an onsider the ase of quadrupole deformation only (L = 2).In that ase it is ustomary to write α20 = β2osγ and α22 = 1/
√

2β2sinγ, resultingin another expression for R:
R(θ, φ, t) = Rav [

1 +
1

4

√

5

π
β2

(osγ(3os2θ − 1) +
√

3sinγsin2θos(2φ)
)

]

. (2.3)The deformation parameter β2 determines the magnitude of the deformation while the
γ parameter determines the shape of the nuleus with respet to the three prinipalaxes. Axially symmetri shapes our at γ = 0◦,±60◦,±120◦, et. Aording to theLund onvention [And76℄ olletive shapes have −60◦ ≥ γ ≥ 0◦, with γ = −60◦orresponding to an oblate shape (ompressed along the symmetry axis) and γ = 0◦to a prolate shape (strethed along the symmetry axis). It is worth noting that onean also desribe these shapes by hanging the sign of β2, in whih ase β2 < 0 isoblate and β2 > 0 prolate. In the Lund onvention β2 is always positive.Examples of oblate and prolate shapes are skethed in �gure 2.2. The deformationshave been hosen to represent the shapes of typial normally deformed and superde-formed nulei. In superdeformed nulei the ratio between the major and minor axesof the ellipsoid an approah 2 : 1. In normally deformed nulei this ratio is of theorder of 1.3 : 1.Nulear vibrationA nuleus undergoing vibrations around some equilibrium shape an be desribed ina similar way as equation 2.2:
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Figure 2.2: A normally deformed oblate nuleus (left, β2 = −0.2) and a superdeformed prolatenuleus (right, β2 = 0.5). The narrowing waist that appears in the superdeformed prolate nuleusbeomes more pronouned as the deformation inreases and is due to the exlusion of higher orderterms in equation 2.2.
R(θ, φ) = Rav(1 +

∞
∑L=1

L
∑M=-LαLM(t)YLM(θ, φ)) , (2.4)where the vibration is desribed by the time-dependant amplitudes αLM(t). Vibrationswhere the multipolarity L = 1 are alled dipole vibrations and as noted in the previoussetion, orrespond to a translation of the enter of mass of the nuleus, and thereforeannot be the result of internal fores. The next highest multipolarity, L = 2 orquadrupole vibration, has two di�erent modes. If the osillation ours along thesymmetry axis (i.e. axial symmetry is preserved at all times), it is alled β vibration. Ifthe vibration ours perpendiular to the symmetry axis, where γ 6= 0◦, the vibrationis alled a γ vibration. In this ase the instantaneous shape of the vibrating nuleusis not axially symmetri, but the average shape is.The quantum of vibrational energy is alled a phonon. Adding one L = 2 vibrationalenergy quantum (a quadrupole phonon) to the 0+ ground state of an even-even nuleusresults in a state with spin and parity Iπ = 2+. Addition of two quadrupole phononsresults in a triplet of states: 0+, 2+ and 4+. In an idealized ase these states aredegenerate at an exitation energy twie the energy of the single phonon 2+ state.The expeted energy spetrum is presented in �gure 2.3.
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Figure 2.3: The energy levels of an ideal quadrupole vibrator. The levels forming the two-phonontriplet and three-phonon quintuplet are not exatly degenerate in real nulei.Nulear rotationFigure 2.4 shows a prolate deformed, rotating ore orbited by a single valene nuleonand the various quantum numbers used to haraterize the system.The full expression for the level energies of a rotating nuleus, as given in [Boh75℄ forthe �rst few K values, reads
E(I, K) = EK + AI(I + 1) + BI2(I + 1)2 + CI3(I + 1)3 + ...

+















(−1)I+1/2(I + 1/2)(A1 + B1I(I + 1) + ...) K = 1/2
(−1)I+1I(I + 1)(A2 + B2I(I + 1) + ...) K = 1
(−1)I+3/2(I − 1/2)(I + 1/2)(I + 3/2)(A3 + B3I(I + 1) + ...) K = 3/2
(−1)I(I − 1)I(I + 1)(I + 2)(A4 + B4I(I + 1) + ...) K = 2 , (2.5)where EK is the bandhead energy, I the total angular momentum and K is theprojetion of the total angular momentum onto the symmetry axis. It is ustomaryto replae the I(I + 1) terms by I(I + 1) − K2. It is important to note that the only�rst order orretion term ours for K = 1/2. The moment of inertia J enters theequation via

A =
~

2

2J (2.6)and
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Figure 2.4: Quantum numbers used to haraterize the system for a deformed, rotating ore andorbiting valene nuleon. The total angular momentum quantum number, I, has ontributions bothfrom the valene nuleon, i= l+ s, and the ore,R. In a ase of several valene nuleons Ω =
∑ni=1 Ωi.The axis of rotation is parallel to the vetor R.

A1 =
~

2

2J a . (2.7)The onstant a is known as the deoupling parameter. An alternative expression forthe rotational energy levels is the ab-formula, whih also inludes the onept of avariable moment of inertia.
E(I) = a

(

√

1 + bI(I + 1) − 1
)

. (2.8)The substitution of the I(I +1) term with I(I +1)−K2 and the �rst order orretionterm for the K = 1/2 ase an also be done with the ab-formula.2.1.3 The Nilsson modelIf the nulear potential is not spherially symmetri, i.e. the nuleus is deformed,the simple shell model piture must be modi�ed. This was �rst examined by Nilsson[Nil55℄. In the Nilsson model the 2j +1 degeneray of the spherial ase is broken, i.e.the energy of a given level depends on the omponent of i on the symmetry axis of the



16 Physis bakgrounddeformed ore. The energy levels are labelled as Ωπ[NnzΛ℄, where N is the prinipalquantum number of the osillator shell, nz the number of osillator quanta alongthe symmetry axis (de�ned to be the z-axis), Λ the projetion of orbital angularmomentum l onto the z-axis and Ω = Λ ± 1/2 is the projetion of total angularmomentum j onto the z-axis. The levels Ωπ[NnzΛ℄ are only twofold degenerate (twopartiles with ±Ω). The original Nilsson model was based on the anisotropi harmoniosillator potential, with spin-orbit and l2 terms added. Calulations have also beenarried out using a more realisti, deformed Woods-Saxon potential. Plots of levelenergies as a funtion of deformation are alled Nilsson diagrams, regardless of thepotential used.2.1.4 The ranked shell modelIn the ranked shell model the single partile energy levels are alulated in the ref-erene frame of the rotating, deformed ore. This was �rst proposed by Inglis [Ing54℄and later re�ned by Frauendorf and Bengtsson [Ben79℄. The Woods-Saxon potentialwas inluded in the model by Nazarewiz a few years later [Naz85℄. Analyzing datausing the ranked shell model (CSM) is based on the experimental Routhian, whihfor even-even nulei is de�ned by
Eexp(I) =

E(I + 1) + E(I − 1)

2
− ω(I)Ix(I) , (2.9)where the frequeny parameter ω and x-omponent of angular momentum Ix arede�ned as

ω(I) =
E(I + 1) − E(I − 1)

Ix(I + 1) − Ix(I − 1)
(2.10)

Ix(I) =
√

(I(I + 1))2 − K2 . (2.11)Normally Routhians are evaluated based on a referene on�guration using the quan-tities e(ω) and ix(ω):
e(ω) = Eexp(ω) − Eref(ω) (2.12)

ix(ω) = Ix,exp(ω) − Ix,ref(ω) . (2.13)



2.2 Nulear deay 17Typially the quantity de�ned in equations 2.12 and 2.13 are alled the experimentalquasipartile Routhian and alignment. The Routhian and the x-omponent of angu-lar momentum for the referene on�guration an be written in terms of the Harrisparameters J0 and J1, [Har65℄:
Ix,ref(ω) = J0ω + J1ω

3 (2.14)
Eref(ω) = −J0

2
ω2 − J1

4
ω4 +

~
2

8J0
. (2.15)The two-fold degeneray (±Ω) is removed by the Coriolis and entrifugal fores underrotation when K 6= 0. The phenomenon is known as signature splitting.Two quantities that measure a hange in the moment of inertia are the dynamial(J (1)) and kineti (J (2)) moments of inertia, de�ned as

J (1) = Ix

(

dE(I)

dIx

)

−1

~
2 = ~

Ix

ω
(2.16)

J (2) =

(

d2E(I)

dI2
x

)

−1

~
2 = ~

dIx

dω
. (2.17)The quantities Ix and ω are de�ned in equations 2.11 and 2.10.2.2 Nulear deayIn a deay proess a nuleus transforms into another by emitting one or more partiles.The emitted partile an be an eletron, proton, neutron, alpha-partile, or a heavierpartile. Emission of partiles heavier than an alpha partile are rare. Very heavysystems an also break into two or more piees in a spontaneous �ssion proess. Theamount of a ertain radioative speies as a funtion of time follows the exponentialdeay law:

N(t) = N0e
−λt , (2.18)



18 Physis bakgroundwhere N0 is the number of atoms in question at time t = 0 and the onstant λ is thedeay probability per unit time. The deay probability is related to the mean lifetimeof the initial state (τ) and the half-life (t1/2) by
λ =

ln2
t1/2 =

1

τ
. (2.19)If the deay produts are also radioative then their number as a funtion of timebeomes

N(t) = N0
λ1

λ2 − λ1
(e−λ1t − e−λ2t) , (2.20)where λ1 and λ2 are the deay probabilities of the �rst and seond deaying speies,respetively. These are often referred to as mother and daughter nulei.The most ommon deay proesses are alpha and beta deay. Beta deay is a weakinteration proess where a proton turns into a neutron or vie versa and a beta par-tile and a neutrino are ejeted from the nuleus. The β-partile is either an eletronor positron (antieletron), traditionally symbolized by β− or β+. β+ deay is energeti-ally possible only if the reation Q-value is larger than 2mec2 ≈ 1.022 MeV. Anotherproess alled eletron apture (EC) is always possible for β+ deaying nulei and willompete with β+ deay. In EC an atomi eletron is absorbed by the nuleus and aproton is onverted into a neutron aompanied by the emission of a neutrino and Xrays.In this thesis alpha deay was used as a tool to identify di�erent nulei. Alpha deayis a proess where an alpha partile (42He nuleus) forms inside the nuleus and thentunnels through the potential barrier. Consequently the proton and neutron numbersderease by two units:

A
ZMN →A−4

Z−2 DN−2 + α , (2.21)where M stands for mother nuleus and D for daughter nuleus. The total energyreleased in the deay, alled the Q-value, is divided between the alpha partile andthe daughter nuleus.
Eα =

Q

1 + mα/mD , (2.22)



2.3 Eletromagneti transitions 19where mD is the mass of the daughter nuleus and mα that of the alpha partile. Thedeay will our spontaneously only if Q > 0.The alpha-deay half-life has been observed to depend, in a smooth manner, on thedeay energy: the half-life in inversely proportional to the deay energy (t1/2 ∝ 1/
√

E).This is known as the Geiger-Nuttal rule. A semi-empirial formula to desribe therelationship between the half-life and the alpha-partile energy was introdued byTaagepera and Nurmia [Taa61℄log10t1/2 = 1.61(ZE−1/2
α − Z2/3) − 28.9 , (2.23)where Z is the atomi number of the daughter nuleus, the half-life t1/2 is given inyears and the alpha-partile energy Eα is in MeV.The hindrane fator, HF , is de�ned as the ratio of the measured half-life to a theo-retial estimate, suh as one alulated from equation 2.23.

HF =
t1/2,exp
t1/2,al . (2.24)If the initial and �nal states involved in the deay have the same spin, parity andunderlying on�guration the alpha deay is said to be favoured (or unhindered) andthe hindrane fator is HF < 4. Otherwise the hindrane fator an be signi�antlylarger.2.3 Eletromagneti transitionsTransitions between di�erent energy states in nulei result in the emission of radiation.Unlike in deay proesses the nuleus itself doesn't hange its proton or neutronnumber. The energy released in the proess either results in the emission of a photonor is transferred to an atomi eletron. In the latter ase the eletron is emitted,followed by X rays when the resulting vaany is �lled.2.3.1 Gamma-ray emissionThe nulear harge distribution an be desribed in terms of multipoles ontainingspherial harmonis. A ertain multipole radiation �eld is labelled as σL, where σ= E means eletri and σ = M magneti �eld. L = 0,1,2,... is alled the multipole



20 Physis bakgroundorder and the angular momentum arried away by the gamma ray equals L~. Thelowest multipoles are named suh that L = 0 is monopole, L = 1 is dipole, L =2 is quadrupole, L = 3 is otupole and L = 4 is hexadeapole. In this sheme aneletromagneti transition with σL = M1 is alled a magneti dipole transition, σL= E2 an eletri quadrupole transition and so on. Two seletion rules regarding theangular momentum arried away by the photon and the parities of the initial and�nal nulear states are:
| Ii − If |≤ L ≤ Ii + If (2.25)

πiπf =

{

(−1)L for EL
(−1)L+1 for ML . (2.26)There is an important exeption to the angular momentum seletion rule: there are nomonopole transitions in whih a single photon is emitted. This means that for Ii = Ifthe lowest possible gamma ray multipole is a dipole. For a given transition energy thelowest allowed multipole is dominant.If the spin of either the initial or �nal state is known then the other an be determinedby identifying the multipolarity of the transition. On way this an be ahieved is anangular distribution measurement. After a heavy-ion fusion-evaporation reation thefusion produts have their spins aligned in a plane perpendiular to the beam axis.If the detetion angle is de�ned suh that θ = 0◦ orresponds to the beam diretion,the variation of gamma ray intensity an be written as

W (θ) = A0 + A2P2(osθ) + A4P4(osθ) , (2.27)where Pk are the Legendre polynomials and oe�ients Ak are expressed as a produtof an attenuation oe�ient and the orresponding oe�ient for ompletely alignedspins: Ak = αkAmax. The details of the proedure and the neessary oe�ients arepresented in referene [Yam67℄.Theoretial estimates for gamma-ray transition probabilities an be derived. Theseare alled Weisskopf single partile estimates. Listed in table 2.1 are the Weisskopfestimates of transition probabilities for eletri and magneti transitions with L ≤ 5.It is important to remember that the Weisskopf estimates give the transition prob-ability only for a gamma-ray emission. If there is signi�ant internal onversion, thetotal transition probability will be the sum of the gamma-ray emission and the in-ternal onversion transition probabilities. It should also be noted that for olletive



2.3 Eletromagneti transitions 21Table 2.1: Weisskopf single partile estimates (λW) for transition probabilities. The transitionenergy is given in units of MeV and A is the mass number of the deaying nuleus.
σL λW (1/s) σL λW (1/s)E1 1.023 × 1014E3

γA
2/3 M1 3.184 × 1013E3

γE2 7.265 × 107E5
γA

4/3 M2 2.262 × 107E5
γA

2/3E3 3.385 × 101E7
γA

2 M3 1.054 × 101E7
γA

4/3E4 1.065 × 10−5E9
γA

8/3 M4 3.316 × 10−6E9
γA

2E5 2.391 × 10−12E11
γ A10/3 M5 7.442 × 10−13E11

γ A8/3transitions the transition probabilities an be several orders of magnitude larger thanthe Weisskopf estimates.2.3.2 Internal onversionInternal onversion is a proess that ompetes with the emission of gamma rays. Inthis ase the transition energy is transferred to an atomi eletron by means of theeletromagneti multipole �eld. The eletron is then ejeted from the atom with akineti energy
Te = Eγ − B , (2.28)where B is the binding energy of the eletron. The internal onversion proess is fol-lowed by harateristi X-ray emission, as the vaany left by the ejeted eletron is�lled. The probability of internal onversion inreases with inreasing multipole order,dereasing transition energy and inreasing atomi number of the nuleus. It also de-pends on whether the transition is eletri or magneti in harater. The ratio betweenthe internal onversion transition probability and the gamma-ray emission transitionprobability de�nes the total internal onversion oe�ient (α) for the transition:

α =
λe
λγ

, (2.29)from whih it follows that the total transition probability is
λt = (1 + α)λγ . (2.30)



22 Physis bakgroundThe total onversion oe�ient is the sum of ontributions from di�erent atomi shells:
α =

∑i αi . (2.31)The internal onversion proess is entirely dominant in the ase of E0 transitions, inwhih deay via gamma-ray emission is forbidden.2.4 Features in nulear struture around A ∼ 190The neutron-de�ient nulei in the A ∼ 190 mass region are haraterized by variousompeting nulear shapes. Deformation at low exitation energies is driven by theexitation of protons aross the Z = 82 shell gap [Hey83℄, [Woo92℄. The magnitudeof this gap is about 4 MeV around the losed neutron shell at N = 126, but dereasesin energy when approahing the neutron midshell at N = 104. The derease is dueto the pairing fore together with the attrative proton-neutron residual interationombining to lower the energies of the partile-hole exitations. The minimum value forthe energy gap ours at the midshell where the number of interations is maximised.In terms of the olletive model these exitations manifest themselves as a marosopishape hange of the nuleus. This an also be seen from the Nilsson diagram (�gure2.5) where the shell gaps disappear when the deformation inreases due to the splittingof the spherial shell-model states. The shell model two-partile two-hole (2p-2h)and 4p-4h (or many-partile many-hole) on�gurations orrespond in the mean �eldapproah to oblate and prolate shapes, respetively.The systematis of the various states that will be disussed below are illustratedin �gure 2.6. Also a Nilsson diagram using a Woods-Saxon potential with universalparameters was onstruted. It shows the behaviour of the various orbitals assoiatedwith these states as a funtion of deformation parameter β2. The neessary omputerprograms, based on referene [Cwi87℄, were obtained from referene [Pau99℄. Theresulting Nilsson diagram an be seen in �gure 2.5.2.4.1 Even-even nuleiIn lead (Z = 82) nulei, although the 0+ ground states remain spherial, low-lying de-formed 0+ states have been observed. The �rst evidene of suh states in 192−198Pb wasobserved when studying the β-deay of bismuth isotopes [Dup84℄. In 190Pb the low-lying intruder 0+ state was �rst disovered in an alpha-deay experiment [Dup85℄.
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2.4 Features in nulear struture around A ∼ 190 25These states were interpreted as deformed two-partile two-hole (2p-2h) on�gura-tions. In 188Pb the oblate 2p-2h state was �rst reported in [Bij96℄ and the prolate 0+state was found later [All98℄. In 186Pb the lowest two exited states are the oblate(532 keV) and prolate (650 keV) 0+ states, as reported in [And00℄. The veri�ation ofthe shapes assoiated with these states requires the observation of rotational bandsbuilt on top of them. In the heavier lead isotopes, although the presene of the 2p-2h intruder states is well established from deay experiments, no ogent evidene ofolletive bands has been found. In 190Pb some evidene of oexisting oblate andprolate on�gurations has been reported [Dra98℄ and in 188Pb a possible non-yrastoblate band has also been observed [Dra04℄. In the lighter isotopes 182−188Pb welldeveloped prolate yrast bands have been disovered [Hee93℄ [Bax93℄ [Co98℄ [Jen00℄.Also, reently a non-yrast band has been observed in 186Pb and assoiated with anoblate shape [Pak05b℄. It should be noted that the low-lying 0+ states are likely to behighly mixed, as predited by IBM alulations [Fos03℄. The shape oexistene andshape mixing in the neutron-de�ient Pb isotopes has also been explored from a moremirosopi point of view, see referene [Ben04℄.In polonium (Z = 84) nulei the low-lying olletive bands have been assigned anoblate harater down to 192Po [Hel99℄, whereas a on�guration interpreted as 6p-4hhas been observed in 190Po, indiating the onset of prolate deformation [Vel03℄ [Wis07℄.The lighter Po isotopes are urrently inaessible for in-beam gamma-ray spetrosopydue to the extremely low prodution ross-setions. A review of multipartile-multiholeexitations in Hg, Pb and Po isotopes an be found in [Jul01℄.2.4.2 Odd-even nuleiIn odd-mass nulei the valene nuleon and its oupling to the ore determines thespins and parities of the various states. Typially alpha deay is used to make theseassignments, with unhindered (HF . 4) deays ourring between states with similaron�gurations.Thallium (Z = 81) is the alpha deay daughter of bismuth. The ground states of allknown odd-mass Tl isotopes are the 1/2+ states where the odd proton oupies the3s1/2 orbital. The state an be viewed as a 0p-1h struture, as the major shell 50 ≥ Z ≥
82 is �lled exept for the one hole. An exited 9/2− state, where the valene proton iselevated aross the Z = 82 gap (1p-2h), exhibits a paraboli behaviour with an energyminimum lose to the neutron mid-shell. Competing oblate and prolate nulear shapesemerge in the neutron-de�ient Tl isotopes, identi�ed by the harateristi rotationalband strutures observed in in-beam gamma-ray spetrosopi measurements [New74℄[Kre88℄ [Rev94℄ [Rev95℄ [Lan95℄. The lowest band arises from the oupling of the 1h9/2proton (9/2[505℄ Nilsson orbital) to the weakly oblate (β2 ≈ 0.15) ground state of



26 Physis bakgroundthe merury (Z = 80) ore. Competing with the πh9/2 band two low-K rotationalstrutures emerge in 187,189Tl [Rev95℄. These are interpreted as the oupling of the1h9/2 and 1i13/2 protons to the prolate 0+ states of the Hg ore. These prolate 0+states lie at 523 keV in 186Hg and at 825 keV in 188Hg. The assoiated rotationalbands have also been observed [Ma93℄ [Har83℄. In addition to the prolate bands adeoupled low-K oblate band presumably assoiated with the 1h11/2 orbital has beenobserved in 189Tl. The prolate bands are not observed in the heavier Tl isotopes,as the prolate 0+ bandhead lies signi�antly higher in energy, for example at 1300keV in the ase of 190Hg [Kor91℄. Finally, a high-K oblate band assoiated with the13/2[606℄ Nilsson orbital has been observed in 191Tl, but not in the lighter isotopes.The 9/2[505℄ oblate bands in 189,191,193Tl nulei all show a bakbending phenomenondue to the alignment of the spins of a i13/2 neutron pair [Hüb86℄. The alignment gainis somewhat smaller (∆ix ∼ 7-9 ~) in the thallium isotopes than in the ore Hg nulei(∆ix ∼ 11 ~). This is explained by di�erenes in γ-softness between theTl and Hgnulei.In bismuth isotopes a nearly spherial 9/2− state has been observed to persist as theground state down to 187Bi. This state is haraterized by the valene proton oupyingthe 1h9/2 orbital. The odd-mass bismuth isotopes remain unolletive down to 195Biand an be understood within the shell-model framework [Lön86℄ [Cha86℄ [Pie85℄.In ontrast in 191,193Bi strongly oupled rotational bands based on the 13/2[606℄ andmixed 7/2[514℄ + 7/2[503℄ Nilsson states have been observed, indiating oblate de-formation [Nie04℄. The olletivity of these states is presumed to originate from theoupling of the valene proton to the oblate 2p-2h intruder on�guration in the Pbore.A 1/2+ state, formed by exiting a proton from the 3s1/2 orbital aross the Z=82shell gap, appears at dereasing exitation energies towards and beyond the neutronmidshell [Coe85℄, possibly beoming the ground state in 185Bi [And04a℄. This state isone of several possibilities for 2p-1h exitations involving the various orbitals in the
50 ≤ Z ≤ 82 shell (3s1/2, 2d3/2, 1h11/2, 2d5/2, 1g7/2). The 1/2+ state is the lowestenergy on�guration of these and is known in all odd-mass Bi nulei with A ≤ 209.The states involving the 2d3/2 and 2d5/2 orbitals have been observed only down to
199Bi [Alp69℄ [Bra80℄. The 1/2+ state follows the same steeply dereasing trend inexitation energy as the oblate 2p-2h 0+ states in Pb nulei down to 189Bi, as anbe seen from �gure 2.6. The 1p-2h 9/2− intruder states in Tl isotopes also displaythe same behaviour down to N = 110. However, the energies of the 1/2+ states in Bithen slope down, indiating that energetially a more favourable on�guration omesinto play. This ould be a prolate 2p-1h exitation, whih also lies lose to the Fermi-surfae, as an be observed from �gure 2.1. In referene [Hür04b℄ it was suggestedthat the observed rotational band built on the 1/2+ state in 189Bi was based on theprolate 1/2[400℄ Nilsson orbital.



2.4 Features in nulear struture around A ∼ 190 27The 13/2+ states are formed by exiting the odd proton to the 1i13/2 orbital. Theexitation energy of these states as a funtion of neutron number behaves somewhatdi�erently from that of the 2p-1h intruder states, as is evident from �gure 2.6. Theenergy remains rather onstant until sloping down steeply at N = 116. The energiesthen show signs of levelling o� until another drop down ours after N = 106, similarto the behaviour of the 1/2+ intruder states. This marks the hange from oblatedeformation in 191,193Bi [Nie04℄ to prolate deformation in 187,189Bi [Hür04a℄. This shapehange is most learly seen experimentally in the hange from strongly oupled bandsin 191,193Bi to deoupled bands 187,189Bi where the observed rotational bands are nearlyidential to those seen in the even-even lead ore. Again, the olletivity observed in
187−193Bi is suggested to arise from the oupling of the 1i13/2 proton to a deformed 0+intruder state in the lead ore.In astatine (Z = 85) isotopes the 4p-1h 1/2+ intruder state beomes the ground statealready in 195At (N = 110) in ontrast to N = 102 observed in the bismuth isotopes,and remains so down to the lightest known At nulei [Ket03a℄, [Ket03b℄. The 9/2−state with the odd proton oupying the 1h9/2 orbital, whih remains the groundstate down to 197At, is not observed at all in 195At and lighter odd-mass At isotopes.Instead, a low-lying 7/2− state is seen. It was proposed by Kettunen et al., [Ket03a℄,that a on�guration where the last proton oupies the 7/2[514℄ oblate Nilsson orbitalbeomes energetially favoured ompared to the spherial (π1h9/2)

3 on�guration, thusdriving the oblate 7/2− state below the 9/2− level. A low-lying 13/2+ isomeri stateis also observed, with its exitation energy rapidly dereasing with neutron number
N ≤ 116, as is observed also in bismuth nulei. This state is similar in on�gurationas the orresponding state in Bi, namely the odd proton oupled to the even-evenpolonium ore.2.4.3 Odd-odd nuleiOdd-odd nulei present a formidable hallenge for theoretiians and experimentalistsalike. This is due to the large level density produed by the multiplets of statesarising from the oupling of the valene proton and neutron. Some of these states analso beome isomeri. Further ompliating the situation is the possible presene ofolletive bands based on some of these on�gurations.Alpha deay studies have been used to probe the low-lying states in doubly-odd nu-lei in the A ∼ 190 mass region. The deay of odd-odd Bi isotopes has been usedfor systemati study of the Tl daughter nulei [Huy88℄ [Dup91℄ [And03a℄ [And03b℄.These studies extend down to the alpha deay of 184Bi. The alpha deays of heav-ier elements (At, Fr) have been studied, although somewhat less data exists [Enq96℄[Uus05℄ [And06℄. A typial feature in doubly odd nulei in this region is the presene



28 Physis bakgroundof two low-lying alpha-deaying isomeri states, one having a relatively low spin andthe other a high spin. The exitation energies of these states are usually not known,although one of them is obviously always the ground state of the nuleus in question.For example in odd-odd Bi isotopes the on�gurations of these states are interpretedas (π1h9/2 ⊗ ν3p3/2)3+ and (π1h9/2 ⊗ ν1i13/2)10−.2.4.4 Magneti rotationColletive bands based on high-j isomers were found in doubly-odd Tl isotopes deadesago, see [Kre81a℄ [Kre81b℄ and referenes therein. These were interpreted as π1h9/2 ⊗
ν1i13/2 on�gurations, where the proton and neutron spins were oupled perpendi-ular to eah other. Sine then olletive rotation-like strutures have been observedin near-spherial nulei, the �rst suh example being 199Pb. They were initially in-terpreted as similar olletive oblate bands [Bal92℄, but later the measured smallvalues for quadrupole deformation and other peuliarities (suh as B(M1)/B(E2) and
J (2)/B(E2) ratios) of these bands [Nef95℄ [Cla97℄ led to the introdution of a newform of nulear exitation, namely magneti rotation. As the name indiates, thisis di�erent from the rotation of a harge distribution that onstitutes a deformednuleus, whih ould be alled eletri rotation. The underlying struture that givesrise to magneti rotation inludes high angular momentum partile and hole orbitalswhih, when oupled perpendiular to eah other, generate a large transverse om-ponent of the magneti moment vetor. This breaks the spherial symmetry of thesystem and its rotation around the total angular momentum vetor results in a as-ade of strongly enhaned M1 transitions between levels whose exitation energy isproportional to the square of the angular momentum. The inrease in angular momen-tum in the band is generated by the alignment of the spins of the assoiated partilesand holes into the diretion of the total angular momentum of the system. It wasshown by Frauendorf, using the tilted-axis ranking model, that this oupling shemeaounts for the observed properties of the aforementioned bands [Fra93℄ [Fra97℄. Asthe gradual alignment of the individual spins of the partile and hole resembles thelosing of the blades of a pair of shears, the term shears band was introdued [Bal94℄.In the A ∼ 190 region shears bands have been found in various Hg, Pb and Bi isotopes[Jai00℄. For a review of magneti rotation in nulei see referene [Hüb05℄.2.4.5 SuperdeformationA deformed nuleus, as de�ned by equation 2.2, with the ratio between the long andshort axis around 1:2 is alled superdeformed. This orresponds to a β2 value in theviinity of 0.5. The �rst hints of nulei at these very elongated shapes were related tothe observation of �ssion isomers [Pol62℄ [Per62℄, with superdeformation proposed as



2.4 Features in nulear struture around A ∼ 190 29an explanation by Strutinsky in 1967 [Str67℄. The �rst disrete rotational band withharateristis of superdeformation was disovered by Twin et al. in 152Dy [Twi86℄,although evidene for the existene of suh bands in 152Dy had been obtained earlier[Nya84℄ [Twi85℄. Sine then extensive experimental and theoretial work has beenarried out and a large number of superdeformed bands have been disovered in avariety of nulei in di�erent mass regions (20 ≤ A ≤ 240). The �ssion isomers arefound in various nulei with 233 ≤ A ≤ 245. The most reent ompilation of data,[Sin02℄, lists 320 superdeformed bands and 47 �ssion isomers in 146 di�erent nulides.In the A ∼ 190 mass region superdeformation was �rst found in 191Hg [Moo89℄ andsine then more than 80 bands have been disovered in various Au, Hg, Tl, Pb, Biand Po isotopes.One harateristi feature of superdeformation is the deay out pattern from thesuperdeformed (SD) states to normally deformed (ND) states. The proess requirestunneling through the barrier separating the superdeformed potential well from thenormally deformed one. A su�iently high tunneling probability allows for the quan-tum mehanial mixing between the SD energy levels and the ND states lying atsimilar exitation energies on the other side of the barrier. This mixing then inreasesthe transition probabilities to other ND states lying lower in energy. As the level den-sity high up in the ND well is large, the deay intensity is divided between a largenumber of pathways, usually involving two or more steps, and an for the most partbe regarded as a �quasi-ontinuum�. However, it is possible that some disrete tran-sitions will arry a su�ient amount of the total intensity to be observed. In massregions A ∼ 150 and A ∼ 190 it has been possible to detet these transitions inonly a very few ases: 152Dy [Lau02℄, 163Lu [Jen02℄, 194Hg [Kho96℄, 194Pb [Lop96℄ andmore reently in 192Pb [Wil03℄, 191Hg [Sie04℄ and 196Pb [Wil05b℄. In nulei lighterthan A = 150 linking transitions have been observed in numerous ases, although itis worth mentioning that some of these bands, while highly deformed, may not beassoiated with the SD minimum in the nulear potential. The transitions linking theSD and ND states are typially high energy (> 2 MeV) and low intensity, makingtheir detetion hallenging, even with e�ient Ge-detetor arrays.The most neutron de�ient lead isotope in whih superdeformation has been observedis 190Pb (N = 108) [Wil05a℄. Some theoretial studies predit 190Pb to be the lightestPb isotope in whih a stable SD minimum exists [Sat91℄ [Kri92℄. In polonium nulei
194Po is predited to be the lightest isotope having a SD minimum [Sat91℄. In bismuthisotopes both experimental and theoretial data are sparse. Prior to the work presentedin this thesis only three SD bands have been observed in Bi nulei, in 195,196,197Bi oneassigned to eah [Cla95℄ [Cla96℄.
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3 Experimental tehniquesIn the �rst part of this hapter the experimental apparatus and tehniques are pre-sented. That is followed by a brief desription of the data aquisition system and someremarks relevant to the analysis of data.3.1 Fusion evaporation reationsProduing very neutron-de�ient nulei is di�ult. The prodution ross setions aresmall, typially from the region of millibarns down to nanobarns. Cross setions lowerthan this are too small for in-beam spetrosopy measurements with urrent tehnol-ogy. The most e�etive prodution method of neutron-de�ient nulei is the fusionevaporation reation. In a heavy ion indued fusion evaporation reation the beampartile and target nuleus fuse together, forming a ompound nuleus whih is im-mediately after formation at a highly exited state. The ompound nuleus shedsenergy by evaporating partiles, followed by the emission of gamma rays. The mini-mum energy required to ahieve fusion is determined by the Coulomb barrier betweenthe projetile and the target nuleus. Assuming spherial nulei this is approximatelygiven by the equation
BC ≈ ZpZt

A
1/3p + A

1/3t , (3.1)where the subsripts p and t refer to the projetile and target nuleus, respetively. Theheight of the barrier BC is obtained in MeV. The exitation energy of the ompoundsystem is
E∗ = ECM + Q , (3.2)where ECM is kineti energy in the the entre of mass referene frame of the system:

ECM =
mt

mp + mtELAB , (3.3)31



32 Experimental tehniqueswhere ELAB is the energy of the projetile in the laboratory referene frame. One ofthe reations used in the present work is 109Ag(86Kr,4n)191Bi. The Coulomb barrier forthis reation, alulated using equation 3.1, is BC = 184 MeV. The exitation energyof the ompound system, with a beam energy ELAB = 380 MeV, is E∗ = 41 MeV.The steps involved in the formation of a ompound nuleus in a fusion evaporationreation and its subsequent de-exitation are presented in �gure 3.1. After the beampartile hits the target nuleus, a ompound nuleus is formed. In the ase of heavynulei, suh as the ones studied in this work, the ompound nuleus is likely to im-mediately undergo �ssion. If the ompound nuleus survives without breaking apart,it releases energy by evaporating partiles (neutrons, protons or alpha partiles). The�nal produt of the reation depends on the number and type of partiles evaporated,and typially there is more than one reation hannel open (suh as 2n, 3n, p2n andso on). After partile evaporation the de-exitation of the fusion evaporation produtontinues via the emission of gamma rays. At �rst the gamma-ray emission oursin a region of high level density, resulting in statistial gamma rays. Finally the de-exitation proeeds to the ground state of the nuleus mainly along the yrast line(de�ned by the lowest energy states for a given angular momentum). These gammarays are the ones that an be used to extrat information of the exited states of thenuleus. This whole proess takes of the order of 10−9 s, after whih the fusion evapo-ration produt has reahed its ground state (or an isomeri state). At timesales likethis the fusion produt, whose veloity after the impat is a few perent of the speedof light, travels a distane in the order of one entimeter. This assumes of ourse thatthe target foil is thin enough so that the fusion produts are not stopped or drastiallyslowed down.3.2 Experimental set-upThe ions used as projetiles in the experiments disussed in this thesis were pro-dued using the 14.6 GHz Eletron Cylotron Resonane Ion Soure (ECRIS) at theJYFL Aelerator Laboratory [Koi01℄. In an ECR ion soure the atoms are ionizedin ollisions with eletrons that are heated by mirowaves. The resulting plasma ison�ned using magneti �elds. The ions extrated from the ion soure were then in-jeted into the K = 130 MeV ylotron [Hei95℄, aelerated to the required energyand transported to the experimental area. The measurement system onsisted of theJUROGAM gamma-ray spetrometer, the gas-�lled reoil reparator RITU and theGREAT foal plane spetrometer. A shemati drawing of the experimental setup isshown in �gure 3.2. In the following hapters the main omponents of the system arebrie�y desribed.
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Figure 3.1: Shemati view of the steps involved in a fusion evaporation reation and the subsequentdeay of the ompound nuleus. It is worth noting that the timesales harateristi of the di�erentproesses di�er by several orders of magnitude.
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Figure 3.2: The equipment used in the present work. On the right is the JUROGAM Ge-detetorarray onsisting of 43 esape-suppressed Ge-detetors arranged spherially around the target. Thegas-�lled reoil separator RITU omprising of a quadrupole magnet, dipole magnet and anothertwo quadrupoles is loated after the Ge-detetor array. The ions transported through RITU areimplanted in the Si-detetor inside the GREAT spetrometer. A lover Ge detetor is loated abovethe GREAT vauum hamber and a planar Ge detetor is inside the hamber behind the Si detetor,its liquid nitrogen dewar is visible below the hamber. The beam line is not shown. Figure ourtesyof Dave Seddon, University of Liverpool.



3.2 Experimental set-up 353.2.1 The JUROGAM Ge-detetor arrayThe detetion of gamma rays using germanium detetors is based on the inidentradiation liberating harge arriers the detetor material. The resulting harge is theolleted using an eletri �eld applied aross the detetor element, whih is essentiallya large, reverse biased semiondutor diode. The initial free eletrons that result inthe ionization are produed by three prinipal proesses: photoeletri e�et, Comptonsattering and pair formation. In photoeletri e�et the gamma ray is absorbed byan atom and the energy transferred to an atomi eletron, ausing it to be ejeted.Compton sattering is an inelasti sattering between the gamma ray and a looselybound atomi eletron. In the pair formation proess the inoming photon is onvertedinto an eletron-positron pair. The pair prodution proess only beomes possible withgamma-ray energies higher than 1.022 MeV.Compton sattering results in a degraded peak-to-total value as the gamma raysesaping the detetor without depositing their full energy ause a ontinuous struturein the low-energy part of a gamma-ray spetrum. The peak-to-total an be improved tosome extent by an anti-ompton shield that surrounds the Ge-detetor. The shields aretypially made of bismuth germanate (BGO), a sintillator material. The operatingpriniple of an anti-Compton shield is to rejet events where a signal is reordedsimultaneously in the Ge-detetor and in the BGO shield, indiating a gamma raythat has sattered out of the Ge rystal.The JUROGAM array onsists of 43 detetor modules onsisting of a HPGe (High-Purity Germanium) detetor and a BGO (Bismuth Germanate) anti-Compton shield,the assoiated eletronis, the support frame and liquid nitrogen ooling equipment.It is based on the EUROGAM I [Nol90℄ and EUROGAM II arrays, whih were op-erational in 1992-1993 and in 1994-1996, respetively. The Ge-detetors used withJUROGAM are EUROGAM Phase I [Beu92℄ and GASP [Ros93℄ types. The detetormodules are arranged in six rings around the target, see table 3.1. A shemati viewof a GASP type detetor an be seen in �gure 3.3.The detetors are ollimated with lead ollimators, whih limits the solid angle ov-ered by the detetor. The ollimators are usually equipped with 1 mm thik opperabsorbers to redue the ounting rate due to X-rays. The array has a total photopeake�ieny of about 4.2 % measured at 1.332 MeV. The detetors are ooled with liq-uid nitrogen (LN2) and are �lled with LN2 at 8 hour intervals. The �lling system isautomati and requires relatively little human intervention during normal operations.The same system is also used for the Ge-detetors of the GREAT spetrometer. Thetehnial details of JUROGAM are disussed at some length in [Pak05a℄.In measurements where the reation produts are in motion when they emit radiation,whih was the ase in the present work, the Doppler e�et has some onsequenes that
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Figure 3.3: A shemati view of a GASP type HPGe detetor, adopted from [Cov96℄. The insulatingvauum of the dewar and the vauum of the ryostat are onneted and an be pumped throughthe same port. The preampli�er and assoiated wiring are omitted in the interests of larity. Thepreampli�er is loated outside the ryostat vauum and an be aessed without venting the detetor.

Table 3.1: The arrangement of detetor modules in the JUROGAM array. The angle θ is measuredwith respet to the beam diretion. The viinity of the �rst quadrupole magnet of RITU makes itimpossible to plae detetors at small forward angles.Ring Number of detetors θ (◦)1 5 157.602 10 133.573 10 107.944 5 94.165 5 85.846 8 72.05



3.2 Experimental set-up 37need to be taken into aount. The Doppler shift auses the wavelength of detetedgamma rays vary between detetors at di�erent angles with respet to the veloityvetor of the nuleus. Sine the detetor angles in the JUROGAM array are wellknown, this e�et an be ompensated for when analyzing the gamma-ray spetra.However, sine eah individual detetor represents a �nite solid angle determined bythe size of the Ge-rystal and its distane from the target area, the Doppler shiftsat di�erent parts of the detetor vary. This auses a broadening of the peaks thatan only be redued by dereasing the opening angle of the detetors, i.e. using seg-mented Ge-rystals. In the JUROGAM spetrometer the e�et of Doppler broadeningis omparable to the intrinsi energy resolution of the Ge-detetors. As an example, theenergy resolution for the JUROGAM array taken at Eγ ∼ 300 keV was FWHM ≈ 2.2keV when measured from alibration data (a stationary soure). From in-beam data,with the nulei travelling at a veloity of about 0.04c, the resolution at 300 keV was
FWHM ≈ 3.2 keV. The equations for alulating the Doppler shift and Dopplerbroadening are given below:

Eγ = E0

(

1 +
v

c
osθ) (3.4)

∆Eγ = E0
v

c
∆θsinθ , (3.5)where Eγ is the Doppler shifted gamma-ray energy, ∆Eγ the Doppler broadening, v/cthe veloity of the radiation soure ompared to the speed of light, θ the angle of thedetetor with respet to the veloity vetor of the soure and ∆θ the opening angleof the detetor.3.2.2 The reoil separator RITUReoil separators use magneti or eletri �elds to separate the fusion produts fromthe primary beam and, if possible, other reation produts. The design of these instru-ments is always a trade-o� between mass resolving power and transmission e�ieny.Typially at least one dipole magnet is used as a separating element. One way toimprove the e�ieny is to use low-pressure gas inside the dipole magnet [Coh58℄,[Ghi88℄. In the following the gas-�lled reoil separator RITU (Reoil Ion TransportUnit) [Lei95℄ is brie�y desribed. A reent overview of gas-�lled separators an befound in referene [Lei03℄.RITU was originally designed for studies of heavy elements using asymmetri fusion-evaporation reations. It has also proved suessful in the studies of neutron-de�ient



38 Experimental tehniquesnulei at mass region A ∼ 110− 190 aessed by more symmetri reations. The ion-optial on�guration of RITU is QDQQ, meaning Quadrupole-Dipole-Quadrupole-Quadrupole. The �rst quadrupole fouses the fusion produs reoiling from the targetin vertial diretion, whih mathes the shape of the reoil distribution to the aep-tane of the separator. This inreases the transmission of the separator. The dipolemagnet is the separating element and the beam is dumped inside the dipole ham-ber. The last two quadrupole magnets fous the reation produts exiting the dipolemagnet to the foal plane of the separator.The separator is �lled with low-pressure (< 1 mbar) helium gas. The foal plane de-tetor system is insulated from the gas by a thin mylar window, whereas the beamlineupstream of the target hamber uses di�erential pumping to evauate the helium,thus avoiding the neessity to use a window system. A window mounted lose to thetarget position would inrease the amount of bakground radiation in the JUROGAMGe detetors. The fusion produts exit the target with a wide distribution of hargestates and momentum. In a vauum mode separator the di�erent harge states fol-low separate trajetories, resulting in a wide spatial distribution for the reoils at thefoal plane of the separator. In pratise only a few harge states an be be olletedat the foal plane of the separator. A method to improve the transmission e�ienyof a separator is to �ll it with dilute gas. Usually, as is the ase with RITU, heliumis used. The ions experiene a large number of harge hanging ollisions with thehelium atoms inside the separator. The net result is that while passing through theseparator the harge state of the ions �utuate around an average harge state. There-fore the trajetories of the ions are also lose to an average trajetory, thus enablingan e�ient olletion of fusion produts.For typial heavy-ion fusion reations the transmission e�ieny for gas-�lled separa-tors is in the viinity of 20 % - 30 %. The downside is the lak of mass resolving power,meaning that all di�erent isotopes produed in the fusion evaporation reation will betransported to the separator foal plane and need to be identi�ed by their harater-isti deays. Along with the fusion produts some amount of sattered beam, targetlike partiles, protons and alpha partiles will be transmitted to the foal plane.3.2.3 The GREAT spetrometerFor the identi�ation of fusion produts of interest a sophistiated detetor system isneeded. The system used in the present work is alled the GREAT (Gamma ReoilEletron Alpha Tagging) spetrometer [Pag03℄. The spetrometer onsists of variousdetetors, whih will be brie�y desribed in the following setions. A shemati pitureof the spetrometer is presented in �gure 3.4.



3.2 Experimental set-up 39The Gas ounterA multiwire proportional ounter (MWPC) �lled with isobutane (C4H10) is the �rstdetetor downstream with respet of the beam diretion from the RITU separator.The entrane window of the MWPC is 131 mm × 50 mm. The MWPC onsists ofan anode foil (20 µg/m2 aluminised mylar) and two athode wire planes at 3 mmdistane from the anode in either side. The athode wires are 50 µm in diameter,spaed 1 mm from eah other and made out of gold-oated tungsten. The normaloperating voltage is 470 V. Two thin mylar windows, having a ombined thikness ofabout 340 µg/m2, are used to on�ne the isobutane, whose pressure typially is 3-4mbar. The ions transmitted through the separator pass through the MWPC beforebeing implanted in the silion detetor about 20 m downstream. The energy loss ofthe ions in the MWPC and the �ight time between the MWPC and the DSSD an beused to distinguish fusion produts from sattered beam partiles. The MWPC alsoseparates the vauum hamber of GREAT from the helium gas inside RITU.The implantation detetorThe two double-sided silion strip detetors (DSSD) form the ore of the GREATspetrometer. The ions transmitted through RITU and the MWPC hit the DSSD andare implanted into it, typially at a depth of about 10 µm, depending on the reationused. The DSSDs are urrently available in three thiknesses: 100 µm, 300 µm and700 µm. The 300 µm one was used in the present work. The DSSDs are 60 mm × 40mm in size. They have 60 vertial strips on the front side and 40 horizontal strips onthe bak, giving a total of 4800 pixels 1 mm2 in size. The harateristi deays of theimplanted ions an then be used to identify the di�erent radioative speies.The PIN diodesSurrounding the DSSDs, on the upstream side with respet to the diretion of theinoming ions, there are 28 PIN diodes. They are 28 mm × 28 mm in size, with athikness of 500 µm. As the range of alpha partiles in silion exeeds the typialimplantation depth of the reoils, some alphas esape from the DSSD and an bedeteted with the PINs, thereby inreasing the total alpha partile detetion e�ieny.Alternatively they an be used to detet onversion eletrons from the deays ofisomeri states of the implanted reoils.
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Figure 3.4: A shemati representation of the detetors the GREAT spetrometer omprised of.These detetors as well as the preampli�ers for the DSSD are housed inside the GREAT vauumhamber. The planar Ge-detetor has its own ryostat and a thin beryllium entrane window on theside faing the DSSD. The implantation detetor is atually omprised of two double-sided silionstrip detetors mounted side by side. A time-to-amplitude onverter (TAC) is used to measure the�ight time of the ions between the MWPC and the DSSD. A large lover Ge-detetor, not shownin the �gure, is loated outside the vauum hamber diretly above the DSSDs. Also shown is onepossible trajetory for a partile exiting the RITU separator. In reality the reoil distribution oversmost of the implantation detetor.The planar Ge-detetorLoated at a distane of 3 mm behind the DSSD is the planar Ge-detetor, whih isintended for detetion of X-rays and low-energy γ rays . The detetor is housed insideits own ryostat and equipped with a 500 µm thik beryllium entrane window tominimize the attenuation of low-energy radiation. The size of the detetor is 12 m ×6 m × 1.5 m and it has 24 vertial strips on the front side and 12 horizontal stripson the bak.The lover Ge-detetorA large volume Ge-detetor for detetion of high energy γ rays is loated above theDSSD. It onsists of four n-type rystals arranged in the same ryostat in a geometryresembling a four-leafed lover, hene the name. The rystals themselves are four-fold segmented, giving a total of 16 ative regions. The detetor is surrounded by ananti-Compton BGO shield.
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Figure 3.5: The Total Data Readout system used in the present work represented as a blok diagram.3.3 Data aquisitionThe experimental set-up used in the present work employs the Total Data Readout(TDR) system [Laz01℄. In a onventional system employed in tagging experiments aommon hardware trigger is used to initiate a time window for data olletion. Newdata annot be olleted during this time as the system is still proessing the triggeredevent. This time in whih the system is bloked to olletion of new data is alleddead time. In the TDR system the dead time problem is minimized by eliminatingthe hardware trigger and running all the hannels independently. In this ase the onlyontribution to the dead time omes from the proessing of the individual signals. Ashemati representation of the data aquisition system used in the present work ispresented in �gure 3.5.The front-end eletronis onsists of NIM (Nulear Instrumentation Module) and CA-MAC (Computer Automated Measurement And Control) standard modules. Eaheletronis hannel reeives a signal from the preampli�er of an individual detetor.



42 Experimental tehniquesTwo di�erent signals are needed: one with information of the energy deposited in thedetetor and another one orresponding to the time of the event. Energy signals areproessed with linear ampli�ers and fed into VXI (VME eXtensions for Instrumenta-tion) analog to digital onverters (ADC). The assoiated timing signal is shaped bya Timing Filter Ampli�ers (TFA) and a fast logi signal is then generated by Con-stant Fration Disriminators (CFD) and used as a gate for the ADCs. The �ighttime between the MWPC and DSSD is measured using a time to amplitude onverter(TAC). A 100 MHz lok is then used to timestamp the di�erent signals. The unitthat takes are of timestamping and the synhronization of the ADCs is alled theMetronome module. The output of eah ADC is then arranged into a time-orderedstream in the ollator and the di�erent streams are ombined in the data merge unit.The resulting single time-ordered data stream is sent to the event builder where thedata is pre-�ltered using a software trigger. In an RDT experiment is the implantationdetetor OR gate, meaning that data from the JUROGAM detetors is only olletedwithin a spei� (typially 5 µs) time window preeeding any event in the implanta-tion detetor. Finally the data is sent to storage (magneti tape or hard disk) as wellas to an online analysis omputer. The online and o�ine data sorting was done usingthe GRAIN software [Rah08℄.3.3.1 Correlation tehniques and data analysisIn order to distinguish the gamma rays belonging to a spei� isotope from a vastbakground arising from exitation of target and beam nulei, �ssion and ompetingreation hannels, sophistiated orrelation methods are required. One must be ableto distinguish the reoils from other events in the implantation detetor, identify thereation hannels of interest and orrelate them with the gamma rays deteted at thetarget position in the JUROGAM spetrometer. Furthermore, in order to study therelative positions of exited states in the nulei of interest, oinidene relationshipsbetween the gamma rays needs to be evaluated. In the following setions these stepsare brie�y desribed.Reoil identi�ationThe reognition of the nulei of interest relies on the detetion of the harateristideays of these nulei and, possibly, their deay produts as well. The initial reoilidenti�ation is done based on the energy loss in the gas detetor and the time-of-�ightbetween the gas detetor and the DSSD. As an example �gure 3.6 shows the energydeposited in the MWPC plotted as a funtion of the time of �ight from the reation
147Sm(51V,3n)195At (beam energy 232 MeV), showing the separation between reoilsand sattered beam.
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Figure 3.6: Energy loss in the MWPC as a funtion of time of �ight between the MWPC and theDSSD, generated from data obtained in the 195At experiment (reation 147Sm(51V,3n)195At). Thetwo-dimensional gate used to distinguish between the fusion produts and sattered beam is alsoshown. The most abundant fusion produt in the experiment was 195Po, and its known propertieswere used to verify the reoil distribution. The �lled irles indiate events that have been orrelatedwith the alpha deay of the 13/2+ state in 195Po (Eα = 6699 keV) as well as an observation of aprompt 319 keV gamma ray known to feed this 13/2+ state. This learly shows the region in thematrix where the fusion produts are loated. The data inluded in the �gure is only a small frationof the entire experiment, but su�ient to show the shape of the distributions.
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Figure 3.7: Time-of-�ight distribution between gamma rays observed at the target position in theJUROGAM array and the implantation of reoils in the DSSD. The time gate applied for promptgamma rays is indiated with the vertial dashed lines. Data is taken from the 191Bi experiment.Reoil-Deay-TaggingAfter the reoil is identi�ed, the pixellation of the implantation detetor an be uti-lized to observe its subsequent alpha deay. As long as the ounting rate per pixel isnot too high ompared to the half-life of the deaying nuleus, a deay event within apredetermined searh time an be reliably orrelated with the preeding implantationof the reoil in the same detetor pixel. As an alpha deay ourring in the DSSD gen-erates no signal in the MWPC this antioinidene ondition an be used to identifygenuine deay events. Di�erent alpha deaying nulei an be separated by their har-ateristi deay energies and half-lives. Sometimes it is also possible to use the alphadeays of the daughter nulei (reoil-alpha-alpha orrelations) for further seletivity.The prompt gamma rays assoiated with the reoils of interest an be distinguishedfrom the bakground due to the known �ight time of the reoils from the target tothe DSSD. A suitable time gate an be established to selet the gamma rays emittedby the reoil at the target area. This tehnique is referred to as Reoil-Deay-Tagging(RDT). If the deay of the reoil is not used for identi�ation the term used is reoilgating (RG). Figure 3.7 presents the time spetrum between gamma rays observedwith the JUROGAM spetrometer and the implantation of reoils into the DSSD.



3.3 Data aquisition 45Half-life determination from low-statistis dataThe determination of a deay half-life involves the analysis of the time distributionsbetween the implantation of a parent nuleus and the subsequent deay events. If theavailable statistis is su�ient, the deay half-life an be determined by plotting thenumber of deteted events versus deay time and �tting the exponential deay urveto that data. In the ase of low statistis this method is unreliable or even impossible(an extreme ase is having only one event). With low statistis the deay half-life anbe determined using the method of maximum likelihood, where the life time of anativity is the arithmeti mean of the N individual life times orreted for the �nitesearh time [Seg65℄:
τ =

1N N
∑n=1

τn +
T

eT/τ − 1
, (3.6)where the last term takes into aount the e�et of the �nite searh time, T . Usingthe 68.3 % on�dene level, the lower and upper limits for the life time, τL and τU anbe alulated from equations given in [Sh84℄:

τL =
τ

1 + 1/
√

N
(3.7)

τU =
τ

1 − 1/
√

N
. (3.8)The 68.3 % (1σ) on�dene level is the one used throughout the present work.Gamma-gamma oinidene analysisAs the fusion produts rapidly de-exite by a asade of gamma-rays, with a systemomposed of multiple detetors it is possible to observe two or more gamma rays froma given asade. Gamma-rays following eah other in rapid suession are said to bein oinidene with eah other. As the relative ordering of exited states in a givennuleus ditate whih gamma rays an be observed in oinidene and whih belong tomutually exlusive deay paths, the oinidene data an be used to establish a levelsheme. The oinidene analysis inludes onstruting a two-dimensional matrix ofevents onsisting of two or more observed gamma rays. The oinidene relationshipsan then be examined by plaing gates on the γγ-matrix (i.e. taking slies from thetwo-dimensional histogram), whih reveals the gamma rays deteted in oinidene



46 Experimental tehniqueswith the gating gamma ray. If the statistis are su�ient higher dimensional matriesan be used, suh as a γγγ-ube. In the present work only two-dimensional matrieswere used. Analysis of the gamma ray data was arried out using the RadWare softwarepakage [Rad95a℄, [Rad95b℄.3.3.2 CalibrationsThe Ge-detetors were alibrated using 152Eu and 133Ba alibration soures. The 16384hannel ADCs used in the system are known to have a non-linear behaviour in thelowest 10 % of the hannels. The JUROGAM energy alibration therefore onsistsof two parts. First the relationship between ADC hannel numbers and the energydeposited in the detetors was established above the nonlinear region by �tting aseond order polynomial to the data obtained from the alibration soures (quadratialibration). The nonlinear region an then be desribed by using the low-energypeaks from alibration data and examining the di�erene between the known energiesand the ones obtained from the quadrati alibration. An exponential damped sinefuntion was �tted to the data and the �nal orreted energy (EC) reads
EC = EQ − ae−bEUsin(cEU + d) , (3.9)where EQ is the energy obtained from the quadrati alibration and EU the unal-ibrated energy (i.e. the ADC hannel number). The values for parameters a, b, c, dwere obtained by �tting for eah ADC hannel individually. Figure 3.8 displays thedi�erene between the atual energy and the nonorreted energy for one of the JU-ROGAM ADCs and the �tted funtion that is subtrated to obtain the orretedenergy.The e�ieny and energy alibrations for the JUROGAM array were done using the

152Eu and 133Ba alibration soures. The resulting e�ieny urves for the whole arrayand the individual detetor rings an be seen in �gure 3.9.The DSSD was alibrated in the 195At experiment using a three line alpha sourepermanently installed inside the GREAT vauum hamber. The soure onsists ofisotopes 239Pu, 241Am and 244Cm. In the 191Bi experiment the statistis was highenough for alibrating the DSSD strips using the alpha deay data from the experimentitself. It should be noted that when using an external alibration soure one observesonly the alpha-partile energy whereas in the ase of an implanted nulus the sumsignal from the alpha partile and the reoiling daughter nuleus is deteted.Energy alibration for the PIN diodes was done using a 133Ba onversion eletronsoure also mounted inside the vauum hamber. Foal plane Ge-detetors were en-
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Figure 3.8: The di�erene between the gamma-ray energy obtained from the standard quadratialibration (Equad) and the known energy (ETOI) taken from Table of Isotopes [Fir96℄ for one of theJUROGAM ADCs. The orretion funtion inluded in equation 3.9 is also displayed.
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4 Spetrosopy of 191BiThe isotopes 191,193Bi were studied at JYFL in an earlier experiment and the resultsreported in referene [Nie04℄. Strongly oupled rotational bands built on the πi13/2 andthe mixed πh9/2/πf7/2 on�gurations were observed in both isotopes. Bands feeding the
1/2+ isomer were also observed in both nulei. The dedued level strutures of these
1/2+ bands were somewhat dissimilar, indiating some strutural hange between thetwo isotopes. Finally, a number of isomeri states were observed in both nulei.The purpose of the present experiment was to perform a detailed spetrosopi studyof 191Bi utilizing the improved experimental system. Some questions that remainedunanswered in the previous experiment inluded: the level struture on top of the 1/2+intruder state, the observation of the negative parity band down to its assumed 7/2−band head and the possibility of a prolate i13/2 band. The reation used in the presentexperiment was 109Ag(86Kr,4n)191Bi. The energy of the krypton beam from the K130ylotron was 380 MeV. Several target foils were tested during the experiment. Theirthiknesses were 300, 440, 510, 530, 580 and 600 µg/m2. A staked target made usingthe 300 µg/m2 and 510 µg/m2 foils was used for the majority of the experiment. Aross setion for this reation was estimated to be approximately 670 µb.
191Bi has two alpha deaying states: the 9/2− ground state (Eα = 6308(3), Irel =
97.0(3) % and Eα = 6639(5) keV, Irel = 3.0(3) %) and the 1/2+ intruder state lyingat 242 keV (Eα = 6870(3) keV). The long half life of the 9/2− ground state of 191Bi,12.4 s, ompliates the alpha tagging tehnique due to the large amount of randomorrelations with long-lived beta deaying Pb and Tl isotopes produed in pxn and
αxn evaporation hannels. On the other hand, the half-life of the 1/2+ state, 121 ms,is very well suited for alpha tagging. The deay modes of the ground state are α-deayand β+-deay, with the alpha branh being bα = 51(10) %. The 1/2+ intruder statedoesn't have a beta-deay branh, but has an E3 transition ompeting with the alphadeay. The alpha branh of the 1/2+ state is bα = 68(5) %. The 93 keV E3 transitionis not observed diretly. The deay data is taken from referene [Ket03a℄.The lover Ge detetor was not available at the time of the experiment, so the gammaray detetion at the RITU foal plane relied solely on the planar Ge detetor.
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50 Spetrosopy of 191Bi4.1 Band 1 - i13/2The yrast band feeding the 13/2+ isomeri state appears in the spetrum tagged withthe alpha deays of the 9/2− ground state. The 13/2+ state deays to the groundstate via a 430 keV M2 transition with a half-life of 562 ns. The total gamma-rayspetrum tagged with the alpha deays of the 9/2− ground state in 191Bi is presentedin panel (a) of �gure 4.1. While the yrast band transitions of 191Bi dominate, the largebakground is evident from the �gure. The reoil-alpha searh time was 12 s.The band built on the 13/2+ isomeri state was established up to spin 21/2+ inreferene [Nie04℄ and the plaement of levels was on�rmed by analysis of the presentdata. The level sheme of 191Bi is shown in �gure 4.2. Gamma rays observed whengating with the 318 keV transition an be seen in panel (b) of �gure 4.1. A andidatefor the �rst transition to extend the band to higher spins is the peak at 385 keV.The 385 keV transition appears to be in oinidene with all the M1 transitions de-exiting the 21/2+ state and is thus assigned to be the 23/2+ to 21/2+ transitionin the asade. The 23/2+ to 19/2+ E2 transition at 632 keV an also be plaed inthe level sheme based on oinidenes. The 596 keV transition is a self-oinidentdoublet, whih together with the observation of a 212 keV transition in oinidenewith the yrast band allow the plaement of these two as de-exiting the 25/2+ stateat 2195 keV. Finally, a 509 keV gamma ray an be seen in panel (b) of �gure 4.1.This transition is oinident only with the 318 keV gamma ray and is thus plaedto feed the 15/2+ level. Transitions at 468 and 494 keV appear to be in oinidenewith eah other, as well as with members of the yrast band from the 21/2+ leveldownwards. This an be seen learly from panel () of �gure 4.1. The 468 keV gammaray is therefore proposed to feed the 21/2+ state with the 494 keV gamma ray plaedon top of it.Gating with the 212 keV transition reveals a asade of low energy gamma rays:a 150 keV one and partially overlapping 162 and 164 keV transitions. A spetrumwhere gates on the 212 keV and 164 keV transitions are summed is presented in panel(d) of �gure 4.1. The spetrum has rather large bakground, but the M1 transitionsof the yrast asade down from 25/2+ are all visible. Thus the 164, 150, 162 and(tentatively) 244 keV transitions are plaed on top of that band. Their ordering isbased on intensity arguments. The oinidene spetra in �gure 4.1 were generatedfrom 9/2− alpha tagged gamma-gamma matrix. All the above onlusions were alsoveri�ed using reoil gated γγ-data.The multipolarities of the transitions were examined by studying the angular dis-tributions. The experimental intensity ratios Rexp = I(157.60◦)/I(85.84◦ + 94.19◦)are listed in table 4.1. They support a dipole harater for the 318, 278, 248 and385 keV gamma rays. The alulated value for a pure 15/2 → 13/2 M1 transition
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4.1 Band 1 - i13/2 53is Rtheor = 0.67. The theoretial value for a 17/2 → 13/2 E2 transition is 1.73. Thetheoretial values were alulated using data from referene [Yam67℄. Due to the largenumber of losely lying lines the angular distributions of the high energy members ofthe band ould not be determined aurately. However, based on the dipole haraterof the interband transitions, an E2 multipolarity is assumed.In addition to the oblate i13/2 proton on�guration, a prolate πi13/2 minimum is pre-dited to exist. These prolate bands have not been observed in 191,193Bi. In the lighterisotopes 187,189Bi gamma-ray asades interpreted as prolate πi13/2 bands have beenidenti�ed [Hür04a℄. As reported in [Nie04℄, a tentative 21/2+ level in 191Bi at 1736keV was given as a possible member of the prolate πi13/2 band. Based on extrapo-lation from the lighter Bi isotopes the prolate 21/2+ state would be expeted to lieat an exitation energy of ∼1.5 MeV. In the present experiment however this 21/2+level was not observed. Rather, as an be seen from the level sheme, a level at 2067keV tentatively assigned a spin and parity of 25/2+ was identi�ed. Whether this andthe level observed at 2561 keV are indeed members of the prolate band need to beon�rmed in a future experiment. The exitation energies, based on systematis, dosupport this onlusion.Table 4.1: Measured transition energies, gamma ray intensities normalized to that of the 318 keVtransition and spins and parities of the initial and �nal states. Also the angular distribution intensityratios, Rexp, are inluded when their determination was possible.E γ (keV) I γ (%) Ei (keV) I πi I πf Rexp126.6(4) 2.6(8) ∆1 + 127 (19/2+) (15/2+)128.3(7) 8(4) 610 5/2+ (3/2+)140.3(6) 1.9(5) ∆2 + 140 (17/2+) (13/2+)142.0(9) 50(20) 486 (11/2−) (9/2−)148.5(5) 190(50) 149 (7/2−) (9/2−) 0.9(3)149.8(8) 60(30) 2509 (29/2) (27/2)160.5(9) 1.5(9) 881 (9/2+) (7/2+)162.1(14) 60(40) 2671 (31/2) (29/2)164.3(8) 80(30) 2359 (27/2) (25/2)167.7(4) 4.6(9) ∆1 + 294 (23/2+) (19/2+)180.6(5) 113(7) 423 5/2+ 1/2+180.6(9) 3.5(12) ∆2 + 321 (21/2+) (17/2+)187.0(4) 48(5) 610 5/2+ 5/2+194.6(9) 80(30) 343 (9/2−) (7/2−) 1.4(6)206.6(9) 200(60) 692 13/2− 11/2− 1.3(4)208.4(9) 60(30) 1825 21/2− 19/2−208.7(3) 5.9(11) ∆1 + 503 (23/2+) (19/2+)212.2(9) 70(50) 2195 (25/2+) (23/2+)



54 Spetrosopy of 191BiTable 4.1 � Continued.E γ (keV) I γ (%) Ei (keV) I πi I πf Rexp214.5(8) 5(3) 825 (7/2+) 5/2+214.3(10) 7(3) 934 (9/2+) (7/2+)220.5(7) 4.1(9) ∆2 + 541 (25/2+) (21/2+)230.7(6) 7(4) 1247 19/2− 17/2−239.2(13) 7(2) 481 (3/2+) 1/2+243.2(10) 12(3) 1177 (11/2+) (9/2+)243.8(11) 50(30) 2914 (33/2) (31/2)247.8(5) 160(40) 1598 21/2+ 19/2+ 0.53(14)249.5(4) 7.0(13) ∆1 + 752 (31/2+) (27/2+)260.1(5) 3.9(8) ∆2 + 802 (29/2+) (25/2+)270.9(6) 9(3) 881 (5/2+)278.3(5) 520(90) 1026 17/2+ 15/2+ 0.68(14)290.0(4) 6(2) ∆1 + 1042 (35/2+) (31/2+)296.9(11) 21(4) 720 (5/2+)299.1(6) 1.5(12) ∆2 + 1101 (33/2+) (29/2+)317.7(6) 1000(150) 748 15/2+ 13/2+ 0.7(3)323.4(6) 360(110) 1017 15/2− 13/2−324.2(4) 110(9) 934 9/2+ 5/2+324.2(5) 330(70) 1350 19/2+ 17/2+ 1.1(3)330.7(4) 5.2(15) ∆1 + 1373 (39/2+) (35/2+)338.7(5) 2.3(13) ∆2 + 1439 (37/2+) (33/2+)344.1(7) 23(3) 825 7/2+ 3/2+348.0(9) 80(50) 692 13/2− 9/2− 0.8(3)351.9(5) 22(4) 1177 11/2+ 7/2+355.4(4) 11(3)368.5(14) 30(4) 610 5/2+ 1/2+ 0.8(2)369.0(7) 130(40) 1618 19/2− 17/2−370.4(9) 4.9(15) ∆1 + 1744 (43/2+) (39/2+)377.6(5) 1.6(13) ∆2 + 1817 (41/2+) (37/2+)384.8(7) 120(30) 1983 23/2+ 21/2+ 0.50(12)398.3(5) 87(6) 1332 13/2+ 9/2+402.0(11) <3 825 7/2+ (5/2+)410.8(5) 1.8(10) ∆1 + 2154 (47/2+) (43/2+)413.6(9) 1.7(13) ∆2 + 2231 (45/2+) (41/2+)448.3(5) 0.9(7) ∆1 + 2603 (51/2+) (47/2+)459.0(7) 21(3) 881 (5/2+)468.2(6) 110(40) 2067 (25/2+) 21/2+475.3(10) 13(3) 1357482.8(10) 66(6) 1815 17/2+ 3/2+



4.2 Band 2 - h9/2/f7/2 55Table 4.1 � Continued.E γ (keV) I γ (%) Ei (keV) I πi I πf Rexp486.0(5) 450(90) 486 11/2− 9/2− 1.2(7)494.0(8) 60(30) 2561 (29/2+) (25/2+)508.7(10) 150(50) 1257527.0(7) 23(4) 2342 17/2+531.3(6) 300(60) 1017 15/2− 11/2− 1.1(5)542.5(5) 10(3)553.2(7) 18(3) 2368 17/2+555.0(7) 250(50) 1247 17/2− 13/2− 0.9(3)572.9(8) 220(40) 1598 21/2+ 17/2+ 0.8(5)577.9(9) 190(70) 1825 21/2− 17/2− 1.5(9)584.1(6) 6(2)594.9(6) 6(2)596.0(9) 330(30) 1026 17/2+ 13/2+ 0.8(4)596.4(1.5) 50(20) (2195) (25/2+) 23/2+600.4(11) 140(60) 1618 19/2− 15/2−601.1(6) 4(3) 2943602.8(10) 200(30) 1350 19/2+ 15/2+615.5(6) 6(3) 2984620.4(7) 5(2)632.0(7) 70(30) 1983 23/2+ 19/2+ 1.5(11)692.3(5) 270(60) 692 13/2− 9/2− 1.3(8)
4.2 Band 2 - h9/2/f7/2Band 2 was assigned a mixed h9/2/f7/2 harater in referene [Nie04℄. From the presentdata it was possible to on�rm the level assignments up to spin 15/2 and extend theband to a 21/2− level. Also, in [Nie04℄, the transitions down to the band head wereunobserved, although a 195 keV gamma ray was tentatively plaed to feed the 7/2−state at 149 keV. In �gure 4.3 reoil gated gamma-ray spetra with a gates plaedat 207 keV and at 555 keV are shown. The peaks belonging to the negative parityband an be identi�ed. It also appears that the 207 keV gamma ray is self-oinident.Furthermore, the 531 keV transition is also in oinidene with a gamma ray at 208keV. A weak line at 142 keV is visible in both spetra in �gure 4.3. This is assigned
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Figure 4.3: (a) Reoil gated gamma spetrum showing gamma rays in oinidene with the 555 keVtransition in 191Bi and (b) with the 207 keV (doublet) transition. Peaks arising from bakgroundativities an also be seen in both spetra; the ones labelled with their energies have been assignedto 191Bi.to be the 11/2− to 9/2− transition in the negative parity band, based both on weakoinidenes and energy sum rationale. The angular distribution measurements wereagain hampered by overlapping gamma lines and lak of statistis.4.3 Bands 3 and 4 - feeding the 1/2
+ intruder stateEight gamma-ray transitions were assigned to feed the 1/2+ intruder state in theprevious study, but only four were plaed into the level sheme. The alpha taggedsingles gamma-ray spetrum from the present experiment is displayed in panel (a) of�gure 4.4. The reoil-alpha searh time was 500 ms. The urrent data was su�ientfor oinidene analysis to be performed.Panels (b), () and (d) of �gure 4.4 present gamma-ray spetra gated with the 181,187 and 324 keV transitions, respetively. These are plaed to be the three lowesttransitions in the band feeding the 1/2+ state, with the 368 keV transition in parallel



4.4 Superdeformed bands 57with the lowest two. It is lear from the oinidene spetra and relative intensitiesthat the band proeeds up to the 17/2+ level as depited in the level sheme in �gure4.2. Above this the band appears to split into two parts with quite similar transitionenergies.Examination of the relative X-ray intensities seen in panels (b) and () of �gure 4.4hints at the possibility of di�erent multipolarities for the 181 and 187 keV transition.The fat that less X rays are seen when gating with the 187 keV gamma ray asompared to gating with the 181 keV transition suggests that the internal onversionoe�ient for the 187 keV gamma ray is larger than that for the 181 keV one. This anbe evaluated by examining the intensities of the 181 and 187 keV gamma rays whengating with the 324 keV transition (panel () in �gure 4.4). This allows the onversionoe�ients for the two transitions to be alulated. The results are α181 = 0.8(2) and
α187 = 2.3(5). This would indiate an E2 multipolarity for the 181 keV transition(αE2,181 = 0.64) and M1 for the 187 keV gamma ray (αM1,187 = 1.72).Two rather strong transitions are observed to diretly feed the (5/2+) level: 297 keVand 459 keV. They establish energy levels at 720 keV and 881 keV, respetively. The271 keV gamma ray an be plaed in the level sheme based on both energy sum andoinidene arguments. Gating with the 239 keV gamma ray reveals a oinidene with344 and 352 keV transitions. Energy sum and oinidene arguments an then be usedto onstrut the side band as seen in �gure 4.2. The tentative spin assignments aremade assuming the band to be the unfavoured signature partner of the asade builton top of the 1/2+ state.The angular distribution analysis is ompliated at low angular momentum by thede-orientation of the reoils [Bil86℄. Therefore, nothing onlusive an be said aboutthe multipolarities of the transitions feeding the 1/2+ intruder state based on thisinformation (see table 4.1).4.4 Superdeformed bandsA number of weak peaks in the 1/2+ alpha-tagged gamma-ray singles spetrum(marked with ⊕ in �gure 5.13) are separated by approximately 40 keV, an inter-val in lose resemblane to superdeformed bands found in some neighbouring nulei.Panel (b) of �gure 4.5 presents a spetrum with the sum of gates plaed on transitionsat 127, 168, 209, 250, 290 and 331 keV. It turns out that the transitions at energies127, 168, 209, 250, 290, 331, 371, 410 and 448 keV are all mutually oinident. For theobserved band to be a manifestation of a rotating superdeformed nuleus the transi-tions need to have an E2 multipolarity. The K X-ray intensities in panel (b) of �gure4.5 is 18(5) ounts. The expeted intensities for the sum gate of �gure 4.5, alulated
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60 Spetrosopy of 191BiThe absolute exitation energies of the superdeformed states an only be determinedby observing the linking transitions to normally deformed states. There are typiallya large number of these transitions and their energies are high, of the order of a fewMeV, making their observation problemati. No evidene for suh linking transitionsould be found from the present data. It should also be noted that the observableenergy range in this experiment only extended up to 2 MeV. It is possible that someor all of the linking transitions lie above this energy.Another question regarding the deay out of the SD bands is whether they also feedthe 9/2− ground state. Unfortunately, as an be seen when omparing �gures 4.1 and4.4, the bakground in the 9/2− alpha tagged spetrum is muh larger than in the
1/2+ tagged spetrum due to the strong population of the 9/2− state as well as thelong half-life. No trae of the SD transitions are seen in the 9/2− tagged spetrum,nor in γγ-oinidene spetra, but it is possible that they are, if present, engulfed inthe large bakground. Aurate determination of the deay out branhing ratio forthe SD bands ould not be determined from the present data. Very roughly it an beestimated that more than 30 % of the SD intensity feeds the 1/2+ intruder state.The superdeformed bands were found from the data obtained by tagging with thealpha deays of the 1/2+ state. The observation of suh weakly populated bands is amanifestation of the high seletivity that an be obtained by alpha tagging. Thanksto this suh a high quality gamma-ray spetrum an be produed that transitionsbelonging to the SD bands an be seen already in the alpha tagged singles spetrum.Also only alpha tagged γγ-data was su�ient for identifying the bands. The presentwork is the �rst time a superdeformed band has been observed in a tagging experiment.



5 Spetrosopy of astatine isotopes
5.1 195AtThe deay properties of 195At were �rst reported by Yashita and Leino in the early1980's [Yas83℄ [Lei83℄. Combined, these two studies established two alpha-partileenergies and half-lives for the alpha deay of 195At. Later Enqvist et al. performeda more detailed study using the RITU reoil separator and found a wide energydistribution orresponding to the alpha deay of 195At [Enq96℄. They proposed thesumming of onversion eletron and alpha partile signals in the implantation detetoras a possible explanation for the ompliated spetrum. They were also able to measurethe deay properties of the 1/2+ intruder state for the �rst time.The results of the latest deay study of 195At have been reported by Kettunen et al.[Ket03a℄. The experiment was also performed in Jyväskylä using the RITU reoil sep-arator. 195At was produed in the fusion-evaporation reation 147Sm(51V,3n)195At asa side-produt of an experiment aimed at studying 195Rn. A deay sheme displayingthe low-energy states in 195At and its daughter nuleus 191Bi is presented in �gure5.1. Before disussing the results from the urrent work a brief review of the previousresults is appropriate.The π(4p-1h) 1/2+ state was determined to be the ground state of 195At and a 7/2−state where the last proton oupies the 7/2[514℄ Nilsson orbital was established as the�rst exited state. Alpha deays from both of these states were observed. The (πh9/2)39/2− state, whih is the ground state in the heavier odd-mass astatine isotopes, wasnot observed. The appearane of a low-lying 7/2− state was explained by a hangein deformation between the three-proton on�gurations in 197At and 195At. As an beseen in the Nilsson diagram (see �gure 2.5), at oblate deformations the 85th proton willoupy the 7/2[514℄ orbital. The unhindered alpha deay of the 7/2− state also leadto the identi�ation of the orresponding state in the daughter nuleus 191Bi. Also anE3 branh between the 1/2+ and 7/2− states in 191Bi was dedued. The gamma-raytransition was not observed diretly, but rather dedued from alpha-alpha orrelations.Together with the unobserved 9/2− state the exitation energy of the 13/2+ stateremains an open question. The 13/2+ state has been observed in both neighbouringastatine isotopes, 193At and 197At, as an be seen from �gure 5.2. In 193At it was evenobserved to have an alpha-deay branh, as reported in [Ket03b℄. The possible deay61



62 Spetrosopy of astatine isotopespaths of the 13/2+ state in 195At will be disussed at length in the following setions.The aim of the present work was to perform an in-beam (for the �rst time) and deayspetrosopi study of 195At. Gamma-ray transitions in 195At have not been previ-ously observed. In this work the 195At nulei were produed in the fusion evaporationreation 147Sm(51V,3n)195At. The vanadinium beam was aelerated using the K =130 MeV ylotron to an energy of 230 MeV. The thikness of the samarium targetfoil was 750 µg/m2. The beam intensity was approximately 10 pnA during the ex-periment, with total beam on target time of ∼ 140 hours. The ross setion for thisreation was estimated to be approximately 3 µb from the present experiment.One of the two Double-sided Silion Strip Detetors making up the implantationdetetor su�ered from a degraded energy resolution during the experiment. Due tothis only data from the good detetor (DSSD-A) was mostly used in the analysis.Instanes where data from the other detetor (DSSD-B) was useful are mentionedexpliitly in the text.5.1.1 Deay spetrosopy of 195AtThe alpha-deay spetrum measured in the present work is presented in �gure 5.3.The part of the spetrum orresponding to the deay of the 7/2− state in 195At isin�uened by eletron summing. The third peak between the 7075 keV and 7221 keValpha peaks originates from the summing of the signals of the 7075 keV alpha partileand the K onversion eletron of the following 149 keV M1 gamma deay (Ee,K ≈ 58keV) [Ket03a℄. The events between the 7075 keV peak and the sum peak arise fromases where the onversion eletron has left only part of its energy in the detetor.Lesser ontributions ome from higher energy L and M onversion eletrons.An alpha-alpha matrix was generated from the data olleted with DSSD-A. Thereoil-mother searh time was 4 s and the mother-daughter searh time was 80 s. Theresulting matrix is presented in �gure 5.4. The various groups are explained in table5.1.Deays of the 7/2− and 1/2+ statesThe 7/2− state at 32 keV deays via alpha emission to the 7/2− state in 191Bi at149 keV (Eα = 7075(4) keV, Irel = 95.5(5) %) and to the 9/2− ground state (eα =7221(4) keV, Irel = 4.5(5) %) [Ket03a℄. The ompeting E3 gamma-ray transition tothe 1/2+ ground state in 195At has not been observed previously. As the transitionwould be highly onverted (α = 1.5 × 105) the detetion of gamma rays is out of
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66 Spetrosopy of astatine isotopesTable 5.1: The groups observed in the alpha-alpha matrix. The spins and parities of the initialand �nal states involved in the alpha deays are also listed. For the odd-odd isotopes 194,196At thepossible spins and parities of the deaying states are disussed in hapter 6.3.No Mother Deay Eα (keV) Daughter Deay Eα (keV)1 195At 1/2+ → 1/2+ 6953 191Bi 1/2+ → 1/2+ 68702 195At 1/2+ → 1/2+ 6953 191Bi 9/2− → 9/2− 63083 195At 7/2− → 7/2− 7075 191Bi 9/2− → 9/2− 63084 195At 7/2− → 9/2− 7221 191Bi 9/2− → 9/2− 63085 194At 7000-7300 190Bi 6431, 64566 196At 7055 192Bi 60607 195At 7/2− → 7/2− 7075 191Bi 9/2− → 1/2+ 66398 195At 7/2− → 9/2− 7221 191Bi 9/2− → 1/2+ 6639
the question. The L and M onversion eletrons have energies of about 15 keV and30 keV, respetively, whih were too low to be observed in the present experiment.However, there is an indiret way to observe the E3 branh: to examine the timedi�erenes between the implantation of a reoil and the subsequent alpha deay of the
1/2+ state. Sine the alpha-deaying 1/2+ state has both prompt feeding and delayedfeeding through the E3 branh from the 7/2− state, the reoil-alpha time distributiononsists of two omponents (equations 2.18 and 2.20). In order to su�iently reduebakground alpha-alpha orrelations were required. A reoil-alpha time spetrum wasonstruted from the events in group 1 in the alpha-alpha matrix (�gure 5.4). TheE3 branh was determined by �tting a funtion onsisting of the two omponents tothe data. The fration of the 1/2+ state feeding proeeding via the E3 branh wasextrated from the �t and the orresponding branhing ratio for the 7/2− state deaywas then alulated. The result was bE3 = 12(4) %. It is also possible to extrat thehalf life of the 1/2+ state from the �t, the result being t1/2 = 290(20) ms. This isslightly shorter than the value obtained in referene [Ket03a℄. This is not surprisingsine the E3 branh from the 7/2− state, whih has a shorter half-life, was not takeninto aount in that work. The half-life of the 7/2− state was not a free parameter inthe �t; a �xed value form the present data, 143(3) ms, was used. The time spetrafor both the 1/2+ and 7/2− state deays are presented in �gure 5.5. The E3 branhan also be estimated based on prompt gamma rays feeding the 1/2+ state. This isdisussed in setion 5.1.4.
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193At, but not in 195At. In 197At the 13/2+ state deays via an M2 transition to the
9/2− ground state. The gamma-ray energy is 310.7(1) keV and the lifetime τ = 8(2) µs[Smi99℄. In 193At the 13/2+ state at an exitation energy of 39(7) keV deays mainlyvia an E3 transition to the 7/2− state at 5(10) keV. A 24(10) % alpha deay branhfeeding the orresponding 13/2+ state in the daughter nuleus 189Bi was also observed[Ket03b℄. The deay sheme of 193At is displayed in �gure 5.1.Based on systematis shown in �gure 5.2 the state is expeted to lie somewhere below200 keV in 195At. Two di�erent senarios regarding the deay modes of this stateseem likely. In the �rst ase the situation would be similar to 193At, and the deaywould proeed via two ompeting proesses: an E3 transition to the 7/2− state andan alpha deay to the 13/2+ state in 191Bi. The seond possibility would inlude the
9/2− state that also remains unobserved in 195At. If this state were to lie betweenthe 13/2+ and 7/2− states the former would deay via an M2 transition to the 9/2−level. This would then be followed by an M1 transition to the 7/2− state. The M2transition would be too fast for an alpha deay from the 13/2+ state to ompete withit. Finally, should the 13/2+ level lie su�iently high in energy, it would be possiblethat the 11/2− member of the Ω = 7/2 rotational band lie below the 13/2+ state,resulting in a prompt E1 transition between them. In addition to that there ould



68 Spetrosopy of astatine isotopesalso be aband built on top of the unobserved 9/2− state. In that ase there ould bean E1 transition from the 13/2+ state to the 11/2− member of the band. In both ofthese ases the deay of the 13/2+ state would be observed in the prompt gammarays with the JUROGAM spetrometer.In the subsequent hapters the alpha deay mode of the 13/2+ state is disussed �rst,followed by the the di�erent de-exitation senarios by eletromagneti transitions.Possible alpha deay of the 13/2+ stateIn this senario the �rst task is to estimate the branhing ratio between the E3 tran-sition and the alpha deay. To alulate the branhing ratio the partial half-lives forthe E3 transition and alpha deay must be known. The partial half-life for the E3transition an be obtained from the Weisskopf estimates (table 2.1), orreted forinternal onversion. The alpha-deay partial half-life an be estimated by using thesemiempirial formula by Taagepera and Nurmia (equation 2.23) or taken from exper-imentally observed half-lives of known unhindered alpha deays in this mass region.Both of these methods were employed and the results an be seen in �gure 5.6. The�gure presents the predited alpha-deay branh as a funtion of the energy of theE3 transition in 195At (i.e. the transition energy that would result from plaing analpha deay of a partiular energy into the 195At deay sheme). The �gure showsa good agreement between the experimental data points and the predition of theTaagepera-Nurmia equation (solid line). In the energy region expeted from the levelsystematis (�gure 5.2) the predited alpha branh is around 5 %, inreasing rapidlyat transition energies below 50 keV. In 193At the branhing ratio for the alpha deayof the 13/2+ state was estimated to be approximately 24 % [Ket03b℄. This value wasobtained by setting the 13/2+ state alpha-deay hindrane fator to unity, whih isthe expeted value for unhindered alpha deays. Also taking into aount the exper-imentally observed half-life, the ompeting E3 transition would be approximately 3times faster than the Weisskopf estimate for suh transition. If this were the ase in
195At the magnitude of the alpha branh would be redued by approximately a fatorof three. This ase is displayed in �gure 5.6 with a dashed line.As the possible alpha deay of the 13/2+ state would likely be hidden under the otheralpha peaks in the singles alpha spetrum, additional information is needed for itsidenti�ation. The 13/2+ → 13/2+ alpha deay is followed by an M2 transition to the
9/2− ground state of 191Bi (see �gure 5.1). The gamma rays or onversion eletronsfrom this transition provide a means of learly identifying the possible alpha deaybranh. The half-life of the 13/2+ state in 191Bi is 562(10) ns and the total onversionoe�ient is approximately 0.54, with K onversion being dominant (αK ≈ 0.42,
Ee,K ≈ 340 keV). As an be seen from �gure 5.6, relatively large alpha-deay branhesour for Eα < 6900 keV. In the alpha spetrum (�gure 5.3) these alpha deays would
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Figure 5.6: Estimated alpha deay branh from the 13/2+ state in 195At to the orrespondingstate in 191Bi. The experimental data points represent some known unhindered alpha deays in the
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70 Spetrosopy of astatine isotopesbe buried under the large peak from the deay of the 0+ ground state of 194Po. Forhigher alpha-partile energies the alpha branh would be expeted to be of the orderof a few perent and essentially all of the population of the 13/2+ state would end upfeeding the 7/2− state.If the 13/2+ state were to lie lose to the 7/2− state, a signi�ant alpha branhwould be visible in the alpha-alpha matrix. As the half-life of the 13/2+ state in
191Bi is only 562 ns, the eletronis is not able to distinguish the signals from thealpha deay and the onversion eletrons from the following M2 transition in theDSSD. The total onversion oe�ient for a 430 keV M2 transition is about 0.54, somost of the events in the alpha-alpha matrix would have mother and daughter alphapartile energies of 6800 keV < EM < 6900 keV and ED = 6308 keV. About onethird of the events would have the onversion eletron energy (either full or partial)summed with the alpha deay energy. It is lear from �gure 5.4 that in addition tothe known deays (labelled 2,3, and 4) no other signi�ant groups with ED = 6308keV are observed. Random orrelations due to 194Po (EM = 6843 keV) ompliate thesituation somewhat, but if the alpha partile energy from the 13/2+ state would bebelow 6850 keV the expeted alpha branh would be more than 10 %. This an beestimated to yield more than 100 events, an amount whih would be distinguishableeven with the high 194Po bakground. At higher energies it is possible that the alphadeays from the 13/2+ state would be masked by the events originating from the
7/2− and 1/2+ deays. Identifying the 13/2+ state alpha deay from the alpha-alphamatrix would in this ase be impossible. However, there is a small set of events betweengroups two and three, partially overlapping with the latter. The deay properties ofthe mother and daughter ativities of these 21 events are as follows: EM = 7010(2)keV, t1/2,M = 120(30) ms, ED = 6300(4) keV, t1/2,D = 16(4) s. These are onsistentwith the alpha deay of the 7/2− state. The expeted half-life for the 13/2+ state atthis energy region, where the E3 branh is the dominant deay mode, is less than 10ms. Therefore the most likely explanation for these events is that they belong to thelow-energy tail of group three.Another way of identifying the possible alpha deay from the 13/2+ state in 195At isby deteting the gamma rays and eletrons from the following 430 keV M2 transition.In order to estimate the number of gamma rays or eletrons deteted it is neessaryto estimate the total population of the 13/2+ state. As explained above, the possiblealpha branh from the 13/2+ state must be small, of the order of a few perent orless. This means that groups three and four in the alpha-alpha matrix inlude almostall of the population of the 13/2+ state as well. As the 13/2+ state will be yrast at allenergies where it an be expeted to lie, it is slightly preferentially populated omparedto the 7/2− state in heavy-ion indued fusion-evaporation reations, suh as the oneused in the present work. As a onservative estimate let us assume half of the events ingroups three and four to have originated from the 13/2+ state. Finally, after orretingfor the E3 branh from the 7/2− state to the 1/2+ state, this leads to a total number of
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−190ms, whih is onsistent with the half-life of 194Po (t1/2 = 392(4) ms). As the expetedhalf-life for the 13/2+ state at this alpha-partile energy lies in the region of 60 ms,it is likely that these events do not arise from the alpha deay of the 13/2+ state in
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72 Spetrosopy of astatine isotopesThe alpha-eletron matrix an be seen in panel (b) of �gure 5.8. The only events inthe matrix are the L and M onversion eletrons from the 7/2− to 9/2− transition in
191Bi, fed by the 7/2− to 7/2− alpha deay of 195At. The K eletrons are not observeddue to their low energy (Ee,K ≈ 58 keV, Ee,L ≈ 133 keV, Ee,M ≈ 145 keV). Thereare 108 events in �gure 5.8, almost all of whih ome from the onversion of the M1transition. If one proeeds to alulate the expeted number of L and M eletrons fromthe transition, the result is ∼ 120. This is in exellent agreement with the observation,thus on�rming the alulations. In summary no experimental evidene for the alphadeay of the 13/2+ state in 195At ould be found in this work. Based on �gure 5.7, upto about EE3 ∼ 150 keV (orresponding to the exitation energy of the 13/2+ statebeing E(13/2+) ∼ 180 keV), the alpha-deay mode of the 13/2+ state an be ruledout.Eletromagneti transitions from the 13/2+ stateIf the alpha branh of the 13/2+ state would be too small for detetion (i.e. EE3 > 150keV or (E(13/2+) > 180 keV) one ould still observe the gamma rays or onversioneletrons from the eletromagneti transitions de-exiting the 13/2+ state. There aretwo di�erent senarios that will be onsidered here: an E3 transition from the 13/2+state to the 7/2− state and a asade of two transitions proeeding via an intermediatestate. The expeted number of deteted gamma rays and onversion eletrons fromthe de-exitation of the 13/2+ state an be alulated in manner similar as desribedabove for the 430 keV transition, using the same assumptions as a starting point. Theresults are presented in �gure 5.9 for three di�erent transition multipolarities relevantfor the following disussion.Let us begin with the possibility of an E3 transition between the 13/2+ and 7/2−states. Panel (a) of �gure 5.9 shows the expeted number of deteted gamma rays andonversion eletrons as a funtion of the E3 transition energy. Conversion eletronsfrom the L and M shells are inluded as they are the dominant ones. Looking at the�gure, the eletrons provide the most promising detetion method, espeially at lowtransition energies. The half-life of the 13/2+ state in this senario would be of theorder of tens of milliseonds. It is not pratial to use reoil-gamma/eletron searhtimes extending to tens or hundreds of milliseonds beause the amount of bakgroundradiation in the spetra would inrease. The limiting fator for the searh time is thetotal ounting rate of the implantation detetor. A reoil-gamma/eletron searh timeof 10 ms was used in produing �gure 5.9 (a). For the gamma-ray detetion only theplanar Ge-detetor was assumed as the expeted transition energies are low.An alpha-eletron matrix onstruted from events of the type reoil-eletron-alpha isdisplayed in panel (a) of �gure 5.10. The events from the deay of the 13/2+ statewould appear to be orrelated with the wide distribution of alpha deays from the
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Figure 5.8: Alpha-gamma and alpha-eletron matries from events of the type reoil-alpha-gamma(panel (a)) and reoil-alpha-eletron, using data from DSSD-A only. The alpha-gamma and alpha-eletron searh times (∆tγ and ∆te) are indiated in the �gures. In the alpha-gamma matrix datafrom both the planar and lover Ge-detetors were used. It is readily apparent that no evidene forthe 430 keV M2 transition in 191Bi following the possible alpha deay of the 13/2+ state in 195At anbe seen. The most prominent features in the matries are the gamma rays and L onversion eletronsfrom the 7/2− → 9/2− M1 transition, whih follows the alpha deay of the 7/2− state in 195At.
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Figure 5.9: Panel (a): the expeted number of L and M onversion eletrons and gamma rays froman E3 transition between the 13/2+ and 7/2− states in 195At. K onversion for E3 radiation is verysmall in the region of interest and is thus not inluded in the �gure. Panels (b) and () are theexpeted number of K, L and M onversion eletrons and gamma rays from a possible M2 and M1transitions arising from the deay of the 13/2+ state in 195At. The low energy uto�s for eletrondetetion were ditated by the noise level of the PIN-diodes. As in �gure 5.7, the surrounding linesdesribe the error estimate.



5.1 195At 75
7/2− state (approximately 7050 keV < Eα < 7250 keV). This area of interest isindiated by the box drawn with a dotted line. A histogram ontaining the eventsinside the box an be seen in panel (b) of the �gure. A bakground spetrum wasgenerated from events observed in the PIN detetors between 90 ms and 100 ms afterthe reoil implantation. Sine the half-life of the 13/2+ state is expeted to be at mostabout 30 ms in this energy region, this time window would be expeted to onsistmostly bakground radiation. The bakground spetrum is normalized to ontain thesame number of events as the projetion. It is apparent from the �gure that thespetra are essentially the same. An example, intended to illustrate what a realistinumber of events would look like on top of the bakground, is inluded in the �gure.Assuming EE3 = 150 keV and using �gure 5.9, about 130 L and M onversion eletronswould be observed in suh a situation. The Gaussian distribution drawn on top of thebakground spetrum has an area of 130 ounts (taking into aount the 10 keV bins)and a width similar to the eletron distribution seen in panel (b) of �gure 5.8. Asanother example, EE3 = 100 keV would yield a similar distribution with an area ofabout 80 ounts. Clearly no evidene for the E3 transition from the 13/2+ state tothe 7/2− state in 195At an be found in the experimental spetrum. To summarize: ifthere were an E3 transition between the 13/2+ and 7/2− states, it should have beendetetable either diretly (if EE3 > 100 keV) or via the ompeting alpha deay branh(if EE3 < 150 keV). No evidene of either ould be found from the present data.This leaves the possibility that the deay of the 13/2+ state proeeds via at least oneintermediate state. An obvious andidate would be the 9/2− state, whih is the groundstate in all odd-mass astatine isotopes down to 197At. It has not been observed in anyof the more neutron de�ient isotopes, but it is not unreasonable to expet it to lieat a low exitation energy in 195At. It ould be plaed between the 13/2+ and 7/2−states, leading to an M2 transition followed by an M1. The half life of the 13/2+ statein this sheme would be in the miroseond region. The half life of this M2 transitionis about an order of magnitude longer than expeted from the Weisskopf estimatesdue to the spin �ip whih ours between the 13/2+ and 9/2− states.Panels (b) and () in �gure 5.9 present the estimated number of deteted eletrons orgamma rays from the M2 and M1 transitions, respetively. Due to stronger internalonversion the M2 would be detetable mainly via onversion eletrons, while the M1would predominantly deay via by gamma-ray emission. The limiting fators for thedetetion of the M2 transition are the reoil-gamma/eletron searh time used andthe �ight time of the reoils through the separator. The former is signi�ant at lowtransition energies and the latter at higher energies. If a searh time of 100 µs is usedonly about 30 % or less of the deay events are lost due to the ombination of thesefators. The alulations for the detetion of the M1 transition are ompliated bythe fat that at very low energies the half life of the 13/2+ state has abrupt hangesdue to the L edges in the onversion oe�ient. This in turn hanges the amount oflost events due to the reoil-gamma/eletron searh time signi�antly if the energy of



76 Spetrosopy of astatine isotopesthe M2 transition were below 20 keV. In these ases the expeted number of detetedevents an be redued by a fator of 2 or more. The alulations made for �gure 5.9assume a �xed value of EM2 = 20 keV.In panel () of �gure 5.10 an alpha-gamma matrix from events of the type reoil -gamma - alpha is displayed. As an be seen from the �gure no evidene whatsoeveran be seen for the 9/2− to 7/2− M1 transition. A 158 keV gamma ray, known in 196At[Smi00℄, is learly visible. Also observed are X rays from the 311 keV M2 transition in
197At. The atual gamma-ray events are missing from the spetrum due to the ratherlarge internal onversion (α ≈ 1.8) oupled with the rapidly dereasing e�ieny ofthe planar Ge detetor with inreasing energy (see �gure 3.10). Panel (d) presents analpha-eletron matrix where only bakground eletrons appear to be visible betweenalpha-partile energies of 7000 keV to 7300 keV, revealing no sign of the M2 transitionbetween the 13/2+ and 9/2− states. The K and L onversion eletrons from the abovementioned 311 keV transition are present.Finally, regarding the possible 13/2+ to 11/2− E1 deay, no evidene for suh a de-ay path was found from the present data. This deay mode ould be dedued fromprompt γγ-oinidene data, where transitions de-exiting the 11/2− state would ap-pear in oinidene with gamma rays feeding the 13/2+ level. Suh oinidenes werenot observed. Prompt gamma-ray spetorsopy of 195At is disussed in the followingsetion.The only viable explanation for the non-observation of any andidate transition de-exiting the 13/2+ state is that both the M2 and M1 transitions lie below the low-energy detetion tresholds. Therefore limits an be plaed on the transition energies:
EM2 < 65 keV and EM1 < 30 keV (assuming EM2 > 20 keV). This would plae anupper limit for the exitation energy of the 13/2+ state at ∼ 130 keV.5.1.2 Prompt gamma-ray spetrosopy of 195AtIn order to examine the transitions feeding the known states in 195At the Reoil-Deay-Tagging method was employed. Alpha deays from the 1/2+ ground state andthe low-lying 7/2− state were suitable for tagging. As explained above the 13/2+ mostlikely feeds the 7/2− state via unobserved transitions. Hene the prompt gamma raysfeeding the 13/2+ state will be present in gamma-ray spetra tagged with the 7/2−state alpha deays.
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Figure 5.11: Gamma-ray spetrum tagged with the 7/2− alpha deays of 195At. Peaks that havebeen plaed into the level sheme, �gure 5.14, are labelled with their energies.5.1.3 Band 1 - i13/2As the 13/2+ state will be yrast at all energies where it an reasonably be expetedto lie, the most prominent peaks in the 7/2− alpha tagged gamma-ray spetrum arevery likely to represent the transitions feeding the 13/2+ state.A prompt gamma-ray spetrum tagged with the alpha deays from the 7/2− state ispresented in �gure 5.11. The energy and time gates for the alpha deay were 7060 keV
< Eα < 7280 keV and ∆tα−R = 450 ms. Both DSSDs were used in order to obtainmore statistis. As there are no alpha lines lying higher in energy, the low energy tailsfrom DSSD-B do not ontaminate the spetra. A γγ-matrix was onstruted usingthe same onditions for oinidene analysis.As the 7/2− state alpha-deay peaks are somewhat ontaminated by the deays of
194At and 196At, a lean gamma-ray spetrum was obtained by using alpha-alphaorrelations. A prompt gamma-ray spetrum, tagged with the deay events omprisinggroups three, four, seven and eight in the αα-matrix, is presented in panel (b) of the�gure 5.13. It was used to on�rm the assignments of the gamma rays to 195At. Thegamma rays that ould be assoiated with 195At with on�dene are presented in table5.2. The level sheme of 195At an be seen in �gure 5.14.



5.1 195At 79Table 5.2: Measured transition energies, gamma ray intensities normalized to that of the 281 keVtransition and spins and parities of the initial and �nal states.E γ (keV) I γ (%) Ei (keV) I πi I πf119.2(5) 10(3) 119 1/2+149.9(7) 14(7)175.2(5) 7(3) 294 (5/2+)235.1(4) 35(9) ∆ + 516 17/2+ 15/2+250.8(7) 25(9) ∆ + 1056 21/2+ 19/2+281.2(2) 100(15) ∆ + 281 15/2+ 13/2+288.4(4) 36(10) ∆ + 805 19/2+ 17/2+302.8(3) 58(12)307.5(7) 17(9)312.3(9) 19(12)315.5(15) 12(10) ∆ + 1372 23/2+ 21/2+355.2(7) 12(5) 650 (9/2+)416.2(6) 35(12)420.6(5) 43(12)434.4(5) 40(12)438.6(6) 34(12) ∆ + 720 (19/2+) 15/2+476.2(7) 25(11)496.1(6) 28(8)499.1(8) 28(8)517.1(6) 33(13) ∆ + 516 17/2+ 13/2+522.4(6) 29(11) ∆ + 805 19/2+ 15/2+541.0(5) 34(11) ∆ + 1056 21/2+ 17/2+566.5(8) 39(19) ∆ + 1372 23/2+ 19/2+569.9(8) 37(16)579.4(8) 21(12) ∆ + 1635 25/2+ 21/2+605.1(11) 17(12)615.1(9) 19(12)629.2(5) 34(12)
The onentration of peaks in two groups below 300 keV and above 500 keV hints atthe existene of a strongly oupled rotational band. Therefore the 281 keV gamma line,having the largest intensity by a onsiderable margin, an quite on�dently be plaedto feed the 13/2+ state. A gamma-ray spetrum gated with the 281 keV transitionan be seen in panel (a) of �gure 5.12. The spetrum shows a lear oinidene with



80 Spetrosopy of astatine isotopesthe 235 keV gamma ray, whih is a andidate to preeed the 281 keV transition dueto its high intensity. Furthermore, the sum energy of the two gamma rays is 516.3(6)keV, whih mathes the observed gamma ray at 517.1(6) keV. This gamma ray is notin oinidene with either of the 281 keV or 235 keV transitions. These argumentsallow the assignment of the 516 keV gamma ray as an E2 transition from a 17/2+state to the 13/2+ bandhead in the favoured signature rotational band. The 281 keVgamma ray is then an interband M1 transition from the unfavoured signature bandto the 13/2+ state. The 439 keV gamma ray appears in oinidene with the 281 keVtransition only, whih is why it is therefore plaed to feed the 15/2+ state.Summing the gates on the 281 keV and 235 keV transitions yields the spetrum pre-sented in panel (b) of �gure 5.12. Among other lines, it reveals further oinidentgamma rays at 251 keV and 288 keV. Only the latter has an energy sum with the 235keV gamma ray, 523.5(6) keV, mathing reasonably well the observed gamma ray at522.4(6) keV. This gamma ray is weakly visible in the spetrum gated with the 281keV transition, as an be seen in �gure 5.12, but is not observed when gating with the235 keV and 288 keV transitions. This allows the 522 keV gamma ray be identi�edas the lowest E2 in the unfavoured signature band. The sum energy of the 288 keVand 251 keV gamma rays is 539.2(9) keV. The observed gamma ray at 541.0(5) keVis lose but not quite within the error margins. The energies still math within twostandard deviations. Therefore, the 541 keV gamma ray is assigned to be the 21/2+to 17/2+ E2 transition. There are other possible gamma rays with energy sums withthe 288 keV transition mathing observed energies, but the 251 keV gamma ray is theonly one appearing in the oinidene spetra. Therefore it will be plaed preeedingthe 288 keV transition.Summing the gates of all transitions plaed in the level sheme so far produes thespetrum of panel () in �gure 5.12. It reveals immediately a number of new oinidentpeaks, most notably two higher energy transitions at 566 keV and 579 keV. Gatingon these two then produes the spetrum of panel (d) in the �gure. The preseneof the 281 keV and 235 keV peaks in the spetrum adds on�dene to the 566 keVand 579 keV gamma rays belonging to the same rotational band. The absene of the541 keV gamma ray from the gated spetrum is most likely due to the low statistis.The gamma ray at 316 keV has an energy sum with the 251 keV, 566(2) keV, whihmathes the observed value of 566.5(8) keV. This allows the plaement of the 316 keVgamma ray preeeding the 251 keV one in the level sheme. The 579 keV transition isthen plaed in parallel with it. This is further supported by the fat that the eventsat 251 keV appear only in oinidene with the 579 keV gamma ray, not the 566 keVone.The remaining peaks that appear both in the oinidene spetrum of panel () in�gure 5.12 and the total alpha-alpha gated gamma spetrum are 193 keV, 620 keVand 689 keV. They appear to be in oinidene with members of the 13/2+ band,



5.1 195At 81but their plaement in the level sheme ould not be dedued. The statistis weretoo low for an angular distribution analysis, exept for the 281 keV transition. Theexperimental value was Rexp =0.9(3), whih is onsistent with the alulated valuefor a pure 15/2 → 13/2 M1 transition, Rtheor = 0.67. The theoretial value for a 17/2
→ 13/2 E2 transition is 1.73. The theoretial values were alulated using data fromreferene [Yam67℄.5.1.4 Non-yrast statesThe transitions in �gure 5.11 not appearing in oinidene with those assigned to theyrast band presumably feed the 7/2− state at 32 keV. Based on its high intensitythe 303 keV gamma ray is a strong andidate to either diretly feed the 7/2− stateor feed the 9/2− state and be followed by a highly onverted low energy transition.The large number of possible energy sums and transitions with similar intensitiesmake it possible to onstrut many senarios. With the present statistis, whih areinsu�ient for oinidene analysis, none of the options an be hosen over the otherswith a reasonable level of on�dene. Therefore, the lari�ation of the level orderingabove the 7/2− state has to be left for the future. However, in addition to the 303 keVtransition at least the gamma rays with energies 416, 421, 434, 496 and 499 keV aregood andidates to be plaed to feed the 7/2− state. It should also be noted that nooinidenes with the yrast band members were observed when gating with the abovementioned transitions.A gamma-ray spetrum tagged with the 1/2+ ground state alpha deays of 195At ispresented in �gure 5.13. The number of deteted alpha partiles was ∼ 2000, hene thegamma ray spetrum has very low statistis. Furthermore, as there is a onsiderableE3 gamma deay branh from the 7/2− state at 32 keV to the 1/2+ state, the strongesttransitions feeding the 13/2+ and 7/2− states are also present in the spetrum. Alsopresent are gamma rays from 197At as the 9/2− ground state alpha deay energy 6957keV overlaps vith the 195At 1/2+ deay. The remaining gamma rays are then assignedto feed the 1/2+ ground state. The proposed level struture is based on energy sumand intensity arguments.The presene of gamma rays feeding the 13/2+ and 7/2− states in the 1/2+ alphatagged spetrum present a possibility to on�rm the magnitude of the E3 branhbetween the 7/2− and 1/2+ states. The relative intensities of these peaks an be usedto dedue the E3 branhing ratio bE3. The result is bE3 = 13(6) %, whih is in verygood agreement with the result obtained from the reoil-alpha time distribution: 12(4)% (see setion 5.1.1).
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84 Spetrosopy of astatine isotopes5.2 Odd-odd isotopes 194At and 196AtThe odd-odd astatine isotopes 194,196At have been studied previously in Jyväskylä inthe thesis work of T. Enqvist, [Enq96℄. An isomeri state was identi�ed in196At bySmith et al. [Smi00℄. The deay shemes based on these referenes are presented in�gure 5.15. They are intended to failitate the following disussion.5.2.1 194AtFour alpha deay energies were assigned to 194At in the previous study [Enq96℄:7089(6) keV, 7154(5) keV, 7190(5) keV and 7265(6) keV. A ommon half-life wasdetermined to be 296+19
−16 ms. It was proposed that the 7089 keV and 7154 keV alphadeays originate from a 10− state in 194At. The 7154 keV deay was assigned to di-retly feed the orresponding 10− state in the daughter nuleus, 190Bi, and the 7089keV deay would go to an unknown exited state lying at about 165 keV. The 7190keV and 7265 keV deays were assigned to the deay of a 3+ state in 194At, the 7265keV deaying diretly to the 3+ state in 190Bi and the 7190 keV deay feeding anexited state lying at 76 keV. In the same experiment a 76.4(3) keV gamma ray wasfound to follow the 194At alpha deays, but it appeared to be in oinidene with awide alpha partile energy distribution. Therefore its plaement in the deay shemeould not be determined.In panel (a) of �gure 5.16 the (mother alpha, daughter alpha) pairs assigned to thedeay of 194At from the urrent work are presented. The events in whih a 70 keV - 80keV gamma ray follows the mother deay within 10 µs are depited using �lled irles.As the daughter alpha-partile energies are very lose to eah other (6431 keV and6456 keV), the events in the alpha-alpha matrix end up in two partially overlappinggroups. These are approximately outlined by the boxes indiating the deay of thehigh-spin and low-spin states in 194At.Panel (b) is the x-projetion of the data displayed in panel (a), i.e. the mother alphadeays. It shows an irregular distribution of alpha deays where it is di�ult to disernany learly de�ned peaks, although one appears to lie between 7150 keV and 7200keV. Panel () is the y-projetion (daughter deays) from the data of panel (a). Thetwo overlapping alpha-partile energies (6431 keV and 6456 keV) are highlighted byapproximately dividing the data to high- and low-spin parts aording to their motheralpha-partile energies. The high-spin part is displayed with the dotted line and thelow-spin part with the dashed line. The orresponding daughter alpha-partile energiesare 6450(5) keV (high spin) and 6427(5) keV (low spin).Panels (d) and (e) show the x-projetions of the events inside the boxes outlined in
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Figure 5.15: Deay shemes for 194At (top) and 196At (bottom), based on the previous worksreported in [Dup91℄, [Enq96℄ and [Smi00℄.



86 Spetrosopy of astatine isotopespanel (a). The most prominent peak in the high-spin part orresponds to an alpha-partile energy 7157(5) keV. In the low-spin part the largest peak has an energy of7177(5) keV.A gamma-ray spetrum onsisting of events observed within 10 µs following the 194Atalpha deays is presented in panel (f) of �gure 5.16. The previously observed 76keV gamma ray is the only peak visible in the spetrum. The energy of the peakfrom the present data is 76.7(3) keV. A question arises whether the observed peakonsists of gamma rays or K-shell X-rays. The X-ray energies in bismuth are 77.11keV (Kα1), 74.82 keV (Kα2) and ∼87 keV - 90 keV for the Kβ lines. The intensity ratiois I(Kβ)/I(Kα) = 0.29. The observed peak energy lies between the literature valuesquoted above. Furthermore, as there are 43 events in the peak, one would expetabout 12 Kβ events between 87 keV and 90 keV. As there are only 3 events between85 keV and 90 keV, it seems that at least ∼70 % of the ounts in the 76 keV peak aregamma-ray events and not K X-rays following a highly onverted transition.From panel (a) �gure 5.16 it is apparent that there are two distint groups thatappear in oinidene with gamma rays between 70 keV and 80 keV. The motherand daughter alpha partile energies assoiated with these groups are EM = 7086(10)keV and ED = 6460(8) keV for group A and EM = 7174(5) keV and ED = 6428(3)keV for group B. The daughter deay energies are in very good agreement with thepublished values ED = 6456(5) keV and ED = 6431(5) keV for the 10− and 3+ statesin 190Bi [And03a℄. The measured half-lives for both groups, t1/2,A = 4.4+5.4
−1.6 s and

t1/2,B = 4.9+2.0
−1.1 s are also in agreement with the published values: t1/2 = 5.9(6) sand t1/2 = 5.7(8) s for the 10− and 3+ states, respetively. The gamma rays in bothgroups are essentially prompt, i.e. the time intervals between the alpha deays andthe observation of the gamma rays are of the order of tens of nanoseonds.Obviously, whatever other transitions in 190Bi follow these deays they must be inter-nally onverted to suh a degree that no gamma rays are observed. This introduesanother problem, namely the summing of the signals from the alpha partile and theonversion eletron in the implantation detetor. If the half life of the deaying stateis of the order few miroseonds or less, the eletronis annot distinguish betweenthe orresponding signals from eah other. Conversion from K, L, M,... shells ausetheir own sum peaks in the spetrum, the peaks from M, N,... onversion overlappingwith the L onversion peak. As an added ompliation the eletrons that esape fromthe implantation detetor ause a ontinous distribution between the bare alpha peak(where gamma-ray emission has followed the alpha deay) and the alpha + full energyeletron peak. The shape of this distribution depends on the energy of the eletronsand the implantation depth, whih of ourse depends on the details of the experimen-tal setup and the reation used. The phenomenon is disussed in referenes [Hess06℄and [The08℄. However, as is readily apparent from �gure 5.16, the statistis makesunambiguous resolving the alpha and alpha+eletron peaks impossible. The lak of
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Figure 5.16: Panel (a) shows the portion of the alpha-alpha matrix around group 5 in �gure 5.4. The�lled irles orrespond to events where the mother alpha deay is followed by a oinident gammaray with energy between 70 keV and 80 keV. The group is divided to two parts: one assoiated withthe deay of the high-spin isomer (10−) and one with the low-spin isomer (3+). The total projetionsof the events in panel (a) to the x- and y-axix an be seen in panels (b) and (), respetively. The x-projetions of the events in the slies marked with retangles in panel (a) are presented in panels (d)and (e). Panel (f) shows the total gamma-ray spetrum of events following the mother alpha deaysassoiated with 194At. Both DSSDs were used in onstruting the spetrum to inrease statistis.The spetrum is gated with energy onditions 7000 < EM < 7350 keV and 6350 < ED < 6500 keVfor the mother and daughter deays, respetively.



88 Spetrosopy of astatine isotopesdistint peaks suggests that a large part of the events arise from alpha+eletron sumsignals.Deay of the low-spin isomer in 194AtThe gamma-ray events assoiated with the alpha deay of the low-spin state in 194Atallow one alpha-partile energy to be �xed at E = 7174(5) keV. This is based on the 12events displayed with the �lled irles in panel (a) of �gure 5.16. The total number ofevents with 7140 < EM < 7210 keV and 6410 < ED < 6450 keV is 65. Given this fat,the expeted number of 76 keV gamma rays deteted for di�erent multipolarities are13(4) for an E1, 3(2) for an M1 and less than 1 for an E2. Thus, an E1 multipolarityan be assigned to the transition. Curiously the group of events oinident with thegamma rays appears to overlap with both the low-spin and high-spin alpha deaygroups. This ould be an artefat of low statistis or indiate a gamma-deay branhfrom the 3+ state to the 10− state in the daughter nuleus 190Bi. The sum peak fromthe onversion eletrons appears at around 7240 keV. In �gure 5.16 there appearsanother peak at 7218(7) keV. This ould be another alpha line or originate in part orfully from eletron summing e�ets. There is no way to dedue the situation from thepresent data.Calulating the alpha-deay hindrane fators for any single peak in the spetra pre-sented in panels (d) and (e) of �gure 5.16 gives HF > 10. This means that, unlesssumming e�ets due to the onversion eletrons take away intensity from the peaks,there would be no unhindered alpha deays present in 194At. Obviously this shouldnot be the ase and thus it is evident that a large portion of the events assoiatedwith the alpha deay of 194At arise from alpha+eletron sum signals.The relative population of the high-spin and low-spin isomers an also be evaluated.Taking into aount the respetive beta-deay branhes for the daughter nulei the ra-tio between the population of the high-spin isomer to the total is N(high)/N(total) =
37(15) %.Deay of the high-spin isomer in 194AtThe three events displayed with the �lled irles visible in panel (a) of �gure 5.16and assoiated with the deay of the high-spin isomer in 194At have a gamma-rayenergy Eγ = 75(2) keV. If these were gamma rays and not X-rays, thus oinidingwith the full energy alpha peak, the multipolarity would again have to be E1 dueto the large number of observed gamma-ray events relative to the number of alphadeays. Another possibility would be K X-rays from a highly onverted transition. As



5.2 Odd-odd isotopes 194At and 196At 89the number of events is low, this is in agreement with the earlier onlusion that mostof the events in the gamma-ray peak in �gure 5.16 are not K X-rays. In the ase of analpha deay of 7050 keV followed by an M1 or E2 gamma ray with an energy in theregion of 100 keV, then K X-rays would appear at around 7080 keV as seen in �gure5.16. The onversion oe�ients are su�iently high for the atual gamma-ray peakto go unobserved. However, it is still impossible to explain unambiguously the shapeof the alpha spetrum in �gure 5.16.Various possible deay modes are disussed in hapter 6. A tentative deay shemededued from the present data is presented in �gure 5.19.Reent work regarding the alpha deay of 194AtVery reently an artile by Andreyev et al. was published that investigated the alphadeay of 194At in detail [And09℄. An extensive level sheme, identifying a total of eightalpha deay lines assigned to 194At. The deay sheme presented in that work an beseen in �gure 5.17. It ontains features similar to the ones presented in this thesis.The 7190 keV alpha-partile energy followed by the 76 keV gamma ray and a highlyonverted 45 keV transition is somewhat higher than what is observed in the presentwork. As mentioned earlier, from the present data the alpha-partile energy (inludingpossible eletron summing e�ets) assoiated with the 76 keV gamma ray is 7174(5)keV. Regarding the deay of the high-spin isomer, the two highest intensity alpha linesin �gure 5.17 are onsistent with the interpretation given in this thesis, albeit againwith slightly larger energies.5.2.2 196AtThe isotope 196At was produed in the 2n evaporation hannel of the 51V + 147Smreation. A total of 89 reoil - mother alpha - daughter alpha type events were olletedduring the experiment (group 6 in �gure 5.4). From these data the following alphadeay properties for 196At were determined: Eα = 7047(2) keV and t1/2 = 350(40) ms.These values are onsistent with the ones reported in [Smi00℄: Eα = 7048(5) keV and
t1/2 = 388(7) ms. For the alpha deay of the daughter nuleus, 192Bi, Eα = 6064(2)keV and t1/2 = 18(2) s were obtained. The alpha deay energy is onsistent with thedeay of the 3+ ground state of 192Bi, Eα = 6060(5) keV, but the observed half-lifeis notably shorter than the literature value 34.6(9) s. In summary it appears thatthe only alpha deaying state present in 196At is the low-spin 3+ state, unlike in theneighbouring isotopes 198,194At.An isomeri state deaying via a 157.9(1) keV E2 gamma ray was reported in [Smi00℄.



90 Spetrosopy of astatine isotopes

Figure 5.17: The proposed alpha-deay sheme of 194At, taken from [And09℄.The half-life for the transition was determined to be 7.6(1.4) µs. The energy andhalf-life dedued from the data of the present experiment are 157.5(9) keV and 4.0(7)
µs. The half-life, determined by a least squares �t of the exponential deay urveto the data, is somewhat shorter than the one previously reported. The time andenergy spetra are presented in �gure 5.18. Based on the number of observed 158 keVgamma rays, assuming an E2 multipolarity, the population of the high-spin isomeran be estimated to be N(high)/N(total) = 43(7) %, a very similar value to thatdedued for 194At.In addition to the 158 keV gamma ray and astatine K X-rays, a 64(1) keV gamma rayis observed in the spetrum. Based on the observed intensity of the 64 keV gamma ray,the multipolarity of the transition is likely to be M1, assuming that the same amountof the total feeding (ompared to the 158 keV transition) goes via the 64 keV transition.However, the half-life orresponding to the 64 keV transition is 11(3) µs, indiatingthat it possibly belongs to a di�erent asade than the 158 keV transition. Thereforethe plaement of this transition in the deay sheme annot be dedued reliably fromthe present data. Further disussion about the deay of 196At an be found in hapter6. The tentative deay sheme based on the present work is presented in �gure 5.19.
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6 Disussion
6.1 Superdeformation in 191BiThe observation of the two superdeformed rotational bands in 191Bi marks the �rsttime suh bands have been deteted from an alpha tagging experiment. Furthermorethe isotope 191Bi is by far the lightest bismuth isotope where the superdeformedminimum is observed (the seond lightest is urrently 195Bi). As desribed in hapter4 the two bands observed in 191Bi were determined to be omposed of E2 transitionsindiating the rotation of a deformed nuleus and ruling out the shears mehanismas a foundation of the bands. The exitation energies ould not be determined due tothe non-observation of SD to ND linking transitions. The spins of the superdeformedstates an be evaluated even in the absene of observable linking transitions to stateswith known spins. This is beause the energy equation for a rigid rotor (equation2.5) is quite sensitive at low spins. Level spin determination for superdeformed bandsis disussed in referenes [Wu92℄, [Be92℄ and [Wu97℄. Retaining only the �rst orderterms, equation 2.5 takes the form

E =
~

2

2J
[

I(I + 1) − K2 + a(−1)I+1/2(I + 1/2)δK,1/2

]

. (6.1)The gamma-ray energy E(I) − E(I − 2) solved from this an then be �tted to theobserved energies with di�erent assumptions for the spin of the lowest observed state.The orret spin values orrespond to the best �t. The goodness of the �t is evaluatedusing the root mean square deviation (equation 6.2). For example in [Wu92℄ values of
σrms . 0.002 were typially ahieved for good �ts.

σrms =

√

√

√

√

1n n
∑i=1

(

Eal
γ (Ii) − Eexp

γ (Ii)
Eexp

γ (Ii) )2 (6.2)Fits performed in this manner, assuming K 6= 1/2, indiated a spin of 11/2 and 9/2for the lowest observed levels in bands 1 and 2, respetively.Energies for superdeformed states in Au - Ra nulei have been alulated using the93
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6.1 Superdeformation in 191Bi 95is also not β2 driving, meaning that its energy inreases with inreasing deformation,see �gure 2.5. This leaves the 1/2[651℄ and 7/2[404℄ orbitals as the only viable hoies.If one assumes that the observed two bands are the favoured signatures of bands builton top of these states, it is only possible to get a reasonably good �t for one or theother of the two bands, but not for both. In fat, in order to ahieve a good �t to thetransition energies of band 1, a seond order term needs to be added to equation 6.1or the ab-formula has to be used. This points towards both bands originating from thesame orbital. Assuming the 7/2[404℄ orbital and �tting both bands simultaneously agood �t turns out to be unobtainable, even when using the seond order term. And�nally, the 7/2[404℄ orbital is also not β2 driving and no signature splitting is expeted.This leaves the 1/2[651℄ orbital as the �nal andidate. It is the only one of the orbitalsexhibiting signature splitting and thus resulting in a deoupled band struture. For a
K = 1/2 band a orretion term inluding the deoupling parameter a needs to beinluded, as indiated in equation 6.1. This term makes it possible to ahieve a good�t for both bands with the same �tting parameters. This allows the observed bandsto be assigned to originate from the 1/2[651℄ Nilsson level. As the two parametersin equation 6.1 are onneted to eah other, it is not possible to unambiguously �tboth of them. Therefore the deoupling parameter was evaluated �rst. By using avalue of ~

2/2J ≈ 5 keV, appropriate for a superdeformed nuleus in this mass region,it an be dedued that values for the deoupling parameter of a ∼ −1.6 result inreasonable desription for the observed transition energies. Fitting equation 6.1 withthe rotation parameter �xed at a value of ~
2/2J ≈ 5 yields di�erent values for thedeoupling parameter with di�erent spin assumptions. Again, the spins 11/2 and 9/2for the lowest observed levels in bands 1 and 2 are the only ones that produe valuesfor the deoupling parameter lose to the expeted value a ∼ −1.6. The value forthe rotation onstant ~

2/2J was then varied and the one produing the best �t wasdetermined. Finally both bands were �tted simultaneously using the same proedure.It turns out that this is the only ase where it was possible to obtain a satisfatory�t for both bands using the same �tting parameters, supporting the idea that theobserved bands are indeed the two signature parners originating from the 1/2[651℄orbital. The relevant parameters from the various �ts are olleted to table 6.1 foromparison.Furthermore, estimating the B(M1)/B(E2) ratios from the unfavoured band to thefavoured one using the Dönau-Frauendorf formula, equation 6.4, [Dön83℄ [Dön87℄,yields typial values of < 0.01 µN/e2b2. This is in aordane with the observationthat the two bands are not in oinidene with eah other, i.e. the interband M1transitions are very weak.A good parameter in omparing di�erent SD bands is the dynami moment of inertia
J (2) (equation 2.17), whih only depends on the transition energies. The kinematimoment of inertia J (1) (equation 2.16) often annot be used as the spins of the



96 DisussionTable 6.1: Comparison of �ts with di�erent funtions and on�guration assumptions for the twosuperdeformed bands. The funtions used were the rotor formula (equation 2.5) with and withoutthe [I(I + 1) − K2]2 term. For K = 1/2 the equation inludes the deoupling term. Also the
ab-formula (equation 2.8) was used.Band Con�guration Funtion σrms1 7/2[404℄ 1st order 0.02602 0.0060Both 0.02101 7/2[404℄ 2nd order 0.00342 0.0023Both 0.01951 7/2[404℄ ab 0.00322 0.0023Both 0.01941 1/2[651℄ 1st order 0.00372 0.0041Both 0.0092SD levels are not known. Panel (a) of �gure 6.2 gives a omparison of the dynamimoment of inertia between various SD bands observed in the A ∼ 190 region andthe two bands disovered in the present work. It an be seen that the bands followlosely the systemati trends of the other known SD bands in the region. Panel (b)shows the kinemati moment of inertia alulated for both bands in 191Bi based onthe level spin determination disussed above. Also, two examples in this mass regionwhere the spins of the SD bands have been determined aurately by observing theSD to ND linking transitions are shown for omparison. The slopes of the kinematimoment of inertia for the two SD bands observed in 191Bi di�er from the others shownin the �gure. This is due to the signature splitting. However, a �nite initial alignmentwill also a�et the slope of J (1). This is disussed for instane in referene [Sie04℄.In terms of the Harris parameters J0 and J1 the kinemati moment of inertia an bewritten as

J (1) = J0 + J1ω
2 + i/ω , (6.3)where i is the quasipartile alignment. However, it is not lear if this e�et on thekinemati moment of inertia an be separated from that of the signature splitting.Should there be a �nite initial alignment present, the validity of the spin determi-nation proedure ould be questioned. In the present ase the 1/2[651℄ on�gurationassignment for the SD bands is supported by the experimental observation that the



6.2 Normally deformed states in 191Bi and 195At 97bands are not strongly oupled.The transition intensities of the superdeformed bands are displayed in �gure 6.3. Typ-ially, the intensity pattern of a superdeformed band shows a sharp drop at the lowestobserved spins as the deay out of the SD minimum ours. This is not apparent from�gure 6.3, whih would indiate that most of the deay out ours below the lowestobserved level. The bandhead spins for bands 1 and 2 are 3/2 and 1/2, respetively,if they are indeed built on the 1/2[651℄ Nilsson orbital. The dropping intensities to-wards the high spin part of the bands are indiative of the bands beoming yrast. Thisis the region where the bands are populated in the heavy ion fusion reation. Thispopulating region seems to be quite large, possibly indiating the bands beomingyrast at relatively low spins. However, an experiment with improved statistis wouldbe needed to aurately assess the transition intensities.6.2 Normally deformed states in 191Bi and 195At6.2.1 Kinemati moments of inertiaThe kinemati moment of inertia o�ers a means to ompare the properties of di�erentrotational bands. The kinemati moment of inertia for known prolate rotational bandsis typially about 15 ~
2/MeV larger than for oblate bands (for typial deformationvalues), and this systemati behaviour an be used to distinguish between oblate andprolate deformation.The rotational bands in 191Bi and 195At from the present work are presented in �gure6.4. For omparison the kinemati moments of inertia for the orresponding bands in

193Bi and two known examples of prolate and oblate bands in neighbouring even-evennulei are also shown. It an be seen that broadly speaking the i13/2 band in 191Bi fol-lows the behaviour of the orresponding band in 193Bi, although its moment of inertiais slightly larger. Both of the i13/2 bands lie between the oblate and prolate regions,whih indiates inreasing oblate deformation. As reported in referene [Hür04a℄ thei13/2 bands in 187,189Bi are observed to be deoupled indiating prolate deformation.The h9/2 bands in 191,193Bi lie loser to the known oblate bands, again the momentof inertia being slightly larger for 191Bi than 193Bi. Both the i13/2 and h9/2 bands in
191Bi show evidene of a band rossing due to the alignment of a neutron pair in thei13/2 orbital. The moment of inertia of the i13/2 band in 195At is larger than those ob-served in 191,193Bi, atually lying higher than the two prolate bands inluded in �gure6.4. This is onsistent with the TRS alulations presented in [And08℄, prediting arelatively large deformation for the i13/2 on�guration.
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6.2 Normally deformed states in 191Bi and 195At 1016.2.2 Comparisons of aligned angular momentaThe aligned angular momentum, equation 2.13, measures the ontribution of thequasipartile(s) to the total angular momentum. The known oblate band in 192Powas hosen as the rotating referene. The resulting values for the Harris parameterswere J0 = 11.7 ~
2/MeV and J1 = 261.4 ~

4/MeV3.Panel (a) of �gure 6.5 ontains the aligned angular momenta for the i13/2 bands (bothsignatures) observed in 191Bi and 195At from this work. The orresponding band in
193Bi is also inluded for omparison. The bands in both Bi isotopes show a roughlysimilar behaviour, with the lower values for ix ourring in 193Bi. This is onsistentwith a somewhat lower deformation for 191Bi. The alignment gain of about 11 ~ for
193Bi visible in panel (a) of �gure 6.5 was interpreted as being aused by the alignmentof an i13/2 neutron pair in referene [Nie04℄. A similar behaviour is now observed in
191Bi, for the same reason. The i13/2 band in 195At has slightly larger values for thealigned angular momentum, onsistent with a slightly larger deformation. In the aseof 195At the urrent data does not extend to the rotational frequenies where thebakbending ours in bismuth nulei.Panel (b) of the �gure presents the alogned angular momentum for the negativeparity bands in 191,193Bi. Again their behaviour is roughly similar, with both showingevidene of a band rossing similarly to the i13/2 bands. The on�rmation of this wouldrequire the observation of the bands to higher spins than reahed in the present work.Panel () of �gure 6.5 show the aligned angular momentum for bands 3 and 4 in
191Bi ompared to those alulated for the bands feeding the 1/2+ state in 189Bi, astentatively reported in referene [Hür04b℄. The values for 191Bi are smaller, indiatinga smaller deformation.6.2.3 B(M1)/B(E2) ratiosSome insight into the single-partile orbital on whih a strongly oupled band is basedan be ahieved by examining the ratios of transition probabilities of the ompetingM1 and E2 transitions. These an be estimated theoretially by a geometrial modeldeveloped by Dönau and Frauendorf [Dön83℄ [Dön87℄. The formula is
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(gn − gR)in] . (6.4)The parameter γ is de�ned by the Lund onvention (see Chapter 2) and Ωn, gn and inrefer to the Ω, g-fator and aligned angular momentum of the quasipartiles involvedin the alulation with n=1 denoting the partile ausing the signature splitting. Therotational g-fator an be approximated by gR ≈ Z/A. The sign of the signaturesplitting term ∆e′/(~ω) is positive for transitions from the unfavoured signature tothe favoured one and negative for the other way around. The single-partile g-fatorsan be alulated from
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(0.6gfrees − gl) , (6.5)where the plus sign is for orbitals with j = l + 1/2 and minus sign for j = l − 1/2.The orbital and spin g-fators for protons and neutrons are

gl = 1, gfrees = 5.5856 (protons)
gl = 0, gfrees = −3.8262 (neutrons) .Finally, the intrinsi quadrupole moment for rotational quadrupoloid is related to thedeformation parameter β2 by

Q0 ≈ 0.757ZR2β(1 + 0.36β) , (6.6)where R ≈ 1.275A1/3 fm.To extrat the B(M1)/B(E2) ratio from the experimental data the following equationis used
B(M1)
B(E2) = 0.697

E5
γ(E2)Iγ(M1)

E3
γ(M1)Iγ(E2)(1 + δ2)

. (6.7)



104 DisussionThe E2/M1 mixing ratio δ is zero for the I = 1 transitions, as they are assumed tobe pure M1 transitions.The experimental and alulated B(M1)/B(E2) ratios for some rotational bands ob-served in 189,191Bi and 195At are presented in �gure 6.6. The positive and negativeparity bands feeding the 9/2− ground states in 191,193Bi were analyzed in the mannerexplained above in [Nie04℄ and the results supported the on�guration assignmentsi13/2 and mixed f7/2/h9/2. The observation of the unfavoured signature band feedingthe 1/2+ intruder state makes it possible to perform the analysis for the s1/2 bandas well. The M1 transitions are observed only from the unfavoured to the favouredband with the possible exeption of the tentative 5/2+ to 3/2+ transition due to thesignature splitting. This seems to be the ase also in 189Bi, as reported in [Hür04b℄.The experimental and alulated B(M1)/B(E2) values for the i13/2 band in 191Bi arein good aordane. The experimental values reported for this band in the earlier work[Nie04℄ lie somewhat lower than the alulated ones. A triaxial shape was introduedas a possible explanation. With the improved statistis of the present work the ex-perimental values seem to be larger than previously reported and a good agreementwith theoretial preditions is reahed. This does not exlude the possibility of someaxial asymmetry but in light of the present data it is not needed in desribing theyrast band of 191Bi. The orresponding band in 195At exhibits smaller B(M1)/B(E2)values. An agreement between alulations and the experimental data an be reahedby inreasing the deformation to β2 ∼ −0.3, as has been done in �gure 6.6. This is al-ready atypially large deformation for oblate bands in this mass region. Alternativelythe triaxial shape mentioned above an be used to explain the small B(M1)/B(E2)values, as it tends to derease the e�etive value of K.The data for the h9/2 bands in 191,193Bi showed B(M1)/B(E2) values lose to 1
µN/e2b2. To produe these theoretially a mixed f7/2/h9/2 harater for the bandswas neessary to be assumed, as the values for a pure h9/2 on�guration yielded toolow values. The g-fator for the mixed on�guration was taken to be g1 = 1.16 andthe same value was used in the present work. The mixed nature of the 7/2[514℄ Nils-son orbital has also been proposed to be the ause of the observed large 11− → 8+transition probabilities in 190,192Pb [Dra01℄. This mixing is also very evident from theNilsson diagram, �gure 2.5.The B(M1)/B(E2) values for the s1/2 bands in 189,191Bi are an order of magnitudesmaller than those observed for the other bands disussed above, as expeted for ans1/2 on�guration. The alulated values in �gure 6.6 inlude the signature dependentterm in equation 6.4, mainly to illustrate its e�et. The other bands disussed abovewere alulated at the strong oupling limit (∆e′ = 0). The values for 191Bi and 189Biare very similar and the alulations agree very well with the experiment.
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Figure 6.6: Experimental and alulated B(M1)/B(E2) ratios for the i13/2 (a), h9/2 (b) and s1/2() bands in 191Bi and 195At. The tentative experimental values for the s1/2 band in 189Bi are alsoprovided for omparison. The parameter values used for the alulated values are inluded in table6.2. The alulations for the i13/2 and h9/2 bands were alulated at the limit of strong oupling (i.e.
∆e′ = 0), whereas the signature splitting term was inluded in the alulation for the s1/2 band in
191Bi, mainly just to illustrate its e�et.



106 DisussionTable 6.2: Values of the various parameters that were used to alulate the theoretial B(M1)/B(E2)estimates in �gure 6.6.
191Bi i13/2

195At i13/2
191Bi h9/2

191Bi s1/2

β2 (eb) -0.23 -0.30 -0.18 0.25
K 13/2 13/2 7/2 1/2
i1 1/2 1/2 1/2 1/2
g1 1.18 1.18 1.16 3.35

∆e′ (MeV) 0 0 0 -0.046.3 Deay spetrosopy of 194,196AtAs explained in hapter 5 only one alpha deay line was observed in 196At, onsistentwith a deay from the 3+ state to the orresponding state in 192Bi. This is in ontrastto the heighbouring odd-odd astatine isotopes, where alpha deays from both low-spin(3+) and high-spin (10−, 7+) states our. In order to understand this behaviour thethe energies of some low-lying states in odd-odd astatine isotopes were estimated.The odd proton and neutron ouple their angular momenta to form a multiplet ofstates with spins |Ip − In| ≤ I ≤ Ip + In. This oupling of angular momenta in odd-odd nulei was �rst studied by Nordheim [Nor50℄. Further oupling rules were laterintrodued by Gallagher and Moszkowski in referene [Gal58℄. One of the rules statesthat for a nuleus with proton (neutron) outside a losed shell and a neutron (proton)hole in a shell the lowest member of the multiplet has a spin I = jp + jn − 1. Amore general method for determining the lowest multiplet member is the parabolirule given in referene [Paa79℄. A simple way to estimate this energy is to obtainthe exitation energies of the relevant proton and neutron orbitals from neighbouringodd-even and even-odd nulei and adding them together. Figure 6.7 shows the resultsof suh analysis. The proton and neutron single-partile energies were obtained fromthe neighbouring Po and Rn nulei, respetively. The energy of the oupled proton-neutron system was then omputed using both lighter and heavier neighbours and anaverage value taken for then odd-odd nuleus. If su�ient data did not exist for both(N-1,Z-1) and (N+1,Z+1) nulei, whihever value was possible to extrat was taken asa substitute for the average. When viewing �gure 6.7 it must also be remembered thatonly the lowest member of eah multiplet is shown. The atual level density is thushigher than might be thought from the �gure. Also some of the proton and neutronlevel energies were obtained from level systematis rather than atual experimentaldata with orresponding large unertainties. As a result the error bars for some of thedata points an range up to ±100 keV. Considering the rudeness of the estimatesand in the interests of larity these are not inluded in the �gure. Experimental datain the odd-odd astatine nulei are sare, but energies for some of the states an be



6.3 Deay spetrosopy of 194,196At 107found in the literature and are inluded in the �gure for omparison. They reveal asurprisingly good agreement with the estimated energies. Even in the ases where theagreement is not the best, the disrepanies are only of the order of 100 keV. Themost obvious feature, whih is apparent in the �gure, is the inreasing level density inthe lighter isotopes. With the addition of other members of eah multiplet the densityinreases further and as a onsequene the energies of gamma-ray transitions betweenexited states are likely to be low. This is also supported by the non-observation ofstrong gamma-ray transitions preeeding the alpha deays.In 196At the ground state is expeted to have a spin-parity of 3+, with a 2− statelying very lose. The 10− state observed to alpha deay in 198At is predited to risein energy in 196At. Therein lies the possible explanation to the non-observation of thealpha deay from this state. As an be seen from �gure 6.7 the (π2f7/2 ⊗ ν1i13/2)9−state is expeted to be below the 10− state. This together with the two possible 7+states and the lower spin levels displayed in the �gure provide a gamma-deay pathwith fast ∆I ≤ 2 transitions with whih the alpha deay annot ompete. Additionallythe strongly downsloping (π1i13/2 ⊗ ν2f5/2)9− state is also expeted to appear belowthe 10− level. Thus the only alpha deaying state in 196At would be the (π1h9/2 ⊗
ν3p3/2)3+ state, whih is strongly supported by the experimental data. The 158 keV E2gamma ray observed to preeed the alpha deay ould perhaps arise from the 7+ →
5+ transition, its half-life being determined by the preeeding slower 9− → 7+ M2transition. The observed half-life for the 158 keV transition, 4.0(7) µs is onsistent withthe Weisskopf estimate for a ∼50 keV M2 transition, whih would remain unobservedin the present experiment.In 194At the ground state does not neessarily have a spin-parity of 3+ anymore, al-though the same three low-spin states as in 196At are expeted to lie low in energy.The 10− state is expeted to lie even higher in energy than the one in 196At and wouldnot alpha deay for the same reasons. The observation of an alpha deay feeding ahigh-spin state in 190Bi therefore has to involve another on�guration. As an be seenfrom the �gure 6.7 there are two andidates below 150 keV: the (π1i13/2 ⊗ ν3p3/2)8−and (π1i13/2 ⊗ ν2f7/2)9− levels. Either of these ould be the lowest within the uner-tainties. In any ase a gamma transition to the 5+ state annot ompete with thealpha deay feeding the orresponding on�guration in 190Bi. Based on �gure 6.7 thealpha deaying low-spin state in 194At is the 2− state. The 76 keV E1 gamma rayobserved to follow the alpha deay would then naturally be explained by a 2− → 3+transition in 190Bi. Also the alpha deay of 192At has been observed not to feed diretlythe 3+ and 10− states in the daughter nuleus 188Bi, as reported in [And06℄.
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Figure 6.7: Estimated level energies for the expeted lowest members of some proton-neutron mul-tiplets ourring in odd-odd astatine isotopes. The method by whih the energies were omputed isexplained in the text. An enlargement of the area interesting for the present work is displayed in topright. The on�gurations and the expeted spin-parities for the states are also shown. Data takenfrom the relevant Nulear Data Sheets: [Ah06℄, [Zho94℄, [Xia05℄, [Sin07℄, [Kon07℄, [Kon05℄, [Kon04℄and [Mar93℄.



7 Summary and future perspetivesThe neutron de�ient isotopes 191Bi and 194,195,196At have been investigated by meansof in-beam and deay spetrosopy. The experiments utilized the JUROGAM Ge-detetor array oupled with the reoil separator RITU and foal plane spetrometerGREAT and employed the powerful tehnique of reoil-deay tagging.The study of 191Bi on�rmed and extended the previous level sheme and revealedtwo previously unobserved superdeformed bands. 191Bi is the lightest bismuth isotopeby far in whih a stable superdeformed minimum has been observed so far. In 195Atprompt gamma rays feeding the i13/2 isomeri state were deteted for the �rst time.The level struture indiated strong oupling of the valene proton to the ore, asis the ase in 191Bi also. A detailed deay spetrosopi study was undertaken tostudy the odd-odd astatine isotopes 194,196At. Low statistis made this hallenging,but nevertheless it was possible to draw some onlusions for the deay paths of boththese isotopes.Some open questions remain. In 191Bi a number of weak gamma-ray transitions feedingthe 1/2+ inruder state ould not be plaed into the level sheme. It appears that thelevel strutures above the 1/2+ state are espeially omplex in 191Bi whih lies in atransitional region between predominantly oblate and prolate deformations. It wouldbe important to be able to detet the linking transitions between the superdeformedand normally deformed states, but this is an enormous experimental hallenge. Thedeay out pattern between the observed SD bands and the alpha deaying 1/2+ and
9/2− states ould not be determined aurately. Doing this would require reoil gateddata set with su�ient statistis to analyze higher gamma-ray multipliities, whihwas not ahieved in the present experiment. Also there is a possibility of heretoforeunobserved superdeformed bands.In 195At the level struture diretly feeding the alpha deaying 7/2− state is stillunknown due to insu�ient statistis for γγ-oinidene analysis. However, it wasapparent that the struture will be di�erent to that observed in 191Bi, due to thedi�erent gamma-ray energies. This is in ontrast to the ase of the i13/2 bands, whihare roughly similar. Also the feeding of the 1/2+ ground state in 195At ould not bedetermined with muh on�dene due to the very limited statistis.In the odd-odd At isotopes the alpha deays are ompliated by the oinident highlyonverted transitions in the daughter nulei and the resultant onversion eletron109



110 Summary and future perspetivessumming in the Si-detetor. Muh improved statistis would be required to assess thisproblem, and observation of low-energy gamma rays will be needed to be able to �xthe exitation energies of at least some of the levels fed in the deays. It should benoted that the results reported here ame from an experiment not optimized for deaystudies. The reation was hosen to produe 195At and beam urrent was limited toserve the needs of in-beam spetrosopy. A deay study with improved statistis istherefore feasible. Also the prompt gamma rays feeding the light odd-odd At isotopeshave not been experimentally studied so far.The JUROGAM II spetrometer whih employs Clover Ge-detetros has been om-missioned in Jyväskylä and is urrently operating in onjuntion with RITU andGREAT. Digital eletronis have been suesfully tested with the Ge-detetors toallow for inreased ounting rates and thus relieve the beam urrent limitations forin-beam experiments. A proposal has already been made by the author of this thesisto employ the setup to study superdeformation and other open questions in 193Bi. Thefuture implementation of the SAGE in-beam eletron spetrometer and LISA hargedpartile detetor for evaporation hannel seletion will further inrease the seletivepower of the system. With regard to the odd-odd isotopes SAGE ould be useful asonverted prompt transitions and magneti rotation are likely to be present.
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