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Chapter 1IntroductionNuclei in the A�60-80 mass region display a rich variety of complex phenomena,which are a challenging testing ground for our understanding of transitional nuclei.The investigated As and Ge nuclei lie between closed shells, they contain 4-5 valenceprotons and 5-10 valence neutrons. The large number of the valence nucleons cangive rise to deformation of these nuclei [1], which can be described in the frameworkof the liquid drop model. Addition of a proton or neutron to the even-even corecan result in further deformation via polarization. The relatively large values of thequadrupole moments (Q2+1�0.8-0.9 eb) of even-even Ge nuclei suggest the presenceof deformation in this mass region. Recently, several experiments have been carriedout to reveal the structure of these nuclei. In the case of even-even Ge isotopesband structures were found [2]. Further experimental investigations in this massregion evidenced the coexistence of oblate and prolate deformed states with rapidtransitions between them [3, 4]. The existencee of similar structural features canalso be expected in light Ge and As nuclei according to the predictions of EXCITEDVAMPIR calculations [5, 6].On the other hand, from the shell model point of view the nuclei in the A�60-80 mass region are not expected to have pronounced deformation, as most of thevalence orbits (2p1=2; 2p3=2; 1f5=2) have short radii and therefore deformation drivingquadrupole force is weak. Thus, the nucleons on these orbits can only weakly polarizethe core and no strong directional correlation between protons and neutrons willdevelope in these nuclei. This idea is supported by the fact that in even-even Geisotopes the energy of the 2+1 state is �1 MeV, which is high, compared to similarvalues of deformed nuclei. In addition, the band structures of the even-even Genuclei show quasivibrational characteristics, with high phonon energies.These interesting double features of the nuclei with A�60-80 mass number re
ect5



Chapter 1. Introduction 6the competition between the collective and single-particle degrees of freedom in thesenuclei. The interacting boson [7, 8], interacting boson-fermion [9, 10] and interactingboson-fermion-fermion models [11] are capable of treating a large variety of even-even, odd and odd-odd nuclei. Their special strength is in description of nuclei lyingin transitional regions. They are expected to give good results also for the Ge{Asregion. That is why we have chosen them for the description of the structure ofnuclei investigated in this project.It is worth mentioning that in the Ga-Se region occurence of the SU(5) limit ofthe U(6/12) supersymmetry is predicted, but the discussion of this question is outof range of the present study.In order to study the above phenomena, including the supersymmetry, a programwas started at the nuclear spectroscopy group of the Institute of Nuclear Research(ATOMKI) in Debrecen. The aim of the program was the investigation of the struc-ture of As and Ga nuclei. The experimental work was motivated by the fact, thatthe level schemes of the investigated nuclei were known very scantily. In addition,the new, consistent data obtained in this project can also be employed in the other�elds of nuclear physics, e.g. nuclear astrophysics, studies of nuclear reactions. Thebeams of the Debrecen isochronous cyclotron enabled excitation both of particle andcollective states and the selective production of the desired nucleus, as well as thelow background radiations made easier the identi�cation of the 
 rays. The highresolution, high e�ciency Ge(HP) detectors and unique superconducting magneticelectron spectrometer, constructed in the ATOMKI, assured good possibility forcomplex 
- and electron-spectroscopic in-beam studies.The nuclei, investigated in the framework of this program, are shown in Fig.1.1. The Ga nuclei were studied by J. Tim�ar et al. [12, 13, 14, 15], the 70;74;76Asnuclei by Zs. Podoly�ak et al. [16], A. Algora et al. [17] and Z. G�acsi et al. [18],respectively. As a part of this project I have investigated the structure of 68;72;73Asand 65Ge. The 72;73As nuclei were studied in Debrecen via (p; n
) reaction, whilethe 68As and 65Ge lying further from the line of stability were investigated via the12C(58Ni,xpyn) reaction at Ris�, Denmark with the NORDBALL setup on the basisof the collaboration with the Royal Institute of Technology, Stockholm. A part of
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Figure 1.1: Nuclei, investigated in the program at the nuclear spectroscopy groupof the ATOMKI, are indicated in thin, solid frames. Nuclei, studied by me in thisproject, are marked with thick frames. Sign of isotope in dotted frame: theoreticalcalculations, Z: atomic, N: neutron numbers, underlining with a thick line: stablenucleus.the data analysis was performed at Stockholm. The analysis of 

-coincidence datafor 73As was carried out by Zs. Podoly�ak.In the present dissertation I give account on the experimental techniques andmethods employed in chapter II. Chapters III and IV contain the results obtainedin Debrecen for 72As and 73As, respectively. Chapters V and VI are devoted to thedescription of the results obtained on 68As and 65Ge in the NORDBALL experiment.The summary of the results is presented in chapter VII.



Chapter 2Experimental techniques and methods2.1 The Debrecen setupIn the present section I give a detailed overview of the circumstances of the measure-ments, the experimental setups and the evaluation techniques of the 
-ray spectrafrom the 72;73As experiments.I studied both 72As and 73As nuclei via (p,n
) reaction using in-beam 
- andelectron-spectroscopic methods with a special emphasis on the determination ofspins and parities of the levels. One of the most important features of the (p,n)reaction is that the angular momentum transferred to the bombarded nucleus issmall. Since the spin and parity value of the ground state of the even-even 72Ge is0+ [19], only the low-spin states up to I=6 spin value were excited in 72As nucleus.The spin-parity of the ground state of 73Ge is 9/2+ [20], therefore the states of 73Aswere populated in the spin-window 1/2-15/2. The (p,n) reaction is not selective,both collective and single-particle states are excited.2.1.1 Accelerators, detectors and targetsThe 72As and 73As experiments were performed at the Nuclear Research Instituteof the Hungarian Academy of Sciences (ATOMKI) in Debrecen based on the accel-erator facilities of the institute. The targets were bombarded with proton beams ofthe 103 cm MGC-20E type compact isochronous cyclotron at bombarding energieshigher than 3 MeV. For the bombarding energies lower than 3 MeV the Van deGraa� electrostatic accelerator was used.By these accelerators light charged particles, e.g. protons, deuterons, 3He++ ionsand � particles, can be accelerated. The cyclotron allows of accelerating protons inthe energy range 3-20 MeV and it provides a beam current of 50 �A at the maximum8



Chapter 2. Experimental techniques and methods 9energy. At the Van de Graa� generator the energy of a proton beam can be variedbetween 0.5 MeV and 4.8 MeV with a maximumcurrent 5{10�A. Both the cyclotronand the Van de Graa� generator have the advantageous property that the energyspread of the external beam is relatively small. Namely, it is less than 0.3 % and0.05% for the cyclotron and the Van de Graa� generator, respectively. This makespossible the precise tuning of the beam energy what is needed for a detailed studyof the level schemes. Varying the energy of the beam we could control the excitationenergies of the studied nucleus.The single and coincidence 
 spectra were collected using coaxial Ge(HP) detec-tors with e�ciency 20% and 25% relative to that of a 7.5 cm x 7.5 cm cylindricalNaI(Tl) detector. The energy resolution of the spectrometer was better than 2.2 keVat 1332 keV. In order to reduce the intensity of the contaminating radiation comingfrom the activated parts of the devices the detectors were surrounded by Pb and Cuabsorbers.In the 
- and e�-spectroscopic measurements for 72As I used targets of thickness�0.5 and �0.2 mg/cm2 and isotopically enriched to 98%. For the case of 73As thetarget material was enriched to 86% and the corresponding thickness values were�0.3 and �0.8 mg/cm2. The targets were prepared by evaporating GeO2 (72As) andmetallic Ge (73As) onto carbon backing foils of 40 �g/cm2 thickness. For reliableassignment of 
 rays not only the 
 spectra of the 72Ge+p and 73Ge+p, but the74Ge+p and 76Ge+p reactions were also measured and analysed.2.1.2 Determination of the energy and intensity of the 
 raysIn (p,n) reaction the �nal nuclei were populated up to about 1 MeV excitationenergy. The states produced deexcite via radiating 
 photons, since their excitationenergies are not enough to emit charged particles or neutrons. The energy and theintensity of these 
 rays can be determined by measuring single 
-ray spectra. The
-ray spectra of odd and odd-odd nuclei are very complicated even at low excitationenergies due to their high level densities. In order to separate the transitions havingsimilar energies, and to detect the weak 
 rays a spectrometer with good resolutionand high e�ciency was needed.
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Figure 2.1: Geometrical arrangement of detectors at single 
 spectrum measure-ments.For the determination 
-ray energies the detectors were placed at 90o to thebeam direction in order to eliminate the shift of the peaks due to the Doppler-e�ect.The distance of 15 cm between the detectors and the target was enough to avoidgeneration of sumpeaks. The arrangement of the single 
-spectra measurements canbe seen in Fig. 2.1 a.).



Chapter 2. Experimental techniques and methods 11In single 
 measurements standard ORTEC and Canberra electronic units wereused: the signals from the detectors were ampli�ed by a preampli�er and a linearampli�er of type ORTEC 572 and they were evaluated in a multichannel analyserbased on a 4k PCA Nucleus Card.The determination of the energies of the 
 rays was done in several steps: at �rst,the \in-beam" spectrum was measured together with standard 
 sources. Using the
 rays of the sources as calibration lines the exact energies of the strongest 
 linesof the studied nucleus were obtained. At this step the nonlinearity of the electronicunits was also taken into account. In the other \in-beam" spectra these strongest
 rays with known exact energy values were applied as calibration lines. For thecalibration of the 
 lines below and above 200 keV 133Ba and 152Eu sources wereused, respectively. In the low-energy region the X rays of these sources also servedas calibration lines.In order to reduce the background rising from the escape of Compton scattered 
rays the 
 spectrum of 72As was also measured using Ge(HP) detector equipped withanti-Compton shield consisted of bismuth germanate (BGO=Bi4Ge3O12) scintilla-tors. The Ge(HP) detector was placed at 90o as in the previous measurement shownin Fig. 2.1 b.). In the Compton-suppressed spectra the photo peak-backgroundratio was four times larger than in those collected without anti-Compton shields.Analysing these spectra it was possible to assign exact energy values even to weak
 rays.The block diagram of the electronic circuit used in anti-Compton measurementis shown in Fig. 2.2. The signals coming from the Ge(HP) detector through apreampli�er (PA) were shaped and ampli�ed in a linear ampli�er (LA) of typeORTEC 572 and they were transmitted directly to the multichannel analyser (MCA)which consisted of a 4k PCA Nucleus Card. In order to produce a gate signal whenboth the Ge(HP) detector and the BGO shield �red at the same time, the analogsignals from the Ge(HP) detector and the BGO crystals (BGO) going through aphotomultipliers (PM) were shaped and ampli�ed in timing �lter ampli�ers (TFA)of type ORTEC 472. After that, these signals were recognized in the constantfraction discriminator (CFD) of type CANBERRA 1428A and connected to the
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 spectra measure-ments applied BGO shielded Ge(HP) detector.anticoincidence unit (ANTICOINC) of type Phillips Scienti�c 756. This logic unitproduced a veto signal which was transmitted through a signal generator-delay unit(GD) to the MCA in order to inhibit the detection of the escaped 
 rays. Thisspectrometer made possible to decrease not only the intensity of the Compton-scattered 
 rays but that of the escape peaks created in the pair creation process inthe Ge crystals.For intensity measurements the detectors were placed at 55o to the beam direc-tion (see in Fig. 2.1) in order to minimalize the change of the 
-ray intensities due tothe e�ect of the angular distribution of transitions. For the calibration of e�ciency,the detectors and the standard sources, 133Ba and 152Eu, were put in the same ge-ometry as the detectors and the target were placed in the \in-beam" measurements.Dividing the peak areas with the relative e�ciency obtained at the given 
-energythe relative intensities of the 
 rays were extracted.In order to unambiguously identify the 
 rays background spectra were collected,as well as spectra of the contaminating AGe(p,n
)AAs reactions at the same bom-barding energies at which the energy and intensitymeasurementswere done. Spectrameasured in few 100 keV steps were also recorded to decide whether a 
 ray belongsto the studied reaction or not.During the analysis of the 
-ray spectra I used the fgm computer code [21] to
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 coincidence experiments.determine the positions and the areas of the peaks, and the energies of the 
 raysfrom the position values. The intensities of the transitions were extracted with thehelp of the pkl code.2.1.3 

-coincidence measurementsTo construct a level scheme the 

 coincidence relations are indispensable becausethey show which 
 transitions belong to the same cascade. In addition, since in thestudied level schemes most of the levels were decaying and populated via severalbranches the 

 coincidence measurements made possible to determine the exactposition of 
 transitions in many cases. These measurements were also used toimprove the resolution of the detection system resolving the overlaps of the peaksas the one-dimensional single spectra which contain several hundreds of 
 rays werespread into two dimensions.The coincidence experiments were performed with two Ge(HP) detectors for72As nucleus and with four Ge(HP) detectors for 73As nucleus. The 4-detectormeasurements do not belong to the subject of my thesis thus they will not bediscussed here. In the 2-detector measurements the detectors were placed at 55o
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Chapter 2. Experimental techniques and methods 15the ADCs were read out by the CAMAC interface and each data belonging to thesame coincidence event was written event by event into the CAMAC memory in listmode. Finally the data were stored on magnetic tape by means of the TPA 11/440computer. The width of the time window was set to be 60 ns for 72As and 50 ns for73As and time resolution of the set-up was �10 ns.From the measured data a two dimensional symmetrized 

 coincidence matrixwas built with the datap computer code [22]. lingat [23] and gates codes wereused to produce gate spectra in order to gain information to coustruct the levelscheme.2.1.4 Internal conversion electron measurementsI determined the multipolarities of the transitions in ineternal conversion electronmeasurements and from them I deduced the parities of the states. In the follow-ing I present the theoretical background and the experimental technique of thesemeasurements.Electronic transitions between nuclear excited states are partly converted tointernal conversion electron. The energy of the intarnal conversion electron is writtenas Ee�(�) = E
 �B�where Ee�, E
 and BK;L;M are the electron energy, the transtion energy and theelectron binding energy, respectively. The symbol � stands for the electron orbitcharacterized by the K, L, M, ... letters. The ratio of the conversion electron emis-sion intensity Ie� to the 
 emission intensity I
 is given by the internal conversioncoe�cient (ICC) denoted by �.Ie�(�;E
 ; L�) = �(�;E
; L� )I
(E
; L� ):L� is the transition multipolarity with � = E being the electric transition and� = M being the magnetic transition. The � conversion coe�cient depends onthe transition multipolarity, the transition energy and the atomic number of thenucleus. Deducing the experimental � coe�cients by measuring both conversion
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Figure 2.5: A sectional drawing of the superconducting magnet transporter spectrom-eter (SMLS).electrons and 
 rays and comparing these values to the theoretical curves [25], asensitive tool is obtained used for assignment of the multipolarity of the transitions.As �K > �L > �M , the �K values can be determined with the smallest errors.If the L� transition multiplarity is known, the spin and parity values of the initialand �nal states can be deduced applying the following selection rules:jJi � Jf j � L � Ji + Jf�i=�f = (�1)L if � being electric transition and�i=�f = (�1)L+1 if � being magnetic transition.
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Figure 2.6: E�ciency of the SMLS measured with 133Ba and 152Eu sources is com-pared to the B� curve.Conversion electron spectra were measured in-beam with the SuperconductingMagnetic Lens plus Si(Li) Spectrometer (SMLS) [24] developed at the ATOMKI.As it can be seen on the schematic view of the spectrometer in Fig. 2.5 the targetis bombarded with a horizontally incident beam. By means of superconductingmagnets a strong, homogeneous, vertical �eld is generated which turns the emittedinternal conversion electrons in helical orbits to the Si(Li) detectors. The resolutionof the detectors, which are placed at 9 cm under and above the target, is �2.2 keV(at 917 keV) and the transmission of the spectrometer is 10% (for two detectors).In order to produce high vacuum (10�7 bar) the vacuum vessel is cooled by thesurrounding liquid helium and liquid nitrogen vessels.At a given magnetic �eld the quadrupole lenses transport only a certain part ofthe emitted electrons from the target to the detectors. Sweeping periodically themagnetic �eld the relative e�ciency curve of the spectrometer is proportional to B�



Chapter 2. Experimental techniques and methods 18curve characterizes the e�ciency of electron spectrometers:B� = q(Ee�=moc2 + 1)2 � 1where Ee� is the kinetic energy and moc2 is the rest energy of the electron. Thee�ciency of the spectrometer calibrated with 133Ba and 152Eu sources is comparedto the B� curve in Fig. 2.6. The di�erence at low energy (<100 keV) between thee�ciency and the B� curves is caused by increasing the deadtime of the spectrometerbecause of the background due to the � electron radiation which consists of atomicelectrons ejected by projectiles.In order to reduce the background the scattered particles, X and 
 rays areabsorbed by the ba�es made of tungsten. Further background reduction due to theX rays from structural materials is achieved by using backing foils and frames ofthe target made of light materials as aluminium and carbon. Paddle-wheel-shapedantipositron ba�e systems are applied to weaken the positron radiation rises duringthe � decay taken place in the target.The block scheme of the electric circuit used in conversion electron measurementsis shown in Fig. 2.7. The signal from the Si(Li) detector (DET) and the preamli�er(PA) was shaped and ampli�ed in the linear ampli�er (LA) type ORTEC 572 andsent to the multichannel analyser (MCA) based on a 4k PCA Nucleus Card. Thesweeped magnetic �eld was produced by the power supply (PS) controlled by theelectromechanical programmer (PROG). In order to reduce further the backgrounddue to 
 rays and scattered electrons only those analog signals were allowed to beconverted to which belonging energy �tted into the transferred momentumwindow.For this purpose the signal of the programmer was sent to the so-called B� unit(B� !E) which provided signals (E and �E) proportional to the energy and thewidth of the momentumwindow. The di�erential discriminator (DD) type ATOMKICAM. 4.26-81 compared the analog signal coming from the detector to the E and�E signals and provided gate signal for the multichannel analyser.Taking into account the available 
-ray angular distribution coe�cients for thestudied nuclei, the solid angle correction factors, and the normalized direction-particle coe�cients, the e�ect of the angular distribution of electrons was estimatedon the measured internal conversion coe�cients. The results showed that this e�ect
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GDFigure 2.7: Block diagram of the electronics used in the internal converse electronmeasurements.was much less than the statistical uncertainty of the ICCs.2.1.5 Hauser-Feshbach analysisAs a result of a detailed 
- and 

-coincidence spectroscopic measurements the lowspin level scheme of the stuided nuclei can be considered nearly complete below1 MeV excitation energy. Thus in (p,n) reaction the cross sections for the neutrongroups feeding the levels can be deduced from transition intensities, since the crosssection of a level is proportional to the di�erency of the intensity of the transi-tions populating and depopulating it. To obtain the transition intensities, the 
-rayintensities must be corrected for internal conversion.On the other hand the �level values are calculated by using the cindy com-puter code [26] based on the statistical compound-nucleus theory, with spin-orbitinteraction and the Moldauer level-width 
uctuation correction, if necessary. Thetransmission coe�cients for the incoming and outgoing particles are calculated us-ing the optical model sets given by Perey and Perey [27], based on the results ofPerey [28] for protons and Wilmore and Hodgson [29] for neutrons. In addition theneutron channels, the (p,p') and (p,
) channels are also taken into account in thecalculation.In order to assigne spin values to the states, experimental cross sections arecompared to the theoretical ones after normalization by using excited states with



Chapter 2. Experimental techniques and methods 20known spin values. In spite of the Hauser-Feshbach analysis is not selective forparities and some of the calculated curves lie close to each other, combining themethod with multipolarity measurements unambiguous spin values can be assignedto the states.2.2 The NORDBALL experimentThe 68As and 65Ge nuclei were studied in heavy-ion induced reaction, since theyare far from the stability line thus they can not be populated via light-ion inducedreactions.In heavy-ion induced fusion reaction highly excited compound nuclei with largeangular momenta are produced and after evaporation of particles neutron de�cientnuclei are populated. The lifetime of the compound nucleus is long enough for theexcitation energy to be shared among the nucleons. The highly excited compund nu-cleus cools down by evaporating neutrons, protons, � particles and 
 rays. Particleemission is possible when the excitation energy is more than the binding energiesfor the particles. The evaporated neutron carries away about 8 MeV energy and1-2 �h units angular momentum. The charged particles must be emitted with higherenergies to overcome the Coulomb barrier, thus this process produces residual nu-clei with lower excitation enegies. If the excitation energy is not high enough toevaporate particles, the remaining excitation energy and angular momentum aredissipated by the series of electromagnetic transitions. After the particle emissionthe residual nuclei are still excited high above the yrast line and the level density islarge. These states decay mainly by statistical cascades of E1 transitions until theyrats line is reached. Close to the yrast line the level density is lower and discrete 
rays can be resolved. Since the compound nucleus 70Se produced in this experimentis neutron de�cient the emitted particles are dominated by protons in order to beingthe residual nucleus forwards the stability line.In fusion evaporation reaction usually around 20-30 di�erent residual nuclei arepupolated far from the stability line with cross sections between 1 and 100 mb. Inorder to observe and identify 
 rays belong to �nal nuclei populated with low cross
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Liquid scintillatorFigure 2.8: The schematic view of the NORDBALL experiment set-up.section, detector array with high e�ciency and selectivity is needed. In the presentexperiment a technique based on detection of 
 rays in coincidence with evaporatedcharged particles and neutron was used to select the reaction channels.The experiment was performed at the Tandem Accelerator Laboratory of theNiels Bohr Institute in Denmark. A 1.5 mg/cm2 thick 12C target, evaporated onto a23 mg/cm2 Au backing, was bombarded by a 58Ni beam with an energy of 261 MeV.The emitted particles and 
 rays were detected with the NORDBALL detector arrayof 
-ray detectors [30, 31] equipped with a 
-ray calorimeter (Inner Ball), a chargedparticle detector system (Silicon Ball) [32] and a neutron detector assambly (NeutronWall) [33]. The schematical view of the experimental set-up is shown in Fig. 2.8.2.2.1 DetectorsThe NORDBALLThe NORDBALL multi-detector array consisted of 15 high purity Ge detectors sur-rounded by anti-Compton shields. Each shield was made of 6 BGO scintillatorcrystals mounted together. The number of Ge detectors was less than that of thebasic NORDBALL con�guration (20) in order to provide enough room for the neu-tron wall. The energy resolution of the individual Ge detectors was between 1.8 and3 keV at an enegy of 1332 keV and their e�ciency varied between 20% and 40% rel-
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Figure 2.9: The photo of the NORDBALL multi-detector assambly.Table 2.1: Angular positions of the Ge detectors in NORDBALL with respect to the beam axis.Ring � �I 142.6o 54o, 126o, 198o, 270o, 342oII 100.9o 54o, 126o, 198o, 270o, 342oIII 79.1o 18o, 90o, 162o, 234o, 306oative to the e�ciency of a 3"�3" NaI(Tl) crystal. The total photo-peak e�ciency ofthe whole array was �1%. The photo of the NORDBALL multi-detector assamblyis shown in Fig. 2.9.The Ge detectors formed three rings at the angles of 79o, 101o and 143o relativeto the beam direction and they were placed symmetrically around the target. Theangular position of the Ge detectors are shown in Table 2.1.The Inner BallThe 
-ray calorimeter composed of 30 BaF2 scintillators covering the backward 2�hemisphere. The inner ball had a total 
-ray detection e�ciency of about 40% at1 MeV. As the BaF2 crystals possess excellent timing properties the signals fromthe BaF2 detectors provided the time reference for all other signals. After careful



Chapter 2. Experimental techniques and methods 23time matching of the individual BaF2 detectors, the time resolution of the whole
-ray calorimeter was of the order of 1 ns. The inner ball also supplied informationabout the total 
-ray multiplicity and sum-energy, which are related to the initialspin and excitation energy of the residual nucleus, respectively. This informationcould be used as a tool to distinguish between di�erent �nal nuclei.The Silicon BallIn a compund nucleus reactions leading to neutron de�cient nuclei charged parti-cle channels are open. Therefore the charged particle identi�cation is crucial forunambiguous assigment of 
 rays to a certain residual nucleus.In the present experiment the emitted light charged particles were detected in asilicon ball consisted of 21 �E type Si detectors [32], covering a solid angle of about90% of 4�. The Si ball has been designed to �t into the space inside the BaF2 innerball. The Si detectors were placed on a frame with an inner diameter of about 5 cm.The average distance between the Si detectors and the target was about 2.5 cm.In a heavy-ion reaction the evaporated particles concentrate to the forward angles,hence the silicon wafers covering the most forward faces of the frame were split intoseveral parts in order to decrease the probability of multiple hits.Each of the Si detector element has been covered with an absorber foil to stopthe elastically scattered beam particles. The absorbers were thick enough to stopthese particles, but thin enough to let through a large fraction of the evaporatedprotons and � particles.Protons and � particles were distinguished according to the energy deposit inthe detectors. The e�ciency of the Si-ball was approximately 60% for detection ofprotons and about 40% for � particles. In charged particle energy spectra for thedetectors placed at forward angles the proton peak situated at lower energies waswell separated from the broad high-energy bump corresponding to the � particles.At larger detector angles the � bump moved towards the proton peak and almostdissappeared under the proton peak in the most backward detector. This e�ectcaused that some of the � particles were misinterpreted as protons. Also a smallfraction of the events connected to the emission of 2 protons were interpreted as a



Chapter 2. Experimental techniques and methods 241� event because both protons hit the same detector.The Neutron WallIn the NORDBALL detector system a neutron wall gave information about theemitted neutrons. The wall consisted of 11 detectors �lled with an organic scintilla-tor liquid of type BC501. The detectors occupied �ve hexagonal and six pentagonalpositions in the forward hemisphere of the NORDBALL frame covering a solid angleof about 1�. The distance between the scintillators and the target was 18 cm. Neu-tron and 
-ray signals were separated o�-line by means of a combined time-o�-
ightand pulse shape discrimination technique [34, 35]. The neutron detection e�ciencywas �22%.Although the combined discrimination technique improves the neutron-
 sepa-ration as compared to puls shape discrimination alone, about 0.8% of the eventsnot connected to neutron emission were missassigned for neutrons. In addition, thedetection of the neutrons scattered between the detectors led to an overlap betweenthe 1n and 2n channels.Data acquisition systemStandard CAMAC and NIM electronics were used to process the signals from thedetectors and to provide a trigger for the data acquisition system. An event wasrecorded on magnetic tape if at least two 
 rays were detected in the Ge detectorswith a maximumtime di�erence of 80 ns and at least one 
 ray in the BaF2 calorime-ter, or at least one Ge detector and one BaF2 crystal �red in coincidence with atleast one neutron detected in the liquid scintillators. The events were packed intolarge data blocks and subsequently sent via an optical links to a VAX 8650 computerfor monitoring and for storing on high-density exabyte tapes.2.2.2 Data analysis

- coincidence analysisStandard 133Ba and 152Eu sources were used for energy and e�ciency calibration ofthe Ge detectors. With the energy calibration information the Ge detectors were gain
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Figure 2.10: The population pattern obtained for the 58Ni + 12C reaction at 261 MeV.matched and gain corrected, and after several presorts the data were compressed.In order to construct level schemes a total of about 120 million coincidenceevents were collected and then sorted into a set of prompt 

 matrices of the sizeof 4096�4096 channels by requiring di�erent conditions on the number of detectedcharged particles and neutrons. The contaminating 
 lines due to the incompleteparticle identi�cation were eliminated by using a successive subtraction technique[36]. A number of 

 matrices were also sorted for the angular distribution analysis,as well as prompt-delayed and delayed-delayed 

 matrices for the time analysis.The particle gated matrices were analysed in detail using standard gating techniqueswith help of the radware software package [37].Transitions belonging to 22 residual nuclei were identi�ed in the present experi-ment. The obtained population pattern following the 58Ni + 12C reaction is shown



Chapter 2. Experimental techniques and methods 26in Fig. 2.10. The observed relative experimental yields for di�erent �nal nuclei, de-duced from the intensities of the strong 
 rays in the particle gated 

 coincidenceprojections, are also shown in Fig. 2.10. The yields are corrected for the particle-detection e�ciency. The yield of the studied nuclei were estimated: about 10% ofthe events belonged to the 1p1n channel leading to 68As, and less than 1% of theevents connected to the 1�1n channel leading to 65Ge.Angular distribution analysisThe multipolarities of the 
 rays were obtained by means of a simpli�ed 

 corre-lation analysis. The coincidence events were sorted into two 

 matrices with thefollowing angle combinations: (143o)�(all angles) and (79o + 101o)�(all angles),where the �rst is the x-axis and then the y-axis is given. By setting equal gates onthe y-axis in both matrices two coincidence spectra representing the angles (143o)and (79o + 101o) were constructed. Then the R = I
(143o)/[I
(79o)+I
(101o)] in-tensity ratios were deduced from the �tted peak intensities to determine the angularmomentum transferred by the 
 rays.According to theoretical estimations on the NORDBALL geometry R�1.5 corre-sponded to stretched quadrupole, �J=0 dipole or �J=1 mixed M1/E2 transitions,while the R�0.8 value to stretched dipole or �J=0 highly mixed M1/E2 transi-tions [38]. R�1.2-1.3 values were reasonable for �J=0,1 mixed M1/E2 transitions,R�0.4-0.6 corresponded to �J=1 mixedM1/E2 transitions. These R values were inagreement with the angular distribution ratios obtained for transitions with knownmultipolarity from di�erent nuclei populated in the present reaction. In order to re-duce the error of the R values, average values of the intensisy ratios were determinedby using several stronger 
 rays as gating transitions. In spite of that the multipo-larities were assigned ambiguously to the transitions, in many cases the same statewas populated and depopulated via di�erent decay paths, which helped in solvingthis problem.



Chapter 3Structure of 72As3.1 Earlier studiesIn the electron capture decay of 72Se only the 46 keV 1+1 state of 72As is populated(Cumming and Johnson [39], H�ubner [40]), the other 72As excited levels can bestudied through nuclear reactions. The investigation of (p,n
) reaction by Mordechaiet al. [41], Bertschat et al. [42], Kimura et al. [43], and Ten Brink et al. [44], as wellas (�,xnp
) and di�erent heavy ion reactions by Mariscotti et al. [45], Raghavan etal. [46] and D�oring et al. [47] extended our knowledge on the level scheme of 72Asconsiderably. Nevertheless unambiguous spin-parity values have been assigned onlyto four levels of 72As in the last Nuclear Data Sheets evaluation (Chou and King[48]). The former studies are summarized in Table 3.1.3.2 Experimental resultsThe 
-ray spectra of the 72Ge(p,n
)72As reaction were measured at Ep =5.75, 5.96,6.01, 6.16, 6.21, and 6.41 MeV energy and with �4 nA proton beam intensity.After the energy and e�ciency calibration of 
 spectrometers with 133Ba and 152Eusources, the energies of intensive 45.90(5), 167.80(4), 242.52(3) and 344.17(3) keV72As internal calibration lines [48] have been reproduced within experimental errors.The internal conversion electron spectra were carried out using 5.96 and 6.16 MeVenergy and 550 nA intensity proton beams. Typical 
-ray and internal conversionelectron spectra are shown in Fig. 3.1. The �K internal conversion coe�cients (ICC)obtained from the di�erent electron spectra agreed within experimental errors. TheICCs, the deduced and formerly known multipolarities are also given in Table 3.2.27



Chapter 3. Structure of 72As 28Table 3.1: Summary of the former experimental studies of the structure of 72AsReference Reaction Techniques, Measurements Results� detectorsCumming(1958)[39] decay of 72Se NaI(Tl) scintilla-tors E
 , I
 , Ice,T1=2 ICC, K/L ratio for the 46 keVtransition, deduced J� assignmentonly for the �rst excited state,measured T1=2 and logft valuesfor this stateH�ubner(1965)[40] decay of 72Se NaI(Tl) scintilla-tors T1=2 J� assignment only for the �rstexcited state, T1=2 determined forthis stateMordechai(1974)[41] 72Ge(p,n
)72As,Ep=5.1-6.2 MeV in-beam tech-niques, Ge(Li)detectors and NaIscintillators E
 , I
 ,�(E,E
,�),

-coinc 16 transitions identi�ed andplaced in the level scheme, en-ergy thresholds for these 
 raysdetermined, 

-coinc relationsfor 2 transitions, angular dis-tribution of 2 
 rays measured,deduced 13 levels, unambiguousJ� assignments only for 3 statesBertschat(1975)[42] 72Ge(p,n
)72As,Ep=5.2-6.0 MeV in-beam and timeof 
ight techniques,Ge(Li) detec-tor and NaI(Tl)scintillators E
 , I
 ,�(E,E
),

-coinc,

-delay,'
(�,H,t),T1=2, g 11 transitions identi�ed andplaced in the level scheme, energythresholds for these 
 rays deter-mined, 

-coinc relations only for3 transitions, Hauser-Feshbachanalysis for 2 levels, unambiguousJ� assignments only for 3 states,T1=2 and g factor of the 213 keVstate measuredKimura(1976)[43] 72Ge(p,n
)72As,Ep=5.0-6.3 MeV in-beam tech-niques, Ge(Li)detectors, sec-tor �eld doublefocusing �-rayspectrometer E
 , I
 ,�(E,E
),Ice 44 transitions identi�ed andplaced in the level scheme, en-ergy thresholds for these 
 raysdeduced, ICCs determined for 14
 rays, Hauser-Feshbach analysisfor 12 levels, the level scheme con-tains 26 levels below 800 keV with14 unambiguous J� assignments,
-branching given



Chapter 3. Structure of 72As 29Table 3.1: continuedReference Reaction Techniques, Measurements Results� detectorsTen Brink(1979)[44] 72Ge(p,n
)72As,Ep=6.5-14 MeV in-beam tech-niques, planarGe and Ge(Li)detectors E
 , I
 ,�(E,E
,�),

-coinc,T1=2 86 transitions identi�ed andplaced in the level scheme, whichcontains 52 levels below 1308 keVonly with 2 unambiguous J� as-signments, A2, A4 factors deducedfor 36 
 rays, T1=2 measured for 5states, Hauser-Feshbach analysisfor 2 levelsMariscotti(1976)[45] 70Ge(�,np
)72As,72Ge(�,3np
)72AsE�=30-55 MeV in-beam tech-niques, Ge(Li)detectors E
 , I
 ,�(E,E
,�,t),

-coinc 16 transitions identi�ed andplaced in the high spin levelscheme, A2, A4 factors deducedfor 7 transitions, excitation func-tions of 13 
 rays measured, T1=2determined for 3 states, unam-biguous J� assignments deducedfor 3 states, 
-branching givenRaghavan(1977)[46] 59Co(16O,2pn)72As,E16O=53-56 MeV in-beam tech-niques, planarGe(Li) detector,NaI(Tl) scintillator T1=2 T1=2 and g factor of isomericstates at 213 keV and 561 keVmeasured, unambiguous J� as-signments given for 3 levelsD�oring(1994)[47] 59Co(19F,�pn)72As,E19F=55 MeV,65Cu(12C,�n)72As,E12C=50 MeV in-beam tech-niques, BGO-shielded Ge(HP)detectors E
 , I
 , 

-coinc high spin level scheme up to6.1 MeV deduced with 26 statesand 39 transitions placed in it,angular correlation coe�cients de-termined for 21 
 rays, unambigu-ous J� assignments deduced for 6levels, T1=2 measured for 6 statesChou, King(1994)[48] compilation� Only the �rst author is indicated in this column.



Chapter 3. Structure of 72As 30The theoretical curves and experimental ICCs of the 72As transitions are presentedin Fig. 3.2. The experimental ICCs were normalized by using the theoretical �Kinternal conversion coe�cient [25] of the 309.78 keV E2 4� !2� transition of 72As[43]. With this normalization the conversion coe�cients of the 105 keV M1(E1),214 keV E1, 226 keV M1, 243 keV M1+E2, 344 keV M1, 468 keV M1, and 520keV M1 72As transitions obtained by Kimura et al. [43] were reproduced withinexperimental errors.The 

-coincidence measurements were performed at 6.1 and 6.5 MeV bom-barding proton energies. The measurements were repeated at greater detector-target distances to avoid unwanted sumpeak e�ects. Approximately 9 million 

-coincidence events were recorded on magnetic tapes. After creation of symmetrized,two-dimensional coincidence matrices and a standard gating procedure, more than150 gate spectra were evaluated. Due to the large enrichment of the targets andthe good statistics of the 

-coincidence measurements, most of the 
 rays wereidenti�ed unambiguously. If the 
 ray was unresolved or small in singles spectra,the energy was determined from the gate spectra. The energies, relative intensities,and 

-coincidence relations of the 
 rays assigned to 72As are listed in Table 3.2.Typical 

-coincidence spectra are shown in Fig. 3.3.3.3 Level scheme of 72AsThe construction of the level scheme was based mainly on the 

-coincidence re-lations, but the energy and intensity balance of transitions was also taken intoaccount. The low- and high-energy parts of the proposed level scheme are presentedin Figs. 3.4 and 3.5, respectively. All 
 rays, listed in Table 3.2, have been placedin the scheme. The multipolarities of transitions and 
-ray branching ratios (witherrors) are given in the level scheme after the transition energies. These branchingratios are weighted averages of values obtained at di�erent bombarding energies.Many of them are new, the others show good agreement with the correspondingdata of Kimura et al. [43] and Ten Brink et al. [44].
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Figure 3.1: Typical 
-ray and internal conversion electron spectra of the72Ge(p,n
)72As reaction. The energies of 
 rays are given only at the strongest72As 
 transitions.
Figure 3.2: Experimental internal conversion coe�cients (ICC) of the 72As transi-tions (data with error bars) as a function of 
-ray energy. Curves show theoreticalresults [18].
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Figure 3.3: Typical 

-coincidence spectra of the 72Ge(p,n
)72As reaction. Thebackground was subtracted. The N

 scales correspond to the �rst parts of the spectra.
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Figure 3.4: Low-energy part of the proposed level scheme of 72As. Solid circles atthe ends of arrows indicate 

-coincidence relations. Behind the 
-ray energies andmultipolarities relative 
-branching ratios (and their errors) are given. Dip. meansdipole transition. The multipolarities were taken from Table 2.1.
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Figure 3.5: High-energy part of the proposed level scheme of 72As. Adopted levels ofthe Nuclear Data Sheets evaluation (King [41]) are shown on the left side. Furtherexplanation see in caption of Fig. 3.4.



Chapter 3. Structure of 72As 35Table 3.2: Energy, intensity, internal conversion coe�cient, multipolarity and coincidence relationsof 
 rays of the 72Ge(p,n
)72As reaction at 6.2 MeV proton energy. New 
 rays compared withthe compilation of King [10] are marked with N and Dip means dipole transition.E
 I
 ICC measurements Coincident 
 rays(keV) (relative) 104�K Multip. Former E
 (keV)of 
 ray results45.90(5) 4125(949) E1 [39, 40]53, 75, 96, 105, 108,111, 123.3, 150, 168, 212.8,216, 226, 234.62, 242.5, 255,283.5, 334, 336, 344, 361.6,393, 437, 455, 458, 468,501.6, 520, 540, 549, 579,599, 604, 628, 701, 754,760, 771, 79853.04(7) 135(27) Dip [44] 46, 96, 168, 196, 213.7,231, 299.9, 310, 382, 47762.63(6) 7.4(13) N 43974.79(6) 103(17) 46, 123.3, 168, 213.7, 336,361.6,96.10(15) 458(55) Dip [43] 46, 53, 168, 196, 213.7,216, 231, 242.5, 283.8, 299.9,345, 382, 419.8, 530104.52(6) 231(28) 666(57) M1(E1) M1(E1) [43] 46, 122, 168, 213.7, 332,397,495107.88(10) 1.5(5) N 176, 520110.56(10) 4.2(7) N 46, 468121.84(10) 14.0(12) 485(56) M1 46, 105, 168,210, 213.7,123.27(7) 131(10) 517(45) M1 M1+E2 [43] 46, 75, 168, 212.8, 213.7,242.5, 288, 455, 501.4123.96(20) 5.3(7) N 286, 344126.58(10) 14.3(76) N 283.4, 344, 628, 674126.80(10) 6.3(6) N 550(95) M1+E2 46, 150, 168, 242.5, 393,439142.05(5) 13.8(74) N 46, 437144.58(5) 57.2(42) 290(26) M1 414150.31(10) 24.2(22) N 283(27) M1 46, 75, 126.8, 168, 186,242.5, 288



Chapter 3. Structure of 72As 36Table 3.2: continuedE
 I
 ICC measurements Coincident 
 rays(keV) (relative) 104�K Multip. Former E
 (keV)of 
 ray results151.01(10) 8.2(9) N 414162.19(9) 6.6(7) N 437167.80(4) 1000(69) 859(75) E2 E2,M2 [43] 46, 53, 63, 75, 96,105, 122, 123.3, 126.8, 150,210, 212.8, 216, 226, 231,246, 283.8, 332, 336, 345,379.8, 382, 397, 501.6, 533,593170.38(16) 9.5(8) N 559175.59(9) 8.8(8) N 46, 108, 344179.16(7) 38.7(27) 414181.25(7) 21.2(19) N 176, 520185.88(8) 14.3(9) N 153(19) M1 150, 393, 439192.84(9) 8.6(12) N 599193.75(20) 3.7(11) N 242.5, 361.6196.18(10) 17.3(10) N 152(20) M1(+E2) 53, 96, 310199.01(12) 6.1(11) N 599210.30(8) 25.6(21) 162(14) M1+E2 46, 105, 122, 168, 213.7,226212.85(19) 225(14) 128(12) M1(+E2) 46, 75, 123.3, 168, 213.7,242.5, 288213.72(5) 807(58) 72.2(65) E1 E1 [43] 53, 63, 75, 96, 105,123.3, 196, 210, 212.8, 216,226, 283.8, 332, 336, 345,382, 397, 501.6, 533, 593213.88(24) 14.6(10) N 540, 586215.59(6) 138.8(79) 116(10) M1 46, 96, 168, 213.7, 310226.21(4) 308(18) 104(10) M1 M1 [43] 46, 168, 210, 213.7, 401230.68(7) 28.6(18) 91(15) M1 53, 96, 310234.62(7) 26.3(19) N 90(18) M1 46, 344234.64(25) 19.2(12) N 520



Chapter 3. Structure of 72As 37Table 3.2: continuedE
 I
 ICC measurements Coincident 
 rays(keV) (relative) 104�K Multip. Former E
 (keV)of 
 ray results242.52(3) 1142(70) 93(8) M1+E2 M1+E2 [43] 46, 63, 123.3, 150, 194,212.8, 336, 361.6, 458, 518,549, 555242.82(21) 20.4(24) 145, 196, 559246.50(18) 5.5(13) N 283.8251.61(16) 3.3(10) N 565254.76(10) 11.3(21) N 86(34) M1+E2 46, 344264.43(12) 3.7(7) N 437271.91(16) 13.7(9) N 520276.60(9) 9.2(8) 525283.47(6) 49.9(31) 57.1(52) M1 46, 344283.80(5) 93.5(57) 57.1(52) M1 M1+E2 [43] 96, 168, 246, 310286.06(7) 30.6(24) N 468288.43(5) 142.5(88) 30.8(71) E1 123.3, 150, 212.8, 336, 361.6,458, 518, 549, 555299.94(11) 12.9(10) 53,96300.95(24) 6.8(10) N 414309.78(4) 247(17) 113(10) E2 E2 [43] 53, 216, 231, 283.8, 345,norm.point 382, 420, 530315.02(14) 4.9(4) N 414318.25(7) 23.5(16) 194, 332331.98(6) 58.2(41) 36.5(41) M1 46, 105, 168, 194, 213.7,318334.08(4) 318(22) 38.6(34) M1 46, 420336.24(5) 125.6(81) 38.8(36) M1 75, 242.5, 288344.17(3) 899(56) 36.3(32) M1 M1 [43] 46, 123.9, 126.6, 176, 234.62,255, 283.4, 357, 416345.19(26) 8.6(10) 46, 53, 96, 168, 213.7,310354.89(11) 6.1(20) N 437356.91(9) 14.0(14) N 344361.30(24) 12.2(16) N 437



Chapter 3. Structure of 72As 38Table 3.2: continuedE
 I
 ICC measurements Coincident 
 rays(keV) (relative) 104�K Multip. Former E
 (keV)of 
 ray results361.64(5) 124.5(83) 30(3) M1 46, 75, 168, 194, 213.7,242.5, 288379.83(11) 41.1(23) 414379.83(18) 2.0(7) 53,96, 168382.17(5) 80.0(47) 26(3) M1 46, 53, 96, 168, 213.7,310387.56(9) 7.2(10) 414392.72(4) 178(12) 29.4(28) M1(+E2) 46, 63, 126.8, 181, 186,405397.11(5) 49.8(29) N 22.4(37) M1 105, 168, 213.7401.37(7) 21.5(13) 226404.92(9) 5.8(16) N 393, 439414.48(4) 592(34) 23.2(24) M1 E1 [43] 145, 151, 170, 179, 181,301, 315, 379.8, 388, 427416.42(8) 18.8(12) N 344419.82(7) 48.3(29) 26(4) M1+E2 46, 96, 310420.02(8) 15.1(11) N 334427.06(6) 33.4(21) 414436.59(4) 597(35) 21.1(18) M1 46, 142, 162, 264, 355,361.3438.65(5) 368(21) 10.4(9) E1 63, 123.3, 126.8, 186, 234.64,405440.10(12) 9.4(17) N447.53(15) 5.3(9) N 46, 344455.35(4) 372(22) 18.9(17) M1 M1,(E1)[43] 46, 123.3458.39(7) 53.8(38) 19.2(47) M1(+E2) 46, 242.5, 288468.16(5) 351(21) 17.7(16) M1 M1+E2 [43] 46, 111, 286477.14(11) 5.9(8) N 53495.01(13) 6.3(10) 105501.43(25) 89.2(55) N 6.8(14) (E1) 123.3501.60(22) 109.2(65) 14.3(49) (M1) 46, 168, 213.7517.97(7) 30.8(17) N 242.5519.70(4) 463(27) 13.2(12) M1 M1+E2 [43] 46, 108, 181, 234.64



Chapter 3. Structure of 72As 39Table 3.2: continuedE
 I
 ICC measurements Coincident 
 rays(keV) (relative) 104�K Multip. Former E
 (keV)of 
 ray results525.32(4) 230(13) 13.7(13) M1 277530.09(9) 24.3(14) 96, 310533.28(7) 27.0(15) 13.3(67) M1(+E2) 168, 213.7540.33(9) 57.3(41) 11.6(23) M1 46, 213.9549.11(7) 27.3(15) 46, 242.5555.38(7) 22.5(14) N 46, 242.5, 288558.99(4) 110.2(68) 15.2(22) E2 170, 242.8565.12(4) 529(32) 10.8(11) M1 252578.55(5) 105.5(72) N 12.8(17) M1+E2 46586.41(4) 475(28) 4.9(6) E1 213.9592.71(5) 74.3(52) N 168, 213.7598.81(4) 400(22) 9.2(9) M1 46, 192.8, 199604.19(8) 24.4(14) N 46624.55(6) 34.6(20) N627.61(5) 149.2(91) 8.4(10) M1 46, 126.6644.90(12) 14.4(9)673.61(4) 168.5(97) 126.6700.99(5) 86.2(55) 46715.39(8) 15.4(40) N729.52(5) 113.4(69) 5.7(10) M1732.51(5) 120.8(73) 7.4(9) E2746.86(12) 10.2(9) N754.38(9) 12.9(9) N 46760.46(7) 22.0(14) N 46770.74(6) 39.8(29) N 46791.69(8) 20.6(13) N794.26(5) 69.0(46)797.72(14) 16.9(10) N 46800.29(4) 136.1(80)806.39(22) 7.5(6) N816.76(5) 129.2(78) N841.66(6) 35.7(22) N843.78(5) 125.6(79) N



Chapter 3. Structure of 72As 40The level spin and parity assignments are based mainly on the decay properties oflevels, the measured internal conversion coe�cients, the Hauser-Feshbach analysisof the relative reaction cross section for di�erent levels, and the available 
-rayangular distribution data [41, 44, 45]. A detailed discussion of the level spin-parityassignments is given in Table 3.3.The 72As level scheme is compared with the formerly known levels in Fig. 3.5.The adopted levels of the Nuclear Data Sheets evaluation (King [48]) contain alsothe high-spin (J � 5) states, observed by Mariscotti et al. [45] in (�,np
) and(�,3np
) reactions. These were not excited in (p,n
) reaction at Ep � 6:51 MeVenergy.The proposed 72As level scheme has many common features with the former(p,n
) results [41, 42, 43, 44]. The main di�erences are as follows.a) The proposed level scheme contains 58 new transitions (mainly in coincidencerelations), 38 new transition multipolarities, and many new spin-parity assignments.The 565.7, 715.3, 806.4, 816.8, 839.9, and 843.8 keV levels were introduced into thelevel scheme for the �rst time.b) I found no experimental evidence for the existence of the 243, 333, 343 and454 keV levels. According to Mordechai et al. [41] these levels decay only to theground state of 72As directly. I have observed the corresponding four 
 rays to bein coincidence with the 45.90 keV transition. Consequently the levels were placed45.9 keV higher, in agreement with Kimura et al. [43] and Ten Brink et al. [44].c) My results prove that the 565.1 and 565.7 keV states are two di�erent levels,having di�erent parity. In the former works [43, 44] was already suspected that the565.4 keV level is a doublet, but the available insu�cient data did not allow theirseparation.d) According to my measurement the 414 keV transition has M1 multipolarity,contrast with the E1 assignment of Kimura et al. [43]. As the 414 keV transitionfeeds the 2� ground state, the 414 keV level must have negative parity. This iscon�rmed also by the fact that the 559 keV level (which has well established negativeparity) decays by an M1 transition to the 414 keV state.



Chapter 3. Structure of 72As 41Table 3.3: Spin and parity (J�) assignments to 72As levelsLevel energy J� Basis of the J� assignment, comments(keV)0.0 2� The shape of �+ energy spectrum corresponds to �rst forbidden unique�+/E. C. decay of 72As ground state [49], log f1ut= 8.8 to 72Ge 0+1 state[50]45.90(2) 1+ The 72Se 0+1 state decays with log ft = 4.49�0.05 to this level [39, 40, 48]213.71(5) 3+ E1 transition to 2�, E2 transition to 1+ sate, 
-ray angular distribution,agreement with former results [42, 43, 44, 45, 46, 47, 48]288.49(3) (2)+ E1 transition to 2�, M1+E2 transition to 1+, Hauser-Feshbach analysis,
-ray angular distribution [44, 48]309.75(3) 4� Pure E2 transition to 2�, dipole transition to 3+, agreement with formerassignments [43, 45, 48]318.17(7) 4+ M1, (E1) transition to 3+, Hauser-Feshbach analysis, Kimura et al. [43]give also 4+362.79(11) 5� Dipole transition to 4�, Hauser-Feshbach analysis. In King's evaluation[48] J� = (5) is given. The 593.5 keV level decays with M1 transitionsboth to the 362.8 and 309.8 keV levels. As the latter has odd parity, the362.8 keV level must have also odd parity380.24(7) 0+ M1 transition to 1+, Hauser-Feshbach analysis. Kimura et al. [43] give0(+)390.00(3) 1+, 2+ M1 transition to 1+ state, Hauser-Feshbach analysis414.38(4) 3� M1 transition to 2�, Hauser-Feshbach analysis. The 559 keV level decayswith E2 transition to the ground 2�, with M1(+E2) transition to 362.8keV 5� and with M1 to 414 keV 3� states, thus all these four levels musthave odd parity438.80(6) 1+, 2+ E1 transition to 2�, M1 transition to (2)+, M1 (+E2) transition to 1+states, Hauser-Feshbach analysis439.90(12) 3+ M1 transitions to 3+ and 4+ states, Hauser-Feshbach analysis. King [48]gives (3)+482.59(4) 2+ M1 transition to 1+, Hauser-Feshbach analysis, 
-ray angular distribu-tion501.37(2) 2+ (E1) transition to 2�, M1 transition to 1+, M1(+E2) transition to (2)+,Hauser-Feshbach analysis, 
-ray angular distribution514.04(12) (0)+ M1 transition to 1+, Hauser-Feshbach analysis525.33(3) 3� M1 transitions to 2� and 4� states, Hauser-Feshbach analysis558.97(4) 4� M1 transition to 3�, E2 transition to 2�, M1(+E2) transition to 5�,Hauser-Feshbach analysis565.12(4) 1�, 2� M1 transition to 2�, Hauser-Feshbach analysis



Chapter 3. Structure of 72As 42Table 3.3: continuedLevel energy J� Basis of the J� assignment, comments(keV)565.68(4) 1+, 2+ M1 transition to 1+ state, M1+E2 transition to 1+, 2+ level, Hauser-Feshbach analysis586.41(3) 1+, 2+ E1 transition to 2�, M1 transition to 1+, Hauser-Feshbach analysis593.46(4) 4� M1 transitions to 4� and 5� states, Hauser-Feshbach analysis624.63(3) 1+, 2+ M1 transitions to (2)+ and 1+, 2+ states, M1+E2 transition to 1+,transition to (0)+ state, Hauser-Feshbach analysis644.81(4) 2+ M1 transition to 1+, M1+E2 transition to 1+, 2+ state, Hauser-Feshbachanalysis, 
-ray angular distribution650.15(6) 3+ M1 transitions to (2)+ and 4+ states, M1+E2 transition to 3+, Hauser-Feshbach analysis662.73(27) �5 
 transition to 5� state, Hauser-Feshbach analysis. Mariscotti et al. [45]give J=(�6)673.64(3) 2+ M1 transitions to 1+ and 1+, 2+ states, Hauser-Feshbach analysis, 
-rayangular distribution707.98(80) �5 
 transition to 5�, Hauser-Feshbach analysis715.28(9) 3+ M1 transitions to 3+ and 4+ states, Hauser-Feshbach analysis729.53(3) 3� M1 transition to J� = 2�, M1+E2 transition to 4� states, Hauser-Feshbach analysis732.51(4) 4�, 0� Pure E2 transition to 2� state, Hauser-Feshbach analysis742.62(13) 4 
 transition to 5� state, Hauser-Feshbach analysis744.96(12) 4� � 6� M1 transition to 5�, Hauser-Feshbach analysis749.94(3) 2+, 3+ M1+E2 transitions to (2)+ and 3+ states, 
-transitions to 2�; 1+ and1+, 2+ states, Hauser-Feshbach analysis>794 For levels between 794.3 and 843.8 keV the spin assignments are given onthe basis of the decay properties of levels (see in the level scheme of Fig.5) and Hauser-Feshbach analysis. The parities of levels are not known,because of the absence of experimental data on the multipolarities oftransitions3.4 Hauser-Feshbach analysisIn order to determine level spins the theoretical �LEV (p,n) relative cross sectionswere calculated at 5.75, 6.16, and 6.21 MeV bombarding proton energies using thecomputer code cindy, which was based on the Hauser-Feshbach theory. The trans-



Chapter 3. Structure of 72As 43Table 3.4: Optical-model parameters used in this work. (The V , W and Vso potential depthsare given in MeV and the r range and a di�useness parameters in fm).V W Vso rre rim are aim Refs.p+72Ge 58.70�0.55E 12.6 7.5 1.25 1.25 0.30 0.47 [27, 28]n+72As 47.01�0.267E 9.52 7.0 1.29 1.25 0.66 0.48 [29]�0.0018E2 �0.053Emission coe�cients were calculated using the optical model parameter sets men-tioned in the section 2.1.5, except the real di�useness parameter for protons, whichwas reduced in order to adjust the height of the Coulomb barrier. Such a changeleads to inappreciable di�erences in the relative cross section at lower bombardingenergies, but near the top of the Coulomb barrier (at my bombarding energies) itenabled to reach general agreement with the former spin assignments [43, 44, 48].The parameters of the optical potential are given in Table 3.4. The experimentaland theoretical cross sections were normalized using the 213.7 keV 3+ state for pos-itive and 309.8 keV 4� state for negative parity states. The parities of the stateswere determined on the basis of transition ICCs. The obtained results are shown inFig. 3.6.The Hauser-Feshbach theoretical curves for states J=1 and 2 are not well sepa-rated. In order to have unique spin values I have reanalysed the available angulardistribution data (measured by Ten Brink et al. [44]), using the computer codecindy [26]. My results give unambiguous spin 2 for the 483, 501, 645 and 674 keVlevels.3.5 IBFFM calculations and discussionIn order to get an insight into the structure of the low-lying 72As states, we haveperformed calculation using the interacting boson-fermion-fermion model (IBFFM).The hamiltonian of the model is [51, 52, 53]HIBFFM = HIBFM(�) +HIBFM (�)�HIBM +HRES(��); (3.1)
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Figure 3.6: Experimental relative cross sections (�LEV ) of the 72Ge(p,n
)72As re-action (dots with error bars) as a function of the 72As level energy (ELEV ). Thecurves show Hauser-Feshbach theoretical results. Encircled N means normalizationpoint. The results obtained at 5.75, 6.16, and 6.21 MeV bombarding proton energiesare shown separately.where HIBM denotes the IBM hamiltonian for the even-even core nucleus [7, 8],HIBFM(�) and HIBFM(�) are the IBFM hamiltonians for the neighbouring odd-evennuclei with an odd proton and odd neutron, respectively [9, 10, 54], and HRES(�; �)is the hamiltonian of the residual interaction. The IBFFM hamiltonian (3.1) wasdiagonalized in the proton-neutron-boson basis:j (j�; j�)j�� ; ndI;Ji;where j� and j� stand for the proton and neutron angular moments coupled to j�� ,nd is the number of d bosons, I is their angular momentum, and J is the spin of thestate. The computations were performed using the code IBFFM [55].



Chapter 3. Structure of 72As 45In the IBFFM description the 72As nucleus consists of a boson core plus one oddproton and one odd neutron. The core parameters were �tted to the energy spectrumand electromagnetic properties of 7032Ge38 nucleus. The parameters are: N = 4, h1 =0.88 MeV, h2 = �0.3 MeV, h3 = 0.12 MeV,h40 = 0.2, h42 = �0.4, h44 = �0.08. Thisreduced boson number leads to a smaller boson space and substantially reduces thescope of calculations for odd-odd 72As nucleus, without sizeably a�ecting the results.In the second step of calculation we have adjusted the parameters of the IBFM(�)hamiltonian to the low-energy spectrum and electromagnetic properties of 7133As38.In the third step of our calculation we have �tted the parameters of the IBFM(�)hamiltonian to the energy levels and electromagnetic properties of 7132Ge39. For 70Ge,71As and 71Ge energy spectra, B(E2), B(M1) reduced transition probabilities, 
-branching ratios and electromagnetic moments were deduced. The calculated stateswere assigned to the experimental levels on the basis of energy, spin, parity, one-nucleon transfer reaction data, where available [56, 57, 58, 59], decay properties,and wave functions. The low-energy level spectrum of 70Ge, 71As and 71Ge and theelectromagnetic moments were reasonably reproduced by the IB(F)M calculations.The main 
-branchings were also correctly predicted in most cases. The calculatedIBFM energy spectra for 71As and 71Ge compared with the available experimentaldata are presented in Fig. 3.7 and in Fig. 3.8, respectively.In the fourth, �nal step of our calculation, we have calculated the low-energy levelspectrum and electromagnetic properties of 7233As39. The quasiparticle energies (E inMeV), boson-fermion interaction parameters (A0, �0, �0 in MeV) and strengths ofresidual interaction (V�, V��, Vt in MeV) have been adjusted to the level spectrumof 72As. They are as follows: E(�~p3=2) = 0, E(� ~f5=2) = 0.41, E(�~p1=2) = 0.74,E(�~g9=2) = 2.2, E(� ~d5=2) = 5.2, E(�~p3=2) = 0.95, E(� ~f5=2) = 0.53, E(�~p1=2) = 0,E(�~g9=2) = 0.2, E(� ~d5=2) = 3.2, A�0 = 0.05, ��0 = 0.5, ��0 = 0.5 for positive and1.5 for negative parity states, A�0 = 0, ��0 = 0.55 for positive and 0.45 for negativeparity states, ��0 = 1.3 for positive and 5.5 for negative parity states. The strengthsof residual interaction are V� = 0 for positive and �0.6 for negative parity states,and V�� = 0, Vt = 0.015. Here, in order to improve the agreement with experiment,some of the quasiparticle energies and boson-fermion interaction strengths have been
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Figure 3.7: Calculated IBFM energy spectra of the low-lying states of 71As in com-parison with experimental data [53]. The positive (� +) and negative (� �) paritystates are shown separately.modi�ed with respect to the values from the IBFM calculations in the second andthird steps. In particular, we note the increase of the energy of � ~f5=2 quasiparticle,the increase of the strengths of boson-fermion dynamical interaction ��0 for negativeparity states, and the modi�cation of the exchange interaction strengths. Such arenormalization seems to be in accordance with the general observation in the regionsof soft nuclei, that the dynamical deformation can change sizeably, if one nucleonis added. This is consistent with the �nding that odd-odd nuclei are in many cases
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Figure 3.8: Experimental [53] and theoretical IBFM energy spectra of the low-lyingstates of 71Ge.more deformed than their odd-even neighbours. The increase of the strength ofboson-fermion interaction causes overall shifts of proton-neutron multiplets, i.e. ane�ective renormalization of quasiparticle energies, in accordance with the parabolicrule [61].The IBFFM energy spectrum of 72As is compared with the experimental one inFig. 3.9. The main components of the wave functions of some low-lying states arepresented in Table 3.5.Using the wave functions of 72As we have calculated the electric quadropole andmagnetic dipole static moments and 
-ray branching ratios (Tables 3.6 and 3.7). Inthese calculations the e�ective charges and gyromagnetic ratios were: e� = 1.5 e, g�l= 1, g�s = 0.7g�s (free) = 3.910, g�t = 125 < r2 > g�s (free) = 3.34, e� = 0.5 e, g�l = 0,g�s = 0.7g�s (free) = �2.678, g�t = 113 < r2 > g�s (free) = �4.40. Here all values arein accordance with standard estimates, only g�t was enchanced.



Chapter 3. Structure of 72As 48Table 3.5: Wave function of some low-lying states of 72As. Only components with >10% weightare given. The basis states are j (j�j�)j�� ; ndI; J > (see in text).J�(theor.) (j�; j�)j�� ;ndI Amplitude J�(theor.) (j� ; j�)j�� ;ndI Amplitude0+1 (3/2,3/2)0;00 0.603 1�1 (5/2,9/2)2;12 0.661(3/2,3/2)0;20 �0.417 (5/2,9/2)2;32 �0.332(3/2,3/2)2;12 0.375 2�1 (5/2,9/2)2;00 0.7401+1 (3/2,5/2)1;00 0.638 (5/2,9/2)2;20 �0.394(3/2,5/2)1;20 �0.424 3�1 (5/2,9/2)3;00 0.6441+2 (3/2,1/2)1;00 0.837 (5/2,9/2)3;20 �0.349(3/2,1/2)1;20 �0.391 (5/2,9/2)5;12 �0.3242+1 (3/2,1/2)2;00 0.659 3�2 (3/2,9/2)3;00 0.704(3/2,5/2)2;00 0.349 (3/2,9/2)3;20 �0.3762+2 (3/2,1/2)2;00 �0.546 3�3 (3/2,9/2)5;12 �0.402(3/2,5/2)2;00 0.452 4�1 (1/2,9/2)4;00 0.521(3/2,5/2)1;12 �0.335 (5/2,9/2)4;00 �0.4403+1 (5/2,5/2)3;00 0.396 4�2 (3/2,9/2)4;00 0.623(1/2,5/2)3;00 0.332 (3/2,9/2)4;20 �0.326(5/2,5/2)4;12 0.329 4�3 (3/2,9/2)6;12 0.4334+1 (3/2,5/2)4;00 0.519 (5/2,9/2)2;12 0.364(3/2,5/2)4;12 0.439 (3/2,9/2)4;00 �0.352(3/2,5/2)4;20 �0.354 5�1 (1/2,9/2)5;00 �0.502(5/2,9/2)7;12 �0.4147�1 (5/2,9/2)7;00 0.697(5/2,9/2)7;20 �0.395Table 3.6: Calculated electric quadropole and magnetic dipole static moments of 72As andcomparison with available experimental data (Raghavan [55], if otherwise not indicated).Nucleus J� Q(e�b) �(�N )Theor. Exp. Theor. Exp.72As 2�1 �0.132 �0.082(24) �1.809 �2.1578(22)[48]6�1 �0.147 0.874 +0.696(12)3+1 0.229 1.525 +1.581(18)[48]
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Figure 3.9: Experimental energy spectra of 72As in comparison with the presentIBFFM and former theoretical calculations (Ten Brink et al. [37] and Kimura et al.[36]). For 4 and 2 see caption of Fig. 10.The IBFFM theoretical levels are assigned to the experimental ones mainly onthe basis of energy, spin, parity, and decay properties. As seen in Fig. 3.9, thelowest-lying experimental levels have counterparts in the theoretical spectrum.On the basis of magnetic dipole momentum measured by Hogervorst et al. [63],the 2� ground state of 72As has � ~f5=2�~g9=2 con�guration. The IBFFM calculationscon�rm these results: in the 2�1 ground state and the 3�1 and 7�1 excited states thedominating con�guration is � ~f5=2�~g9=2 (Table 5.3). In a recent publication D�oringet al. [47] assigned to the 562.8 keV level the 7(�) spin parity [instead of the formerassignment (6)]. This state may be the 7� member of the � ~f5=2�~g9=2 multiplet.The IBFFM calculations show that the 4�1 and 5�1 states have the main con�g-uration �~p1=2�~g9=2, with 4�1 state lying below the 5�1 . This is in agreement with theexperimental results and also with the prediction of the parabolic rule.On the basis of lifetimemeasurements and other considerations H�ubner [40] came



Chapter 3. Structure of 72As 50Table 3.7: Calculated E2 and M1 transitions for 72As in IBFFM and comparison with the experi-ment.Elev(MeV) Transition I
 Elev(MeV) Transition I
J�(exp.) J�(theor.) Theor. Exp. J�(exp.) J�(theor.) Theor. Exp.0.3097 4�1 ! 2�1 100 100 0.7295 3�3 ! 4�2 0.34� 3� ! 1�1 0.0020.3628 5�1 ! 4�1 100 100 ! 4�3 6.4 8(2)5� ! 3�2 120.4144 3�1 ! 5�1 0.000 ! 3�1 4.2 4(1)3� ! 4�1 0.3 ! 5�1 0.02! 2�1 100 100 ! 4�1 21 43(7)0.5253 3�2 ! 3�1 0.4 ! 2�1 100 1003� ! 5�1 0.001 0.2137 3+1 ! 1+1 100 100! 4�1 39 60(8) 3+! 2�1 100 100 0.2885 2+1 ! 3+1 0.3 9(3)0.5590 4�3 ! 3�2 8.3 (2)+ ! 1+1 100 1004� ! 3�1 283 52(6) 0.3182 4+1 ! 2+1 0.000! 5�1 80 15(2) 4+ ! 3+1 100 100! 4�1 350 0.3802 0+1 ! 2+1 0.0001! 2�1 100 100 0+ ! 1+1 100 1000.5651 1�1 ! 3�2 0.000 0.3900 1+2 ! 0+1 0.0021�; 2� ! 3�1 0.001 1.3(5) 1+; 2+ ! 2+1 0.4! 2�1 100 100 ! 3+1 0.000040.5935 4�2 ! 4�3 0.1 ! 1+1 100 1004� ! 3�2 14 0.4388 2+2 ! 1+2 0.001! 3�1 27 41(5) 1+; 2+ ! 0+1 0.000! 5�1 95 31(4) ! 4+1 0.000! 4�1 100 100 ! 2+1 45 13(4)! 2�1 0.0004 ! 3+1 3.8! 1+1 100 100to the conclusion that the 1+1 state of the 72As has either �p�13=2�f�15=2 or �p�13=2�p1=2con�guration. The IBFFM calculations give the �~p3=2� ~f5=2 dominating con�gurationfor this state. The parabolic rule predicts an open-down parabolic energy splittingfor the �~p3=2� ~f5=2 multiplet, with a minimum energy for the 1+ state. The 4+member of this multiplet may be the 4+1 state. The 2+ and 3+ members of this



Chapter 3. Structure of 72As 51multiplet are in IBFFM more fragmented (e. g. into 2+1 , 2+2 etc., see Table 3.5).According to Bertschat et al. [42] the best agreement between the predicted andmeasured g-factors of the 3+1 state at 214 keV is obtained for the �f5=2�f�15=2 and�f5=2�p1=2 con�gurations. Our IBFFM calculation indicates a mixed con�gurationfor this state, with � ~f5=2� ~f5=2 con�guration being the strongest one. The parabolicrule predicts an open-up parabolic splitting for the � ~f5=2� ~f5=2 multiplet, with aminimum energy for the 3+ (or 4+) member.The calculated branching ratios 72As are in a reasonable agreement with experi-mental data for most transitions, but there are some pronounced discrepancies. Themain branches seem to be correctly predicted for decays of 3�1 ,3�2 , 1�1 , 4�2 , 3�3 , 2+1 , 4+1 ,0+1 , 1+2 and 2+2 levels. However, there is a discrepancy with decay pattern of the 4�3level: the strongest theoretical branch is 4�3 !4�1 , while experimentally this transi-tion was not observed. The calculated reduced transition probabilityB(E2;3+1 !1+1 )is by an order of magnitude smaller than the experimental value.Prior to the present work, Ten Brink et al. [44] calculated the energy spectra andelectromagnetic properties of 72As, using a number conserving BCS quasiproton-quasineutron model. They used a Schi�er force for the e�ective proton-neutroninteraction. It was supposed that the nuclear core is spherical and the phonondegrees of freedom were neglected. Kimura et al. [43] have also calculated the levelspectra of 72As using harmonic oscillator wave functions and a spin dependent �interaction as proton-neutron residual interaction.The experimental energy spectrum of 72As is compared with the results of presentand former theoretical calculations in Fig. 3.9. Below 800 keV excitation energy 36levels were observed experimentally, while the IBFFM calculations predict 34 statescompared to 21 [43] and 17 [44] ones from quasiparticle calculations.



Chapter 4Study of the 73As nucleus4.1 Previous studiesThe energy levels of 73As have been studied earlier by gamma spectroscopic methodsfrom 73m;gSe �+-decay by Marlow and Faas [64], Meeker and Tucker [65] and TenBrink et al. [66], from (p,n
) reaction by van der Merwe et al. [67] and Ten Brinket al. [66], and from (�,2n) and 58Fe(18O,p2n) reactions by Heits et al. [68]. Thestructure of the nucleus was investigated also by single proton transfer reactions byRamaswamy et al. [69], M. Schrader et al. [70] and Rotbard et al. [71], as well asfrom (p,t) reaction by Vergnes et al. [72]. These studies extended our knowledge onthe level scheme of 73As considerably, nevertheless they are somewhat inconsistent,as some of the levels were observed only in one or another work, and, the levelspins are di�erent in di�erent studies. Unambiguous spin{parity values could beassigned only to �ve levels in the 1993 Nuclear Data Sheets evaluation [73]. Theearlier studies are summarized in Table 4.1.4.2 Experimental results
-ray spectra of the 73Ge(p,n
)73As reaction were measured at 1.92, 2.27, 2.45, 2.75MeV for determination of the energies and the intensities of the transitions and forHauser{Feshbach analysis, and at 4 MeV bombarding proton energy for obtainingof the internal conversion coe�cients. The measurement of 

{coincidence events,as well as of the internal conversion electron spectra were performed also at Ep=4.0MeV. The intensities of proton beams were between 0.1{1 �A.52



Chapter 4. Study of the 73As nucleus 53Table 4.1: Summary of the former experimental studies of the structure of 73AsReference Reaction Techniques, Measu- Results� detectors rementsMarlow(1969)[64] decay of 73g;mSe Ge(Li) detectors,NaI(Tl) scintilla-tors E
 , I
 ,

-coinc 50 
 rays identi�ed and placedin the level schemes, logft valuesfor 21 levels deduced, unambigu-ous J� assignments for 3 states,
-branching givenMeeker(1970)[65] decay of 73g;mSe Ge(Li) detectors,NaI(Tl) scintilla-tors E
 , I
 ,

-coinc 50 
 rays identi�ed and placed inthe level schemes, 

-coincidencerelations given for 7 
 rays, de-duced logft values for 20 levels,J� assignments for 3 stateTen Brink(1980)[66] decay of 73g;mSe,72Ge(p,n
)73As,Ep=1.6-3.1 MeV,72Ge(3He,d)73As,E3He=21 MeV in-beam tech-niques, Ge(Li)detectors mag-netic split polespectrograph E
 , I
 ,

-coinc,Ed 124 
 rays from decay and 73 
rays from (p,n
) reaction iden-ti�ed and placed in the levelschemes, logft values deduced for31 levels, unambiguous J� assign-ments for 7 statesMerwe(1975)[67] 73Ge(p,n)73As,73Ge(p,n
)73As,Ep=2.1-3.3 MeV in-beam and timeof 
ight techniques,plastic scintillator,Ge(Li) detectors E
 , I
 ,n
-coinc,�(E,�
 ),�(E
 ,En) 65 transitions identi�ed andplaced in the level scheme, A2,A4 factors deduced for 15 
 rays,mixing ratio � given for 13 tran-sitions, the level scheme contains,39 states up to 1980 keV with5 unambiguous J� assignments,Hauser-Feshbach analysis for 7levelsHeits(1977)[68] 71Ga(�,2n)73As,E�=17-24 MeV,58Fe(18O,p2n)73As,E18O=40-52 MeV, in-beam tech-niques, Ge(Li)detectors E
 , I
 ,

-coinc�(E,E
 ,�
) 33 transitions identi�ed andplaced in the level scheme, A2,A4 factors deduced for 13 transi-tions, the high spin level schemeconstructed up to 4.1 MeV with 6unambiguous J� assignments



Chapter 4. Study of the 73As nucleus 54Table 4.1: continuedReference Reaction Techniques, Measu- Results� detectors rementsRamaswamy(1979)[69] 72Ge(3He,d)73AsE3He=20 MeV in-beam tech-niques, multigapmagnetic spectro-graph with K2nuclear emulsionplates �(E,�) lp and spectroscopic factors de-duced for 30 levelsSchrader(1976)[70] 72Ge(3He,d)73AsE3He=23 MeV in-beam tech-niques, Q3D mag-netic spectrographwith sensitivewire proportionalcounter �(Ed,�) lp and spectroscopic factors deter-mined for 21 levelsRotbard(1983)[71] 74Se(d,3He)73AsEd=25.2 MeV in-beam tech-niques, split polemagnetic spec-trometer withsolid-state positionsensitive detectors �(Ed,�) 18 levels deduced, lp and spectro-scopic factors determined for themVergnes(1976)[72] 75As(p,t)73AsEp=26 MeV in-beam tech-niques, split polemagnetic spec-trometer withsolid-state positionsensitive detectors �(�) deduced levels with 8 unambigu-ous J� assignmentsKing, Chou(1993)[73] compilation� Only the �rst author is indicated in this column.Identi�cation of 
 rays was based �rst of all on 

 coincidence relations. Thestrongest lines of 73As were already known, what ensured the identi�cation of thecoincident 
 rays. In addition to the 73As lines the spectra contained peaks alsofrom 73Ge(p,p')73Ge and 73Ge(p,
)74As reactions and from the radioactive decay of
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Figure 4.1: Typical 
-ray and internal conversion electron spectra of the73Ge(p,n
)73As reaction. The energies of 
 rays are given only for the strongest73As lines. Corresponding conversion electron peaks are also indicated.reaction products, but the level schemes of these nuclei are well-known from theprevious works [73, 17] and the contaminating lines could be identi�ed. The �30million 

-coincidence events were recorded in event-by-event mode. The goodstatistics of the 

-coincidence measurement enabled unambiguous identi�cationfor all 
 rays observed in the singles spectra. If a 
 ray was unresolved or weak insingles spectra, its energy and intensity was determined from gated spectra. Typical
-ray and internal conversion electron spectra are shown in Fig. 4.1. The energiesand intensities of 
 rays observed in the 73Ge(p,n
)73As reaction at 2.75 MeV bom-barding proton energy are listed in Table 4.2. About 70% more 
 transitions couldbe assigned to 73As as were previously known.The 

 coincidence relations were measured at 4 MeV proton energy in order toobserve also feeding transitions for all the levels below 1.5 MeV excitation energy. InTable 4.2 the coincidence relations have been summarized between those transitions,which were obtained at 2.75 MeV bombarding energy.
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Figure 4.2: Experimental (symbols with error bars) and theoretical (curves) internalconversion electron coe�cients of 73As transitions as a function of the 
-ray energy.Internal conversion coe�cients (ICC) were determined from the internal conver-sion electron and 
-ray spectra. For normalization of the experimental ICCs I haveused the theoretical �K value [25] of the 271.67 keV stretched E2 74As transition[17]. The theoretical and experimental ICCs of the 73As transitions are shown inFig. 4.2. In the case of the 643, 865 and 994 keV doublets, as the intensities of theweaker components are smaller than the statistical errors of the intensities of thestronger ones, the given ICCs correspond to the stronger transitions. On the basisof ICCs and the recommended upper limits for transition probabilities [74] multipo-larities were assigned to 28 transitions, from which 20 are new. The obtained ICCs,as well as the deduced and formerly known multipolarities are given in Table 4.2.4.3 Discussion of the level scheme of 73AsThe construction of the level scheme was based on the 

{coincidence measure-ments, on the energy and intensity balance of transitions and on the results of 
-rayexcitation function measurement. The proposed level scheme is shown in Figs. 4.3(low-energy part) and 4.4 (higher-energy part). Above 1344 keV, the highest energy



Chapter 4. Study of the 73As nucleus 57Table 4.2: Energy, intensity, internal conversion coe�cient, multipolarity and coincidence relationsof 
 rays of the 73Ge(p,n
)73As reactionE
 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]67.06(3) 8672(892) M1+E2 224 227 283 300 317351 358 361 416 443451 484 511 575 588600 643 689 697 703708 765 767 783 787793 814 819 865 901927 979 1020 1111 11541232 127784.36(4) 50.0(94) [M1] 139 170 181 195 262309 311 317 321 358376 401 451 467 490493 503 512 516 571575 597 600 647 689694 697 725 765 767787 819 828 833 909931 951 979 994 10031215116.59(14) 5.0(10) 393139.44(4) 2.9(12) M1+E2 84 170 181 254 262300 332 351 358 376451 457 467 493 600647 689 694 697 725767 787 828 909 931951169.64(8) 2.2(4) 84 139 300 321 401484 516 600 647 689694 708 725 765 833931 935181.15(4) 1.9(9) M1+E2 84 139 254 309 311332 393 503 512 725184.44(20) 0.8(4) 84 393191.92(15) 0.9(6) 67 511 578195.07(18) 0.9(5) 67 84 254 262 393401 571
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 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]223.93(5) 5.2(7) 67 254 351 376 393516 703 770226.56(17) 0.9(6) 92(20) M1(+E2) 67 393 467 793 861254.02(2) 76.9(83) 77(6) M1 M1(+E2) 139 195 224 262 311317 321 324 332 351358 376 401 408 432451 457 467 493 503512 516 566 575 597600 632 644 647 689725 767 787 792 819824 833 931 935 9791045256.20(20) 4.4(6) 609262.06(3) 2.8(12) 78(23) M1+E2 M1+E2 84 139 169 254 309358 393 432 566 647689282.66(9) 1.0(2) 67 511 578299.68(20) 4.3(7) 67 84 224 309 393416 443 484 510 511578 600 927 994309.10(5) 9.3(10) 45(15) M1+E2 M1+E2 84 181 224 262 311332 351 358 376 451467 467 484 493 512575 600 647 689 694697 725 828 909 931951311.45(15) 0.6(2) 84 181 254 321 332393317317:18(6):50(15) 23:0(8):0(25) 8<: 67467793 84511861 254516 376703 393770793 861320.59(3) 6.0(7) 41(7) M1(+E2) M1 84 170 254 311 332503 512 725323.95(10) 1.2(6) 254



Chapter 4. Study of the 73As nucleus 59Table 4.2: continuedE
 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]331.92(12) 2.8(5) 40(16) M1+E2 67 84 139 254 309311 321 376 393 493510 632350.77(3) 8.5(10) 67 224 254 393 416443 484 510 511 516578 600 703 927 994358.09(4) 1.1(3) 67 84 139 170 254262 309 393 401 571656360.86(2) 1000(101) 118(14) M2 M2 67376376:08(7):42(4) 15:0(6):1(7) 8<: 67309443 84317451 139332510 224393575 254408787393.42(2) 84.4(85) 25(3) M1 M1+E2 117 181 184 195 224262 283 300 311 317332 351 358 376 408451 457 467 484 493503 512 600 647 689694 697 725 765 787792 814 819 827 909931 951 979401.47(2) 27.5(28) 24(6) M1+E2 M1+E2 84 170 195 254 358432 566 644 647 689408.19(20) 2.7(3) 67 254 376 393 516703 770415.85(5) 10.2(11) 22(5) M1(+E2) 67 184 300 351 393511 578431.59(20) 1.0(7) 254 262 401441.68(20) 1.8(11) 67 793 861443.04(2) 41.1(41) 9.1(13) E1 67 351 376 484 708765 783 792 814 819451.45(2) 9.7(10) 67 84 254 309 376393 511 516 578 703770457.04(12) 1.3(2) 139 254 309 393
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 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]467.15(5) 6.6(7) 84 139 254 309 317393 697483483:72(3):94(20) 72:6(15):8(10) n 67510 300793 351861 443 467490.23(12) 0.6(2) 84 725492.71(8) 2.3(3) 84 139 254 309 332393503.39(15) 1.5(9) 84 139 181 254 321393510.03(10) 214.1(270) 376 484 708 765 783792 814 819510.86(10) 59.6(174) 67 192 283 300 351416 484 575 600 643767 787 979512.45(10) 1.0(7) 84 181 242 309 321393515.84(3) 9.0(10) 20(4) E2(+M1) 84 170 224 254 317408 451 575 787565.86(20) 3.0(10) 67 84 254 393 401571571.09(6) 5.5(12) 84 195 358 432 566647 689574.72(20) 9.5(12) 67 84 254 309 37693 511 516 703 770577.89(2) 83.9(98) 9.9(14) M1(+E2) 192 283 351 416 451600 643 697 767 979588.39(15) 2.3(5) 67 358 647 689596.57(12) 1.1(6) 254600600:13(15):31(3) 733:9(41):0(36) n 67309 84351 139393 254511 300578609.22(2) 177.6(191) 12.5(14) E2(+M1) [E2] 256632.14(11) 0.4(3) 254 332643.38(3) 8.2(15) 7.3(20) M1+E2 67 511 578643.96(20) 0.5(3) 254 262 393 401 571
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 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]646.82(20) 0.2(1) 84 254 262 393 401571 656655.50(11) 2.7(8) 195 358 4332 689689.03(3) 15.8(16) 67 84 170 254 262309 393 401 571 588655693.59(8) 3.2(6) 84 139 254 309 393702.77(2) 32.2(33) 67 224 317 408 451575 787707.89(3) 5.3(10) 6.8(20) M1,E2 67 443 510724.35(20) 2.5(12)724.69(20) 3.1(14) 84 181 254 321 393490765.25(20) 52.2(53) 5.2(8) M1+E2 67 443 510766.65(20) 12.7(40) 67 511 578769.85(2) 54.4(62) 5.6(8) M1+E2 224 317 408 451 575787783.33(2) 69.8(71) 5.7(9) M1,E2 67 443 510792.12(20) 2.2(7) 67 443 510793.47(2) 90.1(92) 4.9(15) M1,E2 67 227 317 442 484697814.06(7) 5.8(8) 67 443 510818.76(15) 14.0(20) 67 443 510823.99(8) 1.2(5) 254827.83(15) 3.1(20) 84 139 254 309 393833.07(23) 6.4(32) 84 170 254847.52(12) 32.6(33) 4.7(15) M1,E2850.51(2) 63.3(64) 4.3(6) M1(+E2)860.56(2) 143.6(145) 5.4(6) E2(+M1) 227 317 442 484 697865.47(30) 232.6(277) 4.4(9) M1,E2865.47(30) 18.1(151)901.01(2) 46.4(48) 3.8(11) M1,E2908.86(20) 2.8(11) 84 139 254 309 393926.72(2) 71.2(77) 3.5(6) M1+E2 67 300 351930.77(4) 4.4(22) 84 139 254 309 393



Chapter 4. Study of the 73As nucleus 62Table 4.2: continuedE
 I
 a) ICC measurements Former Coincident 
 rays(keV) (relative) 104��K Multip. results on E
(keV)of 
 ray multip. of
 rays [73]934.82(15) 2.3(8) 84 170 254951.02(16) 2.1(10) 84 139 254 309 393993993:63(10):78(2) 091:7(4):1(154) 3:7(10) E2,M1 n 84 300 3511002.59(7) 8.0(44) 3.4(13) E2,M1 841019.87(13) 3.0(5) 671045.33(6) 0.7(5) 2541077.91(20) 5.3(6)1086.99(5) 4.4(5)1111.00(2) 129.2(157) 671154.25(2) 83.2(85) 671214.97(20) 0.5(4) 841232.30(15) 0.7(5) 671277.47(20) 31.0(32) 671302.25(4) 11.2(13)1324.19(3) 7.3(9)1344.57(12) 2.8(5)a) Relative intensities at 2.75 MeV bombarding proton energygiven in the level scheme, an �150 keV energy gap follows, which is in agreementwith the previous results. The 
-ray energies and relative branching ratios, given inFigs. 4.3 and 4.4, are weighted averages of values obtained at di�erent bombardingenergies. The level energies were �tted to all the energies of 
 rays placed in thelevel scheme. The uncertainty of the level energies determined from the uncertaintyof the 
 energies is �Elev < 0.2 keV.In order to obtain a complete level scheme below 1.4 MeV the nucleus has beenexcited to much higher energy (2.8 MeV), and the stronger 
 rays were placed intothe level scheme up to 2.5 MeV excitation energy. As a result of the higher excitationenergy and good statistics of the coincidence measurement the position of each 
ray in the proposed level scheme is con�rmed by coincidence relations, and most ofthe transitions were seen from above (as indicated also in Figs. 4.3 and 4.4). All



Chapter 4. Study of the 73As nucleus 63the 
 rays assigned to 73As below 2.8 MeV bombarding energy were placed into thelevel scheme.The proposed level scheme is considered to be complete in the 1/2{15/2 spinwindow. Although the feeding of the lowest spin states above 1 MeV was very weakin the excitation function measurements, the deexciting transitions have enoughintensities and clear coincidence patterns at 4 MeV bombarding energy, ensuringcompleteness even for the lowest spin states.All the levels observed in the present experiment were already found at least inone of the previous studies. The levels proposed at 628 and 674 keV by Merwe etal. [67] on the basis of weak indications in the neutron time of 
ight spectrum of(p,n) reaction were not seen in the present study. Similarly, the level at 715 keVobserved in one of the (3He,d) measurements [69] is missing. The 862 keV 
 raydeexciting the 928.9 keV level of Heits et al. was put on top of the 1178 keV level onthe basis of its coincidence relations, so this level also does not exist in the deducedlevel scheme. The 1078 keV level seems to be single in this study contrary to someof the previous proposals [67, 70, 73]. It is weakly excited at each bombardingproton energy opposing to the result of the direct measurement of the intensityof the neutron groups of Merwe et al. [67]. This weak excitation value does notallow even for a single 5/2 state (see subsection 4.3.1) suggested by the `p = 1 + 3transferred angular momentum in one of the single proton exchange reactions, wherethe 1073�5 keV peak has some 71As contamination [70], too.The branching ratios deduced are in a reasonable agreement with the compileddata, except for the 1293.39 keV level, where the intensity of a previously unresolveddoublet was split on the basis of the coincidence measurement.4.3.1 Hauser-Feshbach analysisAs the low-energy (Elev � 1.4 MeV), low-spin level scheme of 73As can be consideredcomplete the cross sections for the neutron groups feeding the 73As levels werededuced and compared with the theoretical �lev(p,n) values. At the calculation ofthe transmission coe�cients the optical model parameter sets mentined in the section2.1.5 were used and they are given in Table 4.3. Besides the neutron channels all
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Figure 4.3: Low-energy part of the proposed level scheme of 73As from (p,n
) reac-tion. Solid circles at the ends indicate 

-coincidence relations. Behind the 
-rayenergies, 
-branching ratios (and their errors) and multipolarities are given. Themultipolarities given in square brackets are taken from the last Nuclear Data Sheetsevaluation.known (p,p') (up to 1.2 MeV) and (p,
) channels (up to 1.2 MeV) were also included.Moldauer width 
uctuation correction [26] was also taken into account.The experimental cross sections were deduced from transition intensities at 1.92,2.27, 2.45 and 2.75 MeV bombarding proton energies. The experimental and theo-retical cross sections were normalized at the 428 keV 9/2+ state [73]. The results
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Figure 4.4: High-energy part of the proposed level scheme of 73As.Table 4.3: Optical-model parameters used in this work. (The V , W and Vso potential depthsare given in MeV and the r range and a di�useness parameters in fm.)V W Vso rre rim are aim Refs.p+73Ge 58.70�0.55E 13.5 7.5 1.25 1.25 0.65 0.47 [27, 28]n+73As 47.01�0.267E 9.52 6.2 1.29 1.25 0.66 0.48 [27, 29]�0.0018E2 �0.053E



Chapter 4. Study of the 73As nucleus 66obtained at 2.75 MeV and for low{spin states also at 1.92 and 2.27 MeV bombard-ing proton energies are shown in Fig. 4.5. As the side feeding is large at higherbombarding energy, the uncertainties of the feedings of low energy low spin statesincreased. Their spin values could be determined at lower proton energy as shownin the upper part of Fig. 4.5.The theoretical curves from the compound nuclear calculations do have someuncertainty, too. This comes �rst of all from misidenti�cation of the spin of states,that is a wrong estimate of the outgoing channels. It a�ects �rst of all the curves forthose spins where only one outgoing channel is present, like the 13/2 state in thiscase. The uncertainty of the calculated curve can go up up to 35% due to addinga second 13/2 state. Fortunately, this is not the case for the normalizing 9/2 state,which is so strongly excited, that a second 9/2 state cannot be missed. For the lowspin states, where the uncertainty of the theoretical curves is more critical, due tothe large number of these states the uncertainty is much less, it is �5%. Althoughthe optical model parameters are uncertain, even large changes of their values leadsto small changes in the relative position of the theoretical curves, and a�ects onlythe absolute magnitude of the reaction cross sections.The spins, given in Figs. 4.3 and 4.4, have been determined from the Hauser{Feshbach analysis, and they are in agreement with the decay properties of levels, themeasured internal conversion coe�cients and the results of the transfer reactions.All but two spin values are within the limits given in the recent NDS compilation.The 1302 and 1324 keV levels are a bit more excited in my case as determinedby Merwe et al. [67] from direct measurement of the yield of neutrons from (p,n)reaction, leading to higher spin values for these states.The parities were deduced from the multipolarities of transitions and the negativeparity of the ground state. For those states which are decaying to states of onlyone kind of parity the same parity was tentatively assigned. The parities deducedin this way in all but one case con�rm the values compiled from di�erent sources orare determined for the �rst time. The only exception is the 1218 keV level, wherein contrary to the previous assignment (from `(d,3He)=1 [71]), a positive parity hasbeen proposed on the basis of the ICC measurement.
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Figure 4.5: Experimental relative cross sections (�lev) of the 73Ge(p,n
)73As reac-tion (dots with error bars) as a function of the 73As level energy (E�) measured atdi�erent bombarding proton energies. The curves show Hauser{Feshbach theoreticalresults. N means normalization point.



Chapter 4. Study of the 73As nucleus 684.4 Theoretical description of 73AsPrior to this study the low{lying states of 73As were calculated by Toki et al. [75]and by Ten Brink et al. [66]. Toki et al. have used particle + rotor model withan asymmetric rotor having a variable moment of inertia. They calculated only theenergies of the positive parity states. Ten Brink et al. have described the propertiesof the 73As using the cluster{vibration model of Alaga [76]. In their approachthe cluster of three protons was coupled to a harmonic vibrator, allowing up to 3phonons in the core excitation. Both calculations gave adequate descriptions for thelowest 4{6 levels of given parity. Above these states some of the experimental andtheoretical states do not have counterparts, and the quality of description of thebranching ratios is quickly getting worse with increasing energy.In the present study the structure of 73As was interpreted in the frameworkof interacting boson fermion model (IBFM). In the calculation the boson numbercorresponding to half of the valence nucleons was used.The boson core parameters have been taken from the IBM �t to the low-lyinglevels of 72Ge as in ref. [17] (Algora et al.): h1 = 0:86, h2 = �0:15, h3 = 0:03,h40 = 0, h42 = �0:3, h44 = �0:08 (all hi parameters in MeV), with the bosonnumber N = 7. These values correspond to a transitional boson core lying betweenthe SU(5) and O(6) limits. It should be noted that the 692 keV 0+ state in 72Ge wasexcluded from the �tting procedure, because this level is of intruder type (Rester etal. [77], Ardouin et al. [78]).For the calculation of negative-parity states we included the quasiparticle states~p3=2, ~f5=2, ~p1=2 and ~f7=2 with quasiparticle energies E(� ~f5=2)�E(�~p3=2) = 0:21 MeV,E(�~p1=2) � E(�~p3=2) = 0:33 MeV and E(� ~f7=2) � E(�~p3=2) = 2:81 MeV. The en-ergy of the ~f5=2 quasiparticle was chosen to be 0:21 MeV and the energy of the~p1=2 quasiparticle to 0:33 MeV. The occupation probabilities V 2(�~p3=2) = 0:579,V 2(� ~f5=2) = 0:341 and V 2(�~p1=2) = 0:118 have been taken from the BCS calcu-lation using Kisslinger-Sorensen parametrization [79]. In the present calculationwe included also the ~f7=2 quasiparticle with V 2(� ~f7=2) = 0:968 obtained from theBCS calculation. The boson-fermion interaction strengths have been adjusted tothe low-lying levels of 73As: A0 = 0:02 MeV, �0 = 0:3 MeV, �0 = 1:2 MeV and
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Figure 4.6: The calculated IBFM energy spectra of the low{lying states of 73Asin comparison with experimental data. The levels marked with stars (*) might beintruder states.� = �p7=2. The high value of � is typical in the SU(3) region, but not in theSU(5)/O(6) one. The need for it in description of this nucleus can be explainedby core polarization (see ref. [80] and references therein). The resulting low-lyingnegative-parity spectrum is presented in Fig. 4.6 in comparison with the observednegative-parity levels below 1.4 MeV. The assignment of theoretical states to theexperimental ones is based �rst of all on the comparison of calculated and mea-sured branching ratios. The experimental states at 575 keV and 851 keV with spin1/2� and 5/2�, respectively, do not have theoretical counterparts, they might be



Chapter 4. Study of the 73As nucleus 70Table 4.4: Calculated electric quadrupole (Q in eb) and magentic dipole (� in �N ) moments oflow-lying states in 73As.J�n QIBFM Qexp [73] �IBFM �exp [73]5=2�1 �0.14 � 0.356(12) 1.05 +1.63(10)9=2+1 �0.51 5.96 +5.234(14)quasiparticle states coupled to the intruder 692 keV 0+ state of 72Ge core.For the calculation of positive parity states we included the quasiparticle states~g9=2 and ~d5=2 with occupation probabilities V 2(�~g9=2) = 0:06, V 2(� ~d5=2) = 0:01, andquasiparticle energy E(� ~d5=2)� E(�~g9=2) = 3 MeV. The boson-fermion interactionstrengths were A0 = 0:10 MeV, �0 = 0:38 MeV, �0 = 5:0 MeV and � = �p7=2.The positive parity states are compared with the present experimental data and theyrast states from compilation [73] up to 2 MeV in Fig. 4.6.The main parts of the IBFMwave functions of the low-lying states 3=2�1 and 5=2�1can be approximately presented in the form of quasiparticle{core block terms ~p3=2
01and ~f5=2
01, respectively, where, 01 denotes the wave function of the ground state ofthe core. In such a block presentation the 1=2�1 wave function has the largest blockterm ~p1=2
 01 with large admixture from ( ~f5=2
 21)1=2, where 21 denotes the wavefunction of the �rst excited state of the IBM boson core. The 1=2�2 wave function hasthe largest block term (~p3=2
21)1=2 with large admixture of ~p1=2
01. The 3=2�2 and5=2�2 wave functions have the largest block term ( ~f5=2 
 21)3=2 and (~p3=2 
 21)5=2,respectively. The 7=2�1 wave function has the largest block component (~p3=2
21)7=2with large admixture of ( ~f5=2
 21)7=2. The 9=2+1 and 5=2+1 wave functions have thelargest block components ~g9=2
01 and (~g9=2
21)5=2 with admixture from ~d5=2
01.Employing the IBFM wave functions we have calculated the electromagneticproperties of the low-lying states in 73As. The values of the e�ective proton charge,boson charge, gyromagnetic ratios and � are the following: esp = 1:5, eV IB = 0:8,� = �p7=2, gR = Z=A = 0:452; gl = 1; gs = 0:7gfrees = 3:91; gT = 125hr2igfrees =3:372. The calculated static moments and 
-ray branches are presented in Tables 4.4and 4.5, respectively. We have calculated all the possible branches, and neglected



Chapter 4. Study of the 73As nucleus 71Table 4.5: Electromagnetic transitions between the low-lying 73As states calculated in IBFM.Ji ! Jf Iexp
 IIBFM
 Ji ! Jf Iexp
 IIBFM
5=2�1 ! 3=2�1 100 100 7=2�1 ! 7=2�2 <1 31=2�1 ! 3=2�1 100 100 ! 5=2�3 5 51=2�2 ! 1=2�1 3 7 ! 5=2�2 13 100! 3=2�1 100 100 ! 3=2�2 36 1.43=2�2 ! 1=2�2 3 12 ! 5=2�1 82 10! 1=2�1 10 15 ! 3=2�1 100 59! 5=2�1 <0.6 1 5=2�4 ! 7=2�2 12 3! 3=2�1 100 100 ! 5=2�3 25 0.05=2�2 ! 3=2�2 1 22 ! 3=2�3 8 55! 1=2�2 1 0.02 ! 3=2�2 40 100! 1=2�1 <0.6 1.6 ! 1=2�1 100 76! 5=2�1 71 49 ! 5=2�1 39 96! 3=2�1 100 100 3=2�5 ! 3=2�2 <9 123=2�3 ! 5=2�2 <7 15 ! 1=2�2 22 82! 3=2�2 10 4.5 ! 3=2�1 100 24! 1=2�2 100 77 1=2+1 ! 5=2+1 100 100! 1=2�1 16 100 13=2+1 ! 9=2+1 100 100! 5=2�1 7 19 3=2+1 ! 1=2+1 51 100! 3=2�1 10 64 ! 5=2+1 100 165=2�3 ! 5=2�2 2 0.1 7=2+1 ! 5=2+1 100 100! 3=2�2 9 28 ! 9=2+1 65 79! 1=2�2 15 6 11=2+1 ! 13=2+1 3 11! 1=2�1 <1 7 ! 9=2+1 100 100! 5=2�1 60 100 17=2+1 ! 13=2+1 100 100! 3=2�1 100 33 15=2+1 ! 11=2+1 22 177=2�2 ! 5=2�2 1 0.5 ! 13=2+1 100 100! 3=2�2 5 3! 5=2�1 62 100! 3=2�1 100 76from the table those transitions which were beyond the experimental detection lim-its.The overall agreement of calculated and experimental results is reasonable, butthere are number of discrepancies in both energies and electromagnetic properties.



Chapter 4. Study of the 73As nucleus 72One point is that the calculated negative-parity energy spectrum seems to show arepeating j,j+1 doublet structure, which is not evidenced experimentally. However,the wave functions of the states of each doublet are not of the same structure. Forexample, the states of 1/2�2 , 3/2�2 -doublet, 5/2�2 , 3/2�3 -doublet and 5/2�3 , 7/2�1 -doublet have rather splitted components, and the largest component is not thesame.The static moments of the 5/2�1 state have too small magnitudes in comparisonto the experimental data and the B(E2) value for the depopulation of 5=2�1 stateis also too small, indicating that some collectivity is missing. The calculation failsin predicting the main branches depopulating 5=2�2 , 7=2�1 and 3=2�3 states. This isconnected to the fact that these states, as well as the 3=2�2 one they are decayingto, have relatively large (~p3=2 
 21) components, and because of this too strongM1 and weak E2 transitions are predicted between them. The 5=2�3 ! 5=2�2 and5=2�4 ! 5=2�3 transitions are predicted to be too weak. Assuming some additionaltransition strength of the order of magnitude of 0.01 Weisskopf unit because of somemore mixing would improve the situation signi�cantly. It should be noted that theagreement of the present IBFM calculation with experiment is less satisfactory thanusually achieved for other medium-heavy nuclei. However, we have not achievedto obtain a better optimalization of the IBFM parameters. This might be causedby the presence of low lying 0+2 intruder state, the �rst excited state in the 72Genucleus, which is not accounted for in our calculation. This might be an evidencefor the in
uence of the IBM-2 type of correlation in the core.In spite of the above mentioned shortcomings, the states below 1 MeV could beclassi�ed in an acceptable way, and the assignments of the lowest lying states are incorrespondence with the pervious proposals of refs. [66, 75].



Chapter 5Structure of 68As from 12C(58Ni,pn
)reaction5.1 Results of earlier studiesLow-spin states of 68As have previously been investigated from � decay of 68Se [81].Some of the higher spin states were excited via the 54Fe(16O,pn) and 58Ni(12C,pn)heavy ion reactions up to an isomeric state at 2158 keV [82, 83, 84]. In a recentstudy [6] the level scheme has been extended to an excitation energy of 3.2 MeV,and the experimental results have been described in the framework of the EXCITEDVAMPIR model. The former studies are summarized in Table 5.1.5.2 Experimental results from the present studyThe total projection spectrum of the 1p1n matrix cleaned by using a successivesubtraction technique in order to eliminate the contaminating 
 lines is shown inFig. 5.1, where only the strongest 
 rays belonging to 68As are labelled. The ener-gies, intensities, angular distribution ratios and the deduced multipolarities of thetransitions assigned to 68As are given in Table 5.2. A total of 58 transitions wereidenti�ed, 34 of which are new.The level scheme was constructed mainly on the basis of the 

-coincidencerelations, but the energy and intensity balances were also considered. The orderof transitions in the 
-ray cascades was established by their intensity relations. Tocon�rm locations of the 
 transitions in the level scheme relative to the isomericstate at 2158 keV, spectra and matrices were also sorted with delays of multiplesof 10 ns. The prompt and the 40 ns delayed proton and neutron gated matrices73



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 74Table 5.1: Summary of the former experimental studies of the structure of 68AsReference Reaction Techniques, Measu- Results� detectors rementsBaumann(1994)[81] decay of 68Se Ge detector,Ge(Li) detector,Si detector E
 , I
 ,�
-coinc,

-coinc 10 
 rays identi�ed and placed inthe level scheme, which contains6 states with 5 unambiguous J�assignments, logft values deducedfor 5 levels, 
-branching givenPardo(1988)[82] 54Fe(16O,pn
)68As,58Ni(12C,pn
)68As in-beam tech-niques E
 , I
 ,

-coinc 25 transitions identi�ed andplaced in the level scheme,deduced 15 levels without J�assignment, T1=2 determined forthe isomeric state at 2159.1 keVBadica(1989)[83] 56Fe(14Ni,2n
)68As in-beam tech-niques, Ge(Li)detectors E
 , I
 ,

-coinc level scheme deduced up to theisomeric state, which contains 24transitions and 18 levels withoutJ� assignment, ICC for the 158keV 
 rayBadica(1994)[84] 54Fe(16O,pn
)68As,EO=45-63 MeV,58Ni(12C,pn
)68As,EC=32-45 MeV in-beam tech-niques, Ge(HP)detectors, liquidscintillator E
 , I
 ,n
-coinc,�(�) 21 
 rays identi�ed and placed inthe level scheme, which contains16 levels up to the isomeric statewith unambiguous J� assignmentsfor 3 states, A2, A4 factors de-duced for all transitionsPetrovici(1996)[6] 54Fe(14N,2n
)68As,EN=46 MeV,58Ni(12C,pn
)68As,EC=36-45 MeV,46Ti(25Mg,p2n
)68As,EMg=68 MeV, in-beam tech-niques, Ge(HP)detectors,Ge(Li) de-tectors, Gedetector-ball E
 , I
 ,

-coinc 27 transitions identi�ed andplaced in the level scheme, whichcontains 20 levels below 3.2 MeV,unambiguous J� assignmentsonly for the ground stateBhat(1995)[85] compilation� Only the �rst author is indicated in this column.
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Figure 5.1: Total projection spectrum of 68As obtained from the 1p1n gated 

 matrixafter subtraction of the contaminating channels.were analysed in detail using standard gating techniques. Typical gated spectra areshown in Fig. 5.2. The proposed level scheme is shown in Fig. 5.3.The level scheme deduced is considerably extended compared to the results ofprevious studies [82, 84, 6]. New transitions were found between known levels, newstates are established both below and above the 2158 keV isomeric state. Theplacement of already known 
 rays is in agreement with at least one of the previousworks. States with low spin [81, 84] were not observed in the present work, as wellas the 1119 and 1757 keV levels which have no spin assignments [82]. The 2060 keVand 2935 keV states [6] were also not observed in my study, as the 631 keV and 991keV 
 rays assigned to their decay are too weak in my case to con�rm the existenceof these states.The spins were determined from the angular distribution ratios and the knownspin and parity value of 3+ of the ground state [81]. The experimental intensityratios given in Table 5.2 are average values determined by using several stronger
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Figure 5.2: Typical 

-coincidence spectra of 68As.
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Figure 5.3: Proposed level scheme of 68As from the 12C(58Ni,pn
)68As reaction. Theun�lled part of the 71 keV arrow represent the intensity of the conversion electrons,assuming pure M1 multipolarity.



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 78Table 5.2: Energies, intensities and angular distribution ratios (R= I
(143o)I
(79o)+I
 (101o) ) of 
 rays fromthe 12C(58Ni,pn
)68As reaction.E
 (keV) I
(%) R ratio J�i !J�f Ei(keV)56.1(4) 1.68(48) 4+ !3+ 21463.9(1) 9.01(42) 9(+) !8(�) 215871.3(1) 90.46(310) 0.85(5) 5(�) !4(�) 965154.8(3) 0.76(11) 3+ !3+ 313158.0(1) 95.24(571) 0.88(4) 3+ !3+ 158183.8(3) 1.52(17) 5+ !4+ 733187.6(33) 0.36(6) 4+ !3+ 500213.1(4) 0.42(11) 6(�) ! 1427214.1(1) 26.67(381) 1.18(6) 4+ !3+ 214231.6(1) 7.20(29) 1.53(13) 5(�) !5+ 965236.4(1) 2.65(14) 1.34(16) 4+ !3+ 550248.4(2) 1.43(11) 1.54(23) (6,8�)!6(�) 1571250.2(3) 1.03(14) !5(�) 1214266.6(5) 0.32(10) (6,8�)!7(�) 1571278.8(2) 1.30(11) !11(+) 3462285.9(4) 0.36(6) 4+ !4+ 500288.0(2) 0.67(8) 0.79(20) (7,9�)!(6,8�) 1859301.9(3) 0.67(10) !10(+) 3472313.1(1) 4.76(10) 3+ !3+ 313316.6(1) 10.27(38) 0.80(7) 10(+) !9(+) 2474321.1(2) 3.30(23) !4(�) 1214335.7(2) 10.84(42) 1.25(9) 4+ !4+ 550339.0(1) 100.00(312) 1.49(8) 7(�) !5(�) 1304343.7(1) 51.24(160) 1.46(8) 4(�) !4+ 893358.1(1) 14.46(55) 0.89(7) 6(�) !5(�) 1323391.7(1) 30.00(109) 1.35(14) 4+ !3+ 550393.3(2) 4.38(15) 4(�) !4+ 893415.1(1) 8.54(36) 0.82(7) 5(�) !4+ 965462.7(1) 5.35(29) 0.87(10) 6(�) !5(�) 1427464.4(1) 3.90(19) 0.60(12) (11+)!10(+) 2938500.1(1) 6.67(10) 0.58(9) 4+ !3+ 500519.3(1) 8.99(48) 0.57(8) 5+ !4+ 733549.7(1) 14.44(63) 1.27(13) 4+ !3+ 550580.0(2) 1.37(15) 4(�) !3+ 893
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) reaction 79Table 5.2: continuedE
 (keV) I
(%) R ratio J�i !J�f Ei(keV)633.0(2) 2.50(19) 1.46(35) (8�)!6(�) 1956652.1(3) 0.57(15) (8�)!7(�) 1956659.9(2) 1.64(17) !11(+) 3843679.4(2) 1.89(17) 4(�) !4+ 893687.5(3) 0.86(14) !(7�) 2938699.0(1) 17.41(61) 0.97(14) 13(+) !12(+) 5087735.4(1) 60.14(194) 0.92(10) 4(�) !3+ 893755.4(1) 4.21(23) 1.41(25) (14+)!(12+) 5652790.1(1) 15.10(59) 1.32(14) 8(�) !7(�) 2094853.9(1) 75.01(238) 1.47(10) 9(+) !7(�) 2158928.1(3) 1.26(19) 0.75(27) (7�)!6(�) 2251968.8(2) 2.84(25) !9(+) 3126976.3(1) 5.18(29) 1.42(28) (15+)!13(+) 6063978.2(1) 4.19(32) 1.47(26) (8�)!6(�) 23011012.4(1) 25.81(91) 0.54(8) 10(+) !9(+) 31701025.4(1) 33.77(114) 1.52(21) 11(+) !9(+) 31831067.1(6) 0.53(15) (14+)! 56521183.2(2) 2.55(25) !9(+) 33411196.0(2) 2.36(23) !10(+) 43661204.9(1) 7.31(34) 0.64(14) 12(+) !11(+) 43881218.0(1) 10.70(46) 1.48(24) 12(+) ! 10(+)43881402.6(3) 1.68(21) !11(+) 45851526.0(2) 2.61(27) !7(�) 28301713.9(2) 4.29(27) 0.78(22) (12+)!11(+) 4897
 rays as gating transitions. In order to determine the e�ect of the alignmentloss on the angular distribution ratios due to the �nite lifetime of the isomericstate the R ratio was deduced for the 854 keV M2 transition, and compared withthe R=1.5 value expected for a stretched quadrupole transition from a completelyaligned state. It was found that a 5% correction to R is enough to correct forthe alignment loss. In the construction of the level scheme the assumption wasapplied that the 
 rays take away the maximal possible angular momentum. Forstates with several branches this often can happen only for one of the transitions,



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 80while the others cannot be stretched. The angular distribution ratio for the 158keV transition 0.88�0.04 allows for a stretched dipole or a highly mixed �J=0transition. The experimental conversion coe�cient, �K=0.1�0.03 [83] correspondsto I(E2)=I(M1) = 0:8�0:2 mixing ratio. My angular distribution ratio allows onlyfor �J=0 spin change for such a high mixing ratio.For all but one transitions having �nite quadrupole components I assigned M1+E2multipolarity. The only exception is the 854 keV transition, which, according to thelife time of the 2158 keV state it is decaying from, is excepted to be of M2 nature.The recommended upper limits (RUL) for the transition strengths [74] suggest thatthe 64 keV transition, decaying from the same level, is an E1 transition. On the basisof the multipolarities of the transitions I assigned positive parity to the states below600 keV. The rest of the level scheme is connected to these states via pure dipoletransitions, which may be either M1 or E1, thus all the parities above 600 keV aretentative. In the nuclei 70;72As the yrast J=9 states have tentative positive parity,while the yrast J=7 states, lying about 850 keV below them, have de�nite negativeparity in 72As [86] and tentative negative parity in 70As [87]. In 74As the yrast J=9state has positive parity and has been assigned a �g9=2�g9=2 con�guration [88]. Thus,on the basis of systematics I assigned tentative positive parity to the J=9 state at2158 keV, and negative parity to the J=7 state at 1304 keV. The parity change is inagreement with the M2 nature of the 854 keV transition connecting them. Negativeparity was assigned to the 965 and 893 keV states on the basis of the RUL andthe quadrupole and dipole character of the 339 and 71 keV transitions, respectively.As for the higher lying states, tentative negative parity was assigned to the statesdecaying to negative parity �nal states and positive parity to the states decaying topositive parity �nal states.My spin values are only in partial agreement with those determined in Ref. [84].While the spin values J=3, 4 and 3,5 for the levels at 158, 893 and 965 keV, respec-tively, agree with my results, my angular distribution data lead to an assigment ofJ=4 instead of J=1 for the level at 214 keV, J=3 instead of J=1,2 for the level at313 keV, J=4 instead of J=3,5 for the level at 550 keV and J=7 instead of J=5,6for the level at 1304 keV, although the possible amounts of transferred angular



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 81momenta, which can be deduced from the A2 and A4 values given in Ref. [84] areconsistent with my angular distribution data. A possible reason of the contradictionmight be that the spin values of the states at 214 and 313 keV were adopted from apreliminary report on a decay work [89], the results of which have later been revised[81]. The use of these low spin values could lead to other inconsistencies, too.Although the level scheme deduced in Ref. [6] is quite similar to that obtainedin the present study my spin assignments are di�erent from their tentative spinassignments. In Ref. [6] (4+) spin parity value was proposed to the 158-keV statearguing that its lifetime is less than 100 ns. This argument requires an M1 transitionallowing also for spin 2 and 3 �h in agreement with my assignment.The spin values determined in present work for the 550 keV and 893 keV statesare less than those in Ref. [6]. The 735 keV cross-over transition was measured tobe a �J=1 stretched dipole transition resulting in J�=4(�) for the 893 keV state.The 4+ spin-parity assignment was the only possibility for the 550-keV state to beconsistent with the angular distributions of all the 
 rays feeding and depopulatingit. For the 1304 and 2158-keV states Iobtained J�=7(�) and 9(+), respectively, whichare close to the expectations of Ref. [6].From the delayed 
-ray spectra the half life of the 2158 keV isomeric state wasdetermined to be 36�2 ns, which is in agreement with the previous result [85]. Inaddition, the 1571 keV state, depopulated by the 248 keV 
 ray, was found to havea measurable half life of 19�3 ns. All the other levels have half lives less than 5 ns.5.3 Interpretation on the basis of IBFFM calculationsWe have performed calculations for 68As in the framework of interacting boson-fermion-fermion model (IBFFM) [12, 90, 91].The core parameters were adjusted to the low-lying levels of the even-even nu-cleus 6632Ge34 . The parameters obtained in this way are: h1 = 0.92, h2 = �0.1,h3 = 0, h40 = 0.1, h42 = �0.25, h44 = �0.35 (all hi parameters in MeV) and thetotal boson number is N = 5 corresponding to the number of valence-nucleon pairs.This parametrization is close to the IBM parametrization for the 6430Zn34 isotone,



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 82which was used as the core in IBFFM calculation for 66Ga [12], and corresponds toa transition between the SU(5) and O(6) dynamical symmetries, being closer to theSU(5) (vibrational) limit.The experimental data on the neighbouring odd-proton nucleus 6733As34 are veryscarce and the corresponding �t of the IBFM parameters can not be performed.Therefore, we have taken the energies and occupation probabilities of proton quasi-particle states from the previous calculation for 72As [80], with the only di�erencethat the ~f5=2 quasi-particle was shifted slightly up by 0.1 MeV: E(�~p3=2) = 0 MeV,E(� ~f5=2) = 0.51 MeV, E(�~p1=2) = 0.74 MeV, E(�~g9=2) = 2.2 MeV, E(� ~d5=2) =5.2 MeV and V 2(�~p3=2) = 0.607, V 2(� ~f5=2) = 0.309, V 2(�~p1=2) = 0.131, V 2(�~g9=2)= 0.07, V 2(� ~d5=2) = 0.01. The values of boson-fermion interaction strengths ofHIBFM(�) are: A�0 = 0.05, ��0 = 0.5, ��0 = 0.5 (all in MeV). The value � = �1 is used,which is roughly an average of the � values used in previous IBFFM calculations forodd-odd Ga and As nuclei [12, 14, 17, 80].Experimental data on the neighbouring odd-neutron nucleus 6732Ge35 are availablefor a few low-lying states only. These scarce data show a close resemblance to thelow-lying spectrum in the 6530Zn35 isotone. For this reason we used the quasi-particleenergies and occupation probabilities from the previous calculation for 65Zn appliedin the IBFFM calculation for 6632Ga34 [12]: E(� ~f5=2) = 0, E(�~p3=2) = 0.01, E(�~p1=2) =0.83,E(�~g9=2) = 1.69, E(� ~d5=2) = 4.69 (all in MeV) and V 2(� ~f5=2) = 0.48, V 2(�~p3=2)= 0.73, V 2(�~p1=2) = 0.11, V 2(�~g9=2) = 0.08, V 2(� ~d5=2) = 0.01. Here, the energyof the ~p3=2 quasi-particle is lowered by 0.08 MeV and the ~d5=2 orbital from thehigher-lying shell is included at an energy of 3 MeV above the ~g9=2 quasi-particle.The values of the corresponding boson-fermion interaction strengths are taken fromthe previous IBFM and IBFFM calculations for positive parity states in 72;74As[17, 80]: A�0 = 0.0, ��0 = 0.55, ��0 = 1.3 (all in MeV). The strengths of the residualinteraction V�(�=+) = 0, V��(�=�) = 0 and Vt = 0.015 MeV are taken to be thesame as in the previous calculation for 72;74As [17, 80]. The values V�(�=�) = �0.3MeV, V��(�=+) = 0.12 MeV are adjusted to the low energy spectrum of 68As; thecorresponding values used in the previous calculations for 72;74As have been �0.6MeV and 0 MeV, respectively.



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 83

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

41

51

52
71

61

62

63

72

73

91

81

82

4
5

76

6

(6,8)

(7,9)
(8)

8

(7)
(8)

3

3
4

3

4
4

5

9

31

32

4133
34

42
51

43

91

EXPERIMENTIBFFM IBFFM

negative parity positive parity

68
33As35

E
*
(M
e
V
)

Figure 5.4: Experimental and theoretical IBFFM energy spectra of the low-lyingstates in 68As. Up to 0.6 MeV the positive parity levels 3+, 4+, 5+ are shown. Inaddition, the high spin isomer 9+1 is shown. For negative parity the calculated stateswith J�=4�1 , 5�1 , 5�2 , 6�1 , 6�2 , 6�3 , 7�1 , 7�2 , 7�3 , 8�1 , 8�2 , 9�1 are shown.The IBFFM energy spectrum for J��4� and J��3+ is compared to the resultsof the present experiment in Fig. 5.4. The assignment of the calculated states tothe experimental levels is performed taking into account both the energy spectrumand electromagnetic properties. We note that some assignments are only tentative.



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 84Table 5.3: Wave function of some states of 68As shown in Fig. 5.4. Only components with aweight >10% are displayed. The basis states are j (j�j�)j�� ; ndI; J >. For the components listedin the table the additional quantum number v is not needed and therefore it is omitted. Thenotation of the states corresponds to the calculated IBFFM states.J�(theor.) (j�; j�)j�� ,ndI Amplitude J�(theor.) (j�; j�)j�� ;ndI Amplitude3+1 (3/2,3/2)3,00 0.81 5�2 (3/2,9/2)5,00 0.68(3/2,3/2)3,12 0.37 (3/2,9/2)5,12 �0.343+2 (3/2,5/2)3,00 0.76 6�1 (3/2,9/2)6,00 0.673+3 (3/2,5/2)3,00 �0.33 (3/2,9/2)6,12 �0.37(5/2,3/2)3,00 0.67 6�2 (5/2,9/2)6,00 �0.533+4 (1/2,5/2)3,00 0.55 6�3 (9/2,5/2)6,00 �0.61(5/2,5/2)5,12 0.47 (9/2,5/2)6,12 �0.354+1 (3/2,5/2)4,00 0.89 7�1 (5/2,9/2)7,00 0.634+2 (5/2,5/2)4,00 �0.63 (5/2,9/2)7,12 �0.41(5/2,3/2)4,00 0.49 7�2 (9/2,5/2)7,00 0.724+3 (5/2,3/2)3,12 �0.33 (9/2,5/2)7,12 �0.38(5/2,5/2)4,00 0.47 (9/2,5/2)7,20 �0.32(5/2,3/2)4,00 0.59 7�3 (3/2,9/2)5,12 0.685+1 (5/2,5/2)5,00 0.87 8�1 (3/2,9/2)6,12 0.694�1 (1/2,9/2)4,00 0.44 8�2 (3/2,9/2)6,12 �0.345�1 (5/2,9/2)5,00 �0.40 (5/2,9/2)6,12 �0.58(1/2,9/2)5,00 �0.43 9�1 (5/2,9/2)7,12 0.70(5/2,9/2)7,12 �0.33The IBFFM wave functions of the calculated states contain hundreds of com-ponents, for example 972 components for 3+ states, 1058 components for 4+ statesetc. However, in the wave function of each low-lying state there are only a fewsizeable components, as shown in Table 5.3. Around 65% of the 3+1 ground statewave function is given by the j (�p3=2; �p3=2)3; 00; 3i two-quasi-particle component.The other members arising from the (�p3=2; �p3=2)j�� multiplet are the 0+1 , 1+2 and2+2 states. Their calculated energies are 0.044, 0.068 and 0.165 MeV, respectively.The (�p3=2; �p3=2)j�� components in these states have the amplitudes 0.72, 0.68 and0.63, respectively. According to the parabolic rule [92], in the lowest perturbation



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 85Table 5.4: Calculated in IBFFM branching ratios for 68As compared with the experimental data.E�exp J�exp J�i !J�f I
 E�exp J�exp J�i !J�f I
(MeV) (�h) (theor.) Exp. Theor. (MeV) (�h) (theor.) Exp. Theor.0.158 3+ 3+2 ! 3+1 100 100 0.965 5(�) 5�1 ! 4�1 100 1000.214 4+ 4+1 ! 3+2 6 5 1.304 7(�) 7�1 ! 5�1 100 100! 3+1 100 100 1.323 6(�) 6�1 ! 5�1 100 1000.313 3+ 3+3 ! 4+1 <2 4 ! 4�1 <3 4! 3+2 16 86 1.427 6(�) 6�2 ! 5�2 8 2! 3+1 100 100 ! 5�1 100 1000.500 4+ 4+3 ! 3+3 5 12 1.956 (8�) 8�1 ! 6�1 100 100! 4+1 5 5 2.094 8(�) 8�2 ! 7�1 100 100! 3+1 100 100 2.251 (7�) 7�3 ! 6�2 <55 750.550 4+ 4+2 ! 3+3 9 220 ! 6�1 100 100! 4+1 36 36 ! 5�2 <40 45! 3+2 100 19! 3+1 48 230.733 5+ 5+1 ! 4+2 17 3! 4+3 <6 26! 4+1 100 1003.183 11(+) 11+1 ! 9+1 100 100order the states 0+1 , 1+2 , 2+2 , 3+1 should lie on an open down parabola, with the 3+1state being the lowest one, since the occupation probabilities are V 2(�p3=2)>0.5,V 2(�p3=2)>0.5 and the Nordheim number is N = j� � l�+ j� � l� = 32�1+32�1 = 1.We note that an attempt to apply the parabolic rule to 68As was made previouslyin Ref. [84], by taking a di�erent set of quasi-particle energies with �f5=2 and �p1=2being the lowest quasi-proton and quasi-neutron states. Using the correspondingparabolic pattern, it was predicted [84] that the (�f5=2; �p1=2)j�� = 2�, 3� doubletis the lowest-lying multiplet, with the 3� member of the doublet being the groundstate. However, for such a quasi-particle classi�cation there appear too few 3+ and4+ states below 0.6 MeV in 68As.We note that the levels at 1.571 MeVwith J�=(6,8�) and at 1.859 MeV J�=(7,9�)have properties that suggest a distinct con�guration. The level at 1.571 MeV levelhas a half-life of 19�3 ns. In this region the calculation predicts 6�3 , 6�4 and 7�2



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 86states with con�guration �~g9=2� ~f5=2 (in contrast to other negative parity states witha neutron in �~g9=2). The transitions from 7�2 to either 6�3 or 6�4 are in agreement withthe experimental data, but the decay of the 6� states to other states is not. The cal-culated half-lives for 6�3 and 6�4 are 0.021 ns and 0.094 ns, respectively. The presentcalculation predicts stronger admixtures of other con�gurations than is needed, butwe think that the dominant component is predicted correctly.Using the IBFFM wave functions we have calculated the electromagnetic prop-erties of the low-lying states of 68As. The e�ective charges and electromagneticratios used are as follows: e� = 1.5 e, g�l = 1.0, g�s = 0.4g�s (free) = 2.234, g�t =125 < r2 > g�s (free) = 3.22, gR = ZA = 0.485, e� = 0.5 e, g�l = 0, g�s = g�s (free) =�3.826, g�t = 113 < r2 > g�s (free) = �4.24, evib = 0.8 e. The values of the gyromag-netic ratios given above are taken in accordance with Ref. [17], except for g�s . The gsgyromagnetic ratios in nuclear systematics lie in the range between 0.4gs(free) andgs(free). The experimental absolute value of the magnetic dipole moment deducedfrom the gyromagnetic factor jgj = 0.23(2) [62] and the 9(+) spin and parity of the2158 keV state, determined in the present work, is j�exp(9+1 )j = 2.07(0.18)�N , whichis rather small. This value could be reproduced only by taking an unusually smallvalue of g�s and a large absolute value of g�s . For example, choosing g�s without anyquenching, the quenching of g�s should be smaller than 0.4 to reproduce j�exp(9+1 )j.In spite of this discrepancy, we took for the quenching g�s = 0.4g�s (free), accordingto the limiting value in nuclear systematics. The value of �(9+1 ) = 3.19 �N calculatedin this way is still too large. This may indicate that other components are admixedin the 9/2+1 wave functions (for example those involving broken pairs), which woulddecrease the amplitudes of the present IBFFM components, leading to a decrease ofthe theoretical magnetic dipole moment.The calculated 
-ray branching ratios are compared with the experimental onesin Table 5.4. Adopting the tentative assignment shown in Fig. 5.4, a reasonableagreement between theory and experiment was obtained for most transitions, withleading branches being reproduced. However, there are some problems and discrep-ancies. The main discrepancy appears for the 4+2!3+3 transition, which is much toolarge in the calculation. (In Table 5.4 this calculated branch is normalized to the



Chapter 5. Structure of 68As from 12C(58Ni,pn
) reaction 874+2!4+1 transition.) This problem arises because of a rather large calculated valueB(M1)(4+2!3+3 ) = 0.59 �2N , which basically corresponds to an internal transitionwithin the �f5=2�p3=2 multiplet, while the value B(M1)(4+2!3+2 ) = 0.01 �2N is hin-dered, because the main component of the 3+2 state is �p3=2�f5=2, and the calculatedmixing of the two states is too small.We note that in the IBFFM calculation we obtained a rather large number oflow spin levels: up to 0.9 MeV there are three 0+, nine 1+, ten 2+ and eight 3+states. The calculated branch from the 3+3 state to a 2+ one is sizeable but it wasnot found experimentally. For high spin states with J� � 10+ the important roleof con�gurations, which lie outside of the model space of the present calculation isexpected, as for example broken pairs in the boson core and intruder states.In the theoretical description of the present experimental results we concentratedon the structure of the low-lying states, which have well de�ned spin values. TheEXCITED VAMPIR calculations in Ref. [6] were focused on predictions of the bandstructure and the analysis of shape coexistence in this nucleus. As we did notobserved well developed bands, and in Ref. [6] only a few low lying states, which mayserve as band heads, are mentioned, the present classi�cation of the states cannotbe directly compared with the theoretical results of the VAMPIR calculations.



Chapter 6Spectroscopy of the neutron deficient65Ge6.1 Earlier investigationsUsing the 12C(58Ni,�n)65Ge reaction excited states in 65Ge were studied. Previouslyonly 10 
 rays were assigned to this nucleus, forming a high energy cascade withsome branchings at low energy [93]. The former studies are summarized in Table 6.1.Table 6.1: Summary of the former experimental studies of the structure of 65Ge.Reference Reaction Techniques, Measu- Results� detectors rementsG�orres(1987)[93] 40Ca(28Si,2pn)65Ge,ESi= 60-100 MeV in-beam tech-niques, Ge(HP)detectors, 4�multisegmentcharged-particledetector of pho-swich scintilla-tor telescopes
E
 , I
 ,

-coinc,particle-
coinc,T1=2,�(�
 ) 11 
 rays identi�ed and placedin the level scheme, which con-tains 10 states, unambiguousJ� assignments for 4 states,T1=2 determined for the iso-meric state� Only the �rst author is indicated in this column.88



Chapter 6. Spectroscopy of the neutron deficient 65Ge 896.2 Experimental resultsThe level scheme of 65Ge was established mainly on the basis of coincidence relations.The order of the transitions in the 
-ray sequences was deduced from the intensityrelations. The level scheme obtained is shown in Fig. 6.1. The main branch of 
rays in the level scheme is in agreement with the previous study [93] but the 462 keVtransition was relocated. Several weaker branches were found between the knownlevels, and short cascades of 
 rays feeding both the low- and the high-lying stateswere added.The spins were determined from the angular distribution ratios, I
(143o)=[I
(79o)+I
(101o)], and from the known 3/2� spin-parity value of the ground state [93] as-suming that the 
 rays take away the maximumpossible angular momenta. De�niteparities were assigned to the excited states, if one of their deexciting transitions werestretched E2 or mixedM1/E2 transitions, while in the case of pure dipole transitionsonly tentative parities were ascribed. The 1105 keV stretched quadrupole transition,decaying from the 1215 keV isomeric state, was accepted to have M2 multipolarity onthe basis of the recommended upper limits for the transition strength in agreementwith Ref. [93].6.3 Theoretical description of 65Ge on the basis of IBFM cal-culationsThe states below 3 MeV were described in the interacting boson-fermion model(IBFM) [94]. The interacting boson model (IBM) [8] parameters of the 64Ge corewere �tted to the energies of its excited states. The parameters obtained areh1=0.87, h2=�0.1, h3=0, h40=0.1, h42=�0.25, h44=0.35 (all in MeV). The totalboson number was N=4, which is equal to the number of nucleon pairs in thevalence shells. This parametrization is close to the vibrational limit of the IBM,slightly shifted towards the 
-soft direction.For the ~p3=2, ~f5=2, ~p1=2 and ~g9=2 states, quasi-particle energies = 0, 0.05, 1.25and 2.18 MeV with respect to ~p3=2, and occupation probabilities = 0.64, 0.31, 0.06
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Figure 6.1: Proposed level scheme for 65Ge.



Chapter 6. Spectroscopy of the neutron deficient 65Ge 91
0

1

2

3

0

1

2

3

3/21
5/21

5/227/21

9/217/22

7/23

9/22

13/21

3/2
5/2

5/2
9/2
7/2

7/2

9/2,13/2

9/2

13/211/2

13/2

9/21

13/21 11/21

11/22 13/22

Exp. Exp.IBFM IBFM

negative parity positive parity

Configuration

65
32Ge33

E
*
(M
eV
)

p3/2
f5/2

p3/2+2
+
1

p3/2+2
+
1

f5/2+2
+
1

f5/2+2
+
1

p3/2+2
+
1

g9/2
f5/2+2

+
2

f5/2+4
+
1

g9/2+2
+
1

g9/2+2
+
1

g9/2+2
+
2

g9/2+2
+
2

Figure 6.2: Calculated low-lying states of 65Ge compared to experimental data.and 0.03, respectively, were obtained from BCS calculations using single-particleenergies from Ref. [95] and G=0.32 MeV. The boson-fermion interaction strengthsused in the calculation are �0=0.02 MeV, �0=0.5 MeV,�=�1.0, A0=0.1 MeV fornegative parity and 0 MeV for positive parity states. The IBFM energy spectrumis compared with the experimental data in Fig. 6.2.The IBFM wave functions were used to calculate E2 and M1 transition proba-bilities, using e� = 0.5 evalue for neutron e�ective charge and gR = Z/A = 0.492,gl = 0, gs = 0 .5gs(free) = �1.913 values for gyromagnetic ratios. The boson chargeeV IB = 1.35 e and the tensor gyromagnetic ratio gT=�1.07 are taken from a pre-vious calculation for 66Ga [12]. The main calculated 
-branches depopulating thelevels are in agreement with the experiment for the assigned states, except for the7/2�1 state, where the ordering of the two largest branches in the calculation wasreversed with respect to experiment. The level at 1.419 MeV was assigned to the9/2�2 theoretical state due to its rather small distance from 9/2�1 . The expected en-ergy di�erence between 9/2�1 and 13/2�1 is about the phonon energy, �1 MeV. The



Chapter 6. Spectroscopy of the neutron deficient 65Ge 92IBFM predicts the continuation of the vibrational bands, as well as additional mul-tiphonon states at higher energies, but above 3.1 MeV a parity change takes placein the yrast sequence, which prevents the population of these states, and indicatessome kind of structural change.A detailed description of high spin states in 67Ge in the IBFM + broken pairmodel is presented in Ref. [96]. Applying these results qualitatively to 65Ge, a verypronounced competition of di�erent broken pair states is expected for the negativeparity levels with J� �15/2�, resulting in a random order of broken proton andneutron pair states along the yrast sequence.



Chapter 7SummaryIn the present dissertation I have reported on the results of investigation of the struc-ture of 65Ge and 68;72;73As nuclei. The aim of my work was to study the competitionbetween the collective and single-particle degrees of freedom in these nuclei. Forthis purpose I have studied the structure of Ge and As nuclei by means of in-beam
 and e� spectroscopic methods.7.1 MethodsThe states of 72;73As nuclei were excited via (p; n
) reaction. Single 
, 

-coincidenceand internal conversion electron spectra were measured. The energies and intensitiesof the 
 lines were determined by analysing the single spectra. The level schemeswere constructed on the basis of the 

-coincidence relations, as well as energy andintensity balances.The parities of the levels of these nuclei were determined by using the conversioncoe�cients deduced from the intensity ratios of the corresponding conversion elec-tron and 
 lines. The spin values were determined from comparison of the relativeexcitation cross sections of the levels measured at several bombarding energies withHauser-Feshbach nuclear reaction cross section calculations. The multipolarities ofthe transitions and the reanalysed former angular distribution data provided furtherinformation to make the spin assignments unambiguous or more accurate.The 65Ge and 68As nuclei were studied via the 12C+58Ni heavy-ion induced re-action at the NORDBALL multi-detector array equipped with 15 BGO-shieldedGe(HP) detectors and a 
-ray calorimeter of BaF2 crystals. For reaction channelselection a Si ball consisting of 21 �E type Si detectors and a neutron wall of 11liquid scintillators were used. 93



Chapter 7. Summary 94For identi�cation of the 
 rays several particle-gated spectra and matrices weresorted, and than subtracted from each other to eliminate the contaminating 
 lines.The level schemes of 65Ge and 68As were constructed on the basis of 

-coincidencematrices. The spin values of the excited states were deduced using the results ofthe simpli�ed 

 correlation analysis, which is sensitive for the angular momentumtransferred by the 
 rays.7.2 Results1. I have measured the energies and intensities of 112 transitions assigned to72As, of which 57 were new. I have also determined the internal conversioncoe�cients for more than 50 (among them 38 new) transitions, and deducedtheir multipolarities. I proposed a more complete level scheme for 72As up to850 keV, which contains 6 new states and more accurate spin-parity assign-ments for more than 30 states.2. I have measured the energies and intensities of the 
 rays assigned to 73As. Ihave also determined the multipolarities. For 20 transitions belonging to 73Asthey were unknown earlier. I have deduced more accurate or unambiguousspin and parity values for 22 states the �rst time.3. I have signi�cantly extended the level scheme of 68As up to the excitationenergy of 6 MeV and J� = (15+), containing 33 new transitions and 18 newstates. I have deduced the multipole character of more than 30 transitionsfrom the angular distribution ratios. I have found a new isomeric state at1571 keV with a half life of 19�3 ns.4. I have assigned 21 new transitions to the 65Ge and proposed a new, morecomplete level scheme up to excitation energy 9 MeV with 17 new states fromthe total 25 ones. I have determined the spin values of the excited states upto (33/2�).



Chapter 7. Summary 95As a part of the program interacting boson-fermion(-fermion) model (IBF(F)M)calculations were performed for more than twenty nuclei in the Zn-As region by S.Brant, Lj. �Simi�ci�c and V. Paar (Unversity of Zagreb) and by T. F�enyes (ATOMKI,Debrecen). The results of the IBF(F)M nuclear structure calculations were in rea-sonable agreement with the experimental level schemes, as well as electromagneticmoments and reduced transition probabilities. The low-lying states of 68;72As havemany components, but in several cases the one-quasiparticle component was dom-inating. Many quasiparticle-plus-phonon states were also identi�ed, especially in65Ge and 73As.Although intruder states have been found in the neighbouring even-even Genuclei, all observed states could be assigned to normal core con�gurations in theodd-odd As and 65Ge nuclei. Only in 73As there are candidates for intruder states,and indication of the presence of shape coexistence already at quite low energy.In the studied Ge and As isotopes I did not found any band structure. The levelschemes obtained resemble more to that of spherical nuclei. Even the IBF(F)Mcalculations show less collectivity than it was predicted on the basis of the Hartree-Fock-Bogoliubov calculations.



Chapter 8�osszefoglal�asAz A�60-80 t�omegsz�am tartom�anyban t�obb magszerkezeti probl�em�at is vizsg�al-tunk. A k�onny}u As �es Ge atommagok 4-5 valencia protont �es 5-10 valencia neu-tront tartalmaznak. Ilyen nagysz�am�u valencia nukleon m�ar el�eg ahhoz, hogy de-form�alt magalak alakulhasson ki. Ezenfel�ul a p�aratlan proton vagy neutron po-lariz�aci�o �utj�an tov�abb deform�alhatja a magt�orzset. A deform�alt magok szerkezetea folyad�ekcsepp-modell fogalomrendszer�et felhaszn�alva ��rhat�o le. Ezt az elk�epzel�estt�amasztja al�a, hogy a p�aros-p�aros Ge atommagok kvadrup�ol momentuma 0.8-0.9 ebk�oz�ott v�altozik, valamint, hogy ezekben az izot�opokban s�avszerkezetet �gyeltek meg.Szint�en ebben a magtartom�anyban megny�ult �es belapult magalakot tal�altak ugyana-zon mag k�ul�onb�oz}o gerjeszt�esi energi�ain�al. Az EXCITED VAMPIRmodellel v�egzettsz�amol�asok alapj�an hasonl�o szerkezeti saj�ats�agok megjelen�es�et j�osolt�ak a k�onny}u Ge�es As izot�opokn�al.A h�ejmodell szemsz�og�eb}ol elemezve az adott atommagok szerkezet�et viszont nemv�arunk sz�amottev}o deform�aci�ot ebben a magtartom�anyban, mivel a valencia p�aly�ak(2p1=2, 2p3=2, 1f5=2) r�ovidek, kis impulzus momentumuk miatt nem k�epesek jelent}osdeform�aci�ot l�etrehozni, �es ezeken a p�aly�akon lev}o nukleonok csak gyeng�en tudj�ak po-lariz�alni a magt�orzset. Ezt az elgondol�ast er}os��ti, hogy a p�aros-p�aros Ge izot�opokbana 2+1 �allapot energi�aja �1 MeV, ami el�eg nagy a deform�alt magokban el}ofordul�o�ert�ekekhez k�epest, �es hogy ezen atommagok szerkezete kv�azivibr�aci�os jelleget mu-tat.Az A�60-80 tartom�anyba es}o atommagoknak ezt az �erdekes, kett}os viselked�es�etaz egyr�eszecsk�es �es kollekt��v �allapotok er}os verseng�ese indokolhatja, amit mag-szerkezeti sz�amol�asokkal t�amaszthatunk al�a. Erre a c�elra a k�olcs�onhat�o bozon-fermion(-fermion) modellt (IBF(F)M) v�alasztottuk, mivel ez a modell k�ul�on�osenalkalmas az �atmeneti magok le��r�as�ara. 96



Chapter 8. �osszefoglal�as 97Az adott atommagok szerkezet�enek vizsg�alat�at m�eg az is motiv�alta, hogy a Ge-Se tartom�anyban az U(6/12) szuperszimmetria SU(5)-�os hat�areset�enek megjelen�es�etv�arhatjuk.A le��rt jelens�egek jobb meg�ert�ese �erdek�eben azMTA Atommagkutat�o Int�ezet�enekmagspektroszk�opiai csoportja �atfog�o programba kezdett, aminek a c�elja a Ga-Asizot�opok magszerkezeti vizsg�alata volt. A k��s�erleti munk�at az a t�eny indokolta, hogyaz adott atommagok n��v�os�em�aira vonatkoz�o ismeretek rendk��v�ul hi�anyosak voltak,��gy b�armely elm�eleti vizsg�alat el}ott �uj, teljesebb k��s�erleti adatokra volt sz�uks�eg. Akutat�asi programhoz az ATOMKI-ban rendelkez�esre �alltak a megfelel}o eszk�oz�ok, ak�onny}u ionok gyors��t�as�ara alkalmas izokr�on ciklotron, a nagytisztas�ag�u f�elvezet}o Ge�es Si detektorok, elektronikus egys�egek �es az int�ezetben kifejlesztett szupravezet}om�agneses elektron spektrom�eter.Az eml��tett program keret�eben �en a 65Ge �es a 68;72;73As atommagok szerkezet�ettanulm�anyoztam in-beam 
- �es elektronspektroszk�opiai m�odszerekkel. A jelen �erte-kez�esben ezekr}ol a kutat�asi eredm�enyeimr}ol sz�amolok be.8.1 M�odszerekA 72;73As atommagok kisenergi�as gerjesztett �allapotait (p; n
) reakci�oban vizsg�altamDebrecenben. A m�er�esek sor�an egydimenzi�os 
-, k�etdimenzi�os 

-koincidencia- �esbels}o konverzi�os elektronspektrumokat vettem fel. A 
-�atmenetek pontos energi�aj�at�es relat��v intenzit�as�at az egydimenzi�os 
-spektrumokb�ol hat�aroztam meg. A vizsg�altatommagok n��v�os�em�ait 

-koincidencia kapcsolatok, energia- �es intenzit�asm�erlegalapj�an �ep��tettem fel.A megfelel}o konverzi�os elektron �es 
-sug�arz�asok intenzit�as�anak h�anyadosaib�olsz�armaztattam a bels}o konverzi�os egy�utthat�okat �es ezeket felhaszn�alva hat�aroztammeg az �atmenetek multipolarit�as�at �es a gerjesztett �allapotok parit�as�at. K�ul�onb�o-z}o bomb�az�o energi�akon m�ertem a n��v�ok gerjesz�esi hat�askeresztmetszet�et. A kapotthat�askeresztmetszetek Hauser-Feshbach anal��zise, valamint az �atmenetek multipo-larit�asa �es a kor�abbi sz�ogeloszl�as m�er�esi adatok feldolgoz�asa sor�an kapott eredm�enyekalapj�an egy�ertelm}u spin �ert�ekeket tudtam rendelni a 72;73As magok gerjesztett �alla-potaihoz.



Chapter 8. �osszefoglal�as 98A stabilit�asi s�avt�ol t�avoles}o 65Ge �es a 68As atommagokat a 12C+58Ni neh�ezion-reakci�oban �all��tottam el}o. A m�er�esek sor�an a 15 BGO �arny�ekol�assal ell�atott Ge(HP)detektorb�ol �all�o NORDBALL detekrorrendszert haszn�altuk. Ezenk��v�ul a detektor-rendszer 30 BaF2 krist�alyb�ol �all�o 
-kalorim�eterrel is fel volt szerelve. A reakci�ocsatorn�ak kiv�alaszt�as�ara a 21 �E t��pus�u Si detektorb�ol �all�o t�olt�ottr�eszecske-detek-torrendszer �es a 11 folyad�ek szcintill�atorb�ol �all�o neutron-detektorfal szolg�alt. Asz�uks�eges k��s�erletet a d�aniai Niels Bohr Int�ezetben v�egezt�uk a stockholmi M}uszakiEgyetemhez tartoz�o mag�zikai csoporttal egy�uttm}uk�odve.A 
-sug�arz�asok azonos��t�as�ahoz spektrumokba �es m�atrixokba gy}ujt�ottem azokataz esem�enyeket, amelyek eleget tettek az egyes reakci�o csatorn�ak el}o�all��t�as�ahozsz�uks�eges, megfelel}o sz�am�u t�olt�ottr�eszecske �es neutron egyidej}u detekt�al�as�anak. Aspektrumokban �es m�atrixokban megjelen}o szennyez}o 
 vonalakat egy t�obbl�ep�eseskivon�asos m�odszerrel k�usz�ob�oltem ki. A 65Ge �es a 68As atommagok n��v�os�em�ait 

-koincidencia adatok alapj�an �ep��tettem fel. A gerjesztett �allapotok spin �ert�ekeinekmeghat�aroz�as�an�al egy egyszer}us��tett 

 korrel�aci�os anal��zis eredm�enyeit haszn�altamfel.8.2 Eredm�enyek1. Azonos��tottam a 72As atommag 57 �uj 
-sug�arz�as�at. Meghat�aroztam ezensug�arz�asok �es a kor�abban ismert 55 
-sug�arz�as pontos energi�ajat �es relat��vintenzit�as�at. Tov�abb�a meghat�aroztam t�obb mint 50 �atmenet bels}o konverzi�osegy�utthat�oj�at, amelyek k�oz�ul 38 nem volt ismert kor�abban, �es ezen �atmenetekmultipolarit�asait. A m�ert k��s�erleti adatokra alapozva fel�ep��tettema 72As atom-mag n��v�os�em�aj�at 850 keV gerjeszt�esi energi�aig, az eredm�eny�ul kapott n��v�os�ema6 �uj n��v�ot tartalmaz. Egy�ertelm}uen meghat�aroztam t�obb mint 30 �allapot spin,parit�as �ert�ek�et.2. Meghat�aroztam a 73As maghoz rendelt 
-sug�arz�asok energia �es relat��v in-tenzit�as �ert�ek�et. Szint�en meghat�aroztam 28, a 73As atommaghoz tartoz�o�atmenet bels}o konverzi�os egy�utthat�oj�at �es multipolarit�as�at; ezek k�oz�ul 20 nemvolt ismert kor�abban. A 73As atommag 22 gerjesztett �allapot�ahoz rendeltemegy�ertelm}u spin, parit�as �ert�eket.



Chapter 8. �osszefoglal�as 993. Fel�ep��tettema 68As atommag n��v�os�em�aj�at 6 MeV gerjeszt�esi energi�aig �es (15+)spin �ert�ekig. Az �uj, jelent}osen kiterjesztett n��v�os�ema 33 �uj �atmenetet �es 18�uj �allapotot tartalmaz. T�obb mint 30 �atmenet multipolarit�as�at hat�aroztammeg sz�ogkorrel�aci�os adatokb�ol. Tal�altam egy �uj, 19�3 ns-os felez�esi id}ovelrendelekz}o izomer �allapotot 1571 keV gerjeszt�esi energi�an�al.4. 21 �uj �atmenetet azonos��tottam a 65Ge atommaghoz �es fel�ep��tettem egy, az ed-digin�el teljesebb n��v�os�em�at 9 MeV gerjeszt�esi energi�aig, amely 17 �uj �allapotottartalmaz az eddig ismert 8 mellett. (33/2�) �ert�ekig meghat�aroztam a n��v�okspin �ert�ekeit.A vizsg�alt atommagok �es szomsz�edjaik n��v�orendszer�et �es elektrom�agneses saj�at-s�agait IBF(F) modell seg��ts�eg�evel sz�amoltuk. A sz�amol�asokat nemzetk�ozi egy�uttm}u-k�od�es keret�eben S. Brant, Lj. �Simi�ci�c �es V. Paar v�egezte Z�agr�abban, �es F�enyes TiborDebrecenben. Az IBF(F)M sz�amol�asok eredm�enyei elfogadhat�o egyez�est mutattaka k��s�erleti adatokkal, mind a n��v�os�em�akat, mind az elektrom�agneses saj�ats�agokatillet}oen. A 68;72As atommagok kisenergi�as �allapotai sok komponenst tartalmaz-nak, de bizonyos �allapotokban az egykv�azir�eszecske komponens a leger}osebb. M�asesetekben, k�ul�on�osen a 65Ge �es a 73As magokn�al kv�azir�eszecske-plusz-fonon jelleg}u�allapotokat is azonos��tottunk.B�ar a p�aros-p�aros Ge izot�opokban intruder �allapotokat �es alakkoegzisztenci�arautal�o saj�ats�agokat is meg�gyeltek, az �altalam vizsg�alt 68;72As �es 65Ge atommagok-ban valamennyi �allapothoz norm�al szerkezetet lehetett rendelni. Egyed�ul a 73Asatommagban tal�altunk olyan n��v�okat, melyek lehets�eges, hogy intruder �allapotok.Ebb}ol az eredm�enyb}ol az alakkoegzisztencia l�et�ere k�ovetkeztethet�unk a 73As-n�al m�areg�eszen alacsony energi�an is.A vizsg�alt Ge �es As izot�opokban nem �gyeltem meg s�avszerkezetet. A kapottn��v�os�em�ak g�ombszer}u, h�ejmodellel le��rhat�o szerkezet}u atommagokra utalnak. Ugyan-akkor az IBF(F)M sz�amol�asok eredm�enyei kevesebb kollektivit�astmutatnak a vizsg�altatommagokn�al, mint amennyi a Hartree-Fock-Bogoljubov sz�amol�asok alapj�an v�arhat�o.



Chapter 8. �osszefoglal�as 100Megjegyz�es: A 72As atommagn�al az �osszes m�er�es, a 73As atommagn�al az egy-dimenzi�os 
- �es az elektronm�er�esek megtervez�es�eben, v�egrehajt�as�aban, a 65Ge �es a68;72;73As atommagokra vonatkoz�o adatok feldolgoz�as�aban, valamint a fentebb fel-sorolt eredm�enyek el�er�es�eben meghat�aroz�o szerepem volt. A 73As magra vonatkoz�okutat�asokat Podoly�ak Zsolttal k�oz�osen v�egeztem, de m��g }o f}oleg a 

-koincidencia-m�er�essel kapcsolatos probl�em�akkal foglalkozott, �en a 
-sug�arz�asok energia- �es inten-zit�asmeghat�aroz�as�ara, a konverzi�os elektronm�er�esekre, a spin- �es parit�asmeghat�a-roz�asra (multipolarit�asmeghat�aroz�as, Hauser-Feshbach-anal��zis) helyeztem a hang-s�ulyt. A kollekt��v munk�at ig�enyl}o m�er�eseket a t�arsszerz}ok seg��ts�eg�evel v�egeztem.R�esztvettem tov�abb�a a k��s�erleti �es az elm�eleti eredm�enyek �osszevet�es�eben.
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