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eived De
ember 8, 1998)An extensive program to study the produ
tion, de
ay properties, andnu
lear stru
ture of very neutron-de�
ient polonium and radium nu
lei isunderway at the Department of Physi
s, University of Jyväskylä, Finland(JYFL). The main tools used in these studies are the gas-�lled re
oil sep-arator RITU and various germanium gamma-ray arrays. In the 
ourse ofthese studies, among others the following new isotopes have been produ
ed:204Ra, 203Ra, and 202Ra. Isomeri
 alpha de
aying states have been dis
ov-ered in 203Ra and 191Po. Fine stru
ture in the de
ay of 192Po to the oblateand prolate band heads in 188Pb has been observed. In-beam gamma-rayspe
tra have been, for the �rst time, measured for 192Po, 206Ra, 208Ra, and210Ra. Development of 
olle
tivity in nu
lei in the Po-Ra region and thesystemati
s of redu
ed alpha widths will be dis
ussed.PACS numbers: 23.20.Lv, 25.70.�z, 23.60.+e� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1245)



1246 M. Leino et al.1. Introdu
tionThe availability of large es
ape suppressed Ge dete
tor arrays [1℄ hasduring the past few years made it possible to study the development of 
ol-le
tive phenomena in nu
lei far from stability. The established method ofprodu
ing these nu
lei is heavy ion indu
ed fusion. In the region of heavyelements where �ssion of the 
ompound system strongly dominates over par-ti
le evaporation, e�
ient �ltering is needed to extra
t in-beam gamma-raysoriginating from weak evaporation 
hannels. This 
an be a
hieved by 
om-bining the Ge array with a re
oil separator. Only those gamma-rays willbe a

epted whi
h are in 
oin
iden
e with separated evaporation residues.Due to the small produ
tion 
ross se
tions of these neutron-de�
ient nu-
lei, a high-transmission separator is desirable. Su
h devi
es do not alwaysprovide a unique identi�
ation of the separated nu
lei. This drawba
k 
anbe over
ome by using the Re
oil De
ay Tagging (RDT) method [2℄. Theseparated nu
leus is identi�ed through its 
hara
teristi
 de
ay in a positionsensitive fo
al plane sili
on dete
tor. Most often, alpha de
ay is used foridenti�
ation although proton radioa
tivity 
an also be used. An exampleof the power of the RDT method will be shown in Se
t. 6 in 
onne
tionwith the dis
ussion of the 206Ra in-beam study.Due to the sele
tivity of the pro
ess through whi
h nu
lear levels arepopulated by the emission of gamma-rays following the produ
tion of evap-oration residues, important non-yrast low lying levels are not always a

es-sible to study using in-beam methods. A 
omplementary method is thenprovided by radioa
tive alpha or beta de
ay. An example is the observationof deformed 2p-2h intruder 0+ states in the 
losed shell nu
lei 192�198Pbfrom beta de
ay of Bi isotopes [3℄. The determination of hindran
e fa
torsin alpha de
ay may also provide information on nu
lear stru
ture [4℄.The region of neutron-de�
ient nu
lei around Pb with the 
losed Z = 82proton shell is parti
ularly interesting for the study of shape 
oexisten
ephenomena and the related intruder states. The 
losed proton shell favoursspheri
al shape but around midshell (N = 104) the intera
tion of 2p-2hand 4p-4h and higher ex
itations a
ross the shell with the large number ofa
tive valen
e neutrons leads to a deli
ate 
ompetition between spheri
aland deformed states at low spin and ex
itation energy [5,6℄. Another way oflooking at the deformation is based on deformation driving high-j neutronorbitals [7℄. Here we will base the dis
ussion on the np-nh ex
itation 
on
ept.In this paper, we will present results from studies of neutron-de�
ientPo and Ra nu
lei performed at the Department of Physi
s, University ofJyväskylä, or JYFL. In all the experiments, the gas-�lled heavy ion re
oilseparator RITU [8℄ was used to separate and identify the nu
lei. Heavy ionswere a

elerated using the K = 130 MeV JYFL 
y
lotron. Both in-beamgamma-ray studies and alpha de
ay studies will be dis
ussed.
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ient... 12472. Observation of ex
ited states in 192PoThe Po isotopes present an illuminating example of the development of
olle
tive phenomena far from stability [3,7,9℄. A wide variety of states 
anbe studied through in-beam methods as well as through alpha and betade
ay. On the other hand, alpha de
ay of Po isotopes provides an e�
ient
omplementary method to study the stru
ture of Pb isotopes. This will bedis
ussed in Se
t. 3.Prior to our work on 192Po, ex
ited states had been known down to 194Powhi
h was studied using the Fragment Mass Analyzer (FMA) at Argonne[10℄. In that work, a 
ontinuation of the steep de
line of level energies ofpositive parity yrast levels up to 10+ as 
ompared with heavier Po isotopeswas observed. It was of interest to extend these studies and to approa
h theneutron midshell at N = 104 (188Po).This experiment was performed using 178 MeV 36Ar ions to bombard a70% enri
hed 500 �g/
m2 thi
k 160Dy target. The results have been pub-lished in Ref. [11℄ and repeated in Ref. [12℄. Prompt gamma-rays from thetarget were dete
ted by the DORIS array 
onsisting of nine TESSA type[13℄ es
ape suppressed Ge dete
tors and having an e�
ien
y of 0.6% at 1.3MeV.The ground state band from 192Po was observed up to the 8+ level. Thetentative spin and parity assignments are based on transition intensities,level systemati
s and on 
-
 
oin
iden
e measurements. Unambiguous as-signment to 192Po was based on the use of the RDT method. The low-energysystemati
s for even-even Po isotopes is shown in Fig. 1. The data are fromRefs. [7,9�11,14℄.
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1248 M. Leino et al.3. Fine stru
ture in the � de
ay of 192PoProlate stru
tures in the neutron-de�
ient 184Pb, 186Pb and 188Pb nu
leiwere dis
overed re
ently in in-beam experiments [15�17℄. It was 
on
luded[16℄ that the stru
ture of the observed bands is di�erent from the 2p-2hproton intruder states in 190�208Pb mentioned above. A 
omparison with thewell established prolate bands observed in the 184;186Hg isotones indi
atedthat the observed stru
tures are indeed asso
iated with the prolate minimumpredi
ted by the potential energy surfa
e 
al
ulations (see for example [6℄).Due to de
ay out of the bands, the 0+ band heads were not observed inthese experiments.In another re
ent work [18℄, on �ne stru
ture in the � de
ay of 192Po,an ex
ited 0+ state was observed in 188Pb. It was 
on
luded that this wasthe oblately deformed 2p-2h proton intruder state observed in heavier Pbisotopes.In the work des
ribed here [19℄, the standard position-sensitive fo
alplane dete
tor was 
ombined with an auxiliary dete
tor system for observ-ing alpha parti
les and 
onversion ele
trons es
aping from the stop dete
torat ba
kward angles. The rea
tion used to study �ne stru
ture in the al-pha de
ay of 192Po was 36Ar + 160Dy. The bombarding energy was variedbetween 172 and 184 MeV and the target thi
kness was 500 �g/
m2.When alpha de
ay takes pla
e from the ground state of 192Po to low-lyingex
ited 0+ states in 188Pb, the ex
itation energy in the daughter nu
leusis expe
ted to be removed primarily through 
onversion ele
trons from E0transitions. Thus, by demanding a 
oin
iden
e between alpha de
ays inthe stop dete
tor and 
onversion ele
trons in the auxiliary dete
tor, it waspossible to observe alpha de
ay �ne stru
ture to two low-lying 0+ states in188Pb. One of these, at an ex
itation energy of (568�4) keV, was identi�edas the oblate band head thus 
on�rming the result of Ref. [18℄. The otherstate has an ex
itation energy of (767�12) keV and was identi�ed as theprolate 0+ band head.It is of interest to dedu
e the mixing amplitude of the oblate 4p-2h statein the ground state of 192Po. This 
an be a
hieved through experimentalalpha de
ay hindran
e fa
tors and mixing amplitudes for the ex
ited 0+states in 188Pb [4℄. The hindran
e fa
tors as determined relative to alphade
ay to the ground state of 188Pb were dedu
ed to be 0.67�0.10 (de
ay tothe oblate 0+ state) and 0.22�0.08 (de
ay to the prolate 0+ state). Themixing amplitudes were determined following the pro
edure of Dra
oulis[20℄ by �tting to the experimental levels from this work and from Ref. [16℄.Then, by representing the ground state of 192Po as a 
ombination of 2p-0hand 4p-2h states, it was possible to determine the admixture of � 63% forthe intruder 4p-2h 
on�guration in the ground state of 192Po. The unmixed
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ient... 1249prolate 0+ level energy of � 730 keV in 188Pb agrees well with the value of� 710 keV estimated from the energies of higher members of the band [16℄.4. Alpha de
ay studies of neutron-de�
ient Po isotopesThe main interest behind � de
ay studies of neutron-de�
ient Pb andPo nu
lei lies in the determination of redu
ed alpha de
ay widths [21℄ andin the nu
lear stru
ture information to be dedu
ed from these. An earlymeasurement using a gas-�lled separator at Lawren
e Berkeley Laboratory ofthe half-life of 192Po [22℄ gave the surprising result that the redu
ed width of192Po is lower than that of its heavier Po neighbours. This behaviour di�ersfrom that of heavier elements for whi
h the redu
ed alpha width in
reasesas the neutron number de
reases. This result was 
on�rmed by the �ndingsin the �ne stru
ture studies [18,19℄. This work was extended to the isotope190Po for whi
h a half-life of (1.9+0:6�0:4) ms was measured at JYFL [23℄. It wasfound that the saturation trend i. e. the near-
onstan
y of redu
ed widthspersisted for 190Po. In later work using RITU at JYFL, the half-life valuefor this nu
leus was improved to (2.53�0.33) ms [24℄.One should note that the saturation of the Po � de
ay widths 
an beremoved by summing up the widths of the de
ay to the even-even Pb groundstate and to the oblate ex
ited 2p-2h 0+ state [23℄. In Fig. 2 we show thesystemati
s of the redu
ed � de
ay widths for even-even nu
lei from Po toTh. The data are from Refs. [19,24�29℄. Con
erning new data on the alphade
ay of the odd isotope 191Po, we refer to Ref. [30℄.
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1250 M. Leino et al.5. Alpha de
ay studies of neutron-de�
ient Ra isotopesDuring the last few years, the three new radium isotopes 202;203;204Rawere dis
overed using RITU [25℄. The results 
on
erning 202Ra are tentativesin
e they are based on the observation of only one de
ay 
hain 
orrespond-ing to a 
ross se
tion of 2 nb in the rea
tion 36Ar + 170Yb. These datagive information on the nu
lear mass surfa
e around the proton drip line aswell as on redu
ed widths. They are also of interest due to the predi
tedappearan
e of nu
lear ground state deformation in the vi
inity of 200Rn [31℄.The predi
ted ground state deformation for 200Rn, about 0.2, would 
orre-spond to an ex
itation energy of � 140 keV for the �rst 2+ state. Su
h alow energy was ex
luded in our work [25℄ sin
e no de
ays to the 2+ statewere observed. This result has later been 
on�rmed by in-beam RDT data[32℄ where the 2+ state was found to be at 433 keV ex
itation energy. In203Ra, two alpha de
aying isomeri
 states were found. They were observedto de
ay to 
orresponding states with I� = 3/2� and 13/2+, respe
tively,in 201Rn. The hindran
e fa
tors determined for the two transitions were1.6+1:2�0:4 (13/2+ ! 13/2+) and � 0.04 (3/2� ! 3/2�). The �rst of theseis based on the observation of seven de
ay 
hains and is the basis for theassumption that the alpha de
ay is unhindered and 
onne
ts states withidenti
al spin and parity. The latter value is quite un
ertain sin
e it is basedon the observation of only one de
ay 
hain. It would be desirable to 
olle
tmore data on the de
ay of the 
orresponding 3/2� isomer. The redu
ed �de
ay widths of even-even neutron-de�
ient Ra isotopes are shown in Fig. 2.6. In-beam studies of 206;208;210RaRadium nu
lei have six protons outside the 
losed Z = 82 shell. Whenalso the number of neutron holes in
reases as one moves away from the 
losedN = 126 shell towards the proton drip line it is expe
ted that a new regionof ground state deformation will be en
ountered. As dis
ussed above, su
h aregion has been predi
ted to emerge rather suddenly around 200Rn and 204Ra[31℄. The rapid drop of produ
tion 
ross se
tions as one moves towards moreneutron-de�
ient nu
lei makes it di�
ult to study these nu
lei. In addition,the large number of valen
e parti
les does not allow for a straightforwardinterpretation of the dedu
ed level s
hemes. Nevertheless, an attempt wasmade to study these nu
lei in-beam using the JUROSPHERE array. JU-ROSPHERE 
onsisted of 11 TESSA-type [13℄ and 14 Eurogam phase I type[33℄ Compton suppressed Ge dete
tors in this parti
ular experiment. It hada total photopeak e�
ien
y of 1.6% at 1.3 MeV. The Eurogam Ge dete
torswere provided by the Fren
h/UK Loan Pool. Prior to our studies, the light-est Ra isotope for whi
h transitions were known was 212Ra [34℄. Due to theexpe
ted presen
e of isomers in these nu
lei, additional Ge dete
tors were
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ient... 1251pla
ed at the fo
al plane of RITU. For a more detailed des
ription of theexperimental setup see Ref. [35℄.
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1252 M. Leino et al.To demonstrate the power of the RDT method, we show in Fig. 3 a 
om-parison of in-beam gamma-ray spe
tra measured for 206Ra with and withoutthe RDT-based identi�
ation of the separated nu
lei. The produ
tion 
rossse
tion of 206Ra in the rea
tion employed, 180 MeV 40Ar + 170Yb, was only� 5 �b and the re
oil-gated spe
trum is 
ompletely dominated by the mu
hmore abundant Fr and Rn nu
lei produ
ed in 
harged parti
le evaporation
hannels. The RDT spe
trum, on the other hand, shows no peaks from
ontamination a
tivities.In Fig. 4, a 
ompilation of the level s
hemes dedu
ed for 206;208;210Rafrom the present work and for 212;214Ra from earlier work [34,36,37℄ is shown.7. Dis
ussionOur new data on the level stru
ture of 192Po show that the trend ofde
reasing level energies persists as one pro
eeds still farther towards theproton drip line. However, the steepness of the drop is signi�
antly redu
ed.Similarly to the even-mass Pt nu
lei, this �attening of energy systemati
s
an be interpreted as eviden
e for a ground state intruder 
on�guration.An interesting example of the kind of 
omplementary information one 
andedu
e from de
ay experiments is our value for the admixture of the oblate4p-2h 
omponent in the ground state of 192Po as dedu
ed on the basis ofalpha de
ay hindran
e fa
tors, � 63% [18,19℄. Moreover, on the basis ofNilsson�Strutinsky type of 
al
ulations it was suggested by May et al. [5℄that in 192Po an oblate deformed minimum be
omes the ground state.The most obvious feature of the systemati
s of level energies of Ra iso-topes shown in Fig. 4 is the smooth and gradual de
rease of the 2+ energies.There is no eviden
e for an abrupt in
rease in ground state deformation. Theex
itation energies of the 6+ and 8+ members of the �h69=2 multiplet in
reasewith de
reasing neutron number until at 206Ra where a drop in the ex
ita-tion energy of the 8+ state is observed. Furthermore, the 8+ state de
aysto the (lowest) 6+ state through a fast transition in 206Ra while in 208Rathis transition is signi�
antly hindered. Assuming that the lowest 6+ statesin 206Ra and 208Ra at very nearly identi
al ex
itation energy have the same
on�guration, perhaps �h9=25f7=2, this would imply that the 8+ states in206Ra and 208Ra have di�erent origin.Con
erning redu
ed widths for alpha de
ay, the summing up of widthsof both ground state to ground state and ground state to ex
ited 2p-2h 0+state transitions for Po nu
lei removes the anomalous saturation behaviourof Po nu
lei. To study the width systemati
s in more detail, it would be ofinterest to perform pre
ision measurements on the half-life of 196;198Rn andof 202;204Ra. The values for 196Rn and 202Ra are based on the observation ofonly three de
ay 
hains [26℄ and one de
ay 
hain [25℄, respe
tively. Further-
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ient... 1253more, it would be of interest to 
on�rm the slightly anomalous behaviour ofthe redu
ed width between 206Ra and 204Ra.This work has been partly supported by the Finnish A
ademy and bythe A

ess to Large S
ale Fa
ility program under the Training and Mobilityof Resear
hers Program of the European Union. RDP a
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