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COLLECTIVITY IN LIGHT Po ISOTOPES REVEALEDIN RECOIL-DECAY-TAGGING EXPERIMENTS�M. Leinoand the Jurosphere CollaborationUniversity of Jyväskylä, Department of Physi
sPB 35 (YFL) FIN-40351 Jyväskylä, Finland(Re
eived May 19, 2001)It was predi
ted already more than 20 years ago that 
oexisting oblate-and prolate-shapedminima should 
ome down in energy in neutron-de�
ientpolonium isotopes around 192Po. Progress in experimental te
hniques, andin parti
ular in the use of the Re
oil-De
ay-Tagging method, has made itpossible to verify these predi
tions. Re
ent RDT results obtained at theUniversity of Jyväskylä on shape 
oexisten
e in very neutron-de�
ient Poisotopes will be dis
ussed.PACS numbers: 21.60.Ev, 23.20.Lv, 27.80.+w1. Introdu
tionPolonium nu
lei with two protons on top of the spheri
al-driving 
losedZ = 82 shell exhibit a variety of nu
lear stru
ture phenomena. Espe
ially,the interplay between single parti
le and 
olle
tive e�e
ts 
an be studiedin the light Po nu
lei. Neutron-de�
ient Po nu
lei have been predi
ted todevelop an oblate ground state at N = 108 (192Po) and a prolate groundstate at N = 106 (190Po) [1℄. They should thus provide us with a usefullaboratory for studying nu
lear shape 
oexisten
e.During the last few years, there has been a signi�
ant in
rease in ourknowledge about the stru
ture of light polonium nu
lei. Alpha de
ay �nestru
ture studies of Rn and Po isotopes have revealed the existen
e of in-truder states in the respe
tive Po and Pb daughter nu
lei [2℄. This work hasbeen beautifully 
omplemented by in-beam gamma-ray experiments [3, 4℄.It is very important to be able to 
ombine de
ay and in-beam data for a
onsistent view on nu
lear stru
ture in this region. In the general 
ase,spheri
al, oblate and prolate stru
tures 
ontribute to the observed spe
tra� Invited talk presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2365)



2366 M. Leinoand transition rates. Three-level mixing 
al
ulations 
an then be performedon the basis of measured alpha de
ay hindran
e fa
tors and extrapolatedunperturbed band head energies from in-beam data [5, 6℄ to give us theintera
tion strengths and level mixings.In view of the intruder spin 
on
ept [7℄, the stru
ture of Po nu
leishould be 
losely related to that of Hg nu
lei with two proton holes in theZ = 82 shell. A similar 
ase to Po and Hg nu
lei is provided by the Teand Cd nu
lei [8℄. In mid-shell Cd nu
lei, it has been observed that in-truder stru
tures are important in generating low-lying quadrupole phononstates [9℄. Experimentally, these two regions present very di�erent 
hallengessin
e in the tin region the neutron mid-shell is at the beta stability line whilein the lead region it is situated 
lose to the border of the known region ofnu
lei.In-beam work is getting in
reasingly di�
ult as one approa
hes the pro-ton drip line be
ause the produ
tion rates of these exoti
 nu
lei are verylow and the gamma-ray ba
kground from the dominating �ssion 
hannelis overwhelming. First steps to over
ome the �ssion problem were takenwith the aid of re
oil 
at
her [10℄ and re
oil �lter [11℄ te
hniques. The mostre
ent experimental development has been the introdu
tion of the Re
oil-De
ay-Tagging, or RDT-te
hnique [12℄. The idea behind the method is thatmulti-dete
tor Ge arrays are 
ombined with highly e�
ient and very faston-line re
oil separators. Gamma-ray emitting nu
lei emerging from a thintarget are separated and identi�ed using their 
hara
teristi
 de
ay at the fo-
al plane of the separator. Only those prompt gamma-rays are then a

eptedfor analysis whi
h are in 
oin
iden
e with the desired nu
lei. The method
an be 
omplemented with isomer identi�
ation at the fo
al plane [13℄. Avery re
ent extension of the method is the measurement of RDT 
onver-sion ele
trons. This method has for the �rst time been employed at JYFL(University of Jyväskylä, Department of Physi
s) for the study of heavynu
lei [14, 15℄.The low-lying level stru
ture of the nu
lide 210Po with nothing but twoprotons added to the doubly-magi
 208Pb nu
leus is a good example of atwo-parti
le j = 9=2 system with the 
hara
teristi
 group of 2+, 4+, 6+,and 8+ levels lo
ated at about 1.2�1.6 MeV above the 0+ ground state [16℄.As neutrons are removed from the system, the 2+ energy drops down toabout 700 keV already at 208Po and stays approximately 
onstant down to200Po. The pair of levels with I� = 6+ and 8+ stay very 
lose together inenergy and rise steadily all the way to 200Po. In the isotopes 200�206Po,the 4+ level rises smoothly when the number of neutron holes in
reases andstays roughly equidistant from both the 2+ level and the 6+ level. (Thelevel systemati
s of even�even Po nu
lei is shown in Fig. 1.) At N = 114,
orresponding to 198Po, the above des
ribed smooth trends 
hange. The
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Mass numberFig. 1. Energies of sele
ted low-lying levels of the even�even 190�210Po nu
lei. Non-yrast states are marked by open symbols. The data are from Refs. [3, 17, 18℄ andreferen
es therein.2+1 , 4+1 and 6+1 levels drop down in energy so that they form an almostevenly spa
ed group of levels relative to the ground state. The down-sloping
ontinues at 196Po. In addition, se
ond ex
ited 2+ and 4+ states were ob-served in 194�200Po. In 194Po, and in parti
ular in 196Po, they are very 
losein energy to the 4+1 and 6+1 states, respe
tively. This feature reminds usof two-and three-phonon multiplets and has led to the interpretation of thelow-level stru
ture of 196;198Po in terms of a harmoni
 vibrator [17℄. Bran
h-ing ratio data support this 
on
lusion provided the assumed E2 
hara
terof the observed transitions is 
orre
t. The measured data for 194Po indi
atein
reasing anharmoni
ity for this isotope [19℄.De
ay studies performed by the Leuven group have led to the identi�
a-tion of ex
ited 0+ states in 196�202Po [2℄. These states have been interpretedin terms of �(4p�2h) ex
itations a
ross the 
losed shell at Z = 82. In a

or-dan
e with theoreti
al studies [1,20℄ these states are believed to have oblatedeformation. These 0+ levels are 
lose in energy to the lowest 2+ level in196;198Po and thus present a problem to the interpretation of these nu
lei asvibrators. The stru
ture of neutron-de�
ient Po nu
lei has been dis
ussedin terms of di�erent models by Oros et al. [21℄. They 
on
lude that while Ponu
lei down to 200Po 
an be des
ribed in terms of parti
le�
ore 
oupling, thisis not possible for 194;196Po using physi
ally meaningful parameter values.The parti
le-hole intruder interpretation is favoured by this study.In the following, re
ent progress in the study of even�even and odd-massPo nu
lei at JYFL will be brie�y reviewed.



2368 M. Leino2. Experimental apparatusHeavy-ion indu
ed fusion evaporation rea
tions were used to populateex
ited states in neutron-de�
ient Po nu
lei. The JYFL 6.4GHz ECR ionsour
e ECRIS 1 and the K = 130MeV 
y
lotron were used for produ
ingthe beam. The nu
lei under study were separated from the primary beamand from unwanted rea
tion produ
ts using the gas-�lled re
oil separatorRITU [22℄. The e�
ien
y of transporting fusion produ
ts through RITUto the fo
al plane dete
tor was 25�30 % depending on the rea
tion. At thefo
al plane there was the standard RITU position-sensitive Si stop dete
torfor observing the arrival of fusion produ
ts and their alpha de
ay. A gas
ounter [23℄ was installed in front of the stop dete
tor to aid in dis
riminatingagainst beam-related parti
le events.Prompt gamma-rays from the target were dete
ted using the JURO-SPHERE array of Compton-suppressed Ge dete
tors. JUROSPHERE 
on-sists of 15 Eurogam Phase 1 dete
tors and 10 NORDBALL or TESSA de-te
tors. Total e�
ien
y at 1.3MeV varied between 1.5 and 1.8 %. Typi
albeam intensities were of the order of 10 pnA. This value was set by the
ounting rate limit in the Ge dete
tors (� 10 kHz).3. Experimental resultsYrast stru
tures in 192Po [3℄, 191Po [24℄ and in 190Po [18℄ were observedfor the �rst time in the RDT studies at JYFL. In addition, signi�
antlydi�erent data from those published for 193Po [4℄ were 
olle
ted in these ex-periments [3℄. Finally, improved or slightly 
hanged level s
hemes 
omparedwith those published in [4, 19℄ were extra
ted for 194;195Po [3℄.The nu
leus 194Po was studied using the rea
tions 170Yb(28Si,4n) and171Yb(28Si,5n). Altogether about 2 million de
ays of 194Po were 
olle
ted.This was su�
ient for obtaining gamma�gamma 
oin
iden
e and gamma-ray angular distribution information. The yrast band was extended toI� = (16+) and a side band of low-lying se
ond ex
ited 2+ and 4+ stateswas extended to the 6+2 state.The nu
leus 192Po was produ
ed in the rea
tion 160Dy(36Ar,4n). A totalof 35000 192Po alpha de
ays were observed. Also in this 
ase, support forthe extra
ted level s
heme 
ame from gamma�gamma 
oin
iden
e measure-ments. The yrast band was observed up to the (10+) level.The most neutron-de�
ient Po nu
leus studied was 190Po whi
h is onlytwo neutrons heavier than the lightest known Po isotope with A = 188 [25℄.Due to target problems, only about 1000 
orrelated alpha de
ays were ob-served from the rea
tion 142Nd(52Cr,4n). This 
orresponds to a produ
tion
ross se
tion of about 200 nb whi
h is at the limit of present-day RDT
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hniques. Four 
lear gamma-rays observed in the tagged spe
trum wereasso
iated with an yrast 
as
ade on the basis of their intensities.Several rea
tions in
luding 36Ar + 160Dy and 28Si + 170Yb were usedto study the ex
ited states of 195Po. In neutron-de�
ient odd-mass Po iso-topes, two alpha-de
aying states with I� = 3=2� and I� = 13=2+ have beenobserved. It was not possible to build a level s
heme on top of the 3/2�ground state in 195Po. (The same turned out to be true for 191;193Po.) Thelevel s
heme built on top of the 13/2+ isomer 
on�rms the one by Fotiades etal. [4℄ and adds a tentative side band and one new level to the yrast 
as
ade.
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Mass numberFig. 2. Level energies of sele
ted low-lying states in the odd-mass nu
lei 191�197Porelative to the 13/2+ states. Lowest 2+, 4+, 6+ and 8+ states in the even�evennu
lei are shown for 
omparison. For the odd-mass nu
lei, solid lines 
onne
tfavoured states and dotted lines unfavoured states. The data are from Refs. [3,4,24℄and referen
es therein.The 160Dy(36Ar,3n) rea
tion was used to populate ex
ited states on topof the 13/2+ state in 193Po. The 
onstru
ted level s
heme di�ers signi�
antlyfrom the one proposed in Ref. [4℄.



2370 M. LeinoIn a very re
ent RDT experiment at RITU an attempt was made toobserve gamma-rays on top of the 191Po isomers [24℄. The rea
tion usedwas 142Nd(52Cr,3n)191Po. Again, levels on top of the 13/2+ isomer wereestablished.In all 
ases studied, the 
onstru
ted level s
hemes were based on re-sults of gamma�gamma 
oin
iden
e and gamma-ray angular distributionmeasurements, if available, and on systemati
s of Po level stru
ture. Ourexperimental �ndings, together with earlier data, are shown in the partialex
itation energy systemati
s of states of Po nu
lei in Figs. 1 and 2.4. Dis
ussionWe will �rst dis
uss the even�even isotopes. In 192;194;196Po the yrast lineforms a 
lear 
olle
tive band. The band 
an be asso
iated with the oblatestru
ture. Our new in-beam data on 190;192Po show that the down-slopingtrend of the 2+, 4+, 6+ and 8+ states 
ontinues. However, the energy dropfor the 2+ state is already quite small between 192Po and 190Po. A plausiblestarting point for analysing the situation is that while the low-spin statesare expe
ted to be mixed, the higher members of the 
olle
tive bands shouldbe quite pure. One 
an then extrapolate unperturbed 0+ energies for thebands. This will provide input for two-level (spheri
al and oblate) mixing
al
ulations. Be
ause the �rst ex
ited 0+ states have never been observedin 192;194Po, the (perturbed) level energies were taken from the 
al
ulationsof Oros et al. [21℄.The results from the mixing 
al
ulation for 192;194Po are the following[3,9℄: In 194Po the unperturbed oblate 0+ state is barely above the spheri
al0+ state while in 192Po the oblate state has be
ome the ground state. The
ontribution of the oblate intruder 
omponent in the ground state is 45 % in194Po and 73 % in 192Po. The value for 192Po is in good agreement with thatextra
ted from alpha de
ay �ne stru
ture data [5℄. Our 
al
ulations showthat the lowest 2+ state is already a very pure oblate intruder state both in194Po and in 192Po. The unperturbed 2+�0+ energy di�eren
e 
an be usedto extra
t the value j�2j � 0:17 for the quadrupole deformation parameterusing the Grodzins formula [26℄. There is a signi�
ant 
hange in the levels
heme of 190Po as 
ompared with 192;194Po. The 6+ and 8+ level energiesare dropping 
onsiderably. The resulting kinemati
 moments of inertia for190Po are shown in Fig. 3 and 
ompared with several neighbouring even�even isotopes, in
luding 186Hg and 188Pb whi
h are known to exhibit prolatedeformation [11℄. The 
lose similarity in the moments of inertia is a strongindi
ation of prolate stru
tures be
oming yrast for the �rst time in 190Poin agreement with the early predi
tions of May et al. [1℄. These stru
turesare asso
iated with �(6p�4h) ex
itations a
ross the Z = 82 shell [20℄. Fine
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Fig. 3. Kinemati
 moments of inertia for yrast states of the even�even nu
lei190;192;194Po 
ompared with 186Hg, 188Pb and 198Rn.stru
ture in the alpha de
ay of 190Po was observed re
ently using the velo
ity�lter SHIP at GSI [27℄. These data indi
ate that there is a signi�
ant mixtureof the prolate 
on�guration in the ground state of 190Po [6℄.We 
ontinue the dis
ussion with the odd-mass Po isotopes. In Fig. 2 areshown the level systemati
s dedu
ed in the present work and built on topof the 13/2+ states in odd-mass isotopes 191;193;195Po. The 
lose similaritybetween the level patterns of the odd-mass and even�even isotopes indi
atesa weak 
oupling of the i13=2 neutron to the even 
ore. This may be regardedas 
oupling of the odd neutron to a vibrating spheri
al 
ore [4℄ or as ade
oupling of an i13=2 neutron hole from the oblate 
ore.Candidates for the unfavoured 15/2+, 19/2+ and 23/2+ states of thei13=2 band were found in 191Po, 193Po and 195Po. These states approa
hthe favoured ones in 193Po and even fall below them in 191Po. This is anindi
ation of a possible 
hange towards the strong-
oupling s
heme whenneutron mid-shell is being approa
hed. This may re�e
t the oblate�prolateshape 
hange taking pla
e in the 190Po 
ore.



2372 M. LeinoIt is of interest to 
ompare these �ndings with the results of a re
ent alphade
ay study performed at RITU [28℄. In this work, a sudden 
hange in thealpha de
ay hindran
e fa
tor for the 13/2+ state was observed at 191Po.The interpretation is that there is a 
hange from a mixed (4p�2h)+ (2p�0h)stru
ture in 193;195Po to a pure proton 4p�2h stru
ture in 191Po. Sin
e no
orresponding 
hange was observed for the 3/2� state, the phenomenon was
alled shape staggering (su
h as takes pla
e in Hg nu
lei [29℄).In view of the shape staggering it is of interest that no 
lear 
hange inthe spa
ings of the lowest members of the i13=2 band is observed between193Po and 191Po. On the other hand, as shown by the mixing 
al
ulationsfor 192Po and 194Po, the yrast line does not ne
essarily re�e
t very well thestru
ture of the ground state. The ground states of both 192Po and 194Poare strongly mixed while the 2+ state is already a quite pure oblate intruderstate. 5. Con
lusionThe study of 
oexisting stru
tures in the vi
inity of the Z = 82 
losedshell has provided us with a large amount of data on Hg, Pb and Po nu
lei.In this work, alpha de
ay and in-beam studies provide 
ru
ial and 
omple-mentary information. As often is the 
ase, life time measurements wouldbe very helpful in further illuminating the situation. Low produ
tion ratesmake the 
ondu
tion of su
h experiments quite di�
ult. Nevertheless, testshave shown that timing experiments 
an be performed with Ge/BaF arraysin 
onjun
tion with RITU and have been s
heduled to further study neutron-de�
ient Po nu
lei [30℄. Another way of pro
eeding is to make use of theunique 
apability of the RITU+SACRED 
onversion ele
tron setup [14,15℄.First data from su
h an experiment to observe E0 
onversion ele
trons fromthe lowest ex
ited 0+ state in 194Po are being analysed.I am mu
h indebted to Rauno Julin for illuminating dis
ussions. Thiswork is supported by the A
ademy of Finland under the Finnish Centre ofEx
ellen
e Programme 2000�2005 (Proje
t No. 44875, Nu
lear and Con-densed Matter Physi
s Programme at JYFL) and by the European UnionFifth Framework Programme 'Improving Human Potential � A

ess to Re-sear
h Infrastru
ture' (Contra
t no HPRI-CT-1999-00044).
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