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646 R. Julin et al.1. IntrodutionThe evolution and mirosopi origin of quadrupole olletivity andshape oexistene at low exitation energies in neutron mid-shell nulei nearthe Z = 50 and Z = 82 shell losures are still not fully understood. In someof these nulei, deformed intruder states oexist with nearly spherial normalstates [1℄, while, for example, in even-mass Cd nulei the intruder strutureslearly play a role in generating low-lying quadrupole phonon states [2℄.These intruder strutures are usually assoiated with multi-proton exita-tions aross the main shell gap. However, the importane of deformationdriving high-j neutron orbitals in these states has also been pointed outin [3℄ and [4℄.A review of experimental results on oexisting strutures in even-massmid-shell Cd, Sn and Te nulei is presented in [2℄. While these nulei in theZ = 50 region lie in the valley of stability, the neutron mid-shell Z � 82nulei are very neutron de�ient lying lose to the proton drip line. Theyan be produed in fusion evaporation reations, albeit, due to strong �ssionompetition, with very low ross-setions. Fusion produts an be separatedfrom other reation produts by employing reoil separators and olletedat the separator foal plane. Very important information about the shape-oexisting states in this region has been extrated in �-deay studies offusion produts, espeially when deteting -rays or eletrons in oinidenewith �-partiles [5,6℄.The short lifetimes of �-deaying neutron de�ient Z � 82 nulei renderit possible to employ the Reoil-Deay-Tagging (RDT) method [7℄ in -rayspetrosopi studies of these nulei. In the RDT experiments harateristideay produts from the fusion produts observed at the foal plane areused to resolve prompt -rays the produts have emitted at the target. Themethod is espeially powerful in in-beam studies of neutron de�ient heavynulei, where the reoil-rate at the foal plane is low due to the low totalfusion ross-setion. During the last �ve years the RDT method has beenused with great suess at JYFL where the RITU gas-�lled separator [8℄of high transmission and various Ge detetor arrays have been ombinedfor in-beam studies of exoti heavy nulei. In most of the experiments theJurosphere array was used to detet prompt -rays. This array onsisted of25 Compton-suppressed Ge detetors (15 Eurogam Phase 1, 10 Nordball andTESSA detetors) and had a photo-peak e�ieny of 1.5�1.8 % for 1.3 MeV-rays. In addition, in most of the measurements 1�5 Ge detetors wereused at the foal plane for deteting -ray transitions following isomeri- or�-deays.Sine 1997, about 50 reoil-tagging or RDT experiments have been ar-ried out at RITU. In those experiments strutures of neutron de�ient nuleilose to Z = 82 have been probed. They also inlude unique experiments
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Fig. 1. A part of the hart of nulei, where nulei with exited states identi�ed, forthe �rst time, in our RDT measurements at RITU+Jurosphere have been markedwith the grey squares.where -rays from 254No and 252No have been observed [9℄. In Fig. 1 thosenulides are marked, where exited states have been identi�ed for the �rsttime. In these experiments we have shown that the RDT method employedat RITU render in-beam -ray spetrosopi measurements possible at thelevel of 100 nb prodution ross-setion for heavy nulei.In this ontribution in-beam -ray spetrosopi data for neutron de�-ient even-A Hg, Pb and Po nulei from the latest RDT measurements atJYFL are presented and disussed with other available data for low-lyingyrast levels in this region.2. Towards spherial Hg isotopesIn an earlier RDT study we observed yrast states in 176Hg up toI� = (10+) via the 144Sm(36Ar, 4n) reation with ross-setion of about5 �b [10℄. To extend the systematis more beyond the N = 104 mid-shellwe reently arried out an RDT study for 174Hg, whih was populated in the112Sn(64Zn, 2n) reation with ross-setion of only 230 nb. Due to targetproblems only about 900 full-energy 174Hg �-deays (t1=2 = 1.7(4) ms) werereorded. In Fig. 2 -ray energy spetrum obtained by gating with reoilsand tagging with 174Hg �-deays is shown. The most intense 647 keV peakis assigned as the 2+ ! 0+ transition in 174Hg. On the basis of energy sys-tematis the next most intense lines at 821 keV and 588 keV are tentativelyassoiated with the 4+ ! 2+ and 6+ ! 4+ transitions in 174Hg, respetively.
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Fig. 2. An energy spetrum of prompt -rays obtained by gating with fusion evapo-ration residues from the 64Zn + 112Sn reation and by tagging with 174Hg �-deays.

172 174 176 178 180 182 184 186 188 190 192 194 196 198 200 202 204 206 208

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

5-

7-

9-
11-

11-

9-

7-

5-

 
 

12+

10+

8+

6+

4+

2+

0+

12+10+

8+

6+

4+ 2+

0+

 Prolate
 Oblate
 Negative

           parity

E
ne

rg
y(

ke
V

)

AFig. 3. Level systematis for even-mass Hg isotopes. The data for 174Hg and 176Hgare from the RITU+Jurosphere experiments.



Probing Strutures of Exoti Heavy Nulei 649The level-energy systematis for even-A Hg isotopes from N = 126 toN = 94 is shown in Fig. 3. In the neutron-de�ient even-mass Hg isotopesthe properties of the weakly oblate ground-state band remain rather onstantwith dereasing neutron number until in 188Hg, where the band is rossedby an intruding deformed band assoiated with a prolate-deformed energyminimum. The prolate states, assumed to result from the exitation offour protons aross the Z = 82 shell gap, minimise their energies in 182Hg[11℄, but still lie above the ground state. In aordane with theoretialpreditions [12℄, a further inrease in the exitation energy of the prolateband was observed in 178Hg [13℄. Our data for 176Hg [10℄ revealed that thisinrease between N = 98 and 96 is already 500 keV. Therefore in the newdata for 174Hg no trae of a prolate band an be seen. The energies of the�rst exited 2+ and 4+ states in 176Hg and 174Hg lie higher than in any otherHg isotope with N < 126 indiating a transition towards a spherial groundstate as predited in Ref. [12℄.3. Two shapes of 182Pb100In a reent RDT experiment dediated to the study of 182Pb we usedthe 144Sm(42Ca,4n) fusion evaporation hannel and reorded 3500 182Pb�-deays [14℄. The extrated ross-setion was about 300 nb and the 182Pbhalf-life t1=2 = 64(7) ms is in aordane with the earlier value of 55 ms [15℄.The RDT analysis resulted in a very lean energy spetrum of prompt -raysshown in Fig. 4.
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Fig. 5. Plots of aligned angular momentum, ix, as a funtion of rotational fre-queny, for the even-A 182�188Pb and 180�184Hg. Rotational referenes with Harrisparameters of J0 = 27 ~2MeV�1 and J1 = 199~4MeV�3 have been subtrated.The six lines marked in the spetrum are �rmly assigned to originate from182Pb. The most intense 888 keV line obviously represents the2+ ! 0+ transition. The other �ve transitions learly form a rotationalband similar to those built on the 2+ states in 184;186;188Pb and thereforethey are tentatively assigned as E2 transitions. The regular spaing of thetransitions indiate that the band is not muh disturbed by possible mixturesof other shape-oexisting states.The plot of aligned angular momenta, ix, show that, indeed, the intruderbands seen in 182�188Pb are similar to those in 180�184Hg and are thereforeassoiated with a prolate shape. The alignment slightly inreases with de-reasing neutron number, indiating an inrease of olletivity. This inreaseis more pronouned in Pb nulei.In the level systematis of Fig. 6 the new 182Pb JYFL data along withthe data from an earlier JYFL RDT experiment for 184Pb [16℄ are showntogether with the available data for heavier even-A Pb isotopes. Our datareveal that the minimum exitation energy of the prolate band is reahed atN = 103, exatly as for the prolate strutures in the even-A Hg nulei.



Probing Strutures of Exoti Heavy Nulei 651

180 184 188 192 196 200 204
0

500

1000

1500

2000

2500

3000 12+

10+

8+

6+

4+

2+

0+

8+

8+

10+
12+

6+
6+

4+

2+

0+

4+

2+

 

 Spherical
 Oblate
 Prolate

E
ne

rg
y(

ke
V

)

AFig. 6. Level systematis for even-mass Pb isotopes. The data for 182Pb and 184Pb(exept the 0+2 state) are from the RITU+Jurosphere experiments.4. Towards prolate Po isotopesThe �rst highlight in the series of suessful RDT measurements atJYFL was the �rst observation of yrast transitions in 192Po with the DORISGe detetor array at RITU [17℄. The data revealed that the deformed in-truder strutures, assoiated with oblate deformation, have beome yrastand dominate in the ground-state on�guration of 192Po.In a very reent Jurosphere+RITU ampaign we arried out an RDTexperiment to observe yrast transitions in 190Po [18℄. A 142Nd target wasbombarded with a 52Cr beam and exited states in 190Po were produed viathe 4n-fusion-evaporation hannel with ross-setion of about 200 nb. The190Po �-deays were used to tag prompt -rays resulting in a preliminaryspetrum shown in Fig. 7.In this spetrum lear peaks are observed at 233, 299, 370, and 437 keVand possibly also at 485 keV. Based on the intensity behaviour and regularityof the -ray lines we preliminarily assoiate this pattern with an yrast E2asade in 190Po. By ombining this information with available data for
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Fig. 7. A preliminary energy spetrum of prompt -rays obtained by gating withfusion evaporation residues from the 52Cr + 142Nd reation and by tagging with190Po �-deays.

Fig. 8. Level systematis for even-mass Po isotopes. The data for 190Po, 192Poand partially 194Po are from the RITU+Jurosphere experiments. The open irlesdenote the positive parity yrast levels, the asterisks the non-yrast ones and the barsthe negative parity levels. The isomeri states are denoted by the �lled irles.



Probing Strutures of Exoti Heavy Nulei 653heavier even-A Po isotopes, the level systematis of the even-A Po nuleishown in Fig. 8 is obtained. The expeted levelling o� of the level energieswhen moving to 190Po is observed only for the 2+ states. For other higher-spin yrast levels a drop of energies is seen. In fat the transitions from the10+, 8+ and 6+ states are lose in energy to those for the prolate band inthe isotone, 188Pb . Consequently, our new data for 190Po reveal, for the�rst time, prolate strutures beoming yrast in 190Po.5. DisussionIn Fig. 9, values J (1) of the kinemati moment of inertia as a funtion of-ray transition energy derived from the yrast level energies of the even-A190�194Po nulei are plotted with those for 186Hg, 188Pb and 198Rn.

Fig. 9. Kinemati moments of inertia for the yrast line of the even-A 190�194Ponulides ompared to the ones for 186Hg, 188Pb and 198Rn.Similarities between the prolate bands in the mid-shell Hg and Pb nuleiwere already shown by Fig. 5. The J (1) values for 190Po are very lose tothe values for isotones 186Hg and 188Pb showing that indeed the yrast lineof 190Po represents a prolate struture very similar to the ones seen in Hg



654 R. Julin et al.and Pb nulei. The J (1) values for the oblate intruder yrast band of 192Poand 194Po are smaller and similar to the yrast band in 198Rn indiatingthat similar oblate deformation as in Po nulei sets in in light even-A Rnisotopes [19℄.The experimentally observed shape oexistene in the neutron mid-shellZ = 82 region is well predited by the alulations using a deformed mean-�eld approah: The light Hg and Pb nulei in Refs. [12℄ and [20℄ and the lightPo nulei inluding the onset of prolate deformation in Refs. [21℄ and [22℄.An appliation of the simple intruder-spin onept, related to the multi-proton exitations aross the Z = 82 shell gap, has not been straightfor-ward [23℄. The intruder 0+ states observed in deay studies [5℄ down to196Po are assoiated with the oblate proton 4p-2h intruder on�guration.On the basis of systematis (Fig. 8) it is obvious that the observed bandstrutures in 194Po and 192Po an be assigned to be based on this struture.However, it is not lear whether there are any orresponding 2p-4h oblatestates in the even-A Hg isotones. There are well-known oblate intruder 0+states observed in Pb isotopes [24℄ whih are of the proton 2p-2h origin, butno lear band struture is observed on these states.As proposed earlier and disussed in Refs. [12℄ and [23℄, the prolateshapes in the mid-shell Z = 82 region an be assigned to proton np-nhexitations. In aordane with the intruder-spin piture, the observed pro-late struture in 190Po resembles the one in 186Hg and ould represent the6p-4h and 4p-6h exitations, respetively. However, to explain the similaritybetween these bands and the prolate bands in even-A Pb nulei, mixing ofdi�erent np-nh on�gurations are needed [12℄ and [23℄.Finally, it is interesting that some of the observed properties of even-Anulei near the neutron mid-shell an also be assoiated with features ofquadrupole vibrational nulei. This was pointed out in Ref. [4℄ for 196Po andfurther disussed in Ref. [19℄, where the level properties of 194Po providedevidene in support of the phonon piture.This work has been supported by the Aademy of Finland under theFinnish Centre of Exellene Programme 2000�2005 (Projet No. 44875,Nulear and Condensed Matter Programme at JYFL) and by the EuropeanUnion Fifth Framework Programme �Improving Human Potential � Aessto Researh Infrastruture�.
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