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FOREWORD

These Proceedings constitute a written record of the Conference on Nuclear
Structure at the Limits held at Argonne on July 22-26, 1996. The Conference was
attended by 197 scientists including 90 from abroad. The program sessions were
characterized by very lively and spirited discussions. There was a general feeling
among the participants that the nuclear structure field is in a healthy state right
now. From the comments received from the attendees we feel that the conference
achieved its aim of reviewing the status of nuclear structure physics while
stimulating new ideas.

We express our thanks to the members of the advisory committee for their
suggestions concerning the program. We also thank the participants for making the
conference successful. The assistance of Jeannie Glover and Colleen Tobolic in
handling the many secretarial duties before and during the conference is greatly
appreciated.

The Organizing Committee

e e



Acknowledgments

The Organizing Committee greatfully acknowledges
financial support from the following companies and
organizations:

Bicron/Crismatec BGO Detectors
EG&G/Ortec
LeCroy
Sun Microsystems

The University of Chicago

Argonne National Laboratory




TABLE OF CONTENTS

SESSION I-A (Monday Morning)
Chairperson: ~R. M. Diamond

Spectroscopy In and Decay Out of the Second Well in Actinide Nuclei
D SCAWAIM ceeeeeeevvririrnieitnteseistsssestsesesnescstesssssssesssssasesssssestosessssssssensesesssssesseses

Discrete-Line Transitions from Superdeformed to Yrast States in 194Hg and 192Hg
G. Hackman, T. L. Khoo, D. Ackermann, A. Lopez-Martens, M. P. Carpenter,
T. Lauritsen, S. Agarwala, I. Ahmad, H. Amro, D. J. Blumenthal, I. Calderin,
T. Déssing, S. M. Fischer, F. Hannachi, R. V. F. Janssens, A. Korichi, I. Y. Lee,
A. O. Macchiavelli, E. F. Moore, D. Nisius, and J. YOURNE ......cccccccevvemeinnrinvvenrernsencreneenns

Observation of the Single Step Links of the Yrast Superdeformed Band in 194Pb
F. Hannachi, A. Lopez-Martens, A. Korichi, S. Leoni, C. Schiick, E. Gueorguieva,
Ch. Vieu, B. Haas, R. Lucas, A. Astier, G. Baldsiefen, M. Carpenter, G. de France,
R. Duffait, L. Ducroux, Y. Le Coz, Ch. Finck, A. Gorgen, H. Hiibel, T. L. Khoo,
T. Lauritsen, M. Meyer, D. Prévost, N. Redon, C. Rigollet, H. Savajols, J. F. Sharpey-
Schafer, O. Stezowski, Ch. Theisen, U. Van Severen, J. P. Vivien, and
AL N, WIISOI covuveiiieiriireeisrereeesnreeessssereessssressssssesessssssssssssssassssssssesssssssssssssssssasessssssessessrsnnns

Primary Transitions Between the Yrast Superdeformed Band and Low-Lying Normal
Deformed States in 194Pb
K. Hauschild, L. A. Bernstein, J. A. Becker, D. E. Archer, R. W. Bauer, D. P. McNabb,
J. A. Cizewski, K.-Y. Ding, W. Younes, R. Kriicken, G. J. Schmid, R. M. Clark,
P. Fallon, I.-Y. Lee, A. O. Macchiavelli, R. MacLeod, R. M. Diamond,
M. A. Deleplanque, F. S. Stephens, and W. H. Kelly ......cccovniiinnininrinneinccccnnnnnncans

SESSION I-B (Monday Morning)
Chairperson: B. Hass

Decay Out of the Yrast and Excited Highly-Deformed Bands in the Even-Even Nucleus
134Nd ' -
C. M. Petrache, D. Bazzacco, S. Lunardi, C. Rossi Alvarez, R. Venturelli, P. Pavan,
N. H. Medina, M. N. Rao, R. Burch, G. de Angelis, A. Gadea, G. Maron, D. R. Napoli,
L. H. Zhu, and R, WYSS...ceieeieeeiininiinienteiesenesenentesesontaasssesestosssesssssssessessssasssssssssssas

Search for Linking Transitions in 143Eu
F. Lerma, D. R. LaFosse, M. Devlin, D. G. Sarantites, S. Asztalos, R. M. Clark,
P. Fallon, I. Y. Lee, A. O. Macchiavelli, R. W. Macleod, C. Baktash, M. J. Brinkman,
and D. RUAOIPN c...couieiiititininittctcctcctcttnte ettt be s e

Single-Step Linking Transition from Superdeformed to Spherical States in 143Eu
A. Atac, A. Axelsson, I. Bearden, M. Bergstrom, B. Herskind, J. Nyberg, M. Palacz,
J. Persson, M. Piiparinen, C. Fahlander, G. Hagemann, S. Leoni, M. Lipoglavsek,
P. Nolan, E. Paul, N. Redon, L. Roos, G. Sletten, and K.Tucek........cccceeveeeveeerreccrnnneen.

*No Submission




it

The Quasi-Continuum of Gamma Rays Following the Decay of Superdeformed Bands in
the Hg Region

T. Lauritsen, A. Lopez-Martens, T. L. Khoo, R. V. F. Janssens, M. P. Carpenter,

G. Hackman, D. Ackermann, I. Ahmad, H. Amro, D. J. Blumenthal, S. M. Fischer,

F. Hannachi, A. Korichi, E. F. Moore, and D. T. NiSiUS .....ccccccvecereeerreesecseecsenscssscrsacoraee

First Measurement of the Degree of Fragmentation of the Decay Out Cascade from the
Superdeformed Yrast Band in 192Hg
A. Lopez-Martens, F. Hannachi, C. Schiick, R. Collatz, E. Gueorguieva, Ch. Vieu,
T. Dossing, S. Leoni, B. Herskind, I. Ahmad, D. Blumenthal, M. Carpenter,
D. Gassmann, R. V. F. Janssens, T. L. Khoo, T. Lauritsen, D. Nisius, A. Korichi,
C. Bourgeois, A. Astier, L. Ducroux, Y. Le Coz, M. Meyer, N. Redon, J. F. Sharpey-
Schafer, A. N. Wilson, W. Korten, A. Bracco, and R. Lucas ......ccccceevveeveererenerervennnenne

SESSION II-A (Monday Afternoon)
Chairperson: ~ B. Herskind

Superdeformation
F. S. STEDRERS ...veeeeeteveereeeeerenetesssuestsssessessessssestssssssesasssessssssssnessessessessasssessasasnses

Microscopic Description of Nuclear Shapes
J. L. Egido, L. M. Robledo, A. Valor, and A. Villafranca........cccceeeevvrncrncerenncrnencnnn.

Around the Back-Bend in an Excited 150Gd Superdeformed Band
P. J. Twin, S. Ertiirk, C. W. Beausang, P. Fallon, D. Appelbe, S. Asztalos,
A. Macchiavelli, T. Lauritsen, I. Y. Lee, F. S. Stephens, and M. A. Deleplanque-
STEVEIIS .uuveveneveeeeeereesesssssesessessssssassessosossssssasssesessassassssssssasssssnsansasssssasannnmsssessanasssarasssnsessasnes

SESSION II-B (Monday Afternoon)
Chairperson: M. A. Deleplanque-Stephens

Microscopic Study of Superdeformation in the A = 150 Mass Region
C. Rigollet, P. Bonche, H. Flocard, P.-H. Heenen, and B. Gall...........cccovcvrinininrnnnnnne

Lifetime Measurements and Identical SD Bands in the A = 190 and A = 150 Regions
E. F. Moore, D. Nisius, R. V. F. Janssens, T. L. Khoo, T. Lauritsen, D. Ackermann,
I. Ahmad, H. Amro, D. Blumenthal, M. P. Carpenter, S. Fischer, G. Hackman,
P. Fallon, S. J. Asztalos, R. M. Clark, M. A. Deleplanque, R. M. Diamond, R. Krueken,
I-Y. Lee, A. O. Macchiavelli, F. S. Stephens, F. Hannachi, A. Lopez-Martens,
J. A. Becker, L. Bernstein, L. P. Farris, E. A. Henry, A. Korichi, P. Chowdhury,
R. H. Mayer, A. V. Afanasjev, and I. Ragnarsson ........ccecevveeevvenierininnesecnereniessessssssnnsnens

RDDS Lifetime Measurements of Low-Lying Superdeformed States in 194Hg
R. Kiihn, A. Dewald, R. Kriicken, C. Meier, R. Peusquens, H. Tiesler, O. Vogel,
S. Kasemann, P. von Brentano, D. Bazzacco, C. Rossi-Alvarez, G. De Angelis,
AN J. A€ BT cuueeteeeeiieeieieteteteetitierereeeereeesteeeeeeteeseseesererssessssssssasssssssssssssssssssssrssssassssssssssssane

*No Submission




iii

Change of Deformation at the Backbending in the Yrast Superdeformed Band of 144Gd
C. A. Ur, G. P. Bolzonella, L. H. Zhu, D. Bazzacco, S. Lunardi, N. H. Medina, C. M.
Petrache, M. N. Rao, C. Rossi Alvarez, G. de Angelis, D. De Acuna, D. R. Napoli,
W. Gast, R. M. Lieder, T. Rzaca-Urban, S. Utzelmann, and R. WysS .....ccocvvniicvernnunenns 84

SESSION III-A (Tuesday Morning)
Chairperson:  S. Lunardi

Superdeformation in the Mass A ~ 80 Region
CYPUS BAKIASH eeeeeneevonireeriencsensiciiesensitcsisisassssessesssssssssnsssssessesssssssessessessassassessases 90

Systematic Description of Superdeformed Bands in the Mass-190 Region
Yang Sun, Jing-ye Zhang, and Mike GUIAIY ......ccccouvrereireneniisinnnteninineentenrerenssnenessessenes 99

New Results on the Superdeformed 196Pb Nucleus: The Decay of the Excited Bands to
the Yrast Band
S. Bouneau, F. Azaiez, J. Duprat, 1. Deloncle, M-G. Porquet, U. J. van Severen,
T. Nakatsukasa, M. M. Aleonard, A. Astier, S. Baldsiefen, C. W. Beausang,
F. A. Beck, C. Bourgeois, D. Curien, N. Dozie, L. Ducroux, B. Gall, H. Hubel,
M. Kaci, W. Korten, M. Meyer, N. Redon, H. Sergolle, and J. F. Sharpey-Schafer ......... 105

Microscopic Structure of High-Spin Vibrational States in Superdeformed A = 190 Nuclei
Takashi Nakatsukasa, Kenichi Matsuyanagi, Shoujirou Mizutori, and Yoshifumi R.
SRIIMEZU 1vvververerrrrrerereeseesesseseereressestesssesssssssesesssossesessessssssessesssstsserssssestsssssissesesassssssssssssenes 111

SESSION III-B (Tuesday Morning)
Chairperson: L. L. Riedinger

Selfconsistent Calculations for Hyperdeformed Nuclei
H. Molique, J. Dobaczewski, J. Dudek, and W. D. LUO c....cveiireiiiiiiecinrcnensaccnenes 117

How Close are Hyperdeformed States to the Scission Point?
L. M. Robledo, R. R. Chasman, and J. L. EZIA0 .....ccccevrerrictircicrinirnennrininennennenecenecnne 124

Test of Al =2 Staggering in the Superdeformed Bands of 194Hg
R. Kriicken, G. Hackman, M. A. Deleplanque, R. V. F. Janssens, L. Y. Lee,
D. Ackermann, I. Ahmad, H. Amro, S. Asztalos, D. J. Blumenthal, M. P. Carpenter,
R. M. Clark, R. M. Diamond, P. Fallon, S. M. Fischer, B. Herskind, T. L. Khoo,
T. Lauritsen, A. O. Macchiavelli, R. W. MacLeod, D. Nisius, G. J. Schmid,
F. S. Stephens, and K. VELLET ........cocvermiieriniererentinreentennsieseste e ieste st sesscsrestesassessssnesnesnane 130

AI = 2 Energy Staggering in Normal Deformed Dysprosium Nuclei

M. A. Riley, J. Simpson, T. B. Brown, D. E. Archer, J. Doring, P. Fallon, C. Kalfas,
J. F. Sharpey-Schafer, and S. L. TabOr ......c.ccceeueveiernrnreieeieseetntssncsssnses s sseeeens 136

*No Submission




iv

SESSION IV-A (Tuesday Afternoon)
Chairperson:  N. Benczer-Koller

Evidence for “Magnetic-Rotation” in Nuclei: New Results on the M1-Bands of 198,199Pp
R. M. CLATK caeeeeeeeeeeeereceeetsenesenssesssesseessesssessessessnessessassnsssssssasessessessssasasesssssssssssssaes

Multi-Quasiparticle Isomers Near Stability and Reduced Pairing
G D). DIGCOULIS «..oneeeeeereeeeieeeeeeeeesersessaestssessesasssasesssesasssssssssssesesssessssessnssasensssassassns

Return of K Selection at High Spin: Decay of Bandheads in 178W
P. M. Walker, C. S. Purry, G. D. Dracoulis, T. Kibédi, F. Kondev, S. Bayer, A. M.
Bruce, A. P. Byrne, M. Dasgupta, W. Gelletly, P. H. Regan, and C. Thwaites ................

Direct Transitions from High-K Isomers to Low-K Bands — 7 Softness or Coriolis
Coupling

Yoshifumi R. Shimizu, Kanako Narimatsu, Shin-Ichi Ohtsubo, and Toshiyuki

SRIZUINA. c.ceeiiiiieinirinieieeiesenteetsse et esses st et e stesssesteesaesasestasssssassssasussssaessasasessessnsssesssaaonas

SESSION IV-B (Tuesday Afternoon)
Chairperson: D. Cline

Tilted Axis Rotation in Odd-Odd 164Tm
W. Reviol, L. L. Riedinger, X. Z. Wang, J.-Y. Zhang, H. J. Jensen, G. B. Hagemann,
R. A. Bark, P. O. Tjém, S. Leoni, T. Lonnroth, H. Schnack-Petersen, T. Shizuma, and
T WTZESINSKI vvvverrereririnrerirereeiserissreeseresesssssneesssssesssssssessesessssssssnssssesesssossssssesesssesssssssessenssne

Properties of Rotational Bands at the Spin Limit in A ~ 50, A ~ 65 and A ~ 110 Nuclei .
V. P. Janzen, A. V. Afanasjev, H. R. Andrews, G. C. Ball, J. A. Cameron, M. Cromaz,
J. DeGraaf, T. E. Drake, S. Flibotte, A. Galindo-Uribarri, G. Hackman, D. M. Headly,
J. Jonkman, S. Mullins, D. C. Radford, I. Ragnarsson, J. L. Rodriguez, C. E. Svensson,
J. C. Waddington, D. Ward, and G. ZWartz............ccceecerverreeerrecseerecererseessessanesassssessassssasns

First Excited States in Doubly-Odd 110Sb: Smooth Band Termination in the A = 110
Region
G. J. Lane, D. B. Fossan, I. Thorslund, P. Vaska, R. G. Allat, E. S. Paul, L. K&ubler,
H. Schnare, I. M. Hibbert, N. O’Brien, R. Wadsworth, W. Andrejtscheff, J. de Graaf,
J. Simpson, I. Y. Lee, A. O. Macchiavelli, D. J. Blumenthal, C. N. Davids, C. J. Lister,
D. Seweryniak, A. V. Afanasjev, and I. RagnarsSon ..........cceceeeeeveeereenrceveerresseessnesseeeseenne

Rotational Bands Terminating at Maximal Spin in the Valence Space
I. Ragnarsson and A. V. AaNaSJEV ......ccueciriiriniriiistintieceieecnncnessesesesessesssessesssssens

SESSION V-A (Wednesday Morning)
Chairperson: D. G. Sarantites

Status of Development of the Gamma Ray Energy Tracking Array (GRETA)
LY. Lee, G. J. Schmid, K. Vetter, M. A. Deleplanque, R. M. Diamond, P. Fallon,
A. O. Macchiavelli, R. W. Macleod, F. S. Stephens, R. M. Clark, and R. Kriicken

............................................................................................................................................




EUROBALL: Present Status and New Possibilities for Nuclear Structure Studies
Fo A BOCK euveneeveeaeeeeeeeeeeeeerseessesssssssesssssssssssssssssssssssessssssasesssssssesssssssessssssssssessesassssassssssnans *

The Holifield Radioactive Ion Beam Facility at Oak Ridge National Laboratory
Jo D, GAFTELE ueevenvereeerecrrcieerecreeisssnessessesssssssesssssessssnssstossssssseesssstessessassessessssssessassasssessssnenss 197

SESSION V-B (Wednesday Morning)
Chairperson: U. Garg

High Spin Isomer Beam Line at RIKEN
T. Kishida, Y. Gono, E. Ideguchi, T. Morikawa, M. Kidera, M. Shibata, H. Tsuchida,
K. Miyazaki, H. Watanabe, H. Y. Wu, A. Tanokura, S. S. Yamamoto, A. Yoshida,
S. Mitarai, A. Odahara, T. Murakami, M. Oshima, H. Kusakari, M. Sugawara,
M. Kubo, T. Murata, M. Shimura, H. Kumagai, and M. Ishihara .......cccccceeverereenreenueennen. 204

High Spin Spectroscopy Near the N =Z Line: Channel Selection and Excitation Energy
Systematics

C. E. Svensson, J. A. Cameron, S. Flibotte, G. Gervais, D. S. Haslip, J. M. Nieminen,

J. C. Waddington, J. N. Wilson, G. C. Ball, A. Galindo-Uribarri, V. P. Janzen,

D. C. Radford, D. Ward, M. Cromaz, and T. E. DraKe..........ccccceeeuveerervverrreessreneerssneencssnns 209

Alpha Particle Spectra in Coincidence with Normal and Superdeformed States in 150Tb
G. Viesti, M. Lunardon, D. Bazzacco, R. Burch, G. de Angelis, M. Cinausero, D. Fabris,
E. Farnea, E. Fioretto, S. Lunardi, N. H. Medina, G. Nebbia, G. Prete, C. Rossi Alvarez,
ANA G. VEAOVALO ceeerurerrveriieiiereeereeesseresseessseeessssesssssessssessassesssssssssssesssssssssssssassesessnnsssons 215

The Microball and Gammasphere: Research Highlights and Future Directions
M. Devlin, D. G. Sarantites, D. R. LaFosse, and F. Lerma........ccccceeceeevveeeveeerceeereerenvennnnes 220

SESSION VI-A (Thursday Morning)
Chairperson: ~W. Nazarewicz

Structure and Reactions of Drip-Line Nuclei
P. G HONSEH caneneeeevereverenessaneesscsssssssessssssassssosssssssssssssossssssssssasesssssssssossssssssssessessesassansasse 226

Proton-Radioactivity - A Look at Nuclear Structure Beyond the Proton Drip Line
C. N DAVIAS c..eveeeevereeeeeeireeernerescarescseeessnesssnssssssssessssssssssosssssssassossasssossnssssssassssssssssnassassns *

Shell-Model Monte Carlo Calculations Near N =Z
SESSION VI-B (Thursday Morning)
Chairperson: M. Thoennessen
A Number-Projected Model with Generalized Pairing Interaction in Application to Rotating

Nuclei
W. Satula and R. WYSS....covecererereteneitiieieteserssnsiosssessiescesesseossesssssissssssossossosasssesasesnceses 237

*No Submission




vi

In-Beam Studies of 98Cd and 102Sn
M. Lipoglavsek, M. Gérska, J. Nyberg, A. Atag, A. Axelsson, R. Bark, J. Blomgyvist,
J. Cederkdll, B. Cederwall, G. de Angelis, C. Fahlander, H. Grawe, A. Johnson,
S. Leoni, A. Likar, M. Matiuzzi, S. Mitarai, L.-O. Norlin, M. Palacz, J. Persson,
H. A. Roth, R. Schubart, D. Seweryniak, T. Shizuma, D. Sohler, G. Sletten,
W. B. Walters, and M. WeiSZlOg ......ccccevrvvemvirinirinnininiesierieerinenesesteessssssesssssnseseesneas 243

First In-Beam Observation of Excited States in lgngg 4Using the Recoil-Decay Tagging
Method
D. Seweryniak, 1. Ahmad, H. Amro, D. J. Blumenthal, L. T. Brown, M. P. Carpenter,
C. N. Davids, S. Fischer, D. J. Henderson, R. V. F. Janssens, T. L. Khoo, C. J. Lister,
D. Nisius, T. Davinson, R. J. Irvine, P. J. Woods, W. B. Walters, 1. Hibbert,
C. Parry, and R. WadSWOTLh .....coevieieiiiiiietirnteitete et tsesssietesesesessesesesnssesesnesnenses 247

Collective Properties of Drip-Line Nuclei
L. Hamamoto and H. SAZAWA ......c.cccevceerinrcneirniniiinissiissineiesessessessssessesssssssessssnsssessesesns 253

SESSION VII-A (Thursday Afternoon)
Chairperson: A. M. Baxter

Discovery of Element 112 .
S. HOPMANTL ...ceveeveveverevenrereneneesestesisessssssssssssssssssesissersssssessassssessessesssssssesssssesersssssssesennes 259

Synthesis of Superheavy Elements and Dinuclear-System Concept of Compound-Nucleus
Formation

N. V. Antonenko, G. G. Adamian, E. A. Cherepanov, A. K. Nasirov, and

V. V. VOLKOV c.oitieieeeietesrecreseesnessessessesssesesnsseessssssessessessssnsosssstesssssessessessessssssassessesssssnsns 265

High Spin States in Neutron-Rich Nuclei
Se MEZULOT L coeveeeevreeeereeeeseesssesesessssscessesassssesssssesstessesssssssesesssessassssissasssesssesssessnssnserssssnesns *

SESSION VII-B (Thursday Afternoon)
Chairperson: D. Ward

Relativistic Hartree-Bogoliubov Description of the Halo Nuclei
J. Meng and P. RING .....cccoieeiniiriiniiiiiiiincriiiesiisestessessissesesssesasssessssssssssssssssssessssnsanees 271

New High Spin States and Isomers in the 208Pb and 207Pb Nuclei
R. Broda, J. Wrzesinski, T. Pawlat, B. Fornal, Z. Grabowski, D. Bazzacco,
S. Lunardi, C. Rossi Alvarez, G. de Angelis, A. Gadea, and K.-H. Maier ..........ccceueueuee. 276

Yrast Excitations Around 132Sn: The Two and Three Valence-Proton N = 82 Isotones
134Te and 1351
P. J. Daly, C. T. Zhang, P. Bhattacharyya, R. Broda, Z. W. Grabowski, D. Nisius,
1. Ahmad, T. Ishii, M. P. Carpenter, L. R. Morss, W. R. Phillips, J. L. Durell,
M. J. Leddy, A. G. Smith, W. Urban, B. J. Varley, N. Schulz, E. Lubkiewicz,
M. Bentaleb, and J. BIOIMIQVISt .....ccccccvvuirmrmnnsininininiiiineiisiiessessesssesnessssassssssessessenses 282

*No Submission




vii

Role of Nuclear Couplings in the Inelastic Excitation of Weakly-Bound Neutron-Rich

Nuclei
C.H. Dasso, S. M. Lenzi, and A. VITUIT .....uueeeeeeeeerecreeccreeseeecrreenessensssssasesssssessssseesssnsene 288

SESSION VIII-A (Friday Morning)
Chairperson:  J. A. Cizewski

The Nuclear Structure of Neutron-Rich Isotopes with Z from 38-42
J. L. Durell, M. A. Jones, W. R. Phillips, A. G. Smith, W. Urban, B. J. Varley,
I. Ahmad, C. J. Lister, L. R. Morss, K. L. Nash, C. W. Williams, N. Schulz,
A. Guessous, E. Lubkiewicz, and M. Bentaleb............cooevviererevreeeiernereecrrneeeeecssinenenecens 294

Spectroscopy of Reflection-Asymmetric Nuclei Using Multinucleon Transfer Reactions
J. F. C. Cocks, P. A. Butler, K. J. Cann, P. T. Greenlees, G. D. Jones, R. Broda,
B. Fornal, P. M. Jones, R. Julin, S. Juutinen, D. Miiller, M. Piiparinen, A. Savelius,
J. F. Smith, I. Ahmad, S. Asztalos, P. Bhattacharyya, D. J. Blumenthal, M. P.
Carpenter, R. M. Clark, B. Crowell, M. A. Delaplanque, R. M. Diamond, P. Fallon,
R. V. F. Janssens, T. L, Khoo, T. Lauritsen, I. Y. Lee, A. O. Macchiavelli, R. W.
MacLeod, D. Nisius, F. S. Stephens, and C. T. Zhang .........c.ccccevvvvemicnnrniecnccnnsunsennenns 300

Deformation in the Neutron Rich Sulfur Isotopes 40S and 42S
T. Glasmacher, H. Scheit, B. A. Brown, P. D. Cottle, M. Hellstrom, R. Ibbotson,
J. K. Jewell, K. W. Kemper, D. J. Morrissey, M. Steiner, P. Thirolf, and
M. TROBIINESSEI ..uveeeerereeerreeereeirereecsreereeeessseeeessssresessssssesesssssesssssssssesssssssesssssssssssssssassasanen 306

SESSION VIII-B (Friday Morning)
Chairperson: D. B. Fossan

Identical Gamma-Vibrational Bands in 165Ho
D. C. Radford, A. Galindo-Uribarri, V. P. Janzen, D. Ward, S. Flibotte, S. M. Mullins,
J. C. Waddington, M. Cromaz, J. DeGraaf, and T. E. Drake.....c.cccceceeveeeeerecrerceccecercnnnnes 311

Fragmentation of Two-Phonon y-Vibrational Strength in Deformed Nuclei
C. Y. Wit aNA D. CHIE ....oveverereerrrenecereenrreesaesessessesssssssssssssossssesnossssssesessesssssssssssssessassess 317

Onset of Deformation in Polonium Nuclei
W. Younes and J. A, CIZeWSKi...cooooovcueeeiiieiiiiereeeeeiceiisscsssseesssssssessssssssssesssssssssssssssessosssses 323

Recent Studies of Heavy Nuclei Far From Stability at JYFL
R. Julin, T. Enqvist, K. Helariutta, P. Jones, S. Juutinen, P. Jimsen, H. Kankaanpis,
P. Kuusiniemi, M. Leino, M. Muikku, M. Piiparinen, A. Savelius, W. H. Trzaska,
S. Términen, J. Uusitalo, R. G. Allatt, P. A Butler, X. J. Cann, J. F. C. Cocks,
P. T. J. Greenlees, and R. D. Page .......coccouevriernirrennniinunnecnnininnnensescssiosessssssssessseses 329

*No Submission




viil

SESSION IX (Friday Afternoon)
Chairperson: J. C. Waddington

A Multitude of Rotational Bands in 163Er and Their Mutual Interaction
P. Bosetti, A. Brockstedt, G. B. Hagemann, H. Ryde, H. Carlsson, L. P. Ekstrom,
A. Nordlund, R. A. Bark, B. Herskind, S. Leoni, A. Bracco, F. Camera, S. Frattini,
M. Mattiuzzi, B. Million, C. Rossi-Alvarez, G. de Angelis, D. Bazzacco, S. Lunardi,
ANA M. AE POH ..eeeeeeteeeecceetreetrercsssisnrereeessesssssssessessssssssesasaserereresssssssssasssssasanassassssssss

Shell Model for Warm Rotating Nuclei
M. Matsuo, K. Yoshida, T. Déssing, E. Vigezzi, and R. A. Broglia ........ccccceeverveveurennens

Possible Conservation of K-Quantum Number in Excited Rotating Nuclei

A. Bracco, P. Bosetti, S. Leoni, S. Frattini, T. Déssing, B. Herskind, G. B. Hagemann,

M. Matsuo, and E. VIZEZZI .....c.cceecereeerieniesinrirninuininininniseinnceiesiesssesssesssesssessssssessasensans
Nuclear Structure at the Limits of Resolution: Looking Through Individual Wave
Functions

V. G. ZELEVITISKY «..eveeveereereeeeeeseeeercressesssessssssessessssosesonsssesansassesssessassassssesasesasessesssessesonsessass
List O PArtiCIPAILS .....ceceeveeueereeseereernerersersnereressseenssssestessissessesscsseosesssosessusssesssssssssessesssesesssssnens

AUTNOT INAECX eeeeeeieiivieiveiesiseoeseserssssessssesssessesssssssssssssassorssasssssssssssnssnsnssssssesssssssssssssssssnnsansssans

*No Submission




Discrete—Line Transitions from Superdeformed

to Yrast States in 1%4Hg and 192Hg

G. Hackman,® T.L. Khoo,® D. Ackermann,® A. Lopez—Martens,® M.P. Carpenter,®
T. Lauritsen,® S. Agarwala,® I. Ahmad,® H. Amro,® D.J. Blumenthal,®
I. Calderin,(® T. Dgssing,) S.M. Fischer,® F. Hannachi,(® R.V.F. Janssens,®
A. Korichi,®¥ LY. Lee,® A.O. Macchiavelli,®) E.F. Moore,® D. Nisius,® and J. Young(®

(a)Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439, U.S.A.
(b) C.S.N.5.M., IN2P3-CNRS, bat 104-108, 91405 Orsay, France
() Niels Bohr Institute, DK-2100 Copenhagen 0, Denmark
(d)I.P.N., bat 104, 91405 Orsay, France
() Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.
() North Carolina State University, Raleigh, NC 27965, U.S.A.

Discrete-line y-ray decay from superdeformed (SD) to yrast states in 194'lngg has been
studied with the Gammasphere spectrometer. The previously established decay for the yrast SD
band of 194Hg has been characterized further. In addition, one-step decays have been observed
for 1°*Hg SD band 3, which fixes the excitation energy and spin of the last observed level of this
band at E* = 7.455 MeV, J = 11h. So far no direct decays from superdeformed to yrast states
have been observed in 1%2Hg or in 1%Hg band 2, a result which is consistent with fluctuations

of the transition strengths.

High-spin superdeformed (SD) bands have
been known for some time now [1] , and a
considerable effort has been devoted to wunder-
standing their many fascinating properties, e.g.
the exact nature of excited bands and the phys-
ical origin of the identical bands phenomenon.
Progress on these fronts has in the past been
impeded by the fact that the spins and ex-
citation energies of these SD bands could not
be measured by traditional discrete-line 4 spec-
troscopy, i.e. by the straightforward application
of coincidence relationships and energy differences
(the Ritz principle) to deduce with confidence a
level scheme. At the point of decay-out, the
lowest members of the SD bands are located
at very high excitation energies relative to the
yrast line., The coupling to excited “normal-
deformed” (ND) states is very weak, but once
the wave function picks up a small component
of the hot ND states, the decay can proceed
via a multitude of paths which are difficult to
resolve. The branching ratio for a primary ¥
decay directly from a SD state to a ND yrast or
near—yrast level is very small, and until recently,
the ever-evolving ~-ray spectroscopy arrays sim-
ply did not have the sensitivity to detect these
primary decays. Early attempts to measure the

spins and excitation energies of SD bands [2-4]
did not or could not use coincidence and Ritz
principle information, and therefore were not fully
satisfactory.

Recently, a network of primary decays from
199y SD band 1 to yrast states [5] was ob-
served. Shortly thereafter, experiments on 94Pb [6]
revealed a network comprising both “one-step”
primary decays from SD to yrast levels and “two—
step” decays, that is, primary decays to non—yrast
ND states where the deexcitations from these
previously unknown ND states to the yrast line
were also observed.

Clearly, the third-generation ~-ray detector
arrays have reached one of their most important
milestones; they have the sensitivity to measure
the spin and excitation energies of SD states di-
rectly through traditional discrete-line spectroscopy
methods. Two new Gammasphere experiments
have been undertaken to search for the one-step
decays from SD bands 2 and 3 of !°*Hg, and
band 1 of %2Hg. The main motivation behind
these experiments lies in the fascinating, and always
controversial, problem of identical bands: one of the
excited bands of 194Hg (band 3) is isospectral with
192Ho band 1, that is, the in-band v rays have the
same energy. Determining the spins and parities




of these two bands would constrain the possible
explanations for identical bands, for example, by
ascertaining whether or not states emitting -y rays
of the same energy also have the same spin and
parity.  Furthermore, measuring the excitation
energies of bands 2 and 3 in !°*Hg would lend further
insight into the nature of these excitations, namely
whether they are two—quasiparticle excitations or
whether they pertain to octupole vibrations or
some other collective excitation mode. Finally, by
better characterizing the one-step decay network for
band 1 (including measurements of the transition
probabilities), it was hoped to gain insight about
the nature of the fluctuations in transition intensity.

At the time of the experiments, Gammasphere
comprised 85 high-purity germanium detectors.
The reactions employed were 59Nd(*8Ca,4n)!%*Hg
at Epeam=202 MeV and 1°°Gd(36S,4n)'%2Hg at
Epeam=160 MeV. In both cases, the targets were
backed with a ~ 15 mg/cm? Au layer. The first,
highest-spin transitions in the SD cascade were
emitted while the recoiling Hg nucleus was in flight.
In contrast, the lowest transitions in the band were
emitted from a fully stopped nucleus, as were all of
the normal deformed lines following the decay-out.
This provided a distinctive signature for primary
decay v rays; they also had to be fully stopped and
their peaks had to be sharp.

The sum of double-gated y—y—y coincidence
spectra of band 1 of **Hg and !92Hg are shown
in Figure 1, which demonstrates the quality of
the data. Most of the analyses have been done
with triple-coincidence events. For the high-energy
primary transitions, this yields the best tradeoff
between statistics and background, and therefore
the best sensitivity.

In the new data on !°%Hg, the previously—
reported [5]4485, 4195 and 3489 keV lines associated
with the primary decay of SD states, as well as their
coincidence relationships with intraband SD and
yrast transitions, are spectacularly reproduced. In
addition, two more primary transitions have been
added to the decay scheme; a 3942 keV “one-step”
decay from the 12+ SD state to the 13~ ND state,
and a 3565 keV transition which de-excites the 107
SD state. The level fed by the latter transition
should be highly non-yrast, and there is evidence
in the coincidence spectrum for a 919 keV decay to
the 9~ yrast state which completes this “two-step”
path.

For three primary transitions, angular distri-
butions have been measured and Az/Ag coefficients
extracted. (See Figure 2.) The new data show with
much greater confidence that the As/A¢ coefficient
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Figure 1: Sums of double-gated coincidence
spectra on '92Hg band 1 (gray) and 1%%Hg band
1 (black). Top panel: low-energy portion of both
spectra, overlaid, showing the SD band members.
Note that the higher—energy transitions of the SD
band ‘become broadened due to Doppler shift.
Middle and bottom panels: High—-energy portion
of these spectra in the range where one-step decays
would be expected.

of the 4485 keV line is negative and consistent
with stretched or anti-stretched dipole radiation.
The measured Aj/Ag values for the 3489 and
4195 keV transitions also favour the same multipole
character. Furthermore, the coefficients all rule out
the possibility of stretched quadrupole transitions
or dipole transitions with a spin change of 0. All
of these results are fully consistent with the spin
assigments given previously. Dipole transitions are
more likely E1 in nature than M1, since neutron
capture data [7] show that the transition rate for
the former should be five times that of the latter.

For 1°4Hg band 3, which is isospectral to °2Hg
band 1, two + rays with energies of 4980 and
5032 keV have been assigned as one-step primary
transitions de-exciting the SD band. Figure 3
shows how these transitions have been placed. In
the top—left coincidence spectrum, which is the sum
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Figure 2: Top left panel: angular distribution
and best polynomial fit for the 4485 keV primary
transition. Bottom right panel: extracted Aa/Ag
coefficients for the three strongest primary transi-
tions associated with ®*Hg SD band 1, compared
with expected values for indicated multipolarities
and spin-changes.

of double-gates where one of the gating transitions
was always the last transition observed in the band,
both primary lines are present, indicating they must
both be emitted from the bottom of the band. In
the coincidence spectrum where one gate is part
of the SD band and the second gate is either of
the primary lines, there is clear evidence for the
v rays associated with the positive—parity ground
state band. Finally, the difference in measured y-ray
energies between these two primary lines, 52::2 keV,
corresponds to the energy difference betwen the 12+
and 10% levels. Based on this evidence the level
scheme shown in Figure 3 is proposed, and the last
observed state of band 3 is assigned as J™ = 11~ at
an excitation energy of 7.455 MeV. Here again, the
parity is expected on the basis of relative E1/M1
strengths seen in neutron capture. The measured
angular distribution of the 4980 keV primary line
yields a negative Ay coefficient, consistent with an
anti-stretched dipole character.

Knowing the spins and excitation energies of
both 1®4Hg SD bands 1 and 3, we can calculate
the experimental routhians ¢’ in the prescription
of Bengston and Frauendorf [8] . The Harris
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Figure 3: Details of the primary transitions of
band 3. Top left: spectrum gated once on the
262 keV SD transition and once on the remaining
members of the SD band. Top right: spectrum
gated once on all SD transitions and once on the
primary transitions. Bottom left: proposed level
scheme. Bottom right: angular distribution and
best polynomial fit for the 4980 keV « ray.

parameters have been adjusted to match the
dynamic moment J(® of band 1, and the results
are shown in Figure 4. If the routhians are
extrapolated to zero rotational frequency, their
difference is about Aeg = 0.8 MeV. Any model
of the band 3 excitation, whether collective (e.g.
octupole phonon) or quasiparticle, must account for
this energy. For example, it has been proposed [9]
that the lowest excitations in the even-Hg SD well
are octupole vibrations, and the calculated routhians
for the K = 2 octupole component yield slopes
which compare favourably to the experimental data,
although the excitation energy Aep = 1.1 MeV is a
bit too high. By contrast, if band 3 is interpreted
as a two—quasiparticle excitation [10] , then in a
simple BCS picture, this places an upper limit
of 0.4 MeV on the pairing gap at zero rotational
frequency, compared to neutron pairing gaps of
typically ~ 0.8 MeV adopted for such calculations
[11] . (It should be noted that a self-consistent
solution to a two—quasiparticle system could yield
Aey < 2Apcs.) Clearly there is a need for more
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I, between %*Hg band 3 and its isospectral partner
192 band 1.

detailed theoretical predictions (e.g. crossover M1
strengths for bands 2 and 3 and intraband E1
strength to band 1) before the exact nature of the
excitation leading to band 3 can be determined.

As presented above, band 3 has odd spin and
negative parity. Since band 1 of 1°2Hg is believed
to be the vacuum SD band and, hence, should have
even spin and positive parity, one may conclude that
states emitting v rays of the same energy do not
necessarily have the same spin and parity. Another
way of looking at this feature is to project the spins
onto the rotation axis and look at the difference
between 94Hg band 3 and '92Hg band 1. This is
presented in Figure 4; it is clear that at high w,
states with the same rotational frequency, and hence
emitting v rays with the same energies, have one
extra unit of projected spin in **Hg band 3 than
192H¢ band 1.

Itis believed that the states in 1°2Hg SD band
1 almost certainly have even spin and positive
parity. Nevertheless, it is essential to confirm this
expectation through the detection of the primary
decays. Figure 1 shows that data of comparable
quality were accumulated for bands 1 in both 2Hg
and '*Hg. Assuming that the SD bands in these
nuclei have roughly the same excitation energy,
then all other things being equal, it would seem
reasonable to expect to see primary decays from the

192Hg SD to normal states with the same quality as
was seen in 194Hg. Yet, the high-energy portion of
the spectrum, where the 192Hg one:step transitions
are expected, is remarkably free of any salient
candidates. In fact, out of all of the peak-like
fluctuations in the spectrum, only a line at 3117
keV near the low end of the spectrum has been very
tentitatively placed as the first component of a two—
step cascade to the yrast line, where one possible
candidate for a second step is a 696 keV transition
to the 101 ND state. With this information it is not
possible to make any statements regarding the spin
or parity of this band, but the analysis is on—going.
It should be noted that for }°¢Hg band 2, which is
likely to be a signature partner to band 3 (based on
the transition energies of one being midway between
those of the other), no respectable candidates for a
network of primary decays could be observed, even
though the expected energies are known.

Reduced transition probabilities for the ob-
served primary transitions were calculated and
tabulated (see Table 1). It was assumed that
the transition quadrupole moment of the low—spin
members of the SD band is the same as that
measured recently by Moore et al. [12] at higher
spin. These primary transitions are extremely
retarded, for example the two transitions from the
127 state of band 1, have values of about 10~8 of a
Weisskopf unit.

There are fluctuations in the strengths of the
primary v rays from the SD levels, which can be
understood in the following manner. A SD state
exists in a sea of highly excited normal states
(ND*). These ND* states are complex, much like
the compound states populated in neutron capture.
The SD band mixes with one or two of the nearest—
lying ND* states, i.e. its wave function acquires a
small admixture of this ND state,

|¥) = |SD) + a[ND*).

The decay then occurs due to this admixed
component, i.e.

(ND|M|¥) ~ o(ND|M|ND*).

If the ND* states are indeed compound states,
then they should not be charactarized by any
quantum numbers apart from spin and parity,
and the transition strengths [(M)|? of primary
decays should exhibit the same Porter—-Thomas
fluctuations as seen in neutron capture. At the

current sensitivity levels, this would be manifest
in observing the one—step decays only when one is
fortunate enough to select a case which samples the
high-strength portion of the distribution.



Band, Ey JF Iy/Isp B(E1) B(M1)
Qo (eb) (keV) = J7 (%) (W) (W)
1991y 3489 | 12t=13~ | 1.2(1) |2.8(3)x107®
Band 1, | 3565 | 10— ? 0.5(1) | <8x10™7 | <9x10~3
18411 3942 | 10t>117 [ 0.3(1) | <8x1077
4195 | 12t»117 | 0.8(1) |1.1(3)x1078
4485 10t59~ 1.0(1) | <4x1077
(3710) | 127—12~ , < 4x107°
(4o76) | 10t—10 | <0.2
(4205) | 10t—10%
(4408) | 12+—12F <3x10~7
I
194y 4980 | 110512t | 3.7(8) | <2x1077 |<2x10”®
Band 3 | 5032 | 11(-)w10t| 20(6) | <1x10™7 |<1x10~®
17.7+ 1.4

Table 1: Reduced transition rates for 19¢Hg SD decay—out primary transitions.

In 192Hg, only one primary transition can be
tentatively placed as part of a two-step decay.
194He band 1 exhibits a robust network of strong
one-step transitions to the yrast line. In 1%¢Hg
band 2, there are no reputable candidates for
primary decays, and band 3 has two one-step decays
directly to the yrast line. Clearly the primary
decays are governed by some form of transition
strength fluctuation, although whether it has a
Porter-Thomas distribution is an open question
which we hope to answer in the near future.

One interesting observation is that in the decay
of 1%Hg band 1, four dipole transitions with
AJ = %1k are observed. However, there was no
evidence for AJ = 0 transitions to yrast states, with
or without a parity change. The non-observation of
the AJ = 0 transitions may hint at the persistence
of some quantum number (beyond spin and parity)
in the ND* states at excitations of ~ 4.3 MeV above
yrast. It is interesting to note that the Clebsch-
Gordon coefficient {(J,0; 1, 0|J, 0) is identically 0 for
all J. One might expect this to be relevant, for
example, to K = 0 components in the intrinsic
frame. SD band 1 is very likely a K = 0 band,
and one might speculate that if it coupled only to
the K = 0 components of the hot ND* states, and
if in turn the near—yrast states are mostly X = 0,
then dipole transitions with no spin change might
be suppressed.

In conclusion, 2 new study of the primary
decays of the SD states of 1%*Hg has shown that

the level fed by the 262 keV transition of band
3 is a J™ = 11~ state at an excitation energy of
7.455 MeV. This gives band 3 an excitation energy
of ~ 0.8 MeV relative to band 1 at zero rotational
frequency. The spins of the states in band 3 are
likely 1% higher than those in 192Hg band 1 that
emit v rays of the same energy. The transition
rates for the primary transitions are very retarded,
typically 10~8 Weisskopf units.
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Abstract
The EUROGAM array has been used to investigate the decay out of the yrast su-
perdeformed (SD) band in !%*Pb. Eigth single step decays from the lowest observed
SD states to low-lying states at normal deformation (ND) have been identified.
From this observation, the excitation energy (4877 + 1.5 keV) and the spin (6%) of
the lowest observed SD state in °*Pb are established.

Superdeformation in lead nuclei was first discovered in 1990 in two independent experi-
ments, using respectively the Osiris array in Berlin and the Hera array at LBL [1, 2]. The
yrast SD band in '°*Pb was found as a sequence of 12 transitions with energies ranging
between 169 keV and 602 keV and an intensity of 1 % relative to the the 2+ - 0% 965
keV transition. The survival of the SD band down to very low rotational frequency (and
therefore low spin) and the substantial intensity of the band together with the fact that
the level density in the first well of this nucleus is reduced due to the close proton shell
7=82 already indicated that this nucleus should be a good candidate to investigate the
decay out of the SD band. Several attempts have been made in order to find the linking
transitions between the superdeformed (SD) and the normally deformed (ND) states in
this nucleus [3, 4, 5. On figure 1 are shown the results of a comparative study of the
decay-out spectra of the 1°2Hg and '**Pb yrast SD bands, using the fluctuation analysis
method [6, 7). The data were obtained with the Eurogaml array which consisted of 45
compton suppressed Ge detectors [9, 10]. Excited states in °*Hg and '°*Pb were pop-
ulated in the '$°Gd(*®S,4n) and '¥*W (*0,6n) reactions at beam energies of 159 MeV
and 113 MeV respectively. The beam was provided by the 20 MV tandem Van de Graaff
accelerator of the Nucléar Structure Facility at Daresbury Laboratory. The targets con-
sisted of 1 mg/cm? of 1%°Gd (enriched to 98.7%) deposited on a 10 mg/cm? gold backing




in the %2Hg experiment and of two stacked 325 pg/cm? enriched 3*W deposited on 10
pg/cm? Carbon backing in the ***Pb experiment. Two data sets consisting of 660 x 10°
(*%Hg) and 860 x 10° events (***Pb) were recorded on tape with the requirement that
at least 5 unsuppressed Ge detectors fired in prompt coincidence. The p,/p; fluctuation
spectra obtained for *2Hg and %*Pb in the 1 to 3 MeV transition energy region are shown
in the bottom of figure 1, in comparison to the intensities of the discrete peaks which we
proposed as possible decay out transitions (top part of figure 1). As one can see, strong
fluctuations were observed in the case of *Pb which were correlated with the measured
discrete peak intensities, while in the %2Hg, not only was the fluctuation spectrum more
smooth and closer to the statistical limit, but also the measured peak intensities were
weaker, which indicates a higher degree of fragmentation in the statistical decay. This
provided strong indications that a search for discrete linking transitions would be more
promising in '**Pb than in *?Hg.
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Figure 1: The top part of the figure shows the intensities of the lines proposed as decay
out transitions in the 1 to 3 MeV region, normalized to 100% in the SD band plateau
region, for both **Pb (left part) and *2Hg (right part). The bottom of the figure shows
the pa/p fluctuation spectra calculated on basis of triple SD gated spectra.

We have recently investigated again the deexcitation of the SD band in %*Pb using the
Eurogam? array in similar experimental conditions ( same target, beam and beam energy).
Eurogam?2 consists of 54 Compton-suppressed Ge detectors. Thirty of these are 73 %
efficiency coaxial Ge detectors located in the forward and backward hemispheres, and 24
are clover detectors located in two rings near 90 degrees relative to the beam direction
[11, 12]. The higher statistics collected in this experiment (10° triple and higher-fold
events ) has allowed the identification of some high energy transitions connecting the SD




states to the ND states of the first well in °*Pb. These are visible around E, = 2.5 MeV
in figure 2.
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Figure 2: Background subtracted triple SD gated spectrum of the yrast SD band of 1**Pb
showing the high energy transitions directly connecting the SD and the ND levels. The
background is a fraction of the corresponding double SD gated spectrum.

Their concidence relationships establish the level scheme presented in figure 3 for the
deexcitation of the yrast SD band [13].

The excitation energy of the last observed SD state is measured for the first time as
4877 keV + 1.5 keV and its spin is uniquely determined to be 6%. This is in very good
agreement with the theoretical predictions [14, 15]. The SD band decay is mainly of a
statistical nature [6, 16, 17, 18], that is, it proceeds via a quasi-continuum of transitions
and resolved lines (for less than 15% of the SD band intensity) and both positive and
negative parity states are populated. The transition strengths have been obtained for
the decay transitions under the reasonable assumption of a dipole nature (it was not
possible with the available statistics to measure their angular distributions). Assuming
a constant quadrupole moment of 20 eb for the SD band [19], the lifetimes of the 8%
and 6% SD levels can be obtained. From the branching ratios of the primary transitions,
transition strengths ranging from 10~% to 5x10~® W.u. and from 1.5x107° to 5.3x10~°
W.u. have been obtained assuming E1 and M1 transitions respectively. These represent
highly retarded transitions and indicate very small mixing between ND states and SD
states at the point of decay. From the in-band / out-of-band intensity ratios, again
assuming a constant quadrupole moment in the SD band and using a standard level
density formula together with the GDR. strength function of Bartholomew et al [20], it
has been possible to deduce the mixing of the decaying SD states with the ND states.
The o? values obtained are respectively 0.0016 and 0.005 for the 8% and 6* SD states.
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Figure 3: Partial decay scheme of the yrast SD band in °*Pb. The precision on the new
transitions and on the SD states energies is of the order of 1.5 keV. The intensities of the
linking transitions are indicated in brackets (in % of the SD band intensity). The dashed
arrows indicate tentative emplacements for the transitions.

The factor 3.2 increase of a® over one transition explains the sudden disappearance of the
SD band at low rotational frequency.

In conclusion, by discovering eight high energy 7-rays directly connecting the SD states
to the ND states in °*Pb, the excitation energy and spins of the SD yrast states have
been measured for the first time using the Eurogam2 array. This method, which was
successfully used for the first time in the case of ®*Hg [21], allows, 10 years after the
discovery of superdeformation at high spin, the precise measurement of some of the most
fundamental properties of the SD nuclei.
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The observation of one-step “primary” gamma-ray transitions directly linking the superdeformed (SD)
states to the normal deformed (ND) low-lying states of known excitation energies (E.), spins and parities
(J™) is crucial to determining the E, and J™ of the SD states. With this knowledge one can begin to address
some of the outstanding problems associated with SD nuclei, such as the identical band issue, and one can
also place more stringent restrictions on theoretical calculations which predict SD states and their properties.
This information may also lead to a more detailed understanding of the SD de-excitation process itself.

The resolving power of the new generation of 4w y—ray spectrometers allows the prospect realizing
this goal. Brinkman, et al., used the early implementation of the GAMMASPHERE spectrometer array (32
detectors) and proposed a single, candidate  ray linking the 1%*Pb yrast SD band to the low-lying ND states
in 194Pb [1]. Using 55 detectors in the GAMMASPHERE array Khoo, et al., observed multiple links between the
yrast SD band in 194Hg and the low-lying level scheme and conclusively determined E; and J of the yrast SD
states [2]. Here we report on an experiment in which Gammasphere with 88 detectors were used and the E;
and J” values of the yrast SD states in 194Pb were uniquely determined. Twelve one-step linking transitions
between the yrast SD band and low-lying states in %4Pb have been identified, including the transition
proposed by Brinkman. These transitions have been placed in the level scheme of ®*Pb using coincidence
relationships and agreements between the energies of the primary transitions and the energy differences in
level spacings. Furthermore, measurements of angular asymmetries have yielded the multipolarities of the
primaries which have allowed J” assignments of the 1%Pb SD states to be unambiguously determined for
the first time without a priori assumptions about the character of SD bands. A study performed in parallel
to our work using the EUROGAM-II array reports similar, but somewhat less extensive, results [3].

The experiment was performed at the Lawrence Berkeley Laboratory 88-Inch Cyclotron facility. High—
spin states in 1*4Pb were populated following the 174Yb(?*Mg,5n) reaction at E(2*Mg) = 130 MeV. Coinci-
dent <y rays emitted during the decay of these high-spin states were detected using the GAMMASPHERE array
[4]. The isotopically enriched (>98%) 174 YD target was 1.21-mg/cm? thick, and was evaporated directly onto
a 6.13-mg/cm? Au backing. The signal-to-noise ratio of the SD primary -y rays is enhanced when a thick
backing is used. (The lower-lying SD states have lifetimes that are longer than the characteristic stopping
times of the evaporation residuals in the Au foil. Therefore, the linking transitions do not exhibit angle-
dependent Doppler shifts, or broadening, and the intrinsic detector lineshape is expected.) Approximately
7 x 10° events were recorded with suppressed Ge fold > 4.

The search for linking transitions was performed using a RadWare cube [5], gated by at least one -y ray
with an energy that corresponded to a %Pb yrast SD transition energy [7-11]. The SD-gate list excluded
the 419.9-keV 7 ray of the SD cascade due to its proximity to the 421.1-keV 7~ —5~ low-lying transition.
In addition, the v rays were required to be in prompt coincidence with respect to the beam pulse. Events
were sorted with the Beausang correction, which ensured that the increments to the cube were not weighted
by fold or gating conditions [6]. Energy and efficiency calibrations over the range 0.100 — 3.548 MeV were
obtained from the standard 56Co, 152Eu and 182Ta sources. Figure 1 illustrates two energy regions of a
triple-gated, background subtracted spectrum for the yrast SD band in **Pb projected from this cube. All
possible combinations of double gates on the SD lines between 170 — 532 keV, inclusive, were summed to
produce this spectrum. Relative in-band intensities are given in Table 1; 56(4), 34(6) and 10(7)% of the SD
band decay out occurs from the three lowest observed SD states, respectively. Figure 1(a) illustrates that a




number of y-ray transitions from the
low-lying ND states in !%4Pb [12],
labeled by the corresponding JF —
Jf, are in coincidence with the SD
cascade. Twelve candidates for the
discrete single-step transitions feeding
into these low-lying ND states can be
seen in the higher energy portion of the
triple SD-gated spectrum, Figure 1(b).
These transitions have energies in the
range corresponding to those expected
for the primary linking v rays [13].
Coincidence relationships between
these candidate primaries, the low-
lying v rays, and the yrast SD tran-
sitions in 194Pb were used to verify
which, indeed, are linking transitions,
and to place them in the %¢Pb level
scheme. We give two examples: (1) co-
incidence relationships for the 2743-
keV primary transition were deduced
from the background—-subtracted spec-
tra shown in Figure 2. Figure 2(a)
was obtained by summing all double-
gate combinations between the 2743-
keV transition and the yrast SD band
in 194Pb. From this spectrum we deter-
mined that the 2743-keV - ray depopu-
lates the band below the 170-keV intra—
band SD transition since the 170-keV
line is observed. Another important
feature is the enhancement of the 595-
keV 6% — 4% low-lying yrast transition
in comparison with Figure 1(a). There-
fore, the 2743-keV transition decays
into, or above, the state from which the
595-keV line depopulates. (2) Figures
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Figure 1: Coincidence (background subtracted) spectra obtained from the
singly-gated cube by summing all possible pairwise gate combinations of
the 170 - 532 keV 9 Pb yrast SD transitions. (Ezclusion of the 419.9-
keV SD-line in the gate list used to create the cube results in it’s apparent
increased intensity.) The low-energy portion, panel (o), displays the
yrast SD band and transitions arising from de-ezcitation of the low-
lying ND states, while (b) presents the one-step transitions (primaries)
directly linking the SD and ND states. Transition energies are labeled in
keV. Yrast transitions in (a) are labeled by JT — J7.

2(b) and 2(c) present partial spectra obtained by a summation of double gates on the 595-keV and in-band
SD transitions. It is apparent from these Figures that the 595-keV « ray is in coincidence with the SD band,
the 303-keV 8+ — 6% transition and the 2116-, 2610- and 2743-keV primary transitions.

Table 1: The in-band SD transitions: y-ray energies E., relative intensities 1,2, intensity decaying
out of the band I,y;, asymmetry ratio Rosym, spin and parity information J™, and multipolarities oL.

E, (keV) I, (%) Iout (%) Raysm oL favored oL JI—=J7
380.20(5) 91(4) - 1.42(5) AL=1,AJ=0o0r AL=2,AJ=2 E2 18¥ 167
339.90(5) 92(4) - 1.40(5) AL=1,AJ=0o0r AL=2AJ=2 E2 16+-—14%
298.49(3)  94(4) - 1.47(5) AL=1,AJ=0o0r AL=2,AJ=2 E2 14+ —12%
256.32(3)  100(5) - 1.40(5) AL=1,AJ=0o0r AL=2,AJ=2 E2 12t 10+
213.26(3)  90(5) 10(7)  1.45(d) AL=1,AJ=0o0r AL=2,AJ=2 E2 1078t
169.52(4)  56(4) 34(6) 1.48(8) AL=1,AJ=0o0or AL=2,AJ=2 E2 gto6t
- - 56(4) - - - -

&Corrected for detector efficiency and electron internal conversion, and normalized to the intensity of the

256.3 keV transition.




Only 7 of the 12 candidate link-
ing transitions could be placed with
the adopted level scheme of 4Pb com-
piled by Browne and Singh {12]. A 0.67
keV/channel RadWare cube was there-
fore sorted to build a more complete
low~lying level scheme. The resulting
decay scheme (see Figure 3) is essen-
tially that of Refs. [14] and [15] with
the addition of the 664- and 672-keV
transitions observed in Ref. [16]. These
two transitions depopulate states with
E, =2800 and 2914 keV, respectively.
Also, the 283-, 479-, 722- and 788-
keV transitions observed in Ref. [16]
were placed at E, = 2525, 2299, 2609
and 3522 keV, respectively. Additional
states were added at 3471 and 3374
keV. Eleven of the twelve candidate pri-
maries were placed with the aid of the
new decay scheme of 194Pb; the place-
ment of the 2470-keV line is tentative.

Multipolarities of the SD lines and
the linking transitions were deduced
from an empirical asymmetry ratio
R,sym. Matrices were constructed
which contained «y— coincidences be-
tween any detector with: (1) detec-
tors located at the three most “for-
ward” (for) and “backward” (back) an-
gles (0=17.3°, 31.7°, 37.4°, and 142.6°,
148.3° and 162.7° with respect to the
beam line) and, (2) detectors at 90°
(0=69.8°, 79.2°, 80.7°, 90.0°, 99.3°,
100.3° and 110.2° with respect to the
beam line). The asymmetry ratio
Rasym = I,(for + back)/L,(90°), mul-
tiplied for convenience by the ratio of
the number of detectors at 90° to the
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Figure 2: Coincidence spectra projected from an SD-gated cube ob-
tained from the summation of pairwise gates between the yrast SD
band and (a) the 2743-keV transition and, (b,c) the 595-keV yrast
6T — 47 transition. An asterisk denotes a contaminant from 193 P}
brought in by the 2130595 keV gate. Transition energies are labeled
in keV. Yrast transitions in (a) and (b) are labeled by JF — JF.

Counts

number at forward and backward angles, was deduced for relevant + rays in these matrices. Mean R,sym
values of known low-lying stretched L=2 and L=1 transitions are 1.35(3) and 0.71(2), respectively. Rosym
values obtained for the SD and linking transitions are given in Tables 1 and 2, respectively. One should note
that with these Rasym ratios it is not possible to distinguish between (1) AL=1,AJ=1and AL=2,AJ=0
and (2) AL=1,AJ=0 and AL=2,AJ =2 transitions. Nevertheless, these measurements can be used to
place restrictions on the primary multipolarities and, since Jf is known, limits on JF (see Table 2: cols.
3-6). On comparing the possible JF values deduced for each SD level from the measured linking transition
anisotropies (see Table 2: col. 6), one finds that the two lowest SD can only be assigned J* = 6% and
J™ = 8%, respectively. These assignments have been made without any assumptions about the SD band
spin parity values. In addition, a mean value of Rysym = 1.43(2) was measured for the intra—band SD
transitions, consistent with the above J™ assignments, confirming their E2 character (see Table 1).
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Figure 3: Decay paths out of the *°*Pb yrast SD band. Levels are labeled by E, in keV and J™. Transition
energies are labeled in keV. For clarity, only states in the immediate E, and J™ region of the lowest observed
SD levels are shown.

Table 2: The primary decay data: E,, I, data Rysym, J™, oL and reduced transition probabilities B(oL).
L, is given as a percentage of the SD band population®.

E, I, Roysm oL J7 J7 favored B(oL)
(keV) (%) oL (W.U)
Decays out of the third lowest SD level (JF =10%)

1887.9(3) 1.0(4) 0.9(1) AL=1,AJ=1or AL=2,AJ=0 11~ 10%,117,12% (E1) 5(2).1078
Decays out of the second lowest SD level: JF = 8%
2116.5(4) 0.9(5) 0.3(1) mixed M1/E2 9t g% 9% 10% M1/E2 -
2438.5(4) 0.9(4) 1.0(2) mixed M1/E2 - - - -
2600.6(4) 1.7(6) 1.4(3) AL=1,AJ=0or AL=2AJ=2 8t  ¢6%,8% 10" M1 2.3(9).107¢
2627.9(4) 1.3(6) 1.4(3) AL=1,AJ=0o0r AL=2,AJ=2 8  6,8% 10" El 1.6(7).1078
2806.1(3) 1.7(5) 0.7(1) AL=1,AJ=1or AL=2,AJ=0 7 6%,7-,8% El 1.7(6).1078
Decays out of the lowest SD level: JF = 6+
2353.4(3) 2.8(6) 0.8(1) AL=1,AJ=lor AL=2,AJ=0 - - - -
2469.7(4) 1.5(6) 1.4(8) AL=1,AJ=0o0r AL=2,AJ=2 - - - -
2579.1(2) 3.0(6) 0.7(1) AL=1,AJ=1lor AL=2,AJ=0 - - - -
2636.6(2) 1.8(6) 0.8(2) AL=1,AJ=1lor AL=2,AJ=0 7~ 6%,77,8% E1 >12(4).1078
2742.5(2) 3.3(6) 1.1(2) mixed M1/E2 6+ 5+,6%,7F M1 >2.2(5).107°
3056(1)  0.8(5) - - 5~ - E1l >4(2).1078
TOTAL I, = 21(2)% of SD band intensity accounted for by primaries

2Corrected for detector efficiency and normalized to the intensity of the 256.3 keV SD line.

......
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These results have allowed the excitation energy of the yrast 67 SD state in %*Pb to be unambiguously
determined; we find E,(6%)sp =4878.4(3) keV, in agreement with [3]. Assuming a smooth extrapolation
to J = 0 [17], the bandhead of the SD band is estimated to have E, ~24640.7(4) keV. This is in very good
agreement with the Hartree-Fock-Bogoliubov calculations of Krieger, ef al. [13], which predict E,(0,) =
4.86 MeV. For comparison, E,(0%,) is estimated to be 6.017 MeV in '9*Hg [2]. (The only other example
in the A ~ 190 region of an SD cascade to have been unambiguously linked into the low-lying level scheme
via primary transitions.) In this case, the same calculations predict the bandhead to lie at 5.00 MeV,
approximately one MeV too low. Although the calculations are expected to predict the bulk properties of
these nuclei very well it is not clear whether this is a significant discrepancy.

Reduced transition probabilities B(oL) for the primary decays have been calculated by relating the
branching ratio of each primary to the in-band B(E2) value assuming a constant in-band transition
quadrupole moment Q; = 20.6(13) eb, derived from both Doppler Shift Attenuation [18] and Recoil Distance
measurements [19]. B(oL) values are given in Table 2. Obtaining B(oL)’s for the primaries depopulating
the 6+ SD state required the following additional assumptions about the unobserved 6+ — 4% intra-band
transition. Firstly, the energy (124.6 keV) was calculated from a smooth extrapolation of known transi-
tion energies. Secondly, the intensity of this transition is estimated to be le¢%. The resulting transition
strengths indicate that the decay out of the SD states is highly retarded ~ typical values were found to be
B(E1) ~10~8 W.u. and B(M1)~ 107 — 10~°W.u. Similar results were obtained for the primary decays
from SD states in 194Hg as summarized in Table 3.

However, there are a number of striking differences between the character of the linking transitions
observed in these two cases. From a comparison of Tables 2 and 3 it is apparent that many more primaries
are observed in 194Pb — 12 compared to 4 in **Hg. Also, in contrast to 1%*Hg in which only E1’s have been
observed, the linking transitions in 1%4Pb are of E1, M1 and mixed M1/E2 multipolarities. A surprisingly
large proportion of the 194Pb band intensity, 21(2)%, is accounted for by the direct one-step decays. Current
calculations treating the decay from SD states as a statistical process estimate the branching ratio of single-
step primaries to be ~5% compared to the unresolved statistical decays [20]. Indeed, recent results in **Hg
indicate that only ~ 5% of the yrast SD band intensity is attributed to the primary decays [2]. The root
cause of these differences reflects the greater phase space for decay available in 194Hg compared to °¢Pb.
The factors that contribute to this are: (1) The excitation energies of the SD bandheads in 1%4Pb and 1%*Hg
are estimated to be 4.640 and 6.017 MeV, respectively. (2) The spin of the SD states at de—excitation is
higher in 1%*Hg. (3) The E, of the ND states into which the primaries decay is ~2.4 and ~ 2.8 MeV for
194p} and 194Hg , respectively. (4) ND 194Pb is singly magic, and coexisting oblate and prolate minima at
low excitation energy further increases the density of ND states in %¢Hg compared to !%*Pb. Therefore,
the greater number of final states in **Hg leads to a more highly fragmented decay. One should also note
that the decays of the shape isomers in 236U [21] and 238U [22] are also very different; the predominant
v-branches are F1 and E2, respectively. Evidently each case is different and any generalizations about the
nature of the primary decays based on a singly case must be viewed cautiously.

In summary, eleven discrete one-step “primary” <y-ray transitions have been observed linking three
members of the 124Pb yrast SD band to low-lying ND levels. Anisotropy measurements have determined that
the primary decays include both E1 and mixed M1/E2 transitions. J*=6% E, =4878.4(3) keV and J™ =8
E, = 5047.8(3) keV have been unambiguously assigned to the two lowest lying observed superdeformed
states without making assumptions about the properties of SD bands. These results represent the first
self-consistent J™ assignments to an SD band. Unique determination of the J™ and E. values of SD bands

Table 3: The primary decay data for **Hg. E.,, I, and oL teken from [2].

E, (keV) I, (%) oL B(eL) W.U.?
3489.3 14 El 2.6(6)x10~%
3709.6 07 El 1.1(3)x1078
4195.2 1.2 El 1.3(3)x10~8
4485.3 1.5 E1 1.1(3)x10~7®

2 Assumes constant in—band Q;=17.2(20) eb [23].
bAssumes ESP (10" — 8+)=211.7 keV and I;P(10% — 8+)=3% [24].
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are needed to place more stringent restrictions upon theoretical calculations which predict the SD states and
their properties, and in particular, to address the phenomena of “identical” bands. The yrast SD bands in
194ph and 192Hg, and 19¢Hg SD(3) are examples of “identical” bands. Although unambiguous assignments
to the 4Pb yrast SD band have been possible, this has unfortunately not been the case for 1%4Hg SD(3)
[25] and 192Hg [26]. However, with the resolving power of the ”complete” GAMMASPHERE and EUROBALL
arrays, greater understanding of these properties is anticipated.
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The resolving power achieved by the new generation of y-ray detector arrays allows
now to observe transitions with intensities of the order of ~10~2 of the population of the final
residual nucleus, making therefore feasible the study of the very weakly populated excited
bands built on the superdeformed (SD) minimum or of the decay out of the SD bands. As
a matter of fact, numerous excited SD bands have been observed in the different regions
of superdeformation, which led to a deeper understanding of the single-particle excitation
in the second minimum [1]. However, the lack of experimentally determined excitation
energies, spins and parities for the SD bands prohibited to infer definitive conclusions. The
first experimental breakthrough in the study of the decay out process has been achieved
in the odd-even *!3°Nd nuclei of the A=130 mass region [2,3,4]. There, the observation
of the discrete linking transitions has been favored by the relatively higher intensity of the
highly-deformed bands (~10%), as well as by the small excitation energy with respect to
the yrast line in the decay-out region (~ 1 MeV). We call highly deformed (HD) the bands
built on the second well in the A=130 mass region; they have elipsoidal shapes with major
to minor axis ratios of 3:2 and a smaller deformation (8 ~ 0.3 — 0.4) than that of the SD
bands of the A=80, 150, 190 regions (8 ~ 0.5 — 0.6). Unlike the A=150, 190 nuclei, which
have nearly spherical shapes in the first minimum, the A=130 nuclei are prolate (3 ~ 0.2)
at normal deformation (ND). The transition from low to high deformation in these nuclei
requires only one or two level crossings, and therefore induces much less fragmentation of
the decay-out flux than in the other regions of superdeformation [5]. Very recently, Khoo et
al. [6] discovered a few linking transitions in 1%*Hg, which account for ~ 5% of the decay-out
strength. Following this first result in the A=190 region, other one step linking transitions
have been observed in nuclei of the same region, which are reported in this conference. No
discrete linking transitions have been so far observed in the A=80, 150 mass regions.

The HD bands in the even-even Nd nuclei are much weaker than in the odd-even ones,
being of the order of 1% of the total population of the nucleus. The task to identify the
discrete linking transitions is as difficult as that in the other regions of superdeformation. As
a matter of fact, no linking transition have been so far observed in the even-even **13¢Nd
nuclei, where HD bands have been identified [7,8,9]. The configuration assigned to these
bands are based on the behavior of the dynamical moments of inertia and therefore are only
tentative. The identification of discrete linking transitions, which would establish the exci-
tation energies, spins and eventually parity of the band levels, was highly requested, in order
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to discriminate between the different theoretical scenarios proposed for the configurations of
the HD bands. On the other hand, the study of the decay out mechanism in an even-even
Nd nucleus was expected to help, through the comparison with the odd-even ones, the un-
derstanding of the interplay between the pairing correlations and mixing between the ND
and SD states in the decay-out process [10,11].

With the goal of answering to the above questions, we have undertaken a study of the
decay out in the even-even nucleus ®*Nd. The reaction used for populating the high spin
states in 13 Nd was 28Si4+1%Pd at 130 MeV. The target consisted of two self-supporting foils of
110Pd with a total thickness of 1.36 mg/cm?. The GASP array with 40 Compton-suppressed
Ge detectors and the 80-element BGO ball has been used for a coincidence measurement.
Events were accepted when at least three suppressed Ge detectors and three detectors of the
BGO ball fired in coincidence. A total of 1.9x10° events have been collected.
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Figure 1: Left panel: doubly-gated spectrum of the yrast HD band in which the y-rays of
the HD band are indicated by asterisks. Right panel: high-energy part of the single-gated
spectrum of the excited HD band.

The excited HD band has been extended at lower spins by two transitions (765.1 and
726.4 keV) and the two lowest y-rays in the yrast HD band have been determined with higher
precision (733.3 and 667.9 keV). Furthermore, transitions linking both HD bands to the ND
states have been identified. Examples of spectra proving the coincidence relationships of the
identified linking transitions with transitions in the HD bands and in the low-spin part of
the level scheme are given in Figs. 1 and 2. A partial level scheme of **Nd relevant for the
decay-out process is given in Fig. 3.

The spectra obtained by double-gating on decay-out transitions and on transitions in
the HD yrast band, shown in the left panel of Fig. 2, clearly indicate the position of the
linking transitions in the decay scheme. The gate on the 1332 keV y-ray proves that it is in
coincidence with the HD band and with the 740 keV y-ray, whereas the gates on the 1336
keV and 1339 keV v-rays prove that they are in coincidence with the 736 keV and 733 keV
v-rays, respectively. The sum of all these three couples of transitions gives 2072 keV, firmly
establishing the energy difference between the third low-lying state of the HD band and the
18+ state of band 3. Spectra obtained by double-gating on the decay-out transitions or on
transitions of the excited HD band are shown in the right panel of Fig. 2. The gate on 726
keV ~-ray shows in coincidence only the 1889 keV high-energy transition, whereas the 765
keV ~-ray is in coincidence with all three high-energy linking transitions. The gate on the
1889 keV linking transition shows both the HD and the ND transitions. The spins of the
HD states have been determined from the analysis of the DCO ratios using the procedure
described e.g. in Ref. [12].
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Figure 2: Left panel: doubly-gated spectra with gates on the transitions of the yrast HD
band and on the 1332, 1336 and 1339 keV linking transitions. Right panel: doubly-gated
spectra with gates on the transitions of the excited HD band and on the 726 and 765 keV
in-band transitions and on the 1889 linking transition.

Because of the very weak intensity of the high-energy linking transitions, definite values
of their DCO ratio could not be obtained. However, the linking transitions of the yrast HD
band show strong 90°-34° anisotropy when gating on all in-band E2 transitions and therefore
their dipole character is established. For the 736 and 740 keV ~-rays which are strongly
contaminated, no DCO ratios could be obtained. They are assumed to have Al=2, E2
character. The negative parity indicated in parenthesis for the yrast HD band accounts for
the theoretically assigned configuration (see discussion below). The linking transitions of the
excited HD band do not show significant anisotropy between 90° and 34°; this is consistent
with a AI=2, E2 character and leads to even spins and positive parity. The present measured
energies and spins of the HD band-head levels determine their excitation energy relative to
the yrast ND line in the decay-out region, which is ~1100 keV for the yrast HD band and
~1200 keV for the excited HD band.

Two different types of decay-out pathways are observed experimentally: that of the
excited HD band, which most likely consists of stretched E2 transitions, and that of the yrast
HD band, where the decay out proceeds via E2 and E1 transitions. For the 1780 and 1928 keV
linking transitions of the excited HD band we estimated the B(E2)-strengths from the ratio
between the decay-out and the in-band (726 keV) transition intensities by a simple energy
scaling of the transition operators. Assuming an in-band B(E2)-strength of 400 W.u., similar
to that measured for the HD band in the neighboring **Nd nucleus [13], B(E2)-strengths
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of the order of 1 W.u. are obtained for the linking transitions. Such sizable out-of-band
strengths clearly indicate a spread of the ND states into the HD minimum, which leads to a
significant mixing between the HD and ND states. The final 1889 keV decay-out transition
de-exciting the lowest observed HD state has somewhat stronger intensity than the other
linking transitions. Since the energy of the in-band transitions is decreasing in contrast to
that of the out-of-band ones, the enhanced decay-out strength is indeed expected. Examining
the decay out of the yrast HD band one observes that the 21~ state decays into three 19~
levels, that are within 6 keV of excitation energy. It is difficult to give an exact assignment
for the additional two states. However, knowing the limited number of HD configurations
and the high level density at that excitation energy, we can rather firmly conclude that their
origin involves states with ND shapes. The presence of even a very small interaction will
lead to a sizable mixing of the corresponding wavefunctions, a fact which is indicated by
the similar de-excitation pattern of the three 19(-) states. The analysis of the out-of-band
strengths of both HD bands in !**Nd, together with the ~50% intensity of the observed
discrete transitions, suggests that the decay-out mechanism in **Nd is only partially due to
the stochastic mixing between the ND and HD states as proposed by Vigezzi et al. for the
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Saxon potential including pairing interaction [14,15]. Each configuration is treated diabat-
ically, thus avoiding unphysical level crossings between different structures.

As established previously [7], a proton gap is present at Z=60 for deformations ranging
from £,/0.20 to 0.37, which cover the quadrupole deformations of the ND and HD states.
The occupied proton orbitals do not encounter therefore any level crossing in the collective
path from high to low deformation. The situation is different for neutrons, in that a pair
of particles is moved from the up-sloping [404]7/2+ Nilsson orbit into the down-sloping
[541]1/2~ one when the deformation is changing from ND to HD (see also the Fig. 3 in
Ref. [7]). In addition, at least one neutron is moved from the [402]5/2% Nilsson state into the
[660]1/2* (413/2) one. In our assignment, the excited HD band involves the vi13/, — [402]5/2*
configuration that is crossed at higher frequencies by the v/(113/5)? one, whereas the yrast HD
band involves the viya3/y—vhg/s/ fr/2 configuration. The spins and parities indicated for the
HD bands in Fig. 2 are in accord with these assignments. A more detailed discussion about
the configurations of the different bands involving the neutron i13/2 orbital can be found in
Ref. [16].
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Figure 3: Left panel: dynamical moments of inertia of the yrast and excited HD bands of
134Nd. Right panel: dynamical moments of inertia of HD bands in several nuclei of the
A=130 mass region.

In the decay-out region, the dynamical moments of inertia of both HD bands show an
irregularity which is also observed in all HD bands of the other Nd nuclei [2,3,4,9,12] and
appears at rotational frequencies which decrease with decreasing neutron number. From
the present calculations, but also from an inspection of the single-particle diagram (see e.g.
Fig. 3 of Ref. [7]), one can easily see that the vi;3, intruder crosses the ¥[402]5/2+ (ds/2)
Nilsson orbital in the frequency region where the increase in J(®) is observed in the HD bands
of Nd nuclei. As the variation of J® is always associated with a change in structure of the
corresponding rotational band, we associate the observed irregularity to the crossing between
the viy3/ and vds/, orbitals. The rise in J@ thus corresponds to a partial de-occupation
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of the strongly deformation driving viy3/; intruder orbital. When no pairing is present,
the transition between the states at different deformations (which form orthogonal sets) are
severely hindered, since the related operators act only on a single particle. The presence of
pairing correlations, on the other hand, helps the nucleus to tunnel between the minima.

A further insight into the role played by the pairing correlations in the decay-out process
can be obtained from a comparison of the decay-out pattern in the even-even nucleus **Nd
with the known decay out in the odd isotope !3*Nd. There, the crossing between the N=4
and N=6 (4;3/;) neutron orbitals is actually observed, but the HD band is traced to lower
spin values. The reason for this difference can be related to the lower excitation energy of the
viya2 band in !33Nd: in fact, the crossing here occurs when the HD band is rather cold and
this explains why it continues at lower spins. In the case of 1**Nd the HD structures involve
two-quasiparticle (qp) excitations that lie higher in energy with respect to the ground state,
because of the pair gap. Moreover, the pairing correlations are smaller in the two-qp HD
bands of ¥*Nd than in the one-qp HD band of **Nd. As the decay out occurs at similar
excitation energies above yrast in both HD nuclei, we can conclude that the mixing with the
ND states plays a more important role than the sliding via the pairing interaction. In all
cases however, static pair gaps are calculated to exist and pairing is believed to be essential
for the decay towards the ND states.

In conclusion, the present results suggest that the decay out of the HD bands in 3*Nd
is triggered by the crossing with the N=4 [402]5/2* Nilsson orbital, that has a smaller defor-
mation than the corresponding N=6 intruder configuration. The crossing favours the mixing
with the ND rotational bands strongly enhancing the decay-out process and weakening the
in-band transition strength. The HD band becomes fragmented and looses part of its char-
acter. The intensity of the decay-out transitions increases when the spin of the HD state
decreases, indicating enhanced ND amplitude in the wavefunction when going down the
band. Lifetime measurements of the HD bands are crucial to further elucidate the decay-out
process.
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Abstract

Six SD bands were populated in 3Eu and 44Eu, two of which had not been previously
observed. Sum spectra were generated to search for two step links from the yrast SD band
in 3Eu. However, no two step links were found. A single link from the SD band in 43Eu
was found at 3364 keV. The level where it feeds into has not been identified. Alpha-particle
energy (En) spectra leading to the SD band and to normal states in 1*3Eu were measured and
a correlation was found between E,, and the level spin of the residual nucleus.

1 Experimental

An experiment was performed at the 88-inch Cyclotron at Lawrence Berkeley National Laboratory.
A 230-MeV beam of 51V and a 1Mo 328ug/cm? self-supporting target were used to induce the
100Mo(51V,zn) reaction, populating high-spin states in 3Eu and 4Eu. The Gammasphere
array, which consisted of 57 Compton-suppressed high purity Ge detectors, was used to detect the
gamma-rays emitted by the residual nuclei. The charged particles emitted by the compound nuclei
were detected by the Microball, a 47 array consisting of 95 CsI(Tl) scintillators. The Microball
allowed for good identification of the a particles as well as determination of a—particle energies.
A total of 4.3x108 a—gated events were selected, 67% of which were 4-fold Ge-coincidences, the
remaining events being 5-fold and higher Ge-coincidences. Partial recoil momentum correction
was applied using the measured a—particle energies. This led to a more accurate Doppler shift
correction which improved the y—ray energy resolution.

2 Six SD Bands Identified

Six superdeformed (SD) bands were identified in the data. Three of them have been previously
identified and assigned to 4*Eu [1]. Another SD band in the data is the known yrast SD band
in 1%Eu [2]. The other two SD bands had not been observed before; one of these was assigned
to 143Eu, the other to 14Eu. The new SD band in *4Eu has identical transitions to those in the
known SD band [2] in M3Eu above 1 MeV y—ray energies (see Fig. 1).
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Figure 1: Double gated coincidence spectra of the two new SD bands in 143Eu and 4Eu. The
arrows point to the transitions in the SD bands.

3 Linking Transitions

An attempt was made to lirik the yrast SD band in 3Eu to the normal deformed (ND) states in
the 3Eu decay scheme by one-transition and two-transition links (see Ref. [2] for level scheme). A
nucleus which decays out from an SD state to an ND state by a cascade of two discrete transitions
may have many intermediate levels due to the high level density available, but the sums of the
energies involved in a two step link must be sharply defined. The sums of pairs of y—ray energies in
coincidence with the SD band were generated in order to identify such links, and confirm previously
reported [2] two step links in 43Eu.

The sum spectra were created using two different methods. First, the events were gated from a
list of SD transition energies; when a ~ ray was found to be inside one of the gates, the remaining
~ rays in the cvent were added pair-wise, and the sums incremented into a sum spectrum. This
analysis was performed in a spike-free manner, as described in Ref. [3]. Not all of the available
pairs of E, were incremented into sum spectra. E, pairs were incremented if the difference in E,
was less than 1 MeV, and if both E, were greater than 300 keV. These criteria were employed
in single, double, and triple gating of the data. The spectra produced in this first method were
not background subtracted. Background subtracted n-fold-gated sum spectra were obtained by
subtracting a portion of the (n-1)-fold-gated sum spectrum from the n-fold-gated sum spectrum. A
portion of a sum spectrum of the ungated data became the zero-fold-gated sum spectrum subtracted
from the singly-gated sum spectrum.

In the second approach, the data were single, double, and triple gated with a list of SD tran-
sitions into spike-free [3] E,—E, matrices. The matrices were background subtracted via the
Palameta-Waddington method [4]. Individual (E;, E;) pairs were extracted from the background
subtracted matrices and their sums were incremented into sum spectra, yielding single, double,
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and triple gated background subtracted sum spectra. This method of background subtraction was
successful in the 2-fold, and 3-fold gating, however, the single gated sum spectrum displayed an
under-subtracted background. The background in the single gated matrix was therefore subtracted
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Figure 2: Spectra of the sums of individual (E; E;) pairs from the backgound subtracted single,
double, and triple gated matrices. The gates used were transitions in the yrast SD band in 143Ey.
Vertical lines in the expanded inserts show the energies of previously reported sum peaks.

by another method [5]. A background E,—E. matrix was sorted by single gating the data on E,
which did not include SD band transition energies or any strong 3Eu transitions. This background
E,—E, matrix was subtracted from an SD single gated matrix. The resultant matrix was further
background subtracted according to Ref. [4]. The single gated sum spectrum was extracted from
this final matrix.

All sum spectra displayed large peaks corresponding to the sums of transitions in the SD band
(scc Fig. 2). A description of the pairing and summing details explains why these large peaks arise.
If an cvent has met the gating conditions, it is more likely that the remaining -y rays in the event
will also correspond to members of the SD band. The transitions in the SD band are evenly spaced
at intervals of 59 keV to 61 keV, so that several combinations of pairs of transitions in the SD band
will sum to the same peak in the sum spectrum, enhancing the intensity of the sums of transitions
in the SD band.

The sum spectra generated by either method do not display the previously reported peaks [2].
There are some peak-like features in other regions of the spectra above 3 MeV which are not sums of
transitions in the SD band, nor sums of transitions in the ND level scheme, and do not correspond
to the previously reported sum links. The origin of these features in the sum spectra is not clear.
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These features may be statistical fluctuations in the spectra. If these features were real sum links
then they should appear at the same energies in all the fold spectra, yet most of them do not
appear in more than one of the sum spectra, and no sum spectrum contained all of these peaks. As
a result, the sum spectra do not seem to contain well-defined sum links. This does not imply that
a significant fraction of the SD band does not decay out in two step links. The evidence suggests,
however, that there are not strong two step links in 43Eu, and if a significant fraction of the SD
band does feed out by two step links then it may feed out through many weak, two step links which
are unobservable in a sum spectrum at the available level of sensitivity.
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Figure 3: A sum of double gates on transitions in the yrast SD band produces the single-step
transition link in panel (a). Transitions in the SD band are observed in the spectrum in panel (b)
when the single gated matrix is gated on the 3364 keV single-step link. .

The same E,—E, matrices, and E,—E,—E, cubes were employed to investigate the transitions
in the decay schemes of 3Eu and #4Eu. Several SD bands were identified, and the feeding-out
of the yrast SD band in *3Eu was studied. One single step linking transition was conclusively
identified in 43Eu. The linking transition was observed when a single gated matrix was gated
on members of the SD band [see Fig. 3(a)]. The energy of the linking transition was found to
be 336442 keV. This same transition could be observed in spectra generated by gating on the
double and triple gated matrices, and double gating the cube. There were three other potential
links around 3.5 MeV which could be in coincidence with the SD band. The coincidence of the
3364 keV peak with the SD band was confirmed when a gate at 3364 keV was paired with a list
of SD transition gates into double gates, and the double gates were added, producing a spectrum
which contained transitions in the SD band [see Fig. 3(b)]. Similar spectra were generated using
the other three transitions in place of the 3364 keV gate, but the SD band did not appear in the
spectra. So far, double gating directly on the 3364 keV transition in combination with the SD band
has produced spectra with too few counts to help in determining the level into which the 3364 keV
transition feeds.
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4 Alpha-Particle Energy Spectra

In order to shed some light on the entry state regions responsible for the population of the SD
states one can use a—particle spectra as a probe. If the SD states preferentially originate from high
(E*,I) entry states, then downward shifts in the E, spectra are expected due to reduced available
phase space.
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Figure 4: Alpha-particle energy spectra by doubly gating on transitions in the decay of 143y, The
spins corresponding to the depopulated levels by the measured <y transitions are indicated.

Alpha-particle energy spectra in coincidence with several ND transitions and SD transitions
of 13Eu were produced. The data were gated on Eq, in 2 MeV bins. A separate E,—E,~E,
cube was then sorted from each E, bin. Each cube was doubly gated on a list of transitions in
the yrast SD band in 3Eu to produce an Eq—E,—E,—gated 7 spectrum. Additional spectra
in coincidence with ND transitions were also produced by gating on ND transitions in 43Eu.
Background was subtracted from these spectra using standard methods [6]. The intensities of non-
gated SD transitions were measured in the spectra gated on the SD band. Similarly, the intensities
of non-gated ND transitions were measured in the spectra gated on ND transitions. This procedure
was performed for all of the E,—gated cubes, resulting in spectra representing the intensity of the
transitions as a function of E,. In all cases the second gating transitions were lower in the level
scheme than the measured transition. Two such spectra coincident with the 443-keV (19/2 level)
and 1266-keV (91/2 level) transitions from the ND and SD cascades, respectively, are shown in
Fig. 4. A large downward shift in the « spectrum is indeed observed when the SD band is fed. A
similar shift was seen in the « spectra for the SD band in %0Tb [7].

In addition, the average a—particle energy showed a clear decrease in < E, > with increasing
spin of the populated level. This trend includes both ND ans SD levels and it is shown in Fig. &.

Furthermore, the present data allowed a measurement of the relative population of the SD band
as a function of E,. It was found that the relative intensity of the SD band at E, = 9.5 MeV was
approximately 10 times higher than the relative population at E, =25.5 MeV. The top 3 transitions
in the SD band were identifiable only in the lower E,—gated -y spectra, and were not observed in
coincidence with higher energy o particles.
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Figure 5: Average a—particle energy as a function of spin of the level ( ND shown by full squares
and SD by full circles) populated in 3Eu.

5 Conclusion

An experiment was performed to study high-spin states in 4344Eu. Six SD bands were identified
in the data, two of which had not been previously observed. A search for linking transitions
revealed that there is a single link from the yrast SD band in 3Eu to the ND states. However,
this transition could not be placed definitively in the level scheme. In addition an analysis of sum
spectra was performed. Previously reported sum-links were not observed in our data. There was
also no cvidence for other sum-links. A correlation has been observed between evaporated particle
energies and the population of high spin states of 3Eu in the 1®°Mo(®'V, adn) reaction. It was
also found that the SD band was populated at the highest relative intensity and highest spin when
the data were gated on the lower a—particle energies.

Work supported in part by the U.S. Department of Energy under grant number DE FGO05-
88ER40406.
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Abstract: A discrete y-ray transition which connects the second lowest SD state with a normally deformed
one in *3Bu has been discovered. It has an energy of 3360.6 keV and carries 3.2 % of the full intensity of
the SD band. It feeds into a nearly spherical state which is above the I = 35/2%, E,=4947 keV level. The
exact placement of the single-step link could, however, not be established due to the especially complicated
level scheme in the region of interest. The angular correlation study favours a stretched dipole character for
the 3360.6 keV transition. The single-step link agrees well with the previously determined two-step links,
both with respect to energy and spin.

The linking transitions between the SD bands and the normally deformed (ND) states have been one
of the greatest challenges in the study of superdeformation. Identification of the linking transitions
not only gives the spins, excitation energies and parities of the SD bands but also provides valuable
information on the decay mechanism itself and the structure of the nucleus in the transition region.
From a theoretical point of view [1], the deexcitation of an SD band occurs due to small admixtures
with the ND states. The SD state is embedded in a sea of hot ND states and it decays statistically
by 7-ray emission. In the mass 150 and 190 regions the SD bands lie at high energies and the
deexcitation pattern is expected to be governed by multi-step transitions, although it has now been
proven in the mass 190 region [2,3,4] and in **3Eu [5] that single-step transitions do occur.

Recently, with modern Ge arrays it has been possible to identify single-step linking transitions and
to localize the SD bands in a few nuclei in the mass 130 [6] and 190 regions. The situation is,
however, more complicated for the 1**Eu nucleus. The lowest SD states in this nucleus lie higher
in energy above the yrast line as compared to the mass 130 region and they have a higher spin as
compared to the mass 190 region.

One possible way of studying the linking transitions is to assume that a significant fraction of the
decay goes via cascades of two 7-ray transitions (two-step link) and to search for the corresponding
discrete sums of the two y-ray energies. In an earlier paper [7] several discrete sum energies were
identified in *®Eu and the lowest SD state was proposed to be at I=35/2, E,=8582 keV.

The present experiment was carried out in Strasbourg using the EUROGAM II array [8]. Excited
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states in 143Eu were populated in the reaction 1'°Pd(3"CL4n)!**Eu with a beam energy of 160 MeV.
The 11°Pq target was enriched to 98.9% and consisted of three thin foils with a total thickness of
1.1 mg/cm? With a trigger requirement of seven or more v rays in prompt coincidence (before
Compton suppression) a total of 1.8x10° Compton-suppressed events with an average fold of 4.4
were collected. A much compressed version of the data set was stored on magnetic hard disks for
fast access and sorting. A short experiment by using a 1.1 mg/cm? layer of 110pq sputtered onto
a 10 mg/cm? Au backing was also carried out at the end of the main experiment. With a trigger
requirement of six or more v rays in prompt coincidence a total of 2.2x108 Compton-suppressed
events were collected. The aim of the backed target experiment was to improve the ND level

scheme.
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Fig. 1: Level scheme of 1*®Eu basically taken from ref. [9] and slightly modified. The widths of the arrows
are proportional to the intensities observed in the 1°Pd(37Cl,4n)!*3Eu reaction at 160 MeV.
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Fig. 2 : The high energy part of a y-ray spectrum (a) coincident with three SD band members. All 22
SD transitions were used to gate on in order to increase the statistics and a portion of the total projection
was subtracted as the background. The transition observed at 3360.6 & 0.7 keV with a FWHM of 10.1
keV is proposed to be a single-step linking transition. The lower spectra have two gates on the cleanest SD
transitions and a gate on the 159 keV (b), 176 keV (c), 293 keV (d) and 276 keV (e) lines in the ND level
scheme.

Fig. 1 shows the level scheme of **Eu. It is basically taken from ref. [9] and modified using
the current data set. The irregular and very complex structure of the level scheme at low spins is
typical of a nearly spherical, slightly oblate nucleus. A sequence of collective states starting from I
= 27/2, E, = 4.2 MeV and forming a triaxially deformed band is also observed coexisting with the
spherical states. A study of the triple or quadruple gated spectra shows that the SD yrast band
feeds into the spherical near-yrast states bypassing the triaxial states which lie about 1 MeV above
the yrast states in the feeding region. This result is also confirmed by a recent study [10] of the
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quasicontinuum of the SD transitions in this nucleus.

Fig. 2a shows the high energy part of a y-ray spectrum. It is double gated on the 22 transitions [7]
of the SD band in *3Eu. The peak at 3360.6(7) keV is observed at a 5.5 o level and is identified
as a one-step link to a ND state since it is in coincidence with the SD band and some of the ND
states. The 3360.6 keV line represents 3.2 % of the total intensity in the SD band.

Once a single-step linking transition is observed, it is a big challenge to localize it by determining
the SD state it comes from and the ND level it feeds into. The SD state from which the 3360.6 keV
transition deexcites was investigated in double gated spectra where one gate was set on one of the
three lowest transitions in the SD band, namely the 483, 547 or 609 keV transitions and the second
gate was set on one of the few clean, higher lying transitions in the band (fig.3). The two spectra
with gates at 483 and 609 keV are relatively clean. There is, however, a strong 548 keV transition
lower in the ND level scheme (triaxial band) making the 547 gate specially difficult. Therefore it
is important to select carefully the cleanest gate combinations especially for this case. The result
is that the 3360.6 keV transition is seen in the spectra gated by the 609 and 547 keV transitions
whereas it disappears in the spectrum gated by the 483 keV transition. Therefore we propose that
the 3360.6 keV linking transition depopulates the SD state just below the 547 keV transition, i.e.
the second lowest state of the SD band.

Fig. 4 shows the low energy part of a triple gated spectrum. It has two gates on the cleanest
transitions in the SD band and a gate on the 3360.6 keV high energy line. The 159, 176 and 293
keV transitions are in a cascade in the ND level scheme and the 293 keV transition lies highest in
excitation energy. The 3360.6 keV line is also clearly seen in the spectra gated on these lines (see
fig. 2 b, ¢, d). The 182 keV transition deexcites a 23/2%, 2813 keV state and it collects nearly all
the intensity coming from above. The intensities of the strongest peaks of fig. 4 were determined
and corrected for internal conversion. Normalizing to the strength of the 182 keV transition, the
159 and 176 keV transitions carry 93 % and 92 % of the intensity, respectively, while the intensity
of the 293 keV transition is only 38 %. Thus, we conclude that the 3360.6 keV transition does not
directly populate the 35/2(+), 4947 keV state from which the 293 keV transition decays. It rather’
populates a higher energy level which partially decays into the 4947 keV level and partially down
to the 33/2%, 4654 keV level from which the 176 keV transition decays.

Fig. 2e shows that the 3360.6 keV transition is not in coincidence with the 276 keV transition
indicating that it either feeds into a level which has a lower energy than the 39/2%, 6333 keV state
or it selects a parallel branch feeding into the 35/ 2(+), 4947 keV level. Above E,=4947 keV, the
level scheme of *3Eu is particularly complicated and the decay paths feeding into this state are
fragmented making it difficult to locate the linking transition. An identification of a few other
single-step links would be of great help for reaching more conclusive results.

An angular correlation study of the 3360.6 keV line gives a value of R = 1.0(2) where R is the ratio
between 4 rays detected by the tapered and clover detectors located at an average angle of 38.4°
and 75.5° respectively, relative to the beam axis. This ratio is 0.85(2) for the known E1 transition
at 252 keV [9] and 1.59(7) for the 1443 keV E2 transition in the SD band. Thus, the 3360.6 keV
transition is either a stretched dipole transition or it can be a mixed E2/M1 transition with Al =
0 or 1. A pure statistical decay would, however, favour an E1 transition.
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Fig. 3 : Double gated 4-ray spectrum where one gate is set on one of the three lowest SD transitions (a) 483
keV, (b) 547 keV and (c) 609 keV and the second gate is set on one of the few clean, higher lying transitions
in the band.
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Fig. 4 : The low energy part of a triple gated spectrum which has two gates on the cleanest transitions
between the SD states and a gate on the 3360.6 keV high energy line. A portion of the total projection is
subtracted as background and the spectrum is corrected for the relative detector efficiencies.
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the SD band are shown by (e)’s. '

The single-step link has an energy which agrees very well with the sum energies identified as two-
step links in the previous work [7], where energies between 3187-3925 keV were reported. It also
feeds into the same region of the ND level scheme as the two-step links. Furthermore, four out of
six sum peaks reported earlier, namely the 3188, 3210, 3270 and 3472 keV transitions, are observed
in this experiment at a 2-4 o level, see fig. 5. Their energies agree with the earlier results within
the error limits of 4-5 keV.
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The quasi-continuum part of the spectrum associated
with the decay-out of the yrast superdeformed band in
194Hg has been extracted. It has for the first time been
possible to compare the spin and excitation energy deter-
mined from the analysis of the quasi-continuum < rays
to the exact result obtained from the one-step linking
transitions.

INTRODUCTION

About 175 superdeformed (SD) bands have by
now been found in the A=80,150 and 190 mass re-
gions; yet only a few of these have been firmly linked
to the normal deformed (ND) states they decay into.
Thus, fundamental quantities such as spin, parity
and ezcitation energy have not been experimentally
determined for the vast majority of the SD bands.
In order to address issues of great recent inferest
such as: [i] the presence of identical SD bands, [ii]
the magnitude of shell corrections at large deforma-
tion, [iii] the mechanisms responsible for the sudden
decay-out of the SD bands, [iv] the description of
pairing and level densities in the SD well, some or all
of those quantities must be determined for as many
SD bands as possible. .

Recently, one-step decays out of the yrast SD
bands in 194Hg and !°*Pb have been reported [1,2].
One-step decays allow for an unambiguous determi-
nation of the spin, parity and excitation energy of
the states in a SD band. However, the intensity of
these special decay branches is only a fraction of that
of the SD band itself, and most of the decay proceeds
through a quasi-continuum (QC) of v rays. More-
over, the strength of one-step decays varies consider-
ably from nucleus to nucleus and may be subject to
Porter-Thomas fluctuations. Therefore, it may not
always be possible to observe one or two-step decays
— even when data of very good statistics are avail-
able. In such cases, the analysis of the QC provides
an alternative way to determine the spin and energy
of the SD bands, provided that the analysis methods
are proven to be reliable.
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FIG. 1. Schematic diagram of the feeding and decay
of SD bands. Gamma emission starts from the entry
distribution. After emission of statistical, quadrupole
and M1/E2 dipole QC « rays, the deexcitation cascades
are trapped either in the ND or SD wells, where discrete
gamma rays are emitted. If a -y cascade is trapped in the
SD well, QC « rays are also emitted when the SD band
decays into the ND states.

A schematic diagram of the feeding and decay of a
SD band in figure 1 shows that there are two compo-
nents to the QC: [i] one associated with the feeding
of the SD states and [ii] the other originating from
the decay towards the yrast states [3]. A simple way
to assess where the decay QC <y rays are located is
to compare coincidence spectra gated on ND and
SD transitions. Only the spectra gated on SD v
rays should have the ‘extra’ QC component from
the decay-out to ND states at or near the yrast line.
Such a comparison for 1°4Hg is given in figure 2 (with
the discrete peaks left in the spectrum). It is clearly
seen in the figure that extra strength is present in
the SD gated spectrum above 1 MeV - exactly where
the v rays from a statistical decay of the levels at the
bottom of the SD band are expected [4]. The spec-
trum has close similarities with that reported earlier
for 192Hg [3]. In particular, as in the latter nucleus,
the excess strength above 1 MeV is ascribed to the
decay out of the SD band.

Differences below 1 MeV are also seen in figure 2,
but those have to do with the different paths the nu-
cleus takes in the feeding of the ND and SD bands.
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In the feeding of the yrast SD band, about six -y rays
of stretched E2 character are emitted while the nu-
cleus decays through excited, damped SD bands [5].
A pronounced "E2-bump’ is therefore seen in the SD
gated spectrum (and it should result in ridges in
coincidence matrices). On the other hand, the cas-
cades feeding the ND bands involve less collective
states and, as a result, the E2-bump associated with
this decay mode is much smaller.
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FIG. 2. Comparison of ND and SD gated coincidence
spectra in '®*Hg. The spectrum gated on the the SD
band shows additional strength above 1 MeV from the
QC « rays associated with the decay of the SD band to
ND states.

By extracting the QC « rays in coincidence with
the SD band, it is possible to deduce both the spin
and energy of the SD band at the point of decay.
When the QC intensity is normalized to the number
of « cascades, the area of the spectrum determines
the average multiplicity, i.e., the number of v rays
involved in the decay. Similarly, the mean energy
of the decay-out QC determines the average energy
removed by these v rays. Thus, by simple multi-
plication of these two quantities, the mean energy
removed by the QC is established. It is likewise
possible to determine the average amount of spin
removed by the «y rays.

From the intensities, spins and energies of the ND
transitions in coincidence with the SD band, the av-
erage spin and energy corresponding to the entry
into the ND states can be derived (see figure 1).
By vectorially adding the spin and energy removed
by the QC to the mean ND entry-point, the mean
SD ezit-point can be found. From this information
the spins and energies of the SD band levels can be
deduced, once the branching ratios between in-band
and out-of-band decay are taken into account for the
lower SD states.

THE EXPERIMENT

The SD band in %*Hg was populated using the re-
action 1%°Nd(*8Ca,4n). The beam, delivered by the
88” cyclotron at LBNL, had an energy of 202 MeV.
A total of 1.9x10° quadruple or higher fold coinci-
dence events was collected with GAMMASPHERE,
which at the time comprised 85 detectors. The tar-
get consisted of a 1.2 mg/cm? %°Nd layer evapo-
rated on a thick Au backing, which ensured that all
-~ rays associated with the decay-out of the SD band
would not be subject to any Doppler shift.

THE EXTRACTION OF THE QC

In order to extract the QC <y rays from the to-
tal spectrum, the data must be processed care-
fully in a number of steps. Double coincidence
gates were placed on SD transitions in order to ob-
tain SD spectra almost free of contaminant coin-
cidences, yet with sufficient statistics for an angle
sort. Only 9 of 36 possible double gate combina-
tions were deemed clean enough for use in this analy-
sis. (Triple gating would have provided even cleaner
spectra; but the statistics in the angle sort would
have been marginal.) Correct background subtrac-
tion of the double-gated spectra is vital. The FUL
method [6] developed at ANL was used to subtract
background-background and peak-background con-
tributions. The data was also sorted according to
the prescription in [7] in order to avoid ’spikes’ in
the gated spectra. In addition, any lines left in the
spectra as a result of contaminant coincidences (de-
spite careful selection of gates) were identified, char-
acterized and subtracted.
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FIG. 3. Residual Compton events in a typical spec-
trum. The figure shows a gated spectrum before unfold-
ing and the lower solid curve shows the residual Compton
events subtracted by the procedure described in [7], us-
ing a measured response function for GAMMASPHERE.
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The angle sorted spectra were corrected for the re-
sponse of the GAMMASPHERE array in successive
steps described below. First the contributions due
to true coincidence summing was removed following
a prescription by Radford [8]. The < rays gener-
ated from neutron interactions in the Ge detectors
(mostly in the forward direction) were subtracted
next. This contribution is small (2-3%) and has very
little impact in the energy region of the decay-out vy
rays. A more significant correction is the removal of
the Compton events in the spectra . Even with effi-
cient BGO shields, about 1/2 of all Compton events
is not suppressed and to extract the true QGC, it is
necessary to subtract these unwanted -y rays.
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FIG. 4. The total QC after discrete peaks have been
removed and the spectra contracted to 32 keV/ch. Also
shown is the calculated statistical spectrum from '%*Hg.

By measuring the spectra from single-line and
two-line coincidence sources placed at the target po-
sition, the response function of GAMMASPHERE
was carefully measured. Using the unfolding pro-
cedure described in [8], which interpolates between
the response-measurement at discrete energies, the
residual Compton - rays for the entire spectrum
were deduced and subtracted. Figure 3 shows a typi-
cal spectrum before the unfolding, together with the
residual events left in the spectrum despite Compton
suppression (lower curve). It is clearly seen that the
procedure by Radford works well, even in the low
energy region where it is most difficult to unfold.

Next, the spectra were corrected for detector ef-
ficiency, the discrete v rays were removed and the
spectra were contracted to 32keV/ch. The remain-
ing QC  rays consist of the three feeding QC compo-
nents, i.e., [i]statistical, [ii]quadrupole and [iii]dipole
transitions from the last step in the feeding [3]. The
fourth QC component is the sought-after decay-out
spectrum which will be extracted by subtracting the
feeding statistical and quadrupole components.
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FIG. 5. The QC ~ rays obtained from double gates
placed on the one-step decay-out lines and SD lines in
194Hg (data with error bars). Also shown are the total
SD and ND QC spectra and the calculated statistical
spectrum from 9?Hg.

Finally, the QC spectra are normalized so that the
area of the 2 — 0% ground-state transition in the
spectrum is unity, after corrections for internal con-
version, angular distribution and changes to the in-
tensity due to isomers have been taken into account.
After this normalization, it follows that any area is
equal to multiplicity, since the spectrum represents
an average 7 cascade. Figure 4 shows the total QC
spectrum corrected for angular distribution effects
(‘AQ’ spectrum).

THE STATISTICAL FEEDING COMPONENT

In reference [5], the statistical spectrum feeding
the SD band in 92Hg was calculated using as input
the experimentally measured entry states distribu-
tion. This statistical spectrum is also expected to be
applicable in the case of 1%*Hg. Because the one-step
decay lines have been observed in this nucleus [1], it
is possible to confirm experimentally this hypoth-
esis by extracting the QC in coincidence with the
one-step decay-out lines. This spectrum should not
contain the decay QC and thus, at higher energies,
it should follow the calculated statistical spectrum
rather than the total QC.

The sum of coincidence spectra, with double co-
incidence gates placed on the one-step decay-out <
rays and the SD lines, has been corrected for the re-
sponse of GAMMASPHERE. It is presented in fig-
ure 5 overlaid with the total QC spectrum and the
calculated statistical spectrum. Despite low statis-
tics, the agreement between this spectrum and that
obtained with double gates on SD lines is very good
over the ‘E2-bump’ region, although there appears
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to be some contaminant lines just above 1 MeV. At
higher energies, the data are seen to follow the sta-
tistical spectrum, thus justifying our hypothesis. It
should be noticed that the QC spectrum gated on
ND transitions also follows the calculated statisti-
cal spectrum at higher energies, again suggesting
that the calculated statistical spectrum from 192Hg
can be used in %Hg. The calculated statistical
spectrum is subtracted from the total QC spectrum
shown in figure 4, thus eliminating one of the four
QC components.
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FIG. 6. Angular distribution coefficients, channel by
channel, for the QC after the statistical -y rays have been
subtracted.

THE QUADRUPOLE FEEDING
COMPONENT

After the statistical spectrum has been sub-
tracted, the A2 angular distribution coefficient of
the remainder of the spectrum can be found chan-
nel by channel: the result is shown in figure 6. If
the coefficient is close to the calculated E2 limit of
= +0.34, the QC content of the channel is assumed
to be of pure E2 character. Conversely, if the coeffi-
cient is close to the large negative value of the M1/E2
dipole transitions, =~ -0.55 , the channel content is
taken to be of pure M1/E2 dipole character. (In the
analysis, it is assumed that there is no remaining
E1 strength in the spectrum up to ~1MeV follow-
ing the subtraction of the statistical spectrum). For
A2 coefficients with values between those extremes,
the counts in the channels are split proportionally
between the two contributions. In this way, the E2
QC-component was extracted. The QC quadrupole
v rays are emitted early in the v cascade, while the
nucleus is is still in flight, with a velocity close to
the maximum recoil velocity. Hence, the A2 an-
gular distribution analysis is performed on spectra
transformed into the center of mass system, and the
E2 QC component is subtracted from the spectra of

each detector ring after corrections for Doppler shift,
angular distribution and relativistic aberration.

SPIN AND ENERGY OF THE SD BAND

After both the statistical and quadrupole compo-
nents from the feeding have been subtracted, the re-
maining spectrum still consists of the M1/E2 feeding
v rays and the sought after QC decay-out v rays.
There are clear indications of two components in
fig. 7. The low energy component has large nega-
tive A2 coefficients (indicating M1/E2 nature) and
the upper component resembles the ’extra’ strength
shown earlier in the SD-ND gate comparison in fig-
ures 2. Thus, the upper component (~1MeV and
higher) is assigned to the decay out process as it
was in reference [3] for the case of 192Hg.

The mean energy of this decay-out component is
1.8(1) MeV and its area, equal to multiplicity, is
2.3(2). Therefore, it immediately follows that this
QC of « rays removes 4.1(4) MeV of energy. From
Monte Carlo simulations [5] of a statistical decay at
the proper spin and energy it is found that, on the
average, 0.5(2)h of spin is removed by these v rays.
Thus, 1.1(4)% of spin is removed by the decay « rays
in this QC component.
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FIG. 7. The QC 7 rays in 19*Hg after both the feeding
statisticals and quadrupoles have been subtracted. The
spectrum shows the dipole component of the feeding at
low energies and the decay-out QC component at higher
energies.

Some SD decay paths will feed into states located
above the yrast line, which are either not populated
or populated weakly when ND bands are feed. The
~ rays from the decay of these states can be found
by close inspection of all the discrete v rays that
were removed in the early stages of the analysis; but
have not been assigned in the ND level scheme. (By
placing coincidence gates on those candidate transi-
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tions, it was checked that the lines are not the result
of contaminant coincidences). In [3] it was estimated
that, on the average, half (multiplicity 0.5(2)) of the
7y cascades deexciting the SD band goes through such
states and gives rise to discrete lines in a region up
to 1 MeV. These v rays need to be taken into ac-
count when the spin and energy of the SD band are
calculated. In total, these y rays remove 0.8(3)% and
0.3(1) MeV which must be vectorially added to the
‘regular’ QC spin and energy vector in order to find
the mean SD exit-point (see figure 1).

From the intensities, spin and energies of the
known ND lines in coincidence with the SD band, it
is found that the entry point of the SD band into the
known ND states is located at a spin of 9.3(5)% and
an energy of 2.4(1) MeV. The errors quoted here are
due [i] to difficulties in assigning intensities to some
low energy lines which are not observed well with
GAMMASPHERE, and [ii] to the presence of two
low spin isomers in the yrast level structure, which
complicate the determination of y-ray intensities for
transitions involved in their deexcitation.
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FIG. 8. The mean SD exit-point found by adding the
spin and energy removed by known ND lines, new unas-
signed ND lines and the decay-out QC 7 rays.

By adding all the contributions; i.e., the known
ND lines, the new weak ND lines just discussed and
the decay-out QC v rays, the mean SD ezit-point is
determined. The result is displayed in figure 8. In
the figure, a vector characterizing the mean QC de-
cay path obtained as described above links the entry
point into the ND levels and the SD exit point. It
is this SD exit-point located at 11.1(7)% and 6.8(3)

MeV that can be compared directly to the result
from the one-step decays [1]. According to the anal-
ysis in [1], 48% of the decay of the SD band occurs
from the 6.88 MeV 127 state and 52% from the 6.63
MeV 107 state, establishing the true mean SD exit-
point as: (11.0%, 6.8 MeV).

The main conclusion of the present analysis is as
follows: the mean ezit-point measured from the QC
is in remarkably good agreement with the exact result
established from the one-step decay «y rays. Another
way to present this result is to calculate the spin and
energy the QC method would assign to the ‘10%
state: i.e.,

I=10.1(7)k [true: 10f]
E = 6.7(3) MeV][true: 6.6 MeV]
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FIG. 9. All the QC components in the feeding and
decay of the yrast SD band in !%*Hg.

THE DECAY MECHANISM

As the nucleus removes spin and energy by emit-
ting stretched E2 -y rays along the SD yrast line, the
SD states become hotter and hotter with respect to
the ND yrast line (see figure 1). Thus, the ratio
of ND to SD level densities increases as the nucleus
decays in the SD well. Moreover, the in-band tran-
sition rates diminish because of the rapidly decreas-
ing transition energies. In addition, there is also
evidence that the barrier height is reduced at lower
spin. A 'SD band decays to the ND states when the
states in the SD band acquire a sufficient component
of the wave-function of the hot ND states located on
the other side of the barrier separating the two wells
[3,5,9]. Because of the exponential dependence of
the mixing as a function of spin, the decay happens
suddenly, over a few SD states.
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FIG. 10. The QC « rays from the decay of the yrast
SD band in !%*Hg overlaid with the gain adjusted QC
rays following neutron capture in $7Er.
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It follows from the above picture of the decay of
a SD band that the spectrum of the 4 rays emit-
ted in the decay process is governed by the levels
in the ND well. The end-point of the QC spectrum
is determined by the excitation energy of the SD
states. Thus, a decay from a fission isomer or from
a state populated in neutron capture is expected to
be characterized by a decay spectrum of the same
form as the one seen in this work. This follows since
all these processes are governed by statistical emis-
sion of v rays from ‘sharp’ states, i.e. states with a
well defined energy.

The QC +« rays following neutron capture
in 7Er have been measured using Tessa-3 at
Brookhaven [10]. The spectrum after unfolding, ef-
ficiency correction and removal of the discrete peaks
below 600 keV is presented in figure 10, where it is
overlaid with the SD decay-out QC discussed in this
paper. Since the sharp states populated by neutron
capture are located at higher energy than the SD
levels (7.7 MeV vs. 4.3 MeV), the neutron capture
spectrum was gain-adjusted so that its end-point
matched that of the SD decay spectrum. The simi-
larity (in shape and magnitude) of the two spectra is
striking and suggests that, in both cases the decay is
governed by the same mechanism, statistical decay
from hot ‘compound’ states.

CONCLUSIONS

It has been shown that the spin and ezcitation
energy of the yrast SD band in 194Hg which are ex-
tracted from the analysis of the QC « rays from the
decay-out process are in excellent agreement with
the exact result obtained from one-step decay tran-
sitions. Thus, spins and excitation energies can be

determined with this method in cases where Porter-
Thomas fluctuations or other conditions prevent the
observation of direct one-step or two-step decays
from SD bands.

component, m €
Statisticals 3.2 1.68 MeV
Quadrupoles 6.0(1) 0.73(1) MeV
M1/E2 dipoles 3.37(6) 0.54(1) MeV
Decay-out QC 2.28(6) 1.77(6) MeV
new ND lines 0.5(2) 0.6(2) MeV

TABLE 1. The mean multiplicities and mean energies
of the QC components in ®*Hg. Only statistical errors
are given. Also listed are the current results of the cat-
aloging of the new ND states (where the error bars are
dominated by systematics).

Figure 9 shows all the components of the QC:
[iJthe statistical, [ii]quadrupole and {iii}dipole -y rays
associated with the feeding and [iv]the QC « rays
from the decay-out of the SD band. Table I shows
the mean multiplicities and mean energies of all
these components.

Work is still in progress to improve on the errors
associated with various contributions by [ijgathering
more statistics, [iiJremoving contaminant coinci-
dences in the spectra and [iii] doing a more thorough
cataloging of the new, unplaced ND lines. The lat-
ter process has already yielded more two-step decays
which have been added to the decay level scheme in
reference [1].
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Abstract

The decay spectrum of the yrast superdeformed band in ?Hg comprises a
quasicontinuum with discrete lines ranging from 1 to 3.2 MeV . The intensity
fluctuations of this quasicontinuum give information on the degree of fragmen-
tation of the decay cascades and on the effect of pairing correlations on the
level density p(U) in the normal deformed well (0 < U < Usp).

As was explained in the previous talk by Torben Lauritsen, if we compare superde-
formed (SD) and normal-deformed (ND) gated spectra in Hg and Pb isotopes, the
SD-gated spectrum lies above the ND-gated spectrum for a broad range of transition
energies when both spectra are normalised to the same number of -y cascades. This
excess intensity has been indentified in previous work [1] to be the spectrum of v
rays connecting the SD to ND states. It is a quasicontinuum with intermediate-width
structures. From a quasicontinuum analysis, the excitation energy of the decaying
SD state in °2Hg was found to be U=4.310.9 MeV above the yrast line [1]. If we
zoom in on the decay spectrum, we see that it also contains sharp lines which account
for only a few percent of the total decay flux. In 192Hg for example, 51 resolved lines
have been identified [2]. However, no single-step decays could be observed. So far,
these have been reported only in 2 nuclei of the mass 190 region: **Hg and ***Pb
[3,4,5].

A quasicontinuum as well as primary and secondary lines are also observed in the v
spectrum following thermal neutron capture. This is further evidence for the stochas-
tic coupling of the localised SD state with highly excited ND states across the potential
barrier [6]. So, effectively, it is the statistical decay from the hot ND states which is
observed.

What spectrum does one expect in such a decay ?

T. Dossing et al have calculated the spectra corresponding to the statistical decay
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Figure 1: Statistical decay spectra from an initial state at U=4.3 MeV calculated
with (a) the paired even-even level density, (b) the paired odd-even level density and
(c) the unpaired even-even level density. (d) Efficiency-corrected experimental decay
spectrum and calculated decay spectrum from (a)

from a ND state at 4.3 MeV in three different cases [7]. The level densities are
obtained by counting quasiparticle energies starting from equidistant single-particle
levels, with pairing treated using the BCS method, followed by particle-number pro-
jection and diagonalisation. The decay spectra for an even-even and odd-even paired
nucleus and for an even-even nucleus without pairing are shown in fig la-c. In the
unpaired case, the monotonic increase of the level density with excitation energy gives
rise to a smooth decay spectrum. In the even-even paired case, there is a depleted
yield below 1.2 MeV and between 3.2 and 4 MeV. Both these features are due to
the pair gap below the energy for 2 quasiparticle excitations. The compression of
the spectrum, together with the last step transitions across the pair gap, give rise
to a broad bump centered around 1.6 MeV. For the odd-even case, the filling of the
pair gap gives an appreciable yield at low energy. Above 1 MeV transition energy,
the best experimental approximation of the spectrum of v rays feeding the SD band
is the ND-gated spectrum stripped of all strong high-energy lines. The difference
between the SD-gated spectrum and this smoothed ND-gated spectrum is then the
decay spectrum. In fig 1d, the efficiency-corrected decay spectrum is shown together
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with the calculated spectrum obtained with the even-even paired level density. The
qualitative agreement is very good since the calculations reproduce the general shape
of the decay spectrum. The model also predicts up to 5% yield at high energy which
corresponds to the expected intensity for single-step decays. The fact that this yield
varies so much from one nucleus to the other may be due to the chaoticity of the
excited decaying ND state, in which case, we would expect the fluctuations in the
strengths of the primary v rays to follow a Porter-Thomas distribution [8].

What can we learn from the decay spectrum ?

If it contains strong sharp lines, we can directly deduce the excitation energy, spin
and parity of the SD state. If these lines are too weak, we can carry out a quasicon-
tinuum analysis [9] to extract the average excitation energy and spin of the SD state.
With the Fluctuation Analysis Method (FAM), we can extract the effective number
of transitions sampled by the nucleus in the decay; in other words, we can measure the
degree of fragmentation of the decay. As it turns out, this method goes even further
and can be used as a new probe of the ND level density up to high excitation energy.
How does it work ?

The aim of the FAM {10,11,12] is to determine the effective number of transitions
sampled by the nucleus without knowing the details of the tramsition emergies or
transitions strengths involved. This number can be directly extracted from the first
(mean) and second (variance) moments (g and p2) of the intensity distribution of
the decay spectrum. The method relies on the fact that, below the excitation energy
of the SD state at the point of decay, the level density in the 1 well, although large,
is finite. If the number of recorded events (N, ) is larger than the number of available
transitions (N;), this will lead to an enhancement of the intensity fluctuations in the
decay spectrum above those generated by pure counting statistics. Correction factors
have to be added to account for finite detector resolution (p), probable Porter-Thomas
fluctuations (2), background subtraction and the separation of true coincidences into
2 components, such as into the SD decay spectrum and the underlying continuous
statistical feeding spectrum in the 1 to 3 MeV region of the SD-gated spectrum. One
then obtains the following equation for the effective number of transitions:

Nevt(A) X ﬂl(A) (1)
p2(4) — p1(C) — g?pa(B)

Spectrum A = C - gB, where C is the raw spectrum of all the events in coincidence
with the SD band and B the appropriate background spectrum scaled by a factor g.
Spectrum A needs to be corrected for the detector response [13]. f is the fraction
of events belonging to the decay in spectrum A. Fig 2a shows the effective number
of sampled transitions as a function of transition energy obtained for the SD decay
and feeding cascades in *?Hg studied with the Eurogam 2 array [14]. Above 2 MeV,
fewer transitions are sampled by the nucleus in its decay from the SD band. This
can be explained by the fact that these transitions are primary « rays starting off
from a few initial states and taking the nucleus down to regions of low level density.
Thus, for the decay cascade, the number of transitions is expected to decrease at high
transition energy in proportion to the final state level density p(Ufina). On the other
hand, the feeding cascade starts from a multitude of initial states populated by the
neutron decay; in this case, the number of transitions reflects the product of the final
and initial state level densities p(Usinitiar)p(Usinat). The low-energy transitions of the

Ny=2xpx fix
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Figure 2: (a) Experimental effective number of transition sampled in the decay and
feeding cascades in %2Hg. (b) Calculated and experimental effective number of tran-
sitions sampled in the decay cascade. (c) Comparison between the experimental
effective number of transitions in the decay cascade obtained with Eurogam 2 and
Gammasphere data

decay cascade tend to come from the last decay steps. They connect states in a region
of low level density. This explains the initial increase in the number of transitions
as a function of transition energy. A total of ~9000 transitions are sampled in the
decay out of the SD band in ®?Hg. By examining figure 2a above 2 MeV where the
first decay steps dominate the fluctuations, one can see that ~1000 transitions are
available in the initial stage of the decay [2]. This tells us that the decay is indeed
highly fragmented, as expected in a statistical decay. In figure 2b, the experimental
effective number of transitions is compared to calculations based on the schematic
model described earlier on. The comparison between the experimental data and the
calculations is satisfactory and is a stringent test for calculations of the decay and of
p(U) up to high excitation energy. The fact that the experimental values are in better
agreement with the odd-even calculated values may be due to factors that have not
been included in the model: first of all, angular momentum which causes the pairing
correlations in the even-even nucleus to weaken and hence lowers the ground state
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Figure 3: SD and ND-gated spectra obtained in 19%19%19¢Hg

pairing gap, secondly, symmetries in the nuclear potential and shell effects which may
slightly displace both calculated curves. It is essential to carry out a similar analysis
on other nuclei and especially an odd-even nucleus of the same mass region. In fig 3
are shown the SD and ND-gated spectra for 3 Hg isotopes studied at Gammasphere
[15]. We can immediately see that both even-even nuclei present a more pronounced
bump than the odd-even nucleus. A careful inspection of the 1%*Hg spectra reveals an
excess intensity at low energy, as predicted by T. Dossing’s calculations. A prelimi-
nary Fluctuation Analysis on the 9°Hg decay spectrum gives practically an identical
distribution of effective number of transitions as the Eurogam 9°Hg data. The com-
parison is shown in fig 2c. The analysis of the ***Hg and '**Hg decay spectra is still
in progress.

In conclusion, we have shown that the decay from the SD band in '*?Hg starts off from
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a few initial states and is highly fragmented. We have measured of the order of 1000
different first step transitions. The decay has been shown to be of statistical nature
but it remains to be proven that Porter-Thomas fluctuations govern the distribution
of the SD intensity among the different decay paths. This can be done by measuring
the intensity distribution of the discrete transitions lying above 2 MeV which stem
directly from the hot ND states. This analysis could then provide a direct measure of
the onset of chaos in excited nuclear states. By studying the various components of
the decay spectrum, we are able to extract the fundamental spectroscopic quantities
for the SD band, such as excitation energy, spin and parity. These quantities can help
us check the assignments of yrast and excited SD bands and measure the mixing of
the SD and ND states. We can also study the statistical feeding via the single-step
decays. Finally, we have direct access to the ND level density and the quenching of
pairing with excitation energy and spin via the Fluctuation Analysis Method. The
decay spectrum is thus a very good laboratory for the study of fundamental proper-
ties of SD and ND nuclei and the study of the SD-to-ND shape transition.
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Superdeformation

F. S. Stephens
Nuclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA

Recent progress in the study of superdeformed nuclei is reviewed. Topics
covered include: the onset of superdeformation in the mass 130-150 region;
collective octupole bands; identical bands; and Al=2 staggering. Some
comments about the futureof studies on superdeformed nuclei are included.

1. Introduction

This talk will consist of three parts: an introduction to the current situation regarding
superdeformed bands; some recent highlights; and a quick look at the future. Due mainly to the
large gamma-ray detectors coming into use, there is a lot going on in this area and I will not try
include it all here. Rather, after a few general observations I will select several highlights and try
to discuss those in some depth. Finally I will give my thoughts as to-the future of studying
superdeformed nuclei.

My definition of superdeformation is rather broad and generally includes nuclei where the
long axis is 1.5-2 times longer than the short axis. Typically this is a second minimum in the
potential energy surface; the first having smaller (perhaps "normal") deformation. With this
definition there are now five regions of superdeformation known in the heavier elements, having
masses centered around 80, 130, 150, 190 and 240, the last of these being the fission isomers
discovered more than 30 years ago. Altogether there are around 200 bands presently known in
these five regions. The newest region is that around mass 80, where already some 20 bands are
known in 10 nuclei. These bands show all the familiar properties seen in the heavier regions:
assigned configurations, band crossings, identical bands, etc. It is an exciting area and Cyrus
Baktash is going to talk about it tomorrow morning, so I will not discuss it further here.

There are some special properties in the mass 130-150 region that are interesting and
perhaps unique. The other three superdeformed regions mentioned above are well isolated from
each other and transitions into or out of these regions involve changes in the occupation of
several orbitals which do not occur easily. In fact, this morning we heard that in the mass 190
region the decay out of the superdeformed bands is a statistical process that occurs through a
small mixing of normal states into the superdeformed ones. Only in the mass 130-150 regions
can we observe the onset of superdeformation orbit by orbit.

In the mass 130 region it is the N=6 neutrons that trigger the onset of superdeformation,
and this transition can be observed to occur in individual bands in 134Nd. Fig. 1, taken from a
contribution by Petrache et al., shows several band energies in 134Nd (minus a rotational
contribution). The normal deformation bands in this figure are sharply rising; whereas, the
superdeformed bands are horizontal or slightly down sloping. Both bands 2 and 3 start out as
normal bands and then undergo rearrangements, presumably involving the filling of two N=6
neutrons, that induce the superdeformation. Another way to view this change is as a crossing of
the normal and superdeformed bands with a reasonably large interaction so that the lower energy
pieces of the two bands looks like a single band with a deformation change. In either picture the
differences between the bands cannot be large - probably only the change of this pair of neutrons.

As we move up in N and Z, the deformation increases in superdeformed bands, but not
always smoothly. First the N=6 protons are filled and then, above N=80, the N=7 neutrons fill.
In both cases there is evidence that the key changes can occur within individual bands. Later
today Zhu will talk about lifetimes in 144Gd, where a backbend at frequency about 0.45 MeV is
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shown to be associated with a change in deformation from € = 0.45 to 0.51. Again a large shift in
deformation occurs with apparently a small configuration change that is associated with a pair of
N=6 protons. Similarly, in 148Gd de France et al., [1] have proposed that a backbend in one of
the bands may be due to the occupation of the first N=7 neutrons. There is additional work in
this region on Pm and Sm nuclei in abstracts to this Conference by Pfohl et al., and Jin et al.

This is a fascinating region where we can follow the evolution of deformation step by
step from the normal deformed mass 130 region to the strongly superdeformed nuclei of the
N=150 region. One can observe the effect of filling each of the key sets of intruder orbitals.
This region offers an opportunity to learn about the microscopic origins of deformation effects.

2. Some Highlights

There are a lot of recent superdeformation highlights, one of which on links we heard
about this morning and another on the mass 80 region we will hear about tomorrow. I will
discuss three others: evidence for octupole effects; the news about identical bands; and the
situation on Al=2 staggering. One other point I would like to mention here is the progress in
identifying configurations in superdeformed bands. Mottelson [2] emphasized here in Argonne
eight years ago how important this is for understanding superdeformation. Not only does this
place these nuclei in the TRS calculations (or vice versa), but it also gives the microscopic
background for all the new and unusual effects we may hope to see. Fortunately there has been
real progress in this area, and most bands in most nuclei have been assigned configurations.

Octupole Bands. Earlier this morning Dirk Schwalm presented some evidence for excited
collective bands in the superdeformed fission isomers, and such bands have been predicted in
other regions. Collective octupole excitations should be especially important in superdeformed
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nuclei due to the proximity of orbitals with both parities, as was also pointed out by Mottelson
[2] here in Argonne eight years ago. He emphasized particularly the Y31 "banana" shapes.

The first evidence for an octupole band in superdeformed nuclei came from Crowell et
al.,[3] for a band in 190Hg that decayed to the lowest superdeformed band rather than to normally
deformed states. The connecting transitions were shown to be stretched dipole, rather than
quadrupole and, if E1, were about 10-3 Wu, which is typical for collective octupole states in
normal nuclei. Recently Nakatsukasa [4] has calculated the octupole effects in 190,192,194 ¢
and he will discuss these calculations tomorrow morning. He has found impressive agreement
with these 190Hg experimental results. In addition he predicts band crossings in 192Hg and there
is evidence to support this, although the situation is not yet clear.

Nakatsukasa also predicts a small octupole-type signature splitting (odd spins lower) in
194Hg which inverts at higher frequencies due to non-collective quasi-particle admixtures. This
is a very characteristic signature inversion for which we have found experimental evidence. Fig.
2 shows the situation. The plot is the signature splitting (0:=0 Routhian minus o=1 Routhian) vs.
the rotational frequency, so that positive values indicate octupole-type splitting. There are two
calculated lines: the upper for a constant pairing strength as a function of frequency; and the
lower for pairing that decreases at the higher frequencies. The data points are connected by a line
and fall rather convincingly between the two pairing limits of the calculations. The initial
octupole-type splitting and the later downturn (toward signature inversion) in both data and
calculations are clear. The sensitivity to the pairing is surprising and it seems likely that a good
fit to the data could be achieved by an intermediate value for the pairing. We take this agreement
to be rather strong support for octupole effects in these excited bands of 194Hg.
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Fig. 2 Signature splitting in 194Hg compared with calculations of Nakatsukasa.
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In summary, there are two pieces of evidence for octupole effects in these superdeformed
Hg nuclei: the connecting transitions in 190Hg and the signature splitting in 194Hg. Work is
underway to see if 192Hg fits this pattern and it looks promising at present. Tomorrow, Azaiez
will also report some new evidence for octupole bands in 196Pb. This has become a "hot" topic
now as we try to establish the types and strength of the octupole effects in superdeformed nuclei.

Identical Bands. The identical bands are a rather long-standing puzzle in nuclear structure
physics and significant progress has been made recently. There are two aspects of these bands
that are necessary in our definition of "identical”. First, the moments of inertia, dI/dw, have to be
equal (and some people already call such bands “identical") and second, there must be a
relationship between the gamma-ray transition energies in the two bands. Either these energies
must be equal or they must fall at the one-quarter, half, or three-quarter point of the interval
between transition energies in the other band. These points arise because they are the allowed
points on a single I vs.  line due to the quantization of spin (where the interval between
transitions in each band is 2R). Thus, if confined to this single line, a band in an even-mass
nucleus (having integer spin) would always fall at the zero or half points of the interval
(assuming an even-even reference nucleus); whereas one in an odd-mass nucleus would fall at
the quarter or three-quarter point. Since we generally do not know the spins in superdeformed
bands, the above "identical" relationship only implies that the bands lie on parallel lines that are
the same (as assumed above) or are shifted in spin by integer or half-integer values. Half-integer
shifts invert the even- and odd-mass relationships given above. These shifts in spin at a given
frequency are called "alignments" and identical bands, in our definition, imply quantized
alignments (in integer or half-integer values).

The first important question about identical bands is: do they occur more often than
expected if alignments are random. The answer from an analysis of superdeformed bands in the
mass-190 region [5] seems to be that they do. The next important question is; what are the
alignments, and to answer this question one must know the spins. This is an area where important

SO band 3 progress has recently been made with the discovery of
linking transitions. The spins of superdeformed bands
157 in the mass-190 region were first proposed from model-
I dependent analyses of the rotational energies [6]. These
Y 13- indicated that a number of bands identical to 192Hg had
alignments very close to one. The recent discovery [7]
of links between two superdeformed bands in 194Hg
and the known states near the ground state have been
extended by Hackman this morning, establishing the
partial level scheme shown in Fig. 3 which determines
the spins of this superdeformed band as indicated.

14+ These agree with those from the rotational-energy
—E— . analyses and show that this band, which is identical to
412 the yrast SD band in 192Hg, has a relative alignment of

17+ one. This is not so easy to understand, because either
52 "no change" or "several small compensating changes"
LAY ™~ would result in an alignment close to zero. It may

~u g~ involve some new physics, as has been discussed [8].
Another important advance coming with the large

} &+ arrays is the ability to make precise relative lifetime
measurements. When comparing recoiling nuclei of the

Fig. 3 Level scheme of 194Hg. same atomic number, made in the same reaction and
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Table-1: Precise Quadrupole Moments of Identical Bands.

Ref. Nucleus (band #) | Relative Q; (exp) | B/fres | Deformation
* 102 16.6(10)
ref %*Hg (3) 16.7(10) 1.00(9) | Same
*  197p, 17.2(13)
refto 193Hg (1-5) 13.8-14.7(8) 0.83(8) | Different
152Dy 17.5(7)
ref! 15Dy (4) 17.5(10) 1.00(7) | Same
*x . 182Dy 17.5(2)
19Gd (4) 17.5(6) 1.05(4) | Different?
ref2  18Gd (5) 17.8(13) 1.07(7) | Different?
132Ce 7.4(3)°
ref3 131Ce (4) 8.5(4) 1.15(7) | Different
131Ce 7.4(4)
ref?  132Ce (2) 7.3(3) - 0.99(7) | Same

recoiling in the same backing material, the large uncertainties associated with stopping times
cancel out and the relative precision can be 5% or better. These lifetimes give the transition
quadrupole moments and, assuming axial symmetry, the deformations. Another interesting
question about two identical bands is whether they have the same deformations, and we can
begin to answer that question. In Table 1 are collected all the premse data on relative lifetimes
that are currently available. It is pretty clear that for three pairs of identical bands the
deformations are the same within the accuracy of the measurements. In two cases the
deformations are very likely different, and in the sixth case, the two gadolinium bands are similar
to each other, but probably different than the identical band in 152Dy. Note that some of these
data are still preliminary (*) and for one set (**) the nuclei have different atomic numbers and
were made in different reactions. Nevertheless, it seems likely that identical bands do not always
have the same deformation.

The conclusion seems to be that identical bands do not necessarily have all properties the
same or very similar. This rules out the simplest picture of such bands, namely that essentially
nothing changes. In the case of the deformations, the effects of the observed changes on the
transition energies must be compensated by other effects, but whether these compensations are
accidental or systematic (implying something new) is not clear. The situation for alignments is
different. The alignment shifts to a completely different (though integer) value and is not likely
the result of compensations of several small effects. Either it is a complete accident or due to
some new physics. More data on other cases should tell us which. The identical bands are still a
puzzle; however, we are now making progress toward a solution.

AI=2 Staggering. One of the exciting recent events in high-spin physics was the
announcement by Flibotte et al., [14] of a regular staggerir < pattern in the transition energies of
one of the superdeformed bands in 149Gd. States differing by four units of angular momentum
were found to have small similar shifts in energy of about 60 eV compared to a smooth rotational
sequence. Since that time several apparently similar cases were reported in the literature. One
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proposed explanation of a long regular staggering of this type was based on a deformed shape
with a component having C4 symmetry. However, some of the observed patterns were not so
long or regular and might be explained more simply by a crossing of two bands. Since the
former explanation involves entirely new and unexpected physics and the latter would be quite
puzzling without evidence for the crossing band, it is important to check the data and that has
been underway very recently.

Some of the data that gave evidence for long regular staggering sequences came from
three superdeformed .bands of 194Hg, which were studied by Cederwall et al [15]. This
experiment has been repeated and Krucken will talk about the results tomorrow morning. He
concludes that there is no clear evidence in 194Hg for long regular staggering patterns, although
there are very likely short irregularities in some bands. New measurements have also been made
on the other cases of staggering reported. These confirmed the original 149Gd long regular
stagger [16], but the other two similar cases were not reproduced. The remaining cases did not
involve long sequences and thus look more like band crossings. So up until last week there was
only one case of long regular staggering remaining -- the original one.

Today Stephane Flibotte gave me some preliminary results on a new superdeformed band
in 148Eu coming from a Gammasphere experiment run only last week. This nucleus was chosen
because it has one proton less than 149Gd and, if the proton hole is in the [301]1/2 orbital, a band
identical to the one with the staggering in 149Gd should result. Whether this band also has the
staggering is an intriguing question. The result is shown in Fig. 4. There appears to be a rather

long staggering sequence with, however, a phase opposite to that in 149Gd. These experiments
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are difficult and it is still very early, but this is a spectacular, albeit puzzling, result.

The cause of such long regular staggering sequences, as well as that of the shorter
sequences, is not clear. One problem is that a C4 symmetry in the nuclear shape may not always
generate long regular sequences, so that even for the shorter sequences one could not rule out C4
effects. This is a fascinating problem and, with the large arrays, it is progressing rapidly.

Staggering (keV)

3. The Future

There are many exciting things going on right now concerning superdeformed nuclei and
a lot of open questions. We now have a good idea of configurations for most bands, providing a
framework to look for new and unexpected phenomena. The study of linking transitions is just
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beginning. Our study of excited collective bands in these nuclei is developing rapidly. I
discussed octupole excitations and Peter Twin will tell us about some other types of collective
excitations later in this session. We have also taken a big step forward in understanding identical
bands and probably have the tools now to solve this long standing puzzle. The mystery of Al=2
staggering is deepening, however even if this phenomenon is just band crossing it is interesting.
Why do we not see the crossing bands?

There are other still more open questions regarding superdeformed bands. We can study
shape evolution, step by step, in the mass 130-150 regions, perhaps helping us understand the
decay mechanisms and if or where non-statistical effects show up in these decays.
Understanding nuclear pairing is a challenge and the superdeformed nuclei can provide different
insights. If there are higher multipoles in the pairing they are likely to show up in superdeformed
nuclei due to the different mixture of orbits at the Fermi surface. Dynamic pairing is a real
mystery and the large shell gaps coupled with the regular high spin states provide a very different
approach to its study. And finally two continua exist; feeding and decay. The feeding is
different than that in the normally deformed nuclei -- due to the lower giant dipole resonance, for
example. The decay out is a completely new unresolved spectrum. It promises systematic
information on mixing matrix elements, level densities and information on both statistical and
(perhaps) non-statistical transition probabilities as a function of excitation energy and spin.
These continua are a reservoir of new phenomena. )

Superdeformed nuclei provide unique information on all the topics mentioned above. It
is currently an exciting area with many directions to explore. The new arrays provide the access
into these mysteries. For superdeformed nuclei, resolving power delivers!
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Abstract

The approximate particle number theory for density dependent forces is sketched,
the theory is applied to discuss properties of the superdeformed ground state and
excited bands of 192Hg. The force used in the calculations is the finite range density
dependent Gogny force. The agreement with the available experimental results is very
satisfactory.

The most popular approaches to describe high spin phenomena -we restrict ourselves to
descriptions within the cranking model- have been the mean-field (Woods-Saxon or Nilsson)
plus Strutinsky shell corrections [1] and the self-consistent Hartree-Fock-Bogoliubov (HFB)
one.

Within the HFB approaches the most successful calculations have been performed with
density dependent hamiltonians. The most popular, because of its simplicity, is the Skyrme
force, most of the calculations have been performed by Bonche et al. [2, 3, 4] with the
SkM* parametrization. Recently the Gogny force [6, 7, 8] has been also applied to high
spin problems at normal deformations [9] and to superdeformed shapes [10, 11]. Relativistic
mean field calculations [12] has been also very successful in the description of superdeformed
bands.

In these calculations Lagrange multipliers were used to adjust on the average the particle
number and the angular momentum, the so-called cranked HFB approximation (CHFB).
It turned out [9], however, that in spite of the finite range of the force, the condition of
conserving the particle number on the average was not enough and a sharp phase transition
was found, contrary to what one would expect for a finite system. The same results were
obtained with the Skyrme force either with a pure monopole pairing or with a density
dependent pairing force in the particle-particle channel. To remedy this problem one has to
introduce further correlations as those present in mean field approaches, i.e. ones has to go
beyond the mean field approximation. The ideal treatment of pairing correlations in nuclei
is particle number projection before the variation [13].

An exact particle number projection at high spin is rather complicated and up to now
it has only been applied to separable forces [16]. On the other hand, the semi-classical
recipe of solving the mean field equations with a constraint on the corresponding symmetry
operator can be derived as the first order approach of a full quantum-mechanical expansion
(the Kamlah expansion) [17] of the projected quantities. The second order in this expansion
takes into account the particle number fluctuations and might cure some of the deficiencies
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of the first order approximation. However, full calculations up to second order are rather
cumbersome and just a simple model calculation has been carried out up to now [18]. Most
second order calculations have been done using the Lipkin-Nogami (LN) recipe originally
proposed in Refs. [19, 20, 21]. We shall now display the corresponding equations for a
density dependent hamiltonian. For a derivation see [26].

The projected energy to second order is given by

Epoj = (H) — m((AN)) + ha (N = (W) + he (N~ (N))?, (1)

with (A) = (®|A|®). In a full variation after projection method one should vary eq. (1).
In the Lipkin-Nogami prescription, however, the coefficient hy is held constant during the
variation, the resulting equation is much simpler [15], one has to minimize

Eproj = (H) — ha((AN)?) (2)

with the constraint R
(N) =N. (3)

For density dependent forces the coefficient hy takes the form

_ (A — (F) (AN — (7L~ FOAR)(AR))/(AN)?)

(AR — (AR~ (ARPP/(AR) “
with o ‘

The last term in this equation is a consequence of the density dependence of the hamiltonian
and does not appear in the standard derivation of the Lipkin-Nogami approximation. The
presence of this term might be very important for forces with density dependent pairing.

We have applied the LN formalism with the Gogny force to study the superdeformed
ground state band and one excited band of the nucleus ®?Hg. These bands have been study
experimentally in refs. [22, 23] and theoretically in [24] with the Skyrme force and in [25]
with the Wood Saxon plus Strutinsky method. In the calculations we are using the standard
DS1 parametrization set [8]. In all our results we shall also present the ones obtained with
the plain cranked HFB theory (CHFB) [9).

In fig. 1, left hand side, we show the angular momentum dependence of the charge
quadrupole moment, Qq, for the superdeformed ground band of the nucleus *?Hg. The
CHFBLN and the CHFB results differ mostly at low spins where the pairing correlations
are larger. As a function of the angular momentum we observe first an increase of the
quadrupole moment due to a reduction of the pairing correlations and then a decrease of Q.
This anti-stretching effect is caused by the Coriolis force. In spite of the different values of
the CHFB and the CHFBLN approaches, specially at low spins, both predictions coincide
with the experimental value (18.6 = 1.4 eb) [22] within the experimental errors. The nucleus
is axially symmetric, i.e. v = 0, for all spin values.

In the right hand side of fig. 1 we display the transition energies versus the angular
momentum for the superdeformed ground band. The agreement with the experimental data
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Figure 1: Left hand side, the charge quadrupole moment of the superdeformed ground
band for 2Hg, CHFB (full circles), CHFBLN (open circles), versus de angular moment.
Right hand side, the transition energies, CHFB (circles), CHFBLN (diamonds), experiment
(squares), [22].

is good in the CHFBLN approach, in the CHFB one obtain too lower values. The reason
for it is again the smallness of the pairing correlation in the CHFB approach (the transition
energy is inverse proportional to the moment of inertia).

In fig. 2, the second moment of irertia J® as a function of the angular frequency is
represented. Here, as in the previous picture, the CHFB results are in poor agreement with
the experiment. At small spin values the moment of inertia is too large and the neutron
alignment sets in too early. The CHFBLN results, however, are in very good agreement
with the experimental results, the correlations induced by the approximate particle number
projection produce the desired effect, namely, to diminish the moment of inertia at small
spin values and to delay the alignment to higher spin values.

We find that the orbitals responsible for the alignment at hw ~ 0.4 MeV in 1%2Hg is the
v[761]3. The proton alignment take place at higher frequencies (Aw = 0.45) and it is due to
the 7[642]30rbital.

Concerning the excited bands of %2Hg, we shall show CHFBLN results concerning the
so-called band 3 in the literature [23], a band of negative parity. The theoretical description
. is based in the blocked CHFBLN theory. We have found two signature partner bands (we
call them C; and C5), which transition energies agree very well with the experimental data.
Band ()] is obtained by blocking of the lowest quasineutron states of negative signature in the
positive and negative parity channels, band C; is obtained by blocking of the lowest positive
parity quasineutron with positive signature and the lowest negative parity quasineutron with
negative signature. The experimental transition energies agree slightly better with band C,
than with band C5. In fig. 3a we display the charge quadrupole moment of this bands, it is
rather constant as compared with the ground band and about 1.5 (eb) smaller than this one.
As we can see both bands have almost identical deformation. The bands are also axially
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Figure 2: Second moment of inertia for the superdeformed ground band of %2Hg. Squares
for the experimental data [22], full circles for the CHFB approach and open ones for the
CHFBLN theory.

symmetric (y = 0).

In fig. 3b we show the results for the second moment of inertia as well as the experimental
data [23]. Experimentally the moment of inertia grows gradually up to fiw = 0.3 MeV,
from this point on a sharp increase take place, producing an upbend at hw = 0.33 MeV.
These features are nicely reproduce by bands C; and C,. If we identify band C) with the
experimentally measured band 3 it is not clear to us why the signature partner band has not
been measured.

In conclusion, the ground state band and the superdeformed band 3 of the nucleus %2Hg
have been study within the approximate particle number projected theory with the density
dependent Gogny force. Global properties as well as sensitive properties as the second
moment of inertia are very well reproduced, specially within the CHFBLN approximation.
We believe that the Gogny forces with the approximate particle number projected mean field
theory provides a good description of nuclear properties under a large variety of situations.
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Figure 3: Left hand side, theoretical values of bands C; and C, for the charge quadrupole
moment of band 3 of %2Hg. Right hand side, second moments of inertia for band 3 of *2Hg.
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Abstract: The excited superdeformed band (band 5) in **Gd has a discontinuity (back-bend)
in the smooth variation of gamma-ray energy with spin at around 1 MeV. It has been
established that the band also has a decay branch that is probably a continuation of band 5
below the back-bend. Gamma-rays have been identified which link band 5 with the yrast
superdeformed band in *°Gd.

1. Introduction

There are four strongly excited superdeformed (SD) bands') in **Gd. The strongest (SD2)
at 50% intensity of the yrast SD band is associated with a proton excitation from the low N
[301]%: orbital into the high N [651]%/,. SD band 3 and 4 are signature parties and they
exhibit 3 moments of inertia similar to the yrast SD band in '*Gd and thus they are
associated with neutron excitations from the high N [770]¥: orbital into the [402]%/, orbitals.
This report concerns SD band 5 which has an intensity of 38% relative to the yrast SD band
and an 3 of a large magnitude similar to that of the yrast SD band in ***Dy. In addition the
y-ray energies are within 1 - 2 keV of those in '**Dy at the highest energies. These data have
led to the proposal ?) that '*Gd SD band 5 is associated with a two proton excitation from
the [301]% orbital into the [651]/, orbital. The y-ray energies slowly diverge from those in
12Dy as the spin of the band decreases until there is a discontinuity or back-bend at a y-ray
energy of just below 1 MeV. This feature is unusual in SD bands in the A = 150 region, the
other examples have been interpreted as neutron pairing effects in '*°Gd band 1 3) and '°Gd
band 2 “%); proton pairing alignments ) in '“Gd band 1; and an interaction ’) between the
neutron [651]%2 and [642]%/, orbitals (¢4 8Gd). In the case of Gd SD band 5 it has been
suggested ?) that the back-bend is linked to proton pair excitation.
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The excited SD bands in ®Gd have been investigated in an experiment at Gammasphere
(with 84 detectors installed) using the *Te (**Mg, 6n) reaction on 2 tellurium foils of
thickness 500ug cm™ on 500ug cm gold with a thin layer of aluminium to prevent migration
of the tellurium. Over 10° events were recorded with unsuppressed fold greater than 5.
Analysis has focussed on setting three selection conditions and thus using data with at least
four coincidence y-rays. Details of the decay scheme around the back-bend have been
established and links between SD bands 5 and 1 have been identified ).
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Figure 1. Spectrum of SD band 5 in 15°Gd obtained by setting three gates on y-rays in the
band from 1047 keV to 1450 keV. The gamma-rays with energies of 815 keV, 850 keV, 889
keV, 930 keV and 1014 keV are identical to y-rays in the yrast SD band (band 1) of '*°Gd.
Gamma-rays marked with an asterisk (*) are associated with the decay out of the band into
normally deformed states.

2. The back-bend in *°Gd

The spectrum of **Gd SD band 5 shown in figure 1 has been obtained by setting 3 gates on
y-rays between 1047 keV and 1450 keV (except 1098 keV as this is very similar to the
energy of a y-ray in the yrast SD band). The major intensity flow is via the doublets at 996,
999 keV and 966, 969 keV followed by the 911 keV transition. There are other y-rays in the
spectrum which are not observed in other SD bands and therefore are probably not associated
with the decay out via normally deformed states. These include y-rays with energies identical
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to those at the lower spin end of the yrast band which will be discussed later and those at
856, 901 and 948 keV. The later transition is close to the strong 950 keV decay between
normally deformed states but this decay is only very weakly seen in spectra obtained for other
superdeformed bands in *°Gd.

A spectrum with two gates on SD band 5 on or above the 1047 keV transition and one gate
on the 901 keV transition shows that this y-ray is in coincidence with the 999 keV member
of the higher energy doublet and weakly with the 966 member of the lower - energy doublet.
However it is not in coincidence the two other members of those doublets. It is concluded
that it is parallel with the 969 keV y-ray as shown in the decay scheme proposed in figure 2.
The 948 keV and 856 keV y-rays are in coincidence with the 901 keV transition and thus they
are placed with the 901 keV as a continuation of SD band 5 below the band crossing. The
intensities of the four members of the back-bend doublets have been estimated from a series

1287 52+
527
1252

145 45
a86T /
I 1484 1098
100 - S — aa*
—i—‘ 1047
1057 ‘443/
j 1wy 9%°

34*

850 Y Sy

150Gd

Figure 2. Decay scheme of SD band 5 in '®Gd showing the proposed continuation of the
band below the band crossing and the transitions linking SD bands 5 and 1.
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of spectra including those with the final condition being a narrow gate on one of the doublet
members. These show that the intensities of the 966, 969 and 996 keV transitions are
approximately equal and that the difference between these intensities and that of the 999 keV
is equal to that of the 901 keV y-ray. Thus there appears to be no loss of total intensity
around the back-bend. The level scheme is consistent with a strong interaction between two
levels of spin 38" which are separated by 68 keV (fig. 2) whereas their unperturbed separation
is 5 - 10 keV. Adjacent levels in the band would have much larger unperturbed separations
and thus have much smaller perturbations of a few keV. Thus the level scheme in figure 2
is consistent with an accidental degeneracy of two states which have different SD
configurations and thus it may not be a pairing interaction as previously %) suggested.

3. Decays between band 5 and band 1

The spectrum (figure 1) of SD band 5 in '*°Gd indicates the presence of the lowest four
transitions (815, 850, 889 and 930 keV) of the yrast SD band. The next members are the 972
keV transition, which is not fully resolvable from the 966/969 keV doublet, and the 1014 keV
transition which is weaker. Higher energy members are not observable in the spectrum. The
intensities of the lowest 4 band 1 y-rays are each approximately 24% of the intensity of band
5. Gamma-rays linking bands 5 and 1 were identified from spectra generated by setting two
gates on band 5 and one gate on band 1. In figure 3a the spectrum has two gates from 999
keV to 1450 keV on band 5 and one gate from 850 keV t0-930 keV on band 1 whereas in
figure 3b the gates on band 5 have been restricted to 1149 to 1450 keV and that on band 1
extended up to 1057 keV. A series of 7 transitions from 1382 keV up to 1649 keV are
observed in these spectra. The 1381 keV y-ray is much stronger in figure 3a which has gates
extending down to 999 keV and the higher energy transitions are stronger in figure 3b where
the gates on band 1 are extended to the higher energies. These transitions indicate
unambiguously that the bands are linked as shown in figure 2. The y-ray energies are
consistent with this interpretation and it is possible that the links extend to even higher spins.
The decay between the bands occurs at spins above the back-bend and it appears to stop at
the back-bend. This is at variance with the initial suggestion that the inter-band decays were
initiated by the back-bend. The linking transitions are currently being further investigated to
establish their intensities and to measure angular correlation information which should give
definite information on the multipolarity of the transitions. In fig. 2 the transitions are
assumed to be of E2 character and the spins of the states to be even. These assignments are
based on the identity of the y-ray energies with those of the yrast SD band in '**Dy. However
these spin assignments are two lower than currently assumed ?) for the yrast SD band in
152Dy, If confirmed by the multipolarity information it shows that the spins of all SD bands
with four N = 6 protons should be 2h lower relative to Tb and Gd SD bands with two and
three N = 6 protons.

The intensity data should enable conclusions about the character of band 5 and that of the
linking transitions.

Support for this project is acknowledged from the UK EPSRC and the US DOE Nuclear
Physics Division.
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Figure 3. Spectra of SD band 5 in '**Gd showing linking transitions to SD band 1. a) Two
gates are set on transitions in band 5 from 999 keV to 1451 keV (except 1098 keV) and one
gate on transitions in band 1 from 850 keV to 930 keV. b) Two gates are set on transitions
in band 5 from 1150 keV to 1451 keV and one gate on transitions in band 1 from 850 keV
to 1057 keV (except 972 keV).
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We are presently investigating the properties of superdeformed (SD) nuclear
states in the A=150 mass region. For that purpose, we use the cranked HFB method
in which pairing correlations are treated dynamically by means of the Lipkin-Nogami
prescription [1]. Our goal is to take advantage of the large amount of experimental
data to test the predictive power of our microscopic approach and of the effective
interaction.

In the present communication, we focus on 52Dy and'®3Dy for which there
are recent experimental data. In particular lifetime measurements have allowed to
extract electric quadrupole moments. The new Skyrme effective force SLy4 is used
to describe the nucleon-nucleon interaction [2], while for the pairing channel we use
a density-dependent zero-range interaction.

The SLy4 interaction is based on a complete study of symmetric and very asym-
metric infinite nuclear matters. It improves older Skyrme parametrization with
respect to the isospin dependence of nuclear properties. It makes use of more re-
alistic ingredients such as the incompressibility modulus K., which has a too large
value in SIII for instance; also, the spin-orbit strength is adjusted on the neutron
states of 208 Pp.

Pairing correlations are generated by a density-dependent zero-range interaction.
Its intensity is chosen to reproduce the experimental dynamical moment of inertia
of the yrast band in '°Gd. There is also a 5 MeV energy cut-off in the valence
single particle space which limits the active pairing field in the vicinity of the Fermi
energy.

As in our previous publications we used extensively the Skm* parametrization
of the Skyrme force, we first compare the dynamical moment of inertia of *°Gd
and 2Dy calculated both with Skm* and Sly4 to the experimental data. As shown
in Fig.1, Sly4 leads to equally good or better results with respect to Skm*. In
both cases, the magnitude of the J(*) moment of inertia is slightly overestimated.
Both forces give similar values for the charge quadrupole moments. In 52Dy we
obtain 17.5 eb, which agrees with experiment [3]. At the present time, there is no
experimental value for **°Gd. For this nucleus, SkM* and SLy4 predict very similar
values, 16 eb [1] and 16.2 eb respectively. In what follows, we only present results
obtained with Sly4.

In Table 1, we compare calculated charge quadrupole moments with the available
experimental data for yrast bands. Indeed lifetime measurements of superdeformed
bands in **~1*°Gd and 2Dy have been recently performed through the Doppler
Shift Attenuation Method (DSAM) with the Eurogam array in Strasbourg [3]. Yrast
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Figure 1: Dynamical moment of inertia calculated with SkM* and SLy4.

bands and some excited bands have been analysed and quadrupole moments were
deduced. The different yrast band quadrupole moments are related to the different
occupancy of the high-N orbitals [4]. The calculated values agree remarkably well
with the data.

Nuclel;s o7 (eb) | @ (eb)
2Dy | 17.5 17.5
49Gd 15.0 15.5
18Gd _ 14.6 15.2

Table 1.

To extract further informations on deformation, lifetime measurements of SD
identical bands belonging to nuclei differing by only one neutron, 153Dy and 2Dy,
have been performed with the Gammasphere array in Berkeley [5]. The two nuclei
were produced in the same fusion-evaporation reaction ?4Sn (3433, 5n—6n)!53-152Dy
at a beam energy of 175 MeV.
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Figure 2: Experimental (left) and calculated (right) dynamical moments of inertia
of ¥ Dy (bands 2 and 3) and 52Dy (yrast).

The first two excited bands in '**Dy (bands 2 and 3) have their moment of inertia
identical to that of the yrast band of *2Dy (see Fig.2). Their transition energies
are lying at the 1/4 and 3/4 points of those of the %2Dy yrast band. This feature
suggests the same occupancy of intruder orbitals for these 3 bands. Therefore, the
last unpaired neutron should lie in an orbital with no signature splitting: Looking
to Fig. 3, the best candidates are the [402]5/2+, [514]9/2+ and [521])3/2+ orbitals.
As there is no evidence of band interactions in the J(*) moment of inertia of those
two excited bands in "Dy, the most probable orbitals are the [402]5/24 ones.

On the other hand, the yrast band in 3Dy has no signature partner. Therefore,
its last unpaired neutron most probably occupies the intruder orbital [761]3/2~. For
this band, the calculation shows that this configuration lies 400 keV lower than the
two excited bands. We found for this band a pattern typical of a band crossing
around a rotational frequency of 550 keV, which is not found in the data. This
feature is probably related to the large number of negative parity orbitals in the
vicinity of the Fermi level. Further analysis is required before drawing any definite
conclusions.

On the right-hand side of Fig. 2, we show the calculated moment of inertia of the
excited bands of 13Dy. They are remarkably equal, however they are significantly
smaller than that of 2Dy, in contrast with experiment. This deviation suggests
that a careful analysis of other configurations is necessary to confirm the present
assignement in 1°3Dy.

The quadrupole moments of these three bands are displayed in Fig. 4. As the
two excited bands of '°® Dy are build on degenerate signature partner orbitals, they
have the same quadrupole moment. The quadrupole moment of the 52Dy yrast
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Figure 4: Proton deformations for the identicals bands 52 Dy(1), 53 Dy(2), 3 Dy(3).

band is larger. This can be related to the behavior of the [402]5/2 orbital as a

function of deformation.

As the two nuclei were produced in the same reaction, the ratios of quadrupole
moments can be extracted unambiguously. The theoretical values agree within the
error bars with the experimental numbers, as shown in Table 2.

153Dy 153Dy
Nucleus Ren = orp; % | Reap = o557
Qo QO
153 Dy(yrast) 101.7 99.5 (3.4)
153 Dy(2) 98.6 96.8 (3.4)
153 Dy(3) 98.6 98.4 (3.4)
Table 2.

In summary, microscopic calculations based on the SLy4 parametrization of the
Skyrme force prove to be very powerful for a detailed analysis of the structure of

SD bands in the A=150 mass region.
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The lifetimes of states in Superdeformed (SD) bands
in 19%2194Hg 151152y and '51Th have been measured
using the Doppler shift attenuation method. Imtrinsic
quadrupole moments Qo have been extracted for SD
bands in these nuclei. It was found that the quadrupole
moments for the “identical® SD bands in these nuclei are
the same. In the A=150 region, changes were found in
the Qo values as a function of the number of high-N in-
truder orbitals. Changes are present also for excited SD
bands with the same high-N content. Recent calculations
account for most of the observations in the A=150 region.

I. INTRODUCTION

Following the discovery of a band of coincident
v rays with nearly constant energy separation in
152Dy [1], the large deformation associated with this
band was established [2] with a lifetime measure-
ment. With the discovery of similar bands in this
mass region, lifetime measurements confirmed their
superdeformed character. Similarly, the large de-
formation associated with a band in 'Hg [3] was
confirmed with lifetime measurements. The limited
sensitivity of the early generation of y-ray detection
arrays, however, restricted lifetime measurements to
the most strongly populated (yrast) SD bands. With
the new generation detector arrays coming online, the
possibility of performing detailed lifetime measure-
ments on excited SD bands has become a reality.

One of the most intriguing aspects of superdeform-
ation is the existence of pairs of “identical” SD bands

[4]. These bands have y-ray energies that are equal
or exhibit a simple relationship to each other (i.e.,
energies in one band fall at the mid-point energies in
the other). Of interest to the present work are two
spectacular examples of identical SD bands in both
the A=150 and A=190 regions; band 4 of 51Dy has
v-ray energies that fall almost exactly at the mid-
point energies of band 1 of 12Dy, and the v-ray en-
ergies of 19*Hg band 3 are identical to those in 192Hg
band 1 over nearly the entire energy range [4]. The
equality of the y-ray energies requires that the nuc-
lear moments of inertia to be equal to ~ 0.2%. With
the improved resolving power provided by the new
arrays, it now becomes possible to perform precise
lifetime measurements which may shed light on the
properties of the identical bands.

II. MEASUREMENTS IN THE A=190
REGION

A. Experimental conditions

In order to establish the relative deformations asso-
ciated with SD bands, care must be taken to minim-
ize systematic uncertainties, especially those associ-
ated with stopping powers. We have used (8Ca,4n)
reactions on 1%Nd and !5°Nd targets to measure life-
times in the SD bands of !92Hg and 194Hg, respect-
ively. The beams were supplied by the 88 inch cyclo-
tron at Lawrence Berkeley National Laboratory. In
each case, the Nd targets were 1.0 mg/cm? thick and
the recoiling nuclei were slowed down and brought




to rest in Au backings. For the }*2Hg measurement,
the beam energy of 205 MeV results in a calculated
mid-target vo/c = 0.0230, lyor = 47h, and E* = 19
MeV. In the case of 1%*Hg the beam energy of 202
MeV results in vo/c = 0.0226, l;nqz = 45h, and E*
21 MeV. It is important to note that since the same
stopping material was used and the velocity profiles
and nuclear charges are the same for both *92Hg and
194He the difference in stopping powers is negligible.

The + rays were measured at Gammasphere dur-
ing two separate beamtimes. The first experiment
was performed at a time when Gammasphere con-
sisted of 55 detectors arranged into 11 angular rings,
ranging from 17° to 163° with respect to the beam
direction. Approximately 1 x 10° triples and higher
fold events were recorded for both 192Hg and 94Hg.
The second experiment was performed when 85 de-
tectors were present in Gammasphere and were ar-
ranged into 16 angular rings ranging from 32° to
163° with respect to the beam direction. In this
beamtime, some 1.8 x 10° quadruple and higher fold
events were recorded for *Hg.

B. Analysis and results

Angle sorted spectra were constructed by combin-
ing double gates set on stopped and nearly stopped
transitions at the bottom of each of the SD bands.
Care was taken to ensure that consistent gating con-
ditions were applied to each of the SD bands studied.
As is customary for this type of measurement, frac-
tions of the full Doppler shift F(r) were extracted
from the spectra using the first order relation

F(r) = 21 v
Eo0focost

where E. is the centroid of the y-ray energy distri-

bution as measured in a detector located at angle 6

with respect to the beam direction, Eyo is the un-

shifted 4-ray energy, and fo is the mid-target initial

recoil velocity. ’

In order to extract the intrinsic quadrupole mo-
ments Qg for the various SD bands, computer simu-
lations of the y-decay of the recoiling nuclei were per-
formed using the code FITFTAU. The simulations all
used stopping powers obtained from the 1995 ver-
sion of the code TRIM by Ziegler [5]. The simplest
version of.the simulation makes the following basic
assumptions: (1) the Qo values are constant within
a given SD band, and the partial decay rate T (in
ps~!) of a band member of spin I is described within
the rotational model by the expression:
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T(I - I-2) = 1.22E3Q} <IK20|(I-2)K>?

where E, is the 4-ray energy in MeV, (2) the side-
feeding into each SD state has exactly the same time
structure as the main band, (3) any delay in feed-
ing a band was approximated by a one-step delay.
This model (referred to as model I) then describes
the band in terms of two fit parameters, namely Qo
and Tgelay and a two-dimensional x2 minimization
was performed.

In addition to the model described above, a more
realistic model (model IT) of the sidefeeding was also
used in the analysis. In this model, the sidefeed-
ing is assumed to consist of rotational bands hav-
ing the same moment of inertia (y-ray energies) as
the main cascade. All sidefeeding cascades were as-
sumed to have a common quadrupole moment Qgsr
with additional one-step feeding delays (7uetay) at
the top. Furthermore, the number of transitions in
the sidefeeding cascades was assumed to be propor-
tional to the length of the main cascade above the
state of interest. Three fit parameters were therefore
used in this case, Qo, Qsr, and Tyelay, and a three-
dimensional x? minimization was performed.

The results of the centroid shift analysis are
presented in table I, and examples of fits to 192Hg
band 1 are shown in Fig. 1. From these results it
is clear that model II gives much better fits to the
data. This is an indication that the simple treat-
ment of sidefeeding used in model I is inadequate to
describe the complicated feeding patterns of the SD
bands. The values of QsFr obtained from model II
fits to the data are significantly lower than those in
the main band. However, given the incomplete know-
ledge of the “true” characteristics of the sidefeeding
and the assumptions that went into this model (i.e.
same J (), number of transitions in SF cascades), it
would be premature to assign too much significance
to the Qs values. One should note that the in-band
Qo values increase by ~ 10% when this model of the
sidefeeding is used.

With the exception of 194Hg band 1, the in-band
Qo values are very similar from band to band. The
measured value for band 1 in !°*Hg is larger than
that reported by Hughes et al [6], while the value
obtained for band 2 is similar to that measured pre-
viously. A detailed lineshape analysis is in progress
for all of the SD bands reported here. Preliminary
results for the yrast SD bands in 19%!%4Hg indicate
that the difference in average Qo values is somewhat
smaller, 17.6 + 1.8 eb versus 18.4 & 1.1 eb for !9?Hg

. and %*Hg, respectively. The lineshape fits also indic-

ate that the Qg values are essentially constant over
the range of transition energies measured.
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FIG. 1. Fits to the fraction of the full Doppler shift for
band 1 in ***Hg using both models described in the text.
The dotted horizontal lines represent the spread in recoil
velocities due to the slowing down of the beam through
the target.

TABLE I. Summary of centroid shift analysis results
for SD bands in '**'®*Hg. The last column for each
model lists the total and reduced best-fit x¥? values.

Model I
Band Qo (eb) Tdelay (fs) xz/xz
Hg (1) 16.2+01 177 8.85/068
Hg (1) 173402 3¢F3,  s11/062
Hg (2) 172702 24%18  438/0.44
Hg (3) 163103 11X 7azem
Model 11
Band Qo (eb) Qsr (eb) Taetay (fs)  x*/x2
%?Hg (1) 17.7+10 109:+10 66 2.59/0.22
Hg (1) 192%0% 100712 39+6 4.01/033
1%4Hg (2) 17.6+0.6 11.6 + 1.2 281'2 3.03/0.28
194 +5.0
Hg (3) 17.7+0.8 108 +0.8 3.5 2.95/0.33
-3.5
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The most interesting result obtained from this
analysis is that the Qp values for the identical SD
bands, 12Hg (1) - 1%4Hg (3), are equal to each other.
This result is independent of the sidefeeding assump-
tions used in the analysis. While the experimental
errors are too large to determine whether the deform-
ation in !**Hg (3) is slightly smaller to compensate
for the increase in mass with respect to 192Hg, it is
clear that there can be no large differences in de-
formation. As will be shown below, similar results
have been obtained from differential DSAM meas-
urements in the A~150 region. For SD bands in
151Dy [7] and 4°Gd [8], which are identical to the
yrast SD band in 152Dy, the intrinsic quadrupole mo-
ments were all found to have the same value.

III. MEASUREMENTS IN THE A=150
REGION

A. Experimental conditions

The differential lifetime measurements in the
A=150 region were performed at a time when 56
Compton-suppressed Ge detectors were present in
Gammasphere. A 175 MeV 34S beam was provided
by the 88 Inch cyclotron at LBNL on a target
which consisted of a 1 mg/cm? 22Sn layer evap-
orated on a 20 mg/cm? Au backing. In this experi-
ment, %Dy nuclei were produced via the dominant
(34S,5n) fusion-evaporation reaction while the 152Dy
and 1°'Tb nuclei resulted from the weaker (34S,4n)
and (31S,p4n) channels, respectively. A total of
1.5 x 10° triple and higher fold coincidence events
were recorded.

The fractional Doppler shifts F(7) were obtained
for transitions in four SD bands in !%1Dy, as well
as for 7 rays in the yrast SD bands in 152Dy and
151Th. The F(r) values were extracted from the
data, as described earlier, under the assumption that
F(7) = 1.0 corresponds to the v/c of nuclei formed
at the center of the target. For the present -experi-
ment, a calculation of the mid-target recoil velocity
gives By = 0.0227. If one assumes isotropic evapor-
ation of particles in the rest frame of the recoiling
compound nuclei, all residues should have the same
value for F;. Furthermore, the velocity profiles for
the 131:152Dy nuclei should be the same over the full
stopping range, while that for 151Tb may be some-
what different due to electronic stopping power dif-
ferences resulting from the different Z value. The
experimental F(7) points are presented in Fig. 2.
With the exception of 12Dy, all data points approach
F(7) = 1.0 at the highest y-ray energies.
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FIG. 2. Fits to the fraction of the full Doppler shift for SD bands in the A=150 region. The dotted horizontal lines
represent the spread in recoil velocities due to the slowing down of the beam through the target.

TABLE II. Comparison of the results from this experiment and from the measurement of ref. [8] with recent
theoretical calculations described in the text. The quoted errors do not include stopping power uncertainties. Most

of the calculated values are taken at a spin value of 40 A.

Nucleus Qg”" (eb) e 5> QeMF Q5*F Qs KM QPP
152Dy 17.5 & 0.2* 18.9 18.9 18.9 18.5 18.5 17.6
+0.4
17.5 755
151Dy 16.9 13-2 18.0 18.0 18.1 17.9 18.0 16.6
11D 16.8 fg'g 18.1 18.0 18.1 17.5 17.5 17.0
149Gd 15.0 £ 0.2* 16.5 16.2 16.0 16.1 16.2 15.6
148Gd 14.6 £ 0.3* 16.0 15.6 15.7 15.5 15.8 15.2

*from Savajols et al. [8].




B. Analysis and results

The extraction of intrinsic quadrupole moments
Qo for the various SD bands proceeded in the same
manner as described above for the A=190 region.
The stopping powers for the various residual nuclei
were all calculated using TRIM [5]. The best fit cal-
culated F(7) curves are presented in Fig. 2.

In the fit of the F(r) values a x? minimization was
performed. For the SD bands in '*!Dy and !5!Tb,
the sidefeeding delay was well described in terms of
the parameters Qo and Qsr only, (i.e., very good
agreement with the data was obtained with Tgp =
0). However, in the case of 1°2Dy, an additional delay
of Tgp ~25 fs was required to fit the data.

We have examined the possibility that this differ-
ence in feeding delay might be an artifact of the ana-
lysis. We note that these data points were obtained
in exactly the same way as those in 1®'Dy and 15! Tb.
Since all the recoils are formed in the same reaction,
it is difficult to see how a change in the condition
of the target would produce such a difference. We
have also investigated the possible difference in the
4n and 5n production cross sections across the target
thickness. The combination of measured excitation
functions [9] and statistical model calculations [10]
indicate that this difference is too small to explain
the observed deviations. The origin of this sidefeed-
ing delay remains an open question which will be
the subject of further investigation. It is important
to note that the value of Qg obtained in the fitting
process is most strongly determined by those data
point having F(7) < 0.9, where there is little or no
sidefeeding. Finally, we note that the value of Qg for
152Dy obtained here is in excellent agreement with
that of Savajols et al. [8] (see Table 2).

The results of the present analysis show that the
quadrupole moment of the “identical” SD band in
151Dy has the same value of the yrast SD band of
152Dy. Furthermore, as shown in Tab. 2, our results
combined with those of Savajols et al. [8] nicely illus-
trate the effect of the occupation of specific high-N
intruder orbitals on the SD quadrupole moments.

Under the usual assumption that the yrast SD
band in 52Dy corresponds to a closed core con-
figuration containing four N=6 protons and two
N=7 neutrons (w6%»72), the yrast SD bands can
be described as single neutron-hole (76%*v7!) and
single proton-hole (762»72) configurations, respect-
ively. These high-N intruder orbitals are strongly
deformation driving and can be expected to have a
large influence on the SD Qg values, as is seen in
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the data: the Qp value -in 52Dy is larger than for
the yrast SD bands in 5!Dy and !5!Tb. The data
also suggest that the influence of proton and neutron
intruder orbitals on the Qg values is similar.

The polarization effects resulting from the occu-
pancy of specific intruder orbitals have recently been
calculated in a variety of theoretical approaches, a
number of which are compared in Table 2. The
results of Nilsson-Strutinsky cranking of the modi-
fied oscillator potential with the parameters of ref.
[11] are presented as QY€ in Table 2, the results
for the Gd isotopes and 32Dy were published pre-
viously [8]. Results of cranked Strutinsky calcula-
tions with a Woods-Saxon potential [12] are given as
QY'S. The symbol QEMF pefers to calculations using
the cranked relativistic mean field approach [13]. Fi-
nally, the symbols Q3*F, Q§XM*, and QPP refer to
the Hartree-Fock calculations with SkP and SKM*
interactions of Satula et al. [14], and with density-
dependent zero-range pairing interaction of Bonche
et al. [15]. Clearly, all of these calculations reproduce
the relative changes in Qg very well. It should be
mentioned that the ~ 10% discrepancies between the
experimental values and some of the calculations is
not considered serious since they are well within the
absolute uncertainties due to stopping powers and
the ro parameter, for example.

The present measurements also probe the possible
dependence of the Qg values on the specific config-
urations occupied in the 151Dy SD well. The excited
SD bands in 1°!Dy are interpreted as excitations in
which the the hole (with respect to %2Dy) can oc-
cupy some of the natural parity orbitals in the vicin-
ity of the Fermi surface. In contrast with the yrast
SD band in 15! Dy, the intruder content of these ex-
cited bands is then the same as in *2Dy band 1

TABLE III. Calculated Qo values for three orbitals
which inay be involved in the configurations of the excited
SD bands in *'Dy. Most of the calculated values are
taken at a spin value of 40 k. The intruder configuration
for band 1 is given for comparison.

Configuration Mo qu"! F QS*+P Q5K M~
v7! 18.0 18.1 17.9 18.0
[651]1/2 18.3 - 18.1 -
[642]5/2 18.4 18.7 18.3 18.3
[411]1/2 19.0 - 18.7 18.7




(n6*v7?) and single-particle Routhians indicate that
the neutron holes will most likely be created in the
[651]1/2, [642]5/2 or [411]1/2orb1tals [12,16]. From
Fig. 1 it is clear that bands 2-4 in *!Dy are char-
acterized by Qo values which are larger than that of
band 1, as would be expected for bands having an
additional v7 intruder occupied. More surprising is
the observation that the Qg values for band 2 and,
perhaps for band 3, may even be larger than that for
152Dy SD band 1. In order to investigate this point
the Nilsson-Strutinsky calculations described above
were extended to some of the proposed orbitals. The
results of the calculations are given in Table 3, to-
gether with values obtained from other approaches
where available.

The “identical” band (band 4) of *'Dy was as-
SIgned [17] to the [411]1/2 orbital as the transition
energies in this band lie half-way between those of
band 1 in 152Dy as predicted by Nazarewicz et al.
[18]. Using the strong coupling picture, these au-
thors showed that, within the pseudospin coupling
scheme, the [411]1/2 orbital is associated with a de-
coupling parameter a having the exact value ¢ = —1
(required to obtain transition energies at the half-
way point). As shown in Table 3, the Qo value cal-
culated for the [411]1/2 configuration is almost ex-
actly equal to the value calculated for %2Dy band
1 (as are the measured values), whereas the values
calculated for the [642]5/2 and [651]1/2 orbitals are
closer to that of 131Dy band 1. The data seem to fa-
vor the scenario proposed by Ragnarsson [16], which
assigns both bands 2 and 4 to the [411]1/2 orbital,
although the measured Qg value for band 2 appears
somewhat larger than expected from the calculations.
Finally, the calculations of ref. [16] assign band 3 to
the [642]5/2 configuration. However, the fact that
the measured Qg value for this band is closer to that
of 152Dy band 1 than that of **'Dy band 1 stands
in contrast to the calculations. Further theoretical
investigations may be required to account for these
bands properly.

IV. SUMMARY

Lifetime measurements for identical SD bands in
151,152y and 192:194Hg have demonstrated that an-
other observable, the intrinsic quadrupole moment,
associated with these bands is the same. The results
in the A=190 region have also shown that the Qg val-
ues obtained from centroid shift analyses are very
sensitive to the treatment of sidefeeding. It is en-
couraging to note that these types of measurements
are no longer limited by the statistical accuracy of
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the measurement but rather by the fundamental as-
sumptions made in the analysis of the data.

The measurements in the A=150 region combined
with those of Savajols et al. [8] dramatically illus-
trate the strong influence that the occupation of spe-
cific high-N intruder orbitals have on the Qo val-
ues. In addition, the present investigation indicates
that in certain cases, the occupation of other, non-
intruder orbitals can also affect the Qg values. It
should be pointed out that while a clear picture ap-
pears to emerge for the A=150 region, the situation
remains less clear for SD nuclei of the A~190 region.
It is hoped that the results of detailed lifetime meas-
urements in the A=190 region will stimulate detailed
calculations of these quantities, similar to those now
available for SD nuclei in the A=150 region.
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Abstract: The lifetimes of three low-lying states in the superdeformed (SD) yrast band of
1%4Hg were measured by the recoil-distance Doppler-shift method. The deduced transition
quadrupole moments,Q:,equal those extracted from a DSAM measurement for the high-
lying states of the band corroborate the assumption that the decay out of SD bands does
not strongly affect the structure of the corresponding states. By a simple mixing-model the
decay can be described assuming a very small admixture of normal-deformed (ND) states
to the decaying SD states. The deduced ND mixing amplitudes for the yrast SD bands in
192.194Hg and !%*Pb are presented along with average transition quadrupole moments for
the lower parts of the excited SD bands.

I. INTRODUCTION

The study of the decay mechanism leading to the abrupt depopulation of superdeformed
(SD) bands in the A~190 mass region at low spins is one of the most exciting topics in
present nuclear-structure physics. Recently, discrete y—transitions connecting SD bands with
the normaldeformed (ND) part of the level scheme were observed first in !**Hg [1] and later
in *Pb [2]. It was therefore possible to extract the spins, likely parities and particularly the
exact excitation energies of the SD states which thus become favorite candidates for further
detailed investigations.

In this work, we report on a RDDS measurement of the lifetimes of low-lying states in
the SD bands in '%*Hg. We succeeded to determine the lifetimes of the 12+, 14% and 16*
states of the SD yrast band. Using branching ratios for the decay out of the SD band from a
experiment [3] with high statistics, transition quadrupole moments, Q; were deduced directly
from the measured lifetimes. The comparison of these Q,—values with those extracted from
a DSAM measurement [4] for the transitions in the upper part of the band shows that
the deformation remains constant down to the bottom of the band and is not appreciably
disturbed by the decay out of the band. In addition average transition quadrupole moments
for the lower parts of SD bands 2 and 3 were determined.

I1. EXPERIMENT AND ANALYSIS

Superdeformed states of **Hg were populated by the reaction *°Nd(**Ca,4n)!**Hg using
a beam energy of 209 MeV. The beam was supplied by the XTU tandem accelerator at the
Laboratori Nazionali di Legnaro, Italy. The sputter sample used in the ion source contained
hydrated “*Ca and was supplied by the Cologne group. The plunger target consisted of
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TABLE 1. Lifetimes, reduced transition probabilities and transition quadrupole moments for low-lying states in
SD-band 1in **Hg

E; Ir E, 17 r ‘ B(E2) Q. I
(keV] {A] [keV] (7] [ps] [10°W.u] [eb]
6883.1 12+ 254.6 10* 2.73 (£0.96) 2.1 (]33 20.3 (}33)
7179.7 14% 296.6 12* 3.26 (+0.57) 1.5 (09) 16.8 (117
7517.3 16* 337.6 14% 1.47 (£0.42) 1.8 (33%) 18.3 (333)

a 1 mg/cm? '5°Nd layer evaporated onto a 1.6 mg/cm? thick tantalum foil. The recoiling
nuclei with a mean velocity of 2.13 (1) % c were stopped in a 11.6 mg/cm?® gold foil. Target
and stopper were mounted in the Cologne plunger apparatus [6] surrounded by the 40 large-
volume Compton-suppressed Ge detectors of the GASP array [7] in its configuration II. In
this configuration the 80 element BGO ball is replaced by a compact lead collimator which
makes it possible to move the detectors closer to the center of the array. This leads to an
increase in efficiency by approximately a factor of two. In total 795 - 10° unfolded triple
events were recorded at seven target-to-stopper distances ranging from 10 to 83 pm.

The lifetimes of three low-lying states within SD band 1 were determined using the dif-
ferential decay-curve method (DDCM) [8,9]. The 40 Ge detectors of the GASP array can
be grouped into 7 rings whereby the detectors belonging to one ring have approximately the
same azimuth angle. For each distance and each detector ring double-gated spectra with
gates set on the shifted components of higher-lying SD transitions were produced. Then,
the spectra taken at azimuth angles 145°, 120° and 60° were modified in such a way that the
Doppler-shifted peaks came to the same position as those in the spectra taken at 35°while
the position of the stop peaks remained unchanged. In this way, it was possible to sum
up the complete statistics for each distance in one single spectrum which was then used to
determine the shifted and unshifted intensities of the transitions of interest for each distance.
Examples of the spectra are given in fig. 1.

The resulting lifetimes as well as the corresponding transition probabilities and transition
quadrupole moments of the 12%, 14* and 16" state are given in table I. In our calculations
we adopted the spin assumptions from ref. [1] and relative intensities from ref. [3]. The
transition quadrupole moments almost equal those extracted from DSAM data [4] and thus
confirm that the dominant SD configuration of the band remains constant down to the region
of its decay. This holds also for 92Hg and '°*Pb where the lifetimes of low-lying SD states
were measured. In fig. 2, the transition quadrupole moments of yrast SD bands for the three
nuclei are presented.

Due to insufficient statistics only average transition quadrupole moments could be deter-
mined for the lower parts of the excited SD bands 2 and 3 applying the following approach.

For each band we created background-subtracted, double-gated spectra with gates set on
the shifted components of the corresponding higher-lying SD transitions. Again, we modified
the spectra in such way that all shifted peaks came to the same position as those in the
spectra taken under 35°. We then summed up all (modified) spectra to obtain one spectrum
for each band containing the complete statistics. Within these spectra, we determined
the areas of the Doppler shifted and unshifted peaks of four low-lying transitions for each
excited band. Assuming a constant transition quadrupole moment for the lower part of each
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band we calculated shifted and unshifted components of the transitions of interest for the
corresponding target-to-stopper distances. These values — normalized to the total number of
corresponding reaction events — were summed over all distances. Finally, the experimental
values were fitted applying a least-x? algorithm to determine the transition quadrupole
moments of SD bands 2 and 3.

This procedure yielded average @,-values of 16.5(31)eb and 15.1(36)eb for SD band 2
and 3, respectively. A systematic error of 15% is our estimate of the uncertainties arising
from this rather complicated procedure.

III. DISCUSSION

In order to describe the decay out of SD bands we followed the approach proposed by
Kriicken et al. [10], based on a simple level-mixing model, originally proposed by Vigezzi,
Broglia and Dgssing [11]. This model has previously been used to describe the situation in
152Dy, 192Hg and 94Pb [12-16].

We calculated the partial decay probabilities for an intraband transition A, and for the
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decay out of the band A,,; which add up to the total transition probability A = 1/7, using
the relationship:

/\out(Iﬂ) = % : (1 - Nintra(IW))) (1)

where Ninyo(I™) is the branching of the intra-band transition depopulating the (I7) state.
For the 12% state we calculated a value of Niniro(12%) = 0.58 (3) using intensities from ref. 3]
and deduced a partial decay probability of Aow: (12¥) = 0.15(5) ps~ for the decay out.
The wavefunction of the real state ¥ is assumed to consist of a SD part |s) and a ND part
[n), ¥ = as|s) + ax|n) with a2 + a? = 1. Postulating that electromagnetic (EM) transitions
between pure SD and ND states are negligible and that the squared ND amplitude a2 is
small, the probability for the decay out of the band at spin Iis given by

Aout({) = ai([") * An (2)

where )\, is the EM transition probability in the ND well. In order to determine A, only
statistical E1 transitions were considered for the decay between the ND states. Other types
of transitions, magnetic ones and those with higher multipolarities were considered to be
small and have been neglected. The E1 decay probability was calculated as in refs. [16,10]
applying a statistical model.

U—~FEyrast U-FE
Bl _ pU ~ Ey)
”\” {1 /o p(U)

The Fermi-gas approximation was used to describe the level-density at the various exci-
tation energies with a pairing gap of 2A12= = 1.3MeV and a level-density parameter of a
22.4MeV ™! [17]. €g; is the E1 strength fitted to neutron-resonance data from ref. [18], U
is the excitation energy of the decaying SD state taking the pairing gap into consideration
and Fy,qs: is the energy of the corresponding yrast state. We used parameters for the de-
scription of the giant dipole resonance (GDR) extracted from photoneutron cross-section
‘measurements on natural mercury from ref. [19] and from references therein.

This gives A\, = AZ! = 27.5ps™! and considering equation (2) a ND squared mixing am-
plitude a, (12%) = 0.5%, (2) for the SD 12% state.

fGDR(E‘Y) Ej dE'v (3)

In table II, we give the results of our calculations, in particular the calculated E1 transition
probabilities AZ* and the deduced squared ND mixing amplitudes a2. As the intensities of
the decay out for **Pb [20] and'®>Hg [21] are similar to the ones observed in '**Hg, we
additionally calculated the corresponding values for these nuclei. For ¥*Hg and '**Pb, we
used the exact excitation energies from refs. [1,2], whereas for 19°Hg we assumed an excitation
energy of 4.3 MeV above yrast (similar to the value in **Hg). Note that no lifetimes have yet
been measured for the 8+ state in **Pb and for the 107 states in **Hg and '**Hg. Therefore,
in order to estimate the ND contributions to those states we extracted the corresponding
lifetimes assuming constancy of the quadrupole moment in each band. As previously shown
for 1%4Pb and '%2Hg in ref. [10] the behavior of the ND mixing amplitudes with decreasing
spin for the three nuclei is rather striking: while a2 remains almost constant for **Pb, it
increases for both mercury isotopes by about an order of magnitude. This can be understood
in the framework of a simple two-level mixing-model assuming that the pure SD state [ss)
interacts only with its nearest neighbor ND state [n;). Let z; be the energy difference and
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TABLE II. Calculated E1 transition probabilities AZ! and deduced squared ND mixing amplitudes a2 for low-lying
SD states in **'**Hg and '**Pb which decay to ND states. The calculation of the partial decay probabilities Aoue
involve the lifetime data and intensities from refs. [16,20] (10%, '®*Pb), the weighted average of the lifetime values
given in refs. [14,15,22] (12%, '°Hg) and this work (12F, **Hg) as well as the intensities from ref. [21,3]. In order to
deduce Aou: values for the 8t state in '**Pb and 107 states in °>!%*Hg a constant quadrupole moment was assumed
for the bands calculated from the weighted average of the values given in the above references and in refs. [23], [4],
[24].

Nucl. I Aout A2t a2
(A] [ps™'] [ps™] (%)
2 Hg 12 0.026(15) 15.7 0.17(9)
192gg 10 0.85 15.7 5.4
194Hg 12 0.147(52) 27.5 0.53(19)
194He 10 1.2 27.9 4.39
194pp 10 0.012(8) 2.4 0.48(32)
194pp 8 0.014 2.5 0.56
v} = |(n7|V|s1)|® the squared matrix element for the interaction V between SD and ND

state. The ratio of the amplitudes of the real SD state |¥;) = a,(I™)[s1) + an(I™)|ns) is
given by

b
(oS
<

[

2
3
—~
8
™
+
(-
<
™
[
8
~—

and for a2 < 1

For small ND amplitudes a2 and constant interaction strength »® one finds a2 o 1/z2.
The different behavior of a2 in the three nuclei is therefore a strong indication that the ND
mixing amplitude depends strongly on the arbitrary distance to the nearest-neighbor state
in the ND well. This means that the decay pattern of the SD bands in the Ax190 mass

region shows clear signs of random behavior.
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Abstract

A mean lifetime measurement using the Doppler shift attenuation method has been
performed at GASP in order to extract the quadrupole moment of the yrast SD band
of 1**Gd. The extracted intrinsic quadrupole moments, being Qu=13.7 eb above the
backbending and Qp=11.8 eb below the backbending, are consistent with a change of
deformation from £$,=0.51 (at 8, ~0.050) to 5,=0.45 (at B; =0.035). The experimental
results are in nice agreement with the theoretical predictions, which revealed that the
second well in 1**Gd arises essentially from the very favoured shell structure at N=80
and Z=64. The occupation at higher frequency of the aligned N=6 proton orbitals
drives the nucleus to a slightly more deformed shape.

1 Introduction

It is known [1] from cranked-Strutinsky
calculations using Woods-Saxon potential
that some large shell gaps at very elongated
shape exist for neutron numbers N=80, 86
and/or proton numbers Z=62, 64, 66. For
example, the nuclei 1**Gd and 12Dy are pre-
dicted to be doubly magic at superdeformed
shape. Following these predictions several
SD bands have been observed experimen-
tally. One of the questions arised in the
study of SD nuclei is on the competition be-
tween the shell structure and the occupa-
tion of the large deformation-driving high-
N intruder orbitals in stabilizing SD nuclear
shapes. Recent experimental results in the
A=130 mass region [2] show the major im-
portance of the shell-gaps with respect to the
intruder orbitals occupation.

N S J—

(64215/2
- [40215/2

Single-particle Routhian (MeV)

11

ho (MeV)
Figure 1: Single particle routhians calculated
at §,=0.45 (8,=0.035) for '**Gd.
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We have now the opportunity to investigate this competition within the SD nucleus

144Gd. In fact, theoretical calculations tell us that superdeformation in 44Gd is originally
stabilized by the N=80 neutron shell gap at #; & 0.45 without occupying the high-N intruder
orbitals. This is shown clearly in Fig. 1 by the single particle routhians calculated at 3,=0.45
(84=0.035). At low frequency, none of the high-N intruder orbitals which characterize the
SD bands in the A=150 mass region are occupied. Only when cranking, the N=6 proton
intruder orbital decreases in energy and becomes occupied at high frequency. The same
calculations predict that at a rotational frequency fiw & 0.45 MeV the proton configuration
is changing from 76° to 762 with a change of deformation from B; ~ 0.47 to ~ 0.51 [3].
This would imply a change of deformation less than 10% when two particles are promoted
on high-N intruder orbitals.

2 Superdeformed bands in “Gd

Very recently, five SD bands have

40

been identified in **Gd [3, 4] us- Bax o = W SD Yrast
ing 1®Mo(*8Ti,4n) reaction. The co- LS 288 g e
incidence y-ray spectra of the five 200 g7 "Tgge m O
SD bands, obtained by setting dou- LWUA\' M JL\/ - 3’*}\\ m‘
ble gates on clean transitions in each 0 ot b
band, are shown in Fig.2. The yrast g 2885 SDExct
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1304

1363
1422
1481
1540

SD band [3] is one of the few cases ]

which exhibits a backbending, con- J M A MM V\MA Nﬁ’" A

firming the theoretical prediction [1] [ MM
of the crossing between 76° and 762 .
configurations due to the alignment
of two 43/, protons. The other
four excited SD bands [4] are inter-
preted as proton particle-hole exci-
tation across the Z=64 gap revealing
the high stability of the N=80 shell
closure at SD shapes. The relative
intensity of the yrast SD band with o
respect to the total population of

144Gd is reported [4] as a function of sl

the beam energy in °°Mo(*¥Ti,4n) ‘

reaction in Fig.3. The data show the h ﬂ“‘\\ AM[

well-known saturation pattern (see 0= 1000 1200 1400 : 1600 .
Fig. 3) in the population of the SD ‘ E, (keV)

bands. The intensity of the yrast SD  Figure 2: Doubly-gated coincidence spectra of five SD
band in *44Gd, being 1.2% of the to- bands of **Gd identified in **Ti 4 Mo reaction at
tal population, is comparable to that 215 MeV. The. members of the SD bands are labeled
of the other yrast SD bands in the with their energies in keV. Their relative intensities with
- respect to the total population of *4Gd are also shown.
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therefore exclude a possible
configuration-dependence in the popula- ® “8Ti+ Mo
tion of the SD bands around N=80. 2r 0 ™Ge+"Ge

On the other hand, the population
of superdeformed (SD) bands has been
observed to depend, in few cases, on the
mass symmetry of the reaction entrance
channel [5, 6]. In order to clarify this is-
sue qualitatively, the completely symmet-

-
9]

I(SDYI2Y) (%)

gum
—t—

ric reaction "4 Ge + ™Ge has been recently 0.5}

used where the 318 MeV "Ge beam was

provided by the superconducting Linac 0 . . ; .
post-accelerator ALPI in Legnaro. The 75 80 85 90

intensity of the yrast SD band results to Ecn(MeV)

be 1.6% of the total population of *4Gd

channel (open circle in Fig.3) to be com-  Figure 3: Relative intensities with respect to the
pared with the 1.2% obtained with the total population of **Gd as a function of the ex-
48Tj beam. For comparison, the x-axis is citation energy of compound nucleus. The errors

scaled with the corresponding excitation of the intensity are statistics while the ones of the
excitation energy correspond to the energy spread

energy of the compound nucleus. A clear
due to the thickness of the target.

enhancement of the SD band population
is observed in the case of the ™Ge + ™Ge
reaction, which demonstrates the important role played by the reaction entrance channel. In
fact, the failure of earlier attempts [7, 8] to populate SD bands in #4Gd through ?2Si induced
reactions indicated possibly the importance of entrance channel effects in the population of
the SD bands in **Gd. Other explanations can be given based on the dynamics of the
formation of the equilibrated compound system and/or on the interplay between the fusion-
evaporation and fusion-fission channels in the decay of the compound nucleus [9].

3 DSAM experiment and details

In order to measure the deformation of the nucleus in the SD states a Doppler Shift
Attenuation Method (DSAM) experiment has been performed. High spin states in *4Gd
were populated via the 1°°Mo(*®Ti,4n) reaction at a beam energy of 214 MeV. The beam
was delivered by the XTU Tandem accelerator at the National Laboratories of Legnaro.
The target consisted of a 1 mg/cm? ®Mo foil evaporated on a 10 mg/cm? gold backing
which completely stops the recoiling nuclei. Gamma-rays were detected by the GASP array
which consisted of 40 large volume Compton escape-suppressed HPGe detectors and 80 BGO
detectors forming the inner ball. Events were collected only when at least 3 Ge detectors
and 5 BGO detectors have been fired. A total of 2.13 x 10° events which after unfolding
resulted in 3.94 x 10° triple events were collected on tape. The Ge detectors in the GASP
array are placed symmetrically with respect to the beam direction in seven rings, as follows:
6 at 35°, 6 at 60°, 4 at 72°, 8 at 90°, 4 at 108°, 6 at 120° and 6 at 145°. In the offline
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analysis the high spin states of 1#*Gd were enhanced by proper gates on the energy sum
and the multiplicity from the BGO inner ball. In order to simplify the analysis, the data
were reduced by considering only the energy region from 750 keV to 1625 keV where the SD
band transitions are located. We enhanced the transitions in the SD band by double gating
on in-band transitions and incrementing directly spectra corresponding to the seven rings of
detectors in coincidence with all the detectors. In Fig.4 the spectra obtained for the most
forward and backward rings of detectors, after background subtraction, are shown.

The experimental fractional Doppler shift, F(7), was calculated according to the fol-
lowing relation:

5 )

2. ﬂ . E’y - COs aforwa.rd

where AE, is the energy difference between the centroids of the shifted y-rays corresponding
to the forward and backward angles (0 forward and T — 0 forward, respectively), —E—,, is their mean
value and S=vg/c where vy is the mean initial recoil velocity. The experimental F(7) curve is
represented in Fig. 5, where the errors are only from the statistics of the spectra of the rings
at forward and backward direction and the points corresponding to the 1084 keV and 1134
keV transition are taken only from the forward ring in order to avoid the strong contaminants
in the backward ring.

The slowing down process of the
recoils and, accordingly, the velocity

F(r)=

. . 200 . 35°
profile has been simulated with the
Monte Carlo procedure developed on
the basis of the code of Bacelar et al.
[10] using a number of 5000 histories 100y
and up to 1600 time steps of =~ 1.0

fs. The electronic stopping power

. ullkLL A A\J‘V
was calculated according to the for- ! '
malism of Braune [12]. The calcu- 200_/ X// / / / J/1 /T |)
lation of the theoretical F(7) value : V‘Ah‘

" 145°

Counts

depends on the mean time of the de-
cay of the state (often called ”appar-
ent lifetime”), which is defined by
the mean lifetime of the state and
the entire decay history above the 0 m
state, including the unknown side-
feeding. The program we used is
a modified version with respect to

the one reported in [13] and is deal-
ing with a rotational cascade, hav- Figure 4: Coincidence spectra corresponding to the ring

of detectors at 35° and 145° related to the beam direction
respectively, double gated on the members of the yrast
SD band in *4Gd. The shifts of the y-rays are positioned
with the arrows. The lines marked with asterisk indicate
the unshifted y-ray of ND states.

100F

I el
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ing a constant intrinsic quadrupole
moment Qg, where each state has a
sidefeeding provided by a rotational
sideband with the same dynamical
moment of inertia $(? as the SD




88

band and an intrinsic quadrupole
moment (Qo)sF- 1
The calculations were performed Q=187eb e

under the assumption that (Qo)sr \ "

has the same value for all the side-
bands, as it was suggested in pre-
vious works [11, 13] for this mass 0.9
region. The values for Qo are ex-

tracted by minimizing the x? of the = __ =

calculated curve fit to the experi- L{’ l

mental points. The best fit of the | | ;

experimental data above the back- 1B 14 15

bending (see Fig.5) was obtained for 0.8 Qp (eb)

Qo=13.7£1.2 eb. Below the back- ® Exp.

bending there is no sidefeeding but [  S# e Q=149 eb

we have to consider the decay out of |  [[1 e Q,=12.5eb

the states. For this part the datain- [ €\~ =oeeeee Q,=13.3 eb

dicate a value of Qo=11.8 eb. Since 0.7F Q=118eb oo Q=10.3 eb
e ! ! ! 1

the number of points below the back- 800 1000 1200 1200

bending is low it was not possible to
make a fit of the data and, conse-
quently, it was difficult to evaluate
the error for this value. We esti-

Energy (keV)

Figure 5: Experimental fractional Doppler shift ex-
mated the limits of Qo to be ~/1.5 tracted from the spect.ra, corresponding to the mo.st t:or-

ward and backward rings of detectors. The solid line
eb as suggested .by the error bars for indicated with the Qg values gives the best description
the F(7) e}.(perlmenta,l points. We it the data under the assumption that the sidefeeding
have to notice at this point that the  phas the same time structure as the in-band feeding. The
results are subjected to 10-15% of er-  ipset shows the x? minimization for the part above the
rors due to the uncertainties on the  crossing.

stopping power. However, this does

not affect the relative deformation below and above the backbending. The corresponding
axial deformation was calculated using the exact expansion of liquid. drop model expression
for Qg in terms of the B, and B, and under the assumption that £;=0.582-0.19 for 0.45 < B, <
0.60 [1]. We obtained that the deformation of the nucleus is changing from [,=0.454-0.05 to
B2=0.51+0.04, which agrees with what is expected theoretically when two protons occupy
N=6 intruder orbitals [3].

4 Conclusions

We have measured the deformation along the yrast SD band of **Gd by means of the
DSAM technique and obtained for the quadrupole deformation 32=0.45 and (>=0.51 below
and above the backbending, respectively. This results is nicely confirming the theoretical
prediction that the change of configuration from 76° to 762 induces a change of deformation
of about 10%. The major contribution to the deformation in the second minimum of *4Gd is
due therefore to the very favoured shell structure at N=80 and Z=64, without involving the
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occupation of the high N intruder orbitals which are not present in the SD band configuration
below the backbending.
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Superdeformation in the Mass A~80 Region

Cyrus Baktash
Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6371

A new island of superdeformed nuclei with major-to-minor axis ratio of 2:1 has
recently been discovered in the A~80 medium-mass region, confirming the
predictions for the existence of a large SD gap at particle number N,Z~44. The
general properties of more than 20 bands observed so far will be reviewed here,
and compared with those of the superdeformed bands in the heavier nuclei.

1. Introduction

Superdeformation was first discovered in the actinide fission isomers [1], and was
explained as resulting from a secondary minimum at superdeformed (SD) shapes [2]. In
the actinide region, the sum of the macroscopic liquid drop term, and the microscopic
shell correction to the total energy gives rise to a second minimum at SD even at very low
spins. However, with the weakening of the Coulomb force in lighter systems, SD minima
are stabilized only-at high spins and for certain nuclei close to SD magic numbers. Studies
of these high-spin SD structures, and especially their mass dependence, provide an
important insight into the competition between the microscopic and macroscopic effects, the
role of the odd-time terms in the Hamiltonian, as well as certain aspects of the effective
interactions such as the spin-orbit force.

The first high-spin SD band was observed in 152Dy in 1986 [3], and was followed in

1989 by discovery of another island of superdeformation around 192Hg [4]. These
findings were in excellent agreement with the results of the earlier calculations which had
predicted the existence of superdeformed magic particle numbers N,Z ~44, 64, 86, and 116
[5,6]. Encouraged by these experimental successes, numerous searches were undertaken
to verify the existence of the predicted superdeformed shell gaps near particle number 44.
However, largely due to experimental difficulties, these efforts were not successful until
recently. Among the problems specific to this mass region which hinder the observation of
these weakly populated bands are the following:

(i) Due to the A-5/3 scaling, the gamma rays associated with the medium-mass nuclei
(and particularly those in the SD bands) have high energies and, thus, poor detection
efficiency;

(it) Reactions used to populate the high-spin states result in large velocities and angular
spread of the recoiling nuclei which cause excessive Doppler broadening and poor
energy resolution;

(iii) Because of the low Coulomb barrier and high excitation energy needed to populate
the high-spin states, light charged-particle emission fragments the yields of the fusion-
evaporation products into a large number (typically 20 or more) of exit channels.

Therefore, the Y rays from a variety of reaction products can easily mask and interfere
with those from the SD bands which are usually populated with less than 0.1% of the
total cross section.
The first of these difficulties may be alleviated by the use of large Ge detectors, while the
second problem may be overcome in part by segmenting the Ge crystals. Therefore, the

observation of the first SD in 83Sr [7] had to await the advent of arrays of large Ge detectors
such as Eurogam-I. Another breakthrough, which made the systematic studies of SD bands
in the mass A~80 region possible, was to combine the charged-particle detector array
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Microball [8] with the Gammasphere array. Full detection of the evaporated proton and o
particles and their energies helps in two ways. First, it serves to select and identify the exit
channels of interest which are usually produced weakly at the beam energies optimal for the
population of SD bands. Second, it allows the reconstruction of the recoil momenta which
results in considerable improvements in the Doppler correction and, hence, gamma-ray

energy resolution. This is best illustrated in Fig. 1, which compares gated y-ray spectra for

the yrast SD band in 83Sr from two experiments. Panel (a) is the sum of several singles
gates on the transitions in the band from the Eurogam-I experiment which produced the first
example of superdeformation in this region [7]. Figure 1(b) was obtained by summing
several double-gated spectra from a Gammsphere+Microball experiment which selected the
83Sr channel by requiring that all of the four emitted protons be present in the data stream
[9]. It shows a significant improvement in both the peak-to-background ratio (a factor of
~8) and the energy resolution of the gamma rays. Furthermore, the clean channel selection |
afforded by the Microball allowed detailed characterization of the band properties, including

a better assignment of the spins and the point it intersects the normally-deformed (ND) yrast
band [9].
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Fig. 1. Comparison of the gated spectra of the SD band in 83Sr obtained in two
experiments [7,9] (See text for explanation).
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As a result of these advancements, more than 20 SD bands in ten medium-mass nuclei
have been found in the past two years. They include multiple bands in 80:81,82Sr
[10,11,12], 83.84Y [13], 83Zr [14], 87Nb [15], as well as the yrast SD bands in 83Sr
[7,9], 82Y [16], and 84Zr [17]. In this paper, we review the general properties of these
bands and compare their characteristics with those of the SD bands in the heavier mass
resigns.

2. Experimental observables and their systematics

Some of the general properties of SD bands that may be experimentally studied to test

various theoretical models are: the J(2) moments of inertia and their variations with
rotational frequency, transition quadrupole moments (Qy), measurements of the g-factors
either directly or indirectly from the B(M1)/B(E2) ratios, and identification of the excited
bands and their relative spins and excitation energies with respect to the yrast SD band. To
varying degrees, all these observables are sensitive to, and help identify the single-particle
configurations of the SD bands. Other observables which are also relevant to this question
are the relative alignments of different SD bands, either in the same nucleus or in

neighboring isotopes and isotones. This quantity may be simply deduced from the y-ray

energies and determines the fractional change in the J (2 of the pair of bands as discussed
in Ref. [18].

The feeding pattern of the SD bands and their variations (if any) with reaction may shed
some light on the fusion-evaporation reaction mechanism, and factors which limit both
population and retention of the high partial waves in compound nuclei. The decay pattern
is related to the quantum-mechanical tunneling through the barrier which separates the SD
and ND states, and depends on such factors as the barrier height, level density, and pairing
interaction.

2.1 Population and Decay: The first SD in this mass region was observed [7]

using the Eurogam-I array and the 56Fe(30Si, 2pn)83Sr reaction at a beam energy of 128
MeV. This and similar reactions, which form compound nuclei at ~70 MeV excitation

energy and >50% angular momentum, have been found to be optimal for the population of

SD bands in the 4p, 3p, 2pn, and in particular the 02p and opn exit channels. Our
studies indicate that emission of alpha particles, which originate from the highest angular
momentum states in these compound nuclei, is very effective in populating the high-spin
states [19] and SD bands in medium-mass nuclei. It should be noted that since such a
relatively high excitation energy corresponds to the maximum production of the four-
particle emission channels, the above three-particle channels are populated with only
modest cross sections.

Similar to the SD bands in heavier nuclei, these bands are fed over a range of several
transitions and generally reach a saturation intensity of <2% of the total. The exceptions
are the yrast bands in 83Zr [14] and 84Zr [17], which are populated with intensities of
more than 5% and 4%, respectively. Both of these values are about a factor of 2 larger
than the intensities of the yrast SD bands in their Y isotones that were populated via the 3p

channel in the same reactions. In the case of 84Zr, significant differences were observed in
the feeding saturation point when the band was populated by two different reactions,

namely 2pn and 02p [17]. This is the only known example of this effect and points to an
important new factor that influences the population of SD bands. Also, the common
assumption that the half-intensity point (i.e., the level which receives 50% of the total
intensity of the band) coincides with the point where SD bands become yrast is called into
question due to the fact that this point was observed to vary with reaction.

The decay of these bands is sudden and is completed within a narrow range of one to
three transitions. As is the case in the heavier nuclei, these SD bands decay statistically to
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several ND bands of both parities. From the intensities of the féeding—out (of the SD) and
feeding in (to the ND) transitions, one can estimate the approximate spins of the SD bands.

The spins of the lowest-lying states have been estimated to be approximately 15# in the
N=43 nuclei 8!Sr [11] and 83Zr [14], and close to 20# in the more neutron-rich nuclei

82,83Sr [12,9] and 84Zr. Many of these bands extend to a maximum spin of ~40h.
Assuming that the yrast SD and ND bands cross each other at a point where their
sidefeeding intensities are nearly equal, it is estimated that these SD bands become yrast at
~30h. Interestingly, this spin corresponds to the onset of band termination that has long
been predicted [6] to occur in many of the ND bands in this region. Band termination was
recently observed in several nuclei such as 83Sr [20], 83Y[21], and 84Zr [17], as evidenced
in their rapidly decreasing J(2) (see Fig. 2a) and Q; values [22].

2.2 Systematics of the moments of inertia and identical bands: A very
distinctive feature of these bands is the high energies of their gamma rays which typically
range from about 1300 to more than 2600 keV. This may be compared with a maximum
gamma-ray energy of approximately 700 and 1500 keV for the SD bands in the A~190 and
150 regions, respectively [23]. The energy differences of the consecutive gamma rays in
the SD bands of the A~80 nuclei are approximately 150 keV, which imply a dynamical

moment of inertia J@)~27k#2/MeV, corresponding to that of a rigid rotor with a quadrupole
deformation of $;~0.5, or major-to-minor axis ratio of 2:1.
Figure 2b shows a plot of the

J) versus rotational frequency

(o) for the SD band in 83Sr, E ' ' ‘ ’ ' @ |
along with those in 240Pu, _ af ]
192Hg and 152Dy, which 3 3 ]
represent typical SD bands in & 2Ff k
their respective mass regions g g ]
[23]. To better demonstrate the ® | 3
similarity of these bands, all ]
moments of inertia were scaled 0.025 ' ' ! ' . '

by A5/3 to factor out the average P ' ' s R
mass-number dependence. s i ® ]
Apart from the A~190 region, 2 o0z i
where the values rise z [ o—— |
continuously with-®, the scaled % o015 A
moments of inertia of the other g ' -
three SD bands have comparable i

0.01 L . L L 1 | S

values and are nearly constant as

a function of ®. The band in

83Sr extends to a maximum
rotational frequency of about 1.3
MeV, nearly twice as high as the
frequencies encountered in the
A~150 region. Thus, the SD
bands in the A~80 region
represent the highest collective
rotational frequency observed so
far.
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Fig. 2. Plots of scaled J(2) vs. rotational frequency.
(2) The SD band in 83Sr (circles) and two ND bands
in 83Y (squares) and 82Sr ( triangles). (b) SD bands
in 240Py (diamonds), !92Hg (squares), !52Dy
(triangles), and 83Sr (circles). The dashed line
shows the corresponding plot for a SD rigid rotor

with [52:0.5.

Figure 3 shows the systematics of the J() of the SD bands in ten nuclei in this region.
Apart from a few cases (e.g., 31Sr or 83Zr) where discontinuities due to band crossing are

present, the majority of the J(2) values fall in the range of ~25-30/2/MeV.
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Fig. 3. Systematics of the J(2) moments of inertia for the SD bands in the A~80 region.

A convenient way to compare

the J(2) values of these bands is to
calculate the fractional changes

AJ2)}J(2) of pairs of bands as
described in Ref. [18]. A
histogram of the fractional changes
in moments of inertia is shown in
Fig. 4, which compares all bands
vs. all others (solid), and all bands
vs. the yrast bands in their adjacent
A+1 nuclei (dashed). In the latter
category, nearly 16% of the bands
are identical, as compared with
~12% and 4% for the SD bands in
the A~150 and 190 regions,
respectively [24]. Special among
these identical bands are two pairs
of twinned bands (i.e., bands with
similar gamma-ray energies) in 82Sr
vs. 83Y and 83Sr vs. 84Y [13],
which imply the existence of a
single-particle routhian with a slope
of -0.5A at Z=39. As discussed in

counts
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T

all vs all
Avs A+l

0.0
slope

0.1

0.2
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Fig. 4. Histogram of frequency distributions of the

fractional changes AJ(2)/J(2) of pairs of SD bands in
the A~80 region (see text).
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Sec. 3, this information may be used to test theoretical models and to constraint their
parametrs. Other experimental observations which may be used for the same purpose are
the rotational frequencies where band crossings take place and their interaction strengths.
A particularly interesting case is the band crossing encountered in 87Nb [15]. The
observed interband transitions and their branching ratios indicate that the crossing between
the neutron [420]1/2 and [413]7/2 orbitals is responsible for this interaction [15]. This fact
may be used to infer the relative position of these orbitals. Furthermore, a second band
interaction observed in only one of the two bands may be interpreted as due to the crossing
with the neutron i13, orbital which originates from the N=6 shell. This is the first evidence

for the involvement of a "superintruder” (AN=3) in the configuration of a SD structure and

represents a Coriolis interaction (20~8.25 MeV) which is about 35% larger than anything
observed upto now. What makes this unique situation possible is a combination of the
large deformation and extremely high rotational frequency which lowers the energy of this
superintruder orbital.

2.3 Transition quadrupole moments and deformations: Because of both the
large B(E2) values and high energies of the intraband transitions, the SD states have very
short lifetimes. For example, the sum of the feeding and decay times for the top few states
is typically a few fs, while the whole band decays in about 50 fs which is comparable to the

transit times of the recoils through a thin (~400 pg/cm?) target foil. Therefore, the
traditional DSAM technique with backed targets is too slow to be useful for the
measurements of the lifetimes of these states. On the other hand, since the recoils do
experience detectable reductions in their velocities as they traverse through the thin target
foil, their velocity profiles provide a useful clock to measure the decay times. Thus, by
measuring the centroids of the Doppler-shifted gamma rays in the forward and backward

Ge detectors, one can obtain average fractional shifts F(T)=<v(t)/vp> which can be
compared with the calculated values to obtain the Q; of the band [25]. (v(%) is the

instantaneous recoil velocity of the nucleus as deduced from the observed centroid shifts
and vy is the maximum recoil velocity in the experiment.) This method was successfully

used to measure an average Q; of 1,02 (et
5.270.8 eb for the SD band in 84Zr 825 8D
[17], which corresponds to a B(E2) "« 25, ND

strength of 440 W.u. or a quadrupole 1.00 | a87, sp
deformation of $=0.53 for an axially
symmetric prolate shape. This and

other Q; measurements clearly 0.98 -
establish the SD character of these __
bands. i

An important question to be 096 L

addressed by future Q; measurements
is what are the particle numbers that
give rise to the largest SD gaps. The

present data (which are admittedly of 094 -

poor statistical quality) indicate a

gradual increase of Q for the Sr O S T
isotopes from N=42 toward N=44 10 15 20 25 3.0 35
[10,11,22], and a larger Q; for 84Zr E,(MeV)

than either 82Sr or 83Y for the N=44 )
isotones [22,13,17]. The latter trend  Fig. 5. Plots of F(t) curves vs. y-ray energies for

is shown in Fig. 5, which is a plot of  the SD and some ND states in 82Sr and 84Zr.
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the F(t) vs. y-ray energy for the transitions from the ND states in 82Sr, and from the SD
levels in 82Sr and 84Zr. It is worth noting that the data points for the longer-lived ND
states cluster around the dashed line at vA4,=0.94, which corresponds to the velocity of the
recoils after they have left the target. Nearly all the data points for 84Zr band lie above
those for 82Sr, indicating shorter lifetimes for the former band.

Although Q: values are sensitive to other variables (e.g., the number of the high-j
intruder orbitals involved in their configurations [26]), these preliminary results suggest
that N=44 and Z=40 are optimal particle numbers for the formation of SD structures. As
noted in Sec. 2.1, the SD bands in 83:84Zr are populated twice as strongly as other SD
bands studied so far which also supports the idea that Z=40 is an optimal proton number.
Nevertheless, these early conclusions await confirmation by future precision measurements
which would populate these bands under identical conditions. For example, the bands in

the 82Sr, 83Y, and 84Zr (N=44) isotones may be studied via (0:2p) reactions induced by the
30Si, 31P, and 32S beams on the same 58Ni target and at beam energies that produce the
same entry-state distributions in the corresponding compound nuclei. Similarly, the N=44
to 46 Sr isotopes may be produced by the reactions of 28:29:30Sj beams on the same 6ONi
target. A comparison of the feeding patterns, total intensities, and the Q; values of these
bands populated under similar conditions would provide valuable insight into the relative
contributions of the N~45 and Z~39 orbitals to their structures.

2.4 Forking and unusual decays: One of the SD bands in each of the 83Zr [14]
and 87Nb [15] nuclei fork out to two branches near the bottom of the cascade. Their J(2)
moments of inertia indicate that the close-lying levels in the two branches interact with each
other. Evidence has also been presented that two levels in one of the bands in 81Sr [11]
interact with two other states which lie only ~10 keV away. More interestingly, in the case
of the N=83 Sr and Zr isotones, the routhians of the bands curve down and reapproach
those of the ND states, allowing for their mutual interaction. (This unusual situation cannot
be avoided for any reasonable values of the bandhead energies which are consistent with
the sidefeeding intensities.) A similar situations has not been encountered in the heavier SD
regions. The proximity of these SD bands to the ND bands may provide a favorable
condition for the observation of the direct linking transitions.

3. Comparisons with theoretical calculations

Many of the observed properties of the SD bands in the A~80 region are in good
agreement with the predictions made using the cranked Strutinsky method (see, e.g., Refs.
[7,9,11,12,17] for comparisons of J2), B,, and the calculated low-lying SD bands). These
calculations incorporate the Woods-Saxon potential for the microscopic part and the
Yukawa-plus-exponential mass formula for the macroscopic part of the total energy. For a

given configuration, the equilibrium deformations at fixed values of ® were determined by

minimizing the total energy at each (f,,7) grid point with respect to the hexadecapole
deformation. Pairing correlations were neglected, as they are expected to play a minor role
at high-spins in the A~80 mass region. Details of the calculational procedure and technique
are given in Refs. [6,27]. These calculations predict a number of low-lying SD structures

that have deformations ranging from f;~0.45 to 0.55, depending on how many hjj/2
intruder orbitals are involved in their configurations (see, e.g., Refs. [7,11,12]). At high
spins, they generally have one proton in the 41/ orbital, symbolized as 7t5!. The neutron
configurations of the yrast SD bands contain one to three A1;/2 orbitals for N=43-45,
respectively. Therefore, a gradual increase in deformation is expected in going from N=42
in 80Sr to N=45 in 838r, in good agreement with the preliminary Q; measurements. On the
other hand, some disagreements with data have also been encountered. For example,

e —
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theoretical proton single-particle routhians do not show a significant energy gap at Z~40
which could account for the large population intensity and quadrupole moments observed
in the Zr isotopes. Similarly, the twinned bands observed in the 82Sr-83Y and 83Sr-84Y

isotones can be explained only for a large deformation of B,~0.58, which is in
disagreement with the measured transition moments. It seems that some modifications of
the single-particle energy spectra are called for to accommodate these experimental
observations.

In general, results of other models [e.g., Refs. 28,29] share many similarities with
these calculations, but they also differ in some details. For example, while cranked
relativistic mean field calculations [29] for the SD band in 83Sr predict the same v53z5!
configuration, they calculate a larger equilibrium deformation (8,~0.65 vs. 0.57). Future
lifetime measurements using the completed Gammasphere array will be able to distinguish
between these models.

4. Summary and Outlook

Thanks to the development of a new generation of powerful y-ray detector systems, a new
region of SD nuclei in the mass A~80 was recently discovered. The identification and
characterization of the properties of these bands have been greatly facilitated by the use of
the Microball charged-particle detector system. So far, more than 20 SD bands have been
observed in 10 nuclei which span N=42-46 and Z=38-41, thus confirming the earlier
predictions for the existence of a large SD gap at N~44. In general, the properties of these
bands are in good agreement with the predictions of the cranking models. However, the
presence of several disagreements point to possible shortcomings in the single-particle
energy spectra at large deformations and rotational frequencies. The high rotational
frequencies sustained by these bands correspond to the largest Coriolis force encountered
so far, and allow for the observation.of the i13/2 superintruder orbital in these medium-
mass nuclei. Another consequence of the high rotational frequency and large SD energy
gaps is that the T=1 pairing correlations become negligibly small. This paves the way to
observe the influence of the T=0 p-n interaction in the SD bands of the N=Z~30 nuclei
which are yet to be discovered. Finally, because of the dominance of charged-particle
emission in this region, it is now possible to probe possible nuclear structure effects on the
energies and angular distributions of the emitted protons and alpha particles. This will
open up new and exciting opportunities to study nuclear structure and reaction at their
interface.
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Abstract

Superdeformed bands for the mass-190 region are described by the Pro-
jected Shell Model. Even-even, odd mass and odd—odd nuclei are equally
well described. Good agreement with available data for all isotopes studied is ,
obtained. Our calculation of electromagnetic properties and pairing correla-
tions provides an understanding of the observed gradual increase of dynamical
moments of inertia with angular momentum observed in many bands in this
mass region.

In the superdeformed (SD) mass-190 region, data show that both kinematical (7)) and
dynamical (J(®) moments of inertia (Mol) for many SD bands exhibit a gradual increase
as a function of increasing rotational frequency, with a more pronounced increase in J?.
The usual explanation using the cranking model is that this behavior is caused by a gradual
rotation alignment of pairs from high-j intruder orbitals [1]. Although the role played by
high-j intruders for many phenomena in a normally deformed system is well understood,
it is not obvious that such knowledge translates simply to the SD case for at least two
reasons: (1) At the static level, high-j intruder orbitals are no longer of unique parity at
larger deformation as they are in the normally deformed case [2,3]. (2) At the dynamical
level, the larger quadrupole moment for a SD band implies more mixing among different
configurations through the two-body hamiltonian, which includes explicitly a quadrupole-
quadrupole term. This mixing will reduce the influence from any particular orbital.

In order to further understand the issues raised above, we have performed calculations us-
ing the projected shell model. The calculations that we describe provide a full description of
the SD spectrum, electromagnetic properties, and pairing properties. We shall demonstrate
that all the observed quantities are reproduced by this calculation, and that a gradually
decreasing pairing caused by the Coriolis Antipairing (CAP) effect acting on both low and
high-; orbitals is responsible for the observed smooth increase of the Mol.

Our theoretical analysis for SD nuclei is based on the Projected Shell Model (PSM)
[4], which has been generalized from its description of normally deformed systems [5]. The
configuration space and the interaction strengths in the Hamiltonian used for the description
of the SD mass-190 region are given in Ref. {2].

In Fig. 1, we compare calculated transition energies E., and dynamical Mol J(®) with the
available measurements for yrast SD bands in even—even ¥8~1%Hg isotopes. The agreement
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with data is extremely good, with even the sensitive dynamical Mol being reproduced well.
The Mol rises gradually with angular momentum for all nuclei in this mass region; however,
the rate of increase (slope of J?) varies from nucleus to nucleus. The calculations reproduce
these variations well without adjustment of parameters, indicating the potential of the model
to give a quantitative description of SD nuclei. The differences in slope arise from the
variation of effective interaction strengths and band crossing spin for different nuclei, which
is a common occurrence in normally deformed bands [6,7]. It is clear that extension of data
in known SD nuclei by even a few spin units, or observation of SD states in Hg isotopes 2
neutron numbers larger or smaller than presently known, could provide strong tests of these
calculations. We predict a backbending at I = 487 in *%Hg,

Generally, we predict a gradually decreasing J(? for the highest spins. The whole pattern
forms a smooth bump with the maximum at about I = 42%. At this spin the SD ground-
state band (g-band) crosses, simultaneously, a 2-qp proton band and a 2-qp neutron band.
After the crossing, the 2-qp proton band is lower in energy and thus has larger weight in the
yrast band for I > 42i. We note that changing the quadrupole pairing will shift the band
crossing, thereby shifting the peak in the J(®) curve. If the quadrupole pairing employed
in Fig. 1 is decreased (increased) by 30%, the J® peak for ®4Hg is shifted to I = 38%
(I = 46%), but the E., values are displaced by only a few keV. Thus, the location of the
maximum in J® is sensitive to the quadrupole pairing strength, but our other results do
not depend significantly on this parameter. In particular, the quadrupole pairing force is
not found to be responsible for the gradual increase behavior of J®), as claimed in Ref. [8].

The angular momenta for experimental states in Fig. 1 are those proposed by the corre-
sponding experimentalists, but only for 19%1%Hg are these measured quantities. For 19219%4Hg
the agreement with data is excellent, with the experimental and theoretical E., values vir-
tually indistinguishable on the scale of the plot. This provides strong theoretical support
for recently-measured spin values in these nuclei. This indicates also that the present model
could be a powerful tool to predict unknown spins for SD nuclei. '

Comparisons of our results with data for odd-mass nuclei are shown in Fig. 2, where we
take the recent SD measurements for 1%Pb and 93Tl as representative examples for odd-N
and odd-P nuclei, respectively. In the left part of Fig. 2, the calculated J® for the [761]3
band in '¥°Pb starts at a higher value, deceases rapidly until I = 16%, and finally increases
again at I = 36h. Thus, J©® is observed to be approximately constant for the spin region
I =16 — 36F, but predict that it should increase at higher spins. One observes also that for
the signature partner bands 1 and 2, our calculation predicts a larger J® for band 1 until
I = 36h, as found in the data. After that spin, J® for band 2 has a larger value. Very
good agreement with data for the E.’s is obtained, particularly for higher spins, and the
signature splitting between the partners is also reproduced. Thus, our calculations support
the present spin assignment.

The right part of Fig. 2 shows our results, together with data, for the [642]2 band of
193T]. The present data stop at the point where the theoretical 7 curve turns downward
at [ = 44h. Again, extension of the data to higher spins will test our prediction. For the
E.,’s, there is good overall agreement between data and calculations, with the right phase
and amplitude in the splitting of signature partners.

Fig. 3 compares the same data [9] with two sets of calculations. A nearly constant 7 is
observed in the measured spin interval. In the left part of Fig. 3, we performed a calculation
by using the configuration proposed in Ref. [9], »[761]2 + =[642]2. However, we obtained
a decreasing J». The other configuration, v[642]2 + 7[642]2, reproduces the data much

g e —
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better, with excellent agreement in J® up to I = 32k — see the right part of Fig. 3. (The
deviation beyond that spin is due to the absence of 4-qp states in our odd-odd calculations.)
A better agreement in E, for the latter configuration is also observed.

Since our wavefunctions are eigenfunctions of angular momentum, we can calculate un-
ambiguously the transition quadrupole moment @, g-factor, and pairing gaps (A, and Ap),
as a function of angular momentum. These quantities are defined in Ref. [10]. In Fig. 4
we show the theoretical values of these quantities for the SD yrast band in *‘Hg. Rather
constant Q; (Fig. 4a) is found up to I ~ 24A, with a value of 16.8 eb that is comparable to
the measured average Q: of 17.2 & 2.0 eb. Above that spin, the theoretical values are grad-
ually and smoothly quenched because of gradual alignment processes that lead to a small
reduction of collectivity. Therefore, this calculation indicates that stretching in deformation
is negligible for the range of measured angular momenta in the ®*Hg yrast band.

The calculated g-factors are presented in Fig. 4b. There are as yet no experimental
data available for comparison. These quantities are sensitive to the alignment of individual
nucleon pairs. Proton and neutron g-factors are plotted separately, as is their sum. We
observe a rather constant, small, and negative value for neutrons. The behavior of the total
g-factor is governed by that of the protons, which shows a gradual increase with angular
momentum in the range I = 24 — 44h. At I = 44h, the total g-factor reaches Z[A ~ 041
and saturates thereafter. The g-factors suggest that the rotation alignment of high-j orbitals
enhances the Mol, but the alignment contribution seems insufficient to cause the pronounced
increase in the Mol seen in Fig. 1 for **Hg. In particular, this cannot easily explain the
increase in the Mol before I = 247, where the high-j pair alignment is small.

We show calculated pairing gaps in Fig. 4c. Note that the quantities displayed are not
BCS gaps; they are computed from the many-body wavefunctions, which incorporate dy-
namical effects in the pair field [10]. We observe steady quenching of proton and neutron
pairing with increasing spin across the entire spin range. This smooth decrease of A corre-
sponds to a collective CAP effect that enhances the Mol with increasing angular momentum.
A somewhat steeper decrease in the gap is found for protons in the range I = 24 —44#%. This
additional contribution comes from the increasing importance of high-j pair alignment, in

accord with discussions given above.
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Thus we conclude that the gradual increase of the Mol for SD bands in the mass-190
region is due to smooth quenching of pairing correlations by the CAP effect, which receives
contributions from all orbitals and only becomes dominated by gradual rotation alignment of
high-; particles at higher spins. In previous discussions [1,8], the gradual rotation alignment
of quasiparticles from high-j orbitals was stressed, but the important average contribution
of all orbitals through the CAP effect has not been emphasized. This observation is implicit
in previous studies where it was noticed [1] that treatment of the collective motion in a
cranking model with shell-correction calculations could have difficulties for a quantitative
description of the Mol of a SD band.

In conclusion, the Projected Shell model has been used to provide the first comprehensive
theoretical description of the SD bands in the mass-190 region that simultaneously describes
all observables, including the angular momentum. The increase of the Mol is caused by a
smooth decrease of the pairing correlation within the nucleus due to a combination of the
CAP effect and rotation alignment of high-j pairs, with no evidence of deformation stretch-
ing. These conclusions are supported by calculations of transition quadrupole moments,
g-factors, and pairing gaps. We notice in this connection the recently observed relative
transition quadrupole moments for SD bands in 32Ce and '*Ce [11], indicating a negligi-
ble polarization effect induced by the high-j particles. Finally, these calculations provide a
variety of predictions that could be tested by extension of existing SD data to somewhat
higher spins and to other nuclei in this region, and by measurement of g-factors.
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Abstract

The study of the superdeformed (SD) !°°Pb nucleus has been revisited using the EUROGAM
phase 2 spectrometer. In addition to the known yrast and two lowest excited SD bands, a third
excited SD band has been seen. All of the three excited bands were found to decay to the yrast SD
band through, presumably, E1 transitions, allowing relative spin and excitation energy assignments.
Comparisons with calculations using the random-phase approximation suggest that all three excited
bands can be interpreted as octupole vibrational structures.

1 - INTRODUCTION

Nearly all excitations observed in SD minima have been identified as particle, hole or (multi-) particle-
hole excitations. Calculations [1] suggested that the octupole vibrational mode is the lowest of the
possible vibrational modes for superdeformed shapes in both the mass 150 and 190 regions. Recently
the excited SD band 6 [2] in 152Dy has been put forward [3] as having properties characteristic of an
octupole vibration. However, the experimental evidence for octupole vibrational states in *°Hg [4] is
somewhat clearer. Cowell et al. [4] have reported the observation of El transitions connecting the first
excited SD band of 1%°Hg, band 2, to the yrast SD band 1. We report here another case where the three
observed excited SD bands, in 6Pb were found to decay to the yrast SD band through, presumably, E1
transitions. This result suggests that the inclusion of the octupole vibrational degree of freedom may be
important to give a satisfactory description of the properties of the excitations of SD nuclei.

2 - EXPERIMENT AND RESULTS

The results presented here are from an experiment performed with the Eurogam Phase 2 y-ray spectrom-
eter [5], which consists of 54 escape-suppressed Ge detectors. Of these, 30 are large-volume Ge detectors
located in rings at the forward and backward hemispheres; the remaining 24 detectors around 90 degrees,
are so-called ”clover” detectors, each consisting of four closely packed Ge crystals within a single cryostat
and inserted in the same escape-suppression shield. The experiment was performed using the reaction
186W/(160,6n) on a stack of three isotopically pure 0.2 mg/cm? W targets. The Vivitron accelerator was
set at a beam energy of 110 MeV. A total of 10° triple and higher-fold events was acquired. The data
were subsequently analysed by sorting and extracting triple-gated spectra with background subtraction.
The known yrast [6] and two first excited SD bands [7] in *9°Pb were seen in the data. In addition to
the three known bands a forth SD band.was discovered in 1%6Pb. The spectra of the four observed SD
bands are displayed in figure 1 and their transition energies are listed in table 1. Their assignement to
196pY, is firmly confirmed, by the observation of gamma transitions between low-lying °®Pb yrast states,
in coincidence with the bands (see figure 1). The intensities, relative to the yrast SD band (band 1),
were found to be approximately 20%, 20% and 5% for band 2, band 3 and band 4, respectively. A very
unusual feature of the three excited bands was observed. Each of them decays to the yrast SD band with
intensities ranging from a few per cent to a few tens of per cent. In the following, we are going to present
the results concerning the decay of each of the three excited bands to the yrast SD band.
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2.1 - Band 2 and Band 3

In addition to their firm assignment to !%6Pb, band 2 and band 3 have been extended to higher
rotational frequencies, compared to what has been reported previously by Van Severen et al.[7]. More
importantly, the coincidence spectra obtained by requiring triple-gates on the highest members of band 3
contain the low-lying gamma-transitions belonging to the yrast SD band 1. Figure 2 exhibits a spectrum,
where band 3 shows a smooth increasing pattern of de-excitation to the yrast SD band, starting around
the rotational frequency hw =~ 0.20 MeV. This pattern of decay is unlike those of almost all previously
observed SD bands in the A=150 and A=190 regions, in which the nucleus remains in the SD band
until finally decaying to the normally deformed states. Only the 1°OHg first excited band which has been
interpreted as due to an octupole vibra-
tional state built on top of a SD nucleus,

shows a similar de-excitation pattern to band 4 |
the yrast SD band. At the higher en- 20 ¢

ergy part of the spectrum of figure 2, one o W u W
can see a clustering of 4-lines around 944 T

keV. This series of unresolved lines was 1000 | band 3
found to be in coincidence with the higher ,.M]JI ‘J I v
part of band 3 and the lower part of band 0 1 | ',J’-.;L-‘w r- T

1, suggesting that the lines are the con-
necting transitions between the two SD
bands. The coincidence pattern between
the vy-transitions in band 1 and in band
3 allows us to propose the decay scheme
shown in figure 4. The relative placement
of the two bands is uniquely determined \ 1
by the sums and differences of the v-rays
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involved. It is worth pointing out that Energy (keV)

the clustering of the connecting transi-
tions around a unique value (944 keV) is Figure I : Triple gated spectra on the four observed SD bands

due to the fact that in the region where in '°®Pb. y-transitions connecting normally deformed states in
band 3 decays to band 1, the two bands 198 Pb are labeled by "y”.

have very close transition energies.
In order to determine the relative
spins of the two SD bands, DCO (di- 800 —————
y

rectional correlations from oriented nu-
clei [8]) ratios were extracted for the in-

terband transitions. These were defined 600 |

simply as the number of counts in the

clover detectors (located around 90 de-

grees) divided by the number of counts &

in the large volume detectors (at forward 2

for A L = 1 transitions and 0.8 for A L M‘ A/ WMMM

= 2 transitions. Only one ratio was ex- 200 300 400 500 600 700 800 900 1000 1100
tracted for the entire 944 keV composite transition energy (keV)

line (assuming that all of its components

are of the same nature). This ratio was

deduced from triple gated spectra, under Figure 2 : Triple gated spectrum obtained by requiring 1 gate
the assumption that the requirement of on the lowest members of band 1 and 2 gates on the highest

and backward angles), after correction for
efficiency. These ratios were calibrated

a gating transition did not significantly members of band 3. v-lines are indicated by the energy and the
perturb the orientation of the nuclear mo- number of the band to which they belong.
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mentum (this is quite a good assumption because of the quasi-spherical symmetry of the array’s geometry
and because of the large angular momentum J of the states considered compared to the multipolarity A
of the transitions). The measured value of the DCO ratio 1.2 (2) for the broad 944 keV line, is found to
be in agreement with a dipole character. Thus it is very likely that the two SD bands (band 1 and band
3) differ by one unit of angular momentum as indicated in figure 4. Because of the limited statistics, it
was unfortunately not possible to extract a polarisation measurement for this group of connecting tran-
sitions (by using the set of clover detectors as a polarimeter). Similarly but less firmly band 2 has been
found to be in coincidence with band 1 and no connecting transitions have been found. The relationship
between the transitions energies in band 2 and band 3 is that between strongly coupled bands (namely
the transition energies of band 2 lie at the mid-points of those of band 3). Thus band 2 and band 3 could
be considered as signature partner bands. This assumption allows the placement of band 2 in the level
scheme as shown in figure 3. In this level scheme the unobserved transitions are indicated by dashed
arrows.

2.2 - Band 4

In addition to the two known excited SD bands (band 2 and band 3), a third excited SD band (band 4)
has been observed. This band appears very clearly in a spectrum gated on the lowest transitions of band 1.
This can be taken as evidence that this new SD band decays very strongly to the Yrast SD band 1. This is
also very well illustrated in figure 3, where a spectrum obtained by requiring a double gate on the highest
members of band 4 and one gate on the low-
est members of band 1, is shown. This spec-
trum exhibits the same behaviour as band 3,
namely a rapid loss of intensity from band 300 F
4 to band 1. In the case of band 4 the de-
population to the yrast band occurs at rela-
tively higher rotational frequency (fiw ~0.25
MeV) than band 3. Only a very weak candi-
date at 1241 keV for the connecting transi-
tions between SD states in band 4 and band
1 was observed. Despite the weakness of this 20 “(“
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counts/keV
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line, a clear coincidence was observed be-
tween the lowest transitions in band 1, the
highest transitions in band 4 and the 1241 0 : .
keV transition. The observed coincidence re- 200 300 400 " 500 600 700
lationship suggests the tentative part of the energy (keV)

level scheme involving the decay of band 4 . ) o
(see figure 4). Because of the weakness of Figure 8 : Triple gated spectrum obtained by requiring 1

the observed interband transition (two other gate on the lowest members of band 1 and 2 gates on the
interband transitions are tentatively added highest members of band 4. +-lines are indicated by the en-
to the level scheme) it was not possible to €79y and the number of the band to which they belong.
extract any information on its nature and

multipolarity.

3 - INTERPRETATION

As mentioned earlier, band 2 and band 3 could be considered as two strongly coupled signature part-
ner bands. If we assume for the two bands the spins indicated in the level scheme of figure 4 (based on
the assumption that the connecting transitions between band 3 and band 4 are stretched dipoles and
that band 2 and band 3 are signature partners), the alignment of the two bands with respect to the yrast
SD band in the 194Pb core could be calculated as a function of rotational frequency. These alignments
are shown in figure 5 together with those of the two excited SD bands in 194Hg for which the yrast SD
band in 192Hg is taken as a reference. The spins of the bands in 19*Hg and '°*Pb are suggested by recent
measurements of linking transitions between the SD states and the normally deformed states in those
nuclei [9, 10, 11]. For the yrast SD bands in **Pb and in 1°?Hg, the spins are deduced from the fits
of the J(®) moment of inertia, using the Harris expansion. The first observation which may be made
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from figure 5 is that, independently of any spin values, the J(2) dynamical moments of inertia of band
2 and band 3 are identical to that of the yrast band in !®*Pb (for rotational frequency %w higher than
0.2 MeV). The same feature is observed between the excited bands in 1%*Hg and the yrast SD band in
2Hg. One possible interpretation for the two first exited SD bands in 1**Hg and 196Pb is that they are
due to a two quasi-particle excitation involving the two strongly coupled [624]9/2 and [512]5/2 neutron
orbitals located above the N=112 SD shell gap. It is now known, from the study of the SD 193Hg nucleus
[12] that occupancy of such orbitals do not affect the behaviour of the J(2) moment of inertia , relative
to the neighbouring core. Furthermore, the lack of M1 transitions between band 2 and band 3, could
be taken as an indication that they correspond to the two signature partner bands with the value K=2
[18]. The same interpretation has been already proposed for the two excited SD bands in 194Hg [14].
Concerning band 4, a striking similarity was found between the J(2) of that band and the J(®) of band 1
in 195Pb [15]. They are both fairly constant around a value of 105 A2 MeV~2. This behaviour of the J(?)
moment of inertia is typical of SD lead isotopes where the j;5 /2 intruder orbital is occupied by a single
neutron [15, 16]. Thus band 4 could be due to a two quasi-particle excitation involving the neutron ji5/;
and the lowest strongly coupled neutron orbital (presumably the [624]9/2 orbital). This interpretation
in terms of a two quasi-particle excitation accounts for the observed J(2) behaviour of the three excited
SD bands in 1°®Pb, but not for their relatively strong decay to the yrast SD band 1. Furthermore, the
excitation energies of these SD bands, relative to the yrast SD band, were found to be approximately
1 to 1.2 MeV, which is fairly low for a two quasi-particle excitation (if one assumes a typical 1 MeV
energy gap A). If we assume that the connecting transitions of band 3 and band 4 to the yrast band
are of El character, an alternative interpre-
tation invoking octupole vibrational excita-
tions is suggested by recent microscopic RPA
calculations by Nakatsukasa et al {17, 18]. st
The details of this theoretical approch are Band2 Band3 a5y
discussed in this conference by Nakatsukasa.

The calculated J(2) moment of inertia from @y
this model are shown in figure 6 together
with measured ones for the three excited SD
bands. A striking agreement is found be-
tween experimental and theoretical results.
The success in reproducing the measured J(2)
moment of inertia of the two first excited SD
bands suggests that band 2 and band 3 are
the two signature partners of the K=2 oc-
tupole vibrational bands. The agreement for
band 4 is not as good, but still could indi-
cate that this band is the unique signature of
the K=0 octupole vibrational band. The ex-
perimental B(E1) values extracted from the
data were found to be approximately 10~5,
10~% and 10~* Wu for band 2, band 3 and
band 4, respectively. While the calculated
values are systematically one order of mag-
nitude lower for the three bands, their rela-

tive increase within the three bands is well
reproduced([18]. Figure 4 : Tentative level scheme including the yrast SD

band and the three excited bands in 196 Pb,

Band 4

Qry
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The three excited SD bands in 196Pb show an unusual decay to the yrast SD band through presum-

ably E1 transitions. This suggests that an
alternative to the quasi-particle interpreta-
tion of the bands could be an interpretation
in terms of octupole vibrational states built
on top of the SD nucleus. Further exper-
iments should be done in order to establish
the E1 character of the interband transitions.
A similar interpretation for almost all the ex-
cited SD bands observed in even-even nuclei
of the mass-190 region is suggested by Nakat-
sukasa et al [17, 18]. This again raises the
question related to the origin of the one unit
of alignment of the excited bands in %*Hg
with respect to the 192Hg core and the even
more puzzling half unit of alignment of the
excited bands in 196Pb with respect to the
194ph core (see figure 5). For exemple to
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0.5 E
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what extend octupole vibration in SD °4Hg Figure 5 : Alignment plot of the first two ezcited SD bands
and 196Pb could account for the observed in °6Pb and in 194H9 Hg with respect to the yrast SD band
constant alignment (1% or 1/2% with respect in 194 pp and in 192H9 Hg, respectively.

to the corresponding core (192Hg and 194Pb).

Finally, other results concerning the decay of the yrast SD band to the normally deformed states in 196py,
and a possible fourth excited band with even stronger decay to the yrast SD band, have been obtained
in this experiment and will be discussed in a forthcoming paper.
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Table 1: Energies of the four SD bands in 1°6Pb. Uncertainties range from 0.2 keV to 0.5 keV

Band1 Band 2 Band 3 Band 4 ‘
170.9 204.9 227.2 367.0
215.5 247.9 268.1 405.3
259.6 289.0 309.0 442.8
303.0 329.7 349.4 480.6
345.5 369.9 388.6 519.3
387.4 409.0 427.2 557.8
428.6 4474 465.3 597.0
469.0 485.1 502.7 635.4
508.3 522.0 539.6 675.2
546.7 558.3 575.1 714.4
584.1 593.9 610.5
620.1 628.7 645.0
654.9 663.2 679.4
688.1 697.0 712.2

720.6  730.0

752.3  764.0

783.5
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Microscopic RPA calculations based on the cranked shell model are performed to investigate the
quadrupole and octupole correlations for excited superdeformed (SD) bands in even-even A=190
nuclei. The K = 2 octupole vibrations are predicted to be the lowest excitation modes at zero
rotational frequency. The Coriolis coupling at finite frequency produces different effects depending
on the neutron and proton number of nucleus. The calculations also indicate that some collective
excitations may produce J) moments of inertia almost identical to those of the yrast SD band.
An interpretation of the observed excited bands invoking the octupole vibrations is proposed, which
suggests those octupole vibrations may be prevalent in even-even SD A=190 nuclei.

I. INTRODUCTION

Superdeformed (SD) rotational bands provide us with
an opportunity of studying a finite quantum many-body
system at the limits of a strong Coriolis field and large
deformation. As an example of elementary excitations in
rapidly rotating nuclei, low-frequency vibrational motion
at high spin is of great interest. Since the large deforma-
tion and the rapid rotation of SD bands may produce a
novel shell structure, we expect features of surface vibra-
tional motions quite different from those of spherical and
normal-deformed (ND) nuclei. In this paper quadrupole
and octupole vibrations built on the SD yrast band are
discussed in terms of a microscopic model based on the
cranked mean field extended by the random-phase ap-
proximation (RPA).

In a recent paper [1] (to which we refer hereafter as
NMMS), we have discussed the quadrupole and octupole
correlations in excited SD bands in !90:192:199Hg  We
have found that the K = 2 octupole vibrations are the
lowest excitation modes in these SD nuclei and the inter-
play between rotation and vibrations produces different
effects depending on neutron number. From a compar-
ison with the experimental J(2) moments of inertia, we
have proposed a new interpretation that most of the ob-
served excited bands are the (X = 2) octupole vibra-
tions. In this paper, we extend this work to all even-even
SD nuclei observed in A=190 region and compare our
theoretical results with new experimental data. Assum-
ing that the observed excited SD bands correspond to
the lowest octupole vibrations, the observed properties
(Routhians, J (2) moments of inertia, and linking tran-
sitions into the yrast SD bands) will be consistently ex-

plained for all even-even A=190 nuclei.

II. COLLECTIVE EXCITATIONS IN RAPIDLY
ROTATING SUPERDEFORMED NUCLEI

Before discussing explicit examples of excited SD
bands, let us discuss the characteristics of elementary
excitation modes in high-spin SD and ND states in even-
even nuclei.

ND nuclei belong to a family of nuclei with “open-
shell” configurations. At low spin, since the pairing cor-
relations produce an energy gap A (typically 1 MeV),
the excitation energies of the lowest two-quasiparticle
(2qp) states are at least 2A =~ 2 MeV and the collec-
tive (isoscalar) excitations become the lowest excitation
modes which have been universally observed in experi-
ments. However, this situation is changed at high spin
by many rotationally aligned 2qQpP states coming down
rapidly with frequency. These aligned 2QP bands erase
the energy gap and become the dominant modes of low-
energy excitation. Thus, at present, very few experimen-
tal data are available for the collective modes of excita-
tion at high spin.

On the other hand, SD nuclei are characterized as
“closed-shell” nuclei with a large shell gap near the Fermi
surface. In addition, the large deformation tends to re-
duce the aligned angular momenta of high-j orbitals.
These properties of the SD shape keep an energy gap
in the quasiparticle spectra even in the high-spin re-
gion. (see quasiparticle Routhians in NMMS and com-
pare them with those of ND nuclei, e.g., in Ref. [2]). As a
result, the collective states may be still the lowest modes
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even at high spin. In this sense, the SD nuclei could pro-
vide an observatory of the collective excitations in rapidly
rotating systems.

In the A=150 region, the behavior of excited SD bands
have been well accounted for as single-particle excita-
tions except for a few cases in 132Dy [3,4], 1*8Gd [5], and
1%0Gd [6]. This may be because the pairing correlations
are extremely suppressed in the A=150 region. Since the
pairing correlations may increase the quadrupole and oc-
tupole collectivity, we expect the different feature of near-
yrast excitation spectra in the A=190 region.

In even-even SD A=190 nuclei, most of excited bands
have J(2) moments of inertia very similar to those of
the yrast SD bands, which show a gradual increase with
frequency. On the other hand, atypical J(*) moments
almost constant with frequency have been observed uni-
versally in odd-A SD nuclei and have been explained by
invoking occupation of a quasiparticle state associated
with neutron N =7 (jy5/2) orbitals [7-10]. These exper-
iments provide important information on the quasiparti-
cle spectra around the N = 112 SD shell gap, which tells
us the V = 7 orbitals is the lowest at high frequency and
the blocking of the N = 7 orbitals leads to the lack of
alignment producing a constant J(?. If we try to inter-
pret the excited bands in even-even nuclei as the simple
2QP states, it is a puzzle why the similar atypical J(®
have not been observed in the even-even cases. We will
show in the next section that the collective excitations
can provide a possible answer to this mystery.

III. MICROSCOPIC STRUCTURE OF
COLLECTIVE EXCITATIONS

In this section, we give a brief review of our theoret-
ical model and discuss the J(?) moments of inertia for
the excited bands. See NMMS for a complete description
of the model and details of numerical calculations.

In the cranked shell model extended by the RPA the-
ory, vibrational excitations built on the rotating vac-
uum are microscopically described by superpositions of a
large number of 2QP states. The RPA also allows us to
describe non-collective 2QP excitations and weakly col-
lective states which are difficult to discuss by means of
macroscopic models. Effects of the Coriolis force on these
various modes of excitation are automatically taken into
account in RPA solutions since the mean field is affected
by the cranking term —wotJ5-

The model Hamiltonian is assumed to be of the form:

H' =}, + Hi 3.1)

where A is a cranked single-particle Nilsson Hamilto-
nian including the pairing field. The quadrupole defor-
mation and pairing gaps are determined by the standard
Strutinsky procedure at wrot = 0. We have adopted the
phenomenological prescription given in Ref. [11] for the
pairing gaps at finite frequency (which is characterized

by a “critical” frequency w,). The residual interactions
are separable multipole interactions,

Hine = Hpair — %ZXAKQI\KQAK ) (3.2)
MK
where Hpair is a residual pairing interaction consistent
with the mean field and Qyg are multip,ole operators
defined in doubly-stretched coordinates r; = (w;/wq)r;
(¢ = =2,9,2) [12]. The coupling strengths of the in-
teractions yax are determined in the same way as in
NMMS. However, since we do not know exactly the self-
consistent interactions in a realistic Nilsson potential,
we have done the calculations with two different val-
ues of the octupole coupling strengths; the “harmonic-
oscillator” value (fs = 1) [12] and the one increased by
5% (fs = 1.05). We use this symbol f3 as a scaling factor
of the coupling strengths. See eq.(3.13) in NMMS.
After diagonalizing the Hamiltonian (3.1) with the
RPA theory, it is written as

H' = const. + Z RQSXST XS
a,n
for even-even nuclei at finite rotational frequency. Here
o« (=0,1) indicates the signature quantum number. X1
and hQy are the n-th RPA-normal-mode creation opera-
tor and its excitation energy, respectively. Since we take
the yrast SD band as the RPA vacuum, AQZ gives the
Routhian (excitation energy in the rotating frame) rela-
tive to the yrast SD band.
From the RPA eigenenergies, we calculate the J(2)
moments of inertia for excited SD bands as follows (see
NMMS for detail): The relative difference between the

excited and yrast bands is given by j(3) = —d?AQ,, /dw?,,

and added to the experimental Jo(z) of the yrast band,

Jo(z) -+ j(z). This procedure allows us to take into account
the complex correlations which are implicitly included in
j(,(z); e.g., the pairing fluctuation, the higher-order pair-
ing.

In the RPA theory, excited states |n) (n # 0) are de-
scribed by superposition of 2QP excitations,

In) = > {$alpr)alal + pa(u)a,a,} [0),  (3.4)

(3.3)

where |0) is the RPA vacuum and o, (pv) (pn(uv)) are
the RPA forward (backward) amplitudes. The back-
ward amplitudes are generally smaller than the forward
amplitudes if the mean field is stable enough. A non-
collective state has a single dominant 2QP component,
namely |9, (op)|? 2 1 and [t (ur)|? = 0 for (uv) £ (op).
On the other hand, a collective state may be charac-
terized by the coherent contributions from many differ-
ent 2QP components and substantial contributions from
backward amplitudes.

As is discussed in sec.Il, the lowest N = 7 neutron
quasiparticles change J(*) moments of inertia most sig-
nificantly. Therefore, the observed excited bands in even-
even nuclei, which show the J(2) identical to those of the
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yrast J(,(z), cannot be the lowest 2QP states associated
with these orbitals. A possible explanation for this sim-
ilarity of J(® is interpreting them as 2QP excitations
invoking high-K orbitals. For instance, bands 2 and 3 in
194 ¢ have been originally assigned as two-quasineutron
excitations [624 9/2]®[512 5/2] (13]. However, this does
not explain why we have not observed 2QP excitations
associated with the neutron N = 7 orbitals which should
be lower in energy at high frequency (see discussion in
sec.II). ’
Instead, we presume those excited bands could be the
collective states. First of all, the excitation energies of
collective states may be lower than any 2qp state. In ad-
dition, some collective bands may produce the P =0

(which means J®) ~ Jo(z)) because of the spreading of
the RPA amplitudes over many 2QP’s. In a highly collec-
tive state, the amplitude |, (pv)| of each 2QP component
is small and the peculiar effect of the neutron N =7 or-
bitals can be smeared by the other components. This
“smearing” has been actually demonstrated for **Hg in
NMMS, and will be also done for Pb isotopes in sec. V.

IV. COLLECTIVE EXCITATIONS IN Hg NUCLEI

In this section, results of the RPA calculations are pre-
sented for the excited states in SD Hg nuclei. Since we
have already published this result in NMMS, here we
briefly review the main results of NMMS and discuss new
experimental data on !®*Hg. The main conclusions of
NMMS are summarized as follows.

1. The K = 2 octupole vibrations are the lowest exci-
tation modes (E; ~ 1 MeV, B(E3; 0% — 37) = 10
s.p.u.) in these Hg isotopes at wrot = 0.

2. The v vibrations are higher in energy and less col-
lective (E; > 1.4 MeV, B(E2; 0 —2t) <2~ 3
s.p.u.) than the lowest octupole vibrations at
wrot = 0.

3. In 19%Hg, two observed excited SD bands, bands 2
and 4, are assigned to the lowest octupole bands
with signature « = 1 and 0, respectively. The
a = 1 octupole vibration is rotationally aligned,
while the @ = 0 is crossed by a two-quasineutron
band at high frequency.

4. In '92Hg, bands 2 and 3 are assigned to the low-
est (K = 2) octupole bands with signature o = 1
and 0, respectively. Both bands are crossed by a
two-quasineutron band at high frequency.

5. In 1°*Hg, bands 2 and 3 are assigned to the lowest
(K = 2) octupole bands with signature « = 0 and
1, respectively.

6. The strongest mixture of low-K components (K =
0 and 1) at finite frequency is predicted for band 2
of 19%9Hg, which explains why strong dipole decay
into the yrast SD band has been observed only for
this band.

For 19¢Hg, recent GAMMASPHERE experiments have re-
vealed the excitation energies and spins of the yrast [14]
and excited (band 3) SD bands [15]. The experimen-
tal Routhians of band 3 relative to the yrast SD band
have been extracted from these experimental data [15].

“The experiments indicate that band 3 is very low-lying,

E! =~ 0.8 MeV at wror = 0, which seems to support our
interpretation of collective vibrations because the lowest
2QP states have been predicted to be at E/, = 1.5 MeV
in NMMS.

In Fig. 1 we compare the experimental Routhians with
the theoretical results presented in NMMS and Ref. [16]
(indicated by (1) and (2), respectively) and with Routhi-
ans calculated with slightly different parameters (indi-
cated by (3)). The parameter sets used for the calcula-
tions are; (1) the same parameters as in NMMS (dynam-
ically reduced pairing and fz = 1), (2) the same as in
Ref. [16] (constant pairing gaps and f3 = 1.05), and (3)
the same as (1) except fs = 1.057 and hw. = 0.5 MeV
for protons (see eq.(3.4) in NMMS). It turns out that the
previous calculation (2) had predicted the experimental
Routhians very nicely, while the calculation (1) had over-
estimated the excitation energy by about 200 ~ 300 keV'.
The parameters (3) are chosen to reproduce the experi-
ments: it seems to suggest that the reduction of proton
pairing is smaller than expected in NMMS and the opti-
mal octupole coupling strengths are slightly larger than
the harmonic-oscillator values. This is consistent with
the discussion in NMMS in which we have shown the
slightly larger coupling strengths (f3 = 1.05) reproduce
the experimental J(2) even better.

Experimental information has also been obtained on
the signature splitting of bands 2 and 3 (assuming they
are signature partners). This is discussed in a paper by
F. Stephens in this proceedings [17]. Again, the agree-
ment becomes better for the result with the slower pairing
reduction and the larger octupole coupling.

10 T

E' [ MeV ]

- Routhians for the lowest
octupole states in ¥*Hg

0 o1 o

3
o, [ MeV/h ]

FIG. 1. The RPA eigenenergies for the lowest octupole
states in 1°*Hg. Solid (dashed) lines correspond to states
with signature o = 1 (0). Experimental data for band 3
(a = 1) are shown by open squares.
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FIG. 2. RPA eigenenergies of negative-parity states for 192:194196,198 pp, colcylated with fs = 1.05. Open (solid) circles
indicate states with @ = 0 (1). Large, medium, and small circles indicate RPA solutions with E3 transition amplitudes larger
than 200 efm®, larger than 160 efm®, and less than 100 efm3 , tespectively. If we take fs = 1, the excitation energy of the lowest

octupole states will be around 1.2 MeV at wyo; = 0.

V. COLLECTIVE EXCITATIONS IN Pb NUCLEI

In this section, the results are presented for excited
states in SD even-even Pb nuclei. In 192:194196,198p}, the
predicted properties of 4 vibrations are similar to those
in Hg nuclei (see the previous section and NMMS); the
excitation energy (E; = 1.5 ~ 1.6 MeV) is higher than
the lowest octupole state and their weak collectivity will
be dissipated at high spin. Therefore, the observation of
the v vibration is expected to be more difficult than the
octupole vibrations. Hereafter, let us focus our discus-
sion on the collective octupole excitations.

Figure 2 shows the calculated Routhians with negative
parity relative to the yrast SD bands for even-even Pb
nuclei. The quadrupole deformation ¢ = 0.44, the pair-
ing parameters A(0) = 0.8 (0.7) MeV with Aw, = 0.5
(0.5) MeV for neutrons (protons), and fz = 1.05 are used
throughout (cf. sec.III-A in NMMS). The lowest states
are again the X = 2 octupole vibrations for all nuclei.

A. ¥ Pb and **Pb

The excited SD bands in even-even Pb nuclei have been
observed in '**Pb (bands 2 and 3) [18] and 1°¢Pb (bands
2, 3, and 4) [19]. We assume the lowest octupole bands
(o =0 and 1) correspond to the observed excited bands
(bands 2 and 3) in '%*Pb and '°Pb. Unfortunately we
could not give unique assignment to band 4 in 1%°Pb (see
below).

The calculated J(2) moments of inertia are shown in
Fig. 3(a) together with the experimental data. The sig-
nature of excited bands is determined by following the ex-
perimental suggestions [18,19]. As is discussed in sec.III,
the 73 identical to those of the yrast SD band are re-
produced by means of the “smearing” effect. The results
calculated with f3 = 1.05 agree with the experiments
especially well. There is an experimental suggestion that

(@) _®
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FIG. 3. (a) Calculated (solid lines) and experimental
(symbols) J moments of inertia for excited SD bands
in **Pb (upper) and !°*Pb (lower). Thin solid lines are
the results with f3 = 1 while the thick lines indicate the
results with fz = 1.05. Dotted lines indicate the yrast
J®. Experimental data are taken from Ref. {18,19].

(b) E3 transition amplitudes of the corresponding oc-
tupole states calculated with f; = 1.05.
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the band-head energy of bands 2 and 3 in 196Pb is around
870 keV [19], which again indicates better agreement with
the results with f3 = 1.05 (Fig. 2).

In order to clarify how the “smearing” works, we show
examples of RPA amplitudes calculated with fz = 1.05
for the lowest o = 1 octupole state in 19Pb: At wyot =0,
the largest component is a two-quasineutron v(56) (occu-
pying N = 5 and N = 6 orbitals) with [¢|? = 0.14, while
it will be a two-quasiproton =(56) with ||? = 0.12 at
hwrot = 0.3 MeV. As you can see, even the largest com-
ponent occupies less than 10% of the total sum of forward
amplitudes Y, [¥(uv)|? ~ 1.48. As is discussed before,
the neutron N = 7 orbitals give the most significant ef-
fect on J(2) moments of inertia. The largest component
associated with neutron N = 7 is [¢]2 = 0.04 (0.02) at
hwror = 0 (0.3) MeV. Therefore, the blocking of N =7
orbitals turns out to be extremely weak in this collective
excitation, which results in the J(?) almost identical to
those of the yrast band.

The experiment [19] has also observed decay transi-
tions from excited SD bands (bands 2, 3, and 4) into the
yrast SD band in !9°Pb (the dipole character of decays
from band 3 was confirmed). Assuming the E1 transi-
tions, the experimental B(E1) values have been extracted
from the branching ratio; B(E1)exp ~ 107%, 1075, and
10~* W.u. for bands 2, 3, and 4, respectively. Using
the E1 recoil charge (—Ze/A for neutrons and Ne/A for
protons), the calculations with fa = 1.05 at Awrer = 0.3
MeV have suggested B(E1)cal = 10~7, 107¢ W.u. for
bands 2 and 3, respectively. If we assume band 4 is an
either X = 0 or 1 octupole band, the B(E1)ca would
be about 10~5 W.u. Although the calculation underes-
timates the absolute magnitude by a factor of 10, the
relative difference among bands 2, 3, and 4 is well repro-
duced. However, the band-head energies of K = 0 and
1 octupole states are predicted to be around 1.5 MeV
which is much higher than the experimental suggestion
(= 1 MeV); this weakens our interpretation of band 4 as
an octupole state. Note that, since we could not make the
reliable prediction about @ vibrations, we cannot deny a
possibility that band 4 is a 8 vibration. Besides, if the
transitions from band 4 are M1, it could be a 2QP band,
because the J(?) moments of this band show the atypi-
cal behavior which might suggest effects of the neutron
N =7 orbitals.

Figure 3(b) shows the E3 amplitudes (X =0, 1, 2, and
3) of the lowest octupole states as functions of frequency.
The K-mixing turns out to be weak for both bands 2 and
3 in 196Pb. Since the E1 strength is supposed to be car-
ried by the low-K component (K = 0 and 1), it provides
the small B(E1) for bands 2 and 3 (10=7 ~ 107° W.u.).
The calculation suggests the relatively strong Coriolis
mixing for (K, «) = (2,1) octupole band in **Pb. This
leads to B(E1)cal & 107% ~ 10=° W.u. which is the
largest among the octupole states shown in Fig. 3. Fur-
ther experimental investigation about the linking transi-
tions between excited and yrast SD bands in !®*Pb may
clarify the octupole collectivity of this band.

B. '*2Pb and **Pb

Although the excited SD bands in even-even A=190
nuclei have been observed so far only in 19%:192:1%4f¢ and
194,196p},  we expect this will be significantly extended
in near future by means of the new generation y-ray de-
tectors. Among those candidates, !92Pb and 19®Pb may
be relatively easy to access because the yrast SD bands
have been already observed. In this section, we make a
prediction on the properties of octupole bands in these
nuclei.

The octupole states in !92Pb are similar to those
(bands 2 and 4) in 19°Hg; the lowest octupole phonon
with signature o = 1 is rotationally aligned, and the sec-
ond lowest with o = 0 is crossed by a 2qQP band (Fig. 2).
In Fig. 4, we show the calculated J(2) moments of iner-
tia for the lowest octupole bands in each signature sec-
tor. The @ = 1 band shows the large and almost con-
stant J(®, while the a = 0 shows a bump at frequency
hweot = 0.3 MeV (if we take fs = 1, the position of
this bump will be shifted to Awre = 0.23 MeV). Since
the aligned octupole phonon is a result of strong Corio-
lis mixing, the @ = 1 band has substantial amounts of
K =0 and 1 components at finite frequency, which will
lead to the relatively strong E1 decays into the yrast SD
band (B(E1)cal 1076 ~ 10~* W.u.).

In 198Pb, the lowest K = 2 octupole states (¢ = 0 and
1) are predicted to have no signature splitting. Their
J® moments of inertia are identical to each other and
similar to those of the yrast SD band (Fig. 4). In this
case, since the Coriolis mixing is very weak, the E1
strengths are predicted to be small (B(E1)cal = 107 ~
10~ W.u.).

[ 192p},

FIG. 4. Calculated 7 moments of inertia for the low-
est octupole bands with o = 0 (lower) and & = 1 (upper)
in 1°2Pb (left) and '8Pb (right). f3 = 1.05 is used in
the calculations. Dotted lines indicate the yrast J(®.
Experimental data are taken from Ref. {20,21].
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VI. CONCLUSIONS: “OCTUPOLE PARADISE”

The microscopic structure of the ¥ and the octupole vi-
brations built on the SD yrast bands in 19%:192:1%94fg and
192,194,196,198p}, were investigated by means of the RPA
based on the cranked shell model. For all these even-even
nuclei, the K = 2 octupole vibrations are predicted to be
the lowest.

New experimental data on SD !°*Hg [15] seem to sup-
port our interpretation in NMMS that bands 2 and 3
may be K = 2 octupole vibrational states. The results
in Ref. [16] calculated with slightly different parameters
agreed better with the experimental Routhians for band
3, which may suggest the pairing reduction at finite fre-
quency should be smaller and the optimal octupole cou-
pling strengths be larger than the ones used in NMMS.

For the observed excited bands in SD Pb isotopes, the
following configurations have been assigned:

194Pb Band 2 : the (K, ) = (2,1) octupole vibration.
Band 3 : the (K, o) = (2,0) octupole vibration.
196Pb Band 2 : the (K, ) = (2,0) octupole vibration.
Band 3 : the (K, «) = (2,1) octupole vibration.

Band 4 : indefinite.

With these assignments, our calculation accounted for
the J(®) moments of inertia and the observed decays of
excited bands into the yrast SD band (}9¢Pb). It is also
suggested that the relatively strong Coriolis mixing in the
(K, @) = (2,1) octupole vibration in 1°¢Pb may lead to
the strong E1 decay into the yrast SD band. It would be
interesting for the experiment to search for these decay
transitions in this nucleus.

We have also done the calculations on excited SD
bands in 2Pb and '%8Pb. The following octupole bands
are predicted (possible experimental signatures are indi-
cated in [italics ]):

192Pb (i) the a =1 aligned octupole vibration
[large 73 and E1 linking transitions).
(ii) the (K, ) = (2,0) octupole vibration crossed
by a 2QP band
[a bump of TP at hwpey = 0.2 ~ 0.3 MeV].
198Pb  the signature-paired K = 2 octupole vibrations
[T® similar to those of the yrasi).

As mentioned above, the K = 2 octupole vibrations
are predicted to be the lowest in the region where the
SD bands have been observed so far (79 < Z < 83,
109 < N < 116). Since the E1 strengths only come
from the Coriolis mixing of the K = 0 and 1 compo-
nents, the most direct evidence of octupole correlations,
namely the strong decays into the yrast SD band, have
been observed in limited cases (band 2 in 1°°Hg and band
4 in 19Pb). However, if future experiments extend this
region into N < 108 or N > 116, the K = 1 octupole
vibrations are predicted to become the lowest (or close to
the lowest). Then, strong E1 decay should be observed,

and would be good experimental evidence for octupole
collectivity. This lowering of K = 1 octupole states at
open shell configurations is a result of the striking shell
structure at superdeformation and has been discussed in
Ref. [22-24].

From these calculations and from a comparison with
available experiments, we would like to conclude that the
octupole vibrations are prevalently observed in even-even
SD A=190 nuclei (“Octupole Paradise”). The observa-
tion of the high-spin collective excitations is very difficult
in ND nuclei, because the energy gaps at the Fermi sur-
face quickly disappear due to many aligned 2qQP states, so
that non-collective modes of excitation become dominant
at high spin. The large deformation and large shell gap
in SD nuclei may overcome this situation and provide us
with a valuable opportunity to observe a variety of col-
lective excitations in rapidly rotating quantum systems.

We would like to acknowledge F. Azaiez, P. Fallon,
G. Hackman, M.A. Riley, M.-G. Porquet, F. Stephens
for offering us new experimental data and for valuable
discussions.
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Abstract: Properties of the hyperdeformed nuclei in the A ~ 170 mass range are re-ezamined
using the self-consistent Hartree-Fock method with the SkM* parametrization. A comparison
with the previous predictions that were based a non-selfconsistent approach is made. The
ezistence of the "hyper-deformed shell closures” at the proton and neutron numbers Z=70
and N=100 and their very weak dependence on the rotational frequency is suggested; the
corresponding single-particle energy gaps are predicted to play a role similar to that of the
Z=66 and N=86 gaps in the super-deformed nuclei of the A ~ 150 mass range. Selfconsis-
tent calculations suggest also that the A ~ 170 hyperdeformed structures have neglegible mass
asymmetry in their shapes. Very importantly for the experimental studies, both the fission
barriers and the ”inner” barriers (that separate the hyperdeformed structures from those with
smaller deformations) are predicted to be relatively high, up to the factor of ~2 higher than
the corresponding ones in the 2Dy superdeformed nucleus used as a reference.

An interest in the possible existence of the hyperdeformed nuclei at high spins has con-
stantly accompanied the fast progress in understanding the structure of the superdeformed
nuclei during the last ten years. An early prediction of an existence of a hyperdeformed
minimum in the 2Dy nucleus [1], has been followed by several Conference reports about a
possible experimental evidence of it (see article [2] as one of the references); yet the problem
of obtaining an unambigous experimental evidence of an existence of the hyperdeformed
nuclear shapes seems to be a very difficult one. This difficulty can be viewed as one of the
important motivations for our theoretical study whose preliminary results will be presented
below.

We would however like to stress yet another and a much more profound motivation for
studying the hyperdeformed structures in nuclei. As it has been predicted in Ref. [3], the
abundance of the super- and hyper-deformed nuclei in nature should follow certain rules
manifested by "cycles” or ”chains” in terms of the proton and neutron numbers (cf. Ref.
[4] for more precision and details) and not merely a more or less random pattern. It has
been suggested in the same reference that the cyclic pattern is merely 2 manifestation of an
existence of an (approximate) pseudo SUz symmetry of the nuclear interactions that should
also be obeyed by an average nuclear field (cf. Ref. [5] in which some, both mathematical

*Permanent address: Institute of Theoretical Physics, Warsaw University, Hoza 69, PL-00681 Warsaw,
Poland
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and physical concepts related to the pseudo SUs mechanism, have been introduced). Con-
sequently, the possible future experimental discovery of the hyperdeformed nuclei should be
viewed as directly related to the study of the very basic properties of the nuclear interactions
- and in particular of their pseudo SUz symmetry. (Let us also recall here that the adjective
”pseudo” carries by no means any pejorative meaning and has been introduced in order to
differentiate from the name ”SUjz symmetry” introduced earlier in a different context).

In the following we are going to concentrate on discussing some particular nuclear struc-
ture properties of hyperdeformed nuclei that follow from our calculations. Let us begin by
recalling the prediction in Ref. [4] where the (non-selfconsistent) Strutinsky type calcula-
tions with the deformed Woods-Saxon potential have been performed. In these calculations
addressing the nuclei around Z ~ 70 and N ~ 100 (cf. Fig.2 of the above paper) the total nu-
clear energies have been minimised in terms of the (8,7 and B;)-deformations. The overall
total energy landscapes seemed particularly interesting from the nuclear hyperdeformation
point of view: at the limit of high spins I~(80-t0-90)% several nuclei manifested very deep
total energy minima at the nuclear elongations corresponding to those with the axis ratio
3:1. According to those predictions, both the barriers against fission and those separating
the hyperdeformed minima from the normal-deformed ones reached as much as 8 MeV or
even more. In addition, those hyperdeformed minima were predicted to become the yrast at
the above spin range.

Although optimistic, the predictions of the calculations based on the Strutinsky method
had at least two drawbacks. First of all, in such an approach the deformation space must
be defined prior to the calculations and only then the total energy minimisation over the
predefined space can be performed. Since for purely technical reasons deformation spaces of
more than three or four dimensions are difficult to treat due to computing-time limitations,
by using such a method one can never be sure that the space actually used is totally adequate
for the problem in question. This becomes a particularly important problem at the very
exotic elongations where the nuclear shapes are a priori less well known. For instance in
the quoted article [4] no octupole type degrees of freedom have been included and their
possible importance remained an open question. Moreover, by using the Strutinsky method
one is inevitably confronted with the question of an adequate shape parametrisation of the
average field potential, again especially at the very strong elongations where, for example,
the "necking” degrees of freedom themselves may require a use of a few shape variables to
be correctly accounted for.

"To become independent of the above drawbacks we have employed the Hartree-Fock ap-
proach using the code HFODD of Ref. [6]. Not to introduce here too many technical details
related e.g. to the stability tests with respect to the basis cut off etc., let us only mention
that the method used allows us to treat all the shapes corresponding to the standard ex-
pansion of the nuclear surface & : R(6,¢) ~ [1 + Y37 Y3y @3,Y3.(6,8)], in terms of
spherical harmonics, where all the ), are permitted to be non-zero and real. The calcula-
tions discussed below account therefore for the following degrees of freedom: 2 quadrupole
ones (Qzo and Qa2), 4 octupole (Qzo, Qz1, Q32 and Qs3), 5 hexadecapole (Quo, Qa1 ... Qus)
etc. We have calculated all the multipole moments up to Apmep=9 within the selfconsistent
solutions. This is equivalent to controlling the deformation space of the dimension equal to
51 in terms of the multipole moments, a space clearly unreachable in terms of the Strutinsky
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approach.

Since according to a comparison of the predicted properties for several nuclei from the
A ~ 170 mass region the 1°Yb nucleus seems to be a good case for the hyperdeformation
studies, we are going to illustrate the predicted shape properties using this particular case
as an example. Table 1 illustrates an ensemble of the 51 multipole moments corresponding
to the selfconstitent solution at spin I=92A. As it is directly seen, at its hyperdeformed
minimum the nucleus in question has essentially four deformations contributing; all the so-
called mass-asymetric degrees of freedom (A = odd) are orders of magnitude smaller than
the neighboring even ones. One may conclude that the mass-asymetric moments are of no
importance in the hyperdeformed nuclei from the discussed mass range.

Table 1: Multipole moments @y, in units of (10 Fm)* for the ' Yb nucleus at spin I=92k
at the selfconsistent solution corresponding to the hyperdeformed minimum. The only signif-
icantly large values have been written in boldface. Note that out of 51 deformation degrees
of freedom represented here only four can be considered non-neglegible.

[e=0lp=1]p=2] p=3 [p=4[p=5[p=06[p=T]p=8[p=9]
88.62 0.065
1.2(-4) | 0.066 | 1.2(-5) | 3.9(-4)
14.01 | 0.005 | 0.081 | 2.8(-5) |-9(-4)
1.7(-4) | 0.061 | 2.5(-5) | -3.3(-4) | -2(-7) | -4(-9)
6.414 | 0.002 | 0.064 | 2.1(-5) | 4(-3) | 1(-6) | -3(-5)
1.7(-4) | 0.035 | 2.5(-5) | -5.9(-4) | -6(-7) | 2(-5) | 1(-8) | 5(-7)
2.498 | 0.000 | 0.018 |-1.3(-5) | 1(-2) | 6(-6) | 5(-5) | 4(-8) |-2(-T)
1.5(-4) | 0.012 | 1.6(-5) | -9.2(-4) | -9(-7) | 1(-4) | 8(-8) | 2(-6) | 2(:9) | 5(:9)

© 0~ Tk s

It is important to reveal the single particle (shell) structure underlying the stability
of the hyperdeformed nuclei in question. The corresponding illustration is given in the
following Figs. 1 and 2 where the single-particle levels (routhians) for neutrons and protons,
respectively, are plotted in function of the rotational frequency. We would like to emphasize
the fact that varying the proton or neutron numbers will generally modify also the single-
particle spectra much more significantly as it would have been the case when using the
Nilsson or the Woods-Saxon average fields. However, the explicit calculations for the nuclei
in the vicinity of the 1°Yb indicate that the gaps Z=70 and N=100 visible from the two
Figures remain relatively stable, i.e. persist in the self-consistent spectra of neighboring
nuclei. Refering in particular to the proton spectra, let us observe an existence of four close-
lying levels just above the Z=70 gap. The presence of such close lying states suggests that
in the case of Z=71 nuclei each of the HD bands would be (~ 4 times) weaker populated
thus rendering a possible observation of the hyperfdeformation in the neighboring Lutetium
nuclei more difficult than those in the Ytterbium.

There are several other features in those single-particle spectra which deserve noticing,
first of all the relatively weak slopes of the corresponding curves. Since the aligned angular
momenta are directly proportional to the slopes (first derivatives -de/dw), from the above
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observation it follows that the angular momentum contributions from otherwise highly
alignable orbitals such as e.g. [770]1/2, [761]1/2 or [880]1/2 etc. are very small. Indeed,
the exact calculations of the corresponding individual alignments show that they are very
seldomly greater than 1 A. *

Let us return to the problem of the stability of the predicted hyperdeformed Ytterbium
nuclei against fission or against decay into minima with the smaller deformations. It is very
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Figure 3: The total Strutinsky-energy cut for 12 Dy; parameter agg represents elongation.
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difficult to give here an absolute estimate; instead we would like to give a comparison be-
tween the corresponding illustrations for the rather well known 52Dy nucleus and the 17°Yb
predicted to be of a special interest in the hyperdeformation context. The Figs. 3 and 4
above provide such a comparison. The height of the fission barrier in the hyperdeformed
170YDb is larger than that corresponding to the superdeformed one in %2Dy, although the spin
is 10 % higher. Similarly, the inner barrier in the 1°Yb is markedly higher than that in 52Dy.

Consequently we may conclude, that the theoretical predictions for the stability of the
hyperdeformed minima at high spins are quite optimistic: the hyperdeformed nuclei in the
mass A ~ 170 range should be more stable than the superdeformed nuclei in the A ~ 150
mass range. However, our preliminary calculations indicate that the rotational bands in the
hyperdeformed nuclei in question may be much shorter, composed of up to 10 transitions
rather than about 20 (a number typical for the mass A ~ 150 range).

The problem of the mass-asymmetric degrees of freedom is by no means generally trivial

and the corresponding couplings may become important in other mass regions as it illustrate
Tables 2 and 3.
Table 2: Octupole moments Qs, in units of (10 Fm)® for the 2Dy nucleus at spin I=80k
for the selfconsistent solutions in function of the quadrupole deformation. Table illustrates
the behavior of the octupole moments corresponding to the vicinity of the superdeformation
(the mass quadrupole moment ~ 40 units).

I Q20 Q3o | Qa1 Qa2 l Qa3
35.7 || 0.087 | 0.025 | 0.000 | -3(-3)
40.2 [ 0.385 | 0.019 | 0.009 | 9(-4)
52.5 | 0.380 | 0.002 | -0.021 | -7(-5)
73.0 | 1.096 | 0.003 | -0.058 | 8(-6)
83.3 [ 4.593 | 0.193 | 0.173 | -8(-4)
91.9 [ 3.475 | 0.012 | -0.393 | -5(-5)

Table 3: Octupole moments Qs in units of (10 Fm)® for the %8 Yb nucleus at spin I=80k
for the selfconsistent solutions in function of the quadrupole deformation varying around the
hyperdeformed minimum. When comparing these results with those for 32Dy in Table 2, a
very different type of behavior in terms of the octupole moments should be observed.

I Qo [ Qs | Qu [ Qa2 | Qss |
67.7 || 0.637 | 1.520 | -0.034 | -0.018
75.7 || 0.189 | 1.262 | 0.014 | 0.002
86.1 || 0.030 | 0.574 | 0.087 | 0.002
91.7 | 0.016 | 0.370 | 0.035 | 0.001
102.4  |{ -0.007 | -0.081 | -6(-5) | -1(-4)
109.0 || 0.007 |-0.093 | -5(-5) | -2(-4)
122.2 | -0.021 | -0.069 | -2(-5) | -3(-4)
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Our study can be summarized and concluded in the following way:

e The hyperdeformed strong shell closures at Z=70 and N=100, predicted in Ref. [4]
using Woods-Saxon technique are confirmed using selfconsistent Hartree-Fock method
with the Skyrme interactions (SkM*);

e In hyperdeformed nuclei in the vicinity of *"Yb the fission barriers are predicted to
be "enormous” - up to 8 MeV at spins from (80-to-100)%; these are significantly larger
than those in the **2Dy SD nucleus at spins (60-to-80)%;

e It should be noted, however, that although the hyperdeformed nuclei discussed should
be relatively very stable, the corresponding rotational bands may be significantly
"shorter” as compared to the superdeformed bands known in the mass A ~ 150 range;

¢ An analysis corresponding to the space of 51 deformation degrees of freedom (Qa,,.
multipoles with A = 2 to 9 and all y1) performed, indicates that the mass-asymmetric
degrees of freedom are neglegibly small at the hyperdeformed minima of nuclei in the
vicinity of the '"°Yb nucleus;

e The nonaxial deformations are also predicted to be neglegibly small and consequently
the hyperdeformed nuclei in the vicinity of the 1"°Yb are expected to be probably ”the
most axial” known in the nuclear world;

e The individual angular momentum contributions from most of the high-j orbitals are
minute (usually smaller than 1 %, except for two orbitals). This implies, when em-
ploying a classical language, the most coherent collective rotation known so far in the
nuclear world;

e Out of an analysis of the structure of individual-nucleonic levels near the Fermi level
in the nuclei studied one may predict an existence of numerous iso-spectral bands.
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Abstract

The HFB method with the Gogny force is used to study the effects of reflection
asymmetry at I = Ok on the barriers separating superdeformed and hyperdeformed
minima from fission in the 17® W and 168 Yb nuclei. The fission barrier for the HD
minimum is reduced by 5 MeV in 7 W when reflection asymmetry is taken into
account.

Since the discovery in 1986 of the first superdeformed band in %2 Dy [1], more than a
hundred and fifty superdeformed bands have been observed [2]. The reason for the existence
of superdeformed bands are the strong shell effects showing up for prolate shapes with axis
ratios near 2:1. One can understand this very easily by looking at the behavior of the energy
levels of a deformed harmonic oscillator as a function of deformation (see for instance [3]):
they bunch together when the ratio of the harmonic oscillator frecuencies, w :w, is a rational
number giving rise to new energy gaps that favor deformation. For instance, the ratio 2:1
favors superdeformed (SD) prolate shapes. A 3:1 ratio also yields a bunching of levels that
favors very extended shapes, the so-called hyperdeformed (HD) shapes. Therefore, one would
expect that if many SD bands have been observed there would be also experimental evidence
for HD bands but unfortunately such is not the case up to now. One may argue that the
preceding argument is based on a pure harmonic oscillator and the spin-orbit coupling might
wash out the shell effects giving rise to hyperdeformation. However, there are calculations
with the Woods-Saxon potential [4] indicating that the strong shell effects giving rise to
the HD states still remain. Realistic Woods-Saxon plus Strutinsky calculations predict HD
minima in several rare earth nuclei that usually become yrast at I ~ 70 —90%4. The question
now is whether such minima could be populated in heavy-ion induced reactions, since the
fission barriers are estimated [5] to vanish at spins around 75 — 85% for rare earth nuclei. In
the work of ref. [4] HD minima are obtained for several Yb, Er and Hf isotopes. Among
them, the best candidates are 1% Yb, 16 Er and ! Hf. In these nuclei the HD minimum
(B2 ~ 0.9) becomes yrast at spin 80, a value which is compatible with the presence of a
fission barrier thus favoring the population of such states. More recently, using a different




125

parameterization of the shape of the nucleus that includes a necking degree of freedom,
extensive studies have been carried out in the A ~ 180 region with the Strutinsky method
[6] looking for very extended shapes beyond SD. In this calculation several HD minima with
axis ratios ({22)/(z?))}/? of the order of 2.2 and higher are found at high spins. For some
isotopes they become yrast already at I = 62% as is the case for ¥2 Os. The reliability
of the shape parametrization used in [6] has been assessed by more fundamental Cranked
HFB calculations with the Gogny force for the test case of 182 Os [7]. In these studies the
octupole degree of freedom, i.e. reflection asymmetric shapes, were not taken into account.
However, there are studies in the A ~ 180[8] at I=0, indicating that octupole deformation
plays an important role in stabilizing hyperdeformed minima found in this region. When we
extended our high spin studies [6] to include the octupole degree of freedom, we found [9] a
substantial lowering of the energy of the nuclear surface in the vicinity of the fission barrier.
The most significant one is that of 7™*W at I = 70% where a lowering of ~ 7 MeV is found
for shapes with axis ratios of 3.7:1. The significance of this results becomes clear if one takes
into account that in the absence of reflection asymmetry 1 W had a HD minimum (axis
ratio 2.2:1) which became yrast at I = 70% and had an outer barrier (i.e. the barrier to
fission) 6.3 MeV high, making it a possible candidate for an experimental search [6]. The
lowering in energy due to the octupole degree of freedom means that the outer barrier may be
substantially lowered in all these nuclei making it less likely that HD states will be observed.
Our [9] study did not indicate that this was a serious problem in ¥ Os.

The most important shortcoming of the Strutinsky method is that the shape of the
nucleus has to be characterized in terms of a few parameters. This is not a serious drawback
for moderately deformed nuclei, but in the region of very extended shapes in the vicinity
of fission, it can be a problem. Therefore, it is particularly desirable here to compare the
Strutinsky calculations with HFB studies, in which such shape parameterization restrictions
are not present. With this in mind we decided to carry out HFB calculations for }"® W
using the Gogny force. Our objectives are to determine if this large lowering in energy is
an artifact of the Strutinsky method and also to consider the impact of the onset of fission
on the possibility of populating very extended shapes. It is important to consider fission, as
the shapes in which this effect is manifest have surface areas that are close to those of two
separated spherical fragments.

Because we wish to study shapes that are extremely elongated, shapes extended to the
point that fission occurs, we must use a very large oscillator basis in our HFB calculation
(with shells in the z-direction of the order of 30). In principle, one would like to study
hyperdéformation at high spins allowing for the possibility of asymmetric shapes. The large
basis space needed in this case as well as the number of operators involved in the relevant
constraints make such calculations extremely time-consuming, even with present day com-
puters [10]. Therefore we restrict ourselves to azially symmetric, i.e. I = OR, calculations.
In order to perform calculations in a large basis space a new code has been written. The
need for the new code arose from instabilities in the standard calculation of the matrix ele-
ments of the force for large values of the harmonic oscillator quantum numbers of the basis
- see [13] for details. This code fully implements the HFB method with the Gogny force for
axially symmetric systems; including shapes that are reflection asymmetric. The flexibility
of the gradient method used in the solution of the HFB equations allows us to handle many
constraints such as any multipole operator Qxo or the asymmetric necking [11] operator
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Qux = exp(—(2 — 2)2/a2) . In the calculations the DS1 parameter set of the Gogny force
has been used. This set of parameters was fitted to yield a lower surface coefficient a, in
seminfinite nuclear matter; giving theoretical fission barriers for 24° Pu and other actinides
in very good agreement with the experimental data [12]. Therefore we believe that this set
is well suited for the study of very extended shapes.
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Figure 1: The HFB energy in MeV versus the mass quadrupole moment @, given in barns.
The open squares curve (A) stands for the unconstrained calculation. The open circles
curve (B) correspond to the reflection symmetric (Qs = 0) calculation. The two-fragment
solutions are represented by full squares (A’ and A”) and full circles (B’) corresponding to
reflection asymmetric and reflection symmetric solutions respectively. In the bottom part of
the figure the shape of the nucleus for the unconstrained calculation (defined as the isosurface
at po = 0.08fm™3) is depicted for several values of Q, (from left to right @2 = 0b, 305, 60b,
956 and 1200).

We have performed HFB calculations in the " W and %8 Yb nuclei using the mass
quadrupole moment Q; = 2% — (22 + y?) as the main constraint. In Fig. 1 we present the
major results for the nuclide "® W. Five different curves are displayed that correspond to
different physical situations: The open squares curve labeled A is obtained by constraining
the quadrupole moment of the nucleus. The open circles curve (labeled B) is obtained
making the additional constraint of having reflection symmetric (i.e. @3 = 0) shapes. The
curves labeled A’ and A” (full squares) correspond to reflection asymmetric two-fragment
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solutions while the one labeled B’ is for the reflection symmetric one. Curve A present three
minima at Q ~ —7.5b, Q2 ~ 10b and @, ~ 28b corresponding to an oblate solution, the
ground state (82 = 0.31 ! ) and a superdeformed state (G, = 0.73), respectively. The three
minima are reflection symmetric. In addition to these minima there are also two shoulders
in the energy curve for @ values of 40b and 60b. The one at Q2 = 40b (labeled as HD1
in Fig. 1) has an axis ratio of 2.2 that roughly correspond to the one of the HD solution
becoming yrast at J = 70% in the Strutinsky calculation of ref. [6). The shoulder at Q2 = 60b
(labeled as HD2) has an axis ratio of 2.8 that could be associated to the second HD minimum
seeing in the calculation of ref. [6], the one that becomes yrast at I = 76h. For Q2 values
higher than 70b the energy levels off and is lower than the one of curve B indicating that
for this range of @, the system becomes reflection asymmetric (with f; values in the range
of 0 to 0.3). Comparing curves A and B we observe that the maximum energy gain due
to reflection asymmetry is 4.66 MeV and correspond to Q2 = 95b. This result is in good
agreement with the lowering of 6.2 MeV obtained for this nucleus at I = 0 [9]. To better
compare our results with the ones of [9] one first has to define the concepts of elongation 7,
and necking in 7, shape parameters for the HFB results where the density is not a sharp
one. To this end, we define the HFB shape as the isosurface corresponding to roughly half
density, i.e. p = 0.08fm™3. The region with Q; larger than 70b (where reflection asymmetry
is important) has 7, values in the range 1.0 to 1.3 and 7, ones in the range -0.14 to -0.3
in good agreement with the Strutinsky results [9]. The agreement of our results with those
obtained with the Strutinsky method [9] for 1"® W indicate that the strong octupole effects
seen in the A ~ 176 region for very extended shapes are genuine effects and not artifacts
of the Strutinsky method. The implication is then that the outer barriers observed in that
region are going to be strongly suppressed, making it less likely that very extended shapes
in those nuclides can be populated.

The end points of curves A and B correspond to configurations which are no longer
stable against fission: increasing the quadrupole moment slightly results in solutions with
two fragments lying on curves A’ and B’ respectively. The curve B’ corresponds to symmetric
fission (two % Rb nuclei) while the curve A’ is for a mass asymmetric split (*® Ni and
110 Pd). These two end points are saddle points of the corresponding fission paths. The
energy differences between the HD minimum HD1 and these saddle points are 19 MeV and
21 MeV, respectively. '

The octupole moments of the constrained solutions of curve A’ are very similar to the
ones of curve A for the same values of the quadrupole moment but these solutions differ
in their hexadecapole moments. The ones of curve A’ are typically about 206 lower than
the ones of curve A. Therefore it is possible to reach the two-fragment curve A’ from the
one-fragment one (A) by constraining the hexadecapole moment. The corresponding energy
curve shows a maximum that corresponds to another saddle point before fission. This saddle
point is 20 MeV above the HD1 minimum. On the other hand, curve A” correspond to a very
asymmetric mass split of ® Ti and %6 Te. The octupole deformation of the two fragments
as a whole is rather high with (3 values of the order of 0.7. Therefore, we can reach curve
A” from curve A by constraining the octupole moment. The energy difference between the
maximum of this octupole constrained curve (that corresponds to the scission point) and

IThe definition is B2 = V207 Q2/(5(r?))
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the HD1 minimum (i.e. the fission barrier of HD1 along the very mass asymmetric fission
chanel) is only 15 MeV, that is, around 5 MeV lower than the other fission barriers mentioned
before. The effect of reflection asymmetry is, therefore, to reduce the fission barrier as was
previously suggested. A more detailed analysis of these solutions and their properties can
be found in [13].

-1320

-1330

-1340

-1350 |-

E,., (MeV)

-1360 |

-1370 |

0 50 100 150 200
Q, (b)

Figure 2: The HFB energy in MeV versus the mass quadrupole moment @, given in barns
for 1% Yb. The open squares curve correspond to the one-fragment solutions while the filled
squares curve is for the reflection symmetric two-fragment solution. The shape of the nucleus
as defined in Fig. 1 is also depicted for some values of the quadrupole moment.

In Fig.2 we have plotted the energy as a function of the mass quadrupole moment for
168 Yb. The most important result of this calculation is that in the whole range of Q,
considered the nucleus remains reflection symmetric. In addition to the prolate ground state
minimum located at )2 = 10b there is another, very shallow, minimum at @, = 45b with
B2 = 1.01, B4 = 0.61 and an axis ratio of 2.5. The shape parameters of this minimum
agree quite nicely with the ones of the HD minimum found by Dudek et al. [4] at high
spins. In the same plot we also represent the reflection symmetric two-fragment solution
(full squares). This solution has @4 values much lowers than the one fragment solution in
contrast to 1" W. For instance, in the crossing point at Q, = 80b the values for Q, are 6252
and 34b? for the one-fragment and two-fragment solutions, respectively. This means that
we can force symmetric fission by constraining in Q4. The maximum of this energy curve
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corresponds to the scission point and is located ~ 25MeV higher in energy than-the HD
minimum found in our calculation. This barrier energy is 10 MeV larger than in the 1® W
case. If the HD minima were to become yrast at the same spins, we would estimate that it
is more likely to populate the HD minimum of 168 Yb than that of 1 W .

The work of (JLE) and (LMR) has been supported in part by DGICyT, Spain under
project PB94-0164. Some of the calculations reported here were carried out on the SP
computer of the MCS division of Argonne National Laboratory and on the NERSC computers
at the Lawrence laboratories. The work of (RRC) is supported by the U.S. Dept. of Energy,
Div. of Nuclear and High Energy Physics under contract W31-109-ENG-38. We thank
NATO for the collaborative research grant 921182, which has facilitated our research.
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Superdeformed (SD) nuclei are some of the best quantum rotors known. Their characteristic
long sequences of equally spaced transition energies provide a unique opportunity to search for
unexpected effects on an energy scale rarely achieved elsewhere in nuclear physics. In this context
the recent observation of a regular staggering pattern of the transition energies in the yrast SD
band in 1%°Gd [1], where states differing by four units of angular momentum show a similar energy
shift of about 60eV relative to a (smooth) rotational sequence, is particularly intriguing. Evidence
for similar effects has been reported in 19*Hg [2], 148Gd [3], 192T1[4] and in some Ce nuclei [5]. These
observations have triggered an intense theoretical effort to understand this phenomenon [6, 7, 8, 9,
10, 11]. Some discussions connect this effect with the presence of a C4 symmetry of the nuclear
Hamiltonian [6, 7, 8]. Other studies [9, 10, 11] argue that the measured energy differences could be
related to band-crossings. Since the observed energy shifts are only of the order of 100eV or less it
is essential to confirm the reported effects by new measurements with higher statistics utilizing the
currently available detector arrays, like Gammasphere [12] and Eurogam II [13]. In this contribution
we report results from a new experiment on the known SD bands in 1%4Hg[14, 15] investigating
the previously reported [2] staggering in those bands. The very high statistics obtained in this
experiment has made possible the determination of the relative transition energies for these bands
with a precision of 60eV or better for most transitions. No extended regular AI = 2 staggering
was found in the three SD bands of 1®¢Hg and the new results do not confirm those previously
reported in Ref.[2]. However, deviations of the y-ray energies from a smooth reference have been
established for the two excited SD bands in 1%4Hg.

Superdeformed states in 194Hg were populated in the reaction *°Nd(*Ca,4n) using a 201 MeV
*8Ca beam provided by the 88-inch Cyclotron of the Lawrence Berkeley National Laboratory. The
emitted vy rays were detected by the Gammasphere array which at the time of the experiment
consisted of 70 Compton-suppressed Ge detectors. A stack of two 500 ug/cm? thick Nd targets was
used with both sides of each target foil covered with a thin layer of gold (450 ug/cm? facing the
beam and 220 ug/cm? on the other side). A total of 1.4 x 10° coincidence events with fold > 4 were
recorded on magnetic tape. A gain of 0.125 keV per ADC channel was chosen in order to achieve
a high resolution..

The effects we were looking for are only of the order of 100eV and consequently the analysis
plays an important role. Therefore we give hereafter a brief description of the analysis performed
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Figure 1: Triple gated and background subtracted coin-
cidence with spectra for the three superdeformed bands.
The transitions marked with filled circles were not used
as gates. Strong yrast transitions in **Hg [17] are labeled
with their energy and the symbol “y”.

to extract the transition energies of
the SD bands in ®‘Hg. An off-line
correction of drifts in the ADC gains
was performed for each individual de-
tector and they were gain-matched
by using 4 rays from a %2Eu cal-
ibration source. Gated coincidence
spectra were created for each of the
three known SD bands in '**Hg us-
ing in each case several sets of gating
transitions, all leading to very clean
spectra of the SD bands. Using the
sorting method described in Ref. [16]
was used to create triple-gated spec-
tra as well as spectra with at least
four gates satisfied, which, hereafter,
we will call quadruple-gated spectra.
Figure 1 shows triple-gated spectra for
the three SD bands in !%*Hg. This
procedure avoids the overweighting of
single channels (so-called spikes) in
the spectra due to the unfolding of
high-fold events. To avoid such spikes
is crucial for the correct determination
of the transition energies, specifically
in the quadruple-gated spectra. Dif-
ferent backgrounds were subtracted
from the triple-gated spectra in or-
der to test for systematic effects aris-
ing from these subtractions. For the
present analysis no background was
subtracted from the quadruple-gated
spectra.

The Doppler-shift for SD transitions above 700keV was found to vary from the average recoil
velocity (v/c=0.0200(5)) for the lower energy transitions due to the fact that these decays occur
in the target foils and their thin gold backing while the recoiling nuclei are still slowing down. The
correction method proposed by Cederwall et al.[18] was used to take these effects into account
and this improved the peak resolution for those high-energy transitions by 10-15%. The transition
energies E., were determined by using a conventional fitting routine from the triple- and quadruple-
gated spectra corresponding to different gating conditions.

Table 1 summarizes the transition emergies and relative intensities derived in the present ex-
periment for the three SD bands in **Hg. The uncertainties given in Table1 are dominated by
the uncertainties arrising from possible or observed contaminats but also take into account the
uncertainties arising from different background subtractions and gating conditions as well as the
possible statistical fluctuations. The improvement in the overall precision of the present measure-
ment compared with that in Ref.[2] is more than a factor of two.

For each band the deviation of the 4-ray energies from a smooth reference AE., was determined
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Table 1: Transition energies E., and relative intensities I for all transitions of the three superde-
formed bands in 1%Hg as determined in this work. The intensities are corrected for detector
efficiency and internal conversion.

194Hg_1 194Hg_2 194Hg_3

E, (keV) | 1(%) E, (keV) | 1(%) E, (keV) | I(%)
200.79 (6) | 36 (5)
253.93 (4) | 58 (3) || 242.25(6) | 75 (5) | 262.27(6) | 76 (5)
295.99 (3) | 97 (3) || 283.14(6) | 100 (5) || 302.68 (6) | 90 (5)
337.18 (3) | 95(3) || 323.45(6) | 97 (5) | 342.50 (6) | 90 (5)
377.39(3) | 97 (8) || 363.12(6) | 100 (5) || 381.68 (6) | 97 (5)
416.60 (3) | 100 (3) || 402.05 (6) | 100 (5) || 420.08 (6) | 100 (5)
454.76 (3) | 99 (3) || 440.31(6) | 102 (5) || 457.79 (6) | 99 (5)
491.86 (5) | 101 (3) || 477.68 (6) | 101 (5) || 494.77 (6) | 102 (5)
527.88 (3) | 100 (3) || 514.23 (6) | 100 (5) || 531.01 (7) | 104 (5)
562.92 (3) | 94 (3) || 549.93 (6) | 102 (5) || 566.26 (6) | 105 (5)
596.87 (5) | 89 (3) || 584.82(6) | 99 (5) | 600.92 (6) | 95 (5)
629.93 (3) | 87(3) | 618.96 (6) | 89 (5) || 634.60 (11) | 91 (5)
662.07 (4) | 82(3) || 652.03(6) | 86 (5) | 667.84(7) | 89 (5)
693.40 (4) | 76 (3) || 684.57(7) | 84 (5) || 700.11(6) | 86 (5)
723.91(6) | 68 (3) | 716.20(6) | 71 (5) || 731.70 (17) | 72 (5)
753.92 (6) | 56 (3) || 746.89 (19) | 54 (5) | 762.77 (6) | 61 (5)
783.67 (8) | 48 (3) || 777.73(6) | 44 (5) || 793.51(6) | 48 (5)
813.12(3) | 33(3) || 807.76 (8) | 35 (5) || 823.65 (13) | 30 (5)
842.55 (6) | 19 (3) || 837.48 (7) | 18 (5) || 853.85 (12) | 13 (5)
872.41 (13) | 10 (3) || 867.08 (24) | 8(5) |f 883.60(22) | 9 (5)

903.10 (18) | 5 (3)

by calculating the fourth derivative! of the y-ray energies E.(I) at a given spin I by:
3 1
AB(D) =3 |BAD - FUB(I -2 + 4B+ ) - BT -9~ B +9] ()

This expression was previously used in Ref.[2] and is identical to the expression for A*E.(I) in
Ref. [11]. We chose to use the expression above in order to be able to follow higher order changes in
the moments of inertia of the SD bands. The effects discussed below are certainly also visible in all
lower derivatives. Figure2 shows the resulting values of AE,, for the entire frequency range of the
three SD bands in '*Hg from the present experiment on the left side and the results from Ref. [2]
on the right side. The uncertainties for AE, given in Fig.2 are calculated using the standard
error propagation method. We are aware that the given uncertainties of the individual AE.,-values
do not account for the correlations induced in the staggering pattern by the change of individual
E.,-values. The effect of these correlations will be discussed later in this paper.

To evaluate the statistical significance of the staggering pattern an analysis was performed in
terms of the confidence level defined in Ref.[2]. In this method the distribution of AE, values
around their average is compared to the distribution obtained when the sign of every other data
point is changed. The separation of these distributions in terms of their standard deviation (by

The expression given is in fact the finite difference approximation to the forth derivative d* E., /dI* of the transition
energies.
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Figure 2: Fourth derivative AE, (see eq. 1) of Ey for  exhibits a significant deviation from a
the three superdeformed bands in !%4Hg versus rotational  smooth reference. Band 3 exhibits the

frequency 7w from present work (left) and Ref. [2](right).  most regular pattern, which is repre-
The insets show staggering patterns expected fromaband . 109 by 2 3.1 confidence level

crossing scenario (see text for details).

However, this large confidence level is mainly due to the oscillations observed in the frequency
range fiw = 0.25 — 0.325MeV. The region below exhibits only very small confidence levels of
about 0.50, while a value of 1.3 is obtained for frequencies hw > 0.325MeV. This leads to the
conclusion that there is no clear evidence for a regular oscillation extending outside the frequency
range iw = 0.25 — 0.325 MeV.

An additional statistical analysis was performed in order to investigate the fact that changes
of individual E.,-values will have a correlated influence on the AE.-plot, since each y-ray energy
is used in the calculation of five AE,-values (see eq.1). In this analysis we have determined the
probability that the observed staggering plots can be produced by a smooth rotational sequence of
~-ray energies that obey the experimental uncertainties. We find that there is a 47.8% probability
that the staggering plot of band 1 is produced by a smooth rotational sequence. For bands 2 and
3 this probability is 10.8% and 0.4%, respectively. One may therefore conclude that the statistical
analyses support the presence of significant deviations from a smooth reference in' bands 2 and 3.
Though not necessarily over the whole band, as discussed above.
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The following conclusions can be drawn about the individual bands.
(i) Within the quoted uncertainties, band 1 shows no significant deviation from a smooth behavior
over the entire frequency range.
(%) A deviation from a smooth behavior of the 7-ray energies is obvious in band 2 for rotational
frequencies above 0.3 MeV. However, this deviation does not correspond to a regular oscillation
pattern, since a phase inversion is observed at fiw = 0.35MeV.
(iti) A short regular staggering pattern of the order of +50 eV is visible in band 3 in the frequency
range hw = 0.25 — 0.325MeV. Whether the observed pattern continues or not at higher and/or
lower frequencies remains an open question due to the magnitude of the uncertainties involved.

We now want to discuss the present data in relation to some suggested interpretations. The
results from Ref. [2] have been interpreted as evidence for a possible C4 symmetry in the Hamilto-
nian [6, 7, 8]. This interpretation was originally based on the observation of an extended regular
AT = 2 staggering in the yrast SD band of 4°Gd [1]. We have no clear evidence for such extended
staggering in the SD bands of '**Hg. However, it is not clear that C; symmetry must always gen-
erate extended regular staggering [19]. So, in fact, we are unable to use our new results to discuss
the possible presence of a C4 symmetry in 194Hg. Many more systematic studies must be done in
order to establish the presence or absence of C, symmetry.

Alternatively, we may compare the observed deviations with the patterns expected from a band-
crossing, as discussed in refs.[9, 10, 11]. The insets in Figure 2 show the deviations from a smooth
reference that one would expect for the crossing of two bands. Two extreme cases were chosen
where the crossing occurs either near levels in the bands (a) or at the midpoint between levels
(b). The interaction between the bands is assumed to be so weak that the configuration mixing is
extremely small and, as a result, no measurable cross talk between the bands occurs. Situation (a)
can be approximated by the shift of only one level in the band and (b) by the shift of two levels.
It is obvious that the staggering patterns in the insets are very similar to parts of the staggering
plots for band 2 and 3. However, no single pattern can account for the experimentally observed
deviations from the smooth reference. In addition, no evidence was found for additional SD bands
which could be involved in a band crossing. Therefore there is no experimental evidence for bands
whose possible crossings could account for the observed deviations in bands 2 and 3.

In summary, we have performed a high statistics experiment to test for the previously re-
ported [2] evidence for a AT = 2 staggering in the three SD bands in 194Hg. The transition energies
have been determined in this work with a precision of at least 60 eV for most transitions. With an
improvement in the precision by a factor of two with respect to Ref. [2] we cannot confirm evidence
for an extended regular AT = 2 staggering in any of the three SD bands of 199Hg. However, we
observe deviations from a smooth reference in the SD bands 2 and 3 which differ from those previ-
ously reported. We are unable to discuss the possible presence of a Cy symmetry, since no extended
staggering was observed, which was the basis of earlier discussions of this symmetry and no specific
predictions are available for bands in 1%*Hg. The oscillation patterns of the y-ray energies that can
be induced by a simple band-crossing or level-shift have been briefly discussed. While the similar-
ities of these patterns with parts of the observed effects are significant, at least two such crossings
or level-shifts would be required in each band to explain the data. Even though such level-shifts
seem to provide a simple and straightforward explanation of the observed effects, it is apparent
that other experimental signatures, such as a crossing band, are needed to fully understand the
results of the present work. No such band has been found in the present data set. Thus the data
does not settle the question of the origin of the observed effects.

This work is supported in part by the Department of Energy, Nuclear Physics Division, under
contract no. DE-AC03-76SF00098 and W-31-109-ENG-38.
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Very high spin states (I>50%) have been observed in 155:156,157Dy  The long
regular band sequences, free from sharp backbending effects, observed in these
dysprosium nuclei offer the possibility of investigating the occurence of any AI =2
staggering in normal deformed nuclei. Employing the same analysis techniques as
used in superdeformed nuclei, certain bands do indeed demonstrate an apparent
staggering and this is discussed.

The recent discovery of a bifurcation or AI = 2 staggering in certain su-
perdeformed bands 123, where sequential transition energies are alternatively
pushed up and down in energy by a small amount (~100 eV) with respect to
the anticipated smooth rotational behavior, is currently attracting a great deal
of attention. This small effect, corresponding to a perturbation of 1 part in
~6000 in the transition energies has become observable because of the greatly
increased sensitivity of the new generation of gamma-ray arrays. (Please see
the contribution of Kriicken et al., to these proceedings for the most recent
results on !%4Hg.) This surprising effect may possibly be related to an unex-
pected invariance with respect to rotation of the nucleus by 90° 1:4:5:6, Qther
interpretations have suggested that it could be generated within a collective
model involving quantized intrinsic vortical motion?, or by mixing of multiple
K bands®, or by an interference effect between close lying rotational bands&:?°,

The weak signature of this effect, has so far only been seen cleanly in
superdeformed nuclei, owing to the exceptional spin range and regularity of
the rotational sequences involved. There is no reason however to exclude the
presence of this effect from rotational bands of nuclei of lower (normal) defor-
mation. Indeed, the first suggestion of a AI = 2 staggering was made by Peker
et al. 1° for the low spin ground bands of certain actinide nuclei. However,
the persistence of the effect over a long spin sequence could not be established.
Such an observation in other normal deformed nuclei over a longer spin range
would be useful since the intensity of any such band is likely to be much higher
than in the usual superdeformed bands and also its spin and excitation energy
will probably be known. Finding such long regular sequences in normal de-
formed nuclei, free from the effects of sudden backbending, is unfortunately,
very rare. However, the dysprosium nuclei near N = 90, namely 155:156,157Dy,
in which some of the highest spin states in normal deformed nuclei are ob-
served (I~50), are found to fulfill these requirements. Many regular high spin
sequences are observed in these nuclei which show smooth rotational behavior.
These sequences have been examined for evidence of Al = 2 staggering using
the same criteria and tests as performed on the superdeformed cases. In this
analysis it is found that certain bands in **Dy do show evidence of staggering.
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Figure 1: Coincidence spectrum for the positive parity yrast band in 157 Dy.

Very high spin states in 15%:156:157Dy were populated using the 124Sn(*°S,xn)
reaction at a beam energy of 160 MeV. The beam was provided by the 88” Cy-
clotron at Lawrence Berkeley Laboratory. The target consisted of two stacked
foils of 124Sn each of thickness 500ug.cm—2. Approximately 1.5x10° 43 coinci-
dence events were collected using the E.I. Gammasphere array with 34 escape
suppressed Ge detectors. "Analysis has been performed using RADWARE in
particular utilizing the cube inspection program LEVIT8R 1.

Figure 1 illustrates one of the long uninterrupted series of y-rays typical
of a rotational band sequence in the N ~ 90 Dy nuclei. Previously ! this
structure, the yrast band of **'Dy, had been observed up to the 1131 keV
(81/2+ — 77/2%) transition. This regular spectrum is very reminiscent of
superdeformation. Indeed, the dynamical moment of inertia of this band is
very close to that of some superdeformed bands in the A~150 region. In this
case however, (and other similar bands in 1%5:156.157Dy) the large apparent
moment of inertia is not due to large deformation but caused by the gradual
alignment of a pair of i;3/5 neutrons and h;;/2 protons over an extended spin
range. These strong interactions between certain crossing multi-quasiparticle
bands are a common feature in the N ~ 90 Dy nuclei and have been discussed
in ref. 121415 These smooth alignments are demonstrated in figure 2 where
the 157Dys; yrast band is compared with the same configuration in 61Ybg, 1°
in which the interaction strengths at the same band crossings are weaker and
thus distinctly observed.

Techniques used to search for oscillating effects in superdeformed nuclei
have been, to look for signs of staggering in the dynamical moment of inertia
values, and/or to use a local reference method 2. In this latter approach, the
transition energy between two states (I and I-2), is compared with the energy
expected from a smooth interpolation of the observed transition energies from
states above and below spin I within the same band. For regular rotational
behavior, no divergence should be observed. Figure 3 shows the results of
this approach applied to a selection of smoothly behaving rotational bands in
155,156,157y which are observed to high spin. Although, in several Dy bands
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Figure 2: Alignment plot for the positive parity yrast bands in 157Dy and 161Yb illustrating

the strong interaction strengths in the Dy N = 91 isotope but weak interaction strengths in

the Yb N = 91 isotope at the BC neutron (fiw ~ 0.35 MeV) and ApBp proton (hw ~ 0.45
MeV) crossings.

there are brief signs of a staggering effect, these do not last for a significantly
extended period, >6 oscillations, except in the case of the (-,0)2 band in 1%6Dy.
To investigate further, this latter band has the fortunate property that it is one
member of a strongly coupled band sequence!2. Thus, there is the possibility of
using the signature partner (-,1) as a natural reference for the (-,0), band (as
long as it is itself smoothly behaving), which will not suffer from the weaknesses
in the local reference method. It is well known that one problem of the local
reference method is that, if a perturbed state does occur or a slightly incorrect
transition energy is used, then its effects are carried -over to the analysis of
transitions up to 4 spin units higher and lower. Figure 4 shows the dynamical
moment of inertia of the (-,0)2 band in 1°*Dy along with its partner (-,1), band
showing the zig-zag oscillation of the (-,0)2 band about the smooth behavior
of its partner at high rotational frequency.

Thus the (-,0), band in 136Dy would appear to show similar characteristics
of Al = 2 staggering as displayed in the superdeformed examples. The size of
the perturbations are however much larger, ~keV as opposed to ~ tenths of
keV for the superdeformed cases, but seem to occur over just as extended a
spin range (>6 oscillations). Whether there is a common connection between
the explanation of the staggering effect in this normal deformed example to the
superdeformed cases remains to-be seen. Of value is the fact that, much more
experimental information is known about the (-,0)2 band in 136Dy, such as its
excitation energy and spin and perhaps more importantly the exact presence
of rotational bands of the same parity and signature close in excitation energy
12,13,18

Figure 5 shows a plot of excitation energy (minus a rigid rotor reference)
versus spin for bands of the same parity = and signature « as the (-,0)2 band
in 156Dy. Its strongly coupled signature partner is also shown. It can be seen
that the trajectory of the (-,0)2 band lies very close indeed to that of the (-,0);
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Figure 3: Plots of AE, for transitionsin selected rotational bands in 185,156,157 Dy compared

with the expectations of a local reference versus spin (see ref. 2). Top: right and left are the

yrast (+,1/2) bands in 137Dy and 155Dy respectively. Bottom: right and left are the (-,0)1

and (-,0)2 bands in 156 )y respectively. Note their out of phase behavior near I = 25%. Error
bars are similar or less than that of the symbol size.

band for a large range of spin values with the two bands crossing near spins
15 and 25. There is also the possibility of a further intersection slightly above
spin 36. Some details of the lower spin crossings between these bands were
discussed in ref. 12, where it was noticed that while an obvious perturbation
(Vint ~4 keV) occurs between the I = 24 levels the interaction at I = 16
was very much weaker. It was suggested that the latter could be explained
by a large difference in K values at low spins between the bands. Note that
AK=4 between these two bands, a situation consistent with the suggestions of
Macchiavelli et al. 6. This K value difference however may tend to be gradually
lost with increasing spin and quasiparticle seniority.

A natural explanation for the apparent AI = 2 staggering in the (-,0)2
band would then seem to include its crossing and interaction with the (-,0)1
band. Indeed the maximum of the first perturbation envelope, see Fig. 3,
occurs near spin I = 25, a crossing point of the two bands. Note that the
perturbations in the (-,0); band are found to be out of phase with those of the
(-,0)2 band at this point. The continuation of the oscillations in the (-,0)2 band
to higher spins and the possible increase in amplitude also seems correlated
with the fact that further quasiparticle alignments occur and that these two
(-,0) bands seem (along with a third (-,0) band) to be heading for a further
intersection above I = 36.

This scenario discussed above for the (-,0)2 band in 1°¢Dy, ie, close lying
bands of the same parity and signature over an extended spin range which
cross in a rather gently manner is remarkably similar to the proposal put
forth in Ref. 89 as a possible explanation of AI = 4 bifurcation. These latter
authors suggest that the Al = 4 bifurcation observed in superdeformed nuclei,
(and which they suggest should also occur in normal deformed nuclei) does
not necessarily signal the presence of an explicit fourfold symmetry but may
alternatively arise due to an interference effect between different quasiparticle
orbitals (or bands) near the yrast line. The shallowness of any crossing between
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Figure 4: Plot of dynamical moment of inertia for the (-,0)2 band in 156Dy compared with
the smooth behavior exhibited by its signature partner band. Note that the oscillations
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crossing point between the (-,0)2 and (-,0)1 bands but also the occurrence of the BC neutron
crossing.

”

the two bands determining the range of spins over which the staggering effect
persists. In addition, our same example in 15Dy has been used in ref. 17 to also
point out the possibility of AI = 2 staggering caused by simple band mixing.
In the latter the suggestion is made that an extension of the oscillation pattern
could result if a further crossing of levels occurred at the right number of spin
units higher than the first crossing, a suggestion in tune with our discussion of
the bands in Dy above and that contained in ref. 1°.

In summary, a number of smooth rotational cascades extending over an
extended spin range in normal deformed Dy nuclei have been investigated for
any apparent Al = 4 bifurcation, or AI = 2 staggering effect. Certain bands in
156Dy were singled out for special attention. It was shown that the (~,0)2 band
exhibited many of the features consistent with the possible interpretation of
this phenomenon as an interference effect between bands of the same signature
and parity which lie close and cross in excitation energy. However, further
experimental work, and extra examples, both in superformed and normal de-
formed systems, together with more detailed theoretical work are required
before a really satisfactory understanding of this interesting phenomenon is
reached.
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Evidence for ‘Magnetic Rotation’ in Nuclei: New Results on the M1-bands of
198,199p|,

R.M.Clark

Lawrence Berkeley National Laboratory, Berkeley, California 94720

Abstract

Lifetimes of states in four of the Ml-bands in 19%199Ph have been determined
through a Doppler Shift Attenuation Method measurement performed using the Gam-
masphere array. The deduced B(M1) values, which are a sensitive probe of the un-
derlying mechanism for generating these sequences, show remarkable agreement with
Tilted Axis Cranking (TAC) calculations. Evidence is also presented for the possible
termination of the bands. The results represent clear evidence for a new concept in
nuclear excitations: ‘magnetic rotation’.

The observation of long cascades of magnetic dipole (M1) transitions in the neutron
deficient Pb nuclei [1, 2] has prompted great interest. The properties of the bands are
extremely unusual: i) most of the structures follow the rotational I(I4-1) rule over many
states despite very low deformations; ii) the levels show no signature splitting; iii) the levels
are linked by strong M1 transitions with a typical reduced transition probability, B(M1), of
the order of several Weisskopf units; iv) the B(M1)/B(E2) ratios are very large (typically
>20-40 (p#n/eb)?); v) the ratio 3(2) /B(E2) is roughly an order of magnitude larger than
that for normal or superdeformed bands, indicating that a substantial portion of the inertia
is generated from effects other than qua.drupole collectivity.

The initial interpretations of the bands [1, 2] suggested that they were based on high-K
proton configurations (involving hg/, and i13/2 orbitals) which induce a small oblate deforma-
tion (B, ~-0.1). These protons are coupled to neutron holes in the i13/2 sub-shell which carry
angular momentum aligned with the collective rotational axis. While this picture accounts
reasonably well for the occurrence of the structures, their most perplexing characteristic re-
mained unexplained: how can long, regular cascades, which appear rotational, occur when
the nucleus develops only a small deformation?

An intuitively appealing description of the behaviour of the M1-bands arises naturally
from the Tilted Axis Cranking (TAC) model [3], and is schematically illustrated in Fig. 1.
Near the band-head the proton angular momentum vector, jx, is nearly parallel to the sym-
metry axis while the neutron angular momentum vector, jv, is perpendicular to it. The total
angular momentum vector, J, then lies along a tilted axis at an angle § with respect to the
symmetry axis. To generate angular momentum j, and j, gradually align along the direction
of J with @ remaining approximately constant. Only a small component of the total angular
momentum is from collective rotation (denoted by R in Fig. 1). If the spin vectors are long
and rigid enough then regular I(I4+1) sequences are predicted. Since the behaviour of j= and
j» is reminiscent of the closing of a pair of shears this process has been dubbed the ‘shears
mechanism’ [2].
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Figure 1: Schematic representation of the angular momentum coupling scheme and the mode of generating
angular momentum (the ‘shears mechanism’) as suggested by the TAC model.

The regular sequences of strongly enhanced M1 transitions (sometimes called ‘shears
bands’) and the TAC picture suggest a new concept — ‘magnetic rotation’ [4, 5]. This arises
as a consequence of breaking the intrinsic rotational symmetry by a long magnetic dipole
vector (which rotates about J in the TAC picture described above). This is in direct analogy
to the familiar concept of (‘electric’) rotation when the symmetry is broken by an electric
quadrupole resulting from the deformed nuclear charge distribution.

Experimental routhians, angular momenta, and moments of inertia for the bands are well
reproduced in the TAC model [2, 3, 4]. However, there is a crucially important prediction of
the model that remained unconfirmed. Since the B(M1) is determined by the components of
the magnetic moments perpendicular to J, a characteristic drop in the magnitude of B(M1) is
expected with increasing rotational frequency. Previous attempts at deducing B(M1) values
through lifetime measurements [6, 7, 8, 9, 10] proved inconclusive. In order to test the TAC
model, with the underlying concept of magnetic rotation, we have performed an experiment
to determine lifetimes of states in the Ml-bands of %8!%°Pb. High-spin states in these
nuclei were both populated using the ¥W(*80,xn) reactions at 99 and 104 MeV. The beam,
which was accelerated by the 88-Inch Cyclotron of the Lawrence Berkeley Laboratory, was
incident on a 12.2mg/cm? thick ®W target for the higher beam energy, while the run at
the lower beam energy used a 500ug/cm? ¥6W foil on a 700 pg/cm?® Al backing. Gamma
rays were detected with the Gammasphere array [11] which for this experiment consisted of
60 large-volume (~75-80% efficient) Ge detectors situated at various angles relative to the
beam. Totals of 4.7x108 (four and higher fold) and 1.9x10° (three and higher fold) events
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were collected using the thick **W and Al-backed targets, respectively.

For the data taken with the Al-backed target, Doppler-broadened lineshapes were ob-
served for in-band transitions with E, >350 keV. A standard lineshape analysis was per-
formed. The complete stopping was modelled using the prescription discussed in detail by
Gascon et al. [12]. The tabulations of Northcliffe and Schilling [13] with shell corrections
were used for the electronic stopping powers. Estimates for the lifetimes of the energy levels
in four bands were obtained (these bands are labelled according to the conventions of [1, 2]).
The B(M1) and B(E2) transition rates were deduced from the standard formulae [14]:

0.05607B,
E,?T (1 + aror

0.08156(1 — B,)

B(M1) =
( ) E,?T(l -+ aTOT)

[¢%7] (1)

] [u¥]; B(E2) =

where 7 is the lifetime of the state in ps, E, is the energy of the transition in MeV, and
B, is the branching ratio for the M1 transition. The AI=1 transitions were assumed to be
pure M1’s. This assumption is supported by previous studies [1, 2] which generally found
very small negative mixing ratios. The conversion of the crossover E2 transitions was also
neglected.

Fig. 2 shows the resultant B(M1)’s plotted as a function of transition energy for each
of the bands. For comparison, B(M1) values calculated by means of the TAC model using
the parameters given in [10] are also shown for the suggested configurations of each band.
The deformation is kept constant close to the equilibrium value for w = 0.3MeV. The
abbreviation used in Fig. 2 to label the configurations is described in [2, 10: A, B, C,
D denotes the iy3/; quasi-neutrons, E, F the natural parity quasi-neutrons and the proton
configuration is denoted by its aligned spin. Note, from previous studies the spins and the
configuration assignments, of **Pb(1,2) are firmly established [2] while those of 1%8Pb(1,3)
are tentative [1, 6]. Also shown in Figs. 2c, 2d are estimates of the B(M1)’s calculated using
the semi-classical Dénau and Frauendorf formula [15], using parameters as discussed in [8].
Clearly, the B(M1) values deduced from experiment are in excellent agreement with the
TAC model predictions. They are at variance with the results of the standard semi-classical
treatment, which assumes that the K value is fixed and the alignment is perpendicular to
the symmetry axis (no shears mechanism). Both the magnitude and slope of the results are
well reproduced by TAC theory. The experimentally deduced B(E2)’s are shown in Fig. 3.
Using these values and the TAC formula [3, 10]:

15(eQosin?6)?
1287

B(E2) = (2)
(where Qo is the intrinsic quadrupole moment and 4 is the tilting angle — see Fig.1 and [3, 10])
we obtain values of Qo =23 eb, which corresponds to an average deformation parameter of
B2 ~0.1 [16], confirming the very low deformation of these structures.

Moreover, the B(E2) values drop with increasing frequency. This can also be understood
qualitatively in terms of the shears mechanism since one will approach the point at which
the proton and neutron -angular momentum vectors will be fully aligned. If the vectors are
aligned, the density distributions of the proton and neutron wavefunctions will be axially
symmetric with respect to the axis of the total spin, J, and B(E2) tends to zero. At this
point the band will terminate.
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Figure 3: Experimentally deduced B(E2) (e?b?) values.
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To look for further evidence of the termination, transitions extending the bands to higher
spin have been searched for and found [17]. For instance, at the spin the TAC model predicts
the termination to occur for *®Pb(2) (57/2k) we see that the band becomes irregular and
above this one sees a new, weaker M1 structure extending to higher spins. What may
have happened is that at the point of termination, the band is crossed by a new structure
involving an additional pair of ij3/; quasineutrons. A plot of angular momentum versus
MI1-transition energy is shown in Fig. 4 and one can see that the experimental alignment is
roughly 7A in agreement with expectations. Above this frequency, the proton and neutron
angular momentum vectors will re-orient, and the shears mechanism continues, resulting in
the higher lying M1-band as observed.

40 . ; .
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Figure 4: Plot of the angular momentum as a function of transition energy for 199ph(2).

Our results show that, despite low quadrupole collectivity, regular ‘rotational’ sequences
with strongly enhanced magnetic dipole transitions can be explained within the framework
of the TAC model. The ‘shears mechanism’ provides both a qualitatively appealing and
quantitatively accurate description of the behaviour of the bands in the neutron—deficient Pb
nuclei. Moreover, we suggest that our results represent evidence for the concept of magnetic
rotation as implied by the shears mechanism. This novel idea extends our conception of the
possible modes for nuclear excitations.
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Multi-quasiparticle Isomers near stability and Reduced Pairing

G.D. Dracoulis
Department of Nuclear Physics, R.S.Phys.S.E, The Institute of Advanced Studies,
Australian National University, Canberra ACT 0200, Australia

Aspects of the formation of multiquasiparticle isomers, massive-transfer reactions for reach-
ing nuclei close to stability, and analysis of the seniority-dependent stepwise reduction in
pairing from the rotational properties of multiquasiparticle bands are outlined.

This report draws on work in progress by a number of colleagues including Filip Kon-
dev, Simon Mullins, Chris Purry and Phil Walker, which will be published in full elsewhere.

The proximity of high-§) orbitals near both proton and neutron Fermi surfaces in nuclei
near Z = 74 and N = 104 results in high-K states competing with collective rotation of low-
seniority configurations to generate the yrast line. In favorable situations it is possible to
observe both the intrinsic states and associated rotational bands. The band properties allow
characterisation of the configurations and evaluation of orbital and seniority-dependent
effects, including pairing reduction and consequent loss of nuclear superfluidity.

Isomers near Stability

The low excitation energy and the inhibited decays imposed by the K-selection rules
mean that many such intrinsic states

will be metastable, enabling time- . AR A
correlated y-v studies which allow un- 9000
ambiguous temporal ordering and give
high sensitivity for weakly populated 8000
states and for identification of weak
branches, providing the lifetimes fall 7000
in the region betwen tens of nanosec-
onds and a few microseconds. Longer 6000
lifetimes result in the effective isolation

of the states from other structures in ;ui; 5000
the same nucleus. Although the region
near A~ 180 is replete with examplesof  =' 4000
isomers with lifetimes ranging up to the

31 year 167 isomer in *"®Hf, many more 3000

are predicted [1] , some with K as high
as 30 &, but they cannot be reached at 2000 :
present because of the limitations of fu-

182,
sion evaporation reactions. Some will 1000 7277110
become accessible immediately beams | .
such as He and 3Li etc. become avail- Y VA R S TN T T BPU AN P R R

able. ) 0 100 200 300 400 500 600 700 800 900 1000
' : K(K+1)

Figure 1: Calculated states in %2 Hf
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Predictions are shown in fig. 1 for '®2Hf which could be reached by the reaction
176Yb(*'Be,an)*®?Hf or by transferring two neutrons to the heaviest stable hafnium iso-
tope, 1¥°Hf. High-K multi-quasiparticle states are predicted to form the yrast line. A 61.5
m 8~ state was found many years ago [2] and was shown to #-decay to medium-spin states
in 182Ta, that path being in fact a primary source of information on such states in 132Ta.
Relatively more-yrast, higher-spin states are predicted with K* = 18—, 23~ and 29" which,
because of their high-K and low energy will have severely inhibited decays within 32Hf.
There is a prospect of identifying new high-spin structures both within the parent nucleus
via the y-decay branch, and in its daughter if B-decay competes, although there will be
technical demands because of the very long lifetimes implied.

Massive Transfer

Even before such beams become available, massive transfer or incomplete fusion reactions
offer the possibility of studying the spectroscopy of a number of lutetium, hafnium, tan-
talum and tungsten isotopes near or at stability. We have pursued these recently using a
particle-detector ball in association with CAESAR to select the a-emission channel in *B
bombardments of *"*Yb. In these 8°Ta and !¥'Ta are populated by the a3n and a2n exit

channels, respectively [3].
Such reactions correspond to about

12% of the fusion cross-section and

the reaction process is to first order

a breakup, where the heavy fragment -
proceeds to fuse with the target with %/ 178ge
an energy corresponding to sharing of - §’

the beam velocity [4,5]. These reac- 0

tions lend themselves to spectroscopy 4t ~0 7
because the energy dependence of

the cross-section follows that approx- 2 | —-— o &1yt
imately for fusion-evaporation, offset
by the additional energy required for
the breakup (about 8 MeV in the case
of 1B - a + 7I),i); because of the
higher angular momentum input which
is somewhere between that of fusion
of the heavy fragment and the angular
momentum of the projectile + target
system at grazing. This is much more’
favourable than if a 7Li projectile were
used directly because it would be effec-

tively sub-barrier. (In the case above, ISP PN TN N DAY SIS E T N B
leading to 18°Ta, the optimum 7Li en- 0 100 200 300 400 500 600 700 800

ergy for 3n evaporation is at the barrier energy (kev)

of ~ 29 MeV.); because of a
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distinctive correlation between forward or backward emission of the a-particle and the
population of specific nuclei, consistent with a rapid change in the grazing angle as the
beam energy is raised from near to well above the Coulomb barrier.

This technique has allowed recently the independent identification [6] of the rotational
band based on the 16% isomer in "®Hf which extends up to spin 22% and whose prop-
erties confirm the suggested configuration for the isomer as the »27/27[514]9/2%[624] ®
727/2+[404]9/2~[514] combination. The transitions agree with the level energies for the
17+ and (18%) states identified from (d,d’) of the isomer itself [7]. The ratios of yields
for different products are shown in figure 2, for two beam energies and the "*Yb(°Be,a
zn)'81~*Hf reactions. It demonstrates clear separation into regions with different numbers
of neutrons emitted.

Time evolution

Although delayed coincidences are obviously the preferred mode for identification and place-
ment of transitions above isomers, once the lifetimes exceed the tens of microsecond region,
they are not viable unless prompt and delayed components can be physically separated
between detector components. In some cases, however, the history contained in the time
evolution has sufficient information to make unambiguous placements.
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Figure 8: 18 Ta partial scheme Figure 4: time spectra

As part of our mapping of the intrinsic and collective states, aimed in part at a sys-
tematic evaluation of pairing, we have recently identified high-spin states in *"®Ta [8] .
A 15~ isomer was known previously but its lifetime of 58 ms is too long to allow direct
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identification of states feeding it. These are of importance for a number of reasons, includ-
ing characterisation of the configuration of the isomer itself. The new level scheme shown
in figure 3 incorporates an even longer-lived 21~ isomer, which on the basis of excitation
functions etc. has been placed above the 15~ isomer. The validity of this assignment is con-
firmed directly by the time curves in figure 4 which show that the high-spin delayed feeding
which proceeds through two separate paths (via the 15~ band and also a 16+ band) arises
from the same 290 ms isomer, while the two component curve observed for the subsequent
decay shows that the 290 ms isomer feeds the known 15~, 58ms isomer.

Stepwise Pairing Reduction

Pairing has played a seminal role in understanding nuclear properties such as explaining
why moments-of-inertia are one-third of that for rigid rotation of a deformed body — a result

of a superfuidity analagous to superconductivity in metals. However, the corresponding
first-order phase transition often discussed
is not now expected, either as a func-

tion of rotational frequency, or of or- 8000
bital blocking. The change in pair-
ing by blocking is illustrated in fig-
ure 5, estimated using the Lipkin-
Nogami prescription, for neutrons in
178W. Even with six orbitals blocked

™r T e rJlpyrovvzy

6000

multi-quasiparticle states [kevl

near the Fermi surface the neutron 4000 |- g . i
pairing remains at ~ 40% of the un- x o

blocked value. A similar result is ob- - 4 f § 1
tained for the protons. Since it is usu- Gy=19.0/A Mev

ally energetically favourable to bal- 2000 —:gz ) ? ]
ance the neutron and proton contri- L a4y (4-) ) -
butions, it is doubtful that intrinsic © 6V (+-)

states of sufficiently high seniority to 0 0
quench the pairing in either protons e b b b s Ly
or neutrons, and certainly not in both, 0 200 400 600 800 1000

. iy e Ay [keV]
are likely to be within reach. v

Figure 5: Calculated neutron pairing in 1® W

The highest seniority state which also has an associated rotational band known is the K*
= 25%, vir? state in 17*W . Purry et al [10] have also identified a suite of multi-quasiparticle
states and associated rotational bands in this nucleus, with different seniorities and different
combinations of the same subset of proton and neutron orbitals near the Fermi surface. The
rotational behaviour of a number of these is shown in fig. 6 in a plot of the projection of
the total angular momentum I. against the rotational frequency, obtained including the
nominal K-value in the usual prescriptions. From this figure it is apparent that with
increasing seniority the curves become more linear and increase in magnitude at any given

frequency, indicating the addition of more aligned angular momentum as the number of
contributing particles increases.
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However, a) the effective momert-of-
inertia remains well below that for a 24
rigid body although it is appreciated

that the rigid value is only expected 20
to be reached on average [11].) b) the _
curves do not cross a ”barrier” exempli- “—:‘( 16
fied by the 25% band. Although itisnot ™
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possible to cover the details here, exam- 12

ination of the configurations involved,

(all contain one or two 3/, neutrons 8

but of the ones shown only the 197,

25% and the 45/2~ in W also con- 4

tain the hg/, proton), and also knowing : . 1
that, with reduced pairing, the align- % ' 200 200
ment expected in bands with 2;3/2 neu- he (kev]

tron will be reduced )
Figure 6: Total alignments in '™ W

(its Fermi level is midshell where Coriolis effects are more sensitive to spacing of the
quasiparticle levels whereas for the hg/, proton, the Fermi level is near the Q = 1/2 orbital
and hence its alignment is persistent [11]), allows one to assert that the results do show the
effects of reduced pairing in the sense that there is a loss of additivity, so that

itot < Z (Z(ﬂ'hg/z) + ?:(1/7:13/2) + z(the rest)) a,nd; itot — i(’ﬂ'hg/z)

Partial confirmation of this assertion is provided by the comprehensive set of bands

identified in 1"®Ta [8] most of which . T : T
do not contain the hg/; proton.

Two pairs of these are compared
in figure 7 in the form of a net
alignment obtained by subtract-
ing a common reference. This is 6
not meant to be a precise measure
of the alignment since in this situ- 4
ation the reference cannot be de-
fined, but is meant to provide an
amplified scale. The absence of
the hg/, proton allows underlying
changes to be revealed — the 15~ 0 . L L .
wv3 state is obtained by adding 200 400
the 6% v? component to the ho [kev]

Figure 7: Net alignments in 1" Ta
9~ 7v state but despite the extra particles, the apparent alignment is lower. The same
situation prevails for the 22+ 731% band and the 15* 7wv® configuration, the former having an
additional 67 72 component but less apparent alignment than the latter. The implication to
be drawn from this is that the alignment contribution from the particles because of reduced
pairing falls faster than the collective moment-of-inertia increases, from the same factor.
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Quantitative Comparison

What is required to evaluate these ef- gofF v T
fects precisely is a many-particles-plus-rotor | olT6p,

model. A semi-quantitative step we have fol- o178y

lowed is to fit each band over a region where 60 -
there are no alignment gains with the gener- 3 .- 9

alised Harris formula I;(w) = i+ Sow+ S w3 i Ve g/ 1
and then examine the parameters. As im- 40
plied earlier, the expectation as pairing de- ° o
creases is that &; will decrease and S, will i o 14~ v 1
increase, leading to the the more linear and
higher curves in figure 5 We have com-
bined the calculated values of the proton - 1
and neutron pairing for each configuration
in the two-fluid formula of Migdal [12] with
St = %Sn(An)"‘%gp(Ap); Spin = Srig(1—
%’l) and ¢ = 5%“;9: for comparison
with the extracted values of $. These val-
ues are compared for cases of different se- X Mk 25t A 4
niority etc. drawn from 7®Ta, !"Ta and 428™ vidd
178W. For the W cases, there is a measure 40
of agreement, given the approximate nature i T2
of the formulation. The tantalum cases are o
more problematic. Independent of the gen- 20 - 7
eral arguments presented earlier, it is appar-
ent that the moments-of-inertia extracted in
this way only partly conform to the expecta- 0 L P
tion that the increase would follow seniority. 0 2 8 80

20 .

8¢ (Harris fit)
>
]
=

0 40 .
3 (Migdal estimate)

Figure 8: Ezperimental and calulated moments
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Abstract: In contrast to the de-excitation of the low-seniority states in 7#W,
the decay of the K™ = 25%, 8-quasiparticle isomer is strongly hindered. This is seen
to be related to its yrast status.

The A 2= 180 region of deformed nuclei is structurally unique in containing multi-
quasiparticle J{ isomers with four or more unpaired nucleons and half lives greater
than 10~ s. The observed variation of half life with Z and N is illustrated in
fig.1 for the most energetically favoured 4- and 5-quasiparticle isomers. The high-I{
states and their rotational bands are able to compete to form the yrast line due to
strong shell effects: with a quadrupole deformation of § = 0.25, both the neutron
and proton Fermi surfaces are close to high-€ orbitals, where Q2 is the projection
of the intrinsic angular momentum on the nuclear symmetry axis. The quantum
number K = 20 is approximately conserved and bandheads generally decay by the
minimum possible change in K (the K-selection rule).

Recently, isomer decays have been observed which violate the JK-selection rule,
in the sense that significant fractions of the decays bypass available high-K states
1, 2, 3, 4, 5, 6, 7. These “anomalous” decays have been interpreted in terms of
rotational K mixing [2, 3] and tunneling through a potential barrier in the -y plane
[1, 4, 8. 9], but the relative importance of these mechanisms remains to be clarified.

We have made an extensive study of the nucleus W, which was produced at
high spin by the ™Er('3C,5n) reaction. Pulsed beams of 80 MeV '3C were provided
by the ANU 14UD tandem accelerator. Numerous multi-quasiparticle bands and
bandheads were observed, including a band based on a 220 ns, 8-quasiparticle yrast
isomer [10]. The lowest 4- and 6-quasiparticle bandheads in '™W, with K™ =117,
12+ and 18-, are far above the yrast line, as illustrated in fig.2. They have short half
lives and fragmented decays, which include anomalous branches with low reduced-
hindrance values, as detailed in table 1. In short, K does not appear to be a good
quantum number. (The reduced hindrance is defined as f, = (T7},/T{})"/", where
T;’/.Z is the partial y-ray half life, Tf}’z is the corresponding Weisskopf single-particle
estimate. » = AK — X, and X is the transition multipolarity.)
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| 4- and 5-QP ISOMERS

Figure 1. The region of the N — Z planc where high-K multi-quasiparticle isomers
are found. The vertical scale is log1gTy/2 where T72 is measured in seconds. It covers
half lives from 10~° to 10° seconds. The longest half life is that of '"Hf, with T}/, =
31 y = 109 5. Squares at the 1079 s level represent nuclei-for which data are available. but
where no isomers with Ty /5 > 10~? s have been found. There is, as yet, no corresponding
experimental information for the open foreground area of the figure, with low Z and high
N, but energetically favourcd isomers are predicted {1 1].
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Figure 2. Multi-quasiparticle bandhead energies in 18 W (squares) shown as a function
of angular momentum, compared with the ground-state band and its extension (dots).
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Figure 3. Reduced hindrance, f,, as a function of energy above the yrast line (or below
the yrarc line. for yrast isomers) for AK > 4, E2 decays from 4-quasiparticle states. Open
circles correspond to anomalous decays. The data points for 172(f [5] and '"®W are for
(arbitrary) 1 ns state half lives; their experimental upper limit half lives (corresponding to
the upper error bars) are 5 ns and 2 ns, respectively. The values for the other nuclei have
statistical uncertainties that are smaller than the data points.

The decay of the 8-quasiparticle yrast isomer, however, is strongly hindered and
obeys the K-selection rule. This K™ = 25% bandhead decays only by a AK =3, 183
keV E1 transition, with fi = 25 (where the E1 hindrance has been divided by 10*
hefore taking the vth root. to facilitate comparison with other multipolarities [3]).

The variation in decay pattern can be understood in terms of bandhead excitation
energies relative to the yrast line. The reduced hindrances for all known AL > 4,
E2 (I = I — 2) decays from 4-quasiparticle isomeric states in even-even nuclei are
compared in fig.3. It is seen that the reduced hindrance declines as the excitation
energy increases relative to the the yrast line, for both normal and anomalous de-
cays. This systematic feature {12] applies also to higher-seniority isomers, including
the value of f = 25 for the E1 decay of the K™ = 25 yrast isomer in 178W. Angular
momentum does not. in itself, appear to destroy the X quantum number, an obser-
vation which is supported by a new covariance analysis of spectrum fluctuations in
163Er {13]. Rather, a statistical effect related to the density of states above the yrast
line is here implicated in the decline of I, and may serve as a test to discriminate
between rotational IK-nixing and y-tunneling models.
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TABLE 1

Decays from 4- and 6-quasiparticle states in 18w

(a) K™ =117, T\ < 2 ns, E'*" = 3053 keV

E7 (keV) U AK Multipolarity  f,
269 < 56 ns 4 E2 <29
476 < 18 ns -

508 < 22 ns 4 M1 < 51
564 < 56 ns 9 M1 < 5.1
727 < 74 ns 4 M1 <109
921 <7ns 4 M1 < 63
1012 <110ns 9 E2 < 3.8
1090 < D ns 4 E2 <29
1389 < 56 ns 11 El < 3.1"

(b) K™ = 127, Tl";';“l < 2 ns, Etevel = 3235 keV

E7 (keV) T, AK Multipolarity  f,

181 <3 ns 1 El

431 <48 ns 12 M1 < 3.0
552 < 26 ns - E2

564 < 94 ns 6 M1 <13
689 <220ns 5 El < 14*
791 < 60 ns 6 E2 < 6.6
908 <220ns & El <17*
991 <36ns 12 M1 < 3.7
1571 <26ns 12 E2 <28

(c) K™ = 18", T < 2 ns, EV* = 4878 keV

E7 (keV) Tf’/z AK Multipolarity  f,
168 - < 15 ns 1 El

363 <35mns 5 M1 <93
671 <88ns 5 E2 < 5.0
067 <59ns 11 M1 < 4.4
1267 <8 mns 11 E2 < 3.1

Note: * To compare with other multipolarities, the E1 hindrance has been divided
by 10* before calculating f,.
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Abstract: Recent measurements of direct transitions from high- K isomers to low-K bands

reveal severe break-down of the K -selection rule and pose the problem of how to understand

the mechanism of such K-violation. Our recent systematic calculations by using a simple
4-tunneling model reproduced many of the observed hindrances, indicating the importance

of the 7 softness. However, there are some data which cannot be explained in terms of

the y-degree of freedom. In this talk, we also discuss the results of conventional Coriolis

coupling calculations, which is considered to be another important mechanism.
§ The y-Tunneling Model Analysis

In this talk we have discussed the direct (or one-step) transitions from high-K isomers
to low-K bands, for which we have recently performed systematic calculations?). The mo-
tivation of our work came from the recent accumulation of precise measurements of week
transitions from the high- K isomers, which clearly shows break-down of the so-called K- -
selection rule?. Especially, the data that attracted our attentions are v decays of the 14*
isomer in 17*W measured here at Argonne®; the transitions to low-K bands are the main
branch and indicate two-to-three orders of magnitudes smaller hindrance than those of the
same 14 isomer in neighboring nucleus ™H{f. The authors in Ref.3) attributed the large
break-down of K quantum number to the y-softness. We wanted to check whether it is true
or not, and calculated the transition probabilities systematically in this Hf, W, Os region by
using a simple model of tunneling in the (e2,7) coordinate.

The essential idea of the model was already discussed in Refs.4,5) some time ago, but the
detail of the model should be fixed to calculate the absolute values of transition probability.
The idea is simple: it is assumed that there are two groups of states separated by a potential
barrier with respect to some collective coordinates. Assuming no direct communications
between these two groups (because of large difference of internal structure), the transitions
between states in the two wells occur through a mixing between particular states in each
well. Then the transition probability is written as a product of the transitions rate inside
each well and the squared mixing amplitude. Since the in-band transitions are rather well-
known, remaining task is to estimate the mixing amplitude, for which we use the interaction
strength v given by the semi-classical tunneling estimate;

vz_(hz‘%) T, with T = [l +exp(2W/k)]"! ~ exp(—2W/h), (1)

where wg is the zero point frequency of the higher well corresponding to the isomer and
W is the (imaginary time) action. To be more specific, we have used (e,7) as collective
coordinates, and the transmission coefficient T is calculated as a tunneling from a isomer
minimum (y & —120°) to a low-K minimum (v ~ 0°). We do not go into details here (see
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Ref.1)), but we would like to mention that the same model has been successfully applied
to the problem of decay of the superdeformed bands®, where the prefactor (fiwo/ 2m)? is
replaced by hwspD,/(27)? with fiwsp being the frequency of the superdeformed well and
D,, being the mean level distance in the normal deformed well.

Now we concentrate on E2 and M1 transitions where no ambiguity exits for in-band
transitions. Then there are no adjustable parameters in the sense that they are determined
by different data or calculations. This is an important point for the systematic analysis. It
is found that not only the relative difference of hindrance of decays of 14* isomers in "“Hf
and 17W mentioned above but also the absolute values of their partial life-times are rather
well accounted for by the y-tunneling calculation?. After finishing Ref.1), we have noticed
or analyzed some other data and they are listed in Table 1 in the same form as in Ref.1).
Including the new results in Table 1, I show in Fig.1 the summary of comparisons of calculated
and measured partial life-times of the low-K branches of transitions. They are plotted in
terms of the so-called hindrance factor defined as F' = T{Y/2 / Tl%, where T?ﬂ is calculated or
measured one and TIV/V2 is it’s Weisskopf estimate. The left part is for AI = 2 (E2) transitions
and the right part for AI = 0,1 (M1 and E2). The abscissa is the calculated hindrance
factor and the ordinate is the measured one, so the point on the diagonal line means that
the agreement is perfect. Considering the simplicity of the model, it is surprising that there
are so many points sitting near diagonal. If one has a closer look, it is seen that most of the
transitions with large AK value can be well explained by this y-tunneling mechanism.

Table 1 Comparison of the calculated and experimental hindrance factors for some transitions
of isomers which are not shown in Ref.1). See Ref.1) for detailed explanation.

Nucl. KT T2 9x; — grlen] Qx; [eb] W (4] huwo [MeV] Refs.
Kf |AK| 9k — 9rln]  Qxleb]
Ir Ey[keV] B(M1)[p}] B(E2)[e*D] Feu Fep
TYb 6+ 830 ys  —0.30 7.9 10.66 1.66 7)
0 6 8.0
4F 1265 — 77%x1071%  7.5x107 1.2 x 10%°
68 992 26x107"  41x107° 6.0x10° 3.8x 10
8F 628 — 1.1 x107° 55x107 2.9 x10°
my  2F <1ns 0.17 6.5 6.89 1.35 8)
™ou 0.48 7.3
Bt 1764 — 3.7x107°  1.1x10° <3.7x10°
Zt 1386 98x107°  1.3x107® 65x107 <9.3x10°
2t 1224 59x107°  2.9x1077 49x10° <14x10°
W 12t <2ns 0.02 7.4 7.40 1.41 8)
oF 12 7.3
10f 1570 —_ 35%x 1078  1.7x10° <3.0x10°

12} 992 24x10°1° 20x10°7 1.3x107 <1.5x108
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Fig.l Summary of comparison between calculated and observed hindrance factors for K iso-
mers in the Yb, Hf, W, Os region. Data in Ref.1) and Table 1 are included.

§ < Softness vs. Coriolis Coupling

Though a large body of observed hindrances can be explained by the vy-tunneling model,
there are still a lot of points in Fig.1l for which the «-degree of freedom is not enough
to account for the observed small hindrances. So we must look for another mechanism;
e.g. the spin-orientation-degree of freedom. In place of changing the shape in the (ez,7)
coordinate, one can think of the change of orientation of the deformed body with respect
to the angular momentum axis to reach the final state; note that the deformations of the
high-K isomer and the low-K band are very similar in this nuclear region. This situation is
schematically depicted in Fig.2 (left). This kind of collective coordinate are nothing else but
the one describing the tilted axis cranking (TAC)®. Although we are trying to do the large
amplitude TAC calculations (see Fig.2 (right)), we could not get convincing results mainly
because of numerical difficulties. Alternatively, we here show the results of more conventional
calculations; i.e. the higher-order Coriolis coupling, which is suppose to incorporate the same
physical effects as the change of the spin-orientation.

The calculation is, in principle, simple and the formula is given in the Bohr-Mottelson’s
textbook!®); our case is the so-called K-forbidden transitions, Eq.(4-95). The problem is how
to calculate the intrinsic matrix element in it with large difference of K, AK = K; — K;. We
have recently developed a general method to calculate the intrinsic moments appearing in
the intensity relations by using the cranking approach. Within the lowest order the relevant
intrinsic moment with the K-forbiddenness, n = |[AK| — }, is written,

n R -
(I(fl?’ﬂAK:-n_)‘,y:_,\lI{i) — nlil7n d ((I{f(wr()tzllgi;‘;é:?lI(l(ert)» , (2)

hwrot—0

where @), is the transition operator and its matrix element is calculated by the cranking
model at infinitesimal frequency. Although the general evaluation is still difficult, this matrix
element can be relatively easily calculated for pure two-quasiparticle transitions. A good
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Fig.2 Left: Schematic drawing of the two possible mechanisms for the decay of high-XK isomer
to low-K band. Right: An example of potential energy in 18205 with respect to the tilting
angle 0 obtained by TAC calculations. Here the energy is calculated by fixing the total I and
the energy for each I value is shifted so that the minimum energy is zero. The mean-field
parameters, €; = 0.219, ¢4 = 0.049 and A, = 0.890, A, = 0.871, are fixed for simplicity.

example, for which we can apply the formula, is the 6% isomer systematically observed in
this region. For the 6% isomer, the transitions to 8%,6% and 47 members of the ground
state band are measured with E2 or M1 property, for which fourth or fifth order of Coriolis
coupling is responsible, see Eq.(4-194) and Fig.4-27 in Ref.10). In such a case, the initial
and final states in (2) are written as

6D = Vo)l alragt 10 1K) = Ul o) = exp( X g(ig)ela] = hie), (3
3
where al is the creation operator of the Nilsson quasiparticle state at wyo, = 0. The collective
rotation is generated by U(wrot) and can be calculated by the cranked mean-field theory.

Before showing the results of Coriolis coupling, let us discuss the y-tunneling calculations
for the 6+ isomers. In Fig.3 (left) we show the isotope dependence of the hindrance factors
of the 6% — 6 transitions for Yb, Hf, W, Os nuclei. Experimental points are also shown
by filled symbols if available. As is seen, the calculations fit the data rather well for lighter
Hf or W isotopes including the strong isotope dependence, but they are far off the measured
hindrances for heavier isotopes (N > 106). The difference of the hindrances in isotopes
mainly comes from the change of softness of the potential energy surface, especially in the
barrier region, ¥ &~ —60°, just as in the case of 14+ isomers in '™Hf and "*W; see Ref.1) for
potential energy surfaces in the (e3,7) plane or along the paths.

Now how about the results of Coriolis coupling. In order to calculate the transition prob-
abilities according to Eqs.(2)-(3), one must specify which two quasiparticle configurations
are responsible for the actual 6+ isomers. In this mass region, 7[404]2[402]3, v[514]F[512]3,
v[514]2[523]%, and v[633]2[642]5 are possible low-lying K™ = 6+ excitations. In fact it is
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Fig.3 Left: the hindrance factors of the 6% — 67 transitions for Yb, Hf, W, Os isotopes
calculated by the -tunneling model. Right: the same but calculated by the higher-order
Coriolis coupling. The measured values are also shown by filled symbols if available.

believed that the observed 6% isomer is not a pure configuration from the measured g-factors.
Although the mixing probabilities are assigned in some cases, we need the amplitude includ-
ing sign in the calculation. Moreover the main concern here is the order of magnitude one
can obtain form this type of simple Coriolis coupling calculations. Therefore we stick to the
possible pure configurations. In Fig.3 (right) we show the results for the lowest-lying two
quasiparticle configurations. Here we have used a standard Nilsson potential (Bengtsson-
Ragnarsson 1985 parameters) and €4 deformation is neglected. The deformation parameters
¢, and the pairing gaps are taken from the experimentally deduced values. Effective spin
g-factor g% = 0.7¢%* is used for M1 transitions, and effective charge be = e is used for E2
transitions. It is found that the isotope dependence is rather weak within the same configu-
ration, but the resultant hindrance factors considerably depend on the configurations. The
configuration dependence in Fig.3 (right) mainly comes from the difference of configurations:
e.g. the lowest-configuration is always w[404]Z[402]2 in the Hf isotopes, while it is changing
between v[633]2[642]2 (N=104,106) and v[514]1[512]2 in the Os isotopes.

In any case these simple Coriolis-coupling calculations give much larger hindrances (or
smaller transition rates) compared with the measured values. Note that we have used Eq.(3)
in accordance with the conventional Coriolis coupling picture: Namely only the collective
(i.e. ata' and aa) part of the cranking term, —wrotJz, is used for n-th order perturbations.
One can include the full cranking term in the same way as in Eq.(3), but we have found that
the result of such calculations is unstable in the sense that the obtained matrix element in
Eq.(2) is very sensitive to the detail of the mean-field parameters, e.g. the chemical potential,
the deformation parameters and the pairing gap. This is because the inclusion of a}aj term
is accompanied by the energy denominator 1/(E; — E;), which diverges at Fermi surface, in
contrast to the af a;[ and a;a; terms which are accompanied by 1/(E; + E;).
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§ Summary and Discussions

Systematic calculations by using the y-tunneling mechanism can explain surprisingly
large amount of measured hindrance factors, which are ranging more than five order of
magnitudes. However, there are many other data which remain to be understood by other
mechanisms. Thus, we have performed conventional Coriolis coupling calculations for 6%
isomers assuming pure two quasiparticle configurations. The result indicates too large hin-
drance factor or too small transition rates, which just recover the usual K-selection rule.
Therefore some “collective” effects, i.e. mixing of pure configurations, are necessary.

The large-amplitude TAC-type calculations for the spin-orientation-degree (6-degree in
Fig.2) of freedom is certainly desired. It is not so easy to obtain the potential energy
surface with respect to the § coordinate in its full range; note that magnitude of the angular
momentum should be fixed during the change of  coordinate. In Fig.2 (right) an example
of our present status of calculations is shown for ¥2Os: It is clearly seen that the fluctuation
in the @ direction decreases as the mean spin value increases. The low-spin motion of this
nucleus is prolate-collective rotation, and so the energy is minimum at § = 90°. Approaching
the § = 0° isomer configuration, it is progressively become difficult to keep the spin value
(and the neutron and proton numbers) because of sharp and frequent level-crossings with
respect to the 8 coordinate. We must use e.g. the gradient method to obtain the full surface,
which is a future problem.

We have restricted to the transitions from high-K isomers to the low-K bands. But
there are many other data decaying to the intermediate K values and show similar break-
down of the K-selection rule. In order to investigate such cases the TAC type calculation
is inevitable. Finally, we would like to mention that the TAC is supposed to be the large
amplitude version of Coriolis coupling though semi-classical in its nature. Therefore, it is
an another important issue how to compromise the conventional Coriolis coupling picture,
which recovers the K-selection rule as discussed above, and the TAC picture, which hopefully
gives its large break-down.
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Abstract

Ten band structures are observed in '®*Tm, among them sets of parallel
and anti-parallel couplings of the proton and neutron spins. The Tilted Axis
Cranking scheme is applied for the first time to an odd-odd nucleus in a
prominent region of nuclear deformation.

I. INTRODUCTION

Multiple band structures have been observed in ®*Tm. These provide a wealth of in-
formation, particularly on: (i) high-K bands in a well deformed rare-earth nucleus at low
excitation energy; (%) differences between the parallel (high-K) and anti-parallel (low-K)
couplings of certain high-j proton and neutron orbitals, which are both present in some cases
(mhi1/2 @ Vitaje, Tgrj2 @ virgse); (i) alignment processes probing neutron pair correlations
(blocking of viZ, /2 excitations); (iv) energies, signature splittings and inversions of low-K
bands (whg/2 ® Vi13/2, Tdsj2 @ Viys/e) probing p-n correlations and deformation effects.

Here we focus on the bands with high K or/and large magnetic moments, as indicated
by B(M1)/B(E2) ratios, to test the Tilted Axis Cranking (TAC) scheme [1]. Indeed, these
bands in '**Tm are signature partner E2 sequences but with an energy splitting near zero,
a possible indication for TA rotation. This model has been successfully applied to high-K
bands in the neighboring '**Er [2] and '*6Yb [3] nuclei which are found, however, at high
excitation energies (£, > 1500 keV). Thus, the low-lying bands in an odd-odd rare-earth
nucleus are a natural choice to further test and discuss the importance of the TAC model.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

The experiment was performed with the Nordball detector system at the Niels Bohr
Institute Tandem Accelerator using the *°Nd(**F,5n) reaction at 85 MeV to populate 1%4Tm.
For a part of the experiment, two of the coaxial Ge detectors were replaced by LEP Ge
detectors to ensure sensitivity for important low-energy transitions at the bottom parts
of band structures. In total, 2 billion two- and higher fold coincidences between the Ge
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detectors were recorded. The two-fold coincidences were analysed for appropriate software-
gates for the inner BaF; ball and for different time conditions to search for delayed transitions
(within a 10 — 250 ns interval). An analysis of the triples data was also performed.

A part of the level scheme obtained from the present work is presented in Fig. 1. All
bands can be related to either the K™ = 1* ground state or the low-lying K™ = 6~ isomeric
state (22 = 5.1 m) [4]. The bands labeled 6 (yrast band), and 5 have been observed
previously [4], the latter however not as a signature partner band. Multipolarities of y-ray

transitions are inferred from directional correlations (DCO ratios). Delayed transitions are
found at some band heads, e.g band 5 (£, = 110 keV) and band 6 (E, = 124 keV).

III. CONFIGURATION ASSIGNMENTS AND DISCUSSION

The configuration assignments proposed for the band structures in ®4Tm rest on energy
considerations, signature splittings, band crossings and interactions, and the magnetic prop-
erties deduced from in-band 7-ray transitions. The starting point for these assignments is
a “first-order” level scheme for **Tm based on the lowest lying single-proton and neutron
states in the neighboring odd-A nuclei 16*'%Tm [5,6] and %*Er [2], respectively. In Table I,
these configurations are summarized and it is indicated by band labels partially introduced
in Fig. 1 which assignments for the level scheme are proposed. Perhaps most interesting are
the configurations 7/2[523],5/2[642], (7h11/2®vi13/2) and 7/2[404],5/2[642], (7g7/2@viya/e)
where bands corresponding to both parallel and anti-parallel couplings of the proton and
neutron spins are observed. For these cases, the Gallagher-Moszkowski rule [7] specifies that
the coupling with parallel intrinsic spins is lower in energy than the anti-parallel coupling
(the rotational part of the energy ~ (I2 — K?) needs to be considered as well).

Alignments of 113/, neutrons. Rotational alignment of an ¢35/, (AB) neutron pair at a
rotational frequency fiw ~ 0.25 MeV is only observed for bands 7 and 8. In contrast, in most
of the bands this excitation from a two- to a four-quasiparticle configuration is delayed by
the odd neutron. Thus, for all these bands configurations with a vi13/, content are proposed.

Signature splittings. Only the bands 4 and 5 exhibit a significant energy signature
splitting (AE’ > 20 keV) in the frequency range fiw < 0.25 MeV. By systematics, the
1/2[541},5/2(642], (Thoj @ viyss2) and 1/2[411],5/2[642], (7d3/, ® viyz/,) configurations are
assigned to bands 4 and 5, respectively. For all the other bands no signature splitting is
observed. This striking feature of the multi-band spectrum of 1%4Tm justifies an application
of the TAC model.

Interband transitions. Special attention should be paid to band 3 in the low-K part
of the level scheme. Interlinking E2 transitions between bands 3 and 4 indicate that both
structures have the same parity. The interaction strength deduced is on average Vi ~ 5 keV,
in agreement with corresponding whqy/2 — mhes2 bandcrossings in '%3%*Tm [5,6]. In addition,
the B(M1)/B(E2) ratios observed for band 3 are among the largest measured, indicating the
presence of the Ay, proton (see below). Thus, the assignment of a why1/, ® Vi3, (low-K)
configuration for band 3 is most reasonable. In the case of band 8, most of the population
strength is carried away by pronounced E1 transitions to the yrast band. Consequently, the
lower spin range of the band (below the AB crossing) is not observed. The links between
bands 6 and 8 resemble a situation in the level scheme of the isotone 183Er [2], where the
negative-parity neutron levels (E,F) decay to the v713/, band (A,B). Because of an interaction
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between bands 6 and 8 it is reasonable to propose that their configurations have a whyi/s
part in common (¢f. Table I).

TABLE I. Expected proton-neutron configurations in 184Tm and proposed assignments to the
bands observed. Left colums: Known proton and neutron levels in neighboring odd-A nuclei labeled
by their Nilsson quantum numbers and a symbol for spin “up” or “down” of the j-orbital. Right
columns: Doublets of couplings for parallel and anti-parallel proton and neutron spins labeled by
the K = K, + K, value at the bandhead. Number in parenthesis is the label of the assigned band.
Asterisk marks bands shown in Fig. 1.

Couplings

odd-odd K™
p n lower 11 higher 1]
7/2523] 1 5/2[523] | 1 (g.5.) 6+ (8)"
7/2[404] | 5/2[523] | 6~ (isomer, 7) 1~
1/2[411] | 5/2[523] | 3~ 2
5/2[402] 1 5/2[523] | 0- 5
1/2[541) | 5/2{523] | 3+ o+
7/2[523] T 5/2[642] 1 6= (6)* 1- (3)*
7/2[404] | 5/2[642] 1 1+ (2) 6+ (1)
1/2[411) | 5/2[642] 1 2+ (5)* 3+
5/2[402] 1 5/2[642] T 5+ 0t
1/2[541] | 5/2[642] 1 2= (4)* 3~
7/2[523] 1 3/2[521] 1 5+ (9) o+

Magnetic properties of in-band transitions. In Fig. 2, experimental B(M1)/B(E2)
ratios for four prominent bands are shown. The following observations can be made:
(i) The bands 3 and 6, based on configurations containing hi1/2 protons, exhibit larger
B(M1)/B(E2) ratios than the other set of bands as is expected due to the larger proton
g-factor (gx(R11/2) > 9x(g7/2))- (#1) The M1 strength is significantly larger for band 3 than
for band 6. This demonstrates the effect of coupling the proton and neutron spins in different
directions with a constructive or destructive effect on the M1 rates. Such a B(M1)/B(E2)
difference between bands 1 and 2 is not seen, likely because the g-factor for the g7/ proton
orbital is small. For comparison, the results of TAC calculations assuming an axially sym-
metric nuclear shape with a deformation parameter ¢; = 0.25 are presented. The observed
trend that the low-K coupling yields larger B(M1)/B(E2) ratios than the high-K coupling
is nicely reproduced by the TAC calculations over the full frequency range. Particularly for
the low-K coupling, the agreement between data and calculations is excellent, emphasizing
that TAC predictions for the relative contributions of particle spins to the total spin I are
very reliable. For the two mhyy/e ® viys/e couplings under discussion, significant tilt angles
between the spin axis and the symmentry axis are suggested i.e. © ~ 66° (high-K) and
77° (low-K) at a representative frequency fiw = 0.2 MeV. The tilt angles predicted for the
Tg7/2® Viyz), couplings are very similar. In addition, the measured B(M1)/B(E2) ratios for
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bands 7 and 8, which are based on two- and four-quasiparticle configurations, are equally
well reproduced by tilted solutions [8]. These examples show that for couplings of high-K
proton orbitals and medium or low-K neutron orbitals tilted rotation is favored.

] i [} ' 1 ! 1 1 {
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FIG. 2. Sample B(M1)/B(E2) ratios as a function of rotational frequency and comparison
with calculations using the TAC model. Data points: A (band 3), O (#6), O (#1), O (#2).
Theoretical curves: dashed for low-K, full lines for high-K configurations.

Unezpected signature effect in the yrast band. The B(M1)/B(E2) ratios for band 6 show
a staggering between even and odd spins with an inversion at I = 16. Such an effect at
low frequency and spin (I < 16) in the band is unexpected, since there is no indication for
any other difference between the signatures (AE’ ~ 0). While this staggering of branching
ratios seems not to be explainable by a rotational model, one might speculate that vibrational
degrees of freedom are responsible for the effect. In fact, the E1 transitions between bands 8
and 6 observed over a rather large spin range are indicative of significant octupole strength
(B(E1) ~ 1~5x107%¢? fm?) [8]. Perhaps an admixtureof a e.g. K = 1 octupole component
in the 7hyy/, ® viiz/e configuration could affect the in-band transition rates.

IV. CONCLUSIONS

Ten band structures each consisting of two signatures are observed in %*Tm. The rare
observation of both X = K, + K, couplings for the Thyije ® Viyzse and wgrss ® Vi
configurations serves as an important test for model predictions at medium to high spin.
The TAC model explains the main features of the near-yrast energy spectrum, i.e. the
presence of low-lying bands with no signature splitting, and the closeness of two high-K
bands (#6 and 1) to the yrast line. For these bands, the TAC model reaches a level of
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agreement with the measured B(M1)/B(E2) branching ratios and spins barely achievable
with other rotational models (e.g. particletrotor). The calculations indicate angles of tilt
(between the axes of symmetry and spin) as extreme as 66° at hiw = 0.2 MeV, where 90° is
expected for a band with significant decoupling. A problem is the presence of a signature
dependent staggering in the B(M1)/B(E2) values for the mhqyjoviiz/, band (#6) in the
absence of an energy splitting. This disagreement illustrates a shortcoming of the TAC
model, which cannot account for any signature differences. But, other rotational models
seem to have the same difficulty in explaining a signature difference in transition rates but
not in energies. The present work on 1%4Tm is the first example for a successful application
of the TAC model to a deformed odd-odd nucleus. Together with the high-K bands of non-
yrast states in neighboring Er and Yb nuclei, a consistent picture for tilted axis rotation in
the region near Z = 70 is obtained.

Valuable discussions with S. Frauendorf and P.B. Semmes are gratefully acknowledged.

[1] S. Frauendorf, Nucl. Phys. A 557 (1993) 259¢c; and references therein.
[2] A. Brokstedt et al., Nucl. Phys. A 571, 337 (1994).

[3] A. Oliviera et al., Phys. Rev. C 47, R926 (1994).

[4] S. Drissi et al., Nucl. Phys. A 466, 385 (1987); and references therein.
[6] H.J. Jensen et al., Z. Phys. A 340, 335 (1991).

[6] H.J. Jensen et al., to be published.

[7] C.J. Gallagher and S.A. Moszkowski, Phys. Rev. 111, 1282 (1958).

[8] W. Reviol et al., to be published.

Work supported in part by U.S. DOE under contract No. DE-FG05-87TER40361.




171

Properties of Rotational Bands at the Spin Limit in 4 ~ 50, 4 ~ 65
and A ~ 110 Nuclei

V.P. Janzen,! A.V. Afanasjev,?* H.R. Andrews,! G.C. Ball,! J.A. Cameron,® M. Cromaz,*
J. DeGraaf,* T.E. Drake,* S. Flibotte,? A. Galindo-Uribarri,! G. Hackman, > D.M.

Headly,® J. Jonkman,? S. Mullins,3* D.C. Radford,! 1. Ragnarsson,? J.L. Rodriguez,® C.E.
Svensson,?® J.C. Waddington,® D. Ward® and G. Zwartz*.

1 AECL, Chalk River Laboratories, Chalk River, ON, K0J 1J0 Canada

2 Department of Mathematical Physics, Lund Institute of Technology, Lund, S-221 Sweden

3 Department of Physics & Astronomy, McMaster University, Hamilton, ON, L8S 4M1 Canada
4 Department of Physics, University of Toronto, Toronto, ON, M5S 1A7 Canada

5 Department of Physics, Florida State University, Tallahassee, FL, 32306 U.S.A.

Abstract

There is now widespread evidence for the smooth termination of rotational bands in
A ~ 110 nuclei at spins of 40-to-50%. The characteristics of these bands are compared
to those of bands recently observed to high spin in 64Zn and “8Cr, studied with the
8m -ray spectrometer coupled to the Chalk River miniball charged-particle-detector
array.

A necessary requirement for establishing nuclear deformation and the associated collective
rotational bands at low spin is the presence of a minimal number of valence particles (or
particles and holes) outside a closed, spherical shell. The nucleus 22Xegs, for example, has
four protons and 18 neutrons outside the 1°°Sn doubly closed shell. This combination is
sufficient to build up the strong correlations between valence nucleons which are necessary
for deformation to occur, and which lead to a collective, rotational band built on the ground-
state configuration. In nuclei which lie near closed shells the number of valence particles may
be insufficient for collective rotational motion to be the favoured excitation mode producing
low-lying states. This is the case for Sn and Sb nuclei (Z = 50 and 51, respectively), in which
the states of lowest spin and excitation energy arise from combinations of the single-particle
orbitals at near-spherical deformation. Nonetheless, if particle-hole excitations across the
shell gap are not too costly in energy, it may be possible for the nucleus to deform and
consequently for rotational bands to appear at modest spins and excitation energy. These
structures are well known in Z = 50 nuclei [1] where they are known as “intruder-type”
bands, since they spring from particle-hole configurations involving orbitals which intrude
from high-lying shells. The spectrum shown in Fig. 1 illustrates the yrast intruder band in
109G, discovered [2] with the 87 spectrometer at Chalk River and subsequently studied [3, 4]
in more detail with the Gammasphere spectrometer. The proton valence configuration in
this case consists of an odd h;;/, proton coupled to a deformed two-particle-two-hole (2p-2h)
excited Sn core, i.e., Thi1/2®(g57,®87/2)-

In a classical system, this type of rotational motion can continue to arbitrarily high
spin. In atomic nuclei, the intrinsic motion of a finite number of nucleons places con-
straints on the quantum-mechanical observables, in particular the spin of the nucleus. In
the modified-oscillator description, the maximum spin possible in a given ground-state band
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Figure 1: Gamma-ray spectrum of the yrast rotational band in 1°°Sb. Band members are labelled
by energy; gating transitions are denoted by *. From Ref. [2].

can be obtained simply by summing the available oscillator quanta of Nilsson orbitals ap-
pearing between the nearest closed shell and the Fermi surface [5]. For heavy nuclei near
the middle of closed shells this spin limit is relatively large, of order A of the nucleus [5],
and one would expect to observe rotational bands extending to extremely high spins.
Nevertheless, there are a number of cases where the ground-state rotational band appears
to be interrupted at only modestly high spins, e.g., 40A in ®8Er [6], and only 224 in the
above-mentioned 2>Xe [7]. These occurences can be understood as a crossing of the yrast
band with a very different sequence of states, terminating in a non-collective state (or states)
of maximal spin which is (are) energetically favoured. For this reason, one can refer to such
a process as “favoured band termination” [8]. It is often accompanied by sudden changes in
the yrast line of the nucleus, as illustrated in Fig. 2 for the positive-parity states in 122Xe.
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Figure 2: Comparison between the positive-parity states in 122Xe [7] and the yrast intruder band
in 109Gb [3, 4]. A rigid-rotor reference, chosen to make the trajectories approximately flat close to
spin 20%, has been subtracted in each case.
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Figure 3: Comparison between experimental (filled) and theoretical (open symbols) J (2) moments
for the three most strongly populated bands in 1%Sb. The theoretical values are smoothed by fitting
a four-parameter I(I 4 1) expansion to the 13 highest calculated energies in the band. For one of
the bands the unsmoothed values are also shown as larger symbols. Inset: plot of the calculated
intrinsic shape of the nucleus as a function of spin, in steps of 4/, for the rotational band predicted to
be yrast at the highest spins observed. At intermediate spins the calculated shape is approximately
prolate, while with increasing spin it gradually moves in the direction of increasing <y-deformation,
becoming oblate non-collective (y = 60°) at termination. From Ref. [8].

The intruder bands of A =~ 110 Sb and Sn nuclei do not undergo the same process.
Indeed, inspection of the '%°Sb spectrum in Fig. 1 reveals an obvious feature which is
inconsistent with the behaviour of 122Xe at high spin: the spacing between consecutive y-ray
peaks is smoothly increasing as a function of increasing v-ray energy and thus as a function
of spin. Consequently, when plotted relative to a rigid-rotor reference energy, as in Fig. 2,
the trajectories of °°Sb and '22Xe are quite different.

Another way of illustrating the changes which occur at high spin is to invoke the dynamic
moment of inertia, J® = dI/dw ~ 4/AE,, as in Fig. 3. This quantity is constant for
an ideal rigid rotor, and is sensitive to changes in structure and deformation; an added
advantage is that the spins need not be known. The J (2} moments in Fig. 3 undergo
a substantial but smooth decrease with increasing «-ray energy (and thus with increasing
rotational frequency and spin). At the highest spins, the dynamic moments of inertia are
only 1/2-to-1/3 the magnitude of the static moments, which are themselves comparable to
the rigid-body moments for a deformation B, &~ 0.25,7 =~ 0°. Comparison with Nilsson-
Strutinsky cranking calculations has led us to conclude that this smooth decrease signifies
a continuous transition from high collectivity to a noncollective state [8]. In contrast to
the behaviour of 22Xe, this change occurs gradually and with no change in the valence
configuration; it is the “smooth termination” of a collective band in which the spin available
from the constituent valence nucleons is gradually exhausted. The inset to Fig. 3 illustrates
the changes in deformation which are predicted to occur during this process. A detailed
description of “smooth band termination” from a theoretical perspective can be found in




174

Ref. [9]. For '®Sb, as well as for neighbouring °Sn [10] and 1°Sb [11], the agreement
between theory and experiment is remarkably good, notably for the latter two which do
have firm spin and parity assignments.

The excellent agreement between theory and experiment is satisfying, yet several ques-
tions arise. Amongst them are:

e Why don’t we see more of this phenomenon, and in different mass regions?
o If there are more cases, what are the similarities and/or differences?
e Can we directly measure the decline in collectivity as a band smoothly terminates?

To begin with, bands with very similar J(? features have now been found in 13, possibly
14, A ~ 110 nuclei, as shown in Fig. 4. There is evidence in 4 of these that at least one band
has been observed up to the terminating state. Results for 11°Sb, which are in very good
agreement with theory, are discussed by Lane et al. in a contribution to these proceedings.
Ragnarsson and Afanasjev discuss the evidence for band termination in the A = 80 mass
region and in ""!8Xe, also in these proceedings.

Z
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T 2Te ™Te 6Te 52
N N N N
Wigh | Mgh | MSH gh | “sh 51
= N* N\ *
65n egn 50
*
n 49
)
N|s4|55|56|57|58|59|60)61|62]63]64 65 | 66

I\ = firm spin/parity assignment(s)

Figure 4: Known cases of smooth band termination in the A ~ 110 mass region. A * denotes
nuclei for which there is evidence of at least one terminating state.

Additional information, from lighter nuclei, comes from recent 8m-spectrometer experi-
ments concerning A ~ 65 and A = 48 nuclei. As it turns out, the primary conditions for
smoothly terminating bands in A ~ 110 nuclei, namely, enough valence particles (and/or
holes) to generate collective bands at low spin, but not so many that the terminating spin
is out of experimental reach, can be met in nuclei which are close to the 5eNigg and 33Cag
doubly closed-shell nuclei. Galindo-Uribarri et al. have studied §4Zns4 [12] at high spins,
using the “°Ca(?Si,4p) reaction at a beam energy of 115 MeV; the Chalk River miniball
array [13], which comprises 44 CsI charged-particle detectors in near-4m geometry, was used
to detect the evaporated protons. In this nucleus, for which only non-collective states were
previously known, they discovered a strongly coupled excited rotational band which extends
from spin (10)% to (22)i. The dynamic moment of inertia, shown in Fig. 5, undergoes the
gradual decrease to very low values at high frequency which is characteristic of smooth band
termination. Theoretical calculations, of the type used so successfully in the A ~ 110 mass
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region, suggest that the valence proton configuration is w(f; /12®g51, /2)®p§ /9> in other words,
a 1p-1h proton excitation across the Z = 28 spherical shell gap. The six valence neutrons
are in orbitals which lie above the corresponding N = 28 gap. In this case, it appears that
experiment has not reached the point of termination which, according to theory, occurs at
spin 26h.
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Figure 5: Dynamic moments of inertia for the yrast smoothly terminating bands in 103G, 647p
and “8Cr. The dashed line indicates a band-crossing region in *8Cr (see text).

There is recently obtained data for the N = Z nucleus *8Cr [14], from an 8m-spectrometer
experiment which also used the miniball to detect charged particles. The reaction 285i(**Si,2c)
. was used at a beam energy of 125 MeV. This nucleus differs from 1%Sb and ®¢Zn in that
48Cr is known to be well deformed in its ground state, and to possess a collective ground-
state rotational band. Attention has recently been drawn to the high-spin properties of this
nucleus, primarily because it is the first instance in which a "heavy” collective nucleus has
been analysed within a microscopic full shell model [15], with the results compared to the
mean-field cranking approach used as the standard for interpretating rotational structures
in heavier systems. Cameron et al. [14] have now observed the ground-state band up to 167,
which is the limiting spin within a 7 ®v f7/; shell space. The results have been confirmed [16]
by a subsequent experiment with the Ga.S.P. spectrometer. The plot of J () is complicated
in this case by a rotational alignment which occurs at a frequency fiw = 0.8 MeV, giving rise
to large fluctuations in the dynamic moments. Nevertheless, as shown in Fig. 5, it is clear
that the overall trend in the J® values is similar to that shown by the bands in '°°Sb and
64Zn.

The similarities between smoothly terminating bands in the three different mass regions
are may be summarized as follows:

e The dynamic moments of inertia gradually fall to very low values, 1/2-to-1/3 of the
static moments. Another way of describing this is that the level energies increase
rapidly as termination is approached, giving rise to the term “unfavoured” termination

[8].




176

e Related to this, the v-ray energies approaching termination become unusually high,
approximately 3 MeV.

e Based on theory, the deformation gradually changes from collective prolate (little or
no y-deformation) to single-particle oblate (y = 60°), and termination is reached when
these bands exhaust.the spin available from the valence configuration (e.g., see inset

to Fig. 3).

The third question raised above concerns the possibility of a direct measurement of the
expected decline in collectivity during termination. Experiments aimed at measuring the
lifetimes of these states are difficult. Although the bands are well populated at moderate spin |
(e.g., the lowest-spin member of band 1 in !°°Sb has approximately 30 % of the intensity of
the strongest ground-state transition) the intensities drop off dramatically at high spin [3, 4].
In addition, the y-ray energies are unusually high, approximately 3 MeV, so that detection
efficiencies are low and lifetimes are relatively short, even if the highest states have little or
no collectivity. So far, the best evidence comes from the lightest nucleus, 8Cr, as shown in
Fig. 6. The B(E2) values, as obtained from the Doppler shifts of v rays emitted from the
recoiling residues, reflect considerable collectivity at low spin, in reasonable agreement with
shell-model (SM) theory. The fluctuations in the middle of the band are not understood
although it has been suggested that they are related to the alignment process mentioned
above. At the highest spins, approaching the band’s limit, the B(E2) values drop off to a
level which corresponds to approximately 5 single-particle units, again in agreement with
theoretical predictions. It should be noted that experiments have been recently performed
which are designed to measure lifetimes at high spin in heavier nuclei, notably 1°°Sb and
198Sn, but the results are unavailable at this writing.
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Figure 6: Measured and shell-model calculated (SM) [15] B(E2) values for “Cr. The data above
spin I = 8 are taken from Cameron et al. [14]. For I = 6,8 and 10, only experimental limits are
available.

In summary, there are now a considerable number of examples of smooth band termi-
nation in the A ~ 110 region, and, most recently, good evidence for similar occurrences in
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647n and “8Cr. We anticipate that further experimental results will shed light on the exis-
tence of such bands in even more nuclei, and provide direct evidence for the expected loss
of collectivity as termination is reached.
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Abstract

Excited states have been identified for the first time in 11°Sb in a comprehensive series
of v-spectroscopy experiments, including recoil-mass and neutron-fold measurements. Three
high-spin decoupled bands with configurations based upon 2p-2h excitations across the Z = 50
shell gap, are observed to show the features of smooth band termiration, the first such obser-
vation in an odd-odd nucleus. The yrast intruder band has been connected to the low spin
levels and is tentatively identified up to its predicted termination at I™ = (45%). Detailed
configuration assignments are made through comparison with configuration-dependent cranked
Nilsson-Strutinsky calculations; excellent agreement with experiment is obtained. The system-
atic occurrence of smoothly terminating bands in the neighbouring isotopes is discussed.

1 Introduction

The Z = 50 region exhibits a wealth of collective structures, coexisting with the expected single-
particle features. For example, prolate collective bands have long been known to occur at moderate
excitation energies in the antimony [1] and tin [2] isotopes, built upon configurations involving
the excitation of protons across the shell gap via the Tgo/2 — Wg7/2 level crossing at § ~ +0.2.
Perhaps the best example is 117Sb [3], in which a rather complete set of rotational structures based
upon 1p-1h and 2p-2h excitations are known. More recently, the lighter isotopes with Z > 50 and
A =~ 110 have been studied with heavy beams and the new generation of arrays, extending our
knowledge of the collective intruder bands to very high spin. It has been found that most of the
decoupled bands built upon 2p-2h excitations exhibit a decrease in the dynamic moment-of-inertia
with spin to unusually low values, typically one-third to one-half of the rigid-body value. This has
been interpreted as a gradual alignment of the valence nucleons outside of the Z = N = 50 closed
shells, resulting in the nuclear shape crossing the +-plane, smoothly changing over a sequence
of many transitions from a collective prolate shape (7 = 0°) to a non-collective oblate shape
(7 = +60°) [4, 5]. When all the valence particles (and holes) have aligned, the band sequence
terminates. Due to the gradual nature of the process and the fact that a single configuration
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is followed all the way from the low-spin collective regime up until the point where the band
terminates, this feature has been called smooth band termination.

So far, smoothly terminating bands have been observed to near termination spins in 196:1%85n [6,
7], 1091111136}, {8 9, 10] and '*Te [11]. Of all the bands seen in these nuclei, few have been
connected to the low spin states and thus most do not have firm spin assignments. Nevertheless,
estimates of the spin values can be obtained from feeding arguments, giving excellent agreement
with theoretical calculations for a number of cases, in particular for '°°Sb, in which four bands

have been observed up to their smooth terminations [8].
Recent calculations predicted that the neighbouring nucleus, 11%Sb, should exhibit a smoothly

terminating band that would be yrast over a large range of spins [5]. The current paper reports
the first observation of excited states in this neutron deficient nucleus?, including three decoupled
bands showing the features of smooth termination, one of which is the previously predicted yrast
configuration.

*Pan et al. have also identified excited states in ''°Sb, as evidenced by their abstract submitted to this conference.

2 Experimental Method and Results

High spin states in 11°Sb were populated in

RN L L L R three different experiments as summarised
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Figure 1: Spectra measured in coincidence with 4 =110 into ~ 2.3 X 10° 477 coincidences and in-
residues and zero or one neutron. The lowest panel shows cremented into a RADWARE cube, while
the intensity ratios measured for y-rays in coincidence with the LEVITSR software was used to project
zero and one neutron. background-subtracted, gated coincidence
spectra. Data from a third backed target

experiment performed at the Hahn-Meitner Institute provided important lifetime information.
Fig. 2 presents a partial level scheme for 1108} showing three decoupled bands at high spin
feeding into both an intensely populated strongly coupled band and a number of irregularly
spaced spherical states. The labelled spins and parities are deduced from a DCO analysis in

o
.



Table 1: Experiments performed
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Reaction Energy Target Location Detectors
[MeV] | [mg/cm?]
4Fe(*°Co,2pn) 230 2 x 0.440 Berkeley EI-GAMMASPHERE (36 x 80% dets)
3SFe(°®Ni,3pn) 240 0.590 Argonne AYEBALL (9 x 25% and 7 x 80% dets)
+ FMA + 15 neutron dets.
*Mn(°®Ni,2pn) | 240 2.0 Hahn-Meitner OSIRIS (11 x 25-35% dets)
+ 23 of Au Institute
3 which the levels marked A
1 2 Geazmiey and B are assumed to have
”‘2'*2“"’ Rt 1 J™ = 8~. These two assign-
e o e msvey ments follow from systematic
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features known in the heavier
odd-odd antimony isotopes.
Firstly, all the heavier odd-

m_'> odd antimony isotopes exhibit

an isomer with spin and par-
ity 8~ [12], formed from the
why1y2 ® vds; and whyys, ®
Vg, spherical configurations
in the lighter and heavier iso-
topes, respectively. The iso-
meric state identified in 119Sb
in the present experiments
has similarities with the 8~
isomer in the heavier iso-
topes. Another feature com-
mon to the heavier isotopes

95 Mev ~95 MeV

Figure 2: Partial level scheme for !1°Sb with the high-spin extensions '
of bands 1, 2 and 3 on the right drawn to half-scale. All the spins and 15 a strongly couple(?. .ba.nd
parities are tentative since the ground state spin is not definitively known Wwith a 9~ — 8~ transition of

(see text). around 200 keV [12], formed
from a rotation-aligned hy;/,
neutron coupled to the high-£2 g/, proton hole; band 4 in Fig. 2 is just such a structure.

Using the 8~ assignment to the isomer as a starting point, the DCO analysis has determined
the spins of band 1, although the band parity assignment rests upon the assumed E1 character of
the 592 and 482 keV transitions. The spins and parities of bands 2 and 3 have been estimated
from their observed decay patterns. Note also that the authors of Ref. [13] assign 3% ground states
to both 1°Sb and 119Sb, deduced from the observed feeding of the 2% and 47 levels in 1081106y
during the 8+ and EC decay of 19%119Sb. However, Ref. [14] gives the ground state spin and parity
of 198Sb as 4% on the basis of measured angular correlations for some of the low-spin transitions
and comparison with shell model calculations. For 1!9Sh, assuming the isomer has J* = 8, the
DCO analysis also gives a 4T ground state.

3 Discussion

For nuclei in the A ~ 110 region and configurations involving only a few holes in the 7gg /2 sub-
shell, calculations with a configuration-dependent cranked Nilsson-Strutinsky model predict that,
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due to the limited valence space, the collective bands built on a particular configuration eventually
terminate [4, 5]. As discussed in the introduction, such bands undergo a gradual shape change as the’
valence particles and holes align. This results in a decrease of the dynamic moment-of-inertia with
spin, and, since J ?) x1/ AE.,, an increase in the y-ray energy spacings within the band. Bands 1,
2 and 3 all exhibit this phenomenon. It is also found that the building of the last spin units before
termination has a large energy cost, determined mainly from (i) the difficulty of aligning the high-{2,
Tgg/2 holes and (ii) the fact that the neutron (ds/2/g7/2) sub-shells are essentially half-filled [5].
This unfavoured band termination is manifest as a characteristic minimum when the excitation
energy relative to a rigid rotor reference is plotted versus spin (E — ERLD)-
This can be seen in Fig. 3, where the solid and
dashed lines are the results of calculations within the
FT NS T T ETTTTTT T formalism of Ref. [5) for the three rotational bands pre-
i 1OSH ] dicted to lie lowest in energy in the spin region 25—45%.
Note that the theoretical results for the [21,3] config-
uration had been presented prior to the experimental
1 results being obtained (see Fig. 13 of Ref. [5]). The
| notation used here to describe the configurations is
- the same as Ref. [5], namely [p1p2,n] where p; is the

E — 0.0128 I(l+1) [MeV]

[ © bond | 7 number of gg/, proton holes, p, the number of hyy/2
i : 22:: § | protons and n the number of ky;/, neutrons.
- [21,3] (n=+) [21,3] 4 The data points in Fig. 3 are the experimental en-

0 [-- [21,2] (w=-) ergies of the three decoupled bands. Since the pair-
PRI INETETENE EATATETES SRS ing correlations are neglected in the calculations, when
20 30 40 50 comparing theory and experiment, the absolute ener-

spin, / [h] gies relative to the ground state should not be con-

sidered, but rather the energy relative to some high
three bands calculated to be most favoured in spin state. Thus the excitation energies of the theo-
the spin range 25 — 45% (lines), compared to retical bands have been adjusted in Fig. 3 so that the
the three decoupled bands experimentally ob- Predicted [21,3] configuration agrees with band 1 at
served in 119Sb (symbols). Large open circles I = 37h. Excellent agreement between theory and ex-
indicate the predicted terminating states. periment for the region above 25F is obtained. Note
that the tentative 2746 keV transition would decay

o

Figure 3: Theoretical E—FEgrrp curves for the

from the terminating state with I™ = 457,

The states which bands 2 and 3 feed suggest that these bands have the opposite parity to
band 1, making it natural to associate them with the two signatures of the [21,2] configuration.
Since linking transitions connecting the bands to the low spin states have not been found it is
necessary to estimate their spins. Experimentally it is found that bands 2 and 3 feed into states
with known spins of up to 18% (full level scheme to be published), so that the suggested spins in
Fig. 2 are reasonable. To make a comparison with theory, the experimental bandheads for bands 2
and 3, which have unknown energies, are adjusted so that the minimum of the E — Eppp curves
agrees with the energies of the theoretical predictions. With this reasonable choice there is again
excellent agreement with theory in the region above 25k, as shown in Fig. 3. Furthermore, the
measured intensities for the three bands are in qualitative agreement with their predicted relative
excitation energies. In contrast to band 1, neither bands 2 nor 3 are observed up to termination,
probably because at high spin they are predicted to rise above the yrast line (see Fig. 3), with a
consequent loss in feeding. Note also, that for all three bands the theory begins to deviate from
experiment at low spin where pairing becomes increasingly important [5, 8].

With the detailed configuration assignments it is now possible to compare the smoothly ter-




182

_l T v ¢ |_
oF 4  Systematics versus N and Z
-0.5 | - -e- [2x,2] - 2 h,,,, neutrons
- . -4+-[2x,3] -~ 3 h,,,, neutrons
1K ] -5 [2x,4] - 4 h,,,, neutrons
%‘ E A[21-315 — Theoretical results for yrast band
=-1.5 ~
E- ._.2 : --l [T TV
T oofp iy o E
w o F T - :
05 T - ]
S ¥ - )
-1.5 F + - .3%
_2 :n 1 ::1 L ' NPT SN S B JOT ST ST S NSO :l PR NS A A BN A :

20 30 40 20 30 40
angular momentum, | [h]

Figure 4: Experimental systematics of smoothly terminating bands observed in the isotopes neighbouring
1195b. The overall energy scales for the different isotopes have been shifted to bring them all into the same
energy region, while the solid lines are the results of theoretical calculations for the yrast band in each case.
Of the bands plotted, only the favoured signatures of the following configurations have known spins: [20,2]
and [21,2] in 198Sn, [21,3] in 1°Sb and [21,4] in 1!1Sb.

minating bands observed in '1%Sb to those observed in the neighbouring nuclei, building upon the
summary previously presented in Ref. [15]. Figure 4 shows the three smoothly terminating bands
most intensely populated in four different isotopes, together with their assigned configurations. The
results of theoretical calculations for the yrast band are shown as solid lines for each isotope.

The yrast terminating bands which are observed in 1°8Sn are the [20,2], [21,2] and [21,3)]
configurations, going from lower to higher spins, respectively [7]. Thus we see that the simple
(97/2)*(g0 /2)~% proton excitation occurs at lower spin, while to form the yrast line at higher spins,
the (g7/2h11/2)(9o/2) 2 excitation is more favourable. At the very highest spins observed, an extra
hy11/2 neutron is needed to create the necessary angular momentum.

In the N = 58 isotone, 1%°Sb, the yrast neutron configurations are exactly analogous, with
the [21,2] occurring at lower spin than the [21,3] configuration [8]. Since the (97/2R11/2)(g0/2) 2
proton excitation begins to dominate at higher spin in 1%8Sn, it is not surprising that with the
slightly higher Fermi level in the antimony isotope, the extra valence proton prefers to go into the
hy1/2 sub-shell. Indeed calculations for the antimony isotopes show that the [20,n] configurations
generally lie far above the yrast line.

In '10Sb, the [21,3] configuration begins to dominate over the [21,2] configuration due to the
tise of the neutron Fermi level within the h,/, sub-shell. Along a similar vein, in }'!Sb the [21,3]
and [21,4] configurations are both observed to lie at the yrast line [5, 9]. In all cases the theoretical
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calculation for the yrast band gives excellent detailed agreement for spins above 25%, but deviates
at lower spins due to the increase in the pairing correlations.

Moving on to nuclei not shown in Figure 4, 112Sb currently provides a gap in the systematics.
However, 113Sb is known, with the [21,4] configuration forming the yrast line and the [21,3] con-
figuration lying somewhat above it [10, 15]. The observed configurations in the N = 62 isotone,
147, [11], are identical to ''3Sb except with the addition of the extra valence proton in the hy;/;
sub-shell, i.e. [22,4] and [22,3]. In these heavier isotopes, which have more valence particles and a
higher level density, the calculations begin to lose the detailed agreement which is seen in Figure 4.
Thus for the N = 62 isotones, the position in spin of the minima of the E — Eppp curves is well
reproduced by calculations; however, the slopes of the curves around the minima are not, as can
be seen in Figs. 5 and 6 of Ref. [15] and Fig. 2 of LaFosse’s abstract to this conference [10].

4 Conclusions

Excited states have been observed in 11°Sb for the first time, including three decoupled bands with
configurations based upon 2p-2h intruder excitations, which show the characteristic properties of
smooth band termination. The yrast band, which has been linked to the low spin states and
has known spins, is in excellent agreement with the results of prior calculations for the [21,3]
configuration, while the other two unlinked bands are believed to be the two signatures of the [21,2]
configuration. The changing structure of the smoothly terminating bands seen in the neighbouring
isotopes can be understood in terms of the varying proton and neutron Fermi levels.
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Rotational bands terminating at maximal spin in the valence
space

I. Ragnarsson and A.V. Afanasjev!

Department of Mathematical Physics, Lund Institute of Technology,
PO Box 118, S-22100, Lund, Sweden

Abstract: For nuclei with mass A < 120, the spin available in “normal deformation
configurations” is experimentally accessible with present detector systems. Of special
interest are the nuclei which show collective features at low or medium-high spin and where
the corresponding rotational bands with increasing spin can be followed in a continuous
way to or close to a non-collective terminating state. Some specific features in this context
are discussed for nuclei in the A = 80 region and for 117:118Xe,

The nucleus '*®Er and its neighbours were the first heavy nuclei where terminating bands
were predicted [1] and subsequently discovered [2]. The concept of terminating bands has
then also been introduced for Z ~ 54, A ~ 120 nuclei but for a long time, no very high spin
states were observed in this region and no convincing example of a band which terminates
was found. Subsequently, the rotational bands which are formed for nuclei around 1%Sb
in configurations with typically 2 holes in the Z = 50 core were explored. In experiment,
these bands can be followed [3] when they gradually lose collectivity with increasing spin
up to termination at I > 40% [4, 5]. Recently, it has become possible to study rotational
bands in even lighter nuclei up to spin around I = 30% or more. A study of the available
single-particle orbitals reveals that this is close to the maximum spin which can be built
in the valence space for nuclei with A < 100. Therefore, as illustrated in fig. 1, for nuclei
with A = 40 — 120, there are now many examples where the notion of band termination is
appropriate.

In fig. 1, we indicate regions where nuclear rotational bands have been studied to termi-
nation or close to termination. Furthermore, the orbitals available for Z, N = 20— 28, 28— 50
and beyond Z, N = 50 are indicated on the left hand side of this figure. In this contribution,
we will discuss some nuclei in the middle of the deformed 28 < Z, N < 50 region and the
17.118%e nuclei in the outskirts of the 50 < Z, N < 82 region. Indicated in fig. 1 is also the
1%4Pdse nucleus which falls in the Z < 50, N > 50 deformed region but which is still on
the left side of B-stability so that it can be studied to high spin in (HLzn,...) reactions. In
a recent Eurogam II experiment, the terminating spin in the ground band, I = 32%, and
other bands which appear to terminate for I ~ 40 have been observed [6]. The nucleus 43Cr
also shows collectivity at low spin with a definite termination at I = 16% corresponding to
the maximal spin in the m(f;/,)* v(f7/;)* valence configuration [7]. The excitation energies
are described to a high precision in shell model calculations including the full N = 3 shell
[8]. Also in the Nilsson-Strutinsky cranking formalism considered here, it is straightforward
to follow this band to termination. The termination is described in a more illustrative way
than in the shell model but with considerably larger discrepancies between calculations and
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Fig. 1. Regions where nuclear rotational bands have been studied to termination or
close to termination. Typical terminating configurations in representative nuclei and their
maximum spin are indicated. Some of these nuclei are discussed by V.P. Janzen and G.J.
Lane in their contributions to this conference. The orbitals available in the mass regions
of interest are indicated on the left hand side.

experiment.

The theoretical results presented here have been obtained within the configuration-
dependent shell-correction approach with the cranked Nilsson potential as described in [9],
see also [4, 5]. The pairing correlations are neglected in the present calculations, so the
results can be considered as realistic at reasonably high spin which, in general, depends on
the mass region, say I > 15% in the A ~ 80 region and I 3 25% in the A ~ 120 mass region.
In the calculations, the full Nilsson Hamiltonian is diagonalized so when a configuration is
described from the ﬁlhng of different j-shells, this only corresponds to the main components
of the wave-functions.

86%Zr. Let us now turn to the region of nuclei with 28 < Z, N < 50. Terminating bands
in this region were discussed from a theoretical point of view long ago [10] while it was
only rather recently that experimental evidence for terminations in this region was reported
for the nucleus #Sr [11]. Here we will first consider the nucleus §5Zr4s [12] which is on
the borderline between deformed and transitional nuclei. This has the “advantage” that
the maximal spin is somewhat lower than for the more collective nuclei in the middle of
the region. The natural neutron configuration is »(gg/;)® relative to a N = 40 core with
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Fig. 2. Observed low-lying states in 867r compared with the calculated configurations.
The energies are given relative to a (h2/ 2Jyig)I(I + 1) reference, where the moment of
inertia parameter 4 = (h2/ 2Jrig) is 0.0193 MeV. The same symbols as defined in the figure
are used for the experimental bands and their theoretical counterparts. Terminating states

are encircled. Configurations are labelled by [p,n] where p (n) is the number of proton
(neutron) holes in the N = 3 orbitals. The figure is taken from ref. [12].

all N = 3 orbitals filled. This neutron configuration has a maximal spin of I%, . = 12+,
Considering that the nucleus is somewhat deformed, the favoured proton configurations are
7(Pa/afs/2p1/2) (g0 /2)" withn = 2,3 and 4. The maximal proton spin in these configurations
is If,,. = 12% for n = 2, 15~ or 16~ for n = 3 and 18+ for n = 4. We also note that if for
n = 2, both proton holes are in the P1/2 subshell, the maximum proton spin is I2__ = 8.
Combining neutrons and protons in #Zr, we do then expect low-lying configurations which
terminate for I;ne, = 20%,24+,27-,28 and 30*. The energies of these configurations are
illustrated in the right panel of fig. 2 where selected calculated bands [12] are shown relative
to a rigid rotor reference. In the left panel, the most low-lying experimental sequences
[12] are shown vs. the same reference. The general agreement between experiment and
calculations is partly obtained by a slight adjustment of the modified oscillator parameters.
The comparison with calculations suggests that one configuration terminates for I = 24+
and that a new one takes over at I = 26+.

While we do not expect the configuration which terminates for I = 24+ to be strongly
collective, the configuration which terminates for I = 30+ is calculated as a smooth rota-
tional band which, however, has lost pretty much of its collectivity when it is first observed
experimentally at I = 26%. Of special interest is the fact that requiring signature a = 0
(even spin) for protons and neutrons separately, J = 307 is the highest spin which can be
formed in the valence space for ®Zr. For negative parity, the terminating spin of the a = 1
branch, 27, is calculated much lower in energy than the 28~ state of the @ = 0 branch.
This is consistent with the fact that the signature o = 1 branch is observed to termination
at 27~ while the signature o = 0 branch is observed only to I = 24~. We also note that for
odd spins and positive parity, we calculate a low-lying 23+ state where the two N = 3 holes
are in f5/; and py/s, respectively. This state is not observed in experiment, which is not too
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Fig. 3. The bands ND1-ND4 observed in 81Sr [13] compared with the calculated configu-
rations, in a similar way as for 36Zr in fig. 2 but with the parameter 4 = (A2/2J,,) equal
to 0.02132 MeV. The same symbols are used for experimental bands and their theoretical
counterparts. The bands which terminate in favoured way are shown by thin lines and
their terminating states are encircled. Configurations are labelled by [p,n] where p (n) is
the number of proton (neutron) holes in the N = 3 orbitals.

surprising considering the fact that the corresponding band is calculated to go away from
yrast very quickly with decreasing spin.

81Sr. Another interesting nucleus is #'Sr where, in addition to superdeformed bands, four ro-
tational bands at normal deformation have recently been observed to spin values close to 304
[13]. In fig. 3, these rotational bands are compared with the most low-lying calculated [14]
bands where we have used the A = 80 parameters of Galeriu et al. [15]. The good agreement
strongly suggests that our description is essentially correct. For spin values I = 10 — 204,
these bands are triaxial close to oblate with 4 &~ —40° and ¢; = 0.25—0.30. The correspond-
ing potential energy minimum is mainly caused by a large gap in the neutron single-particle
orbitals for the v(f5/2p1/2)~2(go/2)® configuration. The most favoured Z = 38 proton con-
figurations at this deformation are m(ps/afsj2p1/2)~*(ge/2)? and w(pssafs/2p1/2) 5(gey2)3. It
is then easy to calculate the maximum spin in these configurations which is in the range
Inaz =~ 30.5 — 33.5%. The experimental bands are observed to typically 4% below I, where
the calculated deformation is 4 ~ —40° and £, =~ 0.15. The bands appear to approach
termination in a smooth way with the terminating state at rather high energy, possibly so
high that it will be impossible to follow these bands to their respective Ipyq. spin. Indeed,
it is questionable if these bands can be described as terminating because according to the
calculations, the energy of the aligned I = I,,,, state is so high that it is possible to build a
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“collective” state at this spin at a somewhat lower energy. Then it is also possible to build
even higher spin states at very high cranking frequencies in a similar way as has previously
been discussed for the pure oscillator by Troudet and Arvieu [16].

In addition to the bands discussed above, we do also calculate other less collective confi-
gurations which terminate at low energy cost (favoured termination) as shown in fig. 3. They
have similar excitations across the Z, N = 40 gap, however, the termination takes place at
v = 60° and at a large quadrupole deformation &; = 0.2 —0.25. In fig. 3, one especially notes
I =17.5% state with the configuration m(p1/2 fs2 P3/2)z *(ge/2)2 ® v(P1/2 fsj2p3/2)5 2 (90/2)55-
This band has small collectivity connected with positive v deformation (y ~ 40°) of several
states before termination which might explain why it is not seen in experiment.

117X e, 18Xe. High spin structures of nuclei in the A ~ 120 region have generally been
described as neutron particle-hole excitations relative to a *#Sn (semi-)closed core. Con-
figurations with few excitations of this kind do often give low-lying aligned states but no
real bands which can be said to terminate in these aligned states. With more particle-hole
excitations, the spins of the fully aligned states become higher and, as illustrated below,
terminating bands are formed. Then, it also seems more natural to describe the configura-
tions relative to the !®Sn core. The nucleus *7Xe is then described by 4 protons and 13
neutrons relative to this core. In this nucleus, a rotational band has recently been observed
to I™ = 45.5~ [17]. It is natural to assume that this band is formed from a positive parity
proton configuration in which case the odd parity is formed from an odd number of hyy/,
neutrons. Then, from the available single-particle orbitals, as illustrated in fig. 1, we see that
the highest proton spin we can make is 16% for the (g7/2)?(h11/2)? configuration. Using only
the g7/2, ds/2 and hyy/; subshells, the highest neutron spin is 29.5~ for the (g7/2ds/2)8(R11/2)°
configuration while if one (or two) neutrons are lifted to d3/, subshell, the highest neutron
spin is 31.5”. Consequently, the maximum total spin in the valence space is then 45.5~ or
47.5~ suggesting that the experimental band has been observed to termination or 2% be-
low. This is under the assumption that no core excitations are involved. Considering that
calculated bands involving core excitations are generally high in energy and showing very
different properties than the observed band, such an assumption appears well founded.

In fig. 4, the observed and calculated bands are compared. In the calculations, we cannot
easily trace excitations from the (87/2ds/2) subshells to the d3/, subshell [18] so we cannot
distinguish between the bands terminating at I = 45.5~ and I = 47.5~ discussed above.
We do however note that the lowest energy I = 45.5~ state is calculated as non-collective
(v = 60°) which means that it corresponds to the configuration with no ds/2 neutrons. An
interesting observation following from experiment is that the highest spin states are neither
built at a very high energy cost nor at a very low energy cost. Instead, the E vs. I
curve approximately follows what would be expected from rigid rotation. Indeed, J( is
approximately equal to J(*) in the rotational frequency range fiw = 0.5—0.8 MeV, fig. 4, with
subsequent decrease at higher frequencies. As a result, it is difficult to draw the conclusion
that the observed band is near termination from the energies alone. This then corresponds to
how bands terminate in the rotating oscillator [19] but is rather different from what has been
discussed in nuclei where the main emphasis has been put on either favoured or unfavoured
terminations.
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Fig. 4. Upper left panel: experimental collective rotational bands in 116:117:118Xe taken
from ref. [17]. The energies are given in a similar way as in fig. 3, with the moment of
inertia parameter A = (h?/2J.;4) equal to0 0.01172 MeV, 0.01155 MeV and 0.01139 MeV for
the bands in 116:117,118¥e nyclei, respectively. Upper right panel: calculated configurations
in the yrast region of 117Xe. They are labelled according to ref. [5] by [pip2,ni], where
p1 is the number of proton holes in the go/, orbitals, p; (n1) is the number of protons
(neutrons) in the hyy/, orbitals. The parameter set from ref. [20] is used. Lower left
panel: two selected calculated configurations which can be associated with the observed
collective band in ¥7Xe. Lower right panel: the kinematic, J(1), and dynamic, J(2),
moments of inertia of observed bands in 117:118Xe.

Our results for '”Xe do also raise some questions about our description of very high
spin states. The problem is illustrated in the upper right panel of fig. 4 where also other
calculated configurations of *"Xe are shown. It turns out that for spins I ~ 20 — 40%, the
configuration identified with the observed band in *”Xe is far from yrast in the calculations.
This puts some doubts on our interpretation but provided that the band indeed continues
to I™ = 45.57, it is very difficult to imagine any other interpretation. The calculated
spectrum does then suggest that the parameters we use for !'7Xe are not optimal. One
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should note that if the parameters are changed within reasonable range, the relative energies
of different configurations could be rather strongly affected while the F vs. I curves for
specific configurations are much less sensitive to parameter changes. Furthermore, it is not
unreasonable that some states of low collectivity are indeed lower in energy than the observed
band because, in experiment, it is much easier to follow long collective sequences than to
identify isolated non-collective states.

In the nucleus '8Xe, the ground band has tentatively been observed to I = 467 as
illustrated in fig. 4. The high spin part of this band shows very different properties relative
to the band in *"Xe. Indeed, the very low energy cost of the highest spin units above I = 405
appears impossible to reproduce in calculations. Confining ourselves to the valence space, the
maximum spin is indeed I = 46 but the calculated energy cost for the highest spin units is
similar to the cost in 117Xe, in strong disagreement with the tentative experimental spectrum.
We would thus suggest that one would perform a new experiment for this nucleus (and its
neighbours) using a state-of-the-art detector system so that the valence space spectrum
configurations could really be followed to termination and other configurations with core
excitations could hopefully be identified at very high spin.
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Status of Development of the Gamma Ray Energy Tracking Array (GRETA)
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Lawrence Berkeley National Laboratory, Berkeley, California 94720

L. Introduction

The current generation of large gamma-ray detector arrays, Gammasphere, Eurogam and GASP,
are based on modules of Compton suppressed Ge detectors. Due to the solid angle occupied by the Comp-
ton shields and to gamma rays escaping the detector, the total peak efficiency of such a design is limited to
about 20% for a 1.3 MeV gamma ray. A shell consisting of closely packed Ge detectors has been suggested
as the solution to the efficiency limitation. In this case, the entire solid angle is covered by Ge detectors,
and by adding the signal from neighboring detectors, the escaped energy is recovered and much higher
efficiency can be achieved (e.g. 60% for a 1.3 MeV gamma ray). However, for high multiplicity cascades,
the summing of two gamma rays hitting neighboring detectors reduces the efficiency and increases the
background. In order to reduce this summing, a large number of detectors is required. For example, with a
multiplicity of 25, we need about 1500 detectors to keep the probability of false summing below 10% and
the cost of such a detector array will be prohibitive.

Rather than such an approach, we are developing a new concept for a gamma-ray array; a shell of
closely-packed Ge detectors consisting of 100-200 highly-segmented elements. The high granularity of the
segmented Ge detector enables us to resolve each of the scattering interactions and determine its position
and energy. A tracking algorithm, using the position and energy information, will then identify the inter-
actions belonging to a particular gamma ray and its energy is obtained by summing only these interactions.
Such an array can reach a total efficiency about 60%, with a resolving power 1000 times higher than that
of current arrays. This large increase in power will provide many new opportunities for exciting physics
which will be discussed later. To realize such a detector array, R&D efforts are being pursued in three
areas. They are: 1) manufacture of segmented detectors which can give high energy resolution and 3-D
position information; 2) electronics based on pulse shape digitization and digital processing of signals to
give the energy and coordinates of the interaction points; and 3) an algorithm to identify interaction points
belonging to a particular gamma ray.

II. Segmented detector development

A detector with three dimensional position information can be achieved by segmenting one of the
electrodes in two dimensions to provide two of the coordinates and the third coordinate derived from the
drift time of the charges. There are many possible segmentation and packing schemes. One possibility is
using tapered hexagonal or pentagonal shaped detectors with a segmented outside surface. A prototype
detector of this type is designed and ordered. As shown in Figure 1, this detector has a tapered hexagonal
shape with a flat-to-flat distance at the base of 7 cm and a length of 9 cm. It has six longitudinal segmen-
tations and one transverse segmentation which divide the outer surface into 12 segments. Signals from
each of the segments as well as from the center electrode will be read out. This prototype will be tested
together with electronics, data processing methods and the tracking algorithm. After testing, further trans-
verse segmentation will be carried out to produce a 6-by-6 configuration which gives 36 segments.
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Figure 1. Prototype GRETA detector has a tap-
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Figure 2. Current signal on three electrodes
from a charge drifting toward the outside
electrodes.

III. Signal processing

To determine the position in three dimensions accurately, a detailed understanding of the signal
shape is necessary. A signal is produced when electrons and holes formed by the slowing down of the
photo- or Compton-electrons induce image charge of opposite sign on the electrodes. As the charge drifts
toward the electrodes, the amount of the image charge changes and it causes current to flow in or out of the
electrodes. Figure 2 shows a schematic diagram of the current signal expected from a segmented detector.
When the charge is at a large distance from the electrodes, the induced charge is distributed over several
electrodes and their current signals are similar. As the charge moves closer to the destination electrode, the
induced charge on this electrode increases and charge on the other electrode decreases. The current con-
tinues to increase on the destination electrode until the charge finally reaches the electrode and neutralizes
the image charge and the current stops. The duration of the current signal (drift time) can be used to
determine the drift distance. The integral of the current gives the charge which provides the energy
measurement. The signal from the neighboring electrode has a bipolar shape with a zero net charge. This
fact can be used to identify the electrode where the charge is collected which gives a position resolution of
the size of the electrode. Actually, a better position resolution can be obtained by analyzing the shape of
the induced signal from the neighboring electrodes. As shown in Figure 2, the maximum amplitude and
time of zero crossing of these signal are sensitive to the transverse position and they can be used as pa-
rameters for the shape analysis.

In order to use this information, the pulse shape has to be digitized in small time steps and with
sufficient resolution in amplitude for further processing. We have started testing digital pulse shape ac-
quisition electronics and processing methods on a two-fold segmented Gammasphere detector. Using a
four-channel waveform digitizer, we collected charge and current pulse shapes from the center electrode
and charge signals from the two outer segments. Collimated gamma ray sources were used to scan the front
surface of the Ge detector. Figure 3 shows the histograms of drift time for gamma ray source at radii of 10,
20 and 30 mm respectively. These results indicate that a radial position resolution of about 5 mm can be
obtained from the charge drift time.
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Figure 3. Histograms of signal rise time for collimated gamma rays inci-
dent at 10,20, and 30 mm from the center of a Gammasphere Ge detector.
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Figure 4. Projection of the interaction points from 25 gamma rays
each with an energy of 1.33 MeV in a shell of Ge with an inner radius
of 12 cm and an outer radius of 21 cm. Points belonging to a given

gamma ray are connected with straight lines.
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IV. Tracking algorithm

Algorithms are being developed for identifying interaction points belonging to a given gamma ray.
Compton scattering events were generated using a Monte Carlo method in a shell of Ge with an inner
radius of 12 cm and an outer radius of 21 cm. Figure 4 shows the projection on a sphere of the interaction
points of 25 gamma rays each with an energy of 1.33 MeV. The interaction points belonging to a gamma
ray were connected by straight lines. This figure indicated that about half of the gamma rays have inter-
action points isolated from that of other gamma rays such that they can be identified easily. Thus, we use
cluster identification as the first step of the algorithm . The interaction points within a given angular sep-
aration as viewed from the target are grouped in to a cluster. In the second step, each cluster was evaluated
by tracking to determine whether it contains all the interaction points belonging to a single gamma ray. The
tracking algorithm uses the angle-energy relation of the Compton scattering to determine the most likely
scattering sequence from the position and energy of the interaction points. If the interaction points have
infinite position and energy resolution, the tracking would be exact and the proper identified full energy
cluster will show no deviation from the scattering formula. But the wrongly identified cluster or partial
energy cluster will deviate from the formula and the separation of the good and bad clusters could be done
easily. However, with finite resolutions the good cluster will also have a non-zero deviation and they can
not be separated cleanly from the bad clusters. Any cut will have different effects on the efficiency and
peak-to-total ratio. For example, a cut at a smaller deviation value will give a lower efficiency and a higher
P/T value. Therefore, we have to determine the optimal cutting procedure based on experimental condi-
tions such as gamma ray multiplicity and energy distribution. One type of incorrectly identified cluster is
a gamma ray being separated in to two clusters. These clusters can be identified by tracking two cluster

together. If the result gives a small deviation
the gamma ray is recovered by adding the two

Cluster clusters. Figure.S shows the ﬂqw diagram of
[dentiﬁcationi the current version of the algorithm. The bad
« cluster which did not satisfy the tracking cri-
teria for either an isolated cluster or a cluster

that can be added are rejected. This simula-

Cf}:s‘f:rastﬁy tion was carried out for a number of events
Tracking and spectra of accepted gamma rays were

generated. Figure 6 shows the efficiency and
P/T achieved so far for simulated events with
25 gamma rays each with an energy of 1.33
MeV and a detector position resolution of 1

ood | [add twol

Determine mm. Several improvements of this algorithm
Efficiency are being developed. Information such as the
. and P/T energy dependence of the angular distribution

of the Compton scattering cross section and
the distribution of the distance between two
interaction points will be used in the tracking.
Methods for separating overlapping clusters
are also being developed.

Figure 5. Flow diagram of the current version of
cluster identification and tracking algorithm.

V. Physics opportunities

If GRETA can achieve the maximum efficiency of 60% and a P/T of 90%, the corresponding
resolving power will be 3500 times higher than the current generation of arrays such as Gammasphere and
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Euroball phase III. If the efficiency is 50% and the P/T is 80%, the factor will be about 1000. Figure 7
compares the resolving power of HERA, Gammasphere and GRETA. This high resolving power will en-
able us to study weaker and exotic features of nuclear structure such as hyperdeformation and a wider
range of neutron- and proton-rich nuclei. If one produces these nuclei by deep inelastic or fragmentation
reactions, the intensity of the product falls off roughly by a factor of three for every neutron away from the

0.40 1 L) L] 1-00 L L} T L] T L] L}
0.80

>‘ 030 L .//‘\‘\. i E GRETA
g GRETA ,? 0.60 |
3 0.20 1 o
i g 040} Gammasphere

040 L Gammasphere o.

‘ 0.20 -

0’00 1 1 1} 0‘00 1 13 1 1 1 1} ]

0.0 5.0 10.0 15.0 00 20 40 6.0 8.0 10.0 120 14.0 160

Angle (Degrees) Angle (Degrees)

Figure 6. Efficiency and peak-to-total ratio achieved so far for simulated events of 25 gamma
rays with energy of 1.33 MeV and a detector position resolution of 1 mm. The curvers are
ploted as function of the angle parameter used in the cluster identification.

stability line. Thus a factor of 1000 means one can study six additional isotopes on either side of the
stability line. This would increase the total number of nuclei available for study by about 500. Because of
its large volume of monolithic Ge, GRETA gives a high efficiency for high energy energy gamma rays and
in the same time provides a high energy resolution. For example, a 15 MeV gamma ray will have an
efficiency of 35% (compare to 1% for Gammasphere) and an energy resolution of 15 keV. The study of the
detailed shape of giant resonances and the study of giant resonances selected by discrete gamma ray tran-
sitions will be benefited by using such a detector array.

The tracking will determine the 10f
position of the first hit of the gamma ray
with a position resolution of a few mm 10
which gives an accuracy of about one de-
gree for the direction of the gamma rays.
This will reduce the Doppler broadening
due to the finite detector opening angle
especially important for nuclei produced
with large velocity such as those from
heavy ion Coulomb excitation reactions
and beam fragmentation reactions. An-
other benefit of tracking is that the azi-
muthal angle between the first and sec- 10! NP NP
ond interaction points provides a mea- 07z 3 45678100z 3 4567810
sure of the linear polarization of the gam- Array Efficiency
ma ray. Compton polarimeters based on
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. havel 1 Figure 7. Resolving power of three generations of arrays,
current generation arrays have low polar- HERA, Gammasphere and GRETA. The three curves cor-

%zation efﬁcienC}f due:, to multiple scatter- respond to resolving power per fold R of 5, 10 and 20,
ing and absorption in the large crystal respectively.
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used as a scatterer.

Such a detector would also have considerable impact outside the area of nuclear structure. For
example, the detection of the weak branches of multi-photon decay of positronium will be improved by
more than the increase in detector efficiency. The detailed reconstruction of each photon would distin-
guish, for example, a four-photon event from a Compton scattered 3-photon event. These precision
measurements would be a sensitive test of higher-order QCD effects and of time reversal invariance.

VI. Conclusion

The power of a true 4% gamma-ray detector with the precise characterization of each photon is
enormous. In nuclear structure studies it will bring the intensity levels we can study from 10 down to 107,
While some extensions of our present studies have been outlined above, there is little doubt that completely
new phenomena will become observable. Such a detector will also be a great resource for other fields of
physics. The development work carried out so far indicates that there is no major problem with the GRETA
concept. However, more detailed studies need to be carried out before all the technical aspects of this
detector are understood. We hope in about a year or so to establish the feasibility of such detector and the
detailed design work could begin in 1997 and construction in 1998.
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THE HOLIFIELD RADIOACTIVE ION BEAM FACILITY AT OAK RIDGE
NATIONAL LABORATORY

J. D. Garrett*
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6368, U.S.A.

The status of the new Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory (ORNL), which is slated to start its scientific program late this year is discussed, as is
the new experimental equipment which is being constructed at this facility. Information on the early
scientific program also is given.

1. Background

The fast on-line isotope separator technology developed! at CERN and other facilities has
progressed to the extent that it is feasible to produce and accelerate beams of isotopes not occurring
in terrestrial matter with sufficient intensity to address a myriad of nuclear structure, nuclear
astrophysics, and material science questions2-4. First-generation isotope separator on line (ISOL)
radioactive ion beam (RIB) facilities are being constructed in North America, Europe, and Japan
based on this technology and existing accelerators and reactors. The Holifield Radioactive Ion
Beam Facility> (HRIBF) at ORNL will be the first such ISOL RIB facility operational devoted
completely to such scientific studies with accelerated radioactive ions. The present paper describes
the status of this facility, which will become operational later this year. The plans for the early
scientific program and some future possibilities for the HRIBF also will be discussed. At this
nuclear structure conference the nuclear structure program of the HRIBF will be emphasized.

2. Present Status of the Facility

The HRIBF is based on a reconfiguration of the accelerators and experimental facilities
available since the early 1980s at the Holifield Heavy Ion Research Facility. A High Voltage RIB
Injector, as shown in Figure 1, has been constructed where intense beams of light ions from the
Oak Ridge Isochronous Cyclotron (ORIC) will be utilized to produce radioactive atoms. After
defusion from the target, ionization, and mass and isobaric separation, these radioactive ions will
be accelerated in the 25-MV Tandem Accelerator.

The construction of the HRIBF and the associated radiation handling system, also shown in
Figure 1, is complete. ORIC has provided beams to the target on the RIB Injection Platform, and
stable beams of several elements, produced at the target position of the target-ion source on the
injection platform, have been ionized, mass analyzed, charge exchanged, accelerated from the
injection platform, isobaric analyzed, accelerated through the tandem accelerator, and identified.

* This paper is a group report made on behalf of more than 50 scientists, engineers, technicians, and craft personnel
who over the past 5 years have participated in planning, engineering, constructing, and commissioning the HRIBF
and its associated experimental equipment.

"The submitted manuscript has been
authored by & contractor of the U.S.
Govemment under contract No. DE-
AC05-960R22464.  Accordingly, the U.S.
Govemment retains a nonexclusive,
royalty-free Scensa to publish or reproducs
the pubished form of this contribution, or
alow others to do so, for U.S. Govemment
purposes.”
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Figure 1 Layout of the HRIBF showing ORIC, the RIB Injector Platform, the magnetic analysis
system for the selection of the RIB of interest, the 25-MV Tandem Accelerator, and the radiation handling
system.

Likewise at a separate location (the UNISOR mass identifier) a liquid germanium target has
been developed and tested with beams from the Tandem Accelerator in a target ion source assembly
identical to that which will be used on the RIB Injection Platform. For example, both radioactive
69As and 70As have been produced in the 70Ge(p,xn) reactions with 40 MeV protons, ionized,
extracted, mass analyzed, and identified. The measured intensities when scaled to the 20 LA proton
beam of ORIC, isotopically pure 70Ge targets, and realistic charge exchange fractions and
transmission should provide beams of radioactive 9As and 70As with intensities of greater than 3
x 107 and 108 particles per second, respectively. In mid-August the liquid germanium target will be
moved to the RIB Injection Platform and a demonstration radioactive arsenic beam will be
produced on the platform and accelerated through the Tandem. Beams of heavier radioactive
arsenic ions produced by (p,xn) reactions on heavier germanium isotopes and gallium ions
produced in the Ge(p,0ixn) reactions also have been identified in these target tests and could be
provided as future RIBs. Similarly radioactive isotopes of selenium could be produced with
(3He,xn) and (o.,xn) reactions and a slightly-modified liquid germanium target. However, such
selenium beams have not been demonstrated. Due to the thinner effective target, associated with the
larger energy loss of helium atoms than for protons, the selenium RIBs are expected to be
somewhat less intense than the arsenic RIBs.
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Presently, the liquid germanium target has been moved to the RIB Injector Platform, and an
AlyOs target for the development of radioactive 17F and 18F (using the 160(d,n) and 180(p,n)
reactions, respectively) has been installed at the UNISOR separator. Previous tests have
demonstrated that essentially all of the radioisotopes of fluorine produced from proton
bombardments can be released from a 3 micron AlpO3 gauze fiber target.

Proton-rich radioactive isotopes of other volatile elements, such as sulfur, sodium, potassium,
copper, and gallium, which can be produced with hydrogen and helium beams, and refractory
targets also are being considered for future beam development of the HRIBE.

3. Experimental Apparatus

There is a tradition for nuclear structure studies with accelerated beams of heavy ions at
ORNL, dating from the 1950s. Therefore, an assortment of experimental apparatus for such
studies exists. Examples include an array of 20 Compton-suppressed germanium detectors, a 47
array of 72-Nal detectors, an array of 96 BaF, detectors for detecting high energy gamma rays, an
Enge split pole magnetic spectrograph, the UNISOR on-line isotope separator featuring a helium
dilution refrigerator, and a variety of scattering chambers. In addition new experimental stations
especially suited for nuclear structure studies with RIBs and for the new ORNL nuclear
astrophysics program have been constructed and are described in the ensuing paragraphs.

3.1 The Recoil Mass Spectrometer (RMS)

The focal point of the nuclear structure experimental station is a newly-designed recoil mass
spectrometer’ (RMS) located in Robinson Hall, a recent addition to the Holifield Facility. This
instrument is designed to select rare reaction products from the beam and other reaction channels at
the level of one part in about 1013, Besides the usual electric-magnetic-electric dipole arrangement
for such mass separators, the “front end” of the RMS is designed so that the beam is stopped prior
to the mass analysis. A position sensitive avalanche counter (PSAC) for establishing the horizontal
and vertical positions of the recoiling reaction products is located at the RMS focal plane, and an
ionization chamber is located “downstream” of the PSAC. The ionization chamber is used to
establish the Z of the reaction products by an energy loss measurement. This Z “measurement”
should be effective for Z < 50.

The construction of the RMS and its basic compliment of focal plane detectors is complete. It is
presently being commissioned. Preliminary measurements8 for the products of the reaction of 220
MeV 58Ni and 60Ni yielded a mass resolution of M/AM = 450 for A = 14 with essentially no
background at the focal plane, see Figure 2.

Ancillary instrumentation provides information on both the prompt and delayed decay
properties of the reaction products and their daughters. The transit time of a typical reaction product
for the nearly 25 meter flight path from the target to the RMS focal plane, 1 - 5 ps, divides the
experimental possibilities for this instrument into two types: “prompt” events in which the radiation
is detected near the target and “delayed” events in which the radiation is detected at the focal plane.
Detectors being installed at the RMS focal plane include double-sided silicon-strip detectors for
proton and o-particle decay studies as well as a moving tape collector with germanium detectors
and a pair spectrometer to study the gamma decay of the reaction products.
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Figure 2 Experimental x and y position spectrum at the RMS focal plane for the products of the
reaction of 220 MeV 8Ni and 60Ni.

3.2 Gamma-ray and Particle Arrays for Nuclear Structure

Arrays of gamma-ray, light-charged-particle, and neutron detectors®, optimized for the study
of weakly populated nuclei lying far from the valley of stability, are being constructed at the target
position of the nuclear structure experimental station. A schematic diagram of this array is shown
in Figure 3. Also shown in this figure is the “fantail” scattering chamber, designed to shield the
germanium detectors from the buildup of scattered radioactive particles from the beam thereby
minimizing the background gamma-ray activity.

The heart of this array is eleven “clover” detectors. Each “clover” consists of four individual
germanium crystals, sharing a common cryostat. The four crystals may be operated either as four
independent detectors, or as a single large detector by summing their signals. In 10 of the 11
planned “clovers” each germanium crystal is electronically subdivided (“segmented”) into halves,
providing a lateral spatial resolution of less than 2 cm. In addition to providing excellent efficiency
for detecting high-energy gamma rays (150% relative to a 3" x 3" Nal crystal), these detectors
maintain good energy resolution even for gamma rays emitted from fast-moving recoiling nuclei by
minimizing the effects of Doppler broadening. Such an arrangement also provides a means for
measuring the linear polarization of the detected gamma rays.

The twelve high-purity 25% germanium detectors with their associated bismuth germinate anti
Compton shields from the existing ORNL germanium array and three “clover” detector are
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Figure 3  Schematic layout of the detector arrays inverted Si

being constructed at the target position of the RMS. Neutron Detectors

presently available. By the beginning of 1997 the target chamber, new detector support system and
six “clover” detectors should be available; however, only five “clover” detectors will be operational
with existing electronics prior to May 1997 when the new electronics becomes available. The
completion of this array is slated for late in 1997 if sufficient capital funds are available in fiscal
year 1997.

The construction? of a microball (a 4 7 CsI detector array) for detecting light charged particles
is scheduled for completion in mid-1997. This instrument, similar in design!© to the microball
currently in use with the GAMMASPHERE, also is shown in Figure 3 together with an array of
neutron detectors at the most forward angles with respect to the beam.

3.3 The Astrophysics Experimental Station

The foci of the astrophysics experimental station and indeed the newly established nuclear
astrophysics program!! at the HRIBF is the Daresbury Recoil Separator (DRS). This instrument
was given to ORNL by the British Natural Science and Engineering Council (SERC), when the
Nuclear Structure Facility at Daresbury Laboratory was closed. It was moved to the HRIBF late in
1994, where it is currently being installed. Its design as a velocity filter makes it well-suited for
studying inverse (p,y) reactions which occur in stellar explosions. This instrument and its
associated detectors should be ready for commissioning late in 1996.
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Table I Scientific Topics Represented in the Letters of Intent

Topic Number of Letters

Astrophysics
rp-process & CNO breakout*
Solar neutrinos
Nuclear Structure
Light nuclei
Self-conjugate nuclei
100Sn region
A =110 - 130 nuclei*
Heavy nuclei
Coulomb excitation*
Proton & o decay*
Giant dipole resonances
ITon traps
Reactions
Transfer reactions* 3
Subbarrier fusion* 1

— U

e QD = N DN N DD

*Denotes topics which can be addressed with radioactive arsenic and fluorine beams.

4. Experimental Program

The scientific program of the HRIBF has been discussed previously (see e.g., reference®).
Thirty-four letters of intent for using this facility were received in August 1995 from 99 scientists
at 36 institutions. The scientific content of these letters of intent are characterized in Table 1, where
the programs that can start with radioactive arsenic and fluorine beams also are indicated. The
distribution of the institutions represented on the letters of intent is shown in Figure 4.

In response to a call for proposals for research with beams of radioactive 9As and 70As, 960
hours of running were recently requested for nuclear structure studies. Two thousand eight hours
of associated experiments with beams of stable ions also were requested. On August 6, 1996, the
HRIBF Program Advisory Committee met and granted 800 hours of running time with radioactive
69As and 70As beams and 1000 hours of associated experiments with stable beam. A list of
approved experiments can be obtained on the HRIBF web site (www.phy.ornl.gov).

The production and acceleration of neutron-rich RIBs also are feasible at the HRIBF. Intense
proton beams from ORIC can be used to produce neutron-rich fission fragments from a 238U
target. For example, preliminary projections indicate that up to about 107 particles per second of
“doubly magic” 132Sng; could be accelerated above the Coulomb barrier with the addition of an
actinide target to the present facility. Of course, the radiation handling system would have to be
adequate to deal with the additional long-lived radioactivity of the fission fragments. Neutron-rich
RIBs from such an actinide target are planned for 1998.
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Outside U.S.
Canada 1
France 1
India 2
Ttaly 2
Romania 1
UK. 7

Figure 4
distribution of the 12 institutions outside of the U.S. is tabulated in the lower left-hand comner of the figure.

g Ul

3 No. of Institutions

- 5
Bl 2
D 1

Distribution of the 36 institutions represented on the 34 letters of intent to use the HRIBF. The

Note added in proof: On August 30 the first 69As and 70As beams were produced on the
RIB Injection Platform and accelerated through the 25-MV Tandem Accelerator. Recent
measurements indicate that radioactive 17F and 18F can be produced and released from the Al,O3
gauze fiber target and can be ionized. When intense beams of radioactive 17F and 18F have been
demonstrated, a call for proposals for experiments utilizing these beams, which are ideal for a
variety of nuclear astrophysics and nuclear reaction studies, will be issued.
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High Spin Isomer Beam Line at RIKEN
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1. INTRODUCTION

Nuclear high spin states have been the subject of extensive experimental and theoretical studies.
For the production of high spin states, fusion reactions are usually used. The orbital angular
momentum brought in the reaction is changed into the nuclear spin of the compound nucleus.
However, the maximum induced angular momentum is limited in this mechanism by the maximum
impact parameter of the fusion reaction and by the competition with fission reactions. It is, therefore,
difficult to populate very high spin states, and as a result, large y-detector arrays have been developed
in order to detect subtle signals from such very high spin states.

The use of high spin isomers in the fusion reactions can break this limitation because the high spin
isomers have their intrinsic angular momentum, which can bring the additional angular momentum
without increasing the excitation energy. There are two methods to use the high spin isomers for
secondary reactions: the use of the high spin isomers as a target and that as a beam. A high spin
isomer target has already been developed and used for several experiments. But this method has an
inevitable shortcoming that only "long-lived" isomers can be used for a target: 178Hf"2 (16+) with a
half-life of 31 years in the present case.[1-3] By developing a high spin isomer beam, we can utilize
various short-lived isomers with a short half-life around 1 ps.

The high spin isomer beam line of RIKEN Accelerator Facility is a unique apparatus in the world
which provides a high spin isomer as a secondary beam.[4,5] The combination of fusion-
evaporation reaction and inverse kinematics are used to produce high spin isomer beams; in
particular, the adoption of "inverse kinematics" is essential to use short-lived isomers as a beam.

In general, the intensity of a secondary beam is supposed to be much smaller than a primary beam.
It is, therefore, very important to study some characteristics of high spin isomer beam and to develop
a beam line with a high transport efficiency. Thus, this report put stress on some general
requirements for the construction of a high spin isomer beam line and the present status of our beam
line.

2. RIKEN ACCELERATOR FACILITY AND HIGH SPIN ISOMER BEAM LINES

RIKEN Accelerator Facility has two beam lines which has been used as a high spin isomer beam
line: E1C and RIPS.

B e ——
e, s
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EIC was a gas filled beam line in the
first stage. A gas filled system makes it
possible to transport several different
charge states efficiently to the
experimental area. It was used as a high
spin isomer "separator” for the search of
new isomer states. And then, it was
found that this beam line could be used as
a "secondary beam" because the separated
isomer has a sufficient energy and
intensity for secondary reactions. But the
problem of this system was its beam size.
The diameter of the beam spot was more
than 40 mm. It does not fit for secondary
reactions.

By evacuating the beam line, the diameter of the beam
spot became much less than 10 mm. Figure 1 shows
the schematic layout of E1C beam line. In order to
make a dispersive focal plane, two quadrupole magnets
(Q1 and Q2) were added. EIC has an angular
acceptance of +7 mr: '

In order to improve the transmission efficiency, a
large acceptance beam line, RIPS, was recently used as
a high spin isomer beam line. Though RIPS is well
known as a high energy RI beam line by using
projectile fragmentation, it can also successfully be
used as a low energy isomeric beam line by using
fusion-evaporation. Figure 2 shows the schematic
layout of RIPS beam line. RIPS has an angular
acceptance of +40 mr.

The detailed characteristics of the both beam lines are
presented in Chapter 4.

3. RECIPE FOR HIGH SPIN ISOMER BEAM LINE

In this chapter, discussions are made on some general
requirements for the construction of high spin isomer
beam line.

First, on the requirement for the primary beam. The
mechanism of inverse kinematics is used, which means
that a heavy ion is the incident and a light atom is the
target. In this case, the reaction products recoil in the
forward direction maintaining kinetic energies high
enough to induce secondary reactions. Figure 3 shows
the recoil energy of the compound nucleus as a function
of mass-number of the target nucleus with the incident
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Schematic layout of EIC beam line
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SX1-5X4 sextupole magnets

Fig.2 Schematic layout of RIPS beam line
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Fig.4  Angular distributions of 147G4

0.00

136Xe beam energy of 7 MeV/nucleon (open square) and 8 MeV/nucleon (filled circle). The dashed
curves are Coulomb barrier energies for the compound nuclei in the case with the secondary target of
Be, Mg and Pb. In general, the required energy range for the primary beam is 6 - 10 MeV/nucleon
around the mass region of 140. This energy range is almost minimum available energy of the
RIKEN Ring Cyclotron. The beam from ATLAS also satisfy this requirement around this mass
region.

Next, on the requirement for the reaction mode. There are many reaction modes for the production
of high spin isomer states. In general, when the production target is heavy, separation between the
primary beam and the reaction product by their magnetic rigidity becomes good, and the angular
divergence of the reaction product becomes large; and vice versa. To see them more quantitatively,
some results of calculations are shown for 47Gd produced by the reaction of '2C(14°Ce,5n) and
24Mg("*Xe,a9n) in the following. Figures 4a and 4b show the angular distributions of '“7Gd in
these two cases. From this result, we conclude that the angular acceptance of +50 mr is large enough
to transport Gd efficiently even when the production target is heavy. Figures 5a and 5b show the
charge state distributions of 147Gd and the primary beam as functions of the magnetic rigidity. When
the production target is heavier, separation between 147Gd and the primary beam by the magnetic
rigidity becomes better. And in our energy region, it is concluded that a high spin isomer beam line
must cover the magnetic rigidity in the range of about 0.8 - 1.3 Tm.
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Fig.5 Charge state distributions of '47Gd and the primary beam
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Finally, there are some other requirements for high spin isomer beams. 1) The optics should be
dispersive at the first focal plane. It is for the separation of the reaction product from the primary
beam. 2) The optics should have small dispersion after the first focal plane. It is for the efficient
transport of the reaction product and for the small beam spot. 3) Double stage spectrometer system is
desirable to remove serious background due to the primary beam scattered by the beam pipe. 4) The
path length of the beam line should be as short as possible for the efficient transport of short-lived

isomers.

4. PRESENT STATUS AND FUTURE IMPROVEMENTS

The main characteristics of E1C and RIPS are tabulated in
Table 1. By considering the requirements described in
Chapter 3, it is concluded that RIPS is more suitable for a
high spin isomer beam line than E1C. RIPS has an
advantage in all the characteristics except the path length
between the production target and the final focal plane.
RIPS has a long path length, which corresponds to the
flight time of about 860 ns, while that of E1C is about 220
ns.

For a quantitative comparison, some considerations are
made here in the case of 12C(14°Ce,5n). The comparison by
using this reaction mode might be more profitable for E1C
than for RIPS. This is because the high spin isomer state
of '47Gd has a relatively short half-life and the angular
divergence of 147Gd is small for this reaction mode. When
the magnetic rigidity is set at the value corresponding to
48+ charge state of '47Gd, the acceptance for each charge
state is calculated as (47+ : 5.1 %, 48+ : 29 %, 49+ : 5.1
%) for EIC and (46+, 47+, 48+, 49+, 50+ : 100 %) for
RIPS. Then, by taking into account of the charge state
distribution presented in Fig.5a, the total acceptance of E1C
becomes 9.4 %, and that of RIPS becomes 89 %, which is
almost 10 times larger than E1IC. But, due to the flight
decay of the isomer (147Gd; ti2=0.55ps), the resulting
transmissions are 6.4 % and 19 % respectively. Then the
ratio of transmission between RIPS and E1C is calculated
to be 3. The experimental value of the ratio was 4, which

Geometrical
Acceptance

Momentum
Acceptance

Max Bp

Focus

Flight Path

RIPS

+40mr
(circle)
{5msr)

+3%(full)
(+£4.5%)

5.76Tm

{F1)
dispers'ive
2.4cm/%

{F2)
double
achromatic

{F3%
double
achromatic

F1:10.4m
F2:21.3m
F3:27.5m

E1C

+ 7mr(v)
+15mr(h)
€0.42msr)

+<2%(full)
(£<3.4%)

~1.8Tm

(F1)
dispersive
0.45cm/%

{F2%
small
dispersion

F1:3.65m
F2:7.63m

Table 1 Main characteristics of E1C and RIPS

agrees with the calculation. Because this value is obtained by using an unfavorable reaction mode for
RIPS, this ratio is usually much larger (about 10 or more). The beam intensity of high spin isomers
at E1C is about 10? - 10¢ sec’!, and that at RIPS is about 104 - 105 sec'!.

These beam lines are used for the secondary reactions of high spin isomers. One of the reactions is
Coulomb excitation of isomer states. By using E1C beam line, the Coulomb excitation of 8 K-
isomer of 174Hf was observed successfully.[6] In this experiment, the intensity of the isomer was
5x10% sec!. Such experiment is possible only by using isomer beams. Another secondary reaction is
the secondary fusion of high spin isomers to investigate very high spin states. Such experiments are

planned by using RIPS beam line.
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In order to perform the latter experiments, however, the statistics has to be 1 or 2 oder of magnitude
larger than that in the case of Coulomb excitation. It is fortunate that the RIKEN beam will become
10% or 10° times as intense as the present at the end of 1996. And the window-less gas target with
differential pumping system is now under construction in order to produce productin target which is
never destroyed by the intense primary beam. The beam intensity of high spin isomer is, then,
expected to be 106 - 107 sec'!.
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The total 4-ray and charged-particle energies emitted in fusion-evaporation reactions leading’
to N=7Z compound systems in the A = 50-70 mass region have been measured with the 8= y-ray
spectrometer and the miniball charged-particle detector array. A new method of channel selection
has been developed which combines particle identification with these total energy measurements
and greatly improves upon the selectivity possible with particle detection alone. In addition, the
event by event measurement of total y-ray energies using the BGO ball of the 8w spectrometer has
allowed a determination of excitation energies following particle evaporation for a large number of
channels in several different reactions. The new channel selection procedure and excitation energy
systematics are illustrated with data from the reaction of **Mg on “°Ca at Eiap = 80MeV.

1. Introduction

One of the major problems plaguing the high spin y-ray spectroscopy of light (A < 100) proton-rich nuclei produced
in fusion-evaporation reactions is the fragmentation of the total cross section into a large number of exit channels. A
low Coulomb barrier in these systems, combined with strong pressures for decay towards stability, cause proton and
alpha emission to dominate over neutron evaporation and the population of 10-20 nuclear species in a single reaction
is common. In principle, the spectroscopic difficulties resulting from a large number of open exit channels can be
solved by detecting the charged evaporation particles in coincidence with the v rays [1-5]. In practice, however,
channel selection by charged-particle detection is limited by the efficiency of the particle detection system. Even with
near 47 coverage by the particle detector array, some fraction of the charged evaporation particles inevitably escape
detection. The result is that low particle multiplicity gated spectra are contaminated by events from higher particle
multiplicity channels in which some of the particles have escaped detection. For example, a y-spectrum in coincidence
with the detection of 3 protons will contain not only real 3p events, but also 4p, a3p and 3pn events where the extra
particle was not detected. If a low particle multiplicity channel of interest is populated very weakly in a reaction,
while higher particle multiplicity channels have much larger cross-sections, the high particle multiplicity contaminants
can completely dominate the low particle multiplicity gated spectra. In this situation, the channel selection provided
by charged-particle gating is not sufficient to permit an accurate spectroscopic study of the weakly populated low
particle multiplicity channel.

2. Channel Selection Method

A detailed description of the new channel selection procedure has been given in [6]. Here we present a brief summary
of the method. In order to discriminate between events from different channels for which the same charged particles
are detected, we consider the different total energies available in the center of mass system for different exit channels:

Eouy=Tom +Q (1)

where To ) is the kinetic energy of the collision in the center of mass system (the same for all channels) and @ is the
Q-value for the specific reaction channel.
This total CM energy is emitted as v-ray energy and particle kinetic energy:

ECM = H'y + Tpart (2)

where H, is the total y-ray energy and Tpqr: is the sum of the proton, alpha, and nuclear recoil kinetic energies in
the CM system.
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The BGO ball of the 87 spectrometer acts as an efficient 7y-ray calorimeter to measure H., for each fusion reaction,
and the miniball [1] charged-particle detector array gives Tpor ON an event by event basis. The position of each event
can thus be plotted in a Total Energy Plane (TEP) where H, is the z coordinate and Tj,,, is the y coordinate of the
event. If we ignore loss of beam energy in the target for the moment, Ecys is a constant for a given channel and thus
equation (2) constrains all events from this channel to lie on a line of constant energy in the TEP (ie. a line with
slope negative one and = and y intercepts equal to Eou).

For channel selection purposes, we are concerned with events in which one or more particles escape detection.
Consider a 3-proton particle gated data set. As noted above, the real 3p events in this data must all lie on a line of
constant energy in the TEP. Now, consider a 4p event that appears in the 3p-gated data because one of the protons
was missed. Firstly, the Q-value for the 4p channel is less than for the 3p channel by the binding energy of the
fourth proton and thus there is less total CM energy available in the 4p channel. Secondly, the kinetic energy of the
missed proton is absent from the sum in equation (2). These two effects add constructively and permit discrimination
between 4p events in which a proton is missed and real 3p events. Similar arguments apply for the a3p and 3pn
events in the 3p-gated data. Given a 3p-gated TEP plot like that shown in Fig. 1, the channel selection achieved by
charged-particle gating alone can be greatly improved by setting a two-dimensional gate in the TEP around the 3p line
and taking the real 3p events inside this gate, while eliminating the background from the higher particle multiplicity
channels that appear in the data set because particles were missed.

3. Channel Selection Results

In order to illustrate the effectiveness of the Total Energy Plane method of channel selection, we present here
results from an experiment at TASCC in which a beam of 24Mg at Ej.p = 80MeV was directed onto a, self-supporting
~ 460pg/cm® target of *°Ca enriched to 99.8% purity. In Fig. 2 a) we show a portion of the 4-spectrum in coincidence
with the detection of 3 protons. Due to the imperfect particle detection efficiencies (the proton and alpha detection
efficiencies in this experiment were €p = 0.56 and €, = 0.42 respectively) strong peaks appear in this spectrum from
all of the 3p, 4p, a3p, and 3pn exit channels. The channel selection achieved with particle coincidence gating can
be improved significantly, however, using the Total Energy Plane method. In Fig. 1 we show a shading contour
plot in the TEP for all events in which 3 protons were detected. The real 3p events have considerably larger total
detected energy and are cleanly separated from the contaminating 4p, a3p, and 3pn events. As noted in Section 2,
channel selection is achieved by taking a two-dimensional gate in the TEP that includes the majority of the events
from the desired channel but little contamination from the higher particle multiplicity channels. In Fig. 2 b) we show
a 7-spectrum produced by taking a gate in the 3-proton TEP around the real 3p events. All of the strong peaks in
this spectrum are now from the real 3p channel (61Cu). While 90% of the real 3p events pass the TEP gate, only
14% of the 4p events survive, and both the a3p and 3pn contaminants are almost completely eliminated - less than
4% of these events pass the TEP gate. While real 3p events constitute only 53% of the 3-proton gated spectrum (Fig
2a), the TEP gated spectrum (Fig. 2b) is 95% pure 3p channel.

In the above, the 3-proton gated data, in which the desired channel, 3p, as well as the contaminating channels (4p,
a3p, and 3pn) were all strongly populated, has been used to illustrate clearly the effectiveness of the TEP method of
channel selection. The real power of this method, however, lies in the isolation of very weakly populated low particle
multiplicity channels - the channels which leave the nucleus with the highest spin and excitation energy. For example,
in our reaction of **Mg on 4°Ca at Ej,; = 80MeV the nucleus observed with the most excitation energy was %27Zn.
This nucleus, populated via the 2p exit channel, constituted only ~ 0.3% of the total reaction cross section. In Fig.
4a) we show the vy-spectrum in coincidence with the detection of 2 protons. Due to the very weak population of the
2p channel and the imperfect particle detection efficiencies, this spectrum is completely dominated by contamination
from much more strongly populated higher particle multiplicity channels (4p, a3p, o2pn, 202p, 3pn, 3p, a2p, and
2pn). Of the transitions in 52Zn only the 2+ — 0 at 954 keV is visible in the 2p-gated spectrum, and this peak is
an order of magnitude smaller than those from the contaminating channels.

In Fig. 3 we show the Total Energy Plane for all events in which 2 protons were detected. Although the 2p channel
is sufficiently weak compared to the contaminating channels that it does not show up as a peak in this plot, the
calculated line of constant energy for the 2p channel focuses our attention on the high energy “bulge” in this TEP
that is produced by the real 2p events. Taking the gate shown in Fig. 3 around this bulge we obtain a y-spectrum
dominated by real 2p events. Using the higher particle multiplicity gated spectra to subtract the remaining small
contaminating peaks we obtain the y-spectrum shown in Fig 4 b). All of the peaks in this spectrum belong to the real
2p channel (°2Zn). The TEP gate (before subtraction) improves the channel-to-total ratio for the real 2p channel by
a factor of 46 over that obtained by gating on 2 detected protons. With this huge improvement in channel selection,
spectroscopic study of this very weakly populated channel becomes possible.
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4. Excitation Energy Systematics

In Section 2 it was noted that the real 3p events in the 3-proton gated Total Energy Plane must all lie on a line of
constant total energy. These events will not, of course, be uniformly distributed along this line. The division of the
total CM energy between the kinetic energies of the evaporation particles and the excitation energy left in the final
nucleus is determined by the statistical pressures which govern the decay of the compound nucleus. In Fig. 1 we see
that the peak in the entry distribution for 5 Cu (the 3p channel) is at a total particle kinetic energy Tport = 25.0MeV
and a final nucleus excitation energy H, = 15.3MeV. By making TEP plots similar to Fig 1 for all exit channels
(gates on discrete y-ray transitions are required for weaker channels) the division of the total CM energy can be
mapped out for all nuclei produced in a reaction.

In Fig. 5 we show entry regions in the TEP for all 16 exit channels observed in the 24Mg + “0Ca experiment. The
diagonal lines are the lines of constant total energy for the 16 channels. The semimajor axes of the ellipses (corrected
for Tpert and H., resolutions) are such that 68% of the channel populations are enclosed, and the semiminor axes
represent the spreads in total available CM energy due to beam loss through the target. One interesting feature that
is immediately apparent from Fig. 5 is that the sum of the particle kinetic energies is almost identical for the 2p,3p,
and 4p exit channels. In other words, the differences in excitation energy left in the final nucleus for these channels
are simply the binding energies of the last proton removed. This pattern is also observed for the ap, a2p, a3p and
2pn, 3pn, 4pn exit channel chains. Fig. 5 also shows that of the four N=Z exit channels observed in this experiment
(2p2n, apn, 3a, and 2a) the 2a exit channel leaves the final nucleus with the greatest excitation energy. Although the
cross sections are low for pure alpha exit channels in these systems, alpha particles are often emitted from the highest
angular momentum components of the compound system [8,9] and these channels provide the best opportunity to
study high spin states in even-even N=Z nuclei using stable beams and targets.

5. Summary and Outlook

In addition to mapping out excitation energy systematics, the Total Energy Plane has been shown to provide a
powerful method for improving channel selection in reactions where charged-particle evaporation from the compound
system dominates. This method is presently being employed in the analysis of a series of experiments conducted at
the TASCC facility producing the even-even N=Z compound systems in the A = 50-70 mass region. Although this
method has been developed to take advantage of the total energy measuring capabilities of the 8x spectrometer +
miniball charged-particle detector array, it is also applicable to other large y-ray spectrometer + charged-particle
detector arrays. The method could be employed in the analysis of data taken with GASP + ISIS [3], and when
combined with the sensitivity of GAMMASPHERE + the microball [2] and the H., response of GAMMASPHERE
with the Hevimet shielding removed [7], the Total Energy Plane method will provide a powerful tool to increase the .
sensitivity of high spin spectroscopic studies of very proton-rich nuclei far from f-stability.
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1. Introduction

The study of correlations between particle evaporation from highly excited compound
nuclei at large angular momenta and the states in the final evaporation residues (ER) is a
field of investigation which has been opened, in the last years, with the advent of the new
large +-ray arrays [1-5]. It is now possible to correlate the evaporation spectra to various
bands with shapes ranging from spherical to superdeformed (SD) in the same final nucleus.

It is generally accepted that the particle evaporation from the compound nucleus is
chaotic and that only in the near-yrast v cascade, where the feeding of different classes
of states takes place, the ordered motion is restored [6]. The sensitivity of the particle
spectra on the feeding of specific states in the residual nuclei can be taken as an indication
that additional degrees of freedom might be important in the evaporation process or that
particular regions of the phase space open to the decay populate preferentially some selected
structures in the final cold nucleus. This latter point is important for the understanding of
the feeding mechanism of SD states.

Several experiments performed so far did not find a clear dependence of the shapes
of the particle spectra on the excited states having different deformations in the ER. For
example, the proton spectra in coincidence with transitions in the SD bands of ***Nd [4] and
152Dy nuclei [4,5] were found to be similar to those in coincidence with transitions in the
normal deformed (ND) bands.

Alpha particles have been proposed since long as a sensitive probe of the deformation
of the emitting nucleus [7]. Results are presented here of an experiment in which we have
measured the energy spectra of alpha particles associated with different classes of states (ND
and SD) in the *°Tb nucleus populated in the reaction 37C1(*2°Sn,0:3ny)*°Th.

2. Experimental details

The experiment was performed at the XTU Tandem facility of the Laboratori Nazion-
ali di Legnaro using a beam of 187 MeV *Cl (intensity ~8 pnA) and a target made of
two foils (0.5 mg/cm?+0.4 mg/cm?) of *°Sn. Gamma-rays were detected using the GASP
spectrometer [8]. Charged particles were detected with the ISIS silicon ball which is made of
40 AE-E telescopes (130 ym and 1000 pm thick, respectively) covering a geometrical solid
angle of about 90% of 47. The event trigger was determined by any three or more Compton
suppressed Ge detectors and five or more BGO scintillators of the GASP inner ball firing in
coincidence with the charged particle detectors.

A total of 5.5x108 events in coincidence with alpha particles were recorded. The a
spectra shown in the following are those measured in the first forward ring of the silicon ball
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(six telescopes at j,5~34°) for which the threshold due to the thickness of the AE detector
is unimportant. The energy spectra of the telescopes were summed, after gain matching.

Fig.1.
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The data in coincidence with a-particles have been
sorted into various matrices and cubes, with proper con-
ditions on the fold k and sum energy H measured in the
inner ball.

The y-ray spectra in coincidence with alpha par-
ticles and associated with long vy-ray cascades selected
in the inner ball ( fold k>10 and sum energy H>14
MeV) are very clean and show practically only the resid-
ual nuclei 1915°Th, With the mentioned conditions on
fold and sum energy, the total number of events is only
1.6x108.

The spectrum of the known yrast SD band in *°Tb
[9,10] extracted from the y-y-y data in coincidence with
a-particles is shown in Fig.1. The intensity of the band
is ~0.7% of the °Tb total population, a figure which
compares well with the data of the (3!P,5n) reaction re-
ported in ref.10. The feeding pattern of the band seems

to be scarcely affected by the reaction used, as shown in the lower panel of Fig.1.

3. Alpha particle spectra.

The « particle spectra in coincidence with ND states in 1®'5°Tb nuclei and with the
yrast SD band of ®Tb are shown in Fig.2. For comparison, Monte Carlo CASCADE
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Statistical Model calculations [11,12] are presented in
the same figure.

The spectral shapes of the alpha particles in coin-
cidence with ND states are reproduced by calculations
in which standard input parameters [5] are used, with
the exception of the emission barrier which is lowered.
This is achieved by increasing the radius in the Optical
Model potentia,l‘(r=1.2><ro, where rg 1s the radius of the
spherical nucleus). The radius expansion has been intro-
duced often in the past in order to simulate the emission
from a deformed nucleus [12].

A decrease of the mean alpha particle energy asso-
ciated with the *°Tb nucleus (o4n decay, <E,>=25.24
MeV) with respect to *°Tb (a3n decay, <E,>=26.90
MeV) is evident from Fig.2. This effect is well accounted
for by the statistical model calculations which give
<Efle>=25.6 MeV and <E%°>=26.8 MeV, respectively.

The a-spectrum in coincidence with the yrast SD
band of **°Tb has been derived from the y-y-E, cube

by carefully selecting the gates on the transitions of the band in order to avoid contaminations
from other structures. This is possible since detailed level schemes of both the 4°Tb and
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150Th nuclei are available [13,14]. We have also verified in the y-y-y cube that, by double
gating on the selected SD transitions, none of the lines appearing in the resulting y-ray
spectrum belong to the 1*°Tb nucleus. The alpha particle spectrum in coincidence with the
1507} yrast SD band was constructed using the following procedure: first a 7-E, matrix
" was created from the 7-y-E, cube without background subtraction. A ¥-Eq background
matrix was then created selecting proper background regions for each SD transition. This
background matrix was subtracted from the previous one. The final spectrum of Fig.2 was
obtained using only the SD band transitions with energies of 954, 1007, 1112, 1166, 1219 and
1272 keV. The average energy of this spectrum is <E,>=25.06£0.01 MeV, which is about
9 MeV lower than that derived for the ND states of 1*°Tb.
As a cross check of this result, two -y matrices were
Fig,S also created from the y-v-E, cube requiring a coinci-
dence with a-particles of energy larger than or lower

1000 E.<27 MeV than the average energy of the spectrum in coincidence
750 with the ND states of ®°Tb. Gates have then been set
500 on the SD transitions in both 4-y matrices. The results
0 reported in Fig.3, confirm that the SD band is preferen-
g =0 tially populated (a factor 1.9 larger) by alpha particles
o 1000 1200 having lower energies. This means that the optimal con-
O 1o E.>27 MeV ditions for observing weak SD structures populated in

an azn decay chain in this mass region is the simoul-

taneus requirement of high fold conditions in the inner

ball and low energy in the charged particle detectors.
In order to explain the shift in energy between the

800 1000 1200 alpha particles associated with the ND and SD bands
Energy (keV) we have explored their angular momentum dependence
F ]g‘4 and how this is reflected by the average energy <E,>.
10 For this purpose, we have extracted the k-fold distribu-
, 10000} ND <k>§‘—;1.85-3 tions of the events associated with the spectra of Fig.2
€ 7500 1 2203 by double gating on a y-y-k cube. The fold distributions
8 5000 I A themselves do not exhibit sizeable differences when se-
2500 AREELE lecting ND (<kyp>=18.3) and SD (<ksp>=18.6) tran-
Olanennttl el sitions in the %°Tb nucleus, as shown in Fig.4. This does
not imply a similarity in the associated angular momen-
o' SD <k>=1,f'6 tum, because the average multipolarity of the gamma-
§ 750 ax rays cascade in coincidence with ND and SD states is
o % - not the same [15].
=0 & ***** The feeding of the yrast SD band of ***Tb is known
O3 %0 to occur at spins Igr~48-58F [9,13] and this is confirmed
FOLD k by the feeding pattern obtained in the present

experiment. Therefore, we may associate to the measured mean fold <ksp> in coincidence
with the SD band an angular momentum of at least Izr~53%. Taking into account a correc-
tion AJ~8 7 for the angular momentum carried away by the alpha particles [16], the average
value of the compound nucleus angular momentum correlated with the SD spectrum is esti-
mated to be <Jsp>>61 K. On the other hand, the value <kyp>=18.3 for the ND states of
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*°Tb nucleus can be associated with a much lower angular momentum value, <Jyp>~A47 h,
using an empirical spin-fold calibration for ND states in this mass region [17] and the above
defined correction for the a-particles evaporation.

In order to understand better the role of the angu-

8 F 195 lar momentum in the observed effects, we have derived
10 the a spectra feeding the ND states in 5°Tb for three
107 15°Tb different fold conditions k=11-15, k=16-20 and k=21-
25, which correspond roughly [17] to Jyp~35%, 46f and
~ 108 = 59h, respectively. In Fig.5 the latter spectra are com-
< () pared with the total a-particle spectrum with no con-
~10° s dition in fold (solid line). The energy distribution ex-
2 ., hibit, with increasing fold, a shift toward lower energies
510 becoming also narrower. Qualitatively, the same effect
S 108 s6-20] Was observed in the proton spectra of Refs. 1,2,5 where
(+6 B it was reproduced by statistical model calculations and
102 explained in terms of the reduction of the thermal en-
ergy available to the decay chain when increasing the

10 .. %519-2”? fold k (or equivalently the angular momentum).
The correlation between <E,> and the average

10 20 30 40 50 60 angular momentum (stars) is reported in Fig.6, where

Energy (MeV) the value in coincidence with the SD band (heavy dot) is
also included. The experimental data feature a contin-

FI g 6 uous decrease of the average energy with increasing an-

’ gular momentum without a marked distinction between

the ND and SD data. Furthermore, from the CASCADE
i | calculations reported also in Fig.6 (triangles), it appears
—k— clearly that the statistical model does not describe cor-
~ 27 | 1
F‘Aﬂ rectly the angular momentum dependence of <E,>. In
L:/} 2: —_*.: fact, the average energy is predicted to increase with the
angular momentum. The energy of the charged particles
20 4'0 6'0 go emitted from an equilibrated compound nucleus depend
Spin (K) on the nuclear temperature T of the daughter nucleus,
on the emission barrier B and on the channel orbital
angular momentum. The energy associated to the
orbital angular momentum is often indicated as the so-called spin-off contribution [18]. In
the actual CASCADE statistical model calculations the barrier B does not depend on the
angular momentum of the compound nucleus, whereas the balance between the reduction
of T with increasing angular momentum and the spin-off depends on the phase space open
to the decay. Results reported in Fig.6 suggest that the reduction in thermal energy is
overwhelmed in the model by the spin-off contribution.

4. Conclusions.

From the results reported here, it seems that the o energy spectra in coincidence with
a given decay channel are, as those of protons, affected by the different selection of the ~y-ray
fold k and therefore of the angular momentum.
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In contrast with earlier investigations of the proton spectra, a clear difference in energy
is observed between the o spectra in coincidence with states having different deformation in a
given decay channel, the SD channel being shifted to lower energies. Despite the uncertainties
in deriving the angular momentum from the measured k-fold in the case of the ND and SD
structures, the present work strongly suggests that the bulk of this effect is related to the
differences in the angular momenta associated with the two classes of states.

The standard statistical model (CASCADE code) fails in reproducing quantitatively
and qualitatively the angular momentum dependence of the o spectra. A further lowering
of the emission barriers, with respect to the Optical Model ones, seems to be required to
describe the spectra at the higher angular momenta. The failure of the model predictions
was not evidenced in earlier studies because of the lower sensitivity of the energy spectra
of protons to angular momentum induced effects (as the spin-off energy and changes in the
emission barrier).

The modelling of the statistical decay at large angular momenta, especially in the region
of competition between evaporation and fission (J~70% in the present case) should be further
pursued as it is particularly important for the understanding of the feeding mechanism of
the SD bands and of the dynamics of the fission process.
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Abstract

The Microball, a compact, 47 charged-particle detector array, has been used in conjunction
with Gammasphere for numerous physics experiments, and more are planned in the near future.
A summary of this research program is presented, and the device and its capabilities are de-
scribed. An example of its use in the study of the population and entry state excitation energy
distributions of normal and superdeformed bands in 82Sr is presented.

1 Introduction

The Microball [1] is a 95 element array of CsI(T1) detectors designed as an exit channel and particle
spectroscopy device to be used in conjunction with Gammasphere. To date, it has been used in over
twenty physics experiments, and many more are planned. The topics addressed by these studies
include superdeformation in the A = 80 region [2], reaction mechanism studies of the population
of superdeformed bands [3, 4], spectroscopy of N = Z nuclei [5], identification of new SD bands in
Eu [6], Sm [7], and numerous A = 130 [8, 9] isotopes, investigations of identical bands in A = 150
[6] and 80 [10] nuclei, investigations of AT = 4 staggering [11], studies of the decay out of SD bands
in Eu [6], spectroscopy in the A = 80 region [12, 14, 15, 16], and searches for hyperdeformation in
Gd [17, 18] and Sm [7] isotopes.

The capabilities and performance of the Microball will be discussed in the following section. An
example of a current application of the Microball and Gammasphere will then be presented, namely
a study of the entry states for superdeformed and normal deformed bands in 82Sr. This example
is chosen because it illustrates the use of the Microball to study the connection between reaction
dynamics and nuclear structure, and because it is atypical in that it involves using Gammasphere
as an auxiliary device for the Microball.

2 Performance of the Microball

The coincident detection of both evaporated particles and de-excitation v-rays in fusion-evaporation
reactions offers the possibility of studying both nuclear structure and reaction dynamics in detail.
Charged particle detection provides both exit channel selection and recoil momentum reconstruc-
tion, allowing accurate event-by-event Doppler correction and hence improving the resolving power.
Central to such a detection system are the technical requirements for evaporated particle identifi-
cation, high detection efficiency (= 4 coverage), low total mass, and the ability to function with
high counting rates. The Microball accomplishes these tasks with an array of 95 CsI(T1) scintilla-
tion detectors with photodiode readout. Pulse-shape and rise-time discrimination between protons
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and alpha particles is used, and the array has 96% geometric coverage and high granularity. The
particle identification is sufficient to cleanly discriminate between protons, deuterons and tritons
at reasonable counting rates, and provides proton/alpha particle discrimination for all of the de-
tectors at count rates in excess of 3-4000 counts/detector/s. For the near-barrier energies typically
used at Gammasphere, excellent channel selection is obtained, with single proton detection and
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Figure 1: Yrast superdeformed band in 80Gr, double-gated on the labeled lines, A) without exit
channel selection, B) with the o 2p channel selected, and C) with the recoil-momentum residual
Doppler shift correction applied. No background subtracted in used.

identification efficiencies of up to 0.9. The performance of the array has continually improved with
each use, and is now capable of keeping up with Gammasphere data rates in most experiments
without compromising the particle identification. ’

As an example of the capabilities of the Microball, figure 1 shows the improvement in resolving
power obtained with the Microball in the case of the yrast superdeformed band in 8Sr [13]. Channel
selection improves the peak to background ratio in this case, and applying a recoil momentum
reconstruction correction to the Doppler shift further improves both the peak to background ratio
and the peak width, from = 20 keV to =~ 8 keV at E, = 2 MeV.

The channel selection properties of the Microball are sufficiently powerful to allow the extraction
of detailed spectroscopic information even for weak charged-particle channels. For example, the 3o
channel was studied in 2 recent experiment at Gammasphere (with 57 Ge detectors), and provided
new data on high spin states in Kr [14]. The cross section for this channel was about 2 mb.
The ultimate limit in cross section that can be studied in such a manner is certainly, well below a
millibarn, though for channels close to or past the N = Z line, the addition of neutron detectors
and/or recoil separators are needed.

The cost of using the Microball inside Gammasphere is that the additional mass of the Microball
reduces the 7-ray response of Gammasphere. Detailed simulations [19] indicate that this loss is
severe at low y-ray energies (below ~150 keV), less than 10% at E., = 500 keV, and decreases with
increasing E,.
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3 The population of SD bands

A topic of current interest is the correlation between the population of specific bands or shapes
in nuclei following heavy ion fusion-evaporation reactions, and the spectra of the evaporated par-
ticles. Such studies have been reported both for normal deformed bands [20, 21, 22, 23] and for
superdeformed bands [24]. The combination of the Microball and Gammasphere provides high-
quality data with which to pursue these issues, and a study of the evaporated proton spectra in the
2831 (58 Ni,4p)82Sr reaction has recently been carried out. A similar study for the residual nucleus
145Tb is also being carried out with the Microball and Gammasphere [3).
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Figure 2: Entry state excitation energy distributions for the total and SD population of 82Sr

The motivation behind this study is two-fold: first, to investigate previous reports of difference
in proton spectra correlated with the population of side bands in 82Sr [20, 22], and secondly to
extend such studies to include the population mechanism of superdeformed (SD) states. 82Sr has
been reported to possess a SD band populated at about the 1% level [15, 25]. A distinct advantage
of studying an exit channel which consists only of evaporated, charged particles is that the sum
of the particle energies is a direct measure of the resulting excitation energy (E*) in the residual
nucleus, provided no v-emission occurs prior to particle emission. In the present case the exit
channel consists of four protons.

Figure 2 shows the extracted entry-state excitation distributions for both the total 82Sr pop-
ulation and SD population. The SD band is populated at an average excitation energy (E*)
approximately 3 MeV greater than that characteristic of the (predominantly) normal-deformed
population. As expected from this result, cuts on E* produce v-ray spectra which have different
SD intensities. Figure 3 shows four such 7-ray spectra, obtained from the E* cuts shown and
single gates on the SD band members. The SD intensity is seen to decrease relative to the normal
deformed lines with decreasing E*, and the population of the highest spin states in the SD band is
seen to be particularly effected by the E* cuts. This energy shift in the evaporated particle spectra
associated with SD population is consistent with measurements in other systems [6, 24, 26, 27,
though not with all prior measurements [28].

The decrease in SD feeding spin with decreasing E* cuts hints at an explanation for the SD-ND
excitation energy shift: SD is fed differently than ND because it has a higher average spin, and the
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Figure 3: Single-gated SD spectra for the yrast SD band in 828y, for the ranges in excitation energy
shown.

average entry E* is correlated with the entry spin. The quality of the Microball-Gammasphere data
is sufficient to investigate this directly by gating on individual transitions and extracting the sum
proton energy (SE,). Figure 4 shows the average summed proton energy (2Ep) corresponding to
the feeding of a state at spin I (bottom) and E (top) for various bands, obtained by double-gating
on the two transitions below each state in the band. These data represent the average entry-state
E* for each state, including both direct and side feeding, and therefore give a cumulative measure
of the total E* distribution. All of the bands shown, including the SD band, conform to the
same trend, indicating that the entry state spin distributions are positively correlated with E*
distributions.

The differences among ND levels and bands in figure 4 are currently being studied; since no
background was subtracted in producing the results shown, contaminations from other channels
may either mask small systematic differences or make others appear larger. From the general trend
of the SD band it is seen that, at least on average, the population mechanism of SD states is not
different from that of normal deformed states. The spins of the SD band are determined from
the measured feeding into normal deformed states, and the lowest SD level is put at an excitation
energy of 10 MeV, so that the top half of figure 4 is consistent with the bottom half, as one would
expect.

The interesting subject of whether other degrees of freedom influence the subsequent popula-
tion of particular bands can be investigated in detail with Gammasphere and the Microball. In
particular, the question of the possible influence of deformation at the time of fusion on SD pop-
ulation is being studied. The present results imply that such effects will likely be small, and in
order to study them it is essential that -ray multiplicity (k) and sum energy (H) information
be obtained with Gammasphere, in order to separate the dominant phase space effects from more
subtle effects. The use of Gammasphere, without the Hevimet collimators, as a sum spectrometer
has been investigated in simulations [19], and data have been taken in this mode already in two
experiments.
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Figure 4: Sum-proton energy centroids for individual states as a function of the level energy (top)
and spin (bottom). Four separate bands are shown, including the ground band (diamonds) and SD
band (circles). The other two bands are normal-deformed side bands.

4 Future directions

The current capabilities of the Gammasphere and the Microball have produced a considerable
amount of interesting physics, and will continue to do so, both in the exploration of SD and normal
deformed spectroscopy and in studies of reaction mechanisms. The additional capabilities provided
by the use of Gammasphere as a sum spectrometer will also undoubtedly be exploited, as will
the coupling of neutron detectors to the Gammasphere-Microball arrangement to study the most
neutron-deficient nuclei.

Future improvements in the design of 47 charged particle detector arrays are being considered.
One such plan for a next-generation device, the “Nanoball”, has been produced. Its major improve-
ment is increased segmentation, in order to better keep up with the high counting rates typical at
Gammasphere. ‘

When Gammasphere is coupled with the FMA at ANL, the Microball will be able to augment
the mass identification provided by the FMA with accurate, high efficiency Z identification. The
coupling of the FMA and the Microball has already been accomplished in a recent experiment
to measure evaporation residue cross sections at 10 MeV/nucleon, demonstrating the technical
feasibility of the combination [30].
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1. Introduction

Secondary radioactive beams produced at intermediate-energy heavy-ion accelerators have
in a short time span added a new dimension to the research on nuclear species at the limits of particle
stability, and new detection techniques have made it possible to study reactions caused by incident
beams of as little as one particle per second. Imminent developments such as the M.S.U. Coupled-
Cyclotron Facility [1] are expected to extend the range and to permit the observation of many
previously inaccessible species. For a perspective on the progress in this area we only need to go
about fifteen years back to a time when it had just become possible to study the radioactivity of rare
nuclear species such as "Li. In presenting early experiments with secondary beams produced in
fragmentation James Symons [2] said "... In the introduction to this paper we questioned the
applicability of high-energy heavy-ion accelerators to this field. Our experience at the Bevalac leads
us to believe that this question does indeed have a positive answer. If the physics interest justifies it,
then high-energy heavy-ion beams can certainly be expected to play a role in the study of nuclei at
the limits of stability." At the time, very few, if any, realized how prophetic this remark was.

In the present paper the interpretation of the longitudinal-momentum distributions from the
nuclear fragmentation of single-nucleon halos is discussed. It is pointed out that these measurements,
at least for the cases studied so far, directly reflect the halo wave function, and that there is no direct
contribution from the reaction mechanism. This is an important difference from the radial momentum
distributions, for which diffractive processes play an important role.

Let me mention in passing that while final-state interactions seem relatively unimportant for
the cases to be discussed in the following, they are essential for understanding the continuum states
in "°Li. The latter are, in turn, the key to understanding the three-body system "'Li. The importance
of this aspect was first identified by Barranco et al. [3], and the influence of both nn and n-°Li final-
state interactions has been the subject of an interesting series of papers by Garrido et al. [4].

2. Stripping and Diffraction Dissociation of Nuclear Halos

It has commonly been assumed that the longitudinal momentum distributions of the core
fragment in reactions such as (‘'Be, '®Be) and (®B, "Be) on light targets represented the true
momentum distribution of the halo state. This would imply that experiments on a single-nucleon halo
measured the square of the Fourier transform of the total wave function. A series of papers [5-10]
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" have now shown that the information actually obtained is more specific and, in fact, more interesting.
The essential point is that the reactions that remove the halo nucleon can only sample the halo proper,
i.e. the region of space outside of the nuclear core. The core-target collisions at small impact
parameters lead to other exit channels, mainly complex fragmentation reactions. When this
geometrical selection is taken into account, the calculations agree well with the measured [11-13]
momentum widths and cross sections.

Owing to a number of favorable circumstances, the analysis of dissociation reactions of halo
states is much simpler than that of the more familiar deep-inelastic reactions of other intermediate-
energy ions. First of all, the weakly bound and spatially extended halo states can be approximated by
a wave function §r, based on a single-particle potential-well model. The reactions producing a fast
core fragment have contributions from two reaction channels, and because the beam velocity is much
higher than that of the halo nucleon, both can be treated in the sudden approximation. In the first
channel, referred to as nucleon stripping (or absorption), the halo nucleon has interacted strongly with
the target and disappears from the beam. In the second channel, referred to as diffraction dissociation,
the nucleon and the core fragment move forward with essentially beam velocity.

The high projectile energies, 0.5-12 GeV, imply that the collision may be described in terms
of a classical impact parameter, so that the dissociation reactions are characteristic of impact
parameters greater than b,,,,=Rc+R,, defined as the sum of the (energy-dependent) core and target
interaction radii. The high energy also means that the eikonal approximation is applicable, so that the
target trajectory is a straight line and the range of the nuclear interaction (which does not have to be
weak) is of the order of the target radius R,. The result is that the wave function of the halo state
remains unchanged throughout all space except for a region corresponding roughly to a cylinder of
radius R, The more detailed dependence is taken into account by the choice of the profile function,
but the results [5-10] are not strongly dependent on the details and they agree well with each other
and with experiments. -

3. Results for Parallel-Momentum Distributions

As a transparent illustration [5] we cite here a simple model valid for large target radii. In this,
the profile function is approximated by a planar cut-off parallél to the beam direction and tangential
to the target surface, a model originally due to Glauber. Assume further that the total spatial wave
function appropriate for a halo neutron in an s state is a Yukawa, so that the corresponding intrinsic
momentum distribution along the z axis is a one-dimensional Lorentzian

w T 1

dp, 2m @4 +p))

where the width '=(8S,)* is defined in terms of the reduced mass and the neutron separation
energy. Exploiting that the Fourier transform of the severed wave function can be expressed
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analytically [14], it is found after integration over the x and y momentum components that the
momentum distribution in the z direction equals the intrinsic one given above multiplied by the
correction factor

n/2
C,(w) = % fcos(ﬁ)exp [-2w/cos ()] db
0

where the parameter is defined as w = b,(I"’/4+p?)"*/#, expressed in terms of the distance b, from
the center of the halo system to the cutoff plane. The usual definition of the impact parameter
corresponds to b=R;+b,, where Ry is the effective target radius. For the value of b,= 0 (not realizable
in experiments) half of the halo wave function would be removed and the distribution would be
unchanged in shape. The actual minimum value of b, is given by the core radius, about 2.5 fm, and
larger values of the impact parameter lead to increasingly narrow distributions. For the case of 'Be
there is good agreement the experimental findings, essentially for two reasons, (i) the Yukawa is,
apart from a normalization factor, identical to the exact solution in the region sampled, and (ii) the
target radius is comparable to the decay length of the wave function.

A better approximation [8], exact for small target radii, is to assume that the wave function
inside the reaction zone may be replaced by its value along the axis of the target trajectory as seen
from the halo's coordinate system. For neutron halos this approximation leads to convenient analytical
expressions. The corresponding momentum distributions for halo protons were calculated numerically
with a Woods-Saxon single-particle wave functions In both cases the differential cross sections can
be estimated by integrating over impact parameter. Results obtained with this model are shown in Fig.
1. For the case of ''Be there is good agreement between the experimental parallel momentum width
[11] and the calculation. In view of the strong dependence on impact parameter that underlies this
result, it must be considered a numerical coincidence that the distribution corresponding to the total
wave function has a very similar width. This is underscored by the fact that the plateau at 80-160
MeV/c is entirely absent in the momentum distribution of the localized wave function. To see why
this is so, we note that the high momentum components in the wave function in momentum space are
the counterpart of the inner lobe peaking at 0.7 fm in the spatial wave function. This is a region of
space that is not sampled in the experiment. For the case of ''Be, the absence of an outer plateau is
presumably too weak an effect to be observable, but it is likely that it could be discernible in the
momentum distributions from stripping of s-state proton halos in the light phosphorus isotopes [15].

For the case of °B, the calculated intrinsic parallel-momentum width correspondin g to the total
wave function is 153 MeV/c. The calculated value of 75 MeV/c obtained when the selection due to
localization [8] is taken into account agrees well with the experimental value [12] of 81+6 MeV/c.
The apparent discrepancy between the widths of the total momentum distribution and that of the
experiment originally led to the claim [12] that an interpretation in terms of single particle model was
not possible.
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Fig. 1

The parallel momentum distributions of the core fragment from the single-nucleon stripping
reactions of *'Be (s,, ground state) and ®B (p,, ground state). The dashed lines are those of the total
momentum wave functions and the full-drawn lines correspond to the external spatial part selected

in the stripping reaction. The shaded areas are the measured [11,12] values of the half width at half
maximum.

The experiments underlying Fig. 1 do not distinguish the stripping and diffraction-dissociation
mechanisms and analyses such as the two sketched above assume that the final-state interaction
between the nucleon and the core fragment is negligible. Hencken et al. [10] find that this is indeed
a valid approximation for 'Be, for which a similar conclusion was reached in Coulomb-excitation
experiments [14], where plane-wave and Woods-Saxon final states gave almost identical results. On
the other hand, Barranco et al. [9] using a simpler model for "'Be find that the final-state interactions
increase the full width at half maximum of the parailel-momentum distribution to 79 MeV/c for
diffraction dissociation as compared with 49 MeV/c for the stripping reaction.

An independent verification of the estimates given here is provided by the measured cross
sections. The calculated 'Be cross section of 316 mb at 41 MeV/u is roughly one third of the free-
nucleon value and agrees well with the experimental value [14] of 290+40 mb. The 8B cross sections
are calculated as 111 mb at 40 MeV/u and 54 mb at 1471 MeV/u are roughly one tenth of the free-
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nucleon values and are qualitatively in good agreement with the measured [16,12] values of 80x15
and 944 mb, respectively. The overall agreement must be considered satisfactory, but it is probably
worth noting that the tendency of the model [8] must be to underestimate the widths and, more so,
the cross sections. This tendency will be most pronounced for the case of *B for which the external
wave function falls off rapidly. The cross sections and longitudinal-momentum widths agree well with
a more refined recent calculation with a profile function calculated from an optical model and a
microscopic Glauber model [10] at low and high energies, respectively. In this calculation it is
interesting to see that the stripping and diffraction-dissociation cross sections come out identical at
low energies, just as for a black-disc model, whereas the former is far bigger at high energies. The
reaction and elastic cross sections for free nucleons behave in the same way.

The interpretation given here suggests, contrary to what is often assumed, that the longitudi-
nal momentum distributions measured with a light target should not be affected appreciably by the
acceptance of the spectrometer. Basically this may be seen from the uncertainty principle, which
allows an exact measurement of the momentum along the z-axis for a precisely known (x,y)
coordinate. For an infinitesimal target it follows that all information about the original momentum in
the xy plane will be destroyed by the measurement. For a small target the radial momentum
distribution of the neutron in the approximation leading to the expressions above becomes propor-
tional to [J,(k,R,)/k,R I the usual diffraction pattern, depending only on the radius of the target. This
means that the wave function at the moment of the collision takes a form that factorizes, so that the
k, distribution will not be changed by an incomplete detection of the k, and k, components.

4. Concluding Remarks

The paralle]l momentum distributions of the heavy fragment in processes such as (*'Be,'’Be)
and (*B,’Be) on light targets reflect the halo wave function in a localized region outside of the nuclear
core. When this is taken into account, the calculated longitudinal momentum widths and reaction
cross sections are in good agreement with the experiments. The transverse momentum components
and also the momentum distributions of the halo nucleon(s) provide interesting complementary
information [17].

The author appreciated interesting discussions with many colleagues during the Argonne
Conference on Nuclear Structure at the Limits, and comments made by Henning Esbensen and Enrico
Vigezzi have been taken into account in this written version of my presentation.
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Shell-Model Monte Carlo Calculations Near N = Z
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(August 30, 1996)

The pairing and structure of nuclei near N = Z is de-
scribed in the framework of shell-model Monte Carlo (SMMC)
calculations. Principal results include the enhancement of
J=0 T=1 proton-neutron pairing at N=Z nuclei, and the
marked difference of thermal properties between even-even
and odd-odd N=Z nuclei. Additionally I will present a study
of the rotational properties of the T=1 (ground state), and
T=0 band mixing seen in "*Rb.

I. INTRODUCTION AND FORMALISM

As new radioactive beam facilities become operational,
a wealth of information on nuclei near the N=Z line has
emerged. Several physical features in these nuclei are of
interest. First, proton-neutron pairing is enhanced for
N = Z nuclei as comparedto N = Z +2, N = Z +4,...,
nuclei. This enhancement can be seen when computing
the A,y, Angn, and Apy, residual pairing from the exper-
imental masses [1]. Empirical mass formulae (see e.g.
Ref. [2]) indicate that the enhancement of p-n pairing is
partially due to the Wigner term, and partially due to
p-n pairing within the mass formula itself. Exact calcu-
lations of the pairing operators unambiguously indicate
the nature of the pair condensates within a nucleus, and
will be one of the focuses of this presentation.

A second interesting property is that of T=1 ground
states for odd-odd N=Z systems. The p-n pairing plays
a major role here. One way to approach the p-n pair-
ing in odd-odd N=Z nuclei is to consider the rotational
spectrum, as was done experimentally in Ref. [3]. In that
work, the ground-state band was proposed to consist of
T=1 isobaric analog states seen in "Kr, while the T=0
odd-spin states became yrast at about 1.5 MeV of exci-
tation energy.

In this contribution, I will attempt to elucidate several
of these interesting properties using the tools of shell-
model Monte Carlo (SMMC) [4]. SMMC offers an al-
ternative way to calculate nuclear structure properties,
and is complementary to direct diagonalization. SMMC
cannot find, nor is it designed to find, every energy eigen-
value of the Hamiltonian. It is designed to give thermal or
ground-state expectation values for various one- and two-
body operators. Indeed, for larger nuclei, SMMC may
be the only way to obtain information on the thermal
properties of the system from a shell-model perspective.
We are interested in finding the partition function of the
imaginary-time many-body propagator U = exp(—BH)
where § = 1/T and T is the temperature of the system in

‘one must integrate to obtain physical answers.

MeV. We calculate expectation values of any observable
2 with

A OO

Q) = —_— - 1

@ = 0

Since H contains many terms that do not commute, we
must discretize 8 = N;Ap. Finally, two-body terms in H
are linearized through the Hubbard-Stratonovich trans-
formation, which introduces auxiliary fields over which
The

method can be summarized as

Z = TeU = Trexp(—BH) —» Tr [exp(—Aﬂﬁ)] N‘

. / ’D[o-]G(a)Trﬁexp [Aﬂfz(a,,)] , 2)
n=1

where o, are the auxiliary fields (there is one o-field for

each two-body matrix-element in B when the two-body
terms are recast in quadratic form), D[] is the measure
of the integrand, G(¢) is a Gaussian in ¢, and h is a one-
body Hamiltonian. Thus, we have transformed the shell-
model problem from diagonalization of a large matrix to
one of large dimensional quadrature. Dimensions of the
integral can reach up to 10° for rare-earth systems, and it
is thus natural to use Metropolis random walk methods
to sample the space. Such integration can most efficiently
be performed on massively parallel computers. Further
details are discussed in [4].

Realistic interactions often have a Monte Carlo sign
problem, that is they have complex actions. We have
found that a certain class of Hamiltonians has good
Monte Carlo sign properties, and we perform calculations
with these Hamiltonians. Fortunately in nuclear physics
good Hamiltonians, such as pairing plus quadrupole, are
not too far removed from realistic Hamiltonians so that
the extrapolation is a gentle function of the coupling con-
stant, g [5].

The residual nuclear interaction builds up pairing cor-
relations in a nucleus. A measure of these correlations
may be studied using the operator

1

.. 1
AL 1 (Gads) = A [aja x a},] (3)

for like-nucleons (proton-proton or neutron-neutron
pairs), and

A.TIM(jajb) = ﬁ { [a;ju x aIlJ'b] + al‘ja X alt’jb]} J
(4)




233

where “+(-)” is for T=0 (T=1) p-n pairing. A convenient
measure of the pair correlations is the trace of the pair
matrix which is given by

My = (Aby Gads) A (icia)) - (5)
M

Correlations are determined after a mean-field compo-
nent is subtracted from this matrix, as discussed in [4].

In the following I will describe some of the initial calcu-
lations for pf shell nuclei, and more recent results in the
0f5/21p0g9/2 space. I will conclude with a future outlook
for large calculations within the SMMC framework.

II. INTERACTIONS AND MODEL SPACES

SMMC calculations of pf shell nuclei were performed
for ground-state [6] and thermal [7,8] properties of nu-
clei using the Kuo-Brown [9] interaction modified in the
monopole terms [10]. (The interaction has subsequently
been dubbed KB3.) Excellent agreement between theory
and experiment was observed, indicating the usefulness
of this interaction for pf shell nuclei up to A = 60. The
KB3 interaction also successfully reproduces many of the
ground-state properties and spectra of nuclei in the lower
pf shell [11]. As an example, Fig. 1 displays the mass ex-
cesses in this model space, relative to the 4°Ca core (top
panel), and the deviation between theory and experiment
(bottom panel). Investigations of B(E2)’s, B(M1)’s, and
Gamow-Teller operators were also carried out, and good
agreement in comparison to experimental data has been
demonstrated [4,6].

In order to investigate heavier systems, the 0gg/2 wWas
included in the pf model space [9]. However, we found
that the coupling between the 0f7/2 and Ogg/2 causes
fairly significant center-of-mass contamination to the
ground state, and we therefore close the 0f7/2. The
model space is thus 0f5/21p0gose. This appears to be a
good approximation in systems where both the neutrons
and protons completely fill the f7/, level. The monopole
terms of this new interaction were modified [12] to give
a good description of the spectra of nuclei in the Ni iso-
topes. Since 6Ni is the core of this model space, the
single-particle energies were determined from the 7Ni
spectrum. Mass excesses (top panel) and differences be-
tween experiment and theory (bottom panel) are shown
in Fig. 2 for this new interaction.

1I1. PAIR CORRELATIONS NEAR N=Z

It has long been anticipated that J = 0% proton-
neutron correlations play an important role in the ground
states of N = Z nuclei. These correlations were ex-
plored with SMMC for N = Z nuclei in the mass re-
gion A = 48 — 58 in the pf-shell, and A = 64— 74 in
the 0fs/21p0go/2 space. As the even-even N = Z nuclei

have isospin T = 0, the expectation values of ATA are
identical in all three isovector 0% pairing channels. This
symmetry does not hold for the odd-odd N = Z nuclei in
this mass region, which usually have T = 1 ground states,
and (AT A) can be different for proton-neutron pairs than
for like-nucleon pairs. (The expectation values for proton
and neutron pairs are identical.)

We find the proton-neutron pairing strength signifi-
cantly larger for odd-odd N = Z nuclei than in even-even
nuclei, while the 0% proton and neutron pairing shows the
opposite behavior, in both cases leading to a noticeable
odd-even staggering, as displayed in Fig. 3, for the pf
shell. Due to the strong pairing of the f7/2, all three
isovector 0% channels of the pairing matrix essentially
exhibit only one large eigenvalue which is used as a con-
venient measure of the pairing strength in Fig. 3.
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FIG 1. Upper panel (a): Comparison of the mass excesses
AM as calculated within the SMMC approach with data.
Lower panel (b): Discrepancy between the SMMC results
for the mass excesses and the data, AM. The solid line
shows the average discrepancy, 450 keV, while the dashed
lines show the rms variation about this value (from [6]).

This staggering is caused by a constructive interference
of the isotensor and isoscalar parts of ATA in the odd-
odd N = Z nuclei, while they interfere destructively in
the even-even nuclei. The isoscalar part is related to the
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pairing energy and is found to be about constant for the
nuclei studied here.

_50 T L] T T T T T T T T
\ 4
-100 . T
~ G;\‘;\b\v N=Z
> ~,
] k-3
\E-r =150 - >~ Expt Se \ < T
= o0 SMMC Kr \\
-200 | Sr E
-250 + i t —— t + 1 } }
2+ a i
- 1F . - i
> . . -
© B - T g a
2 0 L . - - .
E = - »Se ‘.__ L * -
W 4 e e Kr " S
s - 8r ¢ . 1
-2 Fe . aN=Z . MCerror

_3 1 (] 1 i
60 62 64 66 68 70 72 74 76 78 80 82
A

FIG 2. Calculated mass excesses are compared with ex-
periment (top panel), and the difference between exper-
iment and theory is shown (bottom panel).
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FIG 3. Largest eigenvalues for the J = 0, T = 1 proton-
proton (left) and proton-neutron (right) pairing matrix
as a function of mass number.

Fig. 4 shows the correlated pairs for N = Z nuclei in
the A = 64— 74 region of the 0f; /21p0g9/2 space. Corre-
lated pairs are calculated by summing over the full Myq

matrix and subtracting the mean field which is deter-
mined by calculating the pairing matrix in the absence
of the two-body interaction. Note that 5¢Ge exhibits lit-
tle J = 0 pairing, indicating that the p3/2 subshell is
relatively closed for this system. The correlated pairs
exhibit a strong J = 0, T" = 1 like-particle staggering
for the even-even and odd-odd N = Z systems, while the
number of correlated proton-neutron pairs is much larger
than the like-particle pairing for the odd-odd systems.
The correlated pairing behavior of N = Z, N = Z 4 2,
N = Z + 4 nuclei is shown in Fig. 4, where one clearly
sees the decrease in T=1 proton-neutron pairing as one
moves away from N = Z.

1.5 T T T Y T T T T
+——e J=0 pp
O 0 J=0 nn T
=--2J=0pn T T
o} T ]
A % _
o K
- 0.5 4
v T T

00} F-—I~\{

0.5 L ' ' ) . ' L L .
62 64 66 68 €8 70 72 72 74 76 78

FIG 4. Correlated J = 0, T = 1 pairs in the proton-
proton and proton-neutron channel for N = Z nuclei in

the 0f5/21p0gg/2 model space.

Another striking feature of proton-neutron pairing can
be found through studying the thermal properties of
these systems [4,7,8]. In the case of 5?Fe J = 0,
proton-neutron and like-particle pairing decrease quickly
to fermi-gas values at a temperature of approximately 1.1
MeV (corresponding to an excitation energy of approx-
imately 4 MeV). This decrease in pairing behaves like
P(T) = Py(1+exp {T;OKTQ})_I, where Ty =~ 1.1 MeV,
and o = 0.25 MeV, and 1s the same for both like-particle
and proton-neutron T=1 pairing. For the case of 5°Mn,
the proton-neutron pairing decreases much more quickly,
and is almost zero at approximately a temperature of
0.75 MeV, while the like-particle pairing remains until
1.1 MeV. One also sees a dramatic drop in the depen-
dence of the isospin < T2 > [= T(T'+1)] on temperature.
Since ®®Mn has a T' = 1 ground-state, < T2 >= 2 at very
low temperatures, but decreases towards zero as the sys-
tem is heated, indicating a thermal mixture of T=1 and
T=0 states.
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IV. PAIR. CORRELATIONS IN ™RB

The band mixing seen in “Rb can be measured within
SMMC by adding a cranking term to the shell-model
Hamiltonian. Thus H «— H + wJ,. Note that since J,
is a time-odd operator, the sign problem is reintroduced,
and good statistical sampling requires the cranking to be
carried out only to finite w. For the calculations shown
in Fig. 5, the largest cranking frequency wasw = 0.4. A
signature of the band mixing is a change in the isospin
< T? > as a function of < J, >, which is shown in
the figure. We see that at about a spin of J, = 4h,
< T? > moves away from its initial value of 2. A mixing
of T = 0 and T = 1 states forces the expectation value
to decrease. Thus in a full shell-model calculation, we
predict the onset of this mixing at approximately J, =
4h, consistent with the spectrum found in Ref. [3].
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FIG 5. < T? > as a function of J, for ™Rb.

V. CONCLUSIONS AND FUTURE PROSPECTS

In these Proceedings I have indicated some of the stud-
ies of pairing that are accessible using SMMC techniques.
As the above results indicate, strong J = 0, T = 1
proton-neutron correlations exist for odd-odd N = Z nu-
clei, and die off quickly as one adds neutrons. Thermal
studies of N = Z even-even and odd-odd systems indi-
cate that proton-neutron pairs break more readily with
increasing temperature than do the like-particle pairs.
PFinally, an odd-odd N = Z system such as "*Rb should
exhibit a T =1 to T = 0 band mixing as one cranks the
system.

I would like to close with a forward glimpse into the
near future of SMMC. Two directions relevant to this

conference are currently being pursued. The first deals
with deformations in the mass 80 region. Obviously,
inclusion of the 0goj, cannot describe the deformation
of nuclei such as 8°Sr, and one must also include more
single-particle states from the sdg subspace. The sim-
plest way to do this is to include the 1ds; into the sub-
space, and use a collective quadrupole interaction be-
tween the Ogg/2 and 1ds/s. The upward B(E2)’s are
shown in units of e2 fm? in the table with and without the
inclusion of the 1ds;3. The effective charges are ep = 1.5
and e, = 0.5. Although the lighter nuclei (such as *Ge)
are slightly affected, 3%Sr is describable in this manner,
and thus these preliminary calculations indicate a possi-
ble way to consistently describe nuclei in the entire mass
60-90 region.

Nucleus no ds;z with ds/2 expt
66Ge 1181 + 40 1938 960
728e 1854 2800 1750
80Gr 1526 7804 8400

The second new development concerns SMMC cal-
culations in two major oscillator shells. The difficulty
that must be overcome concerns the center-of-mass mo-
tion that comes about due to the stationary nature of
the mean-field potential. We use the Glockner-Lawson
technique to remove the center-of-mass component. We
use the WBMB interaction [13] with the pf shell single-
particle energies adjusted downward by 3 MeV relative
to the sd-shell. Results of these calculations are shown
in Fig. 6.
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FIG 6. Calculations of < H > (upper) , B(GT) (upper
middle), B(E2) (lower middle), and < Hem > (lower) for
three nuclei in the full sd-pf shells.
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A cranked mean-field model that takes into account both T=1 and
T=0 pairing interactions is presented. The like-particle pairing interac-
tion is described by means of a standard senioritf force. The neutron-
proton channel includes simoultanously correlations among particles mov-
ing in time reversed orbits (T=1) and identical orbits (T=0). The cou-
pling between different pairing channels and nuclear rotation is taken into
account selfconsistently. Approximate number-projection is included by
means of the Lipkin-Nogami method. The transitions between different
pairing phases are discussed as a function of neutron/proton excess, T;,
and rotational frequency, hw.

The development of highly efficient detector arrays and radioactive ion beam facil-
ities will open up new avenues to study the nature of nuclear interactions at the proton
drip line. In particular, it will allow to access heavy, self-conjugate nuclei and nuclei in the
vicinity of the N=Z line, the kingdom of neutron-proton (np) pairing correlations. Phe-
nomena related to the onset of np-pairing, competition between different pairing modes as
a function of |T,| and rotational frequency, fiw, including possible phase transitions, the
influence of np-pairing on the position of the proton drip line and stability of the nuclei
along the proton drip line due to the additional binding energy emerging from np-pairing
are becoming highly exciting topics in nuclear structure.

The study of np-pairing dates back to the sixties when Goswami and coworkers [1-3]
and Goodman [4] worked out the necessary generalizations of the Bogolyubov transforma-
tion allowing to include np-pairing correlations in the framework of the mean-field theory.
These early studies were limited to light, self-conjugate nuclei, suggesting that the T=0
and T=1 pairing phases are exclusive [5,6]. It was also pointed out that np-pairing ap-
pears to be important only in close vicinity of the N=Z line [7]. The formalism has been
extended to include nuclear rotation in Ref. [8], suggesting a possible phase transition
between the two pairing modes at high spin [9). '

The aim of this paper is to related to basic physics of np-pairing correlations. We
present a model applicable for pairing-and-deformation selfconsistent cranking calcula-
tions with approximate restoration of particle-number symmetry. As a starting point of
our considerations we chose the eigenstates of a deformed phenomenological single-particle
potential. The main goal is to construct a formalism which accounts for simultaneous scat-
tering of (i) the nucleonic pairs where both particles occupy states belonging to different




238

signature (o3 mode) and (i) pairs where both particles occupy states of the same signa-
ture (a3 mode). Starting with the most general Bogolyubov transformation, we enforce
the so called antilinear simplez symmetry, S* = PTR, [8] as selfcon31stent symmetry
(SCS) [10]. The S symmetry considerably simplifies the structure of the density matrix,
p = V*V7T, and pairing tensor K = V*UT:

p= (R(gaﬂ) m(gé,;)> +i (3(2&[,) %(ga,;)) : (1)

“= ((oug “‘S““)Jf (56 g @)

and consequently the structure of Hartree-Fock-Bogolyubov (HFB) equations.

Our two-body np-pairing interaction is an extension of the standard seniority pairing
interaction. It is separable in the particle-particle channel, Dpp, o 9ep9ys, With gap
proportional (up to a phase factor) to the overlap (a,|B,/) between single-particle wave
functions. Beyond weak modifications due to the isovector part of our mean-field, like the
static Coulomb field, the interaction is dominated by aé& and aa types of pairing. The
structure of & and a.ex types of pairing correlations can be related to the isospin quantum
numbers. Under the assumption of the time-reversal invariance and isospin symmetry the
a& pairs are of isospin T=1 while the avex pairs are of isospin T=0. The T=0 component
of ce pairing is ruled out through the SA symmetry as well the T=1 component of the
aca pairing. This simple analysis shows that symmetries play an important role in the
theoretical description np-pairing [7] that deserve more systematic study.

To avoid a sudden collapse of the mean-field pairing correlations induced by e.g. fast
nuclear rotation we introduce an approximate particle-number projection by extending
the Lipkin-Nogami (LN) method [12]. This method is equivalent to a restricted HFB-type
variation, 6(HF B|#“|HF B) = 0, for the Routhian:

He =AY - z,\mAN S ADAN AN, (3)

77!

with linear constraints treated variationaly and quadratic constraints calculated selfcon-
sistently using three additional subsidiary conditions [11]. The LN equations are similar
to the HFB equations but for Routhian (3).

An open question in mean-field calculations relates to the strength of the np-pairing
interaction. Whereas the strength of the seniority pairing force is well established by fit
to the odd-even mass differences, very little is known concerning the np-pairing force.
Based on 1sosp1n—symmetry argument, it seems well justified to assume that at N~Z line

Gon) ~ GT =1 Qur results will therefore be presented either as a function of or at a
given value of the parameter z7=C that scales the strength of T=0 np-pairing w1th respect
to the average strength calculated for nn- and pp- correlatlons ie. 27=0 = GI=0 / G’np ,
GT -1 = (Gn + Gp) / 2.
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FIG. 1. Average pairing gaps for a self-conjugate nucleus, N=Z, as a function of
g7=0 = GL50/GL". Left (right) panel shows the results of calculations without (with) particle
number projection.

Fig. 1 shows the pairing gaps at zero frequency calculated with (BCSLN) and without
(BCS) approximate number projection for a self-conjugate, N=Z, nucleus. The BCS
version of our model has been discussed in the literature [4] and the solutions can be
characterized as follows:* (¢) For 277° < 1 (G5>? < GL=') the T=1 pairing is energetically
favoured over the T=0 pairing. The pairing energy depends only on A? = 2A2+ (AT—l)2
and no energy is gained by activating the T=1 np-pairing. (i:) The solution at z'=° =1
(GE® = GZ7Y) is highly degenerate. The HFB energy depends only on A% = 2Af +
(A’P =1)2 + IAT—OI2 Also in this case, no energy is gained due to np-pairing. (i) The
solution at 720 > 1 (GE® > GZ>1) corresponds to a pure T=0 np-pairing phase.

As shown in Fig. 1, the results from the number-projected calculations are quite
different. The critical value of the strength necessary to activate T=0 np-pairing is larger,

z27 ~ 1.1. The LN-method introduces different modifications of the pairing potential
for the T=1 pp- (nn-) and T=1 np-pairing field. It causes that at z7=° < zI3? and
under the assumption of GL>! = GZ=! the pairing gap for the T=1 np-pairing, Af,’;; ,
becomes zero. It implies that the LN method has an isovector component, that requires
further investigation. However, at z7=° > zT=0 the T=0 np-pairing correlations coezists
with the T=1, |T,|=1 pairing. The exclusivness of T=0 and T=1 pairing phases in N=2

*In this case we disregard Coulomb energy and therefore G, = G, and A, = A, = Ag




240

nuclei is a generic feature of the BCS method and is smeared out in the number-projected
calculations.

2 ) ) 1 I ) I ) ) 1
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FIG. 2. Calculated additional binding energy, E(z7=%) — E(zT=° = 1), arising from the
presence of T=0 pairing for a number of Cr-isotopes in the vicinity of the T,=0 line. Different
curves denote results for: z7=0=1.1 (e), 1.2 (A), 1.3 (solid triangles) and 1.4 (x). The solid line
without symbols denotes the Wigner energy term due to [14] and the dotted line (*) marks the
result of the ETFSI-model [15].

For Ns#Z both BCS and BCSLN models provide solutions which are qualitatively
similar to the T,=0, BCSLN case i.e. the T=0 np-pairing correlations coexist with the
T=1 pp- and nn-pairing correlations. It is worth stressing that the value of z13? is strongly
T, dependent i.e. increases quite rapidly with neutron/proton excess or, alternatively,
np-correlations are restricted to small |T,|. In consequence, our calculations suggest a
critical value of |TS*| beyond which, i.e., for |T,| > |T¢"#|, there is no collective solution
to np-pairing, see Fig. 2. The narrow range of np-pairing correlations with respect to |T,|
suggests that they might give a possible microscopic explanation of the Wigner energy in
even-even nuclei [13].

Fig. 3 illustrates the response of different pairing phases to nuclear rotation, see
also [8,9]. These are qualitative calculations at constant deformation and as such should
not be directly compared to the experimental data. The standard calculations with |T,|=1
pairing force are compared to the case with T=0 np-pairing. At hw = 0, the strength
of the T=0 force is undercritical and T=0 pairing is not active. At a certain critical
frequency, Aweri;, there is a sudden onset of T=0 pairing, see also [9]. The latter effect
can be viewed as either a phase transition or as band crossing.




241

60 TTTTTTTTTIT IR TTTITTTTTITTTOITLI

46
Cr

g
o

N
o

J® [#R/MeV]

o

1 T O O T I I IO T A O

04 0.8 1.2 0.4 08 1.2
hw [MeV]

FIG. 3. The calculated dynamical moments of inertia for *éCr and 48Cr. Open circles
correspond to the case of pure T=1, T,=:+1 pairing and the sharp peak in J @) js due to the
breaking of the f7/3 pairs. The curve marked by solid dots indicate calculations with undercritical

=0 np-pairing strength at hw=0. The sudden rise of the moment of inertia corresponds to
the critical frequency, where the T=0 pairing correlations switch on. Note the entirely different
behaviour of the moment of inertia for the two cases. The dotted line (x) denotes the calculations
without pairing.

The influence of the T=0 np-pairing on the dynamical moment of inertia is apparent.
It reflects the basic difference between the mechanisms of building angular momentum
for the cases of T=1, |T,|=1 pairing and T=0 np-pairing, respectively. For the case
of T=1 pairing the well known pair breaking mechanism dominates. For the case of
T=0 pairing, angular momentum is built up by smoothly aligning np-pairs along the
rotational axis without involving any pair breaking mechanism. In fact, the T=1 pair
breaking and alignment of angular momenta of quasi-particles along the rotational axis
due to centrifugal and Coriolis forces effectively increases the number of nucleons with
parallely coupled angular momenta enhancing T=0, ccr, np-pairing correlations. The
result is a phase transition at high spins, illustrated in Fig. 3. Note, that nuclear rotation
in the presence of this phase resembles rigid-body like rotation even though T=1 pp-
and nn-pairing correlations are present. The moments of inertia in the presence of T=0
pairing actually exceed the value obtained for a system without pairing.

The classes of solutions discussed above appear to be generic for all even-even nuclei
with N~Z, i.e. do not depend qualitatively on A. Our results can be summarized as
follow: The previously suggested exclusiveness of the T=0 and T=1 pairing phases [5,6,9]
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does not find support in our calculations. The sudden phase transition between the T=0
and T=1 pairing modes is a generic feature of the BCS approximation for N=Z nuclei.
This phase transition becomes smeared out in number-projected LN calculations. There,
the T=0 np-pairing correlations coexist with T=1 nn- and pp-pairing correlations over a
broad range of the strength GL>° as well as rotational frequency fuw, when £7=0 > zT50.
However, pairing correlations of ccex and @& type counteract. For N#£Z, the T=0 np-
pairing correlations and T=1 nn- and pp-pairing correlations do coexist in both BCS and
number-projected LN calculations. The T=0 np-pairing correlations are confined to a
narrow region along the N=Z line. The additional binding arising from these correlations
may be viewed as a microscopic origin of the Wigner term in even-even nuclei. Even
in the cases where np-pairing correlations are not present in the ground state one can
generate T=0 np-pairing correlations at large rotational frequencies. An onset of ae
np-pairing quite dramatically influences the mechanism of building angular momenta.
The T=0 np-pairs can easily be decoupled from the deformed core by the Coriolis force
and consequently nuclear rotation resembles rigid-body like rotation though pp- and nn-
pairing correlations are present. In both BCS and number-projected calculations, the T=0
and T=1 phases of np-pairing are exclusive at fiw # 0. We believe that this exclusiveness
is an artifact related to our schematic interaction and/or the assumed self-consistent
symmetries. '
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Abstract

For the first time excited states of the neutron deficient nuclei %Cd and 1°2Sn were iden-
tified using in-beam spectroscopy following fusion evaporation reactions. Half lives of long
lived isomeric states in both nuclei were also measured. Due to very low cross sections for
producing Cd and 12Sn with stable beams and targets, a special detector setup utilizing
NORDBALL ancillary detectors and a recoil catcher device was used. High y-ray detection
efficiency was achieved with two EUROBALL Ge cluster detectors.
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1. Introduction

The region of nuclei around %Sn has been the subject of many experimental and theoretical
studies in the past due to its importance for the Nuclear Shell model. Recently a substantial
progress was achieved in experimental studies of excited states of nuclei in the vicinity of
100Sn. Nuclei with only three quasiparticles away from the doubly closed shell were reached
by the studies of excited states in %7Ag!, 9°Cd? and °'In®. In the continuation of these
efforts this work reports on studies of excited states of the two proton-hole nucleus *8Cd and
its two neutron-particle counterpart 1°2Sn.

2. Experiment

Two experiments were performed at the Tandem Accelerator Laboratory of the Niels Bohr
Institute in Denmark. The first 8 days long experiment aimed at studies of excited states in
%Cd. A 215 MeV %Ni beam was used to bombard a 1 mg/cm? thick “6Ti target enriched to
86 %. The compound nucleus was 1%4Sn and %8Cd was populated in the 1a2n exit channel.
In the second experiment the beam energy was raised to 225 MeV and a 1 mg/cm? thick
0Cr target enriched to 99.0 % was used. This 10 days long experiment aimed at excited
states of 1%2Sn populated via the reaction °Cr(®®Ni,10:2n).

Due to very low cross sections for producing ®Cd and 1°2Sn in the 1o:2n reaction channel
and since there were indications for long lived isomeric states expected in both nuclei), a
special detector setup was assembled, see figure 1. The setup consisted of two parts. A
4r Silicon ball with 31 elements®, a 2 Neutron wall with 15 elements® and 5 large BaF,
detectors were placed around the target. The ancillary detectors were used for identification
of the reaction channel and for obtaining a precise time reference signal for each event.
By carefully aligning the time signals from all ancillary detectors a resolution (FWHM) of
about 2 ns was achieved for the time reference signal. Such a good time resolution was
essential for good neutron-y separation in the neutron detectors, which was done by means
of a combined time-of-flight and pulse shape discrimination technique. Besides a fairly high
neutron detection efficiency of 27%, the neutron-y separation also turned out to be very
good. Only 0.2% of the events not connected with neutron emission were misinterpreted
as if one neutron was detected. About 1% of the events, where one neutron was emitted
were found in the 2n gated spectra due to neutron scattering from one detector to another.
Protons and o particles were detected in silicon detectors with detection efficiencies of 64 and
42%, respectively. The separation between protons and « particles was done according to the
energy deposited in the detectors. Low energy « particles emitted mainly in the backward
angles relative to the beam direction deposit the same amount of energy as protons, which
caused about 9% of the emitted o particles to be misinterpreted as protons. A small fraction,
less than 0.1%, of the emitted protons were misinterpreted as « particles.

The second part of the experimental setup consisted of an exchangeable recoil catcher foil”
and two EUROBALL Ge cluster detectors®), placed 60 cm downstream from the target.
The recoil catcher foil had a diameter of 10 cm. In the center it had a 1 cm wide hole for
beam. It was exchanged once every hour in order to decrease the background from long lived
radioactivity. The Ge detectors were placed around the catcher foil. Therefore, only 7-ray
decays, that occurred after the recoils were stopped in the catcher foil, were detected. The
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Figure 1: Experimental setup used for studying nuclei with long lived isomeric states.
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flight time of the recoils was about 50 ns. With this setup the background originating from
prompt -y radiation could be decreased by more than an order of magnitude compared to our
previous in beam experiments®®. The BGO shields of the Ge cluster detectors, except for
the back catchers, were not used, and thus the detectors could be placed very close to the
recoil catcher foil. The distance between the center of the catcher foil and the front face of
the central Ge crystal in the cluster detector was 78 mm, which resulted in a -y-ray detection
efficiency of about 6% at 1.3 MeV.

The trigger system was also specially adjusted to suit studies of long lived isomeric states.
Events were accepted if there was at least one signal from the Ge detectors between 30 and
880 ns after the reaction. The time of the reaction was determined by the ancillary detectors.
The energy and time signals from the Ge and Si detectors, the time-of-flight and zero-cross-
over time signals from the neutron detectors and the time signals from BaF, detectors were
written to tape for each accepted event.

3. Results

The analysis is still in progress and therefore all the results are preliminary. We have
identified four « rays belonging to ®Cd with the energies 1395, 688, 199 and 148 keV. A
half life of approximately 480 ns was measured for the expected isomeric 8+ state. The cross
section for the 4°Ti(%®Ni,1a:2n)%Cd reaction was approximately 20 ub.

Two < rays with energies 1472 and 497 keV were identified to belong to '°2Sn. The half
life of the expected isomeric 6 state was measured to be approximately 1 us. We expected
to find three E2 transitions between the 6% state and the 0* ground state. However, it is
very probable that a low energy transition between the 6% and 4™ states was not observed
due to low statistics and due to the internal conversion of such a low energy E2 transition.
The measured relative cross section for the reaction *°Cr(®®Ni,1a2n)'2Sn compared to the
reaction 5°Cr(®®Ni,1a2p)!°2Cd was approximately 0.02%. Assuming that the cross section
for the reaction leading to 1°2Cd is 50 mb, as obtained from the CASCADE? code, and that
the isomeric 8+ state in 192Cd is populated in only 20% of the reactions leading to 1°2Cd!?,
the cross section for the reaction leading to °2Sn is about 2 ub.
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Excited states in the proton rich nuclide 3$Hfss were observed for the first time using the
102pd(*8Nj,2p2n)'°® Hf reaction at 270 MeV. Gamma rays were detected with the AYEBALL array
of Compton suppressed Ge detectors, placed in front of the Fragment Mass Analyzer, and were
assigned to individual reaction channels using the Recoil-Decay Tagging Method. Prompt v-ray
cascades were associated with the alpha decay of both the ground state and the 8% isomeric
state in !58Hf, The level scheme constructed for !58Hf is compared with level schemes of lighter
even-even N=84 isotones and is discussed within the framework of the Shell Model.

I. INTRODUCTION

The structure of nuclei situated along the N=82 neutron shell closure, above the Z=64 line have for a long time
been an aim of numerous studies. Interest in this region of the chart of nuclides increased after the discovery
that 148Gdgs can be regarded as a doubly magic core [1]. This has been attributed to the presence of a large
energy gap between the g7/2, ds/2 proton orbitals, which are filled in 14°Gd, and the remaining proton orbitals
of the Z=50-82 major shell, i.e. hy1/2, s1/2 and dajs. The immediate neighbors of *°Gd can be produced with
relatively large cross sections using heavy-ion induced fusion-evaporation reactions and there exists a vast amount
of experimental data on their structure. For a summary of a large body of experimental work see ref. [2]. Deduced
single-particle energies and two-body matrix elements, with respect to the 146(3d core, have been used in several
shell-model calculations which successfully reproduce excited states observed in nuclei which have more than two
valence nucleons outside the 146Gd core [2,3].

The N=82 isotones heavier than 2$Gdg, are an ideal testing ground for studying the proton-proton residual
interaction, and it is worth noting that their yrast high spin states, can be accurately described using the (7hy;/2)"
configuration space. The N=84 isotones heavier than 83Gdg4 on the other hand are crucial for determining both
the interaction between neutrons in the f7/, and hg/, orbitals (which are the two lowest neutron orbitals) and the
interaction of these neutrons with protons gradually filling the hy; /2 orbital. In addition, the i;3/2 neutron orbital
also plays a significant role at higher excitation energies, due to its large angular momentum which effectively
contributes to the total spin.

Another interesting aspect of studies of light nuclei with N>82 and Z>64 is the close proximity of the proton
drip-line. This presents an opportunity to address questions related to the interplay between v decay and proton
decay, the formation of proton halos in heavy nuclei, and the impact of the continuum on loosely bound states.
In fact, a number of new proton emitters have been recently identified in this region in a series of experiments
performed at the ATLAS accelerator using the Fragment Mass Analyzer (FMA) [4]. Every odd-Z element between
Ta and Bi has been found to have at least one isotope which decays by proton emission. In addition, there exists
a vast amount of data on alpha decay in this region (see [5] and references therein).

However, studies of the level structure of proton rich nuclei in the N>82, Z>64 region are impeded by very
small reaction cross sections due to the lack of suitable stable target and beam combinations, strong competition
from fission and fragmentation of the fusion-evaporation cross section. The nucleus 134Hfg, is the heaviest N=82
isotone with known excited states. The decay of its 10* isomer has been observed using the Daresbury Recoil
Separator [7]. Excited states of even-even N=84 isotones through 33Ybgs [8] and odd N=84 isotones through
183 mg, [9] have been investigated in a series of in-beam experiments summarized in ref. [3].

A procedure, termed the Recoil-Decay Tagging (RDT) method, has recently been employed for identifying
in-beam prompt + rays in nuclei which undergo « or proton decay. The method was successfully used for the
first time for o and proton emitters in the 1°Sn region and yielded very promising results [6].

In the present work, prompt y-ray cascades correlated with the two « lines, previously assigned to 1°°HIf, were
identified using the RDT method. The level scheme obtained for 1%6Hf will be discussed in the framework of the
Shell Model and compared with the excited states observed in neighboring nuclei.
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II. EXPERIMENT

A 270 MeV %®Ni beam from the ATLAS accelerator was used to bombard a 1 mg/cm? 1°2Pd target in order
to populate excited states in 12§Hfg, via the 2p2n fusion-evaporation channel. Gamma rays were detected with
AYEBALL [10], an array of 16 HPGe detectors and 2 LEP spectrometers surrounding the target, placed in
front of in the FMA. Detected v rays were assigned to individual reaction channels using the RDT method [6].
Residual recoiling nuclei were dispersed in the FMA according to their mass to charge state ratio and implanted
into a Double-Sided Silicon Strip Detector (DSSD) placed behind the focal plane of the FMA. The subsequent
characteristic « decays observed in the same pixel of the DSSD as the implantation allowed complete identification
of the implanted residues and thus of v rays detected at the target position.

The ground state of '*°Hf has a half life of 23 ms and is known to decay predominantly by emitting an o
particle with an energy of 5.87 MeV. Another « line with an energy of 7.78 MeV and a half-life of 0.52 ms has
been assigned to the decay of an isomeric state in *5°Hf [5]. The isomeric state has been found to be populated
following the § decay of the [rh;; J2vf7/2]o+ state in 156Ta, and, as a result, has been assigned as a [vhoyovfr/o)a+
configuration in analogy to heavier N=84 isotones [11]. In the present experiment, prompt y-ray cascades could
be associated with both !5SHf alpha lines.

The energy spectrum of « particles collected in the DSSD during the experiment is shown in Fig. 1.
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FIG. 1. Energy spectrum of alpha particles measured in the DSSD.

Both '5°Hf « lines represent about 1% of the entire spectrum. Singles y-ray spectra tagged on the !56Hf alpha
lines are presented in Fig. 2. Three strong y-ray lines are correlated with the ground state a decay of !56Hf.
The spectrum correlated with the o particles emitted from the isomeric state is somewhat more complicated,
indicating fragmentation of the decay path at higher excitation energies. A preliminary level scheme for 156Hf is
proposed in fig. 3.
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FIG. 2. Gamma-ray singles spectra tagged on a) the ground state o decay of 5®Hf and b) the a decay of the 81 isomeric
state in 1*®Hf.
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FIG. 3. A preliminary level scheme for *SHf.

Gamma-ray transitions were ordered solely on the basis of the measured y-ray intensities in the singles recoil-decay
tagged spectra. Because of the low statistics, only the strongest transitions have been placed in the level scheme.
The spins and parity assignments of the proposed levels were obtained using fragmentary angular distribution
information. These assignments are, however, supported by comparison with the systematic behavior of states in
the lighter known even-even N=84 isotones. They should nevertheless be regarded as preliminary.
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II1I. DISCUSSION

The three strong v-ray transitions feeding the ground state are placed in a cascade of stretched E2 transitions
forming a 6742+ 0% sequence of states. As shown in fig. 4, the resulting 2+, 4+ and 6% excitation
energies follow the systematics of the lighter known even-even N=84 isotones and, together with the ground state,
are proposed to form the (vf7/3)? multiplet.
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FIG. 4. Systematics of yrast states in even-even N=84 isotones. The configuration assignments proposed in this work
are indicated on the right hand side of the figure. The 8* state shown for !°®W has only been oberved in a-decay studies.

The energy sum of these three y-ray transitions places the 6% state above the 8+ isomer. An E4 ~-ray transition
is the only competition for the # and o decays from this state. The 8% state is thus a classical yrast trap. The
lowering of the 8% state with respect to the 6% level as Z increases is mainly a consequence of the narrowing of the
energy gap between the two lowest lying neutron orbitals, viz/2 and vhyy, as illustrated in fig. 5. In the heavier
N=84 isotones this trend has been associated with the strong attractive interaction between the hy; /5 proton and
the hg/> neutron when coupled to spin I=14 [3]. This attraction is taken advantage of by each successive proton
pair added to the 14Gd core.

The three strongest transitions correlated with the o decay of the 8% isomer have also been assigned as stretched
quadrupole transitions forming a cascade reaching a spin of 14% and an excitation energy of about 4.3 MeV. This
sequence resembles the cascades seen in the lighter N=84 isotones, and the proposed 10%, 12+ and 14% states
can be interpreted as the (uf7/2)§+,2+’ 4+ states coupled to the aligned proton pair (hyy/5)%,,. Gamma-ray lines
remaining in fig. 2b have not yet been placed in the level scheme. They are most likely situated above 4 MeV
excitation energy where the decay path is fragmented, as has been observed in !5¢Yb [8].
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FIG. 5. Systematics of the neutron single-particle states in odd N=83 isotones. The 9/2™ state in *>*Hf was extrapolated.

Although the interpretation of the 136Hf level structure proposed in this work appears to be quite strightforward,
more in depth shell-model analysis may shed some light on the growing role of the hg2 neutron orbital. A simple
extrapolation from known nuclei places this orbital only 200 keV above the f7/; neutron orbital in 'Hf and
both orbitals are almost degenerate in 133W, a nuclues which has only 2 protons more than !3Hf. One of the
consequences of this degeneracy would be the mixing of the members of the (vhg /2)5.,.,24_’ 4+ o+ gt multiplet with
the yrast (1/f7/2)2 band. Also any attempt to find footprints of the interaction between the continuum and the
observed states requires data with much better statistics, which is necessary to extend the level scheme of 156 £
to higher excitation energies, both along the yrast line and above it.

In the same experiment, excited states in the odd-Z proton-rich N=84 isotones **Lu and !3"Ta were also
observed for the first time. It is also worth mentioning that evidence was found that one of the states in 157Ta,
most likely the mdg/, state which have not been seen before, undergoes direct proton decay. Prompt y-ray
cascades were correlated with the o decays of the hy; o proton states in both nuclei and with the 25/2~ isomer
in !55Lu. Preliminary analysis of the y-ray spectra correlated with a particles emitted from the wh;y s states
revealed yrast bands similar to these observed in heavier odd-Z N=84 isotones (see fig. 6).
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FIG. 6. Systematics of yrast bands built on the hy;/, proton states in odd-Z N=84 isotones. The states shown for 15570
and '*77Ta are proposed for the first time from the present work. The suggested configurations are indicated on the left
hand side of the figure.
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The proposed E2 cascades feeding the 7h;;/, state reach spin 23/2~. The resulting 23/2—, 19/2—, 15/2~,
11/2~ sequence resembles the 6+, 4+, 2+, 0% sequence in 13°Hf, and can be interpreted as the (f7/2)? multiplet
aligned with the hy;/; odd proton. In addition, possible 27/2 states are suggested for both nuclei which would
correspond to the maximum spin state of the 7hy; />®(vf7/2®vhg /2)g+ configuration. In the 25/2~ state neutrons
occupy the same orbitals as in the 27/27 state but one proton (h;; /2)2 pair is broken. The results show that the
yrast 25/27 state drops below the yrast 23/2~ already in ***Lu and comes down even more in !57Ta forming an
yrast trap. The lowering of the 25/2~ state with respect to the 23/2 state simply mimics the drop of the vhg /2
orbital with respect to the vf7/, orbital.

IV. SUMMARY

In this work results for excited states in three N=84 isotones, i.e. 6Hf, 15Lu and !37Ta, are presented for the
first time. Despite low statistics, the proposed y-ray transitions were unambiguously assigned to the individual
reaction channels using the RDT method and yrast cascades feeding the ground states, and the 8% isomer in
156Hf, were proposed. The resulting level schemes, to a large extent, follow the systematics of the lower-Z N=84
isotones, allowing shell-model interpretation similar to that proposed in ref. [3]. More in-depth analysis requires
data with better statistics.

The RDT method used in the present experiment, is seen to be a very powerful tool to identify in-beam ~-ray
transitions associated with very weakly populated reaction channels at and even beyond the proton drip-line.
Indeed, in another experiment, y-ray transitions correlated with the ground state and isomeric state proton decay
in *“Tm were identified, truly representing in-beam v-ray spectroscopy beyond the proton drip line. A large
array of Ge detectors such as GAMMASPHERE, placed in front of the FMA, would increase the -y coincidence
efficiency by a factor of about 50 compared to AYEBALL, This would allow the extension of already known level
schemes to higher excitation energies and studies even further beyond the proton drip-line. For example, the
heavier even-even N=84 isotone °®W, where the neutron orbitals {7/2 and hg are almost degenerate, would be
well within the range of such a detection system.
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ment of Energy, Nuclear Physics Division, under contract No. W-31-109-ENG-38. T.D. and P.J.W. wish to
acknowledge travel support from NATO under Grant No. CRG 940303.

[1] P. Kleinheinz, R. Broda, P.J. Daly, S. Lunardi, M. Ogawa, and J. Blomqvist, Z. Phys., A290, 279 (1979)

[2] M. Lach, P. Kleinheinz, M. Piiparinen, M. Ogawa, S. Lunardi, M.C. Bosca, J. Styczen, and J. Blomgqvist, Z. Phys.
A341, 25 (1991)

[3] C.T. Zhang, P. Kleinheinz, M. Piiparinen, R. Broda, R. Collatz, P.J. Daly, K.H. Maier, R. Menegazzo, G. Sletten,
J. Styczen, and J. Blomgqvist, Phys. Rev. C54, R1 (1996)

[4] C.N. Davids, D.J. Blumenthal, D.J. Henderson, H.T. Penttils, D. Seweryniak, A.H. Wuosmaa, P.J. Woods, T. Dav-
inson, R.J. Irvine, R.D. Page, J.C. Batchelder, C.R. Bingham, B.E. Zimmerman, L.T. Brown, A.V. Ramayya,
B.C. Busse, L.F. Conticchio, W.B. Walters, S.J. Freeman, M. Freer, and K.S. Toth, Proceedings of the Internat.
Conf. on Exotic Nuclei and Atomic Masses, 1995, Arles, France, Eds. M. de Saint Simon and O. Sorlin, Editions
Frontieres, p. 263

[5] R. Page, P.J. Woods, R.A. Cunningham, T. Davinson, N.J. Davis, A.N. James, K. Livingston, P.J. Sellin, and
A.C. Shotter, Phys. Rev. C53, 660 (1996)

[6] E.S. Paul, P.J. Woods, T. Davinson, R.D. Page, P.J. Sellin, C.W. Beausang, R.M. Clark, R.A. Cunningham, S.A. For-
bes, D.B. Fossan, A. Gizon, J. Gizon, K. Hauschild, I.M. Hibbert, A.N. James, D.R. LaFosse, I. Lazarus, H. Schnare,
J. Simpson, R. Wadsworth, and M.P. Waring, Phys. Rev. C51, 78 (1995).

[7] J.H. McNeill, J. Blomqvist, A.A. Chishti, P.J. Daly, W. Gelletly, M.A.C. Hotchkis, M. Piiparinen, B.J. Varley, and
P.J. Woods, Phys. Rev. Lett. 63, 860 (1989)

[8] C.T. Zhang, R. Broda, R. Menegazzo, P. Kleinheinz, R. Collatz, H. Grawe, S. Hofmann, M. Lach, K.H. Maier,
M. Schramm, R. Schubart, and J. Blomqvist, Z. Phys. A345, 327 (1993)

[9] C.T. Zhang, P. Kleinheinz, M. Piiparinen, R. Collatz, T. Lonnroth, . Sletten, and J. Blomqvist, Z. Phys., A348, 249
(1994)

[10] P.H. Reagan et al., to be published
[11] S. Hofmann, P. Armbruster, G. Berthes, T. Faestermann, A. Gillitzer, F.P. Hesberger, W. Kurcewicz, G. Miinzenberg,
K. Poppensieker, H.J. Schott, and I. Zychor, Z. Phys. A333, 107 (1989)




253

COLLECTIVE PROPERTIES OF DRIP-LINE NUCLEI

I.Hamamoto® and H.Sagawa®
@ Department of Mathematical Physics, Lund Institute of Technology, University of Lund,
Lund, Sweden. ® Center for Mathematical Sciences, University of Aizu, Fukushima, Japan.

Performing the spherical Hartree-Fock (HF) calculations with Skyrme interactions and,
then, using RPA solved in the coordinate space with the Green’s function method, we have
studied the effect of the unique shell structure as well as the very low particle threshold
on collective modes in drip line nuclei [1-3]. In this method a proper strength function
in the continuum is obtained [4,5], though the spreading width of collective modes is not
included. We have examined also one-particle resonant states in the obtained HF potential.
Unperturbed particle-hole (p-h) response functions are carefully studied, which contain all
basic information on the exotic behaviour of the RPA strength function in drip line nuclei.

An appreciable amount of transition strength appears in the very low energy region (just
above the particle threshold) of neutron drip line nuclei, if small angular momenta of particles
are possible in combination with neutron hole orbitals with small binding energies. If no
one-particle resonant states with the required quantum numbers are present for a particle
excitation, the threshold strength consumes the major part of the transition strength, which
is obtained by exciting particles in the given hole orbital. The presence of neutrons with
a few MeV binding energies is sufficient for obtaining a clear exhibition of this low-energy
threshold strength, and the phenomena are differentiated from the socalled soft multipole
excitations in halo nuclei. In our present case the distribution of the whole response strength
including giant resonances can be drastically changed compared with that of B-stable nuclei.

Towards the proton drip line except very light nuclei one may expect, in general, no such
drastic change in either proton one-particle shell-structure or nuclear collective properties,
compared with the case of [-stable nuclei. The expectation comes from the presence of a
high Coulomb barrier, which hinders the occurrence of the phenomena uniquely connected
with very small binding energies of protons. On the other hand, proton drip line nuclei
are relatively easy to reach experimentally. Thus, we will have an opportunity for testing
our understanding of the structure of nuclei far from S-stability, for exmaple, microscopic
models with some effective interactions.

In order to illustrate clearly the low-energy threshold strength in neutron drip line nuclei,
we take the nucleus 280, as a very simple and easily understandable example, since 220
is an £-s doubly closed-shell nucleus, in which p-h excitations within the major shell is
available neither for monopole nor quadrupole excitations. In the harmonic oscillator model
all unperturbed strength of monopole as well as quadrupole excitations in 220 lies at 2hw=27
MeV, using Awo=414A"*/3 MeV. Though in Skyrme HF calculations 280 lies inside the
neutron drip line, there is an experimental indication of the nucleus being outside. In the
case that 280 turns out to lie indeed outside of the neutron drip line, the physics described
in our present work is applicable, for example, to ?*O instead of **0.
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In fig.1 the calculated one-particle levels (including the sharp one-particle resonant states)
of 280 are shown. The last occupied orbital for neutrons is 1dz/, at -1.8 MeV, while that
for protons is 1p,/, at -27.0 MeV. For reference, the major one-particle excitations for the
monopole operator are indicated by arrows. For protons all three excitations are from a
bound to a bound level and the excitation energies are 27-29 MeV. In contrast, for neutron
monopole excitations there is no available one-particle bound or resonant levels. Then, the
unperturbed response strength starts to appear at E=ep , with the (£+1/2) power of the
available energy, (E-eg)‘*}/?, in which E expresses the excitation energy and ep denotes
the binding energy of hole levels. In fig.2 the neutron unperturbed strength is shown for
respective hole orbitals. Since the operator is monopole, the particle state, for example, with
the 1d3/5-hole has to have the quantum number d3/5, and, then, the strength is seen to rise
as (E-1.8)%/2 . No appreciable monopole strength of neutron excitations is found for E >40
MeV. It is seen that the predominant part of the whole neutron transition strength appears
at the energy much lower than 2hwy=27 MeV.

In fig.3 the sum of all the unperturbed neutron strength in fig.2 is expressed by the dotted
line. The proton unperturbed strength at 27-29 MeV is not shown, since the width of the
excitations is zero. In fig.3 the RPA strength function for the isoscalar (IS) and the isovecotr
(IV) monopole mode is shown as a function of excitation energy. It is seen that neither the
IS nor IV RPA strength is concentrated in a narrow energy region around, say, 65A~1/3=21.4
MeV or 170A~/3=56.0 MeV, which is the energy of the respective giant resonance expected
for B-stable nuclei with A=28. In particular, a considerable strength appears in a surprisingly
low-energy region. It is clear that the low-energy strength originates from the unperturbed
neutron strength in the same energy region.

In fig.4 the calculated result of monopole modes of a proton drip line nucleus, }$°Snso ,
is shown. In a clear contrast to fig.3 there is no appreciable low-energy threshold strength,
though the proton threshold energy (=the binding energy of the last occupied proton orbital,
1go/2 ) is 3.15 MeV. The calculated peak energy of the IS monopole giant resonance is 17.5
MeV, which may be compared with the energy of the IS monopole giant resonance observed
for a B-stable nucleus 1 Mosg , 16.0 MeV.

In fig.5 the result of quadrupole modes for 20 is shown. Due to the same reason as
in monopole modes, the RPA quadrupole strength coming mainly from neutron excitations
starts to appear just above the neutron threshold energy, 1.8 MeV. The calculated energy
of the IS quadrupole giant resonance is 15.1 MeV, which is appreciably lower than the
systematic value for B-stable nuclei, E,=58 A~/ MeV = 19.1 MeV. This lower frequency
of the IS quadrupole giant resonance is a feature in nuclei near the neutron drip line.

From our knowledge of §-stable nuclei, the core polarization charge (ey) is expected
to be large, when a collective quadrupole mode appears in the low energy region of the
excitation spectra of the core. Thus, at first sight one might imagine that e,y would be
large in the neutron drip line nuclei. The question is how much the low-energy threshold
strength contributes to ey, and whether or not the contribution is constructive to the one
by the giant resonance. On the other hand, from a general argument one might expect small
epot values for light very neutron-rich nuclei, since the very small proton core, which cannot
contribute anyway so much to e, , may not be efficiently polarized by neutrons. Thus, we
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estimate epoi(E2) values taking the neutron drip line nucleus 280 and the proton drip line
nucleus %57 as examples. The method to estimate ey values is basically the same as the
one employed in ref.[6].

The estimated static epo(F2) values due to the polarization of 280 turn out to be very
small. Using the SkM* interaction, we have obtained €]5(E2)=0.14 and el}(E£2)=0.06 ,
when averaged over one-particle orbitals. That means, e ,(£2)=0.08 e and e},(E2)=0.20
e. We find that in addition to the smallness expected in general for light very neutron-rich
nuclei, a considerable amount of further reduction on the ey (E2) values comes from an
appreciable cancellation between the contributions by the low-lying threshold strength and
those by the higher-lying giant resonance. For example, e{,f,(E2) receives -0.06 e from the
excitations below 9 MeV and +0.20 e from those above 9 MeV in fig.5, while el})(E2) gets
-0.04 e from the excitations below 15 MeV and +0.10 e from those above 15 MeV. It is also
seen that in the case of 20 the cancellation occurs uniquely for e,oi(E2) and not for either
epol( E1) or epoi( E3), for example.

In order to understand the cancellation mechanism, in fig.6 we show examples of IS
quadrupole transition densities of the low-energy threshold strength in 220. The shape of
the transition density in fig.6, which has two radial nodes and a large tail, is very different
from that of a collective surface mode. The unique shape of the radial transition densities
of the threshold strength leads to the destructive contribution to the el3(£2).

Using the same model, we estimate the ep.i( E2) values for 1®Sn. The polarization charge
in the j-j closed shell nucleus ®Sn is, in general, much larger than that in £-s closed shell
nuclei, due to the contribution by the low-energy p-h excitations within the same major
shell. Furthermore, we have no low-energy threshold strength in this nucleus and, thus, no
cancellation between various contributions to eyoi(£2). On the average, we have obtained
ebot(B2)=1.0 e and €],(E2)=1.35 e, using the SkM* interaction. The polarization charges
estimated by using the SG2 (SIII) interaction are about 10 percent larger (up till 15 percent
smaller) than those obtained by the SkM* interaction. The dependence of calculated epu( E2)
values on Skyrme interactions comes mainly from the variation of the calculated energy of
the lowest sharp collective 2* state of 1%°Sn , which indeed varies from 4.3 to 5.2 MeV.

The values of ep,i(E2) estimated for '®Sn are consistent with the available empirical
information obtained from the shell model analysis of the measured half-life of a 17/2%
level in 33Cds; [7], though the estimated epi(FE2) values depend appreciably on Skyrme
interactions used.
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DISCOVERY OF ELEMENT 112
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Abstract

The new elements 110, 111 and 112 were synthesized and unambiguously identified
in experiments at SHIP. Due to strong shell effects the dominant decay mode is not fis-
sion, but emission of alpha particles. Theoretical mvestl%atlons redict that maximum
shell effects should exist in nuclei near proton number 114 and neutron number 184.
Our measurements give hope that isotopes of element 114 close to the island of spher-

ical Superheavy Elements could be produced by fusion reactions using 208Pb as target.
Systematic studies of the reaction cross-sections indicate that transfer of nucleons is the
important processs to initiate the fusion.

1 Introduction

The special stability of nuclei with magic numbers for protons or neutrons becomes evident in
two fundamental properties: The nuclear binding energies, as deduced from nuclear masses,
are exceptionally high, and the nuclei are spherical and stiff against deformation. The highest
stability is observed for doubly magic nuclei.

Various theoretical calculations predicted the next double shell closures beyond 2°8Pb
at proton numbers Z=114 or 126, and at neutron number N=184 [1, 2, 3]. Recent models
based on the Nilsson-Strutinsky approach [4], predicted strong shell correction energies and
spherical shapes for nuclei with Z=114 [5, 6, 7], whereas Hartree-Fock calculations predict
the highest stability at proton number Z=126 [8]. Responsible for the different predictions
are the energies of the three low spin subshells 2f;/5, 3p3/2 and 3p; /2, which are filled between
proton number Z=114 and 126.

Experiments to search for superheavy nuclei near the predicted double magic 298114 were
negative so far [9, 10]. In parallel, experimental methods were refined, in order to produce
and identify lighter new elements [11, 12]. At SHIP these experiments were successful during
the first ten years of UNILAC operation in identifying the elements Z=107-109 [13], for which
the names nielsbohrium (Ns), hassium (Hs) and meitnerium (Mt) were proposed.

For further experimental investigation of new elements and small branching ratios, the
set-up at SHIP at GSI in Darmstadt was upgraded to reach a level of detection sensitivity
of at least 1 pb [14]. Experiments with the new set-up were carried out starting in 1994. As
a result, the three elements 110, 111 and 112 were discovered [15, 16, 17, 18]. The reaction
mechanism was investigated by measurement of excitation functions using small energy steps.
A possible interpretation of the measured phenomena seems to be given by a fusion process
initiated by transfer (FIT) [19]. New data on the binding energies of nuclei near the predicted
magic number Z=114 were obtained by a-decay chains.

2 Experimental Method

In parallel to the construction of SIS, the facilities at GSI for production of heavy elements
at low beam energies were upgraded. At the UNILAC, a new high charge injector was
built including an ECR ion-source. The separator SHIP was modified, and a new improved -
detection system was built (see Fig. 1). The aims of the SHIP modifications were: 1. To
increase the solid angle and thus increase the transmission for fusion-reaction products; 2. To
reduce the background in order to accept higher beam currents and to increase simultaneously
the significance of detected correlated events, and 3. To increase the overall stability of
all components of the set-up in order to achieve high total experimental efficiencies. The
improvements resulted in a sensitivity for detection of one heavy element decay-chain within
10 days at a cross-section of 1 pb.




260

A DeYte-ctors

L7 Si
SHIP 94 h"-/ Detectors
TOF

Projectiles

Figure 1: The modified velocity filter SHIP (Separator for Heavy Ion reaction Products)
and the new detection system. The length of SHIP from the target to the detector is 11 m.
The target wheel has a radius up to the center of the targets of 155 mm. It rotates with
1125 rpm synchronously to the beam macrostructure [20]. The detector system consists of
two large area secondary-electron time-of-flight detectors [21] and a position-sensitive silicon-
detector array [15]. The flight time of the reaction products through SHIP is 2 ps. The
filter, consisting of two electric and 4 magnetic dipol fields plus two quadrupol triplets, was
extended by a fifth deflection magnet in order to position the detectors out of the straight
beam line for further reduction of the background.

3 Decay Properties of Heavy Elements

Recently, the stability of heavy and superheavy nuclei was investigated theoretically {5, 6,
7, 22] using refined models based on the Nilsson-Strutinsky approach. The ground-state

microscopic shell-corrections show two minima: One of about 8 MeV centered at 272108 with

maximum deformation §,=0.22, the other of about 9 MeV at 222114 forming an island of
spherical superheavy nuclei, see Fig. 3, top. The binding energies, 8-, a-, and fission half-
lives were calculated. The measured data, including those of the decays of 267110 and 273110
obtained in experiments in Berkeley [23] and Dubna [24], respectively, could be reproduced
with good accuracy. A rough sketch of the half-lives obtained is shown in Fig. 3, bottom. As
a result, we can deduce that most nuclei, that can be produced with stable projectiles and
the available ta,r%%s are predicted to be a emitters with half-lives between 1 ps and 1 s.

The nucleus 754114 is predicted to be deformed in its ground state and to decay by a

52N+ 208pp-» 26899{0+ In 84N+ 208Ph-» 27{0+1n BNj+209Bj-» 272{{1+1n  70Zn+?%%Pb-¥71{12+In

Date: 09-Feb-1996
Time: 22.37 h

: 17 -Nov-! Date: 13-Dec-1984 Date: 17-Dec-1894
?’l‘rtl:: ‘}17‘931 ‘39‘ Time: 05:13 h Time: 06:03 h

Figure 2: Four representative decay chains of the new elements 110, 111 and 112.
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emission with a half-life close to 1 us (see Fig. 3). Increased stability may occur also for
spherical shapes due to the shell closure of the major shells vj;5/, and vi;/, at N=164, (see
Fig. 4 in Ref. [25]) in combination with the spherical shell closure for the protons at Z=114.
The interplay with the increased stability of deformed shapes at meutron number N=162
may lead to existence of shape isomerism. Experimentally, the nuclei near 278114 could be
investigated by reactions of °Ge or ">Ge beams with 2°8Pb targets.

Isomerism has been definitely observed for the nuclei 263106, 262107, 265108, 271110 and
273110. An assignment is not possible on the basis of the few data available, but theoretical
investigations present candidates for spin isomerism of those odd-neutron nuclei [22]. Their
appearance is closely connected with the bunching of levels of spin values from 1/2 to 13/2
at neutron number 162 for deformed nuclei.

The two measured decay chains of 277112 reveal two very different a-decay properties
of #73110: E4=9.73 MeV, Ty/,=120 ms for chain 1, and Eo=11.08 MeV, Ty/,=76 ps for
chain 2 [18]. Presently, it remains open, if the extraordinary big difference is due to spin
isomerism or, if shape isomerism is responsible. Due to this uncertainty, a ground-state mass
evaluation for nuclei beyond 269108 based on Q, values is jeopardized until more data will
become available.

The closest approach to the island of spherical superheavy nuclei can be achieved with
stable projectiles and targets using 7®Ge and 298Pb. The nuclei produced by one neutron
emission or possibly by radiative capture could have almost spherical shapes, and they are
predicted to decay by a emission with half-lives of ~1 ms. Synthesis of 283114 or 284114 is
certainly the most interesting aim of the next series of experiments, especially, in the shade
of the present uncertainy concerning predictions of shell closures at Z=114 or 126.
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Figure 4: Measured excitation functions for production of element 104 and 108 by reactions

of °°Ti and 38Fe projectiles with 205Pb targets. The cross-sections are plotted as function of
the dissipated energy E*, calculated from the center-of-mass beam-energies in the middle of
the target thicknesses and the Q-values using the mass tables of Ref. [26]. The arrows mark

the interaction barriers of the reactions according to the fusion model by Bass [27].

Figure 5: Systematics of measured cross-sections and extrapolations.

4 Reaction Properties

4.1 Excitation Functions

The search for the new element 110 was complicated by the fact that no excitation function for
production of lighter elements down to Z=103 was known accurately enough to fix a maximum
of the cross-section. In addition, predictions of extrapush theories influenced the choice of
the beam energies in the previgus investigations of elements up to Z=109. Therefore, we
started our experiments to aim at complete excitation functions of two known even elements
at least.

The measured excitation functions for production of the elements 104 and 108 are shown
in Fig. 4. The data points were narrow enough to allow for a safe determination of the
positions for the cross-sections maxima. As a function of the excitation energy, the maxima
decrease with increasing element number. The beam energy for the production of element
110 by the reaction 82Ni+2%%Pb —26911041n was obtained by linear extrapolation.

A systematics of measured cross-sections up to element 112 is shown in Fig. 5. An ordering
in terms of the projectile isospin is obvious and allows for predictions by extrapolation. An
estimate for production of 283114 results in o ~1pb.

The measured value of 1 pb for production of 277112 is smaller than the extrapolated
value, but still in agreement within the error bars. A smaller value may also be the result of
a beam energy chosen not accurately enough to cover the maximum production cross-section.

In case of element 112 isotopes, a cross-section inversion” as function of isospin may
occur, if the shell-correction energies of the fusion products influence the production prob-
abilities. The isotope 275112, which may be produced using a 58Zn beam, is predicted to
be stronger bound than 277112, produced with a 7°Zn beam. A more complete excitation-
function systematics for production of element 112 isotopes would be highly desirable.

.4.2 Fusion Initiated by Transfer (FIT)

Fig. 4 shows that the largest cross-sections were measured ”below the barrier”. The energy
relations determining the barrier are drawn in Fig. 6 in case of the reaction ®4Ni+2%Pb and
a barrier according to the fusion model by Bass [27].
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Figure 6: Energy and distance relations
resulting in maximum cross-sections. The
kinetic energy of the system is exhausted
by the Coulomb potential at a distance of
14.0 fm in a central collision. Projectile
and target nuclei come to rest before the
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Figure 7: Energy-distance diagram for the reaction ®*Ni4-2%8Pb. At the measured maximum
cross-section the reaction partners were brought to rest before fusion starts. The occupied
levels at the Fermi surface are just in contact so nucleons or pairs of nucleons leave the
projectile and move into free orbits of the target nucleus. The lower panel shows the proton
orbitals at the contact point. By transfer of protons the Coulomb repulsion and, thus, the
probability for reseparation is reduced.

A tunneling process through this barrier cannot explain the measured cross-sections. A
semiclassical WKB approximation results in a tunneling probability of 2 x 10~2!, which is
much too low to contribute to the measured cross-section. The conclusion is that additional
effects must allow for fusion.

Compared to more sophisticated investigations of fusion [28], we can make some simpli-
fications in our case in order to explain the observations: 1. The reactions are limited to
spherical target nuclei and nearly spherical projectiles. 2. The reactions are head-on colli-
sions with angular momenta close to zero and, therefore, high rotational symmetry. 3. The
reactions proceed at extremely low dissipative energies as a result of nearly compensating
Q-value and center-of-mass energy.

Fig. 6 shows that the reaction partners came to rest before the fusion process starts. At
a distance of 14.0 fm between the centers of the nuclei the initially existing kinetic energy
of 236.2 MeV is exhausted by the Coulomb potential. At that distance only nucleons at the
outer surface are just in contact. Nevertheless, at that energy this heavy system has highest
probability to fuse and to survive.

We remember that the kinetic energy of orbiting nucleons is low at the surface. Therefore,
at the touching point of two nuclei in a central collision the probability is highest that nucleons
or pairs of nucleons leave the orbit of one nucleus and move into a free orbit of the reaction
partner. The process is shown schematically in Fig. 7. An adequate theoretical description
could be obtained by use of the two-center shell model [29].

The transfer of nucleons from the projectile to the target is especially attractive in case
of lead as target. In 2°8Pb the hyq/, proton subshell and the hoy, and ij3/, neutron subshells
are filled. The free orbits are for the protons hg/, and iy3/,. The proton transfer profits first
from the attractive proton-proton and after filling of the hg/, subshell from the attractive
proton-neutron interaction. Similarly, neutrons transfered into free i;;/, orbits are attracted
by the neutrons in the already filled i;3/, subshell.

e e
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Because of pairing energies and high orbital angular momenta involved, the transfer of
pairs is more likely than that of single nucleons. The described process is a frictionless pair
transfer happening at the contact point in a central collision at longitudinal momenta close
to zero in irradiations of 298Pb targets.

Already after transfer of 2 protons from 4Ni to 2°8Pb the Coulomb barrier is decreased by
14 MeV allowing to keep the reaction partners in close contact and to continue fusion initiated
by transfer. Important factors, which determine the cross-section at the very beginning of
the fusion process, are: 1. The probability for a head-on collision and 2. The probability of
proton transfer in competition to reseparation. These first steps of the fusion process at low
energies can be investigated experimentally by measurement of transfer products in forward
direction.

The recent technical developments serve as a basis for new experiments with positive
results in the region of superheavy elements. Important questions are open, that need to
be answered by future-experiments. A short list is given in the following: 1. Proof of the
shell effect at Z=114. 2. Ground-state to ground-state o decay of even-even nuclei for more
accurate evaluation of nuclear binding energies. 3. Search for o transitions of even-even nuclei
into rotational levels for determination of the degree of deformation, especially in the region
of nuclei near N=162. 4. Fission branchings of even-even nuclei to compare with theoretically
predicted fission half-lives. 5. Extension of the cross-section systematics by measurement of
complete excitation functions. 6. Search for radiative capture processes (On channel).
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ABSTRACT

Dinuclear system concept is applied to the analysis of reactions used for the synthe-
sis of elements with Z =110, 112, 114, and 116. The inner fusion barriers obtained
for these reactions are in good agreement with the experimental estimations re-
sulted from the excitation energies of compound nuclei. A model is suggested for
the calculation of the competition between complete fusion and quasifission in re-
actions with heavy nuclei. The fusion rate through the inner fusion barrier in mass
asymmetry is found by using the multidimensional Kramers-type stationary so-
lution of the Fokker—Planck equation. The influence of dissipative effects on the
dynamics of nuclear fusion is considered.

1. Introduction

At present, great activity occurs in the investigations on the synthesis of superheavy
elements (SHE). At GSI (Darmstadt), the nuclei with Z =110, 111, 112 were produced and
an attempt was done to obtain the element with Z =116. At JINR (Dubna), the heaviest
isotope of the element with Z =110 was obtained. To prepare that kind of experiments, the
expected properties (the life-time and modes of decay) of the new nuclei and the production
cross section should be known, and the optimal bombarding energy should be chosen. In
the present report, the optimal bombarding energies for the synthesis of SHE are estimated
and the competition between the complete fusion and quasifission is considered by using the
dinuclear system concept (DNS-concept).

The fusion process is considered in !? as the evolution of a dinuclear system (DNS)
caused by nucleon transfers from a light nucleus to a heavy one (DNS-concept) !. The DNS
is formed at the initial stage of the reaction when the kinetic energy transforms into the
excitation energy of the nuclei. After the formation, the initial DNS is at the minimum
(R = Ry, R is the relative distance between the interacting nuclei) of the pocket of the
nucleus-nucleus potential V(R) (Fig. 1). Then the DNS evolves (diffusion process) in the
charge (mass) asymmetry degree of freedom Z (Z is the charge of one of the nuclei in the
DNS) to a compound nucleus (fusion) (Fig. 1). The diffusion process in R is responsible for
the decay of the DNS (quasifission). Thus, in the process of quasifission, the DNS should
overcome the potential barrier (B,s) which coincides with the depth of the pocket in the
potential V(R). The important peculiarity of the DNS evolution to the compound nucleus is
the appearance of inner fusion barrier B}, in Z for the initial DNS. The top of this barrier
(the Businaro-Gallone point) coincides with the maximum of the DNS potential energy as a
function of Z (Fig. 1). The value of B}, supplies the hindrance for the complete fusion in
the DNS-concept. The energy required to overcome the fusion barrier B},, comes from the
DNS excitation energy E* = Ecm. — V(Ry). If E* > B}us, then the fusion is possible.

Based on the DNS-concept, the cross section ogy of complete fusion is defined in the
following way 2

1,2

UCN(Ec.m.) = ac(Ec.m.)PCN(Ec.m.), (1)

where 0.(E.m.) is the capture cross section at the bombarding energy Ecm. and the second
multiplier (the probability of complete fusion after the capture stage of collision) takes into
account the competition between the fusion and quasifission processes.

The macroscopic dynamical model 3 was the first one in which the fate of the nuclear
system is considered after the capture stage. In this model, the result of collision depends on
a relationship between the kinetic energy Ec . of the collision, the Coulomb barrier B, and
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the extra-extra push energy Eyx. For Ecm. > Be + Exx, Pon =1 and for E.p, < Bg + Ey,
Poy = 0. However, large values of Eyy predicted in 2 for producing the SHE were refuted in
the experiments on the synthesis of the nucleus with Z =110 in the 52%*Ni+208Pb reaction °.
The complete fusion occurred there at E. . slightly above the entrance barrier.

The competition between the complete fusion and quasifission processes has not been
considered in the existing models 3*® used to calculate ocy. However, in the reactions with
heavy nuclei, the quasifission channel dominates and leads to a strong reduction (few orders
of magnitude) of the fusion cross section ooy 2.
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Fig. 1. Nucleus-nucleus potential as a function of R for the *2Ni+208Pb reaction (left). The DNS
potential energy as a function of Z calculated for the system 270110 without (thin line) and with
(thick line) the deformation effect (right). The initial DNS is marked by a vertical arrow. The
experimental excitation energy of the element 270110 is marked by a horizontal arrow .

2. Analysis of the SHE synthesis in the DNS-concept

2.1. Calculation of inner fusion barrier B},
The DNS evolution is determined by the potential energy

U(R,Z,J) = Bi+By+V(R,J)=[Biz+V,u(J)]- (2)

Here By, B;, and B, are the binding energies of the DNS nuclei and compound nucleus. The
nucleus-nucleus potential V(R, J) consists of the nuclear V,, Coulomb V., and centrifugal
Viot parts. The liquid-drop masses for sufficiently large excitation energies and real masses !¢
for small excitation energies were used to obtain B, Bs, and Bj;. The isotopic composition
of the nuclei forming the DNS is chosen by using the condition of the N/Z-equilibrium in the
system. The value of U(R, Z, J) in (2) is normalized to the energy of the rotating compound
nucleus by Bya+V,,;. The method for the calculation of the nucleus-nucleus potential V (R, J)
was described in 7. Due to a large moment of inertia of the heavy DNS and a restricted set
of angular momenta for the complete fusion, we neglect the dependence of U(R, Z,J) on J.
Thus, U(R, Z,J) = U(R,Z) and V(R,J) =~ V(R).

The calculated driving potentials U(Rn, Z) = U(Z) as functions of Z and nucleus-nucleus
potentials V(R) as functions of R for the DNS formed in the reactions used in the synthesis
of new elements are presented in Figs. 1-4. For these reactions, the deformation effect
was taken into account. The spherical nuclei were taken in the initial DNS and deformed
heavy nucleus (in its ground state) were taken near the top of the fusion barrier (the mutual
orientation of the nuclei in the DNS corresponds to the minimum of potential energy). Due
to the deformation effect, the value of V(R,,) decreases as compared to that calculated with
spherical nuclei. As a result, B},, decreases considerably. Since, in the “*Ca+?**Pu reaction,
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the heavy nucleus is deformed even in the initial DNS, the consideration of the deformation
of the nuclei leads to larger B},, as compared to the calculation with the spherical nuclei
(Table 1) 8, while the deformation effect in other reactions promotes the decrease of Bj,;.
In the 82Ni+2%8Pb and "°Zn+2%Pb reactions, the fusion barriers B},, are in good agreement
with the experimental estimations resulted from the excitation energies of the compound
nuclei. For the 82Se+2%Pb reaction, the bombarding energies in four cases (horizontal arrows
in Fig.3) did not allow overcoming the inner fusion barrier.

The calculated values of B},, and By are presented in Table 2 for some symmetric and
almost symmetric reactions. For these reactions, the liquid drop masses and spherical nuclei
comprising the DNS were used in (2). As is seen from Tables 1 and 2, the energy threshold
of the complete fusion related to the fusion barrier B}, can be much smaller than the extra-
extra push energy (e.g., Exx= 60 MeV in the 1°Pd+'°Pd reaction). For the reactions used
for the synthesis of the elements with Z =110, 112, and 116, the predicted Ey vary from 30
to few hundred MeV and depend on the set of parameters used in 3. Thus, in our model,
there is no need in a very large excess of the kinetic energy above the entrance Coulomb
barrier to produce the SHE.
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Fig. 2. The same as in Fig.1, but for the 70714208 Pb—278112 reaction.
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Fig. 3. The same as in Fig.1, but for the 32Se42%Pb—2%0116 reaction.

2.2. Calculation of probability of complete fusion

The dynamical behavior of large-amplitude collective nuclear motion, such as the one
taking place in the fission, quasifission, and complete fusion, depends on dissipative effects.
Therefore, the nuclear dissipative systems are analyzed within the transport theory. It is
known that the Kramers expression ° yields an excellent approximation to the fission rate as
defined by the solution of the Fokker-Planck equation 1. One of the ways to calculate the
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Table 1. The calculated fusion probability Popy for the asymmetric reactions used for producing
the superheavy nuclei. The calculations were performed at B* = 15 MeV except the 48Ca1244py
reaction (see the text) and different friction parameters I'. The deformation effects are taken into
consideration. For the 48Ca+244Pu reaction, the calculated results without deformation effects
(sph.) are presented for comparison.

Reactions Bj,s (MeV) By (MeV) Pcn
I'=0 MeV TI'=2 MeV TI'=4 MeV
5ZNi+298Pb —270 110 8 1.5 1.0x10~% 1.6x10~% 2.3x10-¢
70Zn+208pL 278 119 9.5 1 6.6x10~¢ 1.1x10~5 1.6x10-%
82Ge-208pp 290 116 12.5 0.5 6.8x10~3 1.1x10~7 1.6x10~7
48Ca+244Pu —292 114 12 -4 2.7x10~%  4.5x10~*% 6.6x10~*
(sph.) *¥Ca+2%44Pu —292 114 7 3 1.7x10~3 2.8x10~3 4.1x10-3
240 40
g [ >
- b=
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Fig. 4. The same as in Fig.1, but for the 8Ca+2%4Pu—292114 reaction.

fusion probability Pony (1) is to use the Kramers-type expression for the fusion rate through
the inner fusion barrier.

The variables R and Z are the relevant collective ones used in 2 to describe the DNS
evolution. The neck degree of freedom ? that is important in the macroscopic dynamical
model is not considered at all in 2 and in the present paper. As follows from our analysis in
12, the extension of the relevant collective variable set by the neck variable may be questionable
for the values of R considered in the DNS. The simultaneous consideration of the transport
processes in Z and R allows us to calculate the fusion and quasifission_probabilities. The
leakage of probability through the fusion barrier in Z is defined by

1 Ak
Pow = 53 3)

Thus, the problem is reduced to obtain the asymptotic fusion and quasifission rates M
(i = R,Z). For this purpose, we use the formalism elaborated in the theory of nuclear
fission 191! for the quasistationary diffusion over a multidimensional potential barrier. The
approximate expression (a Kramers-type formula) for A" 1! is

1/2
1 W? (T/k)2 1? (T/K)? B;
Kr _ - 1 —_ _ =
AT = 27, /w?}zwiBz J [ BrBz| T 4 wPRwiBz xp [ T] ’ (4)

Wi "W i
where B; defines the height of the fusion (Bz = Bj},,) or quasifission (Bg = Byy) barrier. The
possibility to use the Kramers-type expression for relatively small barriers (B;/T > 0.5) was
demonstrated in '°. The local thermodynamic temperature T is calculated by the expression

T = \/E*/a, where a = A[/12 MeV~1. In (4), w? 7 is the frequency of the inverted harmonic
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oscillator approximating the potential with respect to the variable ¢ on the top of the barrier
B;, and w; is the frequency of the harmonic oscillator approximating the potential with respect
to the variable i for the initial DNS. In our calculations, we use the simple approximate
expression for the friction coefficients v;» = %p;;/ (3,2 = R, Z and T is the friction parameter)
obtained in the linear response theory 4. The calculation of the mass parameters p; is given
in 15. The values of the frequencies in (4) are easily found by using the calculations of the
DNS potential energy.

Table 2. The calculated fusion probability Pon in the symmetric and almost symmetric reactions
for E* = 30 MeV and different friction parameters I'.

Reactions B}, (MeV) By (MeV) Pen ‘
I'=0 MeV TI'=2MeV TI'=4 MeV

S0Zr+907r 6 5 2.7x10"T 48x10°T 6.7x1071
1000f64-100Mo 10 4 6.0x10~3 1.1x10~2 1.5x10~2
110pq4110pq 15 3 47x10~5 8.3x10~% 1.1x10~*
1361 136Xe 22.5 0.5 2.6x10~9 4.4x10~° 6.3x10°°
110pJ4.136Xe 15.5 0.5 2.3x10-% 4.0x10~% 5.5%x10°¢
86Ky +136Xe 8.5 4 1.7x10~2 2.9x10~2 4.1x10~2

In the synthesis of the SHE, the minimum excitation energy of the compound nucleus
is preferable to increase the surviving probability. For a low excitation energy of the initial
DNS in the asymmetric 52Ni+208Pb —2 110, °Zn+%Pb —?"8 112, 32Se4?%®Pb —2% 116,
and 8Ca+244Pu —29 114 reactions, the initial DNS is at the local minimum of U(Z) due to
shell effects (the real masses are taken in (2)) ®. In this case, we can use the Kramers-type
expression (4) to estimate the upper limit of Poy for asymmetric reactions (Table 1). For
the 48Ca+2%Pu reaction, the choice of the initial excitation energies in the calculations of
Py with (E* = 33 MeV) and without (E* = 15 MeV) deformation effect supplies the same
excitation energy of the compound nucleus (= 40 MeV).

Using the results presented in Table 1, one can explain a smaller yield of the element with
7 = 112 as compared to the yield of the elements with Z = 110 °. It is seen that the formation
probability of the superheavy nucleus with Z = 116 in the ®?Se+**°Pb reaction is very small.
Despite a larger value of Pey in the *®Ca+?4‘Pu reaction as compared with others in Table
2, the compound nucleus is more excited due to the @-value. The de-excitation process is
accompanied by a high fission probability for the compound nucleus that can strongly reduce
the evaporation-residues cross section.

The values of Py (Table 2) for some symmetric and almost symmetric reactions are in
agreement with the ones extracted from the experimental data 7 and our previous calcula-
tions 28. For example, for the 1'°Pd-+!°Pd reaction, Poy = 10~* allows us to obtain a good
agreement with the experimental data on 0cn(Bem.), while oon(Eem.) ? calculated in the
macroscopic dynamical model is about three orders of magnitude as large as the experimen-
tal one. Thus, the competition between the complete fusion and quasifission processes is
extremely important in the DNS evolution. Comparing Pcn in the Tables with Pon given
in experimental papers, we should bear in mind that these values are extracted from the
evaporation-residues cross sections using the model assumptions about the surviving prob-
ability for the excited compound nucleus. One can see that Bj,, becomes very large for a
heavy symmetric system. Therefore, the use of these reactions in producing the SHE may be
questionable.

The fusion and quasifission rates decrease with increasing I However, Pony increases
rapidly and reaches the plateau at I' ~ 4MeV. The reason for this interesting effect is that
the quasifission rate decreases more rapidly than the fusion rate with increasing friction coef-
ficients.- The dissipative effects in Z and R compensate each other. Therefore, the influence
of the dissipative effects on the calculation of Pon seems to be not crucial.
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3. Summary

The DNS-concept of the fusion process was used to analyse the reactions producing nuclei
with Z =110, 112, 114, and 116. The inner fusion barriers in these reactions were estimated.
The fusion barriers in the DNS-concept seem to be smaller than the extra-extra push energies
predicted in the macroscopic dynamical model. For the reactions used to produce the elements
with Z =110 and 112, the B}, values are in good agreement with the experimental results.
The new model suggested to calculate the probability of the fusion of heavy nuclei is efficient
in describing the experimental data. A satisfactory description of Poy in this model can
be considered as an evidence for the DNS-concept providing a realistic interpretation of the
mechanism of fusion process.
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Relativistic Hartree-Bogoliubov Description of the Halo Nuclei.*

J. Meng and P. Ring
Physzk-Department der Technischen UniversitatMinchen,
D-8046 Garching, FRG
(September 10, 1996)

Here we report the development of the relativistic Hartree-Bogoliubov theory in coordi-
nate space. Pairing correlations are taken into account by both density dependent force of
zero range and finite range Gogny force. As a primary application the relativistic HB theory
is used to describe the chain of Lithium isotopes reaching from ®Li to ''Li. In contrast to
earlier investigations within a relativistic mean field theory and a density dependent Hartree
Fock theory, where the halo in 'Li could only be reproduced by an artificial shift of the
1py/2 level close to the continuum limit, the halo is now reproduced in a self-consistent way
without further modifications using the scattering of Cooper pairs to the 2s;/; level in the
continuum. Excellent agreement with recent experimental data is observed.

PACS numbers : 27.70.+q, 21.10.Hw, 21.60.-n, 21.60.Ev, 21.60.Jz

In a recent work, using a density dependent force of zero range, taking care of pairing correlations, the
relativistic Hartree-Bogoliubov theory in coordinate space has successfully descripe the halo nuclei in !Li
[1]. As it is well-known, that since the experimental discovery of neutron halo phenomena in 'Li [2], the
study of exotic nuclei has become a very challenging topic in nuclear physics. Experimentally a sudden
rise in the interaction cross-sections has been observed for light neutron-rich nuclei, specifically while going
from °Li to Li, 2Be to “Be and 5B to 1"B. This sudden increase in the interaction cross-sections has
been attributed to a relatively large rms matter radius as compared to that expected from the conventional
mass dependence 1.24'/3. This large radius has been interpreted by the fact that filling in more and more
neutrons in the nuclear well, the Fermi surface for the neutrons comes close to the continuum limit in the
nucleus 'Li. Due to the small single-neutron separation energy, the tails of the two wavefunctions of the last
filled orbital (1p;/2) reach very far outside of the nuclear well and a neutron halo is formed [2]. Although
this simple interpretation is based on the mean field picture, several microscopic theoretical investigations
within self-consistent mean field models [3-6] have failed. In fact, it would be a strange accident if the last
occupied neutron level in 1!Li, the 1p, /2 orbit, would so close to the continuum limit that the tail of the
last two uncorrelated neutron wave functions reaches so far out as would be necessary to reproduce the
large experimental radius observed. Therefore, in the non-relativistic scheme Bertsch et al [3] and Sagawa
(5] introduced an artificial modification to the potential in order to reproduce the small separation energy
in their mean field calculations using Skyrme interactions. In this way the authors were able to reproduce
qualitatively the observed trends, although some discrepancies still remained.

Koepf et al [4] were the first to investigate the neutron halo in relativistic mean field (RMF) theory for
both spherical symmetrical and axially deformed cases. They found large deformations for the lighter Li
isotopes, but a spherical shape for 11Li and as in the non-relativistic investigations the binding energy of
the 1p,/, was too large so as to reproduce a neutron halo. Zhu et al [6] improved the result of the RMF
calculations by applying a similar modification to the potential as in Ref. [5] in order to adjust the proper
size of the halo.

Bertsch and Esbensen [7] recognized that pairing correlations play an essential role. Performing a quasi-
particle continuum RPA calculation using a core of °Li and a density dependent interaction of zero range
in the pairing channel, they found a large neutron halo 1Li and could reproduce the proper size of the
experimental matter radius.

The present investigation is based on a similar idea. Pairing correlations and the scattering of Cooper
pairs into the continuum are taken into account in a fully self-consistent way using a continuum Hartree-
Bogoliubov formulism in the framework of relativistic mean field theory. A consistent treatment of pairing
correlations within the framework of a generalized relativistic mean field approximation has been developed
by Kucharek et al [8]. However, applications of this theory to nuclear matter clearly show that a quantitative
description of pairing correlations in the nuclear many-body system cannot be achieved in this way with the
presently used parameter sets of relativistic mean field theory. The behavior of the meson exchange forces
entering this theory is simply not properly adjusted at large momentum transfer. In principle these forces
have finite range and kinematical factors guarantee the convergence of the relativistic gap equation. The
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large masses of the o- and the w-mesons, however, do not yield a realistic cut off. Therefore the situation
is similar to that of Skyrme forces with zero range: The short range of the relativistic forces produces no
problem in the Hartree case, where only momenta up to the Fermi surface are involved, but it causes severe
problems in the description of pairing, which allows scattering to very high momentum states.

The present work is based on a similar idea and combines the advantages of a relativistic description in
the framework of RMF-theory in the Hartree channel with that of a phenomenological force in the pairing
channel. In a recent investigation by Gonzalez-Llarena et al [9] a similar concept for the solution of the
relativistic Hartree-Bolgoliubov equation in an oscillator basis with a finite range force of Gogny’s type in
the pairing channel has been used with great success . At present the application of finite range forces and
density dependent zero range force in the pairing channel of continuum Hartree-Bogoliubov is developed.
The density dependent é-force of the form [7] has been used:

The starting point is the RMF Lagrangian which describes the nucleons as Dirac spinors moving in meson
fields:

£= b (B 0= 507 = 3l = ) A = g0 = M) ¥

30,007 — U(g) — 7@ + Zmlu,w @

15 5 1, 1
_Z #.,R‘w + Emf,p“[)‘“ - ZF””F#V

where My is the bare nucleon mass and % is its Dirac spinor. We have in addition the scalar meson (o),
isoscalar vector mesons (w),isovector vector mesons (5) and the photons A#, with the masses m,, m, and
m, and the coupling constants g5, g, gp. The field tensors for the vector mesons are given as

‘Quu = auwu - auwp (3)

and by similar expressions for the p-meson and the photon. For simplicity we neglect in the following
equations these fields, however, they are fully taken into account in the calculations.

For a realistic description of nuclear properties a nonlinear self-coupling for the scalar mesons has turned
out to be crucial [10]:

U(o) = -;-mgﬁ R @)

Using Greens function techniques it has been shown in Ref. [8] how one can derive a relativistic Hartree-
Fock-Bogoliubov theory from such a Lagrangian: After a full quantization of the system the mesonic degrees
of freedom are eliminated and, in full analogy to the non-relativistic case, the higher order Greens functions
are factorized in the sense of Gorkov [11]. Finally, neglecting retardation effects one ends up with relativistic
Dirac-Hartree-Bogoliubov (RHB) equations

(4 3)(0), == (8).

E}. are quasiparticle energies and the coefficients Uy, and Vi are four-dimensional Dirac spinors normalized
in the following way

/U:-Ukl + Vk+V'k’ d37’ = 6kkl (6)

Neglecting the Fock term, as is it mostly done in relativistic mean field theory, we obtain for the average
field

h=ap+ gw + BM+gs0) — A (7)

where o and w are the meson fields determined self-consistently from the Klein Gordon equations:
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{-A+m2}o=—gops — g20® — gs30®, (8)
A-A+m2}w=gupB 9
with the scalar density p, and the baryon density pp
Ps = Z ViV pPB = Z Vk+Vk, . (10)
k k

where the sum over k runs only over all the particle states in the no-sea approzimation.
The pairing potential A in Eq.(5) is given by

1
Aay = 53 Viiahea (11)
cd

It is obtained from the pairing tensor £ = U*V7T and the one-meson exchange interaction VL, in the pp-
channel. More details are given in Ref. [8]. As mentioned above, these forces are not able to reproduce even
in a semi-quantitative way proper pairing in the realistic nuclear many-body problem. We therefore replace
VPP, in Eq. (11) by the density dependent two-body force of zero range given in Eq. (1).

For a zero range force in the pairing channel, the RHB equations (5) are a set of four coupled differential
equations for the HFB Dirac spinors U(r) and V'(r). They are solved in a self-consistent way by the shooting
method and the Runge-Kutta algorithm. The details will be published elsewhere. The calculation is done
in a spherical box of radius R = 20 fm with a step size of 0.1 fm and proper boundary conditions. For each
spin-parity channel 20 radial wavefunctions are taken into account, which corresponds roughly to a cut-off
energy of 200 MeV.

We use here the non-linear Lagrangian parameter set NL2 which was designed in Ref: [12] for light nuclei:
My=938, m, = 504.89, m,, = 780, m, = 760 MeV and g, = 10.444, g, = 12.945, g, = 4.383, g»=-6.6099
fm~!, g3=13.783. Pairing is neglected for the three protons and the strength V; of the pairing force (1) for
the neutrons is determined by a calculation in the nucleus “Li adjusting the corresponding pairing energy
-%TrAn to that of a RHB-calculation in an oscillator basis using the finite range part of the Gogny force
D18 of Ref. [13] in the pairing channel. For py we use the nuclear matter density 0.152 fm=3.

1 1
6 7 8 9 10 11 12

2,0
5

Fig. 1  Binding energies (upper part) and Fig. 2  Calculated and experimental den-

matter radii (lower part) for Li isotopes: RHB
calculations with density dependent d-force (
empty squares ) and Gogny force ( empty cir-
cles ) are compared with experimental values
(full dots).

sity distribution in 'Li and °Li. The solid
line shows the result of !1Li while the dashed
line corresponds to the calculation Li. The
shaded area gives the experimental results
with error bars.
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In Fig. 1 we show the calculated binding energies Eg and the rms matter radii for the Li isotopes with mass
numbers A = 6 to A = 11 and compare them with experimental values. In order to correct for the center of
mass motion a spurious energy of an harmonic oscillator B, = 0.75%uwg with fuwo = 41A~1/3 is subtracted.
The calculated values show a small under-binding and the odd-even staggering is somewhat exaggerated
by our blocking calculations, but in general the agreement is very satisfactory and in full agreement with
experiment. The matter radius shows a considerable increase when going from the nucleus °Li to *'Li. In
contrast to the earlier mean field calculations of Refs. [3,5,6] these results are obtained without any artificial
modifications of the potential.

In Fig. 2 we show she corresponding density distribution for the neutrons in the isotopes °Li and 'Li. It
is clearly seen that the increase of the matter radius is caused by a large neutron halo in the nucleus !Li.
Its density distribution is in very good agreement with the experimental density of this isotope show with
its error bars by the shaded area.

In order to understand the microscopic structure of this halo, we show is Fig. 3 the mean field S(r)+V (r) =
900 + gow £ gpp + eA for the protons and neutrons together with the energy levels e, = (n|h|n) in the
canonical basis [14]. The Fermi level for the neutrons is very close to the continuum limit in close vicinity
to the v1p;/; and to the v2s;/, level. The length of these energy levels in Fig.2 is proportional to the
corresponding occupation. We clearly see that pairing correlations cause a partial occupation of both the
v1p /2 and the v2sy/, level, i.e. a scattering of Cooper pairs to the continuum.

20 T T T T 20
2s1/2 = |
1pi/2 0 §
1p3r2 < 1
3 ]
2 - 4 -20
= 151/2
173
+
= + - -40 ]
>
"o ]
3 Li 4 -60 J
'80 1 1 (] 1 '80
6 4 2 0 2 4 6 12
Proton  r{fm] Neutron  rfm]
Fig. 4 Single particle energies for
neutrons in the canonical basis (upper
Fig. 3 The mean field potential S + V for protons part) and contributions to the matter
(Lh.s.) and neutrons (r.h.s.). The chemical potential is radius for various spin-parity channels
given by a dashed line. The energy levels in the canonical as a function of the mass number. In
basis are indicated by horizontal lines with various lengths the upper part the dashed line corre-
proportional to the occupation of the corresponding orbit. sponds to the chemical potential and in

the lower part the dashed lines corre-
spond to proton contributions.
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Fig. 4 shows the single particle levels in the canonical bases for the isotopes with even neutron number
as a function of the mass number together with the contribution of the different spin-parity channels to the
matter radius:

1/2
(rh; = ( / T2P15d31‘> (12)
The total rms matter radius is obtained from this quantities as
1
0 = 2200 (13)
iy

Going from A = 9 to A = 11 we observe a continuous increase of the contribution of the p;/» channel to
the total rms matter radius and in addition a sudden increase of the contribution of the s;/, channel. This
means that the halo in 'Li is formed by the sudden occupation of the 2s, /2 level in this nucleus, which
approaches the Fermi surface for this mass number, as seen in the upper part of Fig. 4.

Summarizing we can say that we have solved for the first time the Hartree-Bogoliubov equations in the
continuum [15] in the framework of relativistic mean field theory. A density dependent force of zero range has
been used in the pairing channel, whose strength is adjusted for the isotope 7Li to a similar calculation with
Gogny’s force D1S in the pairing channel. Good agreement with experimental values is found for the total
binding energies and the radii of the isotope chain ®Li to !'Li. In excellent agreement with the experiment
we obtain a neutron halo for !!Li without any artificial adjustment of the potential, as it was necessary in
earlier calculations. In contrast to these investigations the halo is not formed by two neutrons occupying the
1p; /2 level very close to the continuum limit, but is is formed by Cooper-pairs scattered mainly in the two
levels 1p; /2 and 2s; /5. This is made possible by the fact that the 25,/ comes down close to the Fermi level
in this nucleus and by the density dependent pairing interaction coupling the levels below the Fermi surface
to the continuum. In contrast to the previous explaination which use the accidental coincidence that one
single particle level is so close to continuum threshold so that the tail of its wave function forms a halo, this
is a much more general mechanism, which could possibly be observed in other halo nuclei also. One needs
only several single particle levels with small orbital angular momenta and correspondingly small centrifugal
barrier close, but not directly at, the continuum limit.

* Supported by the Alexander von Humboldt Foundation and by the Bundesministerium fiir Forschung und Tech-
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New High Spin States and Isomers in the ¥Pb and 2“Pb Nuclei

R.Broda, J.Wrzesinski, T.Pawlat, B.Fornal, Z.Grabowski!) - INP Cracow, D.Bazzacco, S.Lunardi,
C.Rossi Alvarez -INFN and University Padova, G.de Angelis, A.Gadea - INFN LNL Legnaro,
K.-H.Maier - HMTI Berlin

The two most prominent examples of the heavy doubly closed shell (DCS) nuclei, 2°®Pb and
132Qn, are not accessible by conventional heavy-ion fusion processes populating high-spin states.
This experimental difficulty obscured for a long time the investigation of yrast high-spin states in
both DCS and neighbouring nuclei and consequently restricted the study of the shell model in its
most attractive regions. Recent technical development of multidetector gamma arrays opened new
ways to exploit more complex nuclear processes which populate the nuclei of interest with suitable
yields for gamma spectroscopy and involve population of moderately high spin states. This new
possibility extended the range of accessible spin values and is a promising way to reach new yrast
states. Some of these states are expected to be of high configurational purity and can be a source
of important shell model parameters which possibly can be used later to check the validity of the
spherical shell model description at yet higher spin and higher excitation energy.

The nuclei in the closest vicinity of !*2Sn are produced in spontaneous fission and states with
spin values up to I=14 can be reached in fission gamma spectroscopy studies with the presently
achieved sensitivity of gamma arrays. New results on yrast states in the '3¢Te and !3°I nuclei
populated in fission of the 2*3Cm and presented at this conference [1] illustrate such application of
the resolving power offered by modern gamma techniques.

Recently we have demonstrated that also in the region of spherical shell model nuclei around
08P} the study of high spin states is possible using the thick target method of gamma spectroscopy
in deep-inelastic heavy-ion reactions. In those early experiments new yrast states in 2°7Pb [2]
and 2°8Pb [3] were populated in bombardment of the 2°Pb target with ®*Ni and 32Se ions at
energies exceeding by 20-30 MeV the Coulomb barrier. Even the moderate quality gamma-gamma
coincidences obtained then with the 12 detector OSIRIS gamma array at HMI Berlin allowed to
extract useful information on high spin states [2,3]. Important aspects of the gamma spectroscopy
analysis in deep-inelastic heavy-ion collisions were reported earlier [4] and such technique was
already applied successfully in the study of neutron rich Ni isotopes [5], which included the N=40
closed subshell ®8Ni nucleus [6].

The new results on high spin states in 2°8Pb and 2°7Pb discussed in the present work were
obtained from an experiment originally planned as continuation of this Ni isotopes study and
aimed specifically to search for the "°Ni structure. The 420 MeV "°Ge beam from the ALPI Linac
accelerator at the INFN Legnaro bombarded a 20mg/cm? thick 2°®Pb target placed in the center
of the GASP gamma array. The beam was pulsed with 400 ns repetition time and the collected
gamma-gamma coincidence data included time parameters which allowed to separate in a clean
way the prompt and delayed events as well as delayed coincidences involving up to 800 ns delay
time between two gamma transitions. The observed production yields of neutron-rich Ni isotopes
indicated that the "°Ni nucleus is populated, but the obtained statistics were not good enough to
perform necessary identification. Whereas the "°Ni structure identification had to be postponed to
future experiments, the data analysis revealed surprisingly strong population of high spin states
in the heavy nuclei produced in binary reactions. For example, the high spin states in 2°Pb were
found to be strongly populated up to the highest spin state I=20, known from a recent spectroscopic
study with a heavy ion fusion reaction [7]. Even higher spin state of I=30 could be observed in
the well known 2!2Rn shell model nucleus [8], which in the present experiment was apparently
produced by complex processes involving transfer of four protons to the 2°Pb target nucleus. This




277

favorable high spin population prompted us to analyse the same data to extract potentially new
information on vrast states in the 2°®Pb and 2°"Pb nuclei. In the following the results obtained
from this analysis will be discussed separately for both nuclei.

The 2°Pb nucleus.

In the DCS 2%Pb nucleus high spin states up to I=14 can be formed by simple particle-hole
excitations. Promotion of the neutron from i,3/, orbital to the one of the available high j orbitals
- Eo/2, l11/2 OF ji15/2, gives rise to multiplets of states, of which the highest spin members are yrast
states. Similar proton excitations occur at significantly higher energies and the I=12 highest spin
can be reached from the i3/, hl'll/2 coupling. In highly elaborated (e,e’) experiments [e.g.9] several
high spin states could be placed within 5 keV accuracy and few of them were assigned including
the highest spin 14~ neutron j;; /2i1‘31/._, excitation. In our early experiments [3] we were able to place
four yrast states lying above the 4895 keV 10* isomer; two of them are the 14~ and 12% states
known from (e,e’) experiments [9] and were observed then for the first time by gamma spectroscopy.
The two new levels populated in the gamma yrast decay were assigned as the 13~ and 11 states.
This status of the 2°8Pb high spin state study was the starting point in the present analysis of the
208Pb + "Ge gamma coincidence data.

o Fig.1 Gamma spec-
400 — trum
of prompt transitions
™ preceding in time the
delayed gates set on
four strongest tran-
ce| Silions occurring in
the decay of the 500
ns 10t isomer in
208 pp_ Lines with in-
dicated energies cor-
respond to *%8Pb
high spin transitions;
P b ¥ transitions above those with isotope as-
the 10* isomer signment arise from
100 Ge isotopes occur-
Py ring simul-
taneously with 2°®Pb
in the *®Pb + 414
MeV " Ge collision

@
o &
2 ]
< exit channel.

o le
|
T |
2000

Energy (keV)

The half-life, T;/» = 500 ns, of the 10* isomer in ?°®Pb greatly simplified the identification
of high spin gamma transitions located above it. Delayed coincidences with gates set on several
gamma transitions below the isomer produced the gamma spectrum which is shown in Fig.1 and
includes all gamma transitions preceding the isomeric decay. Only few of these transitions arise
from the prompt gamma decay of excited Ge isotopes which appear simultaneously with the 2Pb
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nucleus in the reaction exit channel. They are marked by the assigned isotope which often indicates
substantial involvement of neutron evaporation in the processes populating the 2°®Pb high spin
states. All other transitions with indicated energies seen in the spectrum of Fig.1l belong to the
29%Pb nucleus. Whereas the four previously known [3] transitions appear as the most intense ones,
the spectrum shows many new weaker gamma lines in a broad energy range up to the 2318 keV
high energy transition. The analysis of prompt gamma coincidences established the level scheme
of ?%Pb shown in Fig.2. Few weak transitions could not be placed in the level scheme due to the
complexity of the prompt coincidence data.

I w200 28 (8) ns
947
‘l’ 9352
291
i 9062
2318
14~ 6744
295
13- 3 6449
348
12+ - 6101
1+ 1508 1553 351
5749
1865
. 881 i
11+ 5236
10 1340 5089
10+ \ 4 > 4835 500ns

208 Pb

Fig.2 High spin states in 2% Pb above the 500 ns 10* isomer.

The cascade of three transitions of 2318,291 and 947 keV energy firmly located above the 14~
level did show a delayed component, thus indicating the existence of a new high spin isomer in the
2%8Pb nucleus. Detailed analysis of timing data sorted into E, - E, - t cubes allowed to extract
the 28(8)ns half-life of the isomer but its location could not be established. In any case, the three
new high spin states lying above the 14~ highest spin neutron particle-hole excitation must involve
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additional core excitations and thus are the first two particle-two hole states of high spin observed
in 2%%Pb. In the absence of experimental spin assignments and calculations of 2p-2h states it is too
early to speculate in the present report on the nature of these states and especially on the structure
of the isomer. A clear interpretation is possible for the new features established in the present
work in the lower part of the level scheme. Here, below the 14~ state, a fairly complex gamma,
decay was observed, which established the new 11% level at 5749 keV and involved population of
previously known [10] second 10* level at 5069 keV. In the following we shall discuss three points
related to this gamma decay between states of well defined predominant structures which involve
the coupling of the i;3/, neutron hole with a neutron particle, namely: Jisp2 (147, 137), iy (12,
11+ at 5749 keV) and goy» (117 at 5236 keV, 10* at 5069 and 4895 keV).

The first point concerns the surprising competition between the 1508 keV E3 and 295 keV
M1 transitions observed in the decay of the 14~ state. The configurations of the involved states
as indicated above define the 14~—11% 1508 keV E3 as the J15/2—8ey2 transition with the i3/,
neutron hole acting as spectator. Such an E3 is also observed in the lower part of the 2°3Pb level
scheme i.e. the 1413 keV transition connecting the 8+ and 5~ states with correspondingly the j J1s/2
and go/2 neutron coupled to the py/; hole. In 2°°Pb this ji5/2—8s/2 E3 of 1423 keV is observed
directly and its 1.5ns half-life defines it as the fast E3 transmon On the other hand the competing
295 keV M1 transition between the states of the 315/2113 /2 multiplet must be very slow since the
B(M1) is proportional to the squared g-factor difference of two high j components. The estimated
B(M1) value gives 5ns for the 295 keV transition partial half-life which is fully compatible with the
observed branching. It is worth noting that also the observed weak 13~ —10% 1553 keV tra.nsmon
(Fig.2) is of the same E3 nature competing with the forbidden E1 transition.

Second point is the consideration of possible mixing between the two 11t states of pre-
dominant i11/2i;'31/2 (5749 keV) and g9/2i1‘31/2 (5236 keV) conﬁgurations The M1 branching of
1,(865keV)/L,(351keV) = 3 observed in the decay of the pure l11/2i757, 12* state at 6101 keV
is nicely reproduced by assuming pure wave functions for both 11* states; the mixing allowed by
this branching must be smaller than 0.2 in amplitude squared. This mixing is even further re-
stricted by the absence of an M1 transition between both 11+ states, which leads to the conclusion
that both states are exceptionally pure.

The third point concerns the M1 branching in the decay of the upper 11% state at 5749 keV
to the two lower lying 10% states. Without going into details the conclusion is that this branching
is well reproduced by the known [10] complex structure of both 10% states. Quantitatively this
branching settles the -0.05(8) i11/5i75/, amplitude in the wave function of the isomeric lower 10+
state.

In conclusion, new high spin two-particle two-hole excitations were established in the 208Pb
nucleus including an isomeric state with spin close to I=20 and excitation energy higher than 10
MeV. The level structure and the gamma decay observed below the 14~ 6744 keV state are well
understood within a simple shell model and give very relevant structure information.

The 2°7Pb nucleus.

The level scheme of the 2°“Pb high spin states established in the present work is shown in Fig.3.
States below the tentatively assigned 29/2+ state at 6047 keV were known from the previous study
[2], except for the two relatively strongly populated near yrast states at 5282 and 5966 keV. The
main cascade of three intense transitions above the 29/2~ state located new high spin levels which
were found to be populated in the decay of a high spin long-lived isomer. The isomeric half-life was
determined as 360(80)ns, but the isomeric decay could not be fully reésolved. Many new transitions
seen in this decay could not be placed with confidence due to small intensity. Consequently, the
placement of the isomer is uncertain. Nevertheless it must lie very close to the highest energy
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observed state at 8473 keV, which is the expected position of the one-particle two-hole state of the
jis/2i73/, configuration. Any other considerations of the observed high spin structures in 207Pb must
be postponed until spin-parity assignments and full clarification of the level scheme are resolved by
future experiment=.
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Fig.8 High spin states in *®” Pb above the i3/, isomer.

In summary. using the gamma-gamma coincidence data obtained from the thick target 2°Pb
+ 414 MeV °Ge experiment we were able to extract new information on hitherto unknown high
spin states in the 2°Pb and 2°7Pb shell model nuclei. This results exemplify new prospects for
the gamma spectroscopy in deep-inelastic heavy ion reactions opened by the impressive technical
development achieved in gamma ray detection. Recently we performed at GSI Darmstadt new
experiments with !3%Xe and 2°®Pb beams on 2°8Pb targets using 5 new cluster detectors and the
crystal ball. These experiments were dedicated to gamma spectroscopy studies in the 2°Pb shell
model region and the obtained data promise further interesting findings.
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The Z=50, N=82 nucleus 1328n is the most magic of all heavy nuclei, with pronounced
shell closures for both protons and neutrons manifested by the absence of excited states below
4.0 MeV excitation energy [1]. What we know about 1328p and nearby nuclei comes mainly
from 3~ decay studies of short-lived fission products; consequently, our knowledge about simple
excitation modes, single particle energies, effective nucleon-nucleon interactions and other basic
properties in this region is far from complete. The spectroscopy of 13281 and its neighbors
should in many ways resemble that of the well studied region around Z=82, N=126 208pp,
where a substantial body of empirical nuclear structure information has accrued. Several groups
[2-5] have discussed the possibility of developing a "universal" theoretical description of shell
model properties with some parameter variation in familiar and remote areas of the nuclidic
chart, and they have stressed the desirability of detailed comparison between experimental data
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from the 208Pp and 132gp regions. Progress along these lines has been hampered by a scarcity
of information about simple excitation modes in the 1326 region. The development of large
multidetector y-ray arrays, which can separate the prompt y-ray cascades within a single fission
product nucleus (of moderate yield) from the bulk of prompt <-rays, has now opened new
prospects for detailed studies of yrast excitations in 132Sn and the few valence particle nuclei
around it.

Measurements were performed at Eurogam II using a 248Cm source consisting of about
5 mg of curium oxide embedded in a pellet of potassium chloride. This source delivered
~6.3x10 fissions/sec, with stopping of the fission fragments in ~ 1 ps and subsequent emission
of almost all the de-excitation y-rays from nuclei at rest [6]. Eurogam II at the time consisted
of 52 escape-suppressed spectrometers incorporating 124 Ge detector elements, here augmented
by four LEPS spectrometers. A total of 2x10° threefold or higher-fold coincidence events were
recorded. A first inspection showed that these data included known vy-ray cascades in 13285 and
its neighbors, as well as many strong unidentified cascades, so we embarked on a detailed
investigation of yrast excitations in the Z=50-54, N=80-84 range of nuclei. Cross coincidences
observed between vy-rays from partner light and heavy fission fragments were often of critical
importance in establishing isotopic assignments for previously unknown cascades; in other cases,
some overlap with the y-rays known from -decay studies provided vital first clues. Although
the analysis is far from complete, substantial advances have already been made in the
spectroscopy of many of the nuclei in the targeted range. Here, we feature the results for the
two and three valence proton N=82 isotones 134Te and 1351 which exhibit simple clearcut
excitation modes, thus resembling 210pg and 211At, their well studied' N=126 counterparts in
the 208pp region.

In the two-proton nucleus 1347e, many members of the 1rg7/22, 78725/, and wgophy 0
multiplets are known from 134gp B~ decay studies, especially the recent work of Omtvedt et al.
[7]. The present fission product measurements identified two dominant high-energy <y-rays
feeding the 1691 keV 7g,,2 67 state in 134Te, one the 2322 keV 9-»6+ E3 transition known
from (-decay [7], the other a 2866 keV +y-ray from a 134Te jevel at 4557 keV. Gating on this
2866 keV vy-ray revealed many new 134T, v-rays, and the full yy+v results established the level
sequence above 4557 keV shown to the left in the 134Te scheme (Fig. 1). Since the only
possible two-proton state with I>9 is (why; ,22) 107, expected in 134Te above 7 MeV, the
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obvious conclusion is that these new states must involve excitation of the 1328n core. We
interpret them as 7rg7/22vf7/2h11 2 I states, with strong support from shell model calculations.
Nothing was known up to now about high-spin states in the N=82 nucleus 1351, but a
135Te B--decay study [8] has located 11/2F and 9/2+ levels at 1134 and 1184 keV respectively
above the 1391 T8 ground state. In thé present work, we started a search for other 137]
transitions by setting a single coincidence gate on 1134 keV y-rays. Strong 288, 572, 690, 725,
1661, 1695 and 2247 keV coincident y-rays were identified, and by generating a series of double
gated vy-ray spectra including these transitions, they were all confirmed as 1351 y-rays. A

compilation of many doubly gated y-ray spectra then established the 1351 Jevel scheme presented

in Fig. 1.
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The spin-parity assignments and the interpretation of the 1351 levels below 4 MeV as
1rg7/23, 7rg7,22d5,2 and 7rg7/22h11 j2 states are based in part on the results of the shell model
calculations. It is no surprise that the yrast excitations of 1351 are found to resemble closely
those of the other three-proton nucleus 211At, which has low-lying states of 7rh9,23, 1rh9,22f7,2,
and mhoyy%i3, character. The energies of three-proton states in 1351 were calculated with
nucleon-nucleon interactions taken directly from the 134T§: level spectrum (the few missing
matrix elements could be estimated accurately). The results agree satisfactorily with experiment,
although the agreement is not quite as good as similar calculations for 211At excitations based
on two proton interactions from 210Po. However, we have found that in both 1357 and 21 1at,
the remaining discrepancies between calculated energies and experiment can be removed by
allowing a moderate amount of configuration mixing. Since a high-lying (7h; /23) 27/2~ state
(close to 7 MeV) is the only expected three-proton excitation with I>23/2, the sequence of

levels above 4241 keV in 1351 must involve core excitations, and we naturally interpret them
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as 1rg7,23vf7,2h11 2 I states directly related to the core-excited states in 134Te above 4.5 MeV.
Particle-hole states of »f7,5hy1/2 ! character having I"=27 to 8+ are known [1] in 1326 in the
4-5 MeV energy range; their energies (together with estimates for two missing multiplet
members) provided some of the two-body interactions needed for calculating gy, "vf70hy1/5 I
states. In addition, mg;,vh;, /3! and wgy,vfy, interactions were also needed, but since 132gp
and 134Sb excitations are still poorly known, these matrix elements had to be estimated from
the whg/vii3 I and whg»78g, multiplets in 208g; and 210Bi, respectively, with scaling as
A~1/3 to take account of nuclear size variation [2]. Calculations of 7g;;,™fy,5h;; 1~} energies
were performed using the OXBASH shell model code, with no adjustment of input parameters
to fit the data. The results are displayed in Fig. 2 with the calculated energies normalized to
6010 keV for the 134Te 137 level, and to 5576 keV for the 1351 27/2F level. The excellent
overall agreement with experiment in both cases provides persuasive support for the proposed
interpretations. It is apparent that, while lower spin g7, f72h;1,, ™! levels are available in
the two N=82 nuclei, they receive negligible population because the yrast 87 and 19/2F states
both de-excite preferentially by favorable >2 MeV transitions.

The shell model calculations described above yielded relative excitation energies only,
because the appropriate ground state nuclear masses were not included in the supplied input, for
reasons that will become obvious. Mezilev et al. [4] recently revised the Audi-Wapstra 1993
masses [9] for nuclei around 132gp by precision §-decay endpoint determinations; updated mass
excesses for the N=82 isotones 1328n, 133Sb, 134Te, and 1357 are -76.620(29), -78.984(32),
-82.399(34), and -83.787(23) MeV [4,9]. The present results enabled us to check the
consistency of these N=82 mass values by shell model reduction techniques [10]. The aligned
7rg7,23 15/2F state in 1351 may be decomposed into simpler configurations with fewer valence
particles, which correspond to known levels in 134Te (41, 61), 1338 (7/2 1) and 13280 (0 ).
As previously shown for similar decompositions [10,11], a mass "window" W, comprising a
specific combination of N=82 ground state masses, can thus be related to experimental energies
by the equation:

W = M(1328n)-3M(1338b) +3M(134Te)-M(1331) = E(15/21)-3 (c.f.p.2 B4, 67).

Here, the excitation energy E(15/2+) in 1351 is 1422 keV, and E(4+, 6T) are energies of
7rg7/22 states in 134Te, weighted by appropriate coefficients of fractional parentage (c.f.p.). The
result from spectroscopy is W = -3570 keV. This differs by almost 500 keV from the value
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W = -3080(150) keV obtained directly from the N=82 masses given above. [In contrast, for
the analogous mass window in the N=126 isotones, the W value from decomposition of the
211p¢ 7rh9/23 21/27 state agrees within 5 keV with the one computed from Audi-Wapstra
masses]. We are forced to the conclusion that one or more of the accepted N=82 masses is
inaccurate by considerably more than the estimated errors. The 134Te and/or 133Sb masses
appear the most likely suspects since they are weighted heavily in the W expression: possibly
the B-decay schemes adopted for these nuclei may not be entirely  correct.

In summary, neutron-rich fission product nuclei around doubly magic 13281 have now
become accessible for detailed study by prompt y-ray measurements using multidetector arrays.
Yrast excitations to above 5.5 MeV excitation energy in the two- and three-proton nuclei 1347
and 1331 have been established and interpreted with the help of precise shell lﬂodel calculations
using empirical nucleon-nucleon interactions. These results open possibilities for exploring
simple excitation modes in the 1328n region under conditions that are comparable with but not
identical to those in the well-studied 208pp region.

This work was supported by the U.S. Department of Energy under contract nos. DE-
FG02-87ER40346 and W-31-109-ENG-38, by the Science and Engineering Council of the UK
under grant no. GRH 71161, and by Polish Scientific Committee grant no. 1044-P0O3-96-10.
The authors are indebted for the use of 248Cm to the Office of Basic Energy Sciences, US Dept.
of Energy through the transplutonium element production facilities at the Oak Ridge National
Laboratory.

References

a) On leave from Institute of Nuclear Physics, PL-31342, Cracow, Poland

b) On leave from JAERI, Tokai, Ibaraki, 319-11 Japan

[1] B. Fogelberg et al., Physica Scripta T56, 79 (1995).

[2]  J. Blomgqvist, in Proc. 4th Int. Conf. on Nuclei Far From Stability, Helsingor, 1981 p.
536.

[3]1 G. A. Leander et al., Phys. Rev. C30, 416 (1984).

[4] K. A. Mezilev et al., Physica Scripta T56, 272 (1995).

(5] K. I. Erokhina and V. I. Isakov, Yad. Fiz. 59, 621 (1996).

[6] °A. G. Smith et al., Phys. Rev. Lett. 73, 2540 (1994).

[7] J. P. Omtvedt et al., Phys. Rev. Lett. 75, 3090 (1995).

[8] M. Samri et al., Phys. A321, 255 (1985), and references therein.

[9] G. Audi and A. H. Wapstra, Nucl. Phys. A565, 1 (1993).

[10] e.g.J. Blomgqvist, P. Kleinheinz and P. J. Daly, Z. Phys. A312, 27 (1983).

[11] R. H. Mayer et al., Phys. Lett. B336, 308 (1994).




288

ROLE OF NUCLEAR COUPLINGS IN THE INELASTIC EXCITATION
OF WEAKLY-BOUND NEUTRON-RICH NUCLEI

C.H. Dasso 2, S.M. Lenzi ® and A. Vitturi ®

The Niels Bohr Institute, Blegdamsvej 17, Copenhagen @, Denmark ?
Dipartimento di Fisica and INFN, Universita di Padova, Padova, Italy ®

Much effort is presently devoted to the study of nuclear systems far from the stability
line. Particular emphasis has been placed in light systems such as 1Li, 8B and others,
where the very small binding energy of the last particles causes their density distribution
to extend considerably outside of the remaining nuclear core. Some of the properties
associated with this feature are expected to characterize also heavier systems in the vicinity
of the proton or neutron drip lines.

Special relevance has been given to the — somewhat unexpected — appearance of a
strong component in the multipole response of these systems for low-energy transitions
into the continuum. This component seems to be comparable in magnitude to contribu-
tions arising from high-lying collective states. Evidence for the presence of this additional
strength in the response function has been experimentally found?) for example in the in-
elastic break-up of !'Li and ®B, and its occurrence has been afterwards confirmed by a
number of theoretical calculations. The extent to which such a concentration of low-lying
strength can be thought of as associated with a “state” of resonant or collective character
has been a matter of long debate. Different prescriptions have been used to describe the
reaction mechanism leading to the excitation of these low-lying, strongly-coupled states in
the continuum and the consequences of their presence in other reactions regimes — such as
fusion — have also been investigated. Still, the relative importance of nuclear and Coulomb
contributions as well as the precise connection between inelastic transitions into the con-
tinuum and the break-up process remain to be fully clarified.

It is by now well established that low-lying concentrations of multipole strength arise
from pure configurations in which a peculiar matching between the wavelength of the
continuum wavefunction of the particles and the range of the weakly-bound hole states

2-3), An important element in arriving to this explanation is provided by the

occurs
choice of a radial dependence of the multipole operator of the form r*, which favours
large values of 7. One should stress that the shapes of the multipole strength distributions
will not be directly reflected in the energy dependence of inelastic cross sections observed
in a heavy-ion induced reaction. And this is not only because of kinematical conditions

governing the transitions (optimum Q-value effects) but also because the external fields
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generated by the reaction partner may be characterized by different radial dependences.
Thus, for example, it is not a priori clear whether the matching conditions that favour
certain energies in the continuum in the case of the electromagnetic transition operator
will also apply to the short-range nuclear interaction®.

We have addressed these issues within the framework of a simple schematic model. To
this end we consider the break-up of a weakly-bound system in a heavy-ion collision and
focus our attention in the inelastic excitation of the low-lying part of the continuum. We
make use of the fact that previous investigations®) have shown that the multipole response
in this region is not of a collective nature and describe our excited states as pure particle-
hole configurations. Since the relevant parameter determining the strength distributions
is the binding energy of the last bound orbital we find it most convenient to use single-
particle wavefunctions generated by a spherical square-well potential with characteristic
nuclear dimensions and whose depth has been adjusted to give rise to a situation in which
the last occupied neutron orbital is loosely-bound. Spin-orbit couplings are, for our present
purpose, ignored. These choices have the clear advantage of allowing the treatment of both
bound single-particle wavefunctions and scattering states in terms of analytic functions.

We have modelled our system to be representative of the case of the excitation of a
very neutron rich nucleus close to the drip-line. By choosing a square potential with a
radius of 4 fm and a depth of 53 MeV forty neutrons fill all the states up to the last 2p
orbital, which remains bound by only about one MeV. Thus, under this proposition, °Ca
turns out to be a system at the edge of the neutron separation zone. In the sequence
of bound levels and resonances for the aforementioned potential, which can be found in
ref.?), one notes that the next-to-last filled level, 1f, has a binding energy of about 8 MeV.
Consequently, the continuum excitation spectrum up to this energy involves only particle-
hole transitions from the weakly-bound 2p state. Furthermore, the first resonant state in
the continuum is the sharp 1g state, which also lies at £ =~ 8 MeV. Since the lowest possible
resonant transition is the octupole [2p~'1g] configuration of about 9 MeV of excitation
energy one can conclude that in our case all inelastic transitions to the low-energy part of
the spectrum involve only continuum states of non-resonant character.

We can then proceed on to construct microscopically the formfactors associated with
transitions into the continuum for all possible multipolarities. This is done by folding the
corresponding transition densities with the nucleon-nucleus interaction generated by the
target, which incorporates the Coulomb term and a Woods-Saxon-type nuclear component.
In our model case microscopic formfactors have been constructed for the collision between
2 %Ca projectile and a #°Ca target. As a first example we consider in fig. 1 the formfactor
associated with the dipole transition from the weakly-bound state 2p to states of angular
momentum two in the continuum (2p-d.) . The radial dependence of the matrix elements
has been calculated for a fine mesh of the continuum energy E covering the interval [0,10]

t Note that in the dipole case the inelastic formfactor incorporates a “Coulomb” component that
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MeV, and is shown as a function of r and E. The frames a) and b) show the formfactors
obtained by including only either the Coulomb or the nuclear interaction, while in c) both
contributions have been allowed to interfere. The presence of very large couplings at low
values of the excitation energy becomes apparent in the three landscapes displayed in the
figure. It is interesting to note, in addition, the rich structure of nodes that characterizes
the nuclear component.

2p - d,

Coulomb nuclear

E (MeV)

Fig. 1 Contour plot of the formfactor for the dipole transition from the 2p
bound state to the continuum d. state, as a function of the ion-ion separation
r and of the continuum energy E. The frames a) and b) show the formfactors
obtained by including only either the Coulomb or the nuclear interaction, while
in c¢) both contributions have been allowed to interfere.

The microscopic construction of the nuclear and Coulomb formfactors revealed a very
unusual radial extension of the former. This feature may come as a surprise, given the
fact that conventional wisdom localizes the nuclear interactions at the contact radii of
the colliding ions. The explanation of this lies in the fact that we concern ourselves with
nuclear formfactors for the excitation of particle-hole configurations which involve the
last, loosely bound orbital. The corresponding transition densities (basically a product
between the slowly decaying wavefunction of the bound orbital and unlocalized continuum
wavefunctions) feel the presence of a reaction partner far before the bulk of the nuclear

reflects the neutron effective charge e.;y=—eZ/A that accounts for recoil of the nuclear bulk. Such an
effective charge is zero in leading order for A>2. Let us here note that we shall also neglect in leading
order spurious center-of-mass motion corrections affecting nuclear couplings.
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densities begin to overlap. As an example, Fig. 2a shows the radial dependence of the
Coulomb and nuclear couplings for a fixed value of the energy in the continuum, EF= 1.0
MeV. This corresponds roughly to the value of energy for which the relative maxima of
the functions for the 2p-d. case displayed in fig. 1 were found. The Coulomb formfactor
assumes for large distances the expected long-range 1/r? dependence. Note, however, that
the nuclear formfactor extends also considerably beyond the potential radius. The unusual
character of this feature becomes evident if one compares with the results obtained for a
“standard” dipole transition, such as the excitation from the deeply-bound 1f state to the
resonant 1g state, displayed in fig. 2b. In this case the nuclear formfactor exhibits the
rapid fall-off characteristic of ordinary nuclear couplings.

2p - d, (E=1MeV) 1f - 1g (E = 7.5 MeV)
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Fig. 2 Radial dependence of the formfactors at a fixed value of the energy E
in the continuum. The frames refer to dipole transitions, with both nuclear (solid
line) and Coulomb formfactor (dashed line) displayed. More precisely, fig. a)
refers to a 2p-d. transition (at a continuum energy E=1 MeV) and fig. b) to a
1f-1g transition (E=7.5 MeV).

Reaction calculations employing the microscopic nuclear and Coulomb formfactors
were performed within a semiclassical coupled-channel framework. Numerical results re-
vealed the importance of the dynamical matching conditions that control the inelastic
excitation processes. These limit the population of the continuum to the lowest energy
range and yield Q-value distributions of cross sections that may differ in shape signifi-
cantly from the original multipole distributions that identify the location and strength
of the different reaction channels. If projectile break-up is triggered by the promotion of

e
1




292

the valence neutrons into the continuum one finds that the processes almost exclusively
involve concentrations of strength at the positive-energy spectrum that are not of resonant
character.
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Fig. 8 Q-value distributions do/dE for the reaction ®°Ca + *°Ca as a func-
tion of the energy in the continuum. The three cases correspond to the dipole
transitions 2p-d, and 2p-s, and to the quadrupole transition 2p-p.. The calcu-
lations correspond to a bombarding energy E.,= 51 MeV, and separately gives
the results obtained by only including the nuclear coupling (dashed lines) or the
Coulomb coupling (dotted lines), together with the full results (solid lines).

As a typical example, total (i.e. angle integrated) inelastic cross sections are displayed
in fig. 3 for selected transitions to the continuum. All those shown in the figure involve a
particle excitation from the weakly-bound 2p orbital. More precisely, the cases correspond
to the dipole transitions 2p-d. and 2p-s. and to the quadrupole transition 2p-p.. The
bombarding energy was set equal to E.,= 51 MeV (approximately around the Coulomb
barrier) and the figures show, separately, what is obtained by including only the nuclear
or Coulomb couplings together with their combined results. One can immediately notice
that the excitation functions are rather large and strongly peaked close to the continuum
threshold, as expected from the energy dependence of the corresponding formfactors. Most
of the inelastic excitation (and consequent break-up) will therefore be concentrated at
low excitation energies. The kinematic @)-value conditions — that favour low excitation
energies — have shifted the maxima of the distributions to even lower values than the
corresponding ones in the formfactors. One can also see that for the dipole transitions,
where both nuclear and Coulomb couplings are present, the nuclear one is predominant.
This dominance of the nuclear inelastic excitation was found to survive even at energies
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well below the barrier, where the excitation due to the long-ranged Coulomb interaction is
normally by far dominating. Again this is a simple consequence of the unusual extension
of the nuclear formfactors which characterizes this case.

To summarize, the results of our investigation clearly indicate that nuclear couplings
have the predominant role in causing projectile dissociation in many circumstances, even
at bombarding energies remarkably below the Coulomb barrier. It should be noted that
nuclear couplings exploit rather evenly the different A-transfer channels that are compatible
with angular-momentum selection rules and thus one should avoid concentrating attention
only on the dipole excitations. The results reported here also suggest that previous studies
of break-up processes of weakly-bound nuclei based only on the action of the electric field
should be critically reviewed.
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Introduction

With the advent of y-ray arrays containing many Ge detectors detailed studies of the spec-
troscopy of neutron-rich nuclei have been made possible !~3) through the observation of
discrete, prompt < rays emitted following fission. Spontaneous fission has proved to be
particularly productive and has enabled a wide range of isotopes far from stability to be
observed. These prompt y-ray investigations have complemented the experiments studying
neutron-rich nuclei through the B decay of fission products. A large body of data is now
available in the Z=40-44 and 52-58 region of neutron-rich nuclides (corresponding to the
peak yields of fragments) and a coherent picture of the variation of nuclear properties with
Z and N is emerging in these parts of the chart of the nuclides.

In this report results from a study of the nuclei produced in the spontaneous fission of
248Cm will be presented. The present paper will concentrate on recent results on neutron-
rich Sr, Zr and Mo nuclei with N=>58-64. These isotopes are of particular interest because
of the way their shapes change as a function of both proton and neutron number. The
basic characteristics of these shape changes have been established for some time by £ decay
studies of low-spin states. The new data on prompt v rays extend our knowledge of the
behaviour of these nuclei quite considerably. The great sensitivity of Ge arrays has lead to the
observation *®) of non-yrast bands, providing more detailed information on nuclear structure;
the large number of detectors and the geometry of the CLOVER detectors incorporated
into EUROGAM II have allowed the measurement of angular correlations ®) and linear
polarisations, putting spin and parity assignments on to a firm footing; a further advance
in the study of fission fragment spectroscopy is the determination "8) of the lifetimes of
yrast states by a new Doppler attenuation technique. These lifetime measurements give new
information on the way nuclear shapes change as a function of rotational frequency.

Experimental Details

The data discussed in this report were obtained using the EUROGAM II array in Strasbourg.
The array consisted of 52 large Ge detectors in anti-Compton shields, including 24 four-
crystal CLOVER detectors. In addition four LEPS detectors were incorporated into the
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array, in order to observe X rays and low energy < rays with high resolution. The ?8Cm
spontaneous fission source comprised 5 mg of curium oxide mixed uniformly with KCl. The
powder was then compressed into a pellet 0.5 mm thick and 5 mm in diameter. The KCl
was used in order to reduce absorption of low energy photons, and to give a characteristic
slowing down time for fission fragments of 1-2 ps. This slowing down time enabled Doppler
attenuation effects to be observed and measured for vy rays emitted from intermediate spin
states. The geometry of the CLOVER detectors allowed them to be used as Compton
polarimeters.

In total about 2.5 billion coincidence events were recorded of fold equal to or greater than
three. In order to analyse the data various high dispersion (up to 3000 channels on each axis)
3-dimensional histograms were created, which could be gated interactively in any direction.
The primary tool used to create level schemes was a vy cube containing 2x10%° triple-
v events. This was assisted by the use of a triples cube in which events from the LEPS
detectors formed one of the axes. Having determined partial decay schemes it is important
to establish, where possible, the spins and parities of the states involved. To this end special
cubes were constructed to enable triple gamma correlations in the form of DCO ratios to
be measured. Also double correlations were used, where, in addition to conventional double
correlations, a third, uncorrelated v ray was included to allow for isotope selection. Finally,
the particular properties of the CLOVER detectors were used to extract linear polarisations
from direction-polarisation correlations. Details of the analysis techniques used to extract
spins and parities are given in ref. ¢).

As mentioned above, the source was constructed in such a way as to allow the determination
of nuclear lifetimes. In the fission process yrast states are fed either by fast, statistical -y
rays from the entry point populated after the emission of neutrons, or by the yrast state
above. This means that «-ray lines from yrast states with lifetimes of around 1 ps will
exhibit Doppler broadening. In the circumstances of the present experiment, states which are
members of a rotational band with spins in the range J=8 to 12 have lifetimes which can be
measured. Because the fission fragments are emitted with equal probability in all directions,
the y-ray lineshapes are symmetrical. These lineshapes are fitted using a development ) of
the standard DSAM method. An example is shown in Fig 1. This spectrum was obtained
using quadruples data, using the 2-0 and 4-2 transitions to select the nucleus, and by then
gating above the levels of interest.

The Axially Symmetric Rotors: Sr and Zr Isotopes

A well-established feature of neutron-rich nuclei in the A=100 region is the sudden onset
of deformation in strontium and zirconium isotopes at the neutron number N=60. While
the low-lying states of *®Sr and 9Zr with N=58 show features of spherical nuclei, the iso-
topes having only two more neutrons are strongly-deformed, axially-symmetric rotors with
deformations of 0.35 < 5 < 0.40, as determined from the lifetimes of low-lying states. The
extension of the ground-state bands in Sr and Zr isotopes by Hotchkis et al. ') provided
further evidence for the “good” rotational character of these neutron-rich nuclei. We have
now measured ) the lifetimes of higher-lying members of the ground-state bands of %8Sr and
100,102,1047 in order to investigate the stability of the deformation with rotation. The
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Figure 1: Example of v ray lineshapes. The spectrum is of yrast transitions in 112Ru, 8 neutrons
from the heaviest stable isotope. The solid line shows the fit to the data using a quadrupole moment
of 2.9 eb.

measured lifetimes have been transformed into quadrupole moments within a rotational
model description. The present results, which correspond to a fit to the lineshapes of v rays
from the decay of the J=8,10 and 12 members of the ground-state bands, are given in the
final column of the table below. The column Raman °) shows the values of the quadrupole
moment derived from the lifetimes of 2% states; that labelled Moller 1°) shows theoretical
predictions of ground-state moments. The units are eb.

Nucleus Raman  Moller Present

98Sr 3.12(18) 3.14  3.17(20)
1007y 3.01(19) 3.36  3.19(10)
1027y 4.01(40) 3.51  3.52(17)
1047y 3.68  3.72(16)

It can be seen that the new data strongly suggest that the shape of these well-deformed
nuclei does not change with angular momentum, at least up to spin 12A. This is consistent
with theoretical expectations from calculations of Total Routhian Surfaces (TRS) 8).

The sharp transition in the ground-state shape from N=58 to 60 is now recognised as being
due to the crossing in energy of the “spherical” configuration that lies lower in the isotopes

L
A
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Figure 2: Partial level scheme of 7Sr.

near the stability line and the “deformed” configuration that becomes the ground state
at N=60. One should therefore expect that in the transition region both configurations
will coexist. It is clearly of interest to see whether it is possible to follow the behaviour
of the two separate configurations as a function of neutron number. We have used our
present data to search for and identify rotational structures in the N=>58 nuclei %6Sr, %Zr
and the N=59 nuclei 97Sr, %°Zr, and to measure the lifetimes within these bands in order
to determine their deformation. One example of a level scheme determined in the present
work is shown in Fig 2, where that for %’Sr is shown. It can be seen that rotational-like
bands appear at around 700 - 800 keV in excitation. The quadrupole moments of the bands
based upon the %"’ level at 686.9 keV and the I~ level at 771.1 keV have been extracted
from measurements of the lifetimes of the high-lying members of these two bands. The
moments have been determined to be 3.05(15) eb and 2.80(15) eb for the positive and negative
bands respectively. Similar measurements have been made on the other N=>58,59 isotopes
of interest. By combining our measurements with previously published data 1'~1*) we arrive

e
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Figure 3: The deformation parameters in Sr and Zr isotopes (see text).

at the deformation parameters for the “spherical” and “deformed” configurations shown in
Fig 3. The filled circles correspond to f, values derived from present lifetime measurements
for deformed states; open circles represent 3, values for the coexisting “spherical” structures
11-14). and question marks indicate unknown values of B,. Fig 3 shows clearly the evolution
of the deformation of the two coexisting configurations. Further analysis is required to
investigate the possiblé mixing between the two structures in the transition region.

The v Soft Isotopes of Mo

We have observed ) in !%®Mo perhaps the best example of a harmonic two-phonon 7-
vibrational band. The band-head level lies 500 keV below the pairing gap, avoiding problems
with two quasi-particle bands; and the observed branching ratios are in excellent agreement
with model predictions. The existence of such & configuration is consistent with TRS calcu-
lations &) which show a minimum in the potential energy surface of Mo isotopes that is soft
in the 7y degree of freedom. These same TRS calculations predict that, as the nuclei rotate,
the yrast states take on a triaxial shape, due to the alignment of h n neutrons.

The role of the vy degree of freedom in the Mo isotopes is of interest, because the Ru isotopes
exhibit 1°) characteristics of rigid triaxiality. Thus the transition from axial symmetry in
the Sr and Zr isotopes to rigid triaxiality in Ru, via the 7 soft Mo isotopes needs further
investigation. One consequence of the predicted shape change with rotation in the yrast
states of the Mo isotopes would be a change in the quadrupole moment as one moves up the
band. This should be in sharp contrast to the constancy of the quadrupole moment in the
ground-state bands of Sr and Zr nuclei discussed above.
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We have measured ®) the lifetimes of the J=8 to 12 yrast states in 192-1%Mo and extracted
quadrupole moments within a rotational model prescription to compare them to the moments
determined for the J=2 states. The results are summarised below:

Nucleus Raman  Moller Present

102Mo 3.26(19) 3.29  2.44(17)
1%4Mo 3.29(13) 3.54  2.84(14)
1060 fo 3.62(10) 3.70  2.85(13)
108Mo 3.68(42) 3.46  2.79(20)

It can be seen from these results, in contrast to the previous table, that a consistent reduc-
tion of 20% in the quadrupole moments of the intermediate spin states in the Mo isotopes
is observed. This reduction is entirely in agreement with the theoretical predictions and
indicates that there is a change in shape towards a positive non-zero value of -y as the nuclei
rotate.

Summary

A brief summary has been presented of some of our results from the study of prompt
rays from the spontaneous fission of ?*2Cm. The report has attempted to illustrate the
advances that are being made in our understanding of the nuclear structure of neutron-rich
isotopes, using the power of modern -ray arrays. The most significant advance has been
in the measurement of lifetimes, since, to achieve this, high statistics triple and quadruple
coincidence data are required. It will be interesting to see what further advances can be
made with the next generation of arrays.
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Abstract

The heavy-ion collisions of 3Fe + 232Th, 8Kr + 232Th and 136Xe + 232Th with beam en-
ergies 15-20% above the Coulomb barrier were used to populate nuclei in the light-actinide
region. Yield distributions of the binary reaction products stopped in thick targets were
obtained by measuring -y coincidence intensities. The 136Xe + 232Th reaction was re-
peated at Lawrence Berkeley National Laboratory using a recent implementation of the
GAMMASPHERE array. Many interesting discoveries concerning the high-spin structure of

octupole-deformed light-actinide nuclei have been made.

Nuclei with Z~88 and N~134 have their neutron and proton Fermi levels in close proximity
to the octupole-driving v(ji5/2 and go/2) and 7(ijs/2 and frj2) orbitals. Thus these light-
actinide nuclei are susceptible to octupole deformation [1], [2]. Nuclei in this region can be
studied using fusion-evaporation reactions but low production cross-sections (<millibarns)

and large fission cross-sections [3] make these nuclei difficult to study by these means. This
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Reaction Target Beam Germanium Detector Facility
(mg/ cm2) Species 1(-:&21% %?‘}’gve Array
12 TESSA-type K-130 cyclotron,
I 2327Th (30) | SOFe 362 20 (23% efficiency) JYFL,
detectors Jyviaskyla
TESSA3 frame: K-130 cyclotron,
I 232Th (30) | %6Kr 511 16 12 detectors + 50-element JYFL,
multiplicity filter Jyvaskyla
Argonne-Notre Dame: ATLAS,
I1I 232Th (40) | 136 830 15 12 25%-efficiency detectors | Argonne National
+ 50-element BGO ball Laboratory

Table 1: Summary of experimental details. The Coulomb barrier energy is defined as
A
1.44 Zp2, .
Ecp = % where Ap, Zp, At and Z; are the mass and proton numbers of the projectile and
116045 % +4,%42)

target respectively.

population mechanism is limited further by a lack of suitable projectiles and stable targets
above 299Bj. Virtually no information exists concerning the excited states in 222Ra and the
octupole-deformed Rn isotopes with A > 218. We have used multinucleon transfer reactions
to populate this region of nuclei. Three experiments were carried out in which thick *2Th
targets were bombarded by different heavy ions at energies bétween 15% and 20 % above the
Coulomb barrier. The details of these experiments are summarised in Table 1.

For each system, measurements of the yield of the populated nuclei were produced using
quantitative in-beam and out-of-beam -y coincidence analyses, where the intensities were
corrected for efficiency and internal conversion [4]. Figure 1 shows the target-like product
yields for the reactions %6Fe + 232Th, 8Kr + 22Th and 1%6Xe + 2%2Th. The yields were
normalised by matching the yield of the Coulomb-excited 2% state in 232Th. The least neutron-
rich of the projectiles, 5Fe, picks up most neutrons from the target and shifts the distribution
of heavy products into the region which is already accessible by compound-nucleus reactions.
The 3 Kr and '3Xe projectiles populate the region which cannot be accessed by presently-
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Figure 1: A comparison of the yields of target-like nuclei produced in the 56Fe + 232Th, 85Kr + 232Th and

136Xe + 232Th reactions.

available fusion-evaporation reactions. The 3®Xe projectile, with the largest neutron-to-
proton ratio, populates octupole-deformed Rn and Ra isotopes in the light-actinide region
with the greatest intensity.

The 1*Xe + 232Th reaction was repeated at Lawrence Berkeley National Laboratory using
the high-efficiency GAMMASPHERE array. The array consisted of 73 large-volume (~75% relat-
ive efficiency) Compton-suppressed germanium detectors [5], [6], 27 of which were segmented
[7]. After 54 hours of collecting gamma-ray events of fold 3 or higher, subsequent unpacking
of events revealed a total of 1.1 x 10 triple and 6.7 x 10° fourfold Compton-suppressed
gamma-ray coincidences. The typical spectra shown in figure 2 serve to illustrate the qual-
ity of these data. Figure 2(a) is a threefold gamma-ray spectrum which shows transitions
in #®Rn. The spectrum was produced by double-gating on transitions in the ground state
rotational band in **®Rn in a y-y-y-correlation matrix. Figure 2(b) is a fourfold spectrum
showing transitions in ??Ra. This spectrum was produced by double-gating on transitions

in the ground state rotational band in 2?)Ra in a gated vy-y-y-correlation matrix. The initial
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Figure 2: (a) Threefold gamma-ray spectrum showing transitions in 2*Rn. (b) Gamma-ray spectrum showing
transitions above and including the 6% to 4™ transition in 22*Ra. This spectrum is from unpacked fourfold

coincidence events where one of the gamma rays has the same energy as the 4* to 2% transition in 22*Ra.

gate was set on the 4 to 2% transition in 2?*Ra. _

High-spin states in many light-actinide nuclei have been observed. The level schemes of
218Rn, #*°Rn and 2?2Rn are shown in figure 3. Previous to the present work, only the 5 lowest-
lying states in each nucleus were known (8]; [9]. In the present work, alignment effects for the
positive parity states in ?!8Rn and ??°Rn have been observed at fiw = 0.22 MeV. Cranked shell
model calculations predict a strong alignment of a pair i,3/2 protons close to this rotational
frequency in these two nuclei.

The level schemes of ??Ra, ?*!Ra and ??°Ra are shown in figure 4. Previous knowledge
of these nuclei can be found in references [10], [11], [12] and [13]. The level schemes of
222Ra, 2?Ra and ?*°Ra have been considerably extended in the present work and interleaving
positive- and negative-parity states have been observed: for the first time in 22?Ra.
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For each state that is depopulated by both E1 and E2 transitions in the six nuclei, intrinsic

electric dipole-to-quadrupole (%) ratios were extracted from %(%% branching ratios. Upper

limits were obtained for high-spin states in 22*Ra. The %g- values were constant within each
nucleus. Using weighted mean values of gﬁ and published values of Qo [14], a measure of
the intrinsic electric dipole moment, Dy, was determined for the Rn and Ra isotopes. The
intrinsic electric dipole moment measured for 22*Ra, 0.030(1) e.fm, is much lower than those
for ?»?Ra, 0.27(4) e.fm, and ?2°Ra, 0.18(2) e.fm. The anomalously low dipole moment in
224Ra persists to high spins (<0.09 in the spin range I=12-23%). At low spin, the calculations
of Butler and Nazarewicz [15] reproduced an anomalously low Dy for ?**Ra by treating the
intrinsic electric dipole moment as the sum of a macroscopic (liquid drop) component and a
microscopic (shell correction) term. These two components cancel for *Ra but the addition
of the two contributions results in large intrinsic electric dipole moments for 2Ra and ??°Ra.
Good agreement between the experimental and theoretical Dg values for the Rn isotopes was

observed.
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Deformation in the neutron rich sulfur isotopes °S and 2S
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For many years Coulomb excitation has been used to study low lying states in stable nuclei.
In these experiments the incident beam energy was chosen to be below the Coulomb barrier
to avoid excitations of the nuclei by the strong interaction. Stable enriched targets were
bombarded with a heavy beam which excites low lying states in the target through exchange
of a virtual photon. A real photon is emitted when the nucleus deexcites and can be detected
in a high resolution photon detector. Alternatively, a particle beam of interest can impinge
on and be stopped in a heavy target. In this case the emitted photon will be Doppler shifted
and Doppler broadened; however due to the generally slow beam velocity these effects are
small. In the case of exotic nuclei far from the valley of B-stability and with short lifetimes,
the fabrication of targets is not possible. Instead, one can produce radioactive beams of
high isotopic purity with energies of several tens of MeV/A and bombard a heavy target.
The projectile is excited in the Coulomb and strong fields of the target and deexcites from
a bound state by emission of a discrete photon, thus establishing the existence and energy
of this state. In the energy region of several tens of MeV/A the Coulomb excitation cross
section can be much larger than the nuclear excitation cross section for small scattering
angles. In cases where the nuclear excitation cross section is negligible (at forward angles)
it is not only possible to measure the excitation energy of a state, but also absolute cross
section measurements of photon yields allow the determination of transition matrix elements.
For example, the 2% state of the neutron-rich nucleus 32Mg has recently been studied using
a beam of **Mg at 50 MeV/A and a 2°Pb target at RIKEN [1]. The only other published
intermediate energy Coulomb excitation experiment was a study of helium and beryllium

isotopes at GANIL [2].

The A1200 fragment separator at the NSCL [3] provides many different beams of exotic
nuclei, at energies of several tens of MeV /nucleon. We have constructed and tested a high
efficiency photon spectrometer which is matched to these beam energies. With our detector
we can identify and measure the excitation energies of bound states in even-even nuclei far
from the valley of f-stability with secondary beam rates of as low as 10 particles/second.

*Current address: Ludwig Maximilians Universitat Munchen, D-85748 Garching, Germany.
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The typical secondary beam rates in this experiment were 1000-20000 particles/second, well
above the minimum sensitivity.

The array consists of 42 position sensitive cylindrical Nal(T1) detectors, each of which is read
out by two phototubes, one at each end. The energies and interaction points of the incident
photons can be reconstructed from the two photomultiplier tube signals. The measured
scattering angle of the photon is used to correct for its Doppler shift, and thus to reduce the
considerable Doppler broadening of the photopeak. (Typical beam velocities are # = 0.3).
The Nal(Tl) crystals are 18 cm long and 5.75 cm in diameter and are arranged in three
concentric rings around a 6 inch diameter beamline. The crystals were previously used in a
PET imaging machine at Washington University in St. Louis. To shield the array from room
background photons and to provide an environment with stable temperature, the detector
array is shielded on each side by a 16.5 cm thick wall of low background lead. Figure 1 shows
front and side views of the detector array, the support table, and the lead shielding.
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Figure 1: Mechanical setup of the Nal(T1) detector array, the support structure and the lead shield-
ing (hatched). In the left figure the beam moves from the right to the left, while the figure on the
right is looking in direction of the beam.

In the experiment described here radioactive beams of 442§ and *4*6Ar (E = 40 MeV/nucl.)
were produced in the A1200 fragment separator at the National Superconducting Cyclotron
Laboratory at Michigan State University by fragmenting an 80 MeV /nucleon *4Cal3* beam
in a 379 mg/cm? °Be target. The exotic ions were positively identified by a time of flight mea-
surement before interacting with the secondary gold target (93.5 mg/cm? or 184.1 mg/cm?).
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After interacting with the virtual photon field in the gold target, fragments scattered into
a lab angle of less than 4.1° were detected in a fast/slow plastic phoswich detector located
downstream from the secondary target. The energy loss — total energy measurement allowed
the rejection of events which led to the breakup of the projectile in the target. Photons from
the deexcitation of the projectile were measured in coincidence with beam particles. The
photons emitted from the excited projectile can be clearly distinguished from photons com-
ing from the target by their Doppler shift and Doppler broadening. In figure 2 we show the
energy of the detected photons in the laboratory frame (upper panels) and in the projectile
frame (lower panels). In the laboratory frame the line corresponding to the (7/2+ — g.s.)
transition in %7Au is clearly visible, while the photons corresponding to the transition in the
neutron rich sulfur and argon isotopes are Doppler shifted and do not form a peak. Only
after transforming the energies into the projectile frame does the photopeak become visible.
The energies of the peaks corresponding to the first excited states in 442§ and *4%6Ar as
measured in this experiment are 891 + 13 keV, 890 £ 15 keV, 1144 4 17 keV, and 1554 4 26
keV, respectively.
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Figure 2: Observed photon energies without Doppler correction (top panel). The 547 keV (7/2% —
g-s.) transition in the gold target is visible and the (2+ — 0%) transitions in the sulfur and argon
isotopes are very broad. After shifting the data into the projectile frame (bottom panel) the
photopeak of the transitions in the beam particles become visible and the gold peak broadens.
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Shell model calculations in a model space in which the protons occupy the 0ds/s, 0ds/, and
151/, (sd) orbitals and the neutrons occupy the 0f7/; and 1ps/, orbitals with the Wildenthal
sd-shell interaction [4], the recent FPD6 pf-shell interaction [5] and the WBMB sd — pf
cross-shell interactions [6] can well reproduce the experimentally observed energy levels. As
shown in Figure 3, the shell model calculations successfully reproduce the behavior of E(2%)
in all even-even N > 20 isotopes of sulfur, argon and calcium. In addition the calculations
predict that the 27 state of the N = 28 isotope #!S is located at 1.7 MeV, which, if measured
experimentally, would indicate a spherical structure and the persistence of the N = 28 major
shell gap. The energies of the first excited states in %42S are almost as low as the first excited
states in the isotones 4®°%Cr (752 keV and 783 keV, respectively). The chromium isotopes
are strongly deformed (82 = 0.34 and B, = 0.29, respectively) [7]. A preliminary analysis of
the Coulomb excitation cross section measured in this experiment indicates similarly large

deformations for the sulfur isotopes 40425,
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Figure 3: Comparison between measured excitation energies (right) and shell model calculations

“described in the text (left) for different calcium (Z = 20), argon (Z = 18) and sulfur (Z = 16)
isotopes. The excitation energies measured in the experiment described here are indicated by
diamonds.
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Abstract

The structure of %Ho at moderate spins has been investigated by means of Coulomb exci-
tation. Two #y-vibrational bands (K™ = %_ and K™ = g-_) are observed, with very nearly
identical in-band 4-ray energies. Gamma-ray branching ratios are analysed to extract in-
formation on Coriolis mixing, and the role of the K quantum number in identical bands is

discussed.

1. Introduction

The recent discovery of “identical” (isospectral) superdeformed bands between neighbour-
ing isotopes and isotones [1,2] has lead to a great deal of interest in isospectral bands, both
superdeformed and normally deformed. Models have been proposed to explain how these
pairs of bands can arise, based on such concepts as pseudospin symmetry [2,3]; complete
understanding of the origins of such bands has however proved elusive.

If simpler cases of isospectral bands, such as identical bands in the same nucleus, can be
found and understood, this may perhaps assist in obtaining theoretical understanding of the
more complex case of identical bands in neighbouring nuclei. One candidate for such a pair
of bands is the case of collective y-vibrational bands built on the rotational ground state
band of odd nuclei.

2. Experiment and analysis

The structure of *Ho at moderate spins has been investigated by means of Coulomb exci-
tation with 5.4 MeV/u 2°°Bi ions from the TASCC facility at Chalk River. Gamma-gamma
coincidences were detected in the 8w spectrometer, composed of 20 Compton-suppressed
HPGe detectors around a 71-element BGO ball. Two separate experiments were performed.
In the first one, a thick Ho target was used, and 1.6 million -y events were collected with
at least 2 HPGe detectors and 3 elements of the BGO ball in coincidence. The target for
the second experiment consisted of 2 mg/cm? of Ho on a thick gold backing in order to
stop the recoiling Ho ions more rapidly. Over 2 million -y events were collected in this




312

experiment, with the same required conditions. No Doppler-shift corrections were applied
to the data from either experiment. The reduced stopping time in the gold-backed target
allowed observation of typically one to two more transitions at the top of each band.

It should be noted that the beam energy used here is above what would normally be
considered “safe” for Coulomb excitation experiments, i.e. nuclear excitations and transfer
may not be excluded. No attempt has been made to extract absolute transition quadrupole
moments, etc.; rather, Coulomb excitation has been used simply as a means of populating
the states to be studied.

The data were replayed into two-dimensional matrices, and analysed using the code escl8r
[4]. Excellent sensitivity was obtained from the use of y-v coincidences; cascades of intensity
less than 0.1% of the total intensity are easily observable.

3. Results and discussion

The level scheme deduced from the present work is shown in figure 1. In addition to the
27 [523] ground band, two ~-vibrational bands are populated. These bands have K™ = -

and K™ = %-, arising from the parallel and anti-parallel alignment of the K = 2 « vibration
with the ground band. They are observed to spins of ( :—32:’-) and (‘9’2—3), respectively; in previous
experiments [5] they were identified to spins of (%) and (32). Figure 2 shows gated spectra
for these two bands, together with the total projection. Also observed to higher spins than
in previous experiments are the %+[41 1] and %+[411] bands. Two new structures are shown
in figure 1, and appear to form a coupled band with large signature splitting; no structural
assignment has yet been made for these bands. The ground state band and K = & band
have also been studied recently by the Rochester group [6].
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Figure 2: Spectra gated on transitions from the K = % and K = 12—1 v-vibrational bands, together
with the total projection spectrum, from the experiment with the gold-backed target.

Many transitions are observed from the decay of the v bands to the ground band; for
K=3 K= 2{ we observe transitions with J —+ J +1,J — J and J — J — 1, while for
K= 1-——>K —weobserveJ—)JJ—)J—landJ—)J 2.

If these transitions were between pure-K states, any M1 admixture would be forbidden
by the AK < X selection rule. If we assume that the transitions are indeed pure E2, then
we can use the observed branching ratios to calculate B(E2;K — K +2)/B(E2; K — K)
ratios. The results of such a calculation, using preliminary values of the branching ratios,
show a range of ratios that cover three orders of magnitude. If we extract ratios of transition
quadrupole moments from these B(E2) ratios, we can also make a (modified) Mikhailov plot

of

Qr(K - K+2) |BEXK—-K+2) <Ji K20]|(-2) K>
Qr(Kk - K) \ BEZK—K) <J: K 2 +2|J; K+2>

versus Jy(Jy +1) — Ji(J; + 1), as shown in figure 3.

In a Mikhailov plot [7], the value of the slope provides a measure of the strength of the
Coriolis mixing. M. Matsuzaki, Y. Shimizu and T. Nakatsukasa have recently performed
calculations [8,9] using the cranked shell model with RPA and adding a particle-vibration
coupling. They extract matrix elements for the E2 strengths from the v bands to the ground

- v a- ————
)
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Figure 3: Mikhailov plot of observed ratios of transition quadrupole moments for the two v bands.
The solid lines are least-squares fits to the experimental data, where z = J;(J; + 1) — J;(J; + 1).

50

band. The results are listed together with the experimental numbers in table 1, where the
nomenclature :

Qr(K — K) = Qo
a,-nd
Qr(K — K £2) = Qo + Qu[J;(Js + 1) — Ji(J; + 1)]

is used. The agreement between the calculated and observed ratios is excellent.

Table 1

Ratios of spin-independent and spin-dependent components of the
transition quadrupole moments in 6*Ho.

Experiment | Theory [8,9]
Qa/Qo; K =4 0.13 0.17
Qu/Qo; K =1 0.0020 0.0021
Qo/Qo; K =2 0.10 0.17
Qo/Qo; K =2 0.0015 0.0025

One striking aspect of the data is that these two «y-vibrational bands are isospectral, i.e.,
have very nearly identical 4-ray energies for the in-band transitions originating from states
of the same spin. A plot of the incremental alignment [3] between the two bands is shown

T T T TR TR N L TR T TR T
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Figure 4: Incremental alignment between the two y-vibration bands in 1%*Ho.

in figure 4; values are less than 0.1 % below spin 29/2, at which point the bands appear to
enter a backbending region.

These isospectral bands arise through a simple recoupling of the collective and single-
particle degrees of freedom, rather than through the addition or removal of nucleons. The
recoupling changes the direction of the total angular momentum vector, and thus the value of
K. In a one-dimensional cranking model [10], the different K-values result in very different
rotational frequencies, and thus alignments, for the two bands; see for example figure 5. The
recoupling of the vibration, however, should not change its alignment, and thus in such a
model it is very difficult to understand how the two bands could be isospectral.

Alignment, i, (1)
o

K=1/2

051 k=32

Ground Band

250 350

o
fiw (keV)
Figure 5: Alignments of the two v bands, extracted from the data using the normal cranked shell

model methodology, and subtracting a reference with Harris parameters Jo = 44.5 MeV~1#2 and
J1 = 110 MeV 354,
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In a tilted-axis or three-dimensional cranking model [11], the rotational frequency is simply
defined as one-half of the the in-band E2 transition energy, and is thus identical for isospectral
bands. This clearly allows a better explanation of the observed results. Nevertheless, an
intuitive semiclassical picture would have the deformed nucleus exhibiting different moments
of inertia as it rotates about different axes. Thus it appears that these bands show a striking
example of strong coupling, where the moment of inertia is unaffected by the vibrational
coupling, ¢.e., is independent of the value of the K quantum number.

References

Th. Byrski et al., Phys. Rev. Lett 64 (1990) 1650

W. Nazarewicz, P.J. Twin, P. Fallon and J.D. Garrett, Phys. Rev. Lett 64 (1990) 1654
F.S. Stephens et al., Phys. Rev. Lett 65 (1990) 301

D.C. Radford, Nucl. Instr. and Meth. A361 (1995) 297

R.M. Diamond, B. Elbek and F.S. Stephens, Nucl. Phys. 43 (1963) 560;
G.G. Seaman, E.M. Bernstein and J.M. Palms, Phys. Rev. 161 (1967) 1223

6. M.W. Simon, D. Cline, M. Devlin, R Ibbotson and C.Y. Wu, Proc. of Conf. on Physics
from Large Gamma-ray Det. Arrays, Berkeley CA, 1994, Vol. 1, p. 114

7. V.M. Mikhailov, Izv. Akad. Nauk. USSR, Ser. Fiz. 30 (1966) 1334;
B.R. Mottelson, Proc. Int. Conf. on Nucl. Str., Tokyo, 1967, p. 87

8. M. Matsuzaki and Y.R. Shimizu, private communication

9. Y.R Shimizu and T. Nakatsukasa, Nucl. Phys. A, in press
10. R. Bengtsson and S. Frauendorf, Nucl. Phys. A314 (1979) 27
11. S. Frauendorf, Nucl. Phys. A557 (1993) 259¢

ANl ol




317

Fragmentation of two-phonon v-vibrational strength in
deformed nuclei

C.Y. Wu and D. Cline
Nuclear Structure Research Laboratory, University of Rochester, Rochester, NY 14627

Rotational and vibrational modes of collective motion are very useful in classify-
ing the low-lying excited states in deformed nuclei. The fotational mode of collec-
tive motion is characterized by rotational bands having correlated level energies and
strongly-enhanced E2 matrix elements. The lowest intrinsic excitation with LK™ =
2,27 in even-even deformed nuclei, typically occurring at ~1 MeV, is classified as a
one-phonon 7-vibration state[1]. In a pure hiarmonic vibration limit, the expected two-
phonon 4-vibration states with LK™ = 0,0* and 4,4% should have excitation energies
at twice that of the LK™ = 2,2% excitation, i.e. ~2 MeV, which usually is above the
pairing gap leading to possible mixing with two-quasiparticle conﬁgurations. There-
fore, the question of the localization of two-phonon y-vibration strength has been
raised[2] because mixing may lead to fragmentation of the two-phonon strength over
a range of excitation energy.

For several well-deformed nuclei, an assignment of I,K™ = 4,4 states as being
two-phonon vibrational excitations has been suggested based on the excitation ener-
gies and the predominant y-ray decay to the LK™ = 2,2% state[3]. However, absolute
B(E2) values connecting the presumed two- and one-phonon states are the only un-
ambiguous measure of double phonon excitation. Such B(E2) data are available for
156Gd[4], *6°Dy(5], °®Ex[6,19], 22Th[7,8,20], and !86:188.190.192Q [9,10,11]. Except for
160Dy, the measured B(E2) values range from 2 - 3 Weisskopf units in *Gd to 10 -
20 Weisskopf units in osmium nuclei; enhancement that is consistent with collective
modes of motion.

Statements regarding the phonon character that are based on a comparison of
the measured E2 matrix elements, are ambiguous because the interband E2 matrix
elements depend on the mixing of the AK = 2 bands, due to coupling of the rotational
and intrinsic motion, as well as the intrinsic E2 matrix element between the bands.
The intrinsic E2 matrix elements are required for an unambiguous measure of the
multiphonon structure. In this paper, these intrinsic E2 matrix elements are extracted
from the measured E2 matrix elements by assuming a first order angular momentum
dependence of the coupling between the rotation and intrinsic motion [12]. The
interband E2 matrix elements are assumed to be correlated by the following equation

(Eg. (4-210) in Ref. [1])
\/B(EZ,IKI —Ig) = <IKIK'2 - 2|IKK> . [Ml — Mo (Ix(Ix + 1) — I (Ixr + 1))] 13 (1)

where M; and M, are the fitting parameters, K’ = K + 2 and £ is equal to /2 if K =
0 and equal to 1 otherwise. This relation underlies use of the Mikhailov plot[12]. The
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applicability of Eq. (1) is based on the assumption that both bands are rotational
bands having the same intrinsic deformation. The intrinsic matrix elements between
bands are related to the M; and M, matrix elements by the Eq. (2) (Eq. (4-211) in

(K'E2|K) = M; + 4(K +1)M; (2)

Ref. [1]). The matrix elements coupling the AK = 2 bands can be deduced from
the the level-energy spacing and the wavefunction mixing amplitude derived from M,
(p161 in ref. 1).

The above method has been used to extract intrinsic E2 matrix elements for 156G,
180Dy, 168E;y, 186,188,190,192(0¢ and 232Th. These are nuclei for which the absolute-E2
data are available from either lifetime measurements, or Coulomb excitation mea-
surements that are sufficiently complete to give unambiguous matrix elements. The
justification for the use of Eq. (2) to correlate the interband E2 matrix elements be-
tween K = 0 and 2 bands and between K = 2 and 4 bands is demonstrated by analyses
using the rotational-invariant technique[10,15] applied to cases such as '%3Er[18] and
186,188,190.192(35[9,10,11]. These studiés show almost constant centroids of both the
magnitude and asymmetry for the quadrupole deformation of the K = 0 and 2 bands
in these nuclei, as well as an additional K = 4 band in the osmium nuclei. This is
consistent with the interpretation that, in each nucleus, these bands are rotational
bands with similar intrinsic deformation.

For the osmium nuclei, the excitation energy for the I,quasi-K™ = 2,2* state ranges
from 489 keV in '920s to 767 keV in 8 0s. Possible two-phonon «-vibrational I,quasi-
K™ = 4,4% states exist at about twice the one-phonon energies and these states decay
predominantly to members of the one-phonon quasi-K = 2 band[13,14]. Coulomb
excitation work on 18%:188:190.192Qg has determined nearly complete sets of E2 matrix

“elements and these can be described approximately by a -y-soft type of collective
model[9,10,11]. )

The interband E2 matrix elements between K = 2 and 0 bands are correlated
well using Eq. (1) for ***%0s and moderately well for °°Os, as shown in Fig. 1.
The matrix elements, M; and M, determined from a least-square fit of Eq. (1) to
the data, are given in Fig. 1. From these matrix elements, the intrinsic E2 matrix
element between K = 2 and 0 bands can be deduced from Eq. (2) and are listed in
Table 1. The same analysis has been applied for the decay of LK™ = 4,4+ state to
members of K = 2 band. The data are well correlated by Eq. (1) for 186:188,190(g a¢
shown in Fig. 2. The extracted matrix elements, M; and M,, and deduced intrinsic
E2 matrix element between K = 4 and 2 bands were listed in Fig. 2 and Table 1,
respectively.

The matrix elements coupling the intrinsic K = 2 and 0 bands range from —2
keV for #0s to —4 keV for *°Os. The coupling matrix elements between K = 4
and 2 bands cannot be estimated reliably via the method outlined in p161 of ref.
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1 due to the larger coupling and have been estimated to be —3 keV fror a three-
band-mixing (K = 0, 2, and 4 bands) calculation. The estimated intrinsic E2 matrix
elements between the K = 2 and 0 bands and between the K = 4 and 2 bands, from
the three-band-mixing calculation, are consistent with those obtained from Mikhailov

plot analyses.
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Fig. 2 Mikhailov plot for the interband E2 traunsitions
between LK™ = 4,4+ state and band members of K = 2
in osmium nuclei together with the best fit (solid line)
using Eq. (1) and parameters shown.

Fig. 1 Mikhailov plot for the interband E2 transitions
between K = 2 and 0 bands in osmium nuclei together
with the best fit (solid line) using Eq. (1) and parameters
shown. Spin is labelled for transitions with Al = 0.

For the case of '92Os, a three-band-mixing (K = 0, 2, and 4 bands) calculation was
performed to estimate the intrinsic E2 matrix elements and coupling matrix elements.
Good agreement can be achieved with the band-mixing calculation. The estimated
intrinsic B2 matrix elements and coupling matrix elements have the same magnitude
as those in other osmium nuclei.

A possible two-phonon vibrational LK™ = 0,0% state exists in all the osmium
nuclei studied here, in that the energy and decay properties are consistent with the
characteristic of two-phonon excitations. However, the intrinsic E2 matrix element,
derived from the matrix element, (0, K = 0’ || E2 || 2,K = 2), accounts only for about
70% of the harmonic vibration limit implying significant mixing with other low-lying
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K = 0 states, such as the one-phonon f-vibration excitation. Although there is
some information regarding branching ratios, no absolute B(E2) values are known for
possible two-phonon 0% states in other deformed nuclei. Thus the following discussion
is limited to two-phonon 4™ states.

To illustrate the extent to which the

3-0 T T ) T T T T T T T T L]

) - | I I ]

multiphonon y-vibration scheme canbe - " 1

applied to LK™ = 2,2* and 4,47 states % 25 — 05 zagy, ]
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' 1.5 2.0 2.5

intrinsic E2 matrix element ratio equal
to v/2. Both the excitation energy and
intrinsic moment ratios are consistent
with the interpretation of LK™ = 4,4+
"states in osmium and 232Th nuclei

Et‘(l(:l) / Ez‘(xsz)

Fig. 3 The ratio of intrinsic E2 moments vs. the ratio of
experimental excitation energies between two- and one-
phonon vibration for all cases studied here.

being predominantly harmonic two-phonon +-vibration states. The slightly lower
ratio of intrinsic E2 matrix elements and increased excitation-energy ratio for 1920s
probably is a reflection of anharmonic vibrational motion[16,17]. A common factor
for these two-phonon states, is that their excitation energies are below the pairing
gap. In contrast to the uniform one-phonon vibrational strengths in *Gd, 16Dy,

Table 1. Extracted intrinsic E2 moments(eb) between bands with AK = 2.

Nucleus (K=2|E2|K=0) (K=4|E2 | K=2) Ratio®
156Gd 0.238+0.004 0.157+0.017 0.66+0.07
160Dy 0.253+0.006 0.04510.007 0.18+0.03
168 py 0.243+0.008 0.16 < <« 0.28° 0.7< <11

021< <047 09< <19
186Qg 0.41740.011 0.67+0.29 1.60+0.70
1805 0.401+0.017 0.55+0.19 1.374+0.48
1900g 0.396+0.037 0.53+0.06 1.344+0.20
192Qg 0.45¢ 0.50 — 0.55° 1.11 — 1.22
232Th 0.31¢ 0.4940.11 1.58+0.35

a. From the decay of the 4+ state.
b. From the decay of the 5% state.
c. From three-band-mixing (K = 0, 2, and 4) calculation.

d. From three-band-mixing (K = 0, 2, and 0') calculation.
* The ratio of { K=4 | E2 | K=2) to (K=2 | E2 | K=0).




321

and %8Er (listed in Table 1), substantial strength fragmentation for the two-phonon
vibration in !%¢Gd and $°Dy is suggested by the intrinsic E2 matrix element ratios,
as shown in Fig. 3. However, the appreciable two-phonon strength for the observed
transitions in 1%6Gd at 1.511 MeV and '%8Er at 2.055 MeV, suggests that the centroid
of the two-phonon strength may not be as high as 3 - 4 MeV proposed in Ref. [2]. The
anharmonicity exhibited by the excitation energy ratio for ®8Er is consistent with
a reduced ratio of intrinsic E2 matrix elements relative to the harmonic vibration
limit[16,17).

Many of the I,K™ = 4,4* states, suggested as candidates for two-phonon excitation
in well-deformed nuclei[3], may contain significant two-quasiparticle components, as
has been addressed by Burke[21] based on nucleon-transfer and §-decay data. This
appears true for 8Gd and °Dy discussed in the present study. For 1%%1%2Qs, the
‘two-phonon strength is shown to approach the harmonic vibration limit despite the
proposed[21] existence of a significant hexadecapole phonon component. The magni-
tude of this hexadecapole component is still an open question due to the uncertainty
involved in the (f,c) reaction mechanism[22]. The static E2 matrix element, as well as
the three AK = 2 E2 transition matrix elements, measured for the I,quasi-K™ = 4,47
states, in each osmium nucleus, all are consistent with coupled rotation-vibrational
models[9,10,11]. The enhancement of these four E2 matrix elements, is strong evi-
dence that the two-phonon components dominate over two-quasiparticle components
in the structure of these states. Contrary to statements made in Ref. 21, including
the g-boson[23] in the interacting boson model[24], which is equivalent to the hex-
adecapole phonon, actually underestimates the measured B(E2) values[9] by up to a
factor of 4 for the osmium nuclei.

In summary, the intrinsic AK = 2 E2 matrix elements between the presumed
double, single and zero phonon +v-vibrational intrinsic states have been deduced
from measured interband E2 matrix elements for %6Gd, %Dy, $8Er, 232Th, and
186,188,190,192()g.  These intrinsic E2 matrix elements, which are a sensitive measure
of multiphonon structure, plus the excitation energies, show unambiguously the exis-
tence of rather pure harmonic double-phonon +-vibrational I, K™ = 4,4 intrinsic states
in 22Th and the osmium nuclei. Even though there is evidence for anharmonicity,
the double-phonon <-vibrational strength still is largely focussed in a single state in
168Fr, whereas significant fragmentation of the two-phonon strength is manifest in
15%6Gd and %°Dy. The localization of double-phonon intrinsic states, demonstrated
here, opens the possibility of identifying other multiphonon structures in nuclei.

—~ iy ——
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ONSET OF DEFORMATION IN POLONIUM NUCLEI

W. Younes and J.A. Cizewski
Department of Physics & Astronomy, Rutgers University
New Brunswick, New Jersey 08903 USA

Abstract: We have been able to reproduce the systematics of the positive—parity
states in 192-208Po within the framework of the Particle-Core Model. The wave-
functions of the 2] states have been extracted using the Quasiparticle Random
Phase Approximation. The increase in the collective motion of the lighter isotopes
comes from the increased proton—neutron interaction when the neutrons and pro-
tons both occupy high—j orbitals.

It has long been recognized that nuclei with a single—closed shell do not become deformed
in their ground states. The classic example is the Sn region, where the excitation energies
of the 27 states in the Sn isotopes remain fairly high and constant over a wide range of
neutron numbers. In contrast the 2} states in the Te and Cd isotopes, with two valence
protons, drop in energy when the neutron shell is opened and have properties characteristic
of collective motion. It has been suggested that the proton—neutron interaction for parti-
cles in relatively high—j orbitals with similar quantum numbers drives the collective motion.!

Recently,?% the excitations in neutron—deficient polonium isotopes have been studied
experimentally. The systematical behavior of the positive—parity excitations in these nuclei
is displayed in Fig. 1, which includes the recent measurements®® of 1%Po and 92Po. The
semi-magic ?!%Po is a textbook example of two protons in the 1hg» orbital with a residual
surface-delta interaction.! When the neutron shell is opened, the 27 state drops in energy -
to about 600 keV and remains constant until A=198 when these energies begin a gradual
downtrend. The positive-parity levels in 1%Po have the spacings characteristic of a harmonic
vibrator, with degenerate members of the 2— and 3-phonon multiplets.? The collectivity in-
creases in 19271%Pg, but the level spacings continue the trends of an anharmonic vibrator.3

In the present work we study the change in structure of the positive—parity states in the
polonium isotopes as a function of neutron number as well as spin. We have chosen two
models to facilitate this analysis: the Particle-Core Model (PCM),”® in which 2 particles
(protons) are coupled to a phenomenological phonon (neutron) core, and the Quasiparticle
Random Phase Approximation (QRPA),”® which we will use to obtain a semi—-microscopic
description of the wavefunctions of the 27 states.

In the PCM calculations” we have assumed that two protons, in the 1hg /2 orbital and
interacting via a surface—delta interaction, are coupled adiabatically to a vibrational core,
with a maximum of four phenomenological phonons. The parameters in this model are the
strength of the proton—proton interaction (which is assumed to follow a 1/A dependence),
the phonon energy (which we assume to be constant), and the strength of the particle-core
interaction. We have assumed that the particle-core interaction strength is a single value
for A>198, and allowed to vary freely for each A<200 isotope. We used 50 level energies
of positive—parity states in 19272%Pg to determine 7 free parameters. The results from this
calculation are quite robust; we have also allowed both the particle-core interaction and the
phonon energy to vary freely for each isotope, and essentially the same results are obtained.”
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In Fig. 2 we display the fits to (a) the yrast and (b) non-yrast positive-parity states in
the Po isotopes; we are able to reproduce the data quite well. In particular, we are able to
reproduce the energies of the 23 and 47 non—yrast states, although we are unsuccessful with
the trend in the 0 energies.® The data suggest that these levels are more collective than
the PCM calculations indicate, and therefore, there may be a need to include 4p—2h config-
urations in the 0F states,® although there is no compelling evidence for such components in
the other non-yrast excitations.2 Our calculations have some difficulty in reproducing the
energies of the 8% states in A<200 isotopes; this may be due to the truncation of the phonon
and/or two—particle spaces to a maximum spin of 8. _

In Fig. 3 we display the PCM wavefunctions for selected states. The 2} and 47 states
are predominantly 1- and 2-phonon excitations, respectively, with significant admixtures of
higher configurations, a signature of enhanced collectivity, for A<198. The 27 state also is
predominantly a 2-phonon excitation. In contrast, the 6 state is predominantly a 0-phonon,
i.e., two—proton, excitation until A=198, when sizable 3-phonon components contribute to
the wavefunction. The change in the purity of the wavefunctions for these states when
A <200 corresponds to the increase in the strength of the particle-core interaction in the
PCM calculations. However, within this model it is not possible to determine if the increase
in collectivity is caused by the increase in the proton—neutron interaction, or a change in the
structure of the phenomenological phonons.

To obtain a more microscopic understanding of the structure of the 2} states in the
Po isotopes, and hence the structure of the phonons in the PCM, we have carried out
QRPA calculations” of the 27 state wavefunctions. We used empirical proton and neutron
single-particle and binding energies to extract proton and neutron pairing strengths.!%!
For the long-range interaction, we have assumed a quadrupole proton—-neutron interaction.
We determined” that the strength of the quadrupole p-n interaction, our only free param-
eter, was essentially constant for 92-2%8Po, In Fig. 4 we display the results for the QRPA
wavefunctions of the 27 states in the Po nuclei. As expected, the proton wave function is
concentrated in two protons in the 1hg/, orbital, which was the assumption in our PCM cal-
culations. However, the neutron wavefunction is more complicated. For A>200 the neutrons
are predominantly in low-spin, 2fs/2, 3psj2, 3p1/2, orbitals. However, for A<200 the 1i;3/
orbital increasingly becomes the dominant contribution to the neutron wavefunction.

One expects the proton—neutron interaction to be especially strong when the protons and
neutrons are in orbitals with large overlap, which occurs when j is large and the orbitals
have the same principal quantum number and similar orbital angular momenta.! The col-
lective motion will extend to higher spins when both protons and neutrons can contribute
to these excitations, which requires both of these particles to be in orbitals with higher j.
The results of our PCM and QRPA calculations then allow us to understand the evolution
of the collective motion in the Po isotopes. The yrast positive-parity level structure in 2:°Po
is predominantly two protons in the 1hg/, orbital, as confirmed by our QRPA calculations.
When the neutron shell is opened, with holes in the low-spin 3p /2, 3ps/2 and 35/, orbitals,
the 27 and 4] states become collective, vibrational excitations. The 6% and 8% states remain
high in energy and predominantly two—proton in character. Below 2°°Po, when the v1i;3/,
orbital begins to be a dominant component in the 2 phonon wavefunction, the collectivity
increases and persists to higher angular momentum, because of the increase in the interac-
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tion between neutrons in the 1433/2 and protons in the 1hg/s orbitals.
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The new K=130 Cyclotron + ECR facility of the Physics Department of the Uni-
versity of Jyviskyld (JYFL) provides stable beams from protons up to krypton ions for
nuclear structure studies. Two instruments designed especially for in-beam spectroscopic
studies of heavy nuclei at JYFL are introduced in this contribution. Some results from
recent measurements with them are reported.

Recoil decay tagging measurements with RITU

The JYFL gas-filled (1 mbar of He) separator RITU (Recoil Ion Transport Unit) is a
charge and velocity focusing device especially designed for separating recoiling heavy fusion
evaporation products with high transmission [1]. Recoils are implanted into a 80 x 35 mm
Si strip detector covering typically 70% of the recoil distribution at the focal plane. It
is divided into 10 mm wide strips each of them having a position resolution of about 0.4
mm, resulting in a granularity needed in correlating the recoils with their subsequent alpha
decays. During the last three years RITU has been used for discoveries of new neutron
deficient At, Rn, Fr, Ra, Ac and Th isotopes and in studies of their a- decay properties.

The power of RITU in in-beam 7 ray experiments utilizing the recoil decay tagging
method [2][3] has been demonstrated in the studies of very neutron deficient **Po and
192pg nyclei. These nuclei were produced in °Yb(?8Si,4n) and '6°Dy(36Ar,4n) reactions
with cross - sections of only about 500 ub and 10 ub, respectively. Prompt - rays from the
target were detected by the DORIS array consisting of 9 TESSA type Compton suppressed
Ge detectors in a truncated dodecahedron frame (eff. about 0.6% at 1.3MeV).

Signals from the Si strip detector for the energy, position as well as the detection
time of the recoils and o- particles were recorded. Singles «y- ray as well as yy coincidence
events from the DORIS array were recorded in coincidence with the detected recoils. In
the analysis of the data, the events corresponding to the observation of a recoil and the
subsequent o~ decay at the same position within a proper maximum time interval were
selected.
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For %4Po, high statistics a- tagged v coincidence data were collected. The resulting
level scheme is in agreement with the one proposed by Younes et al. [4] except for a 2620
keV level which we identify with 12 instead of 11~ on the basis of our angular distribution
information.

From the 92Po experiment, a projected a- spectrum with the time interval of 200 ms
and with a recoil-y coincidence condition is shown in the insert of Fig. 1. The o peaks in
this spectrum are identified on the basis of known a-decay energies. The half-life extracted
from the projected time spectrum for the events in the 1%2Po ¢ peak falls into the error
bars of the earlier value [5].

A gate on the 1%2Po « peak yields a recoil gated «- ray spectrum of Fig. 1 with new
lines at 262, 343, 438 and 518 keV. Based on their intensities and the available level-energy
systematics we tentatively identify those lines with an E2 cascade of the ground state band
in 192Po. This interpretation is also supported by the recoil gated a-tagged yy coincidence
spectra.
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Fig. 1. A singles y-ray spectrum gated with fusion-evaporation residues and tagged
with a-particle events in the 1%2Po o peak of the spectrum shown in the insert . In the
insert, a spectrum of o particles is shown, observed within a 200 ms time interva (6 half-
lives of 92Po) after the detection of a recoil (in coincidence with prompt vy rays) at the
same position in the Si strip detector.
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Fig. 2. Level systematics for the even-mass 12-210 Po,

A level-energy systematics for the even-mass °2~21%Po isotopes including our new
data is shown in Fig. 2. A sudden drop of level energies when going from the heavier
isotopes to 1%Po is observed. The new 92Po results reveal signs of the smoothening of
the systematics when going towards the neutron midshell. A similar behaviour has been
observed in even-mass Pt nuclei where it has been interpreted as evidence for a ground
state intruder configuration [6]. That the observed band structure in '%?Po is indeed based
on an intruding ground-state structure different from those for heavier Po isotopes is also
indicated by simple mixing calculations [7]. It should be noted that based on the Nilsson-
Strutinsky type of calculations, May et al. predicted that in ?Po an oblate deformed
minimum becomes the ground state (8].

Similarly as in the Pt nuclei [6], the relatively high rotational parameter associated
with the 2§ - 0F energy spacing in 92Po can be explained by mixing of the 0f and 03
states with a consequent depression of the 07 ground state. This is also in agreement with
the above mentioned mixing calculation results and the o- decay properties of *?Po [9).

Especially on the basis of recent a- and f-decay studies by the Leuven group (7]
the intruding structures in light Po isotopes are usually associated with proton 4p-2h
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excitations across the main shell gap. In spite of the remarkable agreement with this
proton intruder picture the role of deformation driving neutron orbitals in the behaviour
of yrast states of light Po nuclei cannot be ruled out. Younes et al. [10] have shown
that the '92Po level energies can be quite well reproduced without any proton-intruder
configurations.

In-beam conversion electron spectroscopy using the SACRED ar-
ray

A conversion-electron spectrometer consisting of an superconducting solenoid magnet and
a Silicon Array for ConveRsion Electron Detection (SACRED) has been constructed [11]
and installed at the dedicated beam-line of the JYFL accelerator laboratory.

SACRED consists of a Si PIN detector divided to 25 pixels of 5x5mm. Presently,
the pixels are connected to operate as 17 separate detectors with separate preamplifiers.
The SACRED array has been designed for detecting high-multiplicity electron events from
highly converted electromagnetic transition cascades in heavy nuclei, especially for search-
ing for superdeformed structures. As shown in the sketch of Fig. 3 the electrons emitted
from the target are collected through the solenoid field and spread over the SACRED array

electrostatic barrier

target detector

Fig. 3. A scheme of the solenoid and SACRED showing trajectories of electrons in
the magnetic field of the solenoid and the electric field of the barrier.
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sitting outside the magnetic field. Electron cascades are separated by requiring coincidences
between the individual pixels. In first measurements performance of the spectrometer in
e~-e~ coincidence measurements was demonstrated in the recoil-shadow mode of operation.

A HV deflector (Fig. 3) acting as an electrostatic barrier up to 40 kV against low-
energy electrons has been designed for the spectrometer. In this way, the most intense part
of the disturbing low-energy delta electrons can be suppressed, rendering it possible, for
the first time, to perform prompt in-beam broad range e™-e~ coincidence measurements.

Figure 4 shows a background-corrected electron spectrum in coincidence with the L
conversion electrons of the ground-state 183 keV transition in 222Th following the 208Pb(!80,4n)
reaction at a bombarding energy of 95 MeV. The fraction of the total cross section for this
channel is approximately 1%. A partial decay scheme is shown, which identifies those
transitions which can clearly be observed in the spectrum.
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Fig. 4. Prompt electron spectrum in coincidence with the L conversion electrons of
the ground-state 183 keV transition in 222 Th following the 2 Pb(*® 0,4n) reaction.

A double-gated e~-e~-e~ coincidence spectrum extracted from this coincidence data
for 222Th reveals a structure which we tentatively interpret as arising from a rotational-
like E2 cascade with energies between 90 and 180 keV. While further measurements are
necessary to confirm this identification, these measurements indicate that the SACRED
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spectrometer system is sensitive to the detection of weakly populated highly converted
transitions, in this case approximately 10~* of the total nuclear cross section.
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Abstract: Using the (*0,5n)'%3Er reaction a multitude of rotational bands have
been established with firm spin and parity assignments in 1%3Er. In 16 out of
~ 23 band crossings E2 cross-band transitions have been observed. The interaction
strength varies between ~ 1 and ~ 50 keV. These interactions sample a variety of the
lowest (multi)-quasiparticle configurations. Some of the band configurations, in par-
ticular those with high K-values, can be rather well established. Quite complicated
changes in the wavefunctions must occur at these crossings, and, to explain the ob-
served interaction strengths, one may have to invoke coupling to various vibrational
degrees of freedom, in addition to possible residual neutron-proton interactions.

Introduction.

With the new multi-detector Compton-suppressed y-ray spectrometers it has become pos-
sible to measure simultaneously the correlation between a manifold of -rays from heavy
ion reactions with high resolution, high efficiency and low background. Strongly populated
rotational bands may be observed up to states with very high spins, but also many weakly-
excited bands can be studied. An interesting aspect of such an observation of a multitude
of rotational bands is the possibility of studying the interactions between the many bands
and thus uncovering the nature of the intrinsic quasi-particle excitations. The interaction
strength, being a result of the rotational perturbation, is expected to be dependent on the
nuclear shape and the magnitude of the Coriolis coupling and pair correlation for each quasi-
particle. However, the interaction may very well also be dependent on the alignment and/or
other nuclear properties. The multitude of observed rotational bands and their many cross-
ings in 3 Er may serve as a testing ground for a study of these interactions.

Construction of the level scheme

An experiment with high statistical accuracy was performed at the tandem accelerator and
the GA.SP multi-detector array at L.N. di Legnaro using the reaction %°Nd(*#0,5n)'%Er
at a beam energy of 87 MeV. The data consisting of ~ 2x10° triple events were sorted into
a cube as well as into DCO matrices. Fold and sum-energy gating was used for selection of
the 5n reaction channel. The data analys1s has been carried out by means of the Radware
program package [1].
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Fig. 1. Level scheme of 83 Er from the present ezperiment (top, not intended for details) and
ezcitation energy versus spin for the rotational bands in 163 Er, separated into 4 symmetry groups,
(7, ). Open(closed) symbols correspond to high(low) K-value (bottom). The bands are labelled ac-
cording to the notation given in fig. 2. Large(small) letters refer to neutron(proton) configurations.
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The starting point for constructing the extended level scheme from the present data
comprise the 10 bands of ref. [2] in which spin and parities for the high-K bands were
determined tentatively only. In addition to extending the known band structures we have
established several new rotational bands, some of them with high values of K. Most of these
bands are populated up to Inaz ~ 77/2k. Spin and parity are deduced from observed DCO
ratios, and from the mutual decay pattern between bands, which in many cases impose severe
restrictions in a basically model-independent way.

The level scheme from the present experiment consists of 25 rotational bands, most of
them well developed in large spin ranges, see fig. 1. Basis for the construction is coincidence
relationships. For the ordering of levels of decoupled band structures the guideline has been
relative intensity. However, one should be aware of the fact that in many cases there are
fairly strong decays out of the bands. If such decays are not found this commonly used
guideline may be misleading.

Some of the band configurations, in particular those with high K-values, can be rather
firmly established mainly from their I— I-1 M1 decay properties and relative alignments.
The Nilsson orbits relevant for the expected spectrum of (multi)-quasiparticle excitations for
163Fr are emphasized in the diagrams shown in fig. 2, which also shows the short notations
used.
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Fig. 2. Nilsson diagrams with labels of orbits relevant for the present discussion on interactions.

Band interaction

Each time two rotational bands of the same parity and signature cross each other there is
a potential possibility that an interaction takes place at the spin(s) where the levels come
closest. The regular rotational pattern may thus be disturbed if the interaction is strong
enough to shift the level energies, and -transitions may occur between the bands.
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From the presentation of the band structures measured in !%*Er in the bottom part of
fig. 1 one can realize the possibility of ~23 potential crossings. Of these, E2 cross band
transitions have been observed in 16 cases. These crossings are marked with circles in fig. 1.

The technique of analysing interactions between up to three bands follows the procedure
given in ref. [3] and references therein. Most of the cases presented here are rather sharp
crossings isolated from other near-lying bands. Therefore, the extracted interaction strength
depends only weakly on the parameters used for describing the unperturbed band energies, as
long as the fit to the perturbed energies is good for the few states with mixed wave functions.
As a general rule, the value of the interaction strength is close to half the distance between
the closest levels for sharp crossings, if out of band transitions are observed. The dependence
on the difference between the values of quadrupole moments is largest if the interpolated
crossing occurs halfway between two adjacent spin values, which causes cancellation effects
from the relative phases of the mixed wavefunctions.

The band crossings observed in the present study of !%*Er sample a variety of (multi)-
quasiparticle configurations, and the extracted strengths are listed in table 1 organized ac-
cording to type of crossing and relevant parameters such as number of quasi-particles, the
values of K and the reliability of the assignments.

The crossing between two different one-quasiparticle bands occurs occasionally if the
bands built on the basic Nilsson states have different alignment and/or moments of inertia.
Examples of one quasi-particle crossings in '*Er are [X,Y] = [vhi1/2] crossing with [G,H] =
[V f7/2) with very small interactions. These orbits are in the Nilsson diagram of fig. 2 seen
to have rather different slopes. They are reminiscent of the proton orbits hg/2[541 1/27] and
h11/2[523 7/27], which are also high-j orbits of different slopes. The interaction is caused by
the Coriolis force, and is small [4] as expected [5]. Another case in **3Er is a crossing between
the similar orbits [G] = [V fr/2] and [E] = [vhgys], which in the presence of the aligned [AB]
neutrons has a considerably larger interaction.

Well known examples of crossings between one- and three quasiparticle bands are those
corresponding to the g-S band crossing in even-even nuclei with the S-band composed of a
pair of aligned quasiparticles in a high-j orbit. In the rare earths region the aligned pair
[AB] of i13/2 quasineutrons comprizes the S-band. This crossing is pairing induced, and the
strength of the interaction is an oscillatory function of the position of the neutron Fermi level
relative to the 4;3/o subshell. [6] A very well developed second 432 [BC]-crossing with [C], -
[CAB] and [A] followed throughout the crossing region is observed in ®3Er. The interaction
at the proton A%, (ef) alignment is determined in various configurations in 183Er varying
between 15 and 30 keV.

Crossings with interaction between one- and three quasiparticle bands may also occur in
cases where all the quasiparticle constituents are different. Likewise, bands built on various
multi-quasiparticle structures may cross, where the number of quasiparticle constituents in
the two bands differs by two, and several of the quasiparticle constituents are different.
Several examples are given in table 1.

A whole family of crossings of multi-quasiparticle configurations occurring at rather high
spin in %3Er show interaction strength of the order of 6-15 keV. The assignments here are not
entirely certain with respect to'the combination of signatures from the different orbits. There
are, in most of these cases, changes in quasiparticle configuration as well as in constituent
aligned pairs.




339

Table 1. Interactions between rotational bands in 153Er.
Orbits differing between the interacting configurations are underlined.

Interacting bands Strength V..~ AK ~Spin ~ Ai
K; Label;<=>Label, Ko keV h h h
1-gp band crossing 1-qp band:
11/2 X=G 3/2 <2 4 11 0
11/2 Y<—<=H 3/2 <2 4 11 0
5/2 ABE < ABG 3/2 50-80 1 16 0
1,3-gp band crossing 3,5-qp band with aligning pair:
5/2 A <= ABC 5/2 49 0 24 4
5/2 ABC <= ABCef 5/2 25-30 0 35 5.5
5/2 EAB <= EABef 5/2 ~15 0 34 5
5/2 FAB < FABef 5/2 ~15 0 34 4.5
Multi-qp bands, low-K*, some assignments uncertain:
5/2 ABD <= ABCEG 9/2 (~13) 2 29 0
9/2 ABEDH <= ABECG 9/2 (~14) 0 23 0
9/2 ABCEH <= ABCef 5/2 ~6 2 32 5
9/2 ABCFG <= ABCef 5/2 ~11 2 28 4
3/2 ABH <= ABFef 5/2 ~10 1 29 4
Multi-gp bands, medium-K uncertain, high-K firm assignment:
13/2 ACE <= Aea - 19/2 1-2 3 21 0
Multi-gp bands, High-K, firm assignments :
11/2 X <= Afa 19/2 14 3 15 3.5
11/2 Y < Aea 19/2 1.3 3 15 3.5
19/2 AXG <= ABEea 19/2 16 0 21 3.5
19/2 AYG <= ABEfa 19/2 14 0 21 3.5

* Bstimated K-value

In the cases of bands with high K-values and firm assignments listed in the bottom part
of table 1, the bands [X,Y] = [vhy12] crossing with [faA,eaA] = [rhi1/2@7g7/2@vir3/2) have a
difference in K of 3 units and the interaction is small, ~ 1.3 keV. (The two-quasiproton state,
[Th11/2 @ Tgr/2] k=7 is known in neighbouring even-even nuclei [7]). Here there is a change in
parity between the quasineutron constituents and also between the two quasiprotons and one
may have to invoke the octupole vibrational degrees of freedom, in addition to possible resid-
ual neutron-proton interactions. The additional high-K band crossings in '$3Er, have more
quasiparticles involved. The two bands, [faEAB,eaEAB] = [ Thy1/2 @ mg7/2 ® vhojs ® Vi3, /2]
and [YAG,XAG] = [vhi1/2 @ v fz/2 @ Vii3/2] have the same K=19/2, and a much larger inter-
action of ~ 15 keV. Yet, quite complicated changes in the wavefunctions must occur at the
crossing. There are changes in the relative signatures compared to the case involving the
pure X and Y orbitals, and, probably also coupling to quadrupole degrees of freedom are im-
portant, in addition to the octupole degrees of freedom. Some of the ingoing configurations
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are indeed known to have related enhanced E1 transition strength between them which have
been interpreted [8] in terms of coupling to octupole vibrational degrees of freedom.

Summary

The present paper has focussed on nuclear structure information that can be extracted from
careful analyses of y-transitions between the rotational band structures. Non-negligible
interactions occur between bands of quite different structure. Specific cases of bands with
firmly established configuration contain unique structural information. Furthermore, the
average size of band interactions are of crucial importance for understanding phenomena at
higher excitation such as rotational damping.

With improved arrays of considerably higher sensitivity such information will become
available in much broader ranges of spin and excitation energy in the future. We may look
forward to a possible mapping of band interactions with enough combinations to separate
the effects of vibrational couplings from the residual two-body interactions of various kinds.
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Abstract

Utilizing a shell model which combines the cranked Nilsson mean-field and the residual surface
and volume delta two-body forces, we discuss the onset of rotational damping in normal- and
super-deformed nuclei. Calculation for a typical normal deformed nucleus 1%8Yb indicates that the
rotational damping sets in at around 0.8 MeV above the yrast line, and about 30 rotational bands
of various length exists at a given rotational frequency, in overall agreement with experimental
findings. It is predicted that the onset of rotational damping changes significantly in different
superdeformed nuclei due to the variety of the shell gaps and single-particle orbits associated
with the superdeformed mean-field.

1 Introduction

In deformed nuclei, the collective rotational motion is a fundamental mode of excitation and the levels near
the yrast line all form discrete rotational band structure characterized by sequence of strong intra-band E2
transitions. In some of normally deformed rare-earth nuclei, up to around 20 different rotational bands have
been observed by recent discrete gamma ray spectroscopy studies. Far above the yrast line, on the other
hand, the levels do not form anymore the rotational bands, implying damping of the collective rotational
motion [1). This is evidenced experimentally in the fluctuation analysis of the quasicontinuum E, x E,
spectra [2, 3], which measures an effective number of rotational bands ~ 30 at a given rotational frequency.

In order to describe the transition from the discrete rotational band structures to the damped rotational
motion, we formulate a shell model which combines the cranked Nilsson mean-filed and a residual effective
two-body force [4]. In this model, unperturbed rotational bands are constructed for all many-particle many-
hole configurations defined for the cranked Nilsson single-particle orbits. The residual effective two-body
force acting among these unperturbed states is then taken into account by shell model diagonalization.
When the level density is high, the unperturbed states with different alignment are admixed with complex
amplitudes. This results in a dispersion of rotational frequency within each eigenstate, implying the damping
of rotational motion.

We apply the same model to superdeformed nuclei [5]. The large shell gap characteristic to the superde-
formed mean field is expected to cause significant weakening of the rotational damping effect [6]. It should
be noticed that the shell gap varies with N and Z even within the A ~ 150 region. This causes significant
variation of the onset of rotational damping in different superdeformed nuclei. In addition, we find that
a specific single-particle property associated with the high-K orbits located near the Fermi surface causes
additional weakening of the rotational damping. As a consequence, the number of superdeformed rotational
bands in a Hg isotope is predicted to be significantly increased, reaching about 150.

2 'The model

We start with the cranked Nilsson single-particle Hamiltonian. The static pairing field is not included at this
stage since we are interested mainly in levels at very high spins I & 30, where the pairing gap is expected either
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to be small or to vanish, due to the Coriolis anti-pairing effect. We construct diabatic single-particle basis of
this Hamiltonian in a way similar to Ref.[7]. Since the interactions at the sharp crossings often present in the
adiabatic orbits are removed, the diabatic orbits changes smoothly as a function of the rotational frequency.
This enables us to define unperturbed rotational bands each of which has a specific np-nh configuration.
The energy of a np-nh configuration |z) in the intrinsic frame is given by

E,w)= ) e (1)

occupied i in p

where the summation of the single-particle routhian e! runs over the orbits which are occupied in the
configuration. The energy B, (I) of a configuration  in the laboratory frame is approximated by [6, §]

( = Jou(wn))?

)
Eu(I) = E, (1) +wrl + e

, (2)

where J;,,(wr) is the projection of the angular momentum along the rotational axis and J,(f) =dJz . /dw.
This second order approximation is justified by the use of the diabatic basis which has smooth w dependence.
The rotational frequency wr is chosen so that the angular momentum condition (J,;) = I is satisfied for a
given angular momentum I, where (J.) represents the angular momentum projected along the rotational
axis, averaged over configurations. The energy E,(I) is renormalized by the Strutinsky method in order to
correct absolute rotational energy. The energies {E,(I)} and the many-body wave functions {|(I))} define
the shell model basis at a given spin I.
As the effective two-body force, we adopt the surface delta interaction (SDI)[9]

o(1,2) = ~41Vp 3 Y7 () Yiar (). 3)
LM

The strength 1} is taken to be the standard value Vo = 27.5/4 MeV [10]. In order to demonstrate that the
result does not depend very much on the specific choice of the interaction, we also make calculation using
the volume delta force v(1,2) = v,6(Z1 — Z2), whose strength is chosen as vn, = vp, = 340 fm3MeV and
Upn = 500 fm3MeV taken from Ref.[11], which are evaluated from comparison with more realistic residual
interactions, independently of the SDI. Since the mean-field potential is represented by the Nilsson deformed
potential, it is the residual part of the two-body nuclear effective force that is to be taken into account as
the shell model two-body interaction. Thus the shell model Hamiltonian for the basis states {|(I))} at spin
I is constructed as

H(D)pp = Bp(D8pp + V(I 4)

where V() = (p(I)|Vres|p'(I)) are the matrix elements of the residual two-body interaction. The energy
eigenstates |a(I)) = >°, X3(I)|n(I)) and their level energies E,(I) of the shell model Hamiltonian are
obtained by numerical diagonalization. We consider all np-nh excitations, but truncate them according to
the energy; i.e., the lowest 1000 basis states [(I)) are adopted for the diagonalization at given spin and
parity. We found that the lowest 300 eigensolutions are rather stable against the truncation. This covers
approximately up to 2.3 MeV and 4 MeV above the yrast line for the normal and super-deformed nuclei
considered, respectively. )

Assuming that a state at spin I is connected to a state at J — 2 with the same intrinsic configuration |1
by a constant E2 matrix elements, the E2 transition probability between the mixed eigensta.tgs is given by
B(E2,al -+ od'I-2)= % 2Dl ot 2 With normalized strength pararr—2 = {Z# Xﬁ‘(I)X“f (I-2)}2.

3 Normal deformed nucleus %Yb

As a typical case of normal deformed nuclei, we show in Fig.1 the calculated energy levels and E2 transitions
for (+,0) states (positive parity and even spin) in 1%8Yb . In this picture, a reference rotational energy is
subtracted from the calculated energy so that the vertical axis represents roughly the internal excitation
energy of the nucleus. The solid lines connecting the energy levels represents strong E2 transitions. We use
the convention that the E2 decay is “strong” if the associated normalized strength satisfies p > 1 /V2 =0.707.
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Figure 1: The levels in '8Yb with (+,0) calculated with use of the SDI are shown with small horizontal
bars. A reference energy I(I +1)/2J with J = 76 MeV ! is subtracted. The stretched E2 transitions which
have the normalized strength p.r,qr—2 larger than 0.707 are plotted with solid lines connecting initial and
final levels of the transitions. Transitions with normalized strength between 0.5 and 0.707 are plotted with

dashed lines.

Figure 2: The calculated number of bands is compared with the experimental effective number of paths
[3] extracted from the first ridge of (E.1, E,2) spectra in 18YDb . The horizontal axis denotes the average
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Weaker transitions with 0.5 < p < 0.707 are displayed with dashed lines. It is seen that the strong E2
transitions (solid lines) form sequences of levels which are aligned regularly along a parabola like curve.
Such sequences of levels represent rotational band structures. Most of the rotational bands lie in the region
near the yrast, while the levels at higher excitation energy as a rule do not form band structures. An
convenient measure to quantify the rotational damping is the branching number [12, 13]

-1

nbranch(a = zpaI,ﬁI 2 (5)

which counts effectively the number of the E2 branches for decays from a level a at I to levels at I —2. One
may define the onset of rotational damping by Tpranch > 2, implying that the stretched E2 decay from the
level o has more than two branches. By the same token, the rotational bands are characterized by npranch < 2,
which in fact does not differ very much from the criterion p > 0.7 used to plot Fig.1. As a function of the
intrinsic excitation energy U measured from the yrast line, the branching number increases exponentially.
Its value exceeds 2 at around 0.8 MeV above yrast, implying the onset of damping at this energy. At higher
excitation energy, the E2 strength are fragmented over many decay branches, e.g., Npranch ~ 10 and 40 at
U = 1.5 and 2.0 MeV, respectively.

The calculated results can be compared with the experiments. The quasi-continuum fluctuation analysis
extracts an effective number of gamma decay paths from the double-coincident E., x E, spectrum {2, 3].
When this method is applied to the first ridge in the spectrum, the effective number of paths essentially
corresponds to the number of discrete rotational bands probed by two consecutive intra-band E2 transitions.
A corresponding quantity can be defined in the present theory by counting the number of states which satisfy
the criterion npranch < 2 for at least two consecutive steps I +2 =1 — I — 2.

The calculated number of rotational bands agrees quite well with the experimental effective number of
path. Both the SDI and the volume delta force produce similar results. It should be remarked, however,
that such interactions as the paring plus quadrupole-quadrupole force cannot bring about the rotational
damping at this excitation energy region. We found [4, 12, 13} that the high-multipole components with
L 2 4 contained in the SDI are essential for the rotational damping. The high multipoles are present also in
the volume delta force, but not in the pairing plus quadrupole-quadrupole force.

More accurate comparison between the theory and the experiments requires evaluation of the feeding
probabilities. This is possible by making a simulation of the whole gamma decay cascades combining mi-
croscopically calculated levels and E2 transitions with statistical description of E1 decays since the present
model can describe levels up to about 2 MeV above yrast line at high spins, where most of the gamma decay
cascades of a warm rotating compound nucleus proceed. Such a microscopic simulation has been developed
recently[14]. From the E, x E, spectrum produced from the simulation, the effective number of paths is
extracted in the same way as the experimental analysis. In this manner, we can make comparison which
does not depend on the particular choice of the threshold for nprencn used for the definition of the number
of bands. It is found that the effective numbers of paths both in the simulation and in the experiments for
168YD agree quite well [14].

4 Superdeformed nuclei

Because of the shell gap characteristic to the superdeformed mean-field, the level density of the SD states
becomes much lower than in the normal deformed case. This implies that the onset of rotational damping
takes place at higher intrinsic excitation energy U than in normal deformed nuclei [6] since the configuration
mixing effect is governed by the balance between the size of the residual interaction matrix elements (which
is rather independent on deformation) and the level density [1]. However, the shell effects changes with NV
and Z even within the A ~ 150 region as the deformation and the Fermi surface move.

The calculation is done in a similar way to the normal deformation, but the deformation parameter (e €4)
is determined by minimizing the potential energy surface. We consider only the superdeformed states and
neglect presence of the weakly deformed states by assuming the barrier between the SD and ND minima is
high enough. Competition with the fission is also neglected.

Table 1 shows the calculated onset energy Uppnse: defined by the condition nprencn = 2 and the number
of superdeformed bands, which is calculated in the same way as in Fig.2, but averaged over spin range
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Uonset [MeV] Npana A/ a[MeV] Eqhen [MeV]
I8BEy 2.1 47 18.5 3.56
146G4 2.4 56 17.6 3.94
17G4 2.3 53 17.5 4.02
18G4 2.5 58 19.1 4.31
149G4 2.8 68 19.4 4.59
150Gq 3.0 88 23.9 5.14
1507y 2.5 66 19.0 4.43
BTy | . 2.8 72 22.6 5.08
1527y 2.4 87 18.2 4.53
151py 1.7 68 13.8 3.09
152Dy 2.4 74 18.9 4.55
153Dy 1.9 74 15.9 4.19

Table 1: The onset energy Up,nse: and the number of superdeformed bands Npenq calculated with the volume
delta interaction. The level density parameters a,which are obtained by a fit to the calculated level density
at U = 2.5 MeV and I = 50. Since the level density parameter is often expressed as a = A/ayp, the table
lists the value of ap in unit of MeV instead of a. The fifth column lists the shell correction energy.

200 ¥ I ¥ ¥ ¥ T I T T T T I i ¥ ] ] I T T
150 F/\—’\/lg\zg\ -
o p~ ... -
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Z 100 — o, . . —
B - <. 152Dy ]
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Figure 3: The calculated number of superdeformed bands for *4*Eu , 52Dy , and '2Hg as a function of
spin.

1=40-60, for several superdeformed nuclei in the A ~ 150 region. The onset energy Ujnser = 1.7 ~ 3.0 MeV
is much higher than in normal deformed 168Yb as expected from the above discussion. The number of bands
Niana = 50 — 90 is also larger than Nygnq ~ 30 in 1%8Yb . The most striking feature is that the onset energy
as well as the number of bands has strong variation of nearly factor 2, depending on nucleus. This variation
is clearly connected to the property of the level density of superdeformed states and the shell effect of the
mean-field. In the same table, we list the shell correction energy and the level density parameter a, which
is extracted from a fit of the Fermi gas expression [8] p(E) = lga‘%E'g exp 2VaE to the microscopically
calculated level density obtained from explicit counting of unperturbed superdeformed rotational bands. All
these quantities show similar dependence on N and Z numbers. The onset energy and the number of bands
become maximum in 5°Gd, which has the largest superdeformed shell effect in the present calculation.
The same calculation is performed for superdeformed Hg isotopes in the A = 190 region. In these
nuclei, the neutron single-particle orbits near the N ~ 112 Fermi surface have a specific feature which are
not present in A = 150 region. Namely, there exist such orbitals as »[505]11/2, v[512]5/2, and v[514]7/2
which have high K values and show very little alignment against rotational perturbation (the single-particle
routhian energy of these orbits are almost constant as a function of rotational frequency). These orbits can
contribute to creating particle-hole excitations, but have little contribution to the dispersion of rotational
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frequency. In other words, these orbits do not affect rotational behavior no matter whether they are occupied
or not. As a consequence, the rotational damping is effectively weakened by these orbits and the number of
superdeformed bands is significantly increased, reaching about 150, as shown in Fig.3.

The predicted variation of the rotational damping effect has not been experimentally tested yet while
there is one fluctuation analysis data for 143Eu , for which effective number of paths is about 10-40, depending
on the gamma-ray energy [15]. Although the gamma-ray energy dependence could suggest possible barrier
penetration between the SD and normal states and the fission competition, the maximum number ~ 40 is
consistent with the present result. It should be interesting to search experimentally the significant variation
of the rotational damping in superdeformed nuclei.
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Abstract

The v-cascades feeding into low-K and high-K bands in the nucleus 163Er are inves-
tigated by analyzing variances and covariances of the spectrum fluctuations. The study
of the covariance between pairs of gated spectra reveals that the cascades feeding into
the low-K bands are completely different from those feeding the high-K bands. In addi-
tion, the number of decay paths obtained analysing the ridge and the valley in spectra
gated by high-K transitions is different than that deduced from the total spectrum. This
result is well reproduced with microscopic calculations of strongly interacting bands. It
is concluded that the K-selection rules are effective for the excited rotational bands
within the angular momentum region probed by the experiment, 30k < I < 40A.

1. Introduction

The ~-decay among the cold discrete rotational bands is governed by selection rules
associated with the quantum numbers of the intrinsic structure. At excitation energies
high above the yrast line, such selection rules may be lost. Here, the very large level
density implies a strong fragmentation of the rotational decay [1] and the fragmented
rotational states might have intrinsic structures that are a random combination of the
available configurations [2].

The first attempt to investigate the validity of selection rules for unresolved rota-
tional bands was made recently, focussing on the K-quantum number. The purity of
the K-quantum number for neutron resonance states at low spin has attracted renewed
interest [3,4]. With the present work we address a complementary problem, namely
the validity of K-quantum number for nuclear states at higher rotational frequency but
lower thermal energy than that of the neutron resonance states.

The method employed for this study is based on the analysis of the rotational quasi
continuum using the Fluctuation Analysis Method (FAM) [5,6]. The nucleus chosen,
163Fr, is an attractive case to study the interaction between low-K and high-K bands.
It has rotational bands with K= 19/2 lying at rather high excitation energy above yrast
(from 0.8 to 1.4 MeV) [7,8], a region that is expected to be dominated by the mixing
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of rotational bands due to residual interaction. The problem of the conservation of K-
quantum number can therefore be addressed by studying the configuration dependence
of the mixing of the rotational bands.

In the following section we discuss the study of the experimental data by the fluc-
tuation analysis method. In particular, a covariance analysis was made for the first time
[9]. The comparison with theory, based on simulated spectra calculated with rotational
bands mixed by residual interaction, is discussed in section 3.

It will be concluded from both the ridge and the valley analysis that K-selection
rules are still effective for the excited rotational bands within the angular momentum
region, 30k <I<40f%, probed by the experiment.

2. The Experiment and the Fluctuation Analysis of the data

Three and higher folds of v-ray coincidences were collected using the GA.SP multi-
detector array at the Tandem Accelerator Laboratory of Legnaro (Italy). The reaction
employed was 120+415°Nd with a bombarding energy , Epeam = 87 MeV, leading to the
population of 162:163Er as the main evaporation residua. A number of two-dimensional
E.1 x E., spectra gated by low lying transitions in bands of both low-K and high-K
quantum number were obtained (cf. Fig.1 in [9]).

The fluctuations of counts in each channel of these 2-D spectra is expressed as
variance g3 [5]. The correlations in fluctuations between two spectra are expressed by

the covariance of counts [9], defined as,

1

#2,c00(4, B) = 1 Z(Mj(fl) — M;(4))((M;(B) — M;(B))

where M(A) and M(B) refer to measured gated spectra and M denotes an average
spectrum. The sum is over a two-dimensional 60 keV x 60 keV window, consisting of
N4 channels. The first moment p;, that is the average of counts over N¢i, and the
second moment gy = pa cov(A, A) spectra were also obtained. The program STATFIT
[5,9,10] was used.

Typical p1, p2, and pp cov spectra from matrices gated by low-K, high-K and yrast
transitions are shown in figure 1. It should be noted that the ridge-valley structure is
strongly enhanced in the p» spectra relative to the original intensity p; spectra. There
is also a remarkable difference between the low K - low K covariance, which displays
pronounced ridges, and that for low K - high K, which varies in a more random way.

To normalize the covariance and thereby to find the degree of correlation between
the two spectra, the correlation coefficient (A4, B) was extracted from the data:

,u'2,cov(A) B)

7(4,B) =

\Kﬂz(A) — pa(A))(p2(B) — pa(B)) .
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width of 60 keV. The average transiton energy is 940 keV. The right hand side shows
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The results for the ridge analysis are shown in Fig. 2. The fact that the low(high)-K with
low(high)-K conbinations give positive values while low-K with high-K is approximately
zero indicates that there are basically no cross-transitions between bands feeding high
and low-K bands, suggesting the persistance of K-selection rules for the bands forming
the ridges.

From the fluctuation spectra we have also extracted the effective number of decay
paths, using the expression N,(f.lh = Neye X (p2/p1 — 1)71. Some results for the first
ridge are shown in Figs. 3 and 4. About 15 to 20 unresolved bands feeding the high-K
bands K2 and K1 are found to exist. In contrast, the analysis of the total spectrum
yields 35 rotational bands, in agreement with the results for the ®8Yb nucleus [6]. The
number of paths obtained from the analyis of the valley is in the case of high-K bands
a factor of 5 smaller than that of the ungated spectrum, as one can see in Fig. 4. It
may be emphasised that the results for the total spectrum is very similar to that of the
low-K bands (cf. [9]) and therefore a significantly different behaviour is found for the
low and high-K bands also in the valley region.

3. Comparison with model predictions

In order to obtain a connection between theoretical prediction and the measured
quasi continuum, a simulation model of the decay cascades of a rotational nucleus
has been developed [11]. This model uses energy levels and transition probabilities
calculated with the cranked shell model with residual interaction included.

Spectra of «-ray transitions are calculated by assuming a statistical decay process
of competing E1 (Al = 0,4+ 1) and E2 (Al = 2) transitions from the entry states of
the residual nucleus to the yrast line via a decay-flow of 4 rays through microscopically
calculated levels. The calculated E2 strengths are characterized by distributions which
get more and more fragmented when the energy above yrast, denoted by U, increasees.

The first 400 levels of each spin, parity and signature (I, m,a), which are shown
to be almost free of truncation problems, are used as input to the simulation and they
cover the region up to U = 2.5 MeV. Above this energy a continuous distribution of
states with level density described by the Fermi gas model is assumed, with level density
parameter obtained from the calculated levels. This calculated level density is also used
to evaluate the El transition probability. The E2 distribution at U> 2.5 MeV was
assumed to have a gaussian shape with FWHM denoted by I'yo:. The I';o¢ values,
extrapolated from the calculated E2 strengths, are of the order of 200 keV.

Because the levels populated by the decay paths are explicitly introduced, it is
possible to perform the fluctuation analysis of the simulated spectra. In the case of
168Yb [11] it has been found that only when residual interaction is included, it is possible
to reproduce the experimental Nyq:p values. In contrast, using calculations without
residual interaction included, large discrepancies with the data are found.
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The same type of simulations, using microscopic calculations with residual interac-
tion was made for 183Er to interprete the results of the total spectrum. As one can see
in Figs. 3 and 4 the predictions for both the first ridge and for the valley agree with
the data.

We have also made an attempt to interprete the results associated to high-K bands.
This was done selecting only the v-cascades that include at least one transition from
high-K states (K>9.5). For transitions from high-K states we have also eliminated
the E1 competition. In addition, since the E2 strength distribution for the calculated
high-K states is very narrow, a I'yo; = 20 KeV has been assumed for U> 2 MeV.

The preliminary results, shown in Figs. 3 and 4, are in good agreement with the
data. We can therefore conclude from this comparison that there is basically no mixing
of low-K and high-K states also in the region in which low-K bands are strongly mixed.

4. Conclusion

‘The persistance of K-selection rules at high rotational frequency in the continuum
region has been investigated in 1®3Er making use of the fluctuation analysis method.
This technique has been applied to experimental and simulated spectra such that a
direct comparison is possible. The results obtained indicate that the states in the quasi
continuum from where the feeding of the high-K bands originates are different from
those of the low-K bands. In addition, while in the region U> 0.8 MeV low-K bands are
found to become progressively strongly mixed by the residual interaction, this does not
seem to be true for high-K bands. This can be interpreted as a signature of conservation

of K selection rules.
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Nuclear Structure at the Limits of Resolution:
Looking through Individual Wave Functions
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60 years ago Niels Bohr [1] suggested the idea of the compound nucleus. Bohr’s picture strongly
resembles that of quantum chaos [2]. Here we come to the limits of resolution st;1dying particular
stationary states at high level density. Our knowledge comes from the experiment and from theoret-
ical constructions, confirmed by the experiment at lower energies and extrapolated into the region
where fine resolution measurements are not feasible. Such an analysis was carried out recently for
heavy atoms [3] and shell model nuclei [4]. Among complicated states with the same values of
integrals of motion, either (i) adjacent states have different structure or (ii) they "look the same”
[5] on the microscopic scale. Only (ii) corresponds to strong mixing assumed in the compound
nucleus theory. Many-body chaos in nuclei [6,7] is caused by residual interactions rather than by
specific shape of the “container” as in quantum billiards. The shell model [8], including all degrees
of freedom (in truncated space) along with the symmetry requirements, guarantees the correct
level density up to some excitation energy [9]. Therefore one can extrapolate the calculations into
terra incognita of high lying states.

With exact eigenvalues and many-body eigenfunctions we look first at standard signatures of
quantum chaos [2,4,6] as nearest level spacing distribution, spectral rigi;lity and level dynamics.
The limiting predictions based on the Gaussian Orthogonal Ensemble (GOE) of random matrices
[2,10] are reached [4,11] already at the residual interaction strength = 0.2 of the realistic value.
As seen with the microscope resolving individual states, the evolution of complexity is not over
when the spectral characteristics acquire the GOE properties. Fig. 1 shows information entropy
§% = = 3,(C£)%In(Cg)? which quantifies the delocalization of an eigenstate |a) = Y, CZ|k)
presented in terms of the basis states |k). Roughly, S ~ In N where N is a2 number of essential

components |k) in a wave function |a); the amplitudes are scaled as |CF| ~ (N @)=1/2_ The degree




354

of complexity is 2 smooth function of excitation energy, and the states in a given energy window
"look the same” [5]. The states of the same intrinsic structure superimposed onto the center-of-mass
excitation (Fig. 2) have the same entropy - the microscope is tuned to genuine complexity. The
properties of wave functions cannot be expressed in an invariant manner. Theoretical arguments
[12] and numerical evidence [4] strongly favor the mean field (MF) basis which separates global
dynamics from local fluctuations in an optimal way.

The inverse problem of fragmentation of a simple configuration |k) over eigenstates |a) is
solved by the same matrix C§. The strength distributions Fi(E) = 3°,(C£)?6(E — E,) of bare
states |k) vary in fluctuations but the averaging reveals generic shape F(FE) [4,13]. As excitation
energy increases, the width I' of F(E) is saturated at a level determined by the magnitude of the
residual interaction. As a function of this magnitude, the shape evolves from the Breit-Wigner
(BW) at weak interaction to the Gaussian in the strong interaction limit, and I' changes from the
quadratic dependence to the linear dependence, Fig. 3. The full theory of the strength function is
not available yet but the qualitative predictions [7,14-16] follow from the scaling of the amplitudes
~ N-=1/2in the chaotic limit [17]. The saturation of T is known for isobaric analog states (IAS) and
maybe for giant resonances (GR) built on the excited states. The deviations from the BW shape
are amplified for the multiple GR. In accordance with data, one predicts [15] a more Gaussian-like
strength distribution for double GR and the n-phonon width I, «x /z.

The structure of eigenfunctions can be related to the decoherence due to chaotic dynamics in
the closed system, with no surrounding involved, and statistical equilibrium [4,18). In many-body
theory, a system is modeled by the gas of interacting quasiparticles. At high excitation energy,
their lifetime shortens but the whole concept is valid just because of the chaotic dynamics. The
occupation numbers n§ of single-particle orbitals A for all eigenstates |a) are smooth functions of
excitation energy, nearly identical for different classes of states, Fig-. 4, which can be fit by the
Fermi-Dirac distribution. This gives the quasiparticle (Fermi-liquid) temperature T for individual
wave functions, a quite unusual concept. At realistic interaction consistent with the MF, TF is
identical to the thermodynamic scale determined by the level density [4]. Moreover, an alternative

scale based on information entropy for individual eigenstates, 35%/dE = 1/T?, coincides with the
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previous two.

Pairing gives an example of collectivity coexisting with chaotic dynamics and incorporated into
the structure of each eigenstate. The correlations can be measured by the expectation values A2 =
(PtP) where P(Pt) is the pair annihilation (creation) operator. For the isospin-invariant pairing
(T = 1 pairs), Fig. 5, A? decreases due to the second-order phase transition A « (1 — T/T;)!/2,
has a long exponential tail beyond T, and the background similar to that in a normal Fermi gas.

Dynamic enhancement of small perturbations; mixing of the K quantum number, compound
rotational bands, width of giant resonances, continuum effects are the interesting subjects accessible
with the analysis of individual many-body states at high excitatic;n energy. There exist deep links
between intriguing aspects of complex quantum systems: mesoscopic physics, compo.und states,
quantum chaos, complexity, information, decoherence, thermalization, mean field, effects of weak
perturbations and phase transitions. Nuclear physics provides the best field for studying those
phenomena in their integrity.
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Figure captions.

Figure 1. Localization length exp(.5*) for 3276 2% 0 states of 12 valence particles in the sd shell
model as a function of excitation energy (a) and in the natural scale (b) where « corresponds to the
state ordering in increasing energy. The horizontal line corresponds to the GOE limit of complete
mixing. |

Figure 2. Localization length for 1183 00 states in 2C calculated in the model space of 4
major shells with the cross-shell interaction of E.K.Warburton and B.A.Brown, Phys. Rev. C46
(1992) 923, taking into account (0+2)Aw excitations. The horizontal line corresponds to the GOE
limit. The second arch contain the states with the excited center-of-mass motion.

Figure 3. Average spreading width-of 400 070 states in the middle of the spectrum (dimension
N = 839) of 12 valence particles in the sd shell model as a function of the overall strength of residual
interaction; A = 0 corrresponds to the independent particle model while A = 1 corresponds to the
realistic strength.

Figure 4. Occupation numbers of individual 070 (N = 839, panel a), 2+0 (N = 3276, panel b)
and 9*0 (N = 657, panel c) states of 12 valence particles in the sd shell model as a function of
the natural ordering. In the left part the sets of points correspond to 0ds/, (upper), 0d3/, (middle)
and 1s;/, (lower) orbitals, respectively; neutron and proton occupancies coincide. At the center of
the spectrum all orbitals are half-filled (inﬁnite‘ temperature).

Figure 5. Pairing correlator of individual 0%0 states for 8 (N = 325, panel a) and 12 (N = 839,
panel b) valence particles in the sd shell model. The line corresponds to the fit described in the

text.
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