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EVOLUTION OF NUCLEAR SHAPES AND EXOTICDECAYS NEAR 56Ni�D. Rudolph, C. Andreoiu, J. Ekman, C. FahlanderDepartment of Physi
s, Lund University, S-22100 Lund, SwedenA. GadeaLaboratori Nazionali di Legnaro, I-35020 Legnaro, Italyand D.G. SarantitesChemistry Department, Washington University, St. Louis, MO 63130, USA(Re
eived November 2, 2000)An overview of re
ent high-spin nu
lear stru
ture studies in proton-ri
hnu
lides near the doubly-magi
 isotope 56Ni is presented.PACS numbers: 21.10.�k, 23.20.�g, 23.50.+z, 27.40.+z1. Introdu
tionThe re
ent advent of e�
ient 4� Germanium dete
tor arrays su
h asEuroball [1℄ and Gammasphere [2℄ is providing a wealth of ex
iting andunexpe
ted results in nu
lear stru
ture physi
s [3℄. At many o

asions theGermanium arrays are 
oupled to modern an
illary dete
tor systems. Theseaim, for example, at the dete
tion of the light parti
les, whi
h are emitted inthe 
ourse of fusion-evaporation rea
tions, and/or employ re
oil separatorsto dete
t the prompt 
-radiation in 
oin
iden
e with one of the re
oilingnu
lei.Su
h powerful 
ombinations signi�
antly boosted the studies of light tomedium massN � Z nu
lei [4℄ � previously, su
h investigations were mainlyhampared by:(i) the large number of di�erent residual nu
lei produ
ed in the rea
tions(up to � 30),� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(703)



704 D. Rudolph et al.(ii) relatively large 
-ray energies (where dete
tion e�
ien
ies were low),and(iii) 
onsiderable Doppler broadening 
aused by the large angle spread ofre
oils indu
ed by 
harged-parti
le emission (see also, e.g., Ref. [5℄).Here, re
ent advan
es in high-spin nu
lear stru
ture studies in the vi
in-ity of 56Ni shall be presented. 56Ni is generally a

epted to represent adoubly-magi
 spheri
al nu
leus due to the shell gap at parti
le number 28,whi
h separates the 1f7=2 shell from the so-
alled upper fp shell 
onsisting ofthe 2p3=2, 1f5=2, and 2p1=2 orbits. The magi
ity reveals itself by a relativelylarge ex
itation energy of the �rst 2+ state, and the rather irregular ex
i-tation s
heme, whi
h is shown on the left hand side of Fig. 1 [6℄. It shouldbe stressed that doubly-magi
 nu
lei are important ben
h marks within thenu
lidi
 
hart, a point raised in several 
ontributions to this s
hool (see,e.g., Ref. [7℄), in parti
ular related to the dis
ussion of the regime of su-perheavy nu
lei (see, e.g., Ref. [?, 8℄). The main issue is that these nu
leiand their 
loseby neighbours serve as sour
es and a
t as 
onstraints for theshell-model parameter sets, namely single-parti
le energies and two-bodymatrix-elements. A brief summary of the physi
s of the spheri
al minimumin A � 60 nu
lei is given is Se
. 3.Next to the spheri
al states the level s
heme of 56Ni 
ontains also tworegular sequen
es of 
-ray transitions, whi
h begin at about 5 and 9 MeVex
itation energy, respe
tively. They are interpreted as well-deformed rota-tional bands in the se
ond minimum of the nu
lear potential [6℄. Su
h bandswill be dis
ussed more extensively in Se
. 4. The important point here is thattheir observation allows for a 
omparison of predi
tions of mi
ros
opi
 (large-s
ale) shell-model 
al
ulations and mi
ros
opi
 (e.g., 
ranked Hartree-Fo
k)or ma
ro-mi
ros
opi
 (e.g., 
ranked Nilsson-Strutinsky) mean-�eld models,i.e., it is possible to investigate the origin of nu
lear deformation on a fun-damental level.One of the unexpe
ted results mentioned in the beginning is the so-
alled prompt dis
rete parti
le emission, whi
h 
onne
ts high-spin states inthe deformed se
ond well with spheri
al states in the daughter nu
leus. Upto now, this new exoti
 de
ay mode has only been found in nu
lei near theN = Z = 28 doubly-magi
 isotope 56Ni. Following the �rst 
ase observed in58Cu [9℄ it was established in the ex
ited rotational band in 56Ni as well. Itis illustrated on the right hand side of Fig. 1. Later-on, a 3.9(3)% �-de
aybran
h was identi�ed in the de
ay-out of a band in 58Ni, while in Se
. 6two new proton de
ays from bands in 59Cu and new experimental results of
ombined 
-ray and parti
le spe
tros
opy in 58Cu will be presented.
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Fig. 1. Partial level s
heme of 56Ni.2. ExperimentsThe nu
lei in the mass A � 60 region were investigated in a series ofexperiments at Gammasphere and Euroball. Table I summarizes themost re
ent ones, in
luding the institutions involved. In all experiments 4�
harged-parti
le dete
tor arrays (Mi
roball [10℄ at Gammasphere andIsis [11℄ at Euroball) were 
oupled to the 
-dete
tor arrays. Typi
al par-ti
le dete
tion e�
ien
ies amount to "p � 80% and "� � 65% in the 
aseof Mi
roball, following restri
tive dis
rimination pro
edures (see, e.g.,Refs. [10, 12℄). The respe
tive numbers for Isis turned out to be lower forthe present Euroball experiment. For most of the experiments neutrondete
tors ("n � 5�10%) or dedi
ated neutron arrays ("n � 30%) (Neutron-Shell [13℄ at Gammasphere and NeutronWall [14℄ at Euroball) wereused to identify evaporated neutrons, and thereby dis
riminating isotopes



706 D. Rudolph et al. TABLE IParameters of our re
ent experiments in the mass A � 60 region.No. Rea
tion Beam Label Date Target An
illaryenergy dete
torsa1 32S+28Si 130 MeV GSFMA73 9/99 thin MB+NS(WashU, Lund, LBNL, ANL)2 36Ar+28Si 148 MeV GSFMA42 12/98 thin MB+SS+n(Lund, WashU, Cologne, UPenn, ORNL, ANL)3 24Mg+40Ca 96 MeV EB98.02 9/98 ba
ked ISIS+NW(Lund, LNL, Cologne, TSL, Surrey, Warsaw, Bogota)4 28Si+40Ca 122 MeV GSFMA66 7/99 thin MB+BGO(LBNL, Lund, WashU, M
Master, Cologne, ANL)aMB: Mi
roball [10℄; NS: NeutronShell [13℄; SS: Four �E�E Si-strip teles
opes; n: 20neutron dete
tors; Isis [11℄; NW: NeutronWall [14℄; BGO: full BGO information taken.at or beyond the N = Z line. The relatively low 
-ray multipli
ities of thepresent experiments allow for a removal of the Heavimet absorbers in frontof the BGO shields at Gammasphere [15℄. This enables event-by-event
-ray multipli
ity and sum-energy measurements, whi
h provides additionalrea
tion 
hannel sele
tivity [16℄. Experiment 2 aimed at high-resolution par-ti
le spe
tros
opy. Therefore, the three most-forward rings of Mi
roball(28 CsI-dete
tor elements) were repla
ed by four �E�E Si-strip teles
opeswith a total of 4� 16� 16 = 1024 pixels (see Se
. 6.3).3. Spheri
al minimumFigure 2 illustrates the shell stru
ture for spheri
al and deformed nu
learshapes in the vi
inity of 56Ni. Di�erent from 1f7=2 mid-shell nu
lei (seeRef. [17℄ and referen
es therein) unrestri
ted full fp shell-model 
al
ulationsare not possible at present. For example, the shell-model study of 56Ni [6℄,performed by Poves and 
o-workers, was 'limited' to six-parti
le six-hole(6p� 6h) ex
itations a
ross the shell gap at parti
le number 28.Looking at the left hand side of Fig. 2 it is tempting to think that the fullfp model spa
e should be su�
ient to des
ribe the high-spin states in the56Ni region � there are several orbits available above the gap, and the high-j orbit 1g9=2 seems too far away. In fa
t, it is possible to des
ribe the mainfeatures of the experimental de
ay s
hemes by simple shell-model 
al
ula-tions restri
ted to 2p-2h ex
itations [18℄. Nevertheless, there are sequen
esin, e.g., 54Fe or 57Ni, whi
h are 
learly outside the fp model spa
e [18℄. In57Ni su
h a sequen
e is lo
ated on top of a level at 3.7 MeV ex
itation energy,whi
h was unambigously identi�ed as representing the neutron 1g9=2 single-
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le state by means of two linear polarization measurements [19℄. Thisimplies that a proper des
ription of spheri
al shell-model states near 56Nineeds to in
lude both 1f7=2 holes and 1g9=2 parti
les. Su
h a model spa
eis 
learly beyond the s
ope of 
ontemporary large-s
ale shell-model 
al
u-lations with a full diagonalization of the Hamiltonian, but with quantumMonte-Carlo te
hniques the problem has already been ta
kled [20℄.
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Fig. 2. Shell stru
ture near 56Ni.4. Deformed minimumNext to the spheri
al shell gap at parti
le number 28 there is also a gapof similar size for a prolate deformed (�2 � 0:4) 56Ni nu
leus (
f. Fig. 2),whi
h is due to a 4p�4h ex
itation � the [303℄7/2 Nilsson orbit is emptiedand the [321℄1/2 orbit o

upied for neutrons and protons. At the same timethe N = 4 high-j low-
 [440℄1/2 intruder orbit rea
hes the Fermi surfa
e.It is readily o

upied in the yrast deformed and superdeformed bands in58Cu [9℄ and 60Zn [21℄, whi
h may be 
alled the 'doubly-magi
 deformed'(4141) and `doubly-magi
 superdeformed' (4242) nu
lei of the mass region,be
ause large and very stable shell gaps appear for N = Z = 29 at �2 � 0:4and N = Z = 30 at �2 = 0:5 in the rotating frame.Figure 3 provides an overview of rotational bands 
urrently known in theA � 60 region. Next to a number of straight E2 
as
ades, the �rst of whi
h
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708 D. Rudolph et al.was dis
overed by Svensson et al. in 62Zn [22℄, also 
oupled bands with moreor less intense �I = 1 
ross over transitions were identi�ed in the Ni, Cu,and Zn isotopes, whi
h may arise from single nu
leons in (relatively) high-KNilsson orbits of the 1f7=2 shell. The �rst su
h rotational band below Ni wasre
ently found in 57Co [23℄. It should be noted that di�erent from other massregimes almost all of the bands known are linked to the states in the spher-i
al minimum, whi
h �xes their ex
itation energies and allows for at leasttentative spin and parity assignments. Some of the 
oupled bands have beenobserved up to terminating spins as well [24℄. Comparisons of predi
tionsof several mi
ros
opi
 and ma
ro-mi
ros
opi
 models to the experimentalobservations have usually a very high level of agreement. Last but not leastthere are a few 
andidates for magneti
 rotation in 54Fe, 55Co, and 60Ni.They await, however, 
on�rmation in terms of lifetime measurements. Su
hinvestigations are ongoing.

Ni5854Fe

4  42 1

World R
ecord!

4  4

4  4

4  42

4  4

2

1 0

2 02 0

-d
ec

ay
α

00

21454

42459

65127

54382

4 3620

6 5383

86603

76066

97445

6 4962

7 6219

4 4106
4 4293 44404

7 6083
6 5743

87981

7 7273

9 8716

109344

5 5587

98120

109061

1110190

1211472

1010693

1111253

1211994

1312909

33420

8 7313

11 10179
910403

8 7972

1415008

1413847

1514932

1616244

98894

8 8113

10 10143
11 10589

9 9025

76862

1211812

12 11295

13 13236

12 1256712 12717

119321

14 14126

11 11408

1010135

11 12362

10 10779

1250712657

15 15734

109665

8 8073

1415028

1313354

1211576

15 15707
14 15320

16 17159

18 19478

13 12828

15 14848

12 11114

1313012

10 9583
10 9884

1213091

1313879

1213124

11 11004

12 12355

13 14215

14 16494

13 13045

1210879

12 12152

10 9788

14 15263

87723

76845

810643

9 9158
9 8818

1717855

66205

87624

10 10332

17 17526

15 15856

17 17679

1616673

14 14918

16 16563

1211821

1313940

1314460

1315190

1313527

1416051

1818637

19 19942

10282

13 13194

14 15236

10 10252

11 11636

10 9574

15 16795

17 18458

19 20447

21 22797

13 16745

12 13607

14 15292

16 17287

18 19565

2021246

1616775
17 17015

11 1143111381

108972

1010295

23 25551

25 28708

20 22136

22 25142

2224210

21 22765

23 26057

0 6399

2 7807

4 8937
6 9348

8 12779

16 18339

18 20133

20 22208

22 24608

24 27361

1921104

1719203

1517579

2123329

2325913

2528927

27 32175

29 36041

31 40326

2732491

2936529

26 30486

28 33967

30 37803

2668

1005

1454

744

763

1923
1161

2166

1764

2924

1001

1476

1684
939

537

842

2504

1256 1092

384
1226

277
1020

26522839

1835

8331090

2949

723

700956

36253284

683

1189

709
1443

735

2113

1899

628

2146

1363

496

3129

1517

2458

2071

2410

942

1129

1281

2746

1349

3248
2712

560

741 1301

9151656

961

962 685486

1647

1343

323 835

520 1929
1246

710
13791095

1404
805

1916

1463
835

289

2229
1753

1616

3536

1631

2397

1853

2022

1312

1084

938

1815

1799

1580

2030

603

799

2029

446 410
1245

1118

2941

1426

911

1564 1872

1405

1074

2479

411
1119

1633
2467

1223
1116

706

1763

3045

1941
1424

519 668

35063655

1876

32483396
2388

890

3963

13091159

3531

2431

3301

873

2172
1584

3334

2377

60

2690

2526

60

2151

1609
726

643 1807

2221
3062

1692

1854

1592

1470 1369

3556

3163

1882

1386

3431

1581
2471

1674

34513847

1839

2319

1533

2020

1715 1717

1835

1531

3499

16101510

1230

18111912

2650
3770

788

3804

755

1683

1351

825

1859

2279

1750

1559

1564
1972

2064

2928

2342

991

2435

1896

2090

396

1338

2340
16401657

1120878

2462
1718

1079

475

4320

165

1735
1274

2697

50

1172

1534

2555

257

1875

2214
2752

2923

588

3746

1419

2041

2499

672

2886

1307

1906

17921819

1730

1823

26972479

818
1666

1883

1063

1645

1654

3446

1645

1631

3499

3750
4270

5000
2055

2524

1963

1005

958

856

2073

1116 963

22632414

1305

939

852

2539

708

1789
1095

1944

2822

1972

2547

50

727

1763

3341

798

3850
1669

3185

1021

2190

1021

2042

3015

2191

1507

2830

1214

1227

1693
1384

2612

1154

2440

839

1252

1540

1601

1306

1899

23142403

2457

1663

1989

2350

50

1685

1995

2278

4287

2464

3417

2016

2608

1767

1862

1767

1980

3428

2167

2606
1763

2715

50

1706

2537

2103

2218

2369

1806

815

2584

2760

2807

1911

3692

3783

2750

3157

2571

3006

2964

2823

3292

1304

1519

3431

411

1130

1408

3491

1794

2075

2400

2753

971
1901

1624

2225

2584

3014

1104

930

3467

3866

3564

4038

3125

3481

3836

4285

Fig. 4. Partial level s
heme of 58Ni.The evolution of shapes in the mass region may be followed most beau-tifully in the 
ase of 58Ni [25℄. Figure 4 provides an extensive (preliminary)ex
itation s
heme of 58Ni studied with three di�erent rea
tions. From ex-periment 4 (
f. Table I) an extremely ri
h level s
heme in the spheri
alminimum was established rea
hing states up to about 20 MeV ex
itation en-ergy. 58Ni represented the 2�2p 
hannel, and was populated with a relative
ross se
tion of about 6%. The results from experiments 2 and 3 (and anearlier Gammasphere experiment) allowed for an extension to 30 MeV ex-
itation energy, and the level s
heme be
omes mu
h more simple, sin
e onlyrotational bands appear above 20 MeV. The relative 
ross se
tion in
reases
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. . . 709to some 30% for the 1�2p 
hannel, whi
h allows for extensive spe
tros
opyeven for very weak transitions. Most importantly, an unpre
edented dis
rete� de
ay from one of the bands 
ould be established [26℄. Last but not least,experiment 1 populated extremly high-spin states up to 40 MeV ex
itationenergy in 58Ni via 2p evaporation. The 
ross se
tion be
omes very small.In essen
e only the bands on the left hand side of Fig. 4 and their de
ayare observed. Finally, the topmost transition of 4285 keV in the 4241 bandprobably marks the 
urrent world re
ord in terms of rotational frequen
y inhigh-spin nu
lear stru
ture. 5. N = Z issues5.1. T = 0 pairingThe fa
t that some of the nu
lei of interest are N = Z nu
lei immediatelyraises the question whether some in�uen
e of isos
alar or isove
tor neutron-proton pairing or neutron-proton pair 
orrelations are visible in the presum-ably 
lean 
on�gurations in the se
ond minimum. The superdeformed bandin 60Zn reveals a band 
rossing at a rotational frequen
y of ~! �1.0 MeV [21℄,whi
h 
an be explained in terms of a band 
rossing due to the simultane-ous alignment of pairs of g9=2 neutrons and protons. However, the expe
tedproton alignment in 6130Zn [27℄ and the neutron alignment in 59Cu30 [28℄,are not observed at this frequen
y. The expe
ted alignments in the odd-Aneighbours of 60Zn are either absent, or they o

ur at 
onsiderably lowerfrequen
ies, whi
h may be taken, along with other arguments [29℄, as a signof neutron-proton pairing e�e
ts. However, the deformations of the threebands are rather di�erent, and the subje
t is under dis
ussion (see, e.g.,Ref. [30℄). 5.2. Mirror nu
leiAnother topi
 related to the N = Z line is the study of mirror symme-try. Di�erent from earlier studies of mirror nu
lei in the 1f7=2 shell (see, e.g.,Ref. [31℄ and referen
es therein) su
h investigations may nowadays invokemore detailed spe
tros
opi
 quantitites su
h as bran
hing ratios, b, multi-pole mixing ratios, Æ, or transition probabilities, B(E2), to obtain limitsfor e�e
tive operators su
h as e�e
tive 
harges and e�e
tive g-fa
tors. Theidea is illustrated in Fig. 5 (see Ref. [32℄ for more details). The solid linesin parts (a) and (b) show the predi
ted ratios of the B(E2; 27=2 ! 23=2�)(a) and B(E2; 17=2 ! 13=2�) (b) values of the two A = 51 mirror nu-
lei 5126Fe25 and 5125Mn26, respe
tively, as a fun
tion of the e�e
tive proton
harge ep (the sum of e�e
tive proton and neutron 
harges is kept 
onstantat 2.0). For a given shell-model parametrization a pre
ise measurement of
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λ λFig. 5. Ele
tromagneti
 de
ay properties of A = 51 nu
lei. See text for details.the �rst ratio 
ould 
learly limit the e�e
tive 
harges, while the se
ond ratiois rather insensitive to these parameters. Unfortunately, only for the latterwe know the experimental values for both nu
lei [33℄. However, it is possi-ble to use this weak dependen
e, sin
e one 
an sele
t a reasonable value forthe e�e
tive proton 
harge (ep = 1:3), and investigate how the bran
hingsof the 17=2� ! 13=2� transitions depend on e�e
tive g-fa
tors, ge� . Thisis shown in Fig. 5(
). � denotes the fra
tion of the free g-fa
tor. Thereis an agreement between the theoreti
al value and the experimental valuefor 51Mn at � � 0:7. There is no su
h agreement for 51Fe, whi
h 
an beasso
iated with the problems in des
ribing the de
ays of the 17=2� statesproperly [32,33℄. How the multipole mixing ratio Æ(E2=M1) depends on ge�is shown in Fig. 5(d). The shell-model 
al
ulations reprodu
e the oppositesigns measured for Æ(E2=M1) and � � 0:85 would be 
onsistent with bothmeasured values. 6. Proton de
ays6.1. Two prompt proton de
ays in 59CuThe isotope 59Cu has only one neutron added to the N = Z nu
lide58Cu, in whi
h the new exoti
 de
ay mode of prompt proton emission hadbeen observed for the �rst time [9℄. By looking at energy and spin relationsbetween the ex
itation energies of rotational bands in 59Cu and possiblespheri
al daughter states in 58Ni it be
omes 
lear that 59Cu is an ex
ellent
andidate to sear
h for this new de
ay mode. In fa
t, greatly improved
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s for 59Cu in experiment 4 (
f. Table I) as 
ompared to earlier runs(see, e.g., Ref. [28℄) allowed for the dis
rimination of �two prompt proton de-
ays from two di�erent bands with two di�erent intruder 
on�gurations withtwo di�erent energies with two di�erent bran
hing ratios into two di�erentspheri
al states of 58Ni� [35℄. TABLE IISummary of prompt parti
le de
ays in the mass A � 60 region(as of September 2000).Nu
lide Parti
le Q-value Bran
hing Spin Referen
e(MeV) (%) di�eren
e56Ni proton 2.57 49(14) (7=2+) [6℄58Ni alpha 7.45 3:9(3) (9�) [26℄58Cu proton 2.34 > 97 (9=2)+ [9℄59Cu proton 1.92 � 4 9=2+ [35℄proton 2.50 � 16 9=2+ [35℄
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Fig. 6. Proton 
enter-of-mass energy spe
tra for two prompt proton de
ays in 59Cu.See Ref. [35℄ for more details.Figure 6 shows proton 
enter-of-mass energy spe
tra (
f. Se
. 6.3) in
oin
iden
e with the yrast superdeformed band (4241) [Fig. 6(a)℄ [28℄ andan ex
ited rotational band (4141) in 59Cu [Fig. 6(b)℄ [35℄. The spe
tra arealso subje
t to an overall 2�2p parti
le gate, sin
e 59Cu represents the 2�1pevaporation 
hannel of the experiment, and the se
ond proton of the gateshall be the de
ay proton. Only protons dete
ted in the �rst four rings ofMi
roball are used to in
rement the spe
tra in Fig. 6 (
f. Ref. [12℄),and the �ba
kground� of evaporation protons has been subtra
ted [35℄. Thepeak energies of 2.0(1) and 2.5(1) MeV are in agreement with the Q-valuesbetween the superdeformed 11921 keV 25=2+ state in 59Cu and the spheri
al8+ yrast state in 58Ni, and the well-deformed 11984 keV 23=2� level in59Cu and the 7� yrast state in 58Ni, respe
tively. The de
ay paths are
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-ray 
oin
iden
es between transitions in the parent anddaughter nu
leus, and the bran
hing ratios were determined to � 4% and� 16%, respe
tively [35℄. In both 
ases the de
aying proton appears to bethe single 1g9=2 proton in the band 
on�guration. Table II summarizes themain quantities for the presently (September 2000) known prompt parti
lede
ays. 6.2. The lifetime of the proton-de
aying state in 58CuExperiment 3 was aiming mainly at ele
tromagneti
 de
ay properties ofmass A � 60 nu
lei. Applying the Doppler Shift Attenuation Method tolevels in 58Cu, lifetimes of individual states at the bottom of the rotationalband 
ould be determined [36℄. The 830 keV line, whi
h depopulates the9745 keV state and feeds the proton-de
aying level at 8915 keV, revealsboth a stopped and a shifted 
omponent in its lineshape observed in theba
kward-angle Cluster se
tion [
f. Fig. 7(a) and (e)℄. Sin
e the 3701 keV9=2+ daughter state in 57Ni has a lifetime in ex
ess of two pi
ose
onds,energy 
orrelations between the 830 keV 
 ray measured in the Clusterdete
tors and the 2.3 MeV proton peak [9℄ in the most forward dete
torelements of Isis were studied. The result is shown in Fig. 7. The upper rowshows spe
tra obtained from a 
hannel-sele
ted E
-Ep;lab matrix, while forthe lower row a se
ond 
 ray 
orresponding to one of the transitions in the58Cu band had to be dete
ted.
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Fig. 7. Proton-
 energy 
orrelations. See text for details.Figures 7(a) and (e) present the total proje
tions of the two matri
es nearthe 830 keV line. Three regions are indi
ated, whi
h 
orrespond to stopped,slightly shifted, and shifted 
omponents of that transition. Figures 7(b)�(d) and 7(f)�(h) are the 
orresponding ba
kground-subtra
ted 
oin
identproton-energy spe
tra. The solid lines are Monte-Carlo simulations [37℄ of
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. . . 713the most forward ring of Isis. The basi
 result is that the shifted 
omponentof the 
-ray is in essen
e in 
oin
iden
e with a shifted 
omponent of theproton line (region 3), while the gate on the stopped 
omponent of the 
-ray brings ba
k the stopped 
omponent of the proton peak (region 1). Hen
e,the lifetime of the parti
le de
ay out of the 8915 keV state is governed by the
 de
ay of the 9745 keV state, i.e., 
onsiderably shorter than the previousupper limit of 3 ns [9℄. 6.3. Parti
le spe
tros
opyA detailed study of the prompt parti
le de
ays is hampered by the rela-tively large widths of the peaks in the parti
le 
enter-of-mass energy spe
tra(see Fig. 6). It turns out that the main 
ontribution to the widths is not theintrinsi
 energy resolution of the CsI elements ofMi
roball, but the size ofthe solid angle. The 
enter-of-mass energy is determined from the measuredenergy in the laboratory system and the kineti
 energy of the parti
le at thetime of emission resulting from the motion of the emitting system (re
oil),a

ording to ECM = Elab +Ekin � 2pElabEkin
os� (1)with � being the angle between the re
oil dire
tion and the dete
tor. Ifone for a moment negle
ts the angle spread of the re
oils after the evap-oration pro
ess and plugs reasonable numbers for Elab = 6:25 MeV andEkin = 1:25 MeV into this equation for a dete
tor element in ring 2 of Mi-
roball (� = 21Æ � 7Æ) one obtains 
enter-of-mass energies whi
h spreadbetween ECM = 2:08 MeV (� = 14Æ) and 2.56 MeV (� = 28Æ), i.e., almost500 keV. To over
ome this handi
ap we de
ided to repla
e the 28 most for-ward elements ofMi
roball with an array of four �E-E Si-strip teles
opesproviding some 800 a
tive pixels instead (see, e.g., Ref. [38℄ for details). Thisredu
es the geometri
 opening angle to �� � 2:5Æ for a single pixel and the
orresponding energy spread down to �ECM � 80 keV. It is not reasonableto further tighten the angle 
overage, be
ause a beam spot of only 2 mm al-most doubles the e�e
tive angle 
overage of a pixel, i.e., it will be di�
ult tomaintain this geometri
al 
ontribution to the energy resolution below some150 keV throughout a presumed seven-day experiment.The se
ond (and in the 
ase of experiment 2 largest) 
ontribution tothe peak width is the target thi
kness. A rea
tion 
an take pla
e at thebeginning or the end of the target, and it is impossible to determine thepre
ise spot of an individual rea
tion on an event-by-event basis. Therefore,the kinemati
 energies for re
oiling nu
lei are di�erent depending on theirtravel paths, hen
e energy loss, in the target foil. The parti
les of interestare emitted most likely after having passed through the remaining path ofthe thin target foil. The un
ertainty in the value of the re
oil velo
ity (the
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tion 
an be rather well determined from the energies and dire
tions ofevaporated parti
les) does lead to a kinemati
al 
ontribution to the energyresolution of 200-250 keV for a target thi
kness of 0.5 mg/
m2.Finally, the 
ombination of intrinsi
 resolutions of �E and E strips (�50-60 keV ea
h at 12 MeV) and the energy spread indu
ed by � 30 mg/
m2thi
k Pb absorber foils, whi
h are ne
essary to prote
t the array from dire
theavy-ion hits, yields an intrinsi
 
ontribution of about 130 keV. The sum ofthe three 
ontributions amounts to an expe
ted resolution of about 300 keVfor 2.0�2.5 MeV protons, and a preliminary analysis of a
tual data on 58Cuyields some 350 keV, whi
h should be 
ompared to 700-800 keV obtained forthe earlier experiments (
f. Se
. 6.1). It is hoped that a detailed and fullanalysis of experiment 2 will reveal possible weak de
ay bran
hes from statesknown to parti
le de
ay, and to simplify the sear
h for new 
ases. In addi-tion, more detailed spe
tros
opi
 information su
h as angular distributionsor 
orrelations shall be investigated to, e.g., determine the parti
le angularmomentum dire
tly. 7. SummaryThe mass A � 60 region reveals many ex
iting aspe
ts of nu
lear stru
-ture: (i ) shell-model states near a doubly-magi
 isotope; (ii ) deformed andsuperdeformed rotational bands in the se
ond minimum; (iii ) issues relatedto the self-
onjugate nature of some nu
lides; (iv ) the unpre
edented exoti
de
ay of several of the bands through dis
rete prompt parti
le emission in
ompetition to 
onventional 
 de
ay out me
hanisms. The new experimentsaiming at 
ombined in-beam 
 and parti
le spe
tros
opy are 
learly 
hal-lenging the present 
ombinations of the 4� Ge-dete
tor arrays and an
illarydete
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