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PREFACE 

The International Symposium on Nuclear Structure Physics (NP2001) was 
held in Gottingen Germany, March 5-8, 2001. The aim of the Symposium 
was to discuss recent achievements and new initiatives for research in nuclear 
structure and to celebrate the career of Peter von Brentano. 

NP2001 covered a broad range of exciting topics, including collective and 
proton-neutron excitations, phase transitions in nuclei, isospin, properties at 
high and low angular momentum, recent developments of nuclear theory, stud
ies of exotic nuclei far off stability, and the latest technological advances in 
detector design. In all these fields, Peter von Brentano has been at the fore
front of research. NP2001 honors his outstanding contributions. 

All together there were 124 participants and 39 Invited Talks arranged into 
7 sessions. In addition, there were a large number of Poster Presentations. The 
excellent talks and posters and the active discussions reflect the renaissance of 
interest and excitement in nuclear structure physics at the dawn of the new 
millennium. 

The present volume contains the texts for both the Invited Talks and the 
Poster Presentations. We thank the authors for the prompt submission of 
their manuscripts. This has made it possible to publish these Proceedings in 
a timely way. 

We are grateful to all those who contributed to the success of this cel
ebratory Symposium. We thank the members of the International Advisory 
Committee for their help in suggesting topics and speakers. We are grateful to 
the University of Gottingen, especially its II. Physikalisches Institut, for help 
in preparing and arranging the Symposium and, in particular, to the Local 
Organizing Committee for making the Symposium flow so smoothly. A special 
thanks must go to Lucie Hamdi, the Symposium Secretary, for her dedicated, 
professional, and enthusiastic work in arranging virtually every aspect of the 
Symposium. Without her efforts, the Symposium would not have been the 
success it was. We are very grateful. 

We are greatly appreciative, and are honored by, the generosity of Tremezza 
von Brentano, the renowned artist, for providing the painting of Peter, herself, 
and a fish which furnished the basis for the Symposium poster and the cover of 
this volume. We also acknowledge, with thanks, the wonderful a capella music 
provided by the group I Dodici, on the occasion of the Symposium Banquet. 

We could not have gone forward with the Symposium without the consider
able financial support of a number of organizations. In particular, we thank the 
Deutsches Bundesministerium fur Bildung und Forschung (BMBF), Deutsche 
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Forschungsgemeinschaft (DFG), W. E. Heraeus-Stiftung, Land Niedersachsen 
and Stadt Gottingen. 

We hope the papers in this volume will reflect both the vitality and ex
citement in the field of nuclear structure at this critical juncture in its history. 

Rick Casten 
Jan Jolie 
Ulrich Kneissl 
Peter Lieb 

April 2001 
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Peter von Brentano 

KiiBnacht in der Schweiz 
war sein Geburtsort, 
und fiir jeden der's nicht weifi: 
Peters Familie lebte in Emigration dort. 

Doch bald nachdem der Krieg voriiber 
gingen Brentanos nach Hause wieder, 
und das war Wiesbaden in Hessen 
wo Peter wurd' gepragt; er hat's nicht vergessen. 

Als Rennfahrer versucht er sich, 
drehte Stiirze ganz fiirchterlich. 
Er war, ihr sollt's erfahren 
'ne Art Schumi in jenen Jahren. 

Lieber Peter, zu Deinem Geburtstag gebiihrt sich's, 
dafi ich Dich besinge dichterisch, 
denn wir beide waren zusammen, s'ist wahr 
an Goethes Universitat die ersten Jahr. 

Bei Cerny und Danzer horten wir Physik. 
Hund war im Gehen, und so betrieben wir Mathematik 
Moufang, Franz und Reinhold Baer, ihr sollt es wissen 
gaben uns Fundamente, die wir mochten nicht missen. 

Wir waren dort ein interessanter Club - hort zu 
die Kegel-Briider, der Liineburg, der Peter und ich gehorte auch dazu. 
Wir alle eiferten um die Wette, 
und jeder fiir sich ging dann eigene Wege. 

Auch Reinhard Selten ist nicht zu vergessen: 
Als Mathematiker war er von der Wirtschaft besessen 
und arbeitete mit viel Fleifi 
bis hin zum Wirtschaftsnobelpreis. 
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Peter trug damals Jacken viel zu weit 
und Hosen viel zu breit 
gestiitzt durch Hosentrager 
'ne tolle Personlichkeit, der Peter! 

Nach dem Vordiplom ha t ' ich ein anderes Ziel: 
uber Darmstadt war's Freiburg, wo es mir gefiel. 
Doch Peter blieb bis zum Diplom 
bei Schopper, dann ging aud i er davon. 

Wie ich ging er nach Siiden, 
in Heidelberg fand er seinen Frieden. 
Am dortigen Max Planck Insti tut 
ging es ihm recht gut. 

Gentner und Jensen, ich werdet es wissen: 
Das Schalenmodell lafit griifien. 
Die Kernspektroskopie gefiel 
und war fortan sein Ziel. 

Heidelberg war besonders bedeutsam: 
Peter war dort nicht mehr einsam. 
Brigitte mit ihrem Charm 
umarmte ihn, und sein Herz wurde warm. 

Brigitte, bekannt als Tremezza 
in kiinstlerischen Kreisen, 
schenkte ihm Herz und Ring da 
und liefi' beide fur's Leben zusammen schweifien. 

Obwohl er ha t te zwei linke Hande, 
fesselten ihn in Frankfurt und Heidelberg die Experimente. 
Ich kannte ihn sehr mathematisch fixiert, 
um so mehr hat mich seine Entscheidung konsterniert. 

Doch er ging seinen Weg zielgerecht weiter 
nach Seattle zu Blair und auch in Texas fand' er's heiter. 
Im grofien Land Amerika 
Brentanos fuhren Cadillac 
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und hatten ihre Freud' 
an diesem groBen Gehaus, wie viele Leut'. 
Peter kam nach Heidelberg zuriick 
als Kernstruktur- und Tandem-Spezialist. 

Ich wollte ihn gerne in Frankfurt halten, 
um mitzuhelfen die GSI zu gestalten. 
Doch er zog zum Tandem in Koln am Rhein 
das fand ich damals gar nicht fein. 

Dort entwickelte er sich immer energischer 
zum weltbekannten Kernspektroskopiker, 
freilich gepaart mit theoretischen Interpretationen 
von wechselwirkenden Bosonen oder-mehr physikalisch-von Rotation und 
Vibration. 

Eine Schaar von erstklassigen Schiilern, er hort's bestimmt gern, 
haben bei ihm ihr Handwerk gelernt 
und sind in die Welt hinausgegangen, 
wo sie wurden richtige kernphysikalische Mannen. 

Du kannst stolz sein, lieber Peter, auf das Erreichte 
natiirlich war's nicht so, ware nicht Brigitte an Deiner Seite 
immer treu, Dich unterstiitzend und stimulierend, s'ist wahr, 
wie es eben ist bei zwei Menschen in Liebe ein Paar. 

Du bist nicht am Ende, merk' es Dir! 
Noch vieles kannst Du bewirken fur uns alle hier. 
Kannst schreiben ein Buch voller Wissenschaft 
oder die Geschichte der Physik, die Du mitgestaltet hast. 

Noch mehr kann man sich ausdenken, 
doch laB' ich's dabei bewenden 
und wiinsch', Brigitte und Peter, auf Euren zukiinftigen Wegen 
von ganzem Herzen Gottes Segen! 

Walter Greiner 
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THE LARGE PROBABILITY OF THE 0+ G R O U N D STATES 

A. ARIMA 
The House of Councilors, 2-1-1 Nagatacho, Chiyodaku, 

Tokyo 100-8962, Japan 
E-mail: akito-arima@sangiin.go.jp 

N. YOSHINAGA 
Department of Physics, Saitama University, Urawa, 

Saitama 338-8570, Japan 
E-mail: yosinaga@riron.ged.saitama-u.ac.jp 

Y. M. ZHAO 
Cyclotron Center, Institute of Physical and Chemical Research (RIKEN), 

Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japan 
E-mail: ymzhao@rikaxp.riken.go.jp 

The spins of even-even nuclei are always 0 + without any exception. This 
fact is believed to be a consequence of the strong attractive short range interac
tion. However, Johnson, Bertsch and Dean discovered an extremely interesting 
phenomenon.x This is the dominance of 0 + states as the lowest states in shell 
model calculations with random two-body interactions. After this discovery, 
many works have been accumulated to understand this fact.2_10 

In this talk, we present our study of this problem taking a simple system 
such as four particles in a single j-shell. We assumed the Box-Muller method 
to produce random Gaussian two-body interactions. In these calculations j 
runs from 7/2 to 31/2. We confirmed the dominance of 0 + states as ground 
states. More precisely, for j larger than 15/2, the probability for 0+ states 
to be the ground states is confirmed to be always the largest one, as shown 
in Fig. 1. Another interesting result is that a system with five particles in a 
j-shell has a large probability to have a spin I = j state as its ground state as 
shown in Fig. 2. In order to understand the reason why 0 + and I = j states 
have large probabilities as the ground states, we expand the expectation values 
of the Hamiltonian H in terms of the two-body interaction strengths Gj as 
follows; 

j 

where / is the spin of a state, v its seniority and (3 its additional quantum 
number. The coefficients a for j =9/2 with four particles are shown in Table 
1. We find a good correspondence between the probability of the state of spin 
I to be the ground state and the value of a. If aj is the largest coefficient 

mailto:akito-arima@sangiin.go.jp
mailto:yosinaga@riron.ged.saitama-u.ac.jp
mailto:ymzhao@rikaxp.riken.go.jp
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Figure 1: The /GS probability (large probability of finding 7" to be the angular momentum 
of the ground state) for 4-particle systems with different j . 

among a/,, the probability is large. The prediction in Table 1 means that the 
probability is calculated by using the following formula such as; 

j dG0 f dG2 f dd f dG6 J dG8 j dE0fi ••• j dE12A 

x 6 (EO,O - £ a J o , 0 G j ) ---6 (E12A - £ a { 2 A G j J 

xp(G0)p(G2)p(Gi)p(G6)p(Gs), 

where p (Gj) = -4= exp ( - | G j ) and EIiV is the energy of the state with spin 
/ and seniority v. 

Until now we did not take into account mixtures among states with the 
same / . The probabilities shown in the column "test" are obtained by taking 
into account the mixing. We find that the probabilities shown as "test" become 
larger than those shown as "pred". This is quite reasonable, because a 0+ state 
is pushed down by mixing. 

We use here a way to avoid the effect of the mixing in the space of states 
with the same spin J. The trace of H is independent of the mixing. We calcu-
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Figure 2: The 7GS probabilities for 5-particle systems with different j . 

late the probability for an average over the energies of £/,„,/? to be the lowest 
one. Here the average can be calculated by taking the trace. The result is 
shown in Table 2 for j =31/2 with four particles. 

Now the largest probability to be the ground state is found for the highest 
spin I = 56+ . The probability of the 0 + average energy to be the lowest one 
comes next. However, we should be aware that there is only one state for 
/ = 56+ . On the other hand, there are five 0 + states. Some of them are 
pushed down far from their average. Thus we can expect that the probability 
of a 0 + state to be the ground state is larger than that of the / = 56+ state. It 
is interesting to note that some of the a's for 0 + and / = 56+, take the largest 
values for a specific interaction Gj. 

We try to explain why a state has a large probability to be the ground 
state when some <Xj v p of this state are the largest among aj, v, »,. Let us look 
at the difference between Er,v',0' and £/,«,/?; 

AE = Er> v> p> - Ei>v>p = CJGJ - F, 
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Table 1: The coefficients otjv„ for each angular momentum state in the case of j — | and 
n = 4. Bold (italic) font is used for the largest (smallest) ajv a. The column "test" is 
obtained by the running the two-body random interactions. The last column, "prediction", 
is obtained by integrating over the distribution functions of the ensemble and using the 
approximation EIjV:p = ^ aj v gGj, refer to the text for details. When a state cannot 
be uniquely labeled by its angular momentum, only total probability of IGS is presented in 
the first one, and probabilities of other /-angular momentum states to be the ground states 
are labeled using star symbols in the column "test". 

I 
0 
0 
2 
2 
3 
4 
4 
4 
5 
6 
6 
6 
7 
8 
8 
9 
10 
12 

Go 
1.60 
0.00 
0.60 
0.00 
0.00 
0.00 
0.00 
0.60 
0.00 
0.60 
0.00 
0.00 
0.00 
0.60 
0.00 
0.00 
0.00 
0.00 

G2 

0.50 
0.20 
1.43 
1.35 
0.36 
2.04 
0.50 
0.68 
1.00 
0.34 
1.64 
0.39 
1.20 
0.55 
0.41 
0.17 
0.70 
0.00 

G4 

0.90 
2.57 
1.22 
1.69 
2.28 
1.02 
2.08 
1.04 
1.59 
1.66 
0.98 
1.85 
1.09 
0.68 
1.42 
1.33 
0.69 
0.52 

G 6 

1.30 
2.91 
0.893 
1.70 
2.63 

0.890 
2.43 
2.40 
1.84 
1.33 
1.08 
2.34 
1.40 
1.58 
2.05 
2.12 
1.41 
1.69 

Gg 
1.70 
0.32 
1.86 
1.26 
0.71 
2.06 
0.99 
1.28 
1.57 
2.07 
2.29 
1.43 
2.31 
2.59 
2.13 
2.38 
3.21 
3.78 

test(in %) 
66.4 

* 
3.7 
* 
0 

11.8 
* 
* 
0 
0 
0 
0 
0 

0.2 
* 
0 
0 

17.9 

prediction(i; 
14.150 

* 
1.844 
1.260 
0.110 
18.852 
0.000 
3.540 
0.00 
2.103 
0.000 
0.000 
0.000 
0.030 
0.000 
0.000 
0.176 

27.275 

where CK = af, v, g, - afv0 and F = Y, CJ>GJ*. It should be noticed 

that Cj is negative definite, and CJGJ is either negative or positive definite 
depending on the sign of Gj. When Gj' takes a random number produced 
by the Gaussian distribution, F, too, takes a Gaussian distribution. Fig. 3 
explains why AE has a large probability (shown by shadow) to be positive 
(namely for -Ej>,/? to be the lowest energy) when Gj < 0. This is an explana
tion of the question raised above. We have thus found an explanation of the 
large probability of the 0 + ground state. There remains, however, a question 
why several a^ take the largest values among the coefficients aj{I ^ 0). We 
are trying to solve this problem now. 
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Table 2: The IGS probability (upto fifth largest cases) and JGS average probability for 
.7=31/2 with four particles. The IGS average probabilities are calculated in terms of the 
trace of the Hamiltonian H in each angular momentum I. The Sg is the standard deviation 

defined by ({EItV>0)
2- < EI>Vi0 > 2 ) 

/ IGS probability (in %) IGS average probability (in %) SE 
0 
2 
4 
6 

56 

30.8 
11.8 
4.0 
7.6 
6.4 

11.5 
3.7 
0.4 
1.1 

23.3 

3.06 
2.69 
2.47 
2.37 
0.00 

G , < 0 

, CJGJ > 0 

Gj>0 
CJGJ < 0 

Figure 3: The probability of AE. 

References 

1. C. W. Johnson, G. F. Bertsch, D. J. Dean, Phys. Rev. Lett. 80, 2749 
(1998). 

2. C. W. Johnson, G. F. Bertsch, D. J. Dean, and I. Talmi, Phys. Rev. C 
61, 014311 (1999). 

3. C. Johnson, Rev. Mex. Fix. 45S2, 25 (1999). 
4. R. Bijker, A. Frank, Phys. Rev. Lett. 84, 420 (2000). 
5. D. Kusnezov, N. V. Zamfir, and R. F. Casten, Phys. Rev. Lett. 85, 1396 

(2000). 
6. R. Bijker, A. Frank, and S. Pittel, Phys. Rev. C 60, 021302 (1999). 
7. R. Bijker and A. Frank, Phys. Rev. C 62, 14303 (2000). 
8. D. Mulhall, A. Volya, and V. Zelevinsky, nucl-th/0005014. 
9. Lev Kaplan, Thomas Papenbrock, and Calvin W. Johnson, nucl-

th/0007013. 
10. D. Kusnezov, nucl-th/0009076. 



This page is intentionally left blank



31 

RENORMALIZATION OP ONE-PARTICLE MOMENTS D U E 
TO CORE POLARIZATION - DRIP LINE NUCLEI VS. 

/3-STABLE NUCLEI 

I.HAMAMOTO 
Division of Mathematical Physics, LTH, University of Lund, 

P.O.Box 118, S-SSI00 Lund, Sweden 
E-mail: IKUKO@MATFYS.LTH.SE 

Taking an example of static electric quadrupole polarization charge, which conies 
from the coupling to giant quadrupole resonances (GQR), the renormalization of 
one-particle moments in drip line nuclei is discussed, in comparison with /9-stable 
nuclei. For bound particles in neutron drip line nuclei the static polarization charge 
of neutron with 1=0 and 1 will vanish in the limit of zero binding energy, while 
that of protons will be very small due to the cancellation of the isoscalar (IS) and 
isovector (IV) contribution. For excitation of particles with small binding energies 
to continuum the polarization charge due to the coupling with IS (IV) GQR can 
be negative (positive), in contrast to our common sense in jS-stable nuclei. 

1 Introduction 

The structure of nuclei far from j3 stability lines is one of current hot topics, 
since it shows exciting exotic quantum-mechanical phenomena and since the 
advanced facilities of radioactive nuclear ion beams, which are either opera
tional or currently being constructed or planned in the world, provide con
stantly new informations. Those nuclei may be characterized by (a) the pres
ence of nucleons with small binding energy ; (b) a large difference of the Fermi 
level of protons from that of neutrons ; (c) an exotic ratio between the neutron 
and proton number for a given mass number. Those characteristic features lead 
to unique shell structure, exotic collective modes, nuclear halo phenomena, and 
so on. The renormalization of one-particle moments (epoj(EA), g'tf(MX), g^ 
etc.) due to the coupling with collective modes of the core exhibits also unique 
phenomena in drip line nuclei. Since this subject contains a variety of phe
nomena, in the present talk I restrict myself to the discussion of static E2 
polarization charge coming from the coupling to GQR. 

In sect.2 I summarize briefly the case of ^-stable nuclei, while in sect.3 
the E2 polarization charge of bound particles in the neutron and proton drip 
line nuclei is described. The polarization phenomena in excitations of particles 
with small binding energies to continuum are discussed in sect.4. A summary 
is given in sect.5. 

mailto:IKUKO@MATFYS.LTH.SE
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2 £ 2 Polarization Charge in /3-stable Nuclei (or Deeply Bound Par
ticles) 

In /3-stable nuclei all nucleons are bound by more than 7-10 MeV. Then, the 
E2 polarization charge can be, in a good approximation, estimated by the 
harmonic oscillator potential model, which is described in ref.1. The static E2 
polarization charge coming from the coupling to the IS and IV GQR is written 
as (see eq.(6-386b) in ref.1) 

epol(E2, AE = 0) = e f | - 0.32 ^ - ^ + f 0.32 - 0 . 3 ^ = ^ ) r , ) , (1) 

which is reduced to 

*.<«.A*=.> . { « $ £ £ £ • W 
for /3-stable medium-heavy nuclei. The above difference between the polar
ization charge of neutrons and protons comes mainly from the fact that the 
coupling to the IV GQR gives contributions with different sign to neutrons 
and protons. As described later in 3.1, the IV coupling constant adopted in 
ref.1 seems to be too strong to be used for GQR. When the IV coupling con
stant is reduced by a factor of 2, one obtains e)™j(E2,AE = 0)«e(0.5) and 
efy{E2, AE - 0)«e(0.3). The static E2 effective charge is then written as 

/ no A n n\ f e(0.5) for neutrons ,„. 
e ^ ^ 2 ' A j E 7 = °^{ e(1.3) for protons <3> 

The above values of eeff(E2, AE = 0) are in very good agreement with avail
able data in /3 stable nuclei. 

3 E2 Polarization Charge of Bound Particles in Drip Line Nuclei 

The features unique in drip line nuclei, which are relevant to polarization 
charge, are ; (i) loosely-bound nucleons cannot polarize the core ; (ii) "large" 
value of (N-Z)/A (or small value of Z/A) in neutron drip line nuclei can dras
tically change the ratio of polarization charge coming from the coupling with 
IS GQR and that with IV GQR. Though the location of neutron drip lines 
is not experimentally known at the moment for Z>8, one may guess that at 
the neutron drip line the value of (N-Z)/A will never be larger than 0.4 except 
for |He6, in which the value is equal to 0.5. For example, ((N-Z)/A)=0.33 for 
both !4Oi6 and |gCa40. 
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The A-pole polarization charge due to the coupling to A-pole IS shape 
oscillations is written as (see eq.(6-218) in ref.1) 

, , 8x B(EX; 0 -» A) < j a | kx(r) \ ji > ( T ^ A ) 2 

^ P O 1 J A , T * O - 3 ( 2 A + 1 ) ZeRXhux < i 2 | r ^ | i 1 > (hux)
3 - (AE21)

2 

(4) 

where the form factor of shape oscillations k\(r) is expressed by JR ^ or r ^ 
for IS modes, the nuclear radius by R, the vibration energy by hwx, and 
the energy difference of one-particle orbitals J2 and ji by AE2i=(E2—Ei). 
The form factor R^r or r ^- may be used, as an approximation, also for 
IV shape oscillations if we multiply it by TZ. For static polarization charge 
where E2—E\ the last factor in (4) is equal to unity. It is almost equal to 
unity for \E2—E\\<£tuj}\ ; for example, in low-energy transitions with GQR as 
vibrations. Then, we note that the sign of (epoj)A,T«o comes from the sign of 
the second last factor in (4), < j 2 \ k\(r) \ ji > / < j 2 \ rx \ j \ >, which is 
indeed the only factor that depends on particle orbitals j 2 and j \ . 

3.1 Neutron Drip Line Nuclei 

In neutron drip line nuclei the least bound neutrons have very small binding 
energy. In contrast, since the presence of excess neutrons compared with j3-
stable nuclei makes the mean proton potential very deep, the least bound 
protons are deeply bound, say by 15-25 MeV. Consequently, an estimate using 
the harmonic oscillator potential model may work well for polarization charge 
of protons. The expression (1) is reduced to 

e(J^(E2, AE = 0) = e(0.22 - 0.22TZ) = 0 for i 4 Oi 6 and fgCa^ (5) 

for protons. 
In ref.2 we have calculated the E2 polarization charge for 20^40 based on 

the Hartree-Fock calculation (HF) plus random phase approximation (RPA) 
with Skyrme interactions. The calculated values of e^j(2?2, AE = 0) are 0.16-
0.19, depending slightly on proton orbitals involved. The difference between 
these values and the result in (5) comes mainly from the different magnitudes 
of the contributions by IV GQR. The value of the IV coupling constant adopted 
in ref.1 was in agreement with the observed properties of IV giant dipole res
onances (GDR), while the Skyrme HF plus RPA calculations reproduce also 
the properties of IV GDR. The IV coupling constant adopted in the harmonic 
oscillator model of ref.1 might be too strong to be used for GQR, due to the 
schematic nature of the model. Since at the moment we have no sufficient 
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Table 1: Calculated quantities for one-particle (n I) neutron orbital in the finite square-well 
potential with radius R and depth UQ, in the limit that the binding energy decreases to zero. 

1 

0 
1 
2 
3 

i 

oo 

probability 
for r < R 

0 
1/3 
3/5 
5/7 

4 

l 

< r d U ( r ) > / 

0 
2/3 
6/5 
10/7 

i 

2 

< l - 2 > n * 

«i£n/r1=^°o 
«| Em \-l[a=> oo 

=> finite 
=> finite 

£j(E2,AS=0) 

=>• 0 
=> 0 
=> small positive 
=>• positive 

experimental information on IV GQR, it is difficult to make a further detailed 
statement on the coupling to IV GQR. 

Recent analysis of experimental data on quadrupole moments of 55Bio 
and 57Bi2 suggests that the part of e^(E2, AE = 0), which comes from the 
coupling with the IS and IV GQR, is indeed very small3. 

On the neutron E2 polarization charge we first examine the extreme case 
that the binding energy approaches to zero. Since neutrons with small orbital 
angular momentum £ and small binding energies can easily extend the wave 
functions to the outside of the core, those neutrons cannot efficiently polarize 
the core. Using a finite square-well potential which can be solved analytically, 
in Table 11 show some quantities, which are relevant to E2 polarization charges, 
in the limit of zero binding energies, |En/|=>0. Note that the state \nl> is 
always an eigenstate of respective finite square-well potentials. In order to 
obtain the fifth column, the expression (4) with A=2 is used. From Table 1 it 
is observed that the static E2 polarization charge for neutrons approaches to 
zero for orbitals with £=0 and 1, as the binding energies decrease to zero. 

Next, we examine at which one-particle eigen energy the strong dependence 
of e^ ( i ?2 , AE = 0) on £ values starts to appear. In Fig.l we show the quantity 
in the third column of Table 1 

<nt\ 
r dU(r) 

U~o dr 
n£> (6) 

for various (n£) orbitals in the infinite square-well, finite square-well, and stan
dard Woods-Saxon potential, as a function of eigenvalues of respective poten-
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Figure 1: Expectation values of (6), to which the static E2 polarization charge is proportional, 
as a function of (1+(E„/ /U 0 ) ) . For U 0 =50 MeV ( l + ( E n / / U 0 ) ) = 0 . 8 and 1.0 mean £ ^ = - 1 0 
and 0 MeV, respectively. Figures are taken from ref.4, in which the same figures are used for 
the discussion of the dependence of one-particle kinetic energy on E ^ . (a) For the square-
well potential with Uo=50 MeV. For the infinite square-well potential, the thin straight line 
is common for all orbitals with various (nt) values ; (b) for the Woods-Saxon potential with 
standard parameters (see p.239 of ref.5). 
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tials. For simplicity, we do not include the spin-orbit potential. For the Woods-
Saxon potential the depth Uo is fixed to be 50 MeV, and the radius (or the 
mass number) is varied so as to vary the eigenvalues En* for a given (nl). The 
thin vertical dotted line is drawn at ( l+(E n / /U 0 ) )=0.8 , which corresponds to 
En/=—10 MeV indicating the approximate position of the Fermi level in /In
stable nuclei. The orbitals with smaller I values start to feel the finite depth 
of the potential already at larger binding energies, due to the lower centrifugal 
barriers. For more diffuse potentials the wave functions of those orbitals can 
more easily extend to the outside of the potentials, and thereby the quantity in 
(6) starts to decrease already at larger binding energies. It is very interesting 
to notice that the strong I dependence of el^(E2, AE = 0) appears, roughly 
speaking, for En*>—10 MeV, namely for nuclei away from /3 stability lines. 

We refer the dependence of the matrix elements < nl \ r2 \ nl > on En* 
to, for example, Fig.3 of ref.6. From the expression (4) with A=2 we conclude 
that a large deviation of ei^,(JS2, AE = 0) from the value in /3-stable nuclei 
appears in transitions involving lower I orbitals with smaller binding energies, 
which are occupied in the ground state of neutron drip line nuclei. 

3.2 Proton Drip Line Nuclei 

In proton drip line nuclei the least bound protons have very small binding 
energy, while the least bound neutrons are deeply bound since the presence 
of excess protons compared with /3-stable nuclei produces a very deep neutron 
potential. Thus, the neutron E2 polarization charge in this case may be well 
estimated by using the harmonic oscillator potential model. One may say that 
the approximate location of the proton drip line is experimentally known up 
till Zw82, in contrast to our poor knowledge of the neutron drip line. In very 
light nuclei such as | C 3 where (Z/A)=0.667 a formal application of the formula 
(1) gives 

epol(E2, AE = 0) => e (0.77 + (0.42)rz) 

_ J e(1.2) for neutrons , . 
_ \ e(0.35) for protons * ' 

Thus, an unusually large value for e£J(E2, AE = 0) or, in other words, the 

relation etyf(E2, AE - 0)Ke^f(E2, AE = 0) is obtained, though one might 
question whether or not the present model can be properly applied also to such 
very light nuclei. 

On the proton E2 polarization charge the estimate by using the harmonic 
oscillator model may well be valid for medium-heavy nuclei, since the Coulomb 
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barrier can be reasonably high in such nuclei. In light proton-drip-line nuclei 
(namely for small proton number) where the Coulomb barrier is low, the same 
kind of phenomena as those described for e£"f (#2, AE = 0) in 3.1 are expected 
to appear for efy(E2, AE = 0). 

4 E2 Polar izat ion Charge for Exci ta t ions of Par t ic les wi th Small 
Binding Energies t o Con t inuum 

The sign of the E2 polarization charge in the excitation of a bound particle 
with energy Efrihlhjh) to a continuum particle state with energy Ec((cjc) is 
determined by the sign of the ratio 

<ic3c\R^p-\nhlhjh> 

<lc3c \r2 \nh£hjh> 

for (Ec(lcjc)—E(nh£hjh))<hb>\=2- We note that the one-particle bound state 
I nhf-hjh > is an eigenstate of the potential V(r), while the state | tcjc > can 
have any energy Ec(£cjc). In the following we consider neutron excitations, 
since the sign of (8) in proton excitations depends on the height of the relevant 
Coulomb barrier. 

As described in ref.6, the possible negative sign of the ratio (8), which is 
in contrast to the positive sign known in /3-stable nuclei, depends sensitively 
on the eigenvalue E(ne4j'e) of the least bound orbital with (tcjc) for the same 
potential V(r). We may summarize two essential points in the following way 
: (a) for small values of particle-hole (ph) excitation energies (namely, both 
Ec(£c3c) and | E(nhthjh) | are small), the sign of the ratio (8) can be nega
tive when the binding energy, | E(nc£cjc) |, of the one-particle orbital, which 
has the least binding energy among eigenstates with (lcjc) for the potential 
V(r), is small compared with one major-shell excitation energy ( « 40A-1/3 

MeV). For example, the sign is always negative for very low-energy ph excita
tions with 4 = 4 , jh=jc and {Ec(lc3c)-E{nhlhjh))<g.WA-llz MeV. (b) When 
the binding energy of the least-bound one-particle with (£cjc), I E(nctcjc) I, 
becomes larger than a certain value, say 40A - 1 / 3 MeV for the Woods-Saxon 
potential with standard parameters, the sign of (8) becomes positive even for 
very small values of particle energy Ec(£ejc) in the continuum. Then, the sign 
of the ratio (8) is positive even for very small values of ph excitation energies, 
Ec(lcjc)-E(nhlhjh) 

Taking the excitation of one particle in the (nhihJh)~^3/2 orbital, which 
is the eigenstate of respective Woods-Saxon potentials, to the ( 4 je)=d3/2 or
bital at +1 MeV in the continuum, in Fig.2 we illustrate the dependence of 
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the sign of the factor (8) on the eigen energy of the ld3 /2 orbital ; (a) -2.27 
MeV, (b) -9.91 MeV and (c) -20.94 MeV. Parameters of the Woods-Saxon 
potential are those standard ones 5. The only parameter which is different 
in Fig.2a-2c is radius, R, (or mass-number) of the Woods-Saxon potential, so 
that the ld3 /2 orbital is the eigen mode with respective binding energies. On 
the r.h.s. of Fig.2 radial wave functions, Vd3/2(r) and ^id3/2(r), are shown, 
while on the l.h.s. the product <Pd3/2(T)<f>id3/2(T) is shown by dash-dot curves 
together with Woods-Saxon potentials, V(r), and — i£(dV(r)/dr) by solid and 
dotted curves, respectively. We note that the sign of < £cjc | r2 | rihlhjh > is 
always the same as that of <Pd3/2(j)<l>id3/2{i) outside of the nucleus, since the 
operator r2 together with the integral volume element gives heavy weighting 
factors at larger values of r. In contrast, the sign 

is determined by that of <Pd3/2{i)<f>id3/2{*) around the surface, x=R. Thus, in 
the case of Fig.2a the factor (8) is negative, while in Fig.2c it is positive. In the 
case of Fig.2b < £cjc \ R Jf' \ nhthjh > almost vanishes. Consequently, the 
E2 polarization charge epoi(E2, AE = 0) coming from the coupling with the 
IS (IV) shape oscillations is negative (positive) in the case of Fig.2a, almost 
vanishes in Fig.2b, and positive (negative) in Fig.2c. We note that in /3 stable 
nuclei, in which the separation energy of neutrons is about 8-10 MeV, the sign 
of (epoi(E2, AE = 0))rR3o is always positive. In contrast, for the low-lying 
threshold strength in nuclei towards neutron drip line (epoi(E2,AE = 0))TKsO 

can be negative, as seen from the example in Fig.2a. The negative sign is in
deed obtained for the calculated low-energy threshold strength in the HF plus 
RPA calculation of neutron drip line nuclei in ref.2'7. 

We add some explanation of the behaviour of radial wave functions shown 
on the r.h.s. of Fig.2. First, the behaviour of the bound-state wave functions 
$id3/2(r) expressed by solid curves is rather trivial. In Fig.2a, 2b and 2c, the 
binding energy is 2.27, 9.91 and 20.94 MeV. The tail of the radial wave function 
decreases strongly for larger values of r, as the binding energy increases. Next, 
we note that all continuum wave functions y?d3/2(r) plotted by dashed curves 
on the r.h.s. of Fig.2a, 2b and 2c have the same energy, +1 MeV. In Fig.2a the 
shape of ¥\j3/2(r) f° r r < Ris very similar to that of ^i<tt/2(r) except for the 
normalization, since the energy difference between those two states which have 
the same (tj), Ec(£cjc)—E(nhthjh)^.27 MeV, is very small compared with 
the depth of the potential V(r), 50 MeV. However, outside of the potential, 
r > R, y?d3/2(r) oscillates strongly, since it is indeed a continuum wave function. 
For the potential V(r) of Fig.2c the ld3 /2 state is bound by 20.94 MeV. That 
means, the 2d3/2 state is not yet, but about to becoming a bound state. Thus, 
the shape of <Pd3/2(*) for r < R is similar to the shape of the radial wave 
function of the bound 2d3/2 state, though outside of the potential <Pd3/2^) 
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strongly oscillates since it is a continuum wave function. In the case of Fig.2b 
the shape of y>d3/2(r) for r < R is something between that of Fig.2a and Fig.2c, 
and <Pd3/2(T) changes the sign at r—R. In this way one understands that the 
wave-function product V'd3/2(r)^id3/2(r) changes the sign at r > R, r=R, and 
r < R in Fig.2a, 2b and 2c, depending on the eigenvalue of E(ld3/2)=—2.27, 
-9.91 and -20.94 MeV, respectively, though in all cases E c (d 3 / 2 )=+l MeV. 

5 Summary 

The static E2 polarization charge coming from the coupling with the IS and 
IV GQR is studied in drip line nuclei, in comparison with /3-stable nuclei. For 
deeply bound particles or in /3-stable nuclei in which all nucleons are bound 
more than 8-10 MeV, the estimate of the E2 polarization charge by using the 
harmonic oscillator model may be justified. 

For bound particles in neutron drip line nuclei the proton polarization 
charge ej*J[(E2,AE = 0), which may well be estimated by the harmonic os
cillator model, can become very small for nuclei with small values of Z/A, 
since the positive contribution coming from the coupling to the IS GQR may 
become comparable to the negative contribution from that to the IV GQR. In 
contrast, e^, (E2, AE = 0) for neutrons with binding energy less than 10 MeV 
cannot be estimated by the harmonic oscillator model. Indeed, in the limit of 
zero binding energy el^j(E2, AE = 0) becomes zero for neutron orbitals with 
£=0 and 1, while it is small positive finite for smaller £ (>2) orbitals. 

In very light nuclei around the proton drip line such as | C 3 the neutron ef

fective charge e-"y (E2, AE = 0) may become comparable with e'V, (E2, AE = 

0), since ei^(E2, AE = 0) may become larger than e. It is very interesting 

if we can experimentally check this possibly large value of e^j(E2, AE = 0). 

In medium-heavy nuclei e^(E2, AE = 0) can be well estimated by using the 
harmonic oscillator model, due to the high Coulomb barrier in spite of small 
binding energies of some protons. On the other hand, in very light nuclei 
(namely, for very small value of Z) where the Coulomb barrier is low, the same 

kind of properties as those of e^(E2, AE — 0) described in neutron drip line 
nuclei are expected. 

For excitations of particles with small binding energies to continuum in the 
case that the Coulomb barrier is either absent or negligible, the E2 polarization 
charge due to the coupling with IS (IV) GQR can be negative (positive), in 
contrast to the common sense of /3-stable nuclei. This peculiar situation can 
happen when the following conditions are fulfilled : (i) the binding energy 
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Figure 2: r.h.s. : d 3 / 2 neutron radial wave functions. Dashed curves show the continuum 
wave-function Vd3/2(r) with E = + l MeV in all figures (a), (b) and (c). The normalization of 
the continuum wave-functions is taken to be arbitrary. Solid curves denote the bound-state 
wave-function (j>id3/2(^) with eigen energy E( ld3 /2 )=-2 .27 , -9 .91 and -20.94 MeV for 
(a), (b) and (c), respectively. Those ld3 /2 states are eigen states of respective Woods-Saxon 
potentials V(r) shown by solid curves on the respective l.h.s. figures. The radius of respective 
potentials is indicated by R. l.h.s. : Woods-Saxon potentials V(r), - i l (dV(r)/dr) and the 
product Vd3/2(I')'£i<U/2(r) a r e shown by solid, dotted and dash-dotted curves, respectively. 
Energies of the (d 3 / 2 ) and (ld3/2) states are denoted in respective figures. 

of the particle orbital is small so that the bound-state wave-function has an 
appreciable amount of amplitude outside of the nucleus ; (ii) for the one-body 
potential the binding energy of the least-bound eigenstate with the same (£j) 
as that of the particle state in the continuum is small, say appreciably smaller 
than 40A - 1 / 3 MeV ; (iii) the particle energy in the continuum is small, say 
appreciably smaller than 40A - 1 ' 3 MeV. 

Acknowledgments 

I would like to express my sincere thanks to professor Peter von Brentano 
for his kindness, stimulating discussions and friendship which I have happily 
received for more than 30 years. 

References 

1. A.Bohr and B.R.Mottelson, Nuclear Structure, (Benjamin, Reading, MA, 
1975), Vol.11, Chapter 6. 

2. I.Hamamoto, H.Sagawa and X.Z.Zhang, Nucl. Phys. A 626, 669 (1997). 
3. H.Sagawa and K.Asahi, submitted to Nucl. Phys. A. 
4. I.Hamamoto, S.V.Lukanov and X.Z.Zhang, Nucl. Phys. A 683, 255 

(2001). 
5. A.Bohr and B.R.Mottelson, Nuclear Structure, (Benjamin, Reading, MA, 

1969), Vol.1. 
6. I.Hamamoto and X.Z.Zhang, Phys. Rev. C 58, 3388 (1998). 
7. I.Hamamoto, H.Sagawa and X.Z.Zhang, Phys. Rev. C 55, 2361 (1997). 



This page is intentionally left blank



43 

N E W CLASS OF DYNAMIC SYMMETRIES 

F. Iachello 
Center for Theoretical Physics, Sloane Physics Laboratory, 

Yale University, New Haven, CT 06520-8120 

1 Dynamic symmetries 

Dynamic symmetries have played a crucial role in the development of physics. 
In particular, they have proven to be a useful tool in the spectroscopy of a 
variety of physical systems ranging from molecules to hadrons. In this article, 
dedicated to Peter von Brentano on the occasion of his 65th birthday, a new 
class of dynamic symmetries will be introduced and applied to the study of 
shape phase transitions in nuclei. 

Dynamic symmetries were implicitly present in the work of Pauli, Fock 
and Bargmann1. They came to the forefront of physics when they were used 
by GelPMann and Ne'eman2 in the study of hadron spectra in the 1960's, 
and, most importantly, when they were introduced in nuclear 3 and molecular4 

physics in the 1970's. An explicit definition of dynamic symmetry did not 
appear until 19785. This definition is: 

(i) The Hamiltonian operator H describing the system is written in terms 
of elements, Ga, of an algebra Q, called the spectrum generating algebra. 

(ii) The Hamiltonian H does not contain all elements of Q, but only the 
invariant (Casimir) operators, C*, of a chain of algebras Q D Q' D Q" D ... 
originating from Q, 

H = f(Ci). (1) 

The importance of dynamic symmetries is that all observables can be obtained 
in explicit analytic form. The energy eigenvalues and matrix elements of oper
ators are given in terms of quantum numbers. They thus provide benchmarks 
for comparison with experiment. 

In nuclear physics, the dynamic symmetries of the Interacting Boson Model-
1 have provided for over 20 years a framework for analyzing nuclear spectra. 
This model has three dynamic symmetries 

17(6) D 1/(5) D 50(5) D SO(3) 3 50(2), 

17(6) D SU(S) D 50(3) D 50(2) , 

U{6) D 50(6) D 50(5) D 50(3) D 50(2) . (2) 



44 

Experimental examples of all three types of symmetries have been found in 
nuclei. For 50(6) symmetry the first case was discovered by Cizewski, Casten 
et al in 19786. An extensive region near A ~ 130 of 50(6) nuclei was identified 
by Casten and von Brentano in 1985 7. 

2 New class of dynamic symmet r ies 

In this article, I wish to introduce a new mathematical concept that leads 
to a new class of dynamic symmetries 8 and hence to new benchmarks for 
experimental studies. The definition of the new type of dynamic symmetries 
is: 

(i) The wave functions of a quantum system are eigenfunctions P(z) of the 
invariant operators of a chain of algebras Q D Q' D Q" D ... 

(ii) The energy eigenvalues are given in terms of zeros, zs(s — 1,2,...), of 
P(z) 

E = f(z,). (3) 

In this case, as well as in the previous case, all observables can be obtained in 
explicit form. Since the symmetry is defined in terms of eigenfunctions, the 
study of the new type of dynamic symmetry is best done within the framework 
of a differential realization of the Hamiltonian operator rather than in terms 
of an algebraic realization. By analyzing the differential equation 

Vip = Eip (4) 

one can find situations which can be solved by 

P(z.) = 0. (5) 

2.1 Applications to Nuclear Physics 

The new class of dynamic symmetries can be used to study 'shape' phase 
transitions in nuclei. This application was motivated by a recent experiment 
by Peter von Brentano et al9 in which the spectrum of 152Sm was re-analyzed. 

Within the framework of the Interacting Boson Model, different shapes can 
be classified according to symmetry groups: (I) U(5) : spherical, (II) 5t/(3): 
axially deformed, (III) SO (6): gamma-unstable deformed. The corresponding 
phase diagram is shown schematically in Fig.l. By making use of the method 
of intrinsic or coherent states10 it was found that the transition between U(5) 
and 50(6) is second order while the transition between U(5) and SU(S) is first 
order. 
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Figure 1: Phase diagram of the Interacting Boson Model-1. 

As an example of application of the new dynamic symmetry consider the 
case of the spherical to gamma-unstable transition. A convenient differential 
equation to study this case is the Bohr equation11 with Hamiltonian 

2B [p* d/3P dp + P2 s in3 7 dy S m 7 5 7 

~ Z ^ E • *,Ql2 J + ^ , 7 ) (6) 
4/5-= '-^ s in ( 7 - | 7 T K ) 

and variables /?,7, #*(i = 1,2,3). The potentials for this transition are 7 inde
pendent. By using the method of intrinsic states quoted above, one can write 
down the potentials12 as 

V((3)=1-(l-r1)P
2 + Tl(l-p)\ (7) 

The (second order) phase transition is spanned by the control parameter 0 < 
77 < 1. At, and around the critical point T] = | , the potential has flat behavior, 
Fig. 2, and it can be replaced by a square well in p 

V(P) = 0, P < pw 

V(P) = 00, P > pw- (8) 
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Figure 2: The potentials obtained from the Interacting Boson Model-1 at the spherical 
(tj = 0), gamma-unstable-deformed (r/ = 1) and critical point (TJ = 5) of the U(5) — 5 0 ( 6 ) 
shape phase transition. 

The differential equation with a 5-dimensional infinite square-well potential 
can be solved exactly. The solutions are: 

$08,7,00 = C,,T/3-3/2JT+3/2(fc.Ir/3)*r,^,L,M(7,^) (9) 

with 

"'S.r — 
/3-w 

where the s-th zero of ^r+3/2('2)- The eigenvalues are: 

£ - — k2 

(10) 

(11) 

Since the Bessel functions Jr-1-3/2 (2) are eigenfunctions of the invariant opera
tor of the Euclidean group in 5-dimensions, E(5), and the functions 
$r,f/i,.£,M(7)0z) are eigenfunctions of the invariant operators of 
SO(5) D 50(3) D 50(2) with quantum numbers as discussed, for example, 
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Properties 
^ 4 } — -fc'Oi 

# 2 , - - E 0 l 

i?2i —-Eon 
B ( B 2 ; 4 i - + 2 i ) 
BfB2;2i - ) -0 i ) 
B ( £ 2 ; 0 2 - > 2 i ) 
B f ^ ^ i - s - O i ) 

£(5) 
2.20 

3.03 

1.68 

0.86 

U(5) 

2.00 

a 

2.00 

2.00 

50(6) 
2.50 

a 

1.43 

0 

Table 1: Some properties of E(5) symmetry, (a) Depend on additional parameters 

in1 3 , the total wave functions are eigenfunctions of the invariant operators of 
the chain of algebras 

E(5) D 50(5) D 50(3) D 50(2). (12) 

This situation represents therefore an example of the new type of symmetry, 
that can be denoted E(5). As a result, all properties can be calculated ex
plicitly. For example, electric quadrupole transition rates can be calculated by 
considering matrix elements of the transition operator 

T(E2) 

« 2 M 

to-In 

I ) M!O C O S 7 + 
1 

V2 
D{2) + D (2) 

sin 7 (13) 

The integrals can be calculated using the properties of the Bessel functions. 
The spectrum of E(5) symmetry and the corresponding electromagnetic tran
sition rates are shown in Fig.3. Some properties of this spectrum are shown 
in Table 1, where they are compared with the 'usual' symmetries U(5) and 
50(6). It should be noted that in the E{5) symmetry, the scale of vibrational 
energies is fixed by the symmetry, while in the usual symmetry it depends on 
additional parameters. Also the values quoted for C/(5) and 50(6) are in the 
N —• oo limit. 

An experimental example of E(5) symmetry has been found by Casten and 
Zamfir14. The nucleus 134Ba has been in the past considered a good example 
of 50(6) symmetry . However, recent measurements have located two excited 
0 + states. The properties of these states are consistent with a transitional 
nucleus in between U(5) and 50(6) and have properties in agreement with 
those calculated using E(5) symmetry, as shown in Fig.4. 

The dynamic symmetry E(5), introduced here by looking at the differential 
Bohr equation, can also be discussed in algebraic terms. In general, a basis 
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Figure 3: Spectrum of E(5) symmetry (five-dimensional infinite square well). 

for the representations of E(5) is provided by the chain of algebras given in 
Eq.(12). The basis states are 

fc, T, I / A , £ , M) (14) 

where k = (fc,0,0) labels the totally symmetric representations of E(5). These 
representations can be obtained by contraction of the totally symmetric repre
sentations of 50(6) . In the application discussed here, k — kStT, and the quan
tum number s can be used instead of fcg,r. The elements of the Lie algebra of 
E(5) are the 5-dimensional momenta n^ ( 5 elements) and the 5-dimensional 
angular momenta L^v (10 elements). A boson realization is: 

TTM : (eft - dj 

, _\ (3) / ~\ (1 

L„v : [eft x d) ; [dfi x dj (15) 
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Figure 4: Comparison between the experimental spectrum of 134Ba and that of E(5). From 
[14]. 

3 Conclusions 

In this article, a new class of dynamic symmetries has been introduced. These 
dynamic symmetries provide benchmarks for the spectroscopy of systems at 
the critical point of 'shape' phase transitions and thus extend the concept of 
dynamic symmetry to the most challenging and sensitive situation one may 
encounter in quantal systems. For this reason, the new class of symmetries has 
also been called critical symmetry. Applications of the new class of dynamic 
symmetries are possible in several areas of physics and chemistry: (i) Nuclei 
(ii) Molecules (iii) Atomic clusters. 

The present situation is as follows: 
(i) Nuclear Physics 
(a) The critical point of the spherical to gamma-unstable transition has 

been studied5 and presented here: E(5) symmetry. It has been applied to the 
spectrum of 1 3 4Ba7 . 

(b) The critical point of the spherical to axially deformed transition, called 
X(5) symmetry, has been partially studied 15. This is potentially the most 
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E(4)/E(2)=2.91 2.80 3.01 2.69 

E(q)/E(2,)=5.67 5.62 

Th. Exp. 

Figure 5: Comparison betwen the experimental spectrum of 1 5 2Sm and that of X(5). From 
[16]. 

interesting situation because the transition here is in two variables /?, 7. At the 
moment only an approximate solution has been obtained, which nonetheless 
appears to be in excellent agreement with experiment, as shown in Fig. 5 for 
152Sm16 . 

(ii) Molecular Physics 
(a) The critical point of the linear to bent transition in triatomic molecules 

has been studied: E(2) symmetry. It has been applied to the study of the 
spectrum of MgOH17. 

4 Outlook 

The introduction of the new type of dynamic symmetry opens the way for many 
applications to systems at or around the critical point of phase transitions. In 
order to make the method as useful as the 'usual' type of dynamic symmetry, 
several points need to be elaborated and explicitly worked out. 

(i) The description of the first order phase transition between spherical 
and axially deformed shapes needs to be completed. The use of the Bohr 

> 
S 1.0 
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Hamiltonian for this phase transition appears to be inadequate and one needs 
to go to a six-dimensional equation. 

(ii) The symmetry presented here corresponds to the TV —> oo limit of the 
algebraic description (infinite square-well). It needs to be extended to finite N 
(finite square-well). This extension can be done in a straightforward way. The 
only difference is that while in the case discussed here the defining equation 
for the eigenvalues is the zeros of the Bessel functions 

•/„(*.) = 0 , (16) 

in the case of finite square wells the defining equation is the vanishing of a 
transcendental equation. 

(iii) The class of symmetries discussed here is that defined by the zeros of 
the Bessel functions. There is a more general class denned by the zeros of the 
hypergeometric functions 

F(a,b,c;z) = 0 (17) 

This class and its possible applications need to be investigated. 

5 Dedication 

This article is dedicated to Peter von Brentano. Peter's contributions to the 
study of dynamic symmetries in nuclei, especially 50(6) , and to the symme
tries of IBM-2 (F — spin) have been seminal. Some highlights in these studies 
are: 

(i) The experimental proof that F — spin symmetry plays a role in heavy 
nuclei similar to that of isospin symmetry in light nuclei. This was obtained 
by comparing energies of states in a F — spin multiplet composed of states 
with the same value of F and different values of Fz = N"~N" 18. 

(ii) The unambiguous discovery of higher members of mixed-symmetry 
multiplets (multiplets of states in the same nucleus with F = -Fmax — 1)19-

Mixed symmetry states were introduced long ago within the framework of 
the Interacting Boson Model with protons and neutrons (IBM-2)20. Individual 
states in these multiplets had been previously found. The most notable one 
is 1 + mixed symmetry states in deformed nuclei (the scissor mode) discovered 
by Bohle, Richter et al in 156Gd 21 and subsequently investigated in many 
nuclei. The recent discovery by Pietralla, von Brentano et al of multiplets with 
angular momenta 2 + ; 1 + , 3 + ; . . . provides clear evidence for the collective nature 
of these states and for the pervasive occurrence of mixed symmetry states both 
in spherical and deformed nuclei22. 
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High precision photon scattering experiments ha¥e been performed on the nuclei 
4 0 Ca, 48Ca» and 1 3 8 Ba. The detailed electric dipole and quadrupole strength 
distributions have been measured up to about 10 MeV. Special emphasis is given 
on the discussion of evidence for the so called Pygmy Dipole Resonance which 
was predicted to exist as a fundamental excitation mode in all nuclei with neutron 
excess. 

1 In t roduc t ion 

The experimental determination of the electric dipole strength distribution is 
one way to study the breaking of the global and local mass-charge symmetry in 
atomic nuclei1. However, despite its importance for nuclear structure only very 
few comprehensive theoretical calculations exist due to the complex structure 
of the complete El transition operator (see e.g.2,3). 

Giant Dipole Resonance Two Phonon Excitation Pygmy Dipol® Resonance 

E™18M@V E = 7MeW E = 8MeW 
B(E1) = § W.u. B(E1) = 0.02 W.u. B(E1) = 0.2 W.u. 

Figure 1: Three ways to induce a collective electric dipole moment to a nucleus. 

In the Giant Dipole Eesonance (GDE) a dynamic collective El moment is 
induced by a partial demixture and vibration of the proton vs. the neutron iuid 
(see left part of Fig. 1). In medium mass nuclei this leads to an El resonance 
centered around 18 MeV with a reduced transition strength of about B(E1)=5 
Weisskopf units, in heavier nuclei the strength is increased and shifted to lower 
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energies. From this collective picture it is obvious that the G D R induces the 
maximum possible E l moment and that all other E l excitation modes will be 
much weaker. 

At lower energies, around 7 MeV in light nuclei and around 3 MeV in heavy 
nuclei another fundamental E l excitation mode has been established in spher
ical nuclei in the last years. Here the coupling of a quadrupole 2 + vibration 
and an octupole 3~ vibration of the nuclear surface results in a pear shaped 
two phonon 2 + ® 3 _ oscillation of the nucleus (see middle part of Fig. 1). The 
resulting dipole moment has been measured to be about 20 times smaller than 
the dipole moment of the GDR. An analysis of the energetic position and decay 
pat tern of this excitation mode was shown to be in agreement with a nearly 
pure harmonic coupling of the two constituents 4 '5 . Deviations from complete 
harmonicity are typically less than about 10%. 

A third E l excitation mode has been predicted to exist in all nuclei with 
neutron excess. Here the excess neutrons form a thin skin which can oscillate 
against the N = Z core (see right part of Fig. 1). This so called Pygmy Dipole 
Resonance (PDR) is predicted to appear, depending on the N / Z ratio, around 
8 MeV and to exhaust about 1% of the Energy Weighted Sum Rule (EWSR) 
6,7,8,9 However, the predictions of the various models vary considerably. The 
P D R would be an analogon to the E l soft mode observed in halo nuclei 1 0 > u . 
Experiments to look for E l strengths in the energy region have been performed 
e.g. on 1 6 - 1 8 0 (refs. " . i s . i ^ 40 A r ( r e f s i s . ie^ n6 , i24 S n ( r e f n^ a n d i 3 8 B a 

(ref. 1 8 ) . However, so far no detailed and complete study covering a broad 
energy range and investigating the correlation between the P D R properties 
and the N / Z ratio has been performed. 

This manuscript describes our first a t tempt to do such a systematic investiga
tion using real photon scattering as an experimental probe. 

2 E x p e r i m e n t a l s t u d y 

Real Photon Scattering (Nuclear Resonance Fluorescence) has shown to be an 
ideal tool for the systematic measurement of dipole and quadrupole strengths 
distributions in nuclei 1 9 . The pure electromagnetic excitation mechanism al
lows a simple and model independent determination of the energies, spins, par
ities, and absolute transition strengths. In a certain energy range (typically 
covering several MeV) all excitations above a rather low sensitivity threshold 
are detected. In this sense photon scattering means strength selective complete 
spectroscopy in a J = l and J = 2 spin window. 

Our new setup at the superconducting Darmstadt electron accelerator S-
DALINAC allows for the first t ime high precision (7,7') studies up to energies 
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Figure 2: Spectrum of the scattered photons from Ba, no background has been subtracted. 
The endpoint energy was 9 MeV. The lines observed between about 5 and 7 MeV originate 
dominantly from the groundstate decay of 1— states. 

of about 10 MeV without disturbing (11,7) background20. For our first exper
iments we have chosen the three magic nuclei 40Ca, 48Ca, and 138Ba with a 
neutron to proton ratio of 1.00, 1.40, and 1.46, respectively. 
Fig. 2 shows a typical (7,7') spectrum of 138Ba. Discrete lines stemming almost 
all from the decay of J = l states are superimposed on a continuous background 
of nonresonantly scattered bremsstrahlung photons. Please note that no strong 
excitations between 7.2 and 9 MeV are observed in 138Ba which is not due to 
a lack of sensitivity. 

The results for the electric dipole strength distributions in the three investi
gated isotopes are summarized in Fig. 3. In doubly magic 40Ca with N/Z=1.00 
only one considerable El excitation is observed which is the 1~ state of the two 
phonon multiplet. The situation is completely different in4 8CawithN/Z=1.40. 
Here a number of strong El excitations are observed below 10 MeV. The ener
getic position and width of the Giant Dipole Resonance are nearly identical in 
both isotopes and thus the additional El strength in 48Ca cannot be explained 
by a different GDR behaviour. The second nucleus with a neutron excess, 
138Ba with N/Z=1.46, shows again a clear concentration of El strength ex-
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Figure 3: El strength distributions in the three investigated nuclei 40Ca, 48Ca, and 138Ba 

hibiting a nice resonance structure around about 6.5 MeV. 

3 S u m m a r y a n d O u t l o o k 

The summed E l strengths measured in the examined energy interval (2-10 MeV 
in 40>48Ca, 2-9 MeV in 1 3 8Ba) are listed in Table 1. A dramat ic increase in E l 
strength of about one order of magnitude is observed when comparing 4 0 C a 
and 4 8 Ca. This would be in agreement with the assumption of a Pygmy Dipole 
Resonance. Tha t a neutron skin is indeed build up in heavier Ca isotopes has 
been observed e.g. in proton scattering exper iments 2 1 . As expected in most 
P D R model calculations, the E l strength is increased and shifted to lower 
energies in the heavier nucleus 1 3 8Ba. Here nearly 1% of the Energy Weighted 
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N/Z 

^ B ( £ l ) t [mW.u.] 

J2E-B(El)t [% EWSR] 

4 0 Ca 

1.00 

2.3±0.4 

0.023 

4 8 Ca 

1.40 

27±3 

0.33 

138 Ba 

1.46 

134±17 

0.8 

Table 1: Experimental results on the summed El strengths in 4 0Ca, 4 8Ca, and 1 3 8Ba 

Sum Rule (EWSR) is exhausted by the observed 1 excitations. 
In summary our experimental results do not contradict the hypothesis of a 
fundamental E l Pygmy Dipole Resonance in nuclei with neutron excess. We 
will extent our survey to the other stable Ca isotopes and other heavier nuclei 
in the next future. Very interesting would be to follow the P D R up to more 
exotic nuclei like 6 0 Ca where the neutron skin is much more prominent. Finally 
we hope tha t our detailed measurements of E l and E2 distributions in rather 
"simple" nuclei will trigger more new theoretical s tud ies 2 2 , 2 3 , 2 4 . 
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The nuclear resonance fluorescence method has experienced a revival in the last 
decade due to the new generation of HPGe 7-detectors in combination with high-
intensity bremsstrahlung beams. One example for the wealth of new data is the 
systematics of E l ( 2 + ® 3 - ) two-phonon excitations in nuclei near shell closures. El 
transition strengths are very sensitive to the details of the nuclear wave functions 
and can be a probe for the underlying nuclear structure. A systematic study of the 
E l transition rates from NRF experiments for the two-phonon excitations gives 
experimental evidence for the E l core polarization effect in spherical nuclei. 

1 Motivation 

Low-lying dipole excitations in heavy nuclei are an interesting field in modern 
nuclear structure physics. The prediction1 and subsequent discovery2 of the 
orbital Ml Scissors Mode in deformed nuclei in 1984 triggered a large number 
of both, experimental and theoretical work (for references see, e.g. 3>4'5). On 
the other hand, also E l excitations are of special interest, since their strength 
is very sensitive to the details of the nuclear wave functions. In nuclei around 
shell closures a special kind of El excitations is observed, which is interpreted as 
the transition to the spin-1 member of the two-phonon quintuplet of states due 
to the coupling of the quadrupole and octupole phonons. These 1~ states are 
especially well suited for the investigation in spin-selective photon scattering 
experiments at the Stuttgart bremsstrahlung facility 3, since the excitation 
energy is 2-4 MeV in medium and heavy nuclei. 

2 Photon Scattering at the Stuttgart Bremsstrahlung Facility 

The Nuclear Resonance Fluorescence (NRF) method, photon scattering off 
bound nuclear states, is an outstanding tool for the investigation of dipole ex
citations in medium and heavy nuclei. The use of bremsstrahlung radiation as 
continuous energy photon source enables the simultaneous investigation of all 
dipole-excited levels with a sufficient ground state decay width. The model-
independent analysis of the data yields the excitation energies and spins of the 
excited states, the ground state decay width and branching ratios for the decay 
to lower-lying excited states. With this information the lifetime of the excited 

mailto:pitz@ifs.ph.ysik


62 

level is calculated. If the parity of the excited state is known or measured, e.g. 
in NRF Compton polarimetry, the reduced transition probabilities B(M1) and 
B(E1) can be deduced. The formalism describing the NRF method is summa
rized in various review articles (e.g. 3 , e ) , where also details on the Stuttgart 
bremsstrahlung facility can be found. 

The NRF technique experienced a real revival during the last decade, which 
is due to the availability of high-resolution, highly efficient HPGe detectors in 
combination with very intense bremsstrahlung sources at DC electron acceler
ators. The Stuttgart facility now is equipped with three Ge detectors of 100% 
relative efficiency and two single crystal HPGe Compton polarimeters, partly 
equipped with active BGO shieldings for background suppression. The detec
tors are placed at two setups which can be run simultaneously, enabling the 
measurement of two isotopes at the same time. This results in a sensitivity 
limit for the experimental identification of dipole excitations at 3 MeV excita
tion energy of B(El ) t= MO" 5 e2fm2 and B(Ml)f= 0.001 HN> respectively. 

3 Results and Discussion 

3.1 Z=50 Mass Region 

As one example for the results of the NRF measurements at the Stuttgart Dy-
namitron accelerator the results for the mass region around Z=50 are shown. 
The nuclei around the magic proton number Z=50 are the most favorable cases 
to study the systematics of the 2 + ® 3~ two-phonon excitations in NRF exper
iments, since the Cd, Sn and Te isotopic chains have a lot of stable even-even 
isotopes needed for systematic experiments. Fig. 1 shows the NRF spectra for 
the vibrational nuclei of the Cd isotopic chain, measured with a bremsstrahlung 
endpoint energy of 4.1 MeV. Besides for 108Cd, for no,n2,ii4,ii6Cd l i n e a r po_ 
larization measurements for parity determination have been performed7. The 
strong peaks marked by "27A1" belong to transitions in 27A1 used as photon 
flux and cross section standard, and the ones labelled "2 0 8Pb" are due to natu
ral background radiation. The spectra look very similar and are dominated by 
the peak of the strong E l excitation at 2.5-2.7 MeV attributed to the El two-
phonon excitation. Excitation energy and B(E1) strengths for the 1~ levels 
vary only smoothly over the entire isotopic chain. 

This behavior is also observed for the magic Z=50 Sn nuclei. Fig. 2 shows 
the data for the E l two-phonon excitations in n6.n8,i20,i22,i24Sn8 T h e m e a _ 

sured excitation energy of the l - states is very close to the sum energy of 
the 2 + and 3~ phonons, corresponding to a nearly harmonic coupling of the 
quadrupole and octupole vibrations. The El excitation strengths, plotted in 
the lower part, are enhanced by more than an order of magnitude as compared 
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Figure 1: Photon scattering spectra for 1o8,iio,ii2,H4,ii6(-.(j m e a s u r e c j j n r ecent NR.F ex
periments at the Stuttgart bremsstrahlung facility. The peaks from the excitation of the 1~ 
two-phonon level are indicated. The peaks marked by Al and Pb stem from the Al photon 
flux calibration standard and natural background radiation, respectively. 

to other E l transitions in nuclei. Both, the excitation energy and the transi
tion strenghts are remarkably constant, as it is expected for collective modes 
in an isotopic chain without changes of the nuclear structure. 

The ultimate proof for the 2 + <g> 3~ two-phonon structure of the levels 
discussed is the observation of the decays to the one-phonon states. This 
could be shown in the magic N=82 isotones 142Nd in (n,n'7) 9 and in 142Nd 
and 144Sm in (p,p'7) experiments10. The decay pattern and the transition 
strengths observed show the dominant 2+ ® 3~ two-phonon nature of the 1~ 
state discussed here. 
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Figure 2: Upper part: Energies of the 2^" (squares), 3j~ (diamonds) one-phonon states 
and the 1~ (crosses) two-phonon states compared to the sum of one-phonon energies £ = 
E2+ + Es- (triangles). Lower part: Experimental B(El)'f' values for the excitation of the 
two-phonon states. From ref. 8 . 

3.2 Systematics of El Two-Phonon Excitations in Nuclei Near Shell Closures 

Since now the 2+ ® 3~ two-phonon nature of the 1~ levels is clear, one can 
gather all data from NRF experiments available for nuclei near shell closures. 
Fig. 3 shows the reduced El transition rates for the 1" states in the Z=50, 
N=50, and N=82 mass region. Plotted are the B(E1,1" ->• 0+) in a)-c) and 
the B(E1,1~ -> 2+) values for the N=82 mass region in d). The full data, 
numerical values and the references are compiled in n . 

The ground state transition rates in all investigated nuclei show a common 
picture: The B(E1) values vary smoothly along or parallel to the magic proton 
and neutron numbers and are largest for nuclei with a closed shell. Second, 
the ground-state transition strength drops off sharply when going away from 
the magic numbers. The situation is different, if one looks at the transition 
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Figure 3: a to c: Reduced transition probabilites B(E1,1~ -» 0+) for E l ground state 
transitions in spherical nuclei near the Z=50, N=50, and N=82 shell closures, respectively, 
d: Reduced transition probabilites B(E1,1~ -»• 2+) for transitions to the first 2+ state in 
spherical nuclei near the N=82 shell closure. The magic numbers are emphasized by lines in 
boldtype. From ref. ' ' . 

rates to the first 2+ level, which is plotted in Fig. 3d). The transitions are 
weak for closed-shell nuclei and grow much stronger going away from the magic 
number. 

The experimental observations can be reproduced in QPM calculations12. 
The El strength is described by a destructive interference of the dominating 
two-phonon contribution in the wave function with the admixture of the giant 



66 

dipole resonance (GDR). Since the two-phonon configuration is biggest for 
closed-shell nuclei, the B(E1) strength to the ground state is highest in these 
nuclei. Away from the magic number, the contribution of the GDR admixture 
increases and the two-phonon content in the wave function decreases, reducing 
the E l strength. This behavior can be explained by the so-called Dipole Core 
Polarization (DCP) effect13. 

For the transitions to the first 2+ level the situation is different. Here the 
influence of the GDR admixture is calculated to be marginal and the increase 
of the B(E1,1~ —>• 2+) going away from the closed shells is caused by the 
increasing collectivity in the wave functions of the 1~ and 2+ levels. 
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Over the last decade considerable progress has been made in our knowledge of 
neutron-rich nuclei produced as fission fragments. In the paper presented here, we 
shall concentrate on discussing experimental results obtained for nuclei with Z = 38 
to 48 in the mass 100 to 120 region. These results have provided information on the 
energies of yrast and near-yrast states, which give initial data on nuclear shapes. 
These data have now been supplemented by lifetime measurements, leading to 
experimental values of transition quadrupole moments. We are now in a position 
to trace the shape changes in this region of nuclei as a function of Z and N; and 
to investigate shape coexistence in the transition region near N = 58 in the Sr and 
Zr isotopes. 

1 In t roduct ion 

With the advent of modern 7-ray arrays detailed studies of the spectroscopy 
of neutron-rich nuclei have been made possible 1,2,:3 through the observation 
of discrete, prompt 7 rays emitted following fission. Spontaneous fission has 
proved to be particularly productive, in terms of looking at isotopes as neutron-
rich as possible, and has enabled a wide range of nuclei far from stability to be 
observed. These prompt 7-ray investigations have complemented the exper
iments studying neutron-rich nuclei through the /? decay of fission products. 
Heavy-ion induced fusion-fission has also been used, enabling data on less 
neutron-rich nuclei to be obtained. A large body of information is now avail
able in the Z=40-44 and 52-58 region of neutron-rich nuclides (corresponding 
to the peak yields of fragments produced in spontaneous fission) and a coher
ent 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 studies of the nuclei produced in the spontaneous 
fission of 248Cm and 252Cf, and the 12C + 238U reaction, will be presented. 
The present paper will concentrate on a review of results on neutron-rich Sr, 
Zr, Mo, Pd and Cd nuclei with N=58-64. These isotopes are of particular 
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interest because of the shape changes that occur as a function of both proton 
and neutron number as the Z = 50 shell closure is approached. The basic 
characteristics of these shape changes have been established for some time by 
/?-decay studies of low-spin states. The data on prompt 7 rays from higher spin 
states extend our knowledge of the behaviour of these nuclei quite considerably. 

The high sensitivity of Ge arrays has lead to the observation4'5 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 and EUROBALL arrays have allowed the measurement of angu
lar correlations and linear polarisations6, putting spin and parity assignments 
on to a firm footing. A further advance in the study of fission fragment spec
troscopy has been the development of techniques to determine7 '8 the lifetimes 
of yrast and near-yrast states by the Doppler attenuation technique. These 
lifetime measurements give new information on the way nuclear shapes change 
as a function of angular momentum. 

2 Level Systematics 

The most striking feature in the region of nuclei being considered here is the 
sudden onset of deformation that occurs in the Sr and Zr isotopes between 
N = 58 and 60. For example, the energies of the first 2+ states in 98Zr and 
100Zr are 1223 and 213 keV respectively. 

The most neutron-rich isotopes of Sr and Zr have ground-state deforma
tions amongst the largest known (/3 = 0.35 - 0.40) and the yrast levels are con
sistent with these nuclei being axially symmetric. The first, detailed prompt 
7-ray studies 1 demonstrated the existence of negative parity bands in the 
101 '103Zr isotopes, indicating the importance of h n neutrons in the generation 
of the large deformation. 

With the addition of protons the 7 degree of freedom becomes important. 
The nucleus 106Mo has a low-lying 7 band, and a two-phonon 7-vibrational 
band has also been established 4. Evidence for rigid triaxiality has been ob
served in Ru isotopes9. As the Z = 50 shell closure is approached, it is expected 
that nuclei become spherical, and, indeed, the low-lying levels of the Pd and 
Cd isotopes are consistent with this. In particular, the nucleus 118Cd has been 
proposed10 as one of the best examples of a harmonically vibrating, spherical 
nucleus. 

The level systematics of the neutron-rich Sr to Cd isotopes are consistent 
with the broad ideas discussed above. However, some changes are evident at 
higher angular momentum, and further information is required to fully explore 
the properties of nuclei in this region. Clearly, the measurement of transition 
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E2 matrix elements would provide this new information. 

3 E2 Transition Matrix Elements 

The reformulation of the DSAM technique to apply to prompt 7 rays from the 
decay of the isotropically emitted fission fragment from spontaneous fission 7 '8 

was a crucial step in allowing detailed data to be obtained on transition rates 
in neutron-rich nuclei. A considerable body of E2 matrix elements is now 
available, that allows us to investigate the changes in shape with excitation 
energy and angular momentum. It is also now possible u to trace the shape 
coexistence in the N = 58-60 transition region. 

Figure 1: Partial level scheme of 9 8Zr, showing the excited, weakly-deformed band. 

3.1 The Shape Transition Region 

As the neutron number changes from 58 to 60 the ground states of the iso
topes of Sr and Zr change from spherical to highly deformed. The sudden 
change in deformation may not be the result of a change of structure with the 
addition of two neutrons, but may be explicable in terms of a change of sign 
in the relative excitation energy of two coexisting configurations. An exam-
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pie of this coexistence can be seen in the level scheme of 98Zr (fig. 1) that 
shows the "spherical" structures based on the first excited 2 + state, and a 
weakly-deformed band starting at an excitation energy of 1.5 MeV. Lifetime 
measurements using the 725, 769 and 837 keV transitions give a deformation 
of (32 = 0.22(2) for the excited band. Lifetime measurements in 96>97Sr and 
98>"Zr have allowed the deformations of the "spherical" and "highly-deformed" 
structures to be traced through the transition region. As can be seen in fig. 
2 there is a smooth variation in /3^, for each configuration, as a function of 
neutron number. 
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Figure 2: The measured variation in /?2 for the "spherical" (open circles) and deformed (full 
dots) configurations in Sr and Zr isotopes. 

3.2 Deformation Systematics 

The mass distribution in spontaneous fission is such that the levels, and their 
decays, for isotopes of Sr, Zr, Mo and Ru can be well-established. Some data 
are available from the more weakly produced Pd fragments, but Cd lies at the 
minimum of the yield distribution. The heavy-ion reaction, 12C + 238U, can be 
used to overcome this problem. Detailed level schemes have been determined 
for no- 1 1 8 pd and n8.120>122Cd from an experiment performed on EUROBALL 
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at Legnaro12 '13. Once the 7 transitions of the Pd isotopes were known, it was 
possible to return to the spontaneous fission data and measure lifetimes by the 
Doppler Profile Method. 

The systematics of the ground-state bands in neutron-rich isotopes from 
Sr to Cd show a smooth change from rotational to vibrational structures in the 
low-lying states. However, there are structural changes occuring as a function 
of angular momentum. This is particularly noticeable in Cd isotopes, where 
the 10+ state lies close in energy to the 8 + state. 

Further insight into what is happening as a function of Z, N and J can 
be obtained from lifetime measurements. The Doppler Profile Method allows 
the lifetimes of states around J = 10 to be determined, and these lifetimes can 
be interpreted in terms of transition quadrupole moments and deformations. 
A comparison can then be made between the deformation deduced from the 
decay of the 2+ state, and that deduced from higher angular momentum states. 
The following results are obtained: 

1) The Qo for the deformed Sr and Zr isotopes remains constant with angular 
momentum. This is consistent with the description of these nuclei as stably-
deformed and axially-symmetric in character. 
2) The Qo for the Mo and Ru isotopes is lower at higher angular momentum 
than at the 2 + state. This can be explained by increasing triaxiality as h n / 2 

neutrons are aligned. 
3) The Pd isotopes have a larger Qo at intermediate angular momentum, which 
can be interpreted as being due to the polarising effect of aligning hn/2 neu
trons. 

The most dramatic effect of the h n / 2 neutrons appears in the 118>12°.122Cd 
isotopes, at least, as observed in the energy levels. The nucleus 118Cd appears 
to be a "classical" example of a spherical vibrator at spins up to 6 or 8, but 
above 3n = 10+ (where the h n / 2 neutrons become aligned) a well-defined 
rotational band seems to exist. Unfortunately it has not been possible to 
measure lifetimes in 118Cd, since cadmium nuclei are too weakly produced in 
spontaneous fission. 

4 Conclusions 

A considerable amount of data is now available on the levels and E2 transition 
matrix elements of neutron-rich isotopes from Sr to Cd. A consistent picture 
is emerging of the importance of h n / 2 neutrons in determining the large de
formations of the most neutron-rich isotopes of Sr and Zr; and the variation of 
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shape with angular momentum of the Mo, Ru, Pd and Cd nuclei. Recent ex
periments 14 using the differential plunger technique will provide a reasonably 
complete set of transition matrix elements up the ground-state bands in this 
mass region. All these data will provide a severe test of theoretical models. 
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High-spin states of the nucleus 90Sr were studied via the reaction 82Se(uB,p2n) 
at a beam energy of 37 MeV with the GASP spectrometer. The nucleus 92Sr was 
produced at high spins as a fission fragment following the fusion reaction 36S + 
159Tb at 165 MeV. Gamma rays were detected with the GAMMASPHERE array. 
The level schemes of 90Sr and 92Sr were extended up to E « 10 MeV and E za 
8 MeV, respectively. Different from neighbouring isotones, a change of the parity 
in the main sequences of both nuclei is suggested. Level structures in 90Sr and 
92 Sr were interpreted in terms of the spherical shell model. The calculations give 
a good overall description of the observed states. Very similar equidistant level 
sequences with A J = 2 found on top of the first 8+ states in 90Sr and 92Sr, 
resembling a vibrational-like behaviour, are well described by the configurations 
7r[(0/-2
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1 Introduction 

The nuclei 90Sr and 92Sr are situated between the quasi double-magic nucleus 
88 Sr (TV = 50) and the closed subshell nucleus 94Sr (TV = 56). Almost constant 
low values of B(E2) « 8 W.u. and 13 W.u. were observed for the 2f -> 0~f 
transitions in the chain of 9°-94Sr (TV = 52 - 56) and in 96Sr (TV = 58), 
respectively l. Even lower values were reported for 9 2 _ 9 8Zr (TV = 52 — 58), 
whereas at TV = 60 a strong ground state deformation of /32 w 0.4 was found2. 
The unexpectedly low B(E2) values were proposed to be due to the effect of 
subshell closures of low-j orbitals at Z = 38,40 and TV — 56,58, which stabilize 
spherical configurations1. However, while the energies of the 2+ states in the 
even Zr isotopes depend on the neutron number, the energies of the 2f states 
in the even Sr isotopes with TV = 52 — 58 remain almost constant at about 800 
keV. The fact that the energy of the 2̂ ~ state does not increase at the subshell 
closure at TV = 56 (94Sr) was related to a quenching of the lpi / 2 — IP3/2 proton 
spin-orbital splitting due to the neutron-proton interaction, as neutrons are 
added to the ld5 /2 neutron orbital3. A study of Sr isotopes between TV = 50 
and TV = 56 could reveal whether such a quenching of the spin-orbital splitting 
of the lpi/2 — IP3/2 proton orbitals may appear suddenly or gradually. 

The nuclei 90Sr and 92Sr have two and four ld5/2 neutrons, respectively, 
outside the shell closure at TV = 50. A study of their high-spin structure could 
show how single-particle and vibrational-like excitations interplay in this region 
of exceptional low collectivity. 

2 Experimental results 

The level schemes of 90Sr and 92Sr deduced from the present experiments are 
shown in Fig. 1 and Fig. 2, respectively. In previous work4, the level scheme 
of 90Sr was established up to the 5961 and 7706 keV levels, respectively. In 
the present work, the level scheme was extended up to 10 MeV and number of 
new lower-lying levels was found as well. Moreover, we make spin and parity 
assignments for most of the levels on the basis of the present DCO analysis and 
deexcitation modes. The level scheme of 92Sr was previously observed up to 
the 3785 keV state4 without spin assignments. Due to low statistics the DCO 
ratios obtained in this work for transitions in 92Sr are relatively uncertain. 
Thus, we give tentative spin assignments for the observed states. Tentative 
parity assignments are based on the quadrupole character of some transitions 
and the comparison with 90Sr. 
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* 1 751 

Figure 1: Level scheme of 9 0Sr deduced from present experiment. 

3 Discussion 

The level structures of 90Sr and 92Sr have been interpreted within the shell-
model using the model space (0/5/2,lp3/2,lpi/2,039/2) for the protons and 
(lPi/2>099/2,1^5/2) for the neutrons. For more detailes see Ref. 5 and Refs. 
therein. 

The calculated lowest-lying 0 + , 2+, and 4 + states in 90Sr are mainly char
acterized by the f ( lc^/ 2 ) j excitation with J = 0,2,4, respectively. The 0 + , 
2 + , and 4+ states in 92Sr are similarly described by the v(\d\,2) configu
ration. Main components of about 80% of the Tr(lp~Llp\ ^ ^ " ( l d ^ h and 
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Figure 2: Level scheme of 9 2Sr deduced from present experiment. 

n(lp3}2lp\,2)-zu(ldg,2)4 configurations are calculated for the first 6 + states in 
90Sr and 92Sr, respectively. The observed experimental level spacing of 1839 
keV between the first 4 + and 6 + states is close to the energy of the first ex
perimental 2+ state at 1836 keV in 88Sr, which has the main configuration 
•K(lp^Llp\,2). Thus, no apparent quenching of the IP3/2 — lpi/2 proton spin-
orbital splitting 3 (see introcuction) can be concluded for 90Sr from this rough 
estimate. The level spacing of 1455 keV between the first 4 + and 6 + states 
in 92Sr is by about 400 keV smaller than the corresponding value in 90Sr. A 
possible reduction of the gap between the proton p3/2 andft /2 orbitals might 
explain this lowering of the energy of the first 6+ state in 92Sr. The second 6 + 
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states in 90Sr and 92Sr are calculated about 3.3 MeV above the corresponding 
4 + states, whereas the spacings between the corresponding experimental states 
are only about 2 MeV. This discrepancy might be caused by configurations not 
included in the present model space, as e.g. neutron excitations of the type 

Kl4/2°57/2)-
Very similar equidistant A J = 2 level sequences are observed on top of 

the 8 + state in both isotopes. The present calculations reproduce very well 
the experimental 8+ states in 90Sr and 92Sr with the main configurations 
^[(°/572)o(O09 /2)8MK /2)o and Jr[(0/6^)o(0gg /2)8]i/(ld* /2)o, respectively. In 
addition, the level spacings between the experimental 0 + , 2+, and 4 + states 
and between the experimental 8 + , 10+, and 12+ states are very similar, which 
may indicate that the 10+ and 12+ states are generated by coupling the 2f 
and 4+ states, respectively, to the 8 + state. The configurations of the calcu
lated states predict indeed such a coupling for the 8 + , 10+ , and 12+ states 
in 92Sr and for the 8 + and 12f states in 90Sr, while it is different for the 
10/" state in the latter nucleus. As a result, the calculated states with even 
spins are energetically favored with respect to the states with odd spins. This 
is consistent with the experiment, where states with odd spins were not ob
served. The equidistant A J = 2 level sequences on top of the first 8 + states in 
both nuclei, resembling vibrational-like sequences, are well reprodused by the 
7r[(0/572)(°59/2)]I/(ld5/2) and7r[(0/- /

2
2)(0s2

V2)]Kld5/2) configurations, respec
tively, which favor even spins. 

Different from neighbouring isotones, a change of the parity in the main 
sequences in 90Sr and 92Sr is suggested. The calculated lowest 3~, 5~ and 7" 
states are dominated by the 7r(lp~,1205g^2)3fc'(ld2/2)jcJ configuration with Jd = 
0, 2 and 4, respectively, in 90Sr. These states are reproduced in the same way 
with the dominating ^(lp^/205g ,2)3^(1^5/2) configuration in 92Sr. A coupling 
of the 3~ proton excitations to the v(ld\,2) excitation could produce a 11 /2 -

state in 89Sr at about the energy of the 3 _ state at 2734 keV in 88Sr with 
the main configuration 7r(lp~,\0g^2)s- Indeed, shell-model calculations for 
89Sr predict the first 11/2" state at 2777 keV6. In contrast, the experimental 
11/2" state lies by about 700 keV lower. In 90Sr, an E3 7± -> 4^ transition 
with an energy of 2043 keV, very close to the energy of the corresponding 
E2, transition of 2043 keV in 89Sr, was observed. The calculations predict 
a higher value of 2782 keV also for the discussed E3 transition in 90Sr. In 
a previous (d,p) s tudy7 an admixture of the ^(0/ in /2) orbital in the l l / 2 ~ 
state in 89Sr is discussed to lower its energy. The rather high value oiB(E3) = 
43l72 W.u. for the l l / 2 f -> 5/2^" transition in 89Sr was also explained by this 
admixture8. Because of the comparable experimental and calculated energies 
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of the discussed E3 transitions such an admixture may also be assumed for the 
observed 3~, 5~ and 7~ states in 90Sr. The same behavior appears in 92Sr. 
The first experimental 5~ state in 92Sr is lower than the first experimental 5~ 
state in 90Sr by about 400 keV. The reason might be a stronger admixture of 
the Ohn/2 orbital or a mixing of the first and second 5~ states as predicted 
by the present calculation. Due to this influence the 5~ states in these nuclei 
may be energetically favored with respect to the first 6 + states. 

4 Summary 

The level schemes of 90Sr and 92Sr have been extended up to 10 MeV and 8 
MeV, respectively. Based on DCO ratios, spin assignments for most of the 
observed states were made. The level structures of 90Sr and 92Sr were inter
preted within the shell model using the model space (0f5/2, IP3/2 lpi/2> 0gg/2) 
for the protons and (lpi/2, 0g9/2, ld5/2) for the neutrons. The calculations 
give a good overall description of the observed states. A change of the parity 
in the main sequences in 90Sr and 92Sr is suggested. The lowest experimental 
3~, 5~ and 7~ states in both nuclei are calculated to be due to the coupling 
of 3~ proton excitations to the ld5 /2 neutrons. Based on a comparison with 
the 11 /2 - state in 89Sr, an influence of the 0 h n / 2 orbital on these states may 
be assumed. 

Acknowledgments 

This work was supported by the European Union within the TMR-LSF pro
gramme under Contract no. ERBFMGECT980110. E.A.S. acknowledges fi
nancial support by the Sachsisches Staatsministerium fur Wissenschaft und 
Kunst under Contract no. SMWK/4-7531.50-04-844-00/21 and by the Bulgar
ian NRF under Contract no. PH 908 and MU-F-02/98. Th.K. acknowledges 
EC financial support under TMR Contract no. ERBFMRXCT97-0123. 

References 

1. H. Mach et al, Nucl. Phys. A 523, 197 (1991). 
2. H. Mach et al, Phys. Lett. B 230, 21 (1989). 
3. P. Federman et al, Phys. Lett. B 140, 269 (1984). 
4. N. Fotiades et al, Phys. Scr. T 88, 127 (2000). 
5. E.A. Stefanova et al, Phys. Rev. C 62, 054314 (2000). 
6. E.A. Stefanova et al, to be published. 
7. H.P. Blok et al, Nucl. Phys. A 287, 156 (1977). 
8. S.E. Arnell, et al, Nucl. Phys. A 241, 109 (1975). 



79 

Decay out of a Superdeformed Baud 

H. A. Weidenmuller 
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The decay out of a superdeformed (SD) band feeds normally deformed (ND) states 
with the same spin. The ND states then decay by gamma emission. For nuclei in 
the Pb region, the ND states lie at excitation energies which are so high that a 
statistical approach is called for. I review recent theoretical developments of the 
statistical theory and their application to experimental data. 

PACS numbers: 21.60.-n; 21.10.Re; 21.60.Ev; 27.80,+w 

1 Problem 

The intensities of E2 gamma transitions within a superdeformed (SD) rota
tional band show a remarkable feature. The intraband transitions follow the 
band down with practically constant intensity. At some point, the intensity 
starts to drop sharply. This phenomenon is referred to as the decay out of a 
SD band. It is attributed to the mixing of the SD states with the normally de
formed (ND) states with equal spin. The latter then decay by repeated gamma 
emission down to the ground state. For nuclei in the Pb region, the ND states 
populated by the SD states have excitation energies of several MeV. At these 
energies, detailed spectroscopic information on the ND states is not available. 
Moreover, it is difficult to observe the gamma decay of the ND states (which 
is overwhelmingly due to statistical .El decay). All this has led to the use of a 
statistical model for the ND states. The model was developed in Refs.x '2 '3 '4. 
The model has been used to determine relevant parameters for the decay out 
of a SD band from experimental data. 

The model introduced by Vigezzi et al. 1>2'3-4 uses a simple and intuitively 
appealing formula to describe the decay out of a SD band. The SD state 
labelled |0) and the ND states of the same spin labelled |j) with j = 1 , . . . , K 
are coupled to each other by the tunneling process through the barrier. This 
barrier separates the first and the second Strutinsky minimum of the potential 
landscape of a deformed nucleus. Diagonalization of the (K + 1)-dimensional 
Hamiltonian matrix with tunneling matrix elements VQJ, j = 1,...,K yields 
the orthonormal eigenfunctions \m), m = 1 , . . . , K + 1. The tunneling matrix 
elements are taken to be random variables; their strength is measured by the 
spreading width 

T+ = 2irv2/d . (1) 
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Here v2 is the mean square tunneling matrix element and d is the mean level 
spacing of the ND states. Let cm = (0|m) be the amplitude with which the 
SD state is admixed into the eigenstate \m), m = 1 , . . . , K + 1. It is assumed 
that gamma decay from the next higher state in the SD band feeds each of the 
states \m) with probability |c m | 2 . Let Ts be the width for E2 decay within 
the SD band and F^ be the average width for the statistical El decay of the 
ND states. It is assumed that the widths of the states \m) for decay into 
the next lower state of the SD band (for statistical E l emission) are given by 
| c m | 2 r s (by (1 - |cm |2)rV, respectively). The Vigezzi model then yields for 
the intensity 7ĵ f for decay out of a SD band the formula 

rvig_V^, ,2 (* ~ \cm\ )FN ,_. 
out " t - ' ' (i-|cm|2)r^ + |cm|2rs • (2) 

The intensity I^t obviously depends on two dimensionless parameters, the 
ratio FS/TN of the widths for electromagnetic decay, and the ratio T^/d for 
the mixing of the SD state and the ND states. 

Although Eq. (2) is plausible at first sight, closer inspection reveals some 
problems. Indeed, the intensity I„„f is obviously independent of the strength 
of the electromagnetic interaction (i.e., the fine-structure constant). This is 
implausible: E2 decay from the next higher state in the SD band primarily 
feeds the state |0). This state then either decays by further E2 emission or 
mixes with the ND states. The competition between these two possibilities 
depends upon the ratio F^/Fs and, thus, on the ratio of the strengths of 
the strong and of the electromagnetic interactions. Likewise, two competing 
channels determine the decay of the ND states. Decay is possible back into 
the SD state followed by E2 decay (and we have just seen that this decay 
mode is governed by the ratio T^/Ts)- Alternatively, the ND states may 
decay by statistical El emission. The transmission coefficient for this decay 
depends on the ratio Fm/d. This statement follows from standard compound-
nucleus theory where the decay width is given by d/2n times the transmission 
coefficient. As a result, we expect the intensity I0ut for decay out of the SD 
band to depend on the dimensionless ratios F^/Fs and F^/d and not, as Eq. (2) 
implies, on FS/FN and F^/d. This then raises the question: What is the exact 
form of the expression for Tout? How good an approximation to this exact 
expression is provided by Eq. (2)? In which domain of the relevant parameters 
does it work? What are the implications for the analysis of experimental data? 
Theoretical investigations5'6'9 have recently addressed these questions. Some 
will be reviewed in the remainder of the present paper, together with analyses 
of the data 7 and a simplified approach to the problem 8 . 
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2 Theory 

The exact theory of the problem was formulated and solved in Refs.5'6. Here, 
I confine myself to a description of the statistical model (which is the same as 
the one used in the approach of Vigezzi et al. 1>2'3'4)) and to a discussion of the 
results. 

The Hamiltonian H of the system is a matrix of dimension K + 1 and has 
the form (j = 1 , . . . , K) 

"={%*%)• w 
Here E0 is the energy of the SD state and Ej with j = 1 , . . . , K are the energies 
of the ND states. We shall eventually take the limit K -» oo. To account for 
gamma emission, we must add to H the width matrix S given by 

The effective Hamiltonian is given by 

Hefr = H + -Z. (5) 

With Ts = 7g and I V = 7^ , the intraband decay amplitude A00(E) and the 
amplitude AQJ (E) for decay out of the SD band via the ND state j are given 
by 

A00(E) = 1S([E-H^}-1)OQ1S, 

A0j(E) = 1s{[E-He{f}-1)0.jj. (6) 

Here E is the energy of the photon feeding the SD state. The total intraband 
intensity 7jn and the total intensity for decay out of the SD band Tout are given 
by 

r+00 •I /- + 00 

1 /-+00 K 

iout = -— Y,\A°iW\2dE- (7) 
^"Ti S J-00 = 1 

In the framework of the model of Eq. (5), Eqs. (6) and (7) are exact6 . The 
identity 

/in + 4ut = 1 (8) 
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follows from unitarity and completeness. 
Since the energies Ej and the wave functions \j) of the ND states are not 

known, we introduce statistical assumptions. We assume that the energies 
Ej are the eigenvalues of a random matrix (a member of the Gaussian or
thogonal ensemble [GOE] of random matrices), and that the V$j are Gaussian 
distributed random variables with zero mean value and a common second mo
ment v2. Then, we must calculate the ensemble average (denoted by a bar) of 
Jin and of 70ut- The average is taken over the distributions of both eigenvalues 
Ej and matrix elements VQJ. In any given nucleus, we deal with fixed values of 
the Ej's and Vty's. In other words, any given nucleus corresponds to a single 
realization of our random-matrix ensemble. The question is: How close to the 
actual behavior of the system will the ensemble average be? To answer this 
question, we must also estimate the probability distribution of both intensities. 
For certain values of the parameters, we expect large fluctuations about the 
ensemble average. Indeed, if V ? -C d, the SD state will mix with only one 
or two of the ND states, and the amount of mixing will strongly depend on 
the difference of the energies of the SD state and of the relevant ND state(s). 
Averaging the intensities over the ensemble implies an average over all pos
sible energy differences; this must lead to large fluctuations. We expect the 
fluctuations to be particularly significant if I"V <SC d (isolated ND resonances) 
and weaker whenever the ND states overlap, Tjv > d, since in the latter case 
mixing between the SD state and the ND state (s) is possible through the tails 
of the Breit-Wigner resonance(s). 

With the help of the supersymmetry approach, it is possible to obtain 
closed expressions for the ensemble averages Iin and 70ut- The formulas are 
lengthy6 and are not reproduced here. They involve a threefold integral. Sim
ple formulas which provide excellent approximations to the exact expressions 
in the relevant parameter range have also been given6. An exact calculation 
of the variances of the two intensities is beyond the means of present-day su
persymmetry techniques. Therefore, numerical simulations were tested against 
the analytical formulas for /;„ and Tout and then used 6 to calculate the distri
butions of Im and /out • 

3 Resul t s 

3.1 Intensities 

I confine myself to a brief discussion of a central aspect of the results of Ref.6, 
i.e., on the dependence of the distributions of both intensities (mean values, 
variances etc.) on the parameters. It turns out that the problem has great 
formal similarity to compound-nucleus scattering. The ND states play the role 
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of compound-nucleus resonances. These are coupled to two kinds of channels. 
The first is the set of statistical El decay channels. The second kind of channel 
is the channel for E2 decay within the SD band. This channel is fed through 
the mixing between the ND states and the SD state. 

It is customary in compound-nucleus theory to decompose the scattering 
matrix into an average and a fluctuating part. Proceeding analogously, we 
write the average intensities as the sum of two terms, the square of the average 
amplitude A and the average of the square of the fluctuating part Anuc of the 
amplitude. The amplitude AQJ{E) is odd in V0j and has zero average. Thus, 

1 f+oo K 

*--5S7/.gWr(B"MB- (9) 

The ensemble average of AQO(E) is easily found to be given by 

Aoo(E) = 7 s ( £ - E0 + iTs/2 + t I ^ / 2 ) 7 5 - (10) 

The contribution of Eq. (10) to the average intensity Iin is given by 

^ / d E l ^ l 2 = TTiW (11) 

The integral formulas for the ensemble averages of the squares of the fluc
tuating amplitudes contain two transmission coefficients as the relevant pa
rameters. The set of channels for statistical El decay of the ND states is 
characterized by a single transmission coefficient TN given by 

TN = 2nFN/d . (12) 

The transmission coefficient To for the decay back into the SD band is inti
mately related to the average amplitude A0o{E) in Eq. (10) and given by 

rsr-L 
T° = (£-£0)2 + (i/4)(rs + ri)2 • ( 1 3 ) 

The resonance-like structure is due, of course, to the SD state at energy E0. 
The form of the parametric dependence of T0 on Ts and on T^ is intuitively 
obvious. We note that after integration over energy, To (and with it, the 
probability distributions for the two intensities) depends only on the ratio 
F^/Fs, as anticipated in section 1. 

Representative examples of the parameter dependence of Im are given in 
Figure 1. We note that the errors due to the fluctuations about the mean 
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Figure 1: Calculated average intra-band intensities (solid lines) versus l o g ^ r ^ / r s ) f° r 

several values of IV/d. Vertical bars denote the errors due to statistical fluctuations. Taken 
from Ref.6. 

values are particularly large for small values for T^/d (as expected) and for 
values of F^/Fs which lie between 1 and 104 or so. This is because for very 
small (very large) values of this ratio, the process is governed by E2 decay 
back into the SD band (by statistical El decay, respectively). 

3.2 Comparison with the Vigezzi formula 

The results of Ref.6 have been used to check on the validity of Eq. (2). Inspec
tion of this formula suggests that it ought to be valid to lowest non-vanishing 
order in FN and F$. In other words, we expect naively that the formula works 
if TJV <^ d and if Fs CT-1 . In actual fact, slightly different conditions apply. 
A combination of analytical and numerical results 6 has shown that the actual 
limits of validity of Eq. (2) are given by the conditions Fj^/d <C 1 (this is the 
expected condition of isolated ND states and allows for a perturbative treat
ment of the El decay of these states) and by the condition (F^/Fs) 3> (IV/d). 
The second condition is weaker than expected and makes sure that mixing of 
the SD state with the ND states is sufficiently fast to allow for a perturbative 
treatment of the electromagnetic decay processes. Because of the smallness of 
the ratio FN/d, the second condition is always met in practice. We conclude 
that in the relevant parameter domain, Eq. (2) provides a good approximation 
to the exact results. It fails badly beyond this regime. Moreover, Eq. (2) does 
not account for the fluctuations about the mean values. These are particularly 
large in the region where Eq. (2) does apply. 

3.3 Comparison with data 

Table 1 shows results of the analysis of a number of experimental data for 
nuclei in the Pb region. This table is compiled from two tables in Ref.7 where 
references to the experimental papers may be found. The last two columns 
show the spreading withs F^ determined with the help of Eq. (2) and with the 
formalism of Ref. 6, respectively. The agreement is very close, especially for 
small values of F^. 
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Table 1: Average spreading width F^ determined in Ref.7 using Eq. (2) (rvjg in meV, column 
8) and the approach of Ref. 6 ( rg u in meV, column 9) for the states in ^ 4Hg and 194Pb. 
The maximum spreading widths r i , ^ determined from lifetime measurements are always 
larger than the values in columns 8 and 9. Columns 1 to 7 list the SD band in question, the 
spin J in units of h, the gamma energy E-, within the SD band, the measured intraband 
intensity /;„ in percent, Ts and Tjv in meV, and d in eV, respectively. 

SDband J[h] E1 Iin Vs TN d T+ig r+u 
194Hg-l 12 255 58 0.097 4 8 H O 37 25 

_ ^ 10 212 < 9 0.039 4.1 26.2 >132 >800 
194Hg-3 15 303 90 0.230 O 26^5 10 6 

13 262 84 0.110 4.5 19.9 8 4 
_ ^ 11 222 < 7 0.048 6.4 7.2 >30 >300 

1 9 4Pb-l 10 214 90 0.045 0.08 21700 79000 390 000 
8 170 62 0.014 0.50 2200 5600 3200 
6 124 < 9 0.003 0.65 1400 >3400 > 103 000 

3.4 Simplified approach 

The results of Table 1 show that we always have r-1 < d or, using Eq. (1), 
\fo* <C d. This suggests that only the closest one or two ND states are signif
icantly admixed to the SD state, and that the tunneling matrix elements may 
be treated perturbatively. This is the approach pursued in a recent paper by 
Kriicken8. It is assumed that the SD state interacts with a single ND state 
only. The strength of the interaction is kept fixed. The energy separation 
between the two states is allowed to vary between zero and d/2 independently 
for several members of the SD band. A Monte-Carlo simulation yields results 
which are in very good agreement with the statistical theory of Ref. 6. The 
approach was used to determine intensity patterns and transition quadrupole 
moments from experimental data. I conclude that this approach provides a 
very promising and comparatively tool for the analysis of experimental data. 

4 Summary and Conclusions 

Recent theoretical approaches have questioned the validity of Eq. (2) for the 
intraband decay intensity within a SD band. It was shown that the relevant 
dimensionless parameters of the theory are the ratios Tjv/d and T^/Ts- It was 
found that Eq. (2) is valid as long as the conditions r ^ -C d and (T^/Fs) 3> 
(rjv/d) are met. In this domain of parameter values, fluctuations about the 
average intensities are important and must be taken into account. Monte-
Carlo simulations allow for a simplified treatment of this problem. 
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(a) rN/d=1.0 (b) rN/d=2x10"' 

iog(r'/r.) 

(c) rN /d=io2 

0 2 

iog(r'/r.) 

(e) rN /d=i.o 

iog(r'/r.) 

(d) rN/d=icr1 

0 2 

iog(r*/r. 

(f) rN/d=io.o 

iog(r'/r. iog(r7r. 
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A total of ten even and odd tellurium isotopes from 1 1 9Te to 1 3 1Te have been 
studied using the (n,7) and single-nucleon transfer reactions mostly at Rez and 
Munich, respectively. Extensive level schemes have been established up to several 
MeV excitation including spins and parities. All Te isotopes can be rather well 
described at low excitations within the Interacting Boson Model (IBM) with sim
ilar parameters for the U(5) symmetry with a small SU(3) admixture. Evidence 
for intruder states was found. The (n,7) reaction yielded surprisingly complete 
decay schemes and explains the strong population of the 1 1 / 2 - isomer in the odd 
isotopes by 1/2+ -t- 3/2~ -t- 7/2~ -> 1 1 / 2 - cascades. Direct neutron capture was 
observed. The systematics of level density parameters is discussed. 

1 Introduction 

Complete nuclear spectroscopy is since many years a favourite research field 
of Peter von Brentano and he emphasized frequently its importance for iden
tifying new nuclear structures and for testing various nuclear theories, e.g. 
the interacting boson model (IBM). l The Munich-Rez-Riga-Budapest collab
oration applied the (n,7) reaction and transfer reactions to the Te isotopes 
in order to establish complete level schemes and understand all properties of 
these nuclei in the neighbourhood of the magic tin isotopes: 119Te, 2 121Te, 3 

1 2 2 T e 4 1 2 3 T e ) 5 1 2 4 T e 6 , 7 1 2 5 T e 8,9 126-^ 10 1 2 7 ^ 11 1 2 9 T e 12 ^ 1 3 1 T e 13 T h ( J 
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(n,7) reaction provides complete decay schemes up to about 3 MeV with spins 
up to 4 and 7-branching ratios. The use of polarized deuterons in the transfer 
reaction gives unique spin-parity assignments. Thus an ideal set of data.can 
be obtained for a systematic investigation of a long isotope chain. 

2 Exper imen t s 

The (n,7) experiments were mostly performed at the research reactor at Rez 
near Prague. Single and coincidence 7-spectra were measured with Ge detec
tors at a neutron guide.14 The quality of the data can be demonstrated for the 
130Te(n,77)131Te measurement: although the cross section is only 0.2 barn, a 
total of 439 7-transitions were identified, about 50% only in coincidence, and 
426 were placed in the decay scheme with 93 levels. This means that nearly 
100% of the decay of the capture state and nearly 100% of the population of 
the ground state and isomer were observed. In general it can be stated that 
in each Te isotope several hundred 7-lines were placed between more than 60 
levels. The (d,p), (d,t) and other transfer reactions were measured with the 
Q3D spectrograph 15 of the University and Technical University of Munich. 
The reaction spectra were mostly recorded with a 1.8 m long focal plane de
tector. 16 Recently a new detector with cathode strip readout (length 90 cm) 
was constructed17 and a spectrum of the 128Te(d,p)129Te reaction measured 
in 2000 with polarized deuterons is presented in Fig. 1. 
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Figure 1: 1 2 8Te(cf,p) l 2 9Te spectrum measured with polarized deuterons of 18 MeV and the 
new detector by Wirth. 
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The good energy resolution (3.8 keV FWHM) and the power of polarized 
deuterons is clearly visible. Fig. 2 shows for 130Te(d, t) 129Te angular dis
tributions of the cross sections and of the asymmetries and demonstrates that 
it is usually easy to distinguish j-values. 

10 20 30 40 20 30 40 

lab. angle (*) 

10 20 30 40 

Figure 2: Angular distributions of cross sections and asymmetries of levels in 1 2 9Te from the 
reaction 130Te(<f, t)1 2 9Te. 

3 The Interacting Boson Model 

The interacting boson model18 is supposed to be well suited to explain the 
structure of the Te isotopes. It is one of the main goals of the present investi
gations to test this assumption. We started with the IBM-1 approach for the 
even Te isotopes.3 The number of bosons varies from 8 for 120Te to 3 for 130Te. 
The parameters were adjusted in such a way that as many experimental ob-
servables as possible were reproduced such as level position, branching ratios, 
B(E2) values and ratios, static moments and <$(E2/M1) values. The obtained 
parameters are constant or change very smoothly from 120Te to 130Te. The 
results of these calculations are compared with the experimental level energies 
in Fig. 3. The agreement is quite good, although some experimental levels 
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could not be accounted for. These levels are shown at the right side of each 
panel. They coincide in some cases with proposed intruder configurations.19,4 
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Figure 3: Comparison between experimental levels and IBM-1 calculations for the even Te 
isotopes. 

Also "mixed" symmetry states were identified. The IBM-1 has three symmetry 
limits and it is interesting to see where the Te isotopes are positioned in the 
symmetry triangle of Casten. 20 We have chosen a special presentation, the 
correlation between the quadrupole moment Q (2+) divided by the square 
root of B{E2) and the energy ratio i?4/2 = E(4£)/E(2f).3 These values are 
well defined in the symmetry limits. Fig. 4 demonstrates that the Te isotopes 
lie close to the U(5) limit with 128Te closest to U(5) and the lighter isotopes 
slowly moving toward the SU(3) limit. For 124Te also the lifetime of levels was 
measured 7 with the GRID technique 21 at the ILL, Grenoble. This allowed 
to test the IBM with various extensions. Using IBM-1, the description with a 
transitional U(5)/0(6) structure and SU(3) intruder configuration was better. 
A configuration mixing approach of IBM-2 with Rikovska's parameter set 19 

and increased Majorana force was most successful. The odd-A Te chain was 
calculated with the IBFM-1:22 

HlBFM = HjBM + Eqp + VBF 
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where HJBM is the IBM-1 Hamiltonian, Eqp the quasiparticle energy and VBF 
the boson fermion interaction.3 A good agreement with experimental results 
was obtained up to 1.5 MeV for positive and negative parity levels with a set 
of constant or smoothly varying parameters. Already below 2 MeV there are 
usually more experimental levels than predicted. This can be an indication for 
intruder states in odd nuclei. A unique identification is however difficult. 

Figure 4: Presentation of the IBM-1 symmetry triangle with -R4/2 = E(if)/E(2~^) and 

quadrupole moment Q(2f) divided by yjB(E2) as coordinates. The full dots are 122Te to 
128Te with l 2 8 Te close to the U(5) limit. 

4 Complete Level Schemes, Isomer Population and Direct Neutron 
Capture 

Nearly complete (n,7) decay schemes have been constructed for 123Te, 124Te, 
125Te, 126Te, 127Te, 129Te and I31Te. A partial decay scheme of 131Te is shown 
in Fig. 5. The large number of 47 primary transitions to levels between 3.5 and 
5.2 MeV is remarkable. Most of these transitions have £ 1 character and go to 
3/2_ and l /2~ levels originating from the 3p3/2 and 3pi/2 states predicted 
by the IBFM-1 in this region. The (n,7) intensities exhibit a clear correlation 
with the (d, p) intensities and spectroscopic factors according to the Lane-
Lynn theory. 23 Fig. 6 illustrates this nice example of direct neutron capture 
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in heavier nuclide. 
The IBFM-1 calculations24 confirm also the enhanced E2 transitions be

tween the negative parity states with hu/2, fs/2 and 3p configuration. They 
are responsible for the unusually strong population of the 11/2" isomer in the 
Te isotopes, which was also observed in (7,7') reactions.25 Fig. 5 shows these 
1/2+ -> 3 /2 - -» 7 /2- -+ 11/2- cascades in 131Te. 

Figure 5: The decay scheme of I 3 1 Te showing all primary transitions and cascades to the 
1 1 / 2 - isomer. 
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Figure 6: Comparison of partial cross sections of primary (11,7) transitions in 1 2 7Te, l 2 9 Te 
and 1 3 1Te with (d,p) values according to the Lane-Lynn theory. 

5 Level Density Systematics in the Tin Region 

The energy dependence of nuclear level densities can be described with rather 
simple formulae using only two free parameters for each nuclide. 26.27,28,29,30 
These two parameters can be obtained from a fit to the level densities of com
plete level schemes at excitation energies below about 3 MeV and the s-wave 
neutron resonance spacings at the neutron binding energies. However, the 
exerimental level density parameters cannot be precisely predicted by theo
ries 31, although they are needed for nuclei where neutron resonance data are 
not available, e.g. for astrophysical calculations. Consequently, our new com
plete level schemes of the Te isotopes, new data from Ag to I from the Nuclear 
Data Sheets and a new evaluation of neutron resonance densities 32 were used 
to obtain new level density parameters in the tin region. The Bethe formula 
for the back-shifted Fermi gas model was fitted with the density parameters a 
and the back-shift Ex.

29 Fig. 7 displays the parameters a and the parameters 
Ci = Ex - A (A = pairing energy from mass tables). Our new fitted parame
ters exhibit a surprising behaviour: a does not increase between A = 108 and 
130 as the most simple approach predicts (a = A/10). a increases in the Cd 
isotopes with A, but decreases in the Sn and Te chains. 
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Figure 7: Level density parameters a and Ci = Bi - A of the back-shifted Bethe formula in 
the tin region. Lines in the upper part correspond to a = .4/10. 

6 Conclusion 

A total of ten nearly complete level schemes of Te isotopes have been estab
lished with (n,7) and transfer reactions. The IBM gives a quite good describ-
tion up to 1.6 MeV. It is a challenge how to extend the IBM. The quasiparticle-
phonon model has still to be compared in detail. The heavier Te isotopes give 
very good examples of direct neutron capture. The systematic behaviour of 
level density parameters in the tin region is waiting for a theoretical interpre
tation. 
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The structure of U 6 C d has been investigated with the (n,n'7) reaction. Gamma-
ray excitation functions, angular distributions and coincidences have been mea
sured, and the lifetimes of many levels were determined with the Doppler-shift 
attenuation method. Decay properties of the multiphonon quadrupole vibrational 
states have been examined and, with the identification of the 4+ member, the 
three-phonon quintuplet is now complete. The lifetime of the 2+ member of the 
2-particle, 2-hole band has been determined, exposing the degree of collectivity 
of this intruder structure. This new information reveals that configuration mix
ing between intruder and multiphonon vibrational excitations cannot describe the 
observed decays of the lowest 0+ excited states. 

1 Introduction 

The even-A cadmium nuclei exhibit a more complex level structure than is 
anticipated from the simple vibrational picture, i.e., at excitation energies near 
the two-phonon triplet, additional 0 + and 2+ levels are typically observed. 
These "intruder" states have been attributed to proton excitations across the 
Z = 50 shell and are interpreted as arising from 2p-4h configurations.l Higher-
spin members of these structures have also been systematically observed.2'3 

The properties of the low-lying levels in 1 1 2 , u 4 Cd were explained by Heyde 
et al.x as arising from mixing of vibrational and intruder configurations, and 
recent experimental studies4,5 have reinforced this description of 112Cd. Casten 
et al.6 noted that the level structure of the neutron mid-shell nucleus n 4Cd 66 
is enigmatic in that it can be interpreted in both non-mixing and strong-
mixing models. This ambiguity was addressed by Jolie and Lehmann7 '8 who 
demonstrated that the 0(5) symmetry present in both the U(5) and 0(6) limits 
of the interacting boson model can lead to selective mixing between vibrational 
and intruder states. 

Many level properties, including lifetimes, have been measured5 '6,9 '10 for 
the 3-phonon states in 110>112<114Cd. Some time ago, a nearly harmonic three-
phonon quintuplet was suggested11 in 118Cd, but the lifetimes of these states 
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CA 94550 USA 
'Present address: Institut fur Kernphysik, Universitat zu Koln, D-50937 Koln, Germany 
cPresent address: King Abdul-Aziz University, P.O. Box 9028, Jeddah, 21413, Saudi Arabia. 
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were not determined. The 116Cd nucleus has not been extensively studied 
and, prior to the present study, lifetimes for only the lowest five excited states 
were available. The goals of this work were to provide detailed information 
about the low-lying levels of 116Cd, to investigate the multiphonon quadrupole 
states and the intruder excitations, and to understand the mixing between 
these states. 

2 Experimental Methods 

The (n,n'7) experiments were performed at the University of Kentucky acceler
ator facility.12 The 3H(p,n)3He reaction with pulsed proton beams was used to 
produce essentially monoenergetic neutrons. The scattering sample consisted 
of 14.54 g of CdO powder, enriched to 97.07% in 116Cd. For the 7-ray angular 
distribution and excitation function measurements, the spectra were recorded 
with a BGO Compton-suppressed HPGe detector with a relative efficiency of 
52% and an energy resolution (FWHM) of 2.1 keV at 1332 keV. In addition, 
7-7 coincidence measurements with collimated pulsed beams of 3.8-MeV neu
trons were performed with four HPGe detectors, similar to the one described 
above, in a close geometrical arrangement.13 Applying the methodology de
scribed by Belgya et a/.,14 the Doppler-shift attenuation method (DSAM) was 
used to obtain the lifetimes of many levels, and absolute transition rates were 
determined. A simplified level scheme illustrating the low-lying, low-spin states 
to be discussed is shown in figure 1. 

3 Results and Discussion 

Understanding even the lowest-lying structure of the mid-shell Cd nuclei presents 
a challenge. For instance, Fahlander et al.15 explained the low-lying levels in 
114Cd quite well with the vibrational model but, as noted earlier, compara
ble B(E2) values can be produced following both the mixing and no-mixing 
approaches between the normal and intruder configurations,6 although the no-
mixing model leads to large energy anharmonicities. The 112Cd nucleus has 
been studied extensively, and members of the three-phonon quintuplet have 
been suggested.4,5'16 Strong mixing between the Oj and O3" states was also con
sidered in order to explain the observed spectra. Recently, an (n,n'7) study 
of 110Cd permitted a straightforward interpretation of three-phonon states, 
where mixing with the intruder band was again considered.9'10 

Additional 0 + and 2+ levels, usually interpreted as the lowest members 
of the intruder structure, are observed, along with the vibrational two-phonon 
triplet, at nearly twice the energy of the first excited 2+ state in 116Cd. Lifetime 
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Figure 1: Simplified representation of the low-lying levels of 1 1 8Cd. The arrow widths are 
proportional to the B(E2)s of the transitions. Dashed arrows indicate that the transition 
rates have not been measured. 

information 17 supports the assignment of the 2% and 4̂ " states to the two-
phonon triplet; however, the character of the 0 + states is less straightforward 
to interpret. 

Being adjacent to 114Cd, the neutron mid-shell nucleus, 112Cd and 116Cd 
might be expected to show some similarities to each other. The 0̂ " state in 
112Cd decays by an enhanced transition to the one-phonon state, and its strong 
population in the (3He,n) reaction suggests a strong intruder component. 18 

The O3" state is considered to represent the lowest-spin member of the two-
phonon triplet in 112Cd. 2'4 The situation appears to be reversed in 116Cd, 
where the Ojj" level decays by an enhanced transition to the one-phonon state. 
However, population of the 0 J state by a fast E2 transition from a three-phonon 
candidate favors the two-phonon assignment. 

An intruder band built on the 1380-keV O3" level has been identified by 
Juutinen et al. 3 The 262-keV 7-ray originating from the 1642-keV 2g" level 
is not observed in our work, but this is not surprising considering the small 
branching ratio 19 and energy of this transition. The branching of the 2042-
keV 4g" level to the 2jj~ intruder state compared to the transition to the 4 + 

two-phonon state indicates that this state has retained its intruder character. 
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Figure 2: Systematics of the intruder configurations in the Cd nuclei with the E2 transition 
strengths indicated by the widths of the arrows. 

In figure 2, where the notation for the 0 + states used by Kumpulainen et 
al. 2 and Juutinen et al. 3 is retained, the systematics of intruder levels in the 
even-even 1 0 8-1 2 0Cd isotopes is presented. The expected V-shaped behavior in 
excitation energy, where the energies decrease to a minimum in the mid-shell 
nucleus 114Cd, is revealed. 2 '3 In addition, the widths of the arrows indicate 
the relevant E2 strengths where they are known from this and earlier work. In 
1 1 0 ~ u 6 Cd, the large B(E2) values for the 2 j -> Ojj transitions are conspicuous 
and lend strong support to the identification of the final and initial states 
as members of a strongly collective structure. It should be noted here that 
Kumpulainen et al. 2 have made similar observations for 110~114Cd based on 
relative E2 branching ratios. 

These observations further solidify the identification of the 0+ states as 
intruder structures and raise an interesting question. Why does the intruder 
0 + state in 116Cd also act as a member of the two-phonon vibrational triplet? 
This exchange in character has been noted previously,2'3 but the character of 
the lowest 0 + states in this nucleus remains ambiguous. Because of the strong 
mixing of the 0 + intruder and 2-phonon excitations that appear to be typical 
of the mid-shell Cd nuclei, it can be argued that assignments of the character 
of these excitations may be meaningless. Calculations indicate, however, that 
in a configuration mixing scenario the first excited 0 + state, not the second as 
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in 116Cd, contains the collective two-phonon strength. 
Three-phonon multiplets have been identified in several even-even cad

mium nuclei. Such a quintuplet of states was first suggested for U 8 Cd from 
energy and 7-ray branching ratio considerations.11 In 110Cd, 112Cd, and 114Cd, 
members of the quintuplet have been identified based on B(E2) transition 
rates.9,5 '6 '15 While ambiguities may exist for certain decays, usually those from 
lower-spin states, the phonon picture with extensive mixing between three-
phonon, intruder, and mixed-symmetry components can be used to understand 
these multiplets. 

Figure 1 illustrates the decay properties of the suggested three-phonon 
states. It can be seen from the experimental values that the suggested 3 + , 
4 + , and 6 + members of the three-phonon states decay to the next lower-lying 
multiplet by enhanced E2 transitions, consistent with the predictions of the 
vibrational model. However, identification of the lower-spin members is more 
difficult. The decay pattern of the 2~^ state, as well as the enhanced tran
sition from the intruder 2;j" state to the 4+ level, indicates mixing between 
the intruder and 3-phonon 2+ states. Moreover, the lone observed branch 
from the OJ" state to the first excited state casts doubt on any vibrational as
signment. Similar ambiguities were reported for the low-spin members of the 
three-phonon states in other Cd isotopes, e.g., 112Cd and 114Cd. 5 '6 Decays 
to the phonon states from the 4 + and 6 + members of the intruder band also 
indicate mixing. 

4 S u m m a r y 

The (n,n'7) reaction has been used to study the properties of the low-energy 
levels of 116Cd. Members of the three-phonon quadrupole quintuplet have 
been suggested and, with the identification of the 4+ member, this quintuplet 
is now complete. The role of configuration mixing between intruder and multi-
phonon vibrational excitations has been explored above the neutron mid-shell. 
The mixing formalism that has worked so successfully in the lighter stable Cd 
cannot explain the decay properties of the lowest 0+ excited states. 
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Structure of Elementary Matter: 
Superheavies, Hypermatter and Antimatter 

Walter Greiner 

Abstract 

The extension of the periodic system into various new areas is investigated. Ex
periments for the synthesis of superheavy elements and the predictions of magic 
numbers are reviewed. Different ways of nuclear decay are discussed like cluster 
radioactivity, cold fission and cold multifragmentation, including the recent dis
covery of the tripple fission of 252Cf. Furtheron, investigations on hypernuclei and 
the possible production of antimatter-clusters in heavy-ion collisions are reported. 
Various versions of the meson field theory serve as effective field theories at the 
basis of modern nuclear structure and suggest structure in the vacuum which might 
be important for the production of hyper- and antimatter. A perspective for future 
research is given. 

There are fundamental questions in science, like e. g. "how did life emerge" 
or "how does our brain work" and others. However, the most fundamental of 
those questions is "how did the world originate?". The material world has to 
exist before life and thinking can develop. Of particular importance are the 
substances themselves, i. e. the particles the elements are made of ( baryons, 
mesons, quarks, gluons), i. e. elementary matter. The vacuum and its structure 
is closely related to that. On this I want to report today. I begin with the 
discussion of modern issues in nuclear physics. 

The elements existing in nature are ordered according to their atomic 
(chemical) properties in the periodic system which was developped by Men
deleev and Lothar Meyer. The heaviest element of natural origin is Uranium. 
Its nucleus is composed of Z = 92 protons and a certain number of neutrons 
(N = 128 — 150). They are called the different Uranium isotopes. The transura
nium elements reach from Neptunium (Z = 93) via Californium (Z = 98) and 
Fermium (Z = 100) up to Lawrencium (Z = 103). The heavier the elements 
are, the larger are their radii and their number of protons. Thus, the Coulomb 
repulsion in their interior increases, and they undergo fission. In other words: 
the transuranium elements become more instable as they get bigger. 

In the late sixties the dream of the superheavy elements arose. Theo
retical nuclear physicists around S.G. Nilsson (Lund)1 and from the Frankfurt 
schooP'3,4 predicted that so-called closed proton and neutron shells should coun
teract the repelling Coulomb forces. Atomic nuclei with these special "magic" 
proton and neutron numbers and their neighbours could again be rather 
stable. These magic proton (Z) and neutron (N) numbers were thought to be 
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Z = 114 and N = 184 or 196. Typical predictions of their life times varied 
between seconds and many thousand years. Fig.l summarizes the expectations 
at the time. One can see the islands of superheavy elements around Z = 114, 
N = 184 and 196, respectively, and the one around Z = 164, N = 318. 
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Figure 1: The peri
odic system of elements 
as conceived by the 
Rrankfurt school In the 
late sixties. The is
lands of superhea¥y el
ements (Z = 114, N = 
134, 196 and Z = 164, 
N = 318) are shown as 
dark hatched areas. 
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Figure 2; The shell 
structure in the super
heavy region around 
Z = 114 is an open 
question. As will be 
discussed later, meson 
field theories suggest 
that Z = 120, JV = 
172s 184 are the magic 
numbers in this region. 

The important question was how to produce these superheavy nuclei. There 
were many attempts, but only little progress was made. It was not until the 
middle of the seventies that the K*ankfurt school of theoretical physics together 
with foreign guests (R.K. Gupta (India), A. Sandulescu (Romania) f theoreti
cally understood and substantiated the concept of bombarding of double magic 
lead nuclei with suitable projectiles, which had been proposed intuitively by the 
russian nuclear physicist Y. Oganessian7. The two-center shell model, which is 
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Figure 3: The Z = 106 -112 isotopes were fused by the Hofmann-Munzenberg (GSI)-group. 
The two Z = 114 isotopes and the Z = 116 isotope were produced by the Dubna-Livermore 
group. It is claimed that three neutrons are evaporated. Obviously the lifetimes of the 
various decay products are rather long (because they are closer to the stable valley), in crude 
agreement with early predictions3,4 and in excellent agreement with the recent calculations of 
the Sobicevsky-group12. The recently fused Z = 118 isotope by V. Ninov et al. at Berkeley 
is the heaviest one so far, but needs confirmation. 

essential for the description of Ission, fusion and nuclear molecules, was devei-
opped in 1969-1972 together with my then students U. Mosel and J. Maruhn8. 
It showed that the shell structure of the two final fragments was visible far 
beyond the barrier into the fusioning nucleus. The collective potential energy 
surfaces of heavy nuclei, as they were calculated in the framework of the two-
center shell model, exhibit pronounced valleys, such that these valleys provide 
promising doorways to the fusion of superheavy nuclei for certain projectile-
target combinations (Fig. 4). If projectile and target approach each other 
through those "cold" valleys, they get only minimally excited and the barrier 
which has to be overcome (fusion barrier) is lowest (as compared to neigh
bouring projectile-target combinations). In this way the correct projectile- and 
target-combinations for fusion were predicted. Indeed, Gottfried Munzenberg 
and Sigurd Hofhiann and their group at GSI 9 have followed this approach. 
With the help of the SHIP mass-separator and the position sensitive detectors, 
which were especially developped by them, they produced the pre-superheavy 
elements Z = 106, 107, . . . 112, each of them with the theoretically predicted 
projectile-target combinations, and only with these. Everything else failed. 
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Figure 4: The collective potential energy surface of 264108 and 184114, calculated within the 
two center shell model by J. Maruhn et al., shows clearly the cold valleys which reach up to the 

barrier and beyond. Here R is the distance between the fragments and ri = denotes 
Ai + A2 

the mass asymmetry: rj = 0 corresponds to a symmetric, rj = ±1 to an extremely asymmetric 
division of the nucleus into projectile and target. If projectile and target approach through a 
cold valley3 they do not "constantly slide off" as it would be the case if they approach along 
the slopes at the sides of the valley. Constant sliding causes heating, so that the compound 
nucleus heats up and gets unstable. In the cold valley, on the other hand, the created heat is 
minimized. The colleagues from Rreiburg should be familiar with that; they approach Titlsee 
(in the Black Forest) most elegantly through the Hollental and not by climbing Its slopes 
along the sides. 

This is an impressive success, which crowned the laborious construction work 
of many years. The before last example of this success^ the discovery of element 
112 and its long a-decay chain, is shown in Fig. 6. Very recently the Dubna-
Livermore-group produced two isotopes of Z = 114 element by bombarding 
244Pu with 48Ca and also Z = 116 by 48Ca + 248C m.(Fig. 3). Also these 
are cold-valley reactions ( in this case due to the combination of a spherical 
and a deformed nucleus), as predicted by Gupta, Sandulescu and Greiner10 in 
1977. There exist also cold valleys for which both fragments are deformed u , 
but these have yet not been veriled experimentally. The very recently reported 
Z = 118 isotope fused with the cold valley reaction13 68Kr + 208Pb by Ninov 
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et al. 14 yields the latest support of the cold valley idea, but this one needs 
confirmation. 

Studies of the shell structure of superheavy elements in the framework of the 
meson field theory and the Skyrme-Hartree-Fock approach have recently shown 
that the magic shells in the superheavy region are very isotope dependent5,1S 

(see Fig. 7). According to these investigations Z = 120 being a magic 
proton number seems to be as probable as Z = 114. Additionally, 
recent investigations in a chirally symmetric mean-field theory result also in the 
prediction of these two magic numbers39'41, see also below. The corresponding 
magic neutron numbers are predicted to be N = 172 and - as it seems to a 
lesser extend - iV = 184. Thus, this region provides an open field of research. 
R.A. Gherghescu et al. have calculated the potential energy surface of the Z = 
120 nucleus. It utilizes interesting isomeric and valley structures (Fig. 8). The 
charge distribution of the Z = 120, N = 184 nucleus indicates a hollow inside. 
This leads us to suggest that it might be essentially a fullerene consisting of 60 
a-particles and one additional binding neutron per alpha. This is illustrated in 
Fig 5. The protons and neutrons of such a superheavy nucleus are distributed 
over 60 a particles and 60 neutrons (forgetting the last 4 neutrons). 

The determination of the chemistry of superheavy elements, i. e. the cal
culation of the atomic structure — which is in the case of element 112 the shell 
structure of 112 electrons due to the Coulomb interaction of the electrons and 
in particular the calculation of the orbitals of the outer (valence) electrons — 
has been carried out as early as 1970 by B. Fricke and W. Greiner16. Hartree-
Fock-Dirac calculations yield rather precise results. 

The potential energy surfaces, which are shown prototypically for Z = 114 
in Fig 4, contain even more remarkable information that I want to mention 
cursorily: if a given nucleus, e. g. Uranium, undergoes fission, it moves in its 
potential mountains from the interior to the outside. Of course, this happens 
quantum mechanically. The wave function of such a nucleus, which decays by 
tunneling through the barrier, has maxima where the potential is minimal and 
minima where it has maxima. 

The probability for finding a certain mass asymmetry r) = — -p- of the 
Ai + Ai 

fission is proportional to ip*(r))il)(r))dT]. Generally, this is complemented by a 
coordinate dependent scale factor for the volume element in this (curved) space, 
which I omit for the sake of clarity. Now it becomes clear how the so-called 
asymmetric and superasymmetric fission processes come into being. They 
result from the enhancement of the collective wave function in the cold valleys. 
And that is indeed, what one observes. 

For large mass asymmetry (77 « 0.8, 0.9) there exist very narrow valleys. 
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Figure 5: Typical structure of the fullerene 6 0 C . The double bindings are illutsrated by 
double lines. In the nuclear case the Carbon atoms are replaced by a particles and the 
double bindings by the additional neutrons. Such a structure would immediately explain the 
semi-hollowness of that superheavy nucleus, which is revealed in the mean-field calculations 
within meson-field theories. The radial density of the nucleus with 120 protons and 172 
neutrons, as emerging from a meson-field calculation with the force NL-Z2 is shown on the 
right side. Note that the semi-bubble structure is mostly pronounced for this nucleus. When 
going to higher neutron numbers, this structures becomes less and less. 

They are not as clearly visible in Fig. 4, but they have interesting consequences. 
Through these narrow valleys nuclei can emit spontaneously not only a-particles 
(Helium nuclei) but also 1 4C, 2 0O, 24Ne, 28Mg, and other nuclei. Thus, we are 
lead to the cluster radioactivity (Poenaru, Sandulescu, Greiner17). 

By now this process has been verified experimentally by research groups 
in Oxford, Moscow, Berkeley, Milan and other places. Accordingly, one has 
to revise what is learned in school: there are not only 3 types of radioactivity 
(a-, /?-, 7-radioactivity), but many more. Atomic nuclei can also decay through 
spontaneous cluster emission (that is the "spitting out" of smaller nuclei like 
carbon, oxygen,...). Fig. 10 depicts some examples of these processes. 

The knowledge of the collective potential energy surface and the collective 
masses Bij(R,r}), all calculated within the Two-Center-Shell-Modell (TCSM), 
allowed H. Klein, D. Schnabel and J. A. Maruhn to calculate lifetimes against 
fission in an "ab initio" way18. The discussion of much more very interesting 
new physics cannot be persued here. We refer to the literature19 '20,21 '22 '23 '24 '25. 

The "cold valleys" in the collective potential energy surface are basic for 
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Figure 6: The fusion of element 112 with 7 0Zn as projectile and 2 0 8 P b as target nucleus has 
been accomplished for the first time in 1995/96 by S. Hofmann, G. Miinzenberg and their 
collaborators. The colliding nuclei determine an entrance to a "cold valley" as predicted as 
early as 1976 by Gupta, Sandulescu and Greiner. The fused nucleus 112 decays successively 
via a emission until finally the quasi-stable nucleus 2 5 3 F m is reached. The a particles as 
well as the final nucleus have been observed. Combined, this renders the definite proof of the 
existence of a Z = 112 nucleus. 

understanding this exciting area of nuclear physics! It is a master example for 
understanding the structure of elementary matter, which is so important 
for other fields, especially astrophysics, but even more so for enriching our 
"Weltbild", i.e. the status of our understanding of the world around us. 

Nuclei that are found in nature consist of nucleons (protons and neutrons) 
which themselves are made of u (up) and d (down) quarks. However, there also 
exist s (strange) quarks and even heavier flavors, called charm, bottom, top. 
The latter has just recently been discovered. Let us stick to the s quarks. They 
are found in the 'strange' relatives of the nucleons, the so-called hyperons (A, 
E, S, Ct). The A-particle, e. g., consists of one u, d and s quark, the S-particle 
even of an u and two s quarks, while the fi (sss) contains strange quarks only. 

If such a hyperon is taken up by a nucleus, a hyper-nucleus is created. 
Hyper-nuclei with one hyperon have been known for 20 years now, and were 
extensively studied by B. Povh (Heidelberg)28. Several years ago, Carsten 
Greiner, Jiirgen Schaffner and Horst Stocker29 theoretically investigated nuclei 
with many hyperons, hypermatter, and found that the binding energy per 
baryon of strange matter is in many cases even higher than that of ordinary 
matter (composed only of u and d quarks). This leads to the idea of extending 
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Neutron Number N 

Figure 7; Grey scale plots of proton gaps (left column) and neutron gaps (right column) in the 
N-Z plane for spherical calculations with the forces as indicated. The assignment of scales 
differs for protons and neutrons, see the uppermost boxes where the scales are indicated in 
units of MeV. Nuclei that are stable with respect to 0 decay and the two-proton dripline are 
emphasized. The forces with parameter sets SkI4 and NL-Z reproduce the binding energy of 
| | |108 (Hassium) best, i.e. \8E/E\ < 0.0024. Thus one might assume that these parameter 
sets could give the best predictions for the superheavies. Nevertheless, it is noticed that NL-Z 
predicts only Z = 120 as a magic number while SkI4 predicts both Z = 114 and Z = 120 
as magic numbers. The magicity depends — sometimes quite strongly — on the neutron 
number. These studies are due to Bender, Rutz, Burvenich, Maruhn, P.G. Reinhard et al. 
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+ *Sr 
3O4120-*»mYb + 132Sn 

Figure 8: Potential en
ergy surface as a func
tion of reduced elon
gation (R - Ri)/(Rt -
Ri) and mass asymme
try 17 for the double 
magic nucleus 3 0 4120. 
3 0 41201 84. 

the periodic system of elements in the direction of strangeness. 

One can also ask for the possibility of building atomic nuclei out of ant i
ma t t e r , that means searching e. g. for anti-helium, anti-carbon, anti-oxygen. 
Fig. 11 depicts this idea. Due to the charge conjugation symmetry antinuclei 
should have the same magic numbers and the same spectra as ordinary nuclei. 
However, as soon as they get in touch with ordinary matter, they annihilate 
with it and the system explodes. 

Now the important question arises how these strange matter and antimat
ter clusters can be produced. First, one thinks of collisions of heavy nuclei, e. g. 
lead on lead, at high energies (energy per nucleon > 200 GeV). Calculations 
with the URQMD-model of the Frankfurt school show that through nuclear 
shock waves 3§»31>32 nuclear matter gets compressed to 5-10 times of its usual 
value, pQ « 0.17 fin3, and heated up to temperatures of kT » 200 MeV. As 
a consequence about 10000 pions, 100 A?s, 40 E's and S's-and about as many 
antiprotons and many other particles are created in a single collision. It seems 
conceivable that it is possible in such a scenario for some A's to get captured 
by a nuclear cluster. This happens indeed rather frequently for one or two 
A-particles; however, more of them get built into nuclei with rapidly decreas
ing probability only. This is due to the low probability for Inding the right 
conditions for such a capture in the phase space of the particles: the numerous 
particles travel with every possible momenta (velocities) in all directions. The 
chances for hyperons and antibaryons to meet gets rapidly worse with increas-
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ing number. In order to produce multi-A-nuclei and antimatter nuclei, one has 
to look for a different source. 

In the framework of meson field theory within the mean-field approximation 
the energy spectrum of baryons in a nucleus has a peculiar structure, depicted 
in Fig. 12. It consists of an upper and a lower continuum, as it is known from 
the electrons (see e. g. 2 7 ) . The upper well represents the nuclear shell modell 
potential. It describes the overall structure throughout the nuclear table very 
well. 

Of special interest in the case of the baryon spectrum is the potential 
well, built of the scalar and the vector potential, which rises from the lower 
continuum. It is known since P.A.M. Dirac (1930) that the negative energy 
states of the lower continuum have to be occupied by particles (electrons or, 
in our case, baryons). Otherwise our world would be unstable, because the 
"ordinary" particles are found in the upper states which can decay through 
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Figure 9: Asymmetric (a) and symmetric (b) fission. For domminantly symmetric fissioning 
nuclei, also superasymmetric fission is recognizable, as it has been observed only a few years 
ago by the russian physicist Itkis — just as expected theoretically. 
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Figure 10: Cluster ra
dioactivity of actinide 
nuclei. By emission of 
1 4 C, 2 0 O, . . . "b ig 
leaps" in the periodic 
system can occur, just 
contrary to the known 
a, /?, 7 radioactivities, 
which are also partly 
shown in the figure. 

the emission of photons into lower lying states. However, if the "underworld" 
is occupied, the Pauli-principle will prevent this decay. Holes in the occupied 
"underworld" (Dirac sea) are antiparticles. This has been extensively discussed 
in the context of QED of strong fields (overcritical fields, decay of the vacuum 
from a neutral one into a charged one27). 

The occupied states of this underworld including up to 40000 occupied 
bound states of the lower potential well represent the vacuum. The peculiar
ity of this strongly correlated vacuum structure in the region of atomic nuclei 
is that — depending on the size of the nucleus — more than 20000 up to 40000 
(occupied) bound nucleon states contribute to this polarization effect. Obvi
ously, we are dealing here with a highly correlated vacuum. A pronounced 
shell structure can be recognized33,34,35. Holes in these states have to be in
terpreted as bound antinucleons (antiprotons, antineutrons). If the primary 
nuclear density rises due to compression, the lower well increases while the up
per decreases and soon is converted into a repulsive barrier (Fig. 13). This 
compression of nuclear matter can only be carried out in relativistic nucleus-
nucleus collision with the help of shock waves, which have been proposed by 
the Frankfurt schooP0'31 and which have since then been confirmed extensively 
(for references see e. g. 3 6 ) . These nuclear shock waves are accompanied by 
heating of the compressed nuclear matter. Indeed, density and temperature are 
correlated in terms of the hydrodynamic Rankine-Hugoniot-equations. Heating 
as well as the violent dynamics cause the creation of many holes in the very 
deep (measured from —MBC2) vacuum well and an equal number of particles 
(baryons) in the upper continuum. This is analogous to the dynamical e + e~ 
pair creation in heavy ion collisions. 36 

These numerous bound holes resemble antimatter clusters which are bound 
in the medium; their wave functions have large overlap with antimatter clusters. 
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Figure 11: The extension of the 
periodic system into the sec
tors of strangeness (5, S) and 
antimatter (Z, JV"). The stable 
valley winds out of the known 
proton (Z) and neutron (N) 
plane into the S and 5 sec
tor, respectively. The same can 
be observed for the antimatter 
sector. In the upper part of 
the figure only the stable val
ley in the usual proton (Z) and 
neutron (JV) plane is plotted, 
however, extended into the sec
tor of antiprotons and antineu-
trons. In the second part of 
the figure it has been indicated, 
how the stable valley winds 
out of the Z-JV-plane into the 
strangeness sector. This is due 
to an additional term propor
tional to (~| — ^ ) 2 in the mass 
formula. 

When the primary matter density decreases during the expansion stage of the 
heavy ion collision, the potential wells, in particular the lower one, disappear. 

The bound antinucleons are then pulled down into the (lower) continuum. 
In this way antimatter clusters may be set free. Of course, a large part of 
the antimatter will annihilate on ordinary matter present in the course of the 
expansion. However, it is important that this mechanism for the production of 
antimatter clusters out of the highly correlated vacuum does not proceed via 
the phase space. The required coalescence of many particles in phase space sup
presses the production of clusters, while it is favoured by the direct production 
out of the highly correlated vacuum. In a certain sense, the highly correlated 
vacuum is a kind of cluster vacuum (vacuum with cluster structure). The shell 
structure of the vacuum-levels (see Fig. 12) supports this latter suggestion. 
Fig. 14 illustrates this idea. 

* The mechanism is similar for the production of multi-hyper nuclei (A, E, 
S, 0 ) . Meson field theory predicts also for the A energy spectrum at finite 
primary nucleon density the existence of upper and lower wells. The lower well 
belongs to the vacuum and is fully occupied by A's. Dynamics and temperature 
then induce transitions (e.g. AA creation) and deposit many A's in the upper 
well. These numerous bound A's ( and similarly other hyperons) are sitting 
close to the primary baryons: in a certain sense a giant multi-A hypernucleus 
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Figure 12: Baryon spectrum in 
a nucleus. Below the positive 
energy continuum exists the 
potential well of real nucleons. 
It has a depth of 50-60 MeV 
and shows the correct shell 
structure. The shell model of 
nuclei is realized here. How
ever, from the negative con
tinuum another potential well 
arises, in which about 40000 
bound particles are found, be
longing to the vacuum. A part 
of the shell structure of the up
per well and the lower (vac
uum) well is depicted in the 
lower figures. 

has been created. When the system disintegrates (expansion stage) the.A's 
distribute over the nucleon clusters (which are most abundant in peripheral 
collisions). In this way multi-A hypernuclei can be formed. Also clusters of 
hyperons alone(A? S, ...) seem possible and quasistable 5»29 and the Bethe-
Weizsacker mass formula requires at least one additional term proportional to 
(/s — /s0)2? where fs/A is the strangeness content in a hypernucleus. 

Of course this vision has to be worked out and probably refined in many 
respects. This means much more and thorough investigation in the future. It is 
particularly important to gain more experimental information on the properties 
of the lower well by (e, e' p) or (e, e? p p') and also (pcPb? PcPb) reactions at 
high energy (pc denotes an incident antiproton from the continuum, pt is a 
proton in a bound state; for the reaction products the situation is just the 
opposite^7. Also the reaction (p, p ' d), (p, p? 3He)? (p, p? 4He) and others of 



118 

similar type need to be investigated in this context. The systematic scattering 
of antiprotons on nuclei can contribute to clarify these questions: Time-like 
momentum transfer is required here! The Nambu-Jona-Lasigno (NJL) model 
seems to give much smaller lower wells, but does not describe the shell model 
potentials. Studies of I. Mishustin, L. Satarov et al. to improve the NJL model 
for applications to nuclear und baryon-meson sectors are on the way. 

Problems of the meson field theory (e. g. Landau poles) can then be re
considered. An effective meson field theory has to be constructed. Various 
effective theories, e. g. of Walecka-type on the one side and theories with chiral 
invariance on the other side, seem to give different strengths of the potential 
wells and also different dependence on the baryon density 38. The Lagrangians 
of the Diirr-Teller-Walecka-type and of the chirally symmetric mean field the
ories look quantitatively quite differently. We exhibit them — without further 
discussion — in the following equations: 

£ = £kin + £BM + £vec + £ / + ^SB 

Non-chiral Lagrangian: 

Ad„ = ^sd^s + ^ z d ' z - \BIIVB>»' - \GfiVG»" - \F„VF»V 

£ B M = HB^B [hud11 - gUB7n^ - g^Bln^ - gpBlnTBP" 

-n^{l + TB)A^ -m*B]if>B 

£vec = -mlu}^ + -mlp^pi* + - m ^ < ^ 

Figure 13: The lower well rises 
strongly with increasing pri
mary nucleon density, and even 
gets supercritical (spontaneous 
nucleon emission and creation 
of bound antinucleons). Su-
percriticality denotes the situ
ation, when the lower well en
ters the upper continuum. 
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Figure 14: 
Due to the high temperature and the 
violent dynamics, many bound holes 
(antinucleon clusters) are created in 
the highly correlated vacuum, which 
can be set free during the expansion 
stage into the lower continuum. In this 
way, antimatter clusters can be pro
duced directly from the vacuum. The 
horizontal arrow in the lower part of 
the figure denotes the spontaneous cre
ation of baryon-antibaryon pairs, while 
the antibaryons occupy bound states 
in the lower potential well. Such a 
situation, where the lower potential 
well reaches into the upper continuum, 
is called supercritical. Four of the 
bound holes states (bound antinucle-
ons) are encircled to illustrate a "quasi-
antihelium" 

formed. It may be set free (driven into 
the lower continuum) by the violent 
nuclear dynamics. 

Chiral Lagrangian: 

-e^-(l+rB)A^ - m*B]i>B 

£vec = k V + l-m^ppf + I r n l ^ r + 9 ^ + 6 u V + p4) 
^ Xo * Xo 2 " W X § 

C, - f c o x V + C2) + fci(a2 + C2)2 + fe2(y + C ) + k3Xa*( - fc4X
4 
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The non-chiral model contains the scalar-isoscalar field s and its strange 
counterpart z, the vector-isoscalar fields w^ and </>M, and the the p-meson p^ as 
well as the photon A^. For more details see38 . In contrast to the non-chiral 
model, the SU{Z)L X SU(Z)R Lagrangian contains the dilaton field x introduced 
to mimic the trace anomaly of QCD in an effective Lagrangian at tree level (for 
an explanation of the chiral model see38 '39). 

The connection of the chiral Lagrangian with the Walecka-type one can 
be established by the substitution a = a0 — s (and similarly for the strange 
condensate £). Then, e.g. the difference in the definition of the effective nucleon 
mass in both models (non-chiral:m^ = m^ — gss, chirahm^ = gsa) can be 
removed, yielding: 

m*N — 9s<?o ~ 9sS = mN - gss (1) 

for the nucleon mass in the chiral model. 
Nevertheless, if the parameters in both cases (e.g. gs,gu,gP,Tns,b,c in 

the non-chiral case) are adjusted such that ordinary nuclei (binding energies, 
radii, shell structure,...) and properties of infinite nuclear matter (equilibrium 
density, compression constant K, binding energy) are well reproduced, the pre
diction of both effective Lagrangians for the dependence of the properties of the 
correlated vacuum on density and temperature is remarkably different. This 
is illustrated to some extend in Fig. 15. Accordingly, the chirally symmetric 
meson field theory predicts much higher primary densities (and temperatures) 
until the effects of the correlated vacuum are strong enough so that the mech
anisms described here become effective. In other words, according to chirally 
symmetric meson field theories the antimatter-cluster-production and multi-
hypermatter-cluster production out of the highly correlated vacuum takes place 
at considerably higher heavy ion energies as compared to the predictions of the 
Durr-Teller-Walecka-type meson field theories. This in itself is an interest
ing, quasi-fundamental question to be clarified. Moreover, the question of the 
nucleonic substructure (form factors, quarks, gluons) and its influence on the 
highly correlated vacuum structure has to be studied. The nucleons are possi
bly strongly polarized in the correlated vacuum: the A resonance correlations 
in the vacuum are probably important. Is this highly correlated vacuum state, 
especially during the compression, a preliminary stage to the quark-gluon clus
ter plasma? To which extent is it similar or perhaps even identical with it? It 
is well known for more than 10 years that meson field theories predict a phase 
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Figure 15: The po
tential structure of the 
shell model and the 
vacuum for various pri
mary densities p = po, 
4/9o, 14po- At left the 
predictions of ordinary 
Diirr-Teller-
Walecka-type theories 
are shown; at right 
those for a chirally 
symmetric meson field 
theory as develloped 
by P. Papazoglu, S. 
Schramm et al. 3 8-3 9 . 
Note however, that this 
particular chiral mean-
field theory does con
tain a;4 terms. If intro
duced in both effective 
models, they seem to 
predict quantitatively 
similar results. 

transition qualitatively and quantitatively similar to that of the quark-gluon 
plasma40 — see Fig. 16. 

The extension of the periodic system into the sectors hypermatter (strange
ness) and antimatter is of general and astrophysical importance. Indeed, mi
croseconds after the big bang the new dimensions of the periodic system we 
have touched upon, certainly have been populated in the course of the baryo-
and nucleo-genesis. Of course, for the creation of the universe, even higher 
dimensional extensions (charm, bottom, top) come into play, which we did not 
pursue here. It is an open question, how the depopulation (the decay) of these 
sectors influences the distribution of elements of our world today. Our con-
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Figure 16: The strong phase 
tran
sition inherent in Diirr-Teller-
Walecka-type meson field the
ories, as predicted by J. Theis 
et al. 4 0 . Note that there is a 
first order transition along the 
p-axis (i.e. with density), but 
a simple transition along the 
temperature T-axis. Note also 
that this is very similar to the 
phase transition obtained re
cently from the Nambu-Jona-
Lasinio-approximation of QCD 
42 

ception of the world will certainly gain a lot through the clarification of these 
questions. 

For the Gesellschaft fur Schwerionenforschung (GSI), which I helped ini
tiating in the sixties, the questions raised here could point to the way ahead. 
Working groups have been instructed by the board of directors of GSI, to think 
about the future of the laboratory. On that occasion, very concrete (almost 
too concrete) suggestions are discussed — as far as it has been presented to the 
public. What is necessary, as it seems, is a vision on a long term basis. The 
ideas proposed here, the verification of which will need the commitment for 
2—4 decades of research, could be such a vision with considerable attraction 
for the best young physicists. The new dimensions of the periodic system made 
of hyper- and antimatter cannot be examined in the "stand-by" mode at CERN 
(Geneva); a dedicated facility is necessary for this field of research, which can in 
future serve as a home for the universities. The GSI — which has unfortunately 
become much too self-sufficient — could be such a home for new generations 
of physicists, who are interested in the structure of elementary matter. 
GSI would then not develop just into a detector laboratory for CERN, and as 
such become obsolete. I can already see the enthusiasm in the eyes of young 
scientists, when I unfold these ideas to them — similarly as it was 30 years ago, 
when the nuclear physicists in the state of Hessen initiated the construction of 
GSI. 

I am grateful to Dipl.-Phys. Thomas Biirvenich for helping me in the tech
nical production of these proceedings. 

pltm3] «10'' 
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PARTIAL DYNAMICAL SYMMETRIES IN 
QUANTAL MANY-BODY SYSTEMS 

P. VAN I S A C K E R 

GANIL, BP 55027, F-14076 Caen Cedex 5, France 

Partial dynamical symmetries are associated with hamiltonians that are j)arita//y. 
solvable. A brief review is given of some recent developments. 

The determination of the properties of a quantal system of N interacting 
particles moving in an external potential requires the solution of the eigenvalue 
equation associated with the second-quantised hamiltonian 

H = ] P <r,a?a,- + ^ Vijuala^akai + •••. (1) 
i ij k I 

The operators a] and a,- are creation and annihilation operators for the par
ticles, characterised by an index i which labels a set of single-particle states 
in the confining potential and which also includes possible intrinsic quantum 
numbers such as spin, isospin, colour...The coefficients e* are single-particle 
energies and the Vijki are two-body interactions; higher-order interactions can 
be included in the expansion, if needed. The (unitary) Lie algebra generated 
by the operators a[aj over an appropriate set of single-particle states is called 
the spectrum generating (or also dynamical) algebra GSGA of the system. 

The solution of the eigenvalue problem for AT particles associated with (1) 
requires the diagonalisation of H in the symmetric representation [N] of GSGA 
in case of bosons or in the anti-symmetric representation [1N] of GSGA in case 
of fermions In many situations of interest, the hamiltonian will have a lower 
symmetry GSYM C GSGAI that is, H will commute with transformations that 
constitute a symmetry algebra GSYM- The enumeration of all hamiltonians 
of the type (1) that are analytically solvable and that conserve the symmetry 
GSYM requires the knowledge all nested algebraic chains of the type 

GSGA D G D G'D • • • D GSYM- (2) 

To appreciate the relevance of this classification, one notes that, associated 
with each chain (2) is a hamiltonian 

tf = £ K n G n [ G ] + £ < C „ [ G ' ] + ---, (3) 
n n 
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where Kfi Eire coefficients and Cn [G] denotes a Casimir invariant of the algebra 
G of order n in its generators. Since Cn[G] commutes with all elements of 
G (by definition), one can easily convince oneself that H in (3) is written 
as a sum of commuting operators; as a result its eigenstates are labelled by 
the quantum numbers associated with these commuting operators. Note that 
the condition of the nesting of the algebras is crucial for constructing a set 
of commuting operators and hence for obtaining an analytical solution. Also, 
although (3) is written in an abstract form in terms of Casimir invariants, it 
should be emphasised that it corresponds to a particular choice of the general 
hamiltonian (1) with the order of the interactions determined by the maximal 
order n of the invariants. Thus a generic scheme is established for finding all 
analytically solvable hamiltonians (1). 

This approach to find analytical eigensolutions for a system of interact
ing bosons and/or fermions has received prominence with the work of Arima 
and Iachello 1 who proposed a U(6) dynamical algebra for the description of 
collective nuclear excitations and showed that the subalgebraic structure of 
U(6) allows three types of analytical solutions, corresponding to vibrational, 
rotational and 7-soft nuclei. Similar ideas were later explored in molecular2 

and hadronic 3 physics. It should not be forgotten, however, that, although 
these symmetry methods certainly crystalised with the work of Arima and 
Iachello, they had been used before in different contexts and different models 
of physics in general. A few of these early examples are given in Table 1, where 
they are ordered according to increasing size of the dynamical algebra. The 
well-known Isobaric Multiplet Mass Equation (IMME) and the equally known 
Gell-Mann-Okubo mass formula can be viewed as immediate examples of dy
namical symmetry breaking of the type (3). A beautiful example in nuclear 
physics is Elliott's rotational SU(3) model in which Wigner's supermultiplet13 

degeneracy associated with SU(4) is lifted dynamically by the quadrupole in
teraction. Note also the existence of .F-spin multiplets in the context of the 
neutron-proton interacting boson model (IBM-2) as proposed by von Brentano 
et al.8 which allows, in analogy with isospin, to define an F-spin Multiplet Mass 
Equation (FMME). All nuclear physics examples of Table 1 are discussed in 
detail in a recent review 14. 

Since the work of Arima and Iachello, the theory of dynamical symme
tries has witnessed a further development due to Alhassid and Leviatan 15 

who showed that, although classifications (2) enumerate all completely solvable 
hamiltonians, it is possible to construct additional interactions that preserve 
solvability for part of the eigenstates. Alhassid and Leviatan developed their 
idea using an intrinsic-state formalism but the same results can also be ob
tained by a tensor decomposition of the interaction as the following example 
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Table 1: Some examples of spectrum generating algebras 

Spectrum 
generating 
algebra 
Isopin SU(2) 

Quasi-spin SU(2) 

F-spin SU(2) 

Flavour SU(3) 

Supermultiplet SU(4) 

sd-boson U(6) 

Origin of 
symmetry 
breaking 
Coulomb 
interaction 
Pairing 
interaction 
Vvv # V „ 

Strong 
interaction 
Quadrupole 
interaction 
Collective 
interactions 

Application 

Isobaric multiplets, 
IMME 
Seniority spectra 

F-spin multiplets, 
FMME 
Gell-Mann-Okubo 
mass formula 
Rotational bands 

Collective spectra 

Reference 

Heisenberg 4 

Wigner 5 

Racah6 

Kerman 7 

Brentano 8 

Gell-Mann9 

Okubo10 

Elliott11 

Arima and 
Iachello12 

illustrates. The starting point in this example is the SU(3) hamiltonian of the 
IBM with eigenstates \[N](\fi)KLML). The structure of the spectrum with 
SU(3) dynamical symmetry is illustrated in the left-hand panel of Figure where 
the lowest (ground, /? and 7) bands are shown. This spectrum is obtained with 
two Casimir operators, C*2[SU(3)] and C*2[SO(3)]; any additional one- or two-
body term leads to a non-solvable hamiltonian. It is, however, possible to find 
an interaction that preserves the analyticity of some of the states. To construct 
this interaction, it is necessary to perform an SU(3) tensor decomposition of 
the two-body interaction. The two-boson operators b'lmb't, , can be coupled to 
definite SU(3) quantum numbers, 

BU)LML « £ « 2 0 ) ' (20)/'|(A^)L>(6| x 6 j , ) $ , (4) 
w 

where {• • • • | • •) is a generalised coupling coefficient associated with SU(3) D 
S0(3). Any interaction between two-boson states can now be written as an 
interaction between the B)x -.LML. In addition, it is a simple matter of SU(3) 
coupling to show that 

B(02)o • B(02)o\[N](2N,0)LML) = B\02)2 • Bm2\[N](2N,0)LML) = 0, (5) 

that is, these interactions have the property of giving zero acting on specific 
SU(3) eigenstates such as the ground-band states |[7V](2JV, 0)LML). From this 
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SU(3) DS 

(27V, 0) (2N-4,2) 
K = 0 K = 2 

— 7+ 
— 6+ — 6 + 

— 10+ — 5 + 
4+ 4+ 

- 8 + 7 0 + T 2 

— 6+ 

4+ 
— 2+ 

- — o + 
g 

SU(3) PDS 

(27V, 0) (2N-4,2) 
A'= 2 

- 6 + _ 7 + ' 

— 4+ — 6 + 
10+ o+ 5+ 

— 0+ — 4 + -
' =11 

— 8+ 7 

— 6+ 

4+ 
2+ 

— o+ 
g 

Figure 1: Partial eigenspectrum of a hamiltonian with SU(3) dynamical symmetry (left) and 
with partial SU(3) dynamical symmetry (right). 

property and from the identity 

5(02)0 ' Ao2)o + B[m)2 • 5(o2)2 = ^ (2N(2N + 3) - C2[SU(3)]) , (6) 

one concludes that the hamiltonian 

K C 2 [ S U ( 3 ) ] + «'(72[SO(3)] + K"(B102)0 • 5 ( 0 2 ) 0 - B\m)2 • 5 ( 0 2 ) 2) (7) 

has \[N](2N,0)LML) as eigenstates. In fact, it can be shown15 that all states 
of the type \[N](2N - 2k,k)I< = k LML),k = 0 ,2 ,4 , . . . are eigenstates of (7); 
other SU(3) states, however, are not. For the lowest bands of an SU(3) spec
trum it means that the ground and the 7 bands are analytically solvable but 
that the /? band is not (see the right-hand panel of Figure ). 

It should be emphasised that the above procedure is generic: given a 
certain classification (2) any interaction can be decomposed into tensors asso
ciated with it, and conditions of the type (5) can be verified as a matter of 
routine. 

The property of this type of partial dynamical symmetry (PDS) can be 
summarised by stating that all labels associated with (2) remain good quantum 
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4 8+ 
4 6+ 
4 5 + 4 -

3 6 +
 A + 

3 = 4+ 

2 — 4 + 2 — 2 + 
1 2+ 
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~ 4 + 4 — 2 + 

3 0+ 

(Q x Q)<°> • 
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4+ 
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Figure 2: Partial spectra generated by the quadratic and cubic SO(6)-conservinginteractions 
{Q x Q)(°> and (Q x Q x <2) (0). All levels have SO(6) dynamical symmetry and those shown 
have <T = N. Boson numbers are N = 6 and JV = 15, respectively, and an L2 term is added 

to lift the degeneracy in L. 

numbers for part of the eigenstates. Recently, another possibility was pointed 
out 16 in which part of the labels remain good quantum numbers for all of 
eigenstates. The idea can be explained with reference to the general classifi
cation (2). Let G\ D (?2 D G3 be a set of nested algebras which may occur 
anywhere in the reduction (2). The observation is now simply that any hamil-
tonian which has G\. and Gz as dynamical symmetries does not necessarily 
also have Gi as a dynamical symmetry. It suffices to construct combinations 
of generators §i that belong to G\ but not to G-z and which are scalar in Gz 
(and hence conserve the associated labels T3) but admix representations T2 of 
Gi- Note that the resulting hamiltonian is in general not analytically solvable. 
Nevertheless, the occurrence of the quantum numbers Ti and T3 carries with 
it the existence of selection rules, hallmark of dynamical symmetries. 

Consider as an example the sequence SO(6) D SO(5) D SO(3) which 
occurs in the SO(6) limit of the IBM with eigenstates \[N]<TTLML). The 
above analysis provides a procedure for generating tr-conserving, r-violating 
interactions. The generators y,- contained in SO(6) but not in SO(5) are the 
five components of the quadrupole operator Qp = (s^ x d + tf x s)^\ On 
the basis of SO(5) multiplication rules it can be shown 16 that the quadratic 
SO(3)-scalar (<5xQ)(°) conserves SO(6) and SO(5). However, the cubic SO(3)-
scalar (Q x Q x Q)^ is an example of a «r-conserving, r-violating interaction. 
The spectra generated by the (Q x Q)(°) and (Q x Q x Q)(°) interactions are 
different as is illustrated in Figure . Nevertheless, all states shown in the figure 
have good SO(6) symmetry. Another example of this type of PDS concerns the 
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reduction U(6) D G D SO(5). It is possible to construct an IBM-1 hamiltonian 
that conserves neither U(5) nor SO(6) but still keeps the SO(5) label as was 
pointed out some time ago17 . Other examples have been found in IBM-218,19. 

As a final remark it should be noted that PDS may occur anywhere in 
physics. The concept transcends the IBM and examples in other branches of 
physics should be investigated. 
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Laser spectroscopy is routinely applied to radioisotopes to measure ground state 
moments and changes in the nuclear mean square charge radii. Similar techniques 
may be applied to isomers but the scope of these studies is severely limited by 
short lifetimes and low production rates. Techniques involving laser resonance 
ionization are being developed at the IGISOL facility, Jyvaskyla, which will work 
in the millisecond lifetime range with very high sensitivity. 

1 Introduction 

Isotope shifts in optical transitions are uniquely sensitive to changes in the 
nuclear mean square charge (MSC) radii 1. Nuclear features which can be 
studied via measurements of the MSC radii are (i) the proton density in the 
nuclear interior (which is slightly affected by the addition or removal of neu
trons) and (ii) the deformation of the nucleus. Separating the contribution for 
each of these effects can be difficult but in cases where they are reasonably 
understood, there is the potential to isolate a third contributing factor which 
arises from changes in the diffuseness of the nuclear surface. The diffuseness is 
affected by changes in pairing correlations in the nuclear wavefunctions. Iso
mer shifts in deformed nuclei may be a particularly good place to study this 
effect since blocking by quasi-particle configurations in the isomer will reduce 
the pairing compared to its ground state. Indeed there are two published re
sults for deformed high spin isomers (178Hf(16+)2, 17"7Lu(23/2~")3) which may 
already show the effect of reduced pairing. 

Laser techniques for isomers have to address the problems associated with 
short lifetimes and low production rates. We are developing some potentially 
very sensitive techniques involving laser-induced ionization at the IGISOL fa
cility at Jyvaskyla which may be suitable for isomers with lifetimes down to 
around one millisecond. 

2 Laser spectroscopy at the IGISOL facility, Jyvaskyla 

The gas-catcher system used in the IGISOL ion source has proved to be an 
excellent way of providing radioactive ion beams of any element within a few 

mailto:j.billowes@man.ac.uk
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milliseconds of their production. The large energy spread of the extracted 
beam has been dramatically reduced with the new gas-filled RF quadrupole 
"ion cooler" in the mass-separated beam line. The quality of the cooled 
ion beam is ideal for the standard technique of collinear laser spectroscopy. 
This is a Doppler-free method which uses the ion sample very efficiently. The 
laser-ion interaction region of our beam line is shown in figure 1. All ions 
can be brought simultaneously onto resonance with a narrow-bandwidth laser 
beam. The main inefficiency is in the detection of the fluorescent photons 
which suffers from poor quantum efficiencies of photomultiplier tubes (5-20%) 
and small solid angles for light collection. The background from scattered laser 
light is an important issue since the main gains in sensitivity (for a fixed ion 
beam flux) come from eliminating the background. 

beam 
Lenses—-

--=0= 

.S._*.J»;S8L.JL... 

I M J 

E3GDCS 

electrostatic 
deflector 

0= 

Segmented 

A La 
\J beam 

MicroChannel 
Plates 

Figure 1: The laser-ion interaction region. 

The ion cooler, shown in figure 2, now provides an easy and effective tech
nique for reducing the background. Ions from the IGISOL can be accumulated 
for hundreds of milliseconds in the RFQ by applying a small positive voltage 
at the exit point. The ions are released in a 10 - 20 jus bunch when the voltage 
is removed. The photon events in the detector (see figure 1) are therefore only 
accepted when an ion bunch is passing through the light-collection region. The 
main background from scattered laser light can be reduced by a factor of up 
to 105 using a 1 second accumulation time and bunching to 10 /is. 

A similar background rejection can be as easily achieved in neutral atom 
laser spectroscopy where a charge-exchange cell is inserted immediately before 
the laser-atom interaction region (the left-hand end of figure 1) to prepare a 
fast, bunched atomic beam. 
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Voltages relative to cooler (39.9 kV) 
40 keV ions Axial field: +6 V +3 V +1 V 0 V 

by viscous collisions re-accelerated to 39.9 keV 

F i g u r e 2: T h e gas-filled R F Q ion cooler. 

3 Doppler-free resonance ionization spectroscopy 

In resonance ionization spectroscopy, pulsed lasers of several colours are used 
to sequentially promote an electron from the atom's ground state to the ion
ization limit. The resonance frequency for one of the atomic transitions in the 
ionization scheme can be located by measuring the ion production rate as a 
function of laser frequency. Employing the combination of the IGISOL and 
ion cooler as a pulsed ion source, it becomes possible to perform fully Doppler-
free resonance ionization spectroscopy (in the manner of Schulz et al. 4) on 
bunched-atom beams with no duty cycle losses even when using short-pulsed 
lasers with low repetition rates. The atoms are laser-ionized in the left-hand 
half of the interaction region (figure 1) and deflected onto channelplates for 
counting. Since the laser resonance is located by the measurement of the ion 
yield (rather than the photon yield) the detection efficiency is improved by 
several orders of magnitude. 

Pulsed lasers must be used to achieve the necessary power density. Pulse 
widths are of the order of 10 ns. The physical length of a 10 /j,s atom bunch in 
the beam line is about two metres and the short laser pulse can cover the entire 
sample. It is advantageous to squeeze the bunch to even smaller dimensions 
to reduce background from collisional ionization (acou « 10 - 1 5 cm2). Simula
tions 5 show shorter bunching is possible but at the expense of a higher beam 
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energy spread (a 1 ^s bunch will have an additional spread of about 3 eV). 
This is quite acceptable since the atoms would still be on resonance within 
the (Fourier-limited) bandwidth of the pulsed laser. This method would be 
suitable for nuclear lifetimes down to 10 ms. 

4 Resonance ionization in the IGISOL gas volume 

For shorter-lived nuclei it would be possible to perform the laser ionization 
spectroscopy in the gas volume of the IGISOL. The laser-induced ions are then 
extracted from the IGISOL in the normal way, accelerated and mass-separated 
before being counted individually on channelplates. The concept is similar to 
that used at the IGLIS facility 6 except that the operating conditions must 
be chosen to optimize isotope shift measurements rather than ion production 
rates. The method suffers the full room-temperature Doppler broadening with 
a further contribution from pressure broadening due to the buffer gas. For 
the heavy elements, where isotope shifts and hyperfine structures are generally 
comparable or larger than the Doppler width, a useful accuracy is still obtained. 
We have collected ion-yield spectra under various conditions for bismuth atoms 
seeded in the helium gas flow. We used a two-step ionization scheme (306.7nm, 
355nm) with the light generated by a 50 Hz Nd:YAG pulsed laser system. Our 
plans are to continue these measurements on heavy element recoils from open 
a-sources positioned in the gas volume of the IGISOL. 

5 Acknowledgements 

The work described in this paper is being carried out by a collaboration in
volving the universities of Manchester (P. Campbell, I.D. Moore, R. Moore, 
G. Yeandle and J.B.), Birmingham (D.H. Forest, J.A.R. Griffith, H.L. Thayer 
and G. Tungate) and Jyvaskyla (P. Dendooven, J. Huikari, A. Jokinen, A. 
Nieminen and J. Aysto). 

References 

1. J. Billowes and P. Campbell, J. Phys. G: Nucl. Part. Phys. 21, 707 
(1995) 

2. N. Boos et a/., Phys. Rev. Lett. 72, 2689 (1994) 
3. U. Georg et a/., Eur. Phys. Journ. A 3, 225 (1998) 
4. Ch. Schulz et al, J. Phys. B: At. Mol. Opt. Phys. 24, 4831 (1991) 
5. A. Nieminen, Private communication. 
6. L. Vermeeren et al. Nucl. Instrum. Methods B 126, 81 (1997) 



137 

RECENT DEVELOPMENTS OF 
THE NUCLEAR SHELL MODEL 

TAKAHARU OTSUKA 
Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan 

RIKEN, Hirosawa, Wako-shi, Saitama 351-0198, Japan 
E-mail: otsuka@phys.s.u-tokyo.ac.jp 

Two recent developments of the nuclear shell model are presented. One is a 
breakthrough in computational feasibility owing to the Monte Carlo Shell Model 
(MCSM). By the MCSM, the structure of low-lying states can be studied with 
realistic interactions for a wide, nearly unlimited basically, variety of nuclei. The 
magic numbers are the key concept of the shell model, and are different in exotic 
nuclei from those of stable nuclei. Its novel origin and robustness will be discussed. 

1 Introduction 

1 talk about two recent developments in the nuclear shell model. One is a dras
tic change of the feasibility of the shell model calculations due to Monte Carlo 
Shell Model. I will talk about this point first by showing several examples. 
The other is more fundamental: new magic numbers in exotic nuclei. In ex
otic nuclei far from the ,5-stability line, some usual magic numbers disappear 
while new ones arise. This is a very intriguing problem, and its mechanism is 
related to basic properties of nucleon-nucleon interaction in a very robust way. 
The second part of my talk is on this very exciting and newest development. 

2 Monte Carlo Shell Model 

The nuclear shell model has been started by Mayer and Jensen in 1949 1 as a 
single-particle model. Afterwards, many valence particles are treated in the 
shell model, which then became a many-body theory or calculational method. 
A good example can be found in the sd shell 2. The nuclear shell model 
has been successful in the description of various aspects of nuclear structure, 
partly because it is based upon a minimum number of natural assumptions, 
and partly because all dynamical correlations in the model space, beyond 
the mean-field calculations, can be incorporated appropriately. Although the 
direct diagonalization of the Hamiltonian matrix in the full valence-nucleon 
Hilbert space is desired, the dimension of such a space is too large in many 
cases, preventing us from performing the full calculations. Indeed, the shell 
model dimension is large, and the actual calculation becomes very difficult. By 
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recent (conventional) shell-model codes like ANTOINE by Caurier 3 , VECSSE 
by Sebe 4 or MSHELL by Mizusaki 5 , one can handle up to shell model 
dimension ~ 100 million at technical edge, while practical calculations up to 
a few tens million dimension can be done. 

Although the conventional shell model calculation has thus been devel
oped significantly, the dimension can be much larger in many real nuclei and 
is indeed much beyond the reach of the future development. For instance, 
certain unstable nuclei being studied require calculations with more than 1 
billion dimension. This is already very far beyond the limit of the existing 
conventional shell-model codes. 

In order to overcome those difficulties, one has to introduce an alternative 
approach. That is stochastic methods to many-body problems. We now turn 
to this subject. 

The Shell Model Monte Carlo (SMMC) method has been proposed first 
6 , but it turned out that the SMMC is not very suitable for investigating 
level structure or transitions between eigenstates, partly due to the so-called 
minus-sign problem. 

The Quantum Monte Carlo Diagonalization (QMCD) method has been 
proposed several years later by Honma, Mizusaki and myself 7. In the QMCD 
method, we select only basis states important to the eigenstate to be obtained. 
We then diagonalize the Hamiltonian matrix in a good approximation with 
those important bases 8.9»10'11. The application of the QMCD method to the 
nuclear shell model is called the Monte Carlo Shell Model (MCSM). 
There have been several reports already on such applications 12>13>14,i5) s o m e 

of which are mentioned in the talk. In particular, Scissors sum-rule investi
gated by Brentano and his collaborators has been tested by Shimizu et al. 14 

microscopically for the first time. 

3 Magic numbers of exotic nuclei 

The magic number is the most fundamental quantity governing the nuclear 
structure. The nuclear shell model has been started by Mayer and Jensen 
by identifying the magic numbers and their origin x. The study of nuclear 
structure has been advanced on the basis of the shell structure associated 
with the magic numbers. This study, on the other hand, has been made 
predominantly for stable nuclei, which are on or near the /3-stability line in the 
nuclear chart. This is basically because only those nuclei have been accessible 
experimentally. In such stable nuclei, the magic numbers suggested by Mayer 
and Jensen remain valid, and the shell structure can be understood well in 
terms of the harmonic oscillator potential with a spin-orbit splitting. 
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Figure 1. Effective single-particle energies of neutrons of O isotopes. 

Recently, studies on exotic nuclei far from the /3-stability line have started 
owing to development of radioactive nuclear beams. The magic numbers in 
such exotic nuclei can be a quite intriguing issue. We shall show 17 that new 
magic numbers appear and some others disappear in moving from stable to 
exotic nuclei in a rather novel manner due to a particular part of the nucleon-
nucleon interaction. 

In order to understand underlying single-particle properties of a nucleus, 
we can make use of effective (spherical) single-particle energies (ESPE's), 
which represent mean effects from the other nucleons on a nucleon in a spec
ified single-particle orbit. The two-body matrix element of the interaction 
depends on the angular momentum J, coupled by two interacting nucleons in 
orbits j \ and ji- Since we are investigating a mean effect, this J-dependence is 
averaged out with a weight factor (2J+1) , and only diagonal matrix elements 
are taken. Keeping the isospin dependence, T=0 or 1, the so-called monopole 
Hamiltonian is thus obtained with a matrix element 18>13: 

Vi 3l}2 for T = 0, 1, (1) 
E J ( 2 J + l ) < j l J 2 | V r | j l J 2 > J T 

£,(2J + i) 
where < jiJ2\V\j'1f2 >JT stands for the matrix element of a two-body inter
action, V. 

The ESPE is evaluated from this monopole Hamiltonian as a measure 
of mean effects from the other nucleons. The normal filling configuration is 
used. Note that, because the J dependence is taken away, only the number of 
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nucleons in each orbit matters. As a natural assumption, the possible lowest 
isospin coupling is assumed for protons and neutrons in the same orbit. The 
ESPE of an occupied orbit is defined to be the separation energy of this orbit 
with the opposite sign. Note that the separation energy implies the minimum 
energy needed to take a nucleon out of this orbit. The ESPE of an unoccupied 
orbit is defined to be the binding energy gain by putting a proton or neutron 
into this orbit with the opposite sign. 

In Fig. 1, ESPE's are shown for O isotopes. The Hamiltonian and the 
single-particle model space are the same as those used in Utsuno et a/.13, where 
the structure of exotic nuclei with 7V~20 has been successfully described 
within a single framework. 

A significant gap is found at iV=16 with the energy gap between the CW3/2 
and lsi/2 orbits equal to about 6 MeV. This is a quite large gap comparable 
to the gap between the sd and pf shells in 40Ca. The neutron number JV=16 
should show features characteristic of magic numbers as pointed out by Ozawa 
et al.20 for observed binding energy systematics. A figure similar to Fig. 1 was 
shown by Brown21 for the USD interaction 2, while only nuclei with subshell 
closures were taken. Basically because the 0^3/2 orbit has positive energy 
as seen in Fig. 1, O isotopes heavier than 2 4 0 are unbound for the present 
Hamiltonian in agreement with experiments 22>23, whereas the 0^3/2 orbit has 
negative energy for the USD interaction 21. 

One finds that the gap between the 0^3/2 and lsi/2 orbits is basically con
stant within a variation of ~ ±1 MeV. In lighter O isotopes, valence neutrons 
occupy predominantly Ods/2 and this gap does not make much sense to the 
ground or low-lying states. The gap becomes relevant to those states only for 
JV>14. Thus, the large 0d3/2-lsi/2 gap exists for 0 isotopes in general, while 
it can have major effects on the ground state for heavy O isotopes, providing 
us with a magic nucleus 2 4 0 at N=16. 

Figure 2 shows the effective 0d3/2-lsi/2 gap, i.e., the difference between 
ESPE's of these orbits, in N=16 isotones with Z=8~20 for three interactions: 
"Kuo" means a G-matrix interaction for the sd shell calculated by Kuo 24, 
and USD was obtained by adding empirical modifications to "Kuo" 2. The 
present shell-model interaction is denoted SDPF hereafter, and its sd-shell 
part is nothing but USD with small changes 13. Steep decrease of this gap 
is found in all cases, as Z departs from 8 to 14. In other words, a magic 
structure can be formed around Z=8, but it should disappear quickly as Z 
deviates from 8 because the gap decreases very fast. The slope of this sharp 
drop is determined by V ^ 0 ^ in eq. (1), where the dominant contribution 
is from T=0. 

The gap can be calculated from the Woods-Saxon potential. The resultant 
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Figure 2. Effective ls1/2-0d3/2 gap in iV=16 isotones as a function of Z. Shell model 
Hamiltonians, SDPF, USD and "Kuo" are used. See the text. 

gap is rather flat, and is about half of the SDPF value for Z=8. 
The occupation number of the neutron l s i / 2 is calculated by Monte Carlo 

Shell Model10 with full configuration mixing for the nuclei shown in Fig. 2. It 
is nearly two for 2 4 0 as expected for a magic nucleus, but decreases sharply as 
Z increases. It remains smaller (< 1.5) in the middle region around Z=14, and 
finally goes up again for Z~20. This means that the N=16 magic structure is 
broken in the middle region of the proton sd shell, where deformation effects 
also contribute to the breaking. The iV=16 magic number is thus quite valid 
at both ends. It is of interest that the gap becomes large again for larger Z, 
due to other monopole components. 

We now discuss, in more detail, the sharp drop of the gap indicated in 
Fig. 2 for Z moving away from 8. This drop is primarily due to the rapid 
decrease of the 0d3/2 ESPE for neutrons. Figure 3 shows ESPE's for 30Si and 
2 4 0 , both of which have i\r=16. Note that 30Si has six valence protons in the 
sd shell on top of the Z=8 core and is indeed a stable nucleus, while 2 4 0 has 
no valence proton in the usual shell-model. In Fig. 3, the neutron 0d3 /2 and 
lsi/2 are rather close to each other, while keeping certain gaps from the other 
orbits. Thus, the 0d3/2-ls!/2 gap becomes smaller as seen in Fig. 2 (a). 

In Fig. 3 (b), shown are ESPE's for an exotic nucleus, 2 4 0 . The 0d3/2 is 
lying much higher, very close to the pf shell. A considerable gap (~ 4 MeV) 
is between the 0d3/2 and the pf shell for the stable nucleus 30Si, whereas an 
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Figure 3. ESPE's for (a) 3 0Si and (b) 2 4 0 , relative to 0d 5 / 2 . (c) The major interaction 
producing the basic change between (a) and (b). The process relevant to the intearction in 
to-

even larger gap (~ 6 MeV) is found between 0d3/2 and lsi/2 for 2 4 0 . The 
basic mechanism of this dramatic change is the strongly attractive interaction 
shown schematically in Fig. 3 (c), where j> = I +1/2 and j< —1-1/2 with 
I being the orbital angular momentum. In the present case, 1—2. One now 
should remember that valence protons are added into the 0d5/2 orbit as Z 
increases from 8 to 14. Due to a strong attraction between a proton in 0d5/2 
and a neutron in 0^3/2, as more protons are put into 0d5/2, a neutron in 0d3/2 
is more strongly bound. Thus, the 0^3/2 ESPE for neutrons is so low in 30Si 
as compared to that in 2 4 0 . 

The process illustrated in Fig. 3 (d) produces the attractive interaction 
in Fig. 3 (c). The NN interaction in this process is written as 

VTO=T-T ff-ff/T„(r). (2) 
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Here, the symbol "•" denotes a scalar product, r and a stand for isospin and 
spin operators, respectively, r implies the distance between two interacting 
nucleons, and fTa is a function of r. In the long range (or no r-dependence) 
limit of fTl7(r), the interaction in eq.(2) can couple only a pair of orbits with 
the same orbital angular momentum I, which are nothing but j> and j < . 

The a operator couples j > to j< (and vice versa) much more strongly 
than j> to j> or j < to j< . Therefore, the spin flip process is more favored 
in the vertexes in Fig. 3 (d). The same mathematical mechanism works for 
isospin: the r operator favors charge exchange processes. Combining these 
two properties, VTa produces large matrix elements for the spin-flip isospin-
flip processes: proton in j > —> neutron in j < and vice versa. This gives rise to 
the interaction in Fig. 3 (c). This feature is a general one and is maintained 
with frair) m eQ-(2) with reasonable r dependences. 

Although VTU yields sizable attraction between a proton in j> and a 
neutron also in j > , the effect is weaker than in the case of Fig. 3 (c). 

In stable nuclei with N~Z with ample occupancy of the j> orbit in the 
valence shell, the proton (neutron) j< orbit is lowered by neutrons (protons) 
in the j > orbit. In exotic nuclei, this lowering can be absent, and then the 
j< orbit is located rather high, not far from the upper shell. In this sense, 
the proton-neutron j>-j< interaction enlarges a gap between major shells for 
stable nuclei with proper occupancy of relevant orbits. 

The origin of the strongly attractive VT(T is quite clear. The One-Boson-
Exchange-Potentials (OBEP) for 7r and p mesons have this type of terms as 
major contributions. While the OBEP is one of major parts of the effective 
NN interaction, the effective NN interaction in nuclei can be provided by 
the G-matrix calculation with core polarization corrections. Such effective 
NN interaction will be called simply G-matrix interaction for brevity. The 
G-matrix interaction should maintain the basic features of meson exchange 
processes, and, in fact, existing G-matrix interactions generally have quite 
large matrix elements for the cases shown in Fig. 3 (c) 25. 

We would like to point out that the l/Nc expansion of QCD by Kaplan 
and Manohar indicates that VTa is one of three leading terms of the NN 
interaction 26. Since the next order of this expansion is smaller by a factor 
(1/NC)2, the leading terms should have rather distinct significance. 

We now turn to exotic nuclei with JV~20. The ESPE has been evaluated 
for them by Utsuno et al.13. The small effective gap between 0^3/2 and the pf 
shell for neutrons is obtained, and is found to play essential roles for various 
anomalous features. This small gap is nothing but what we have seen for 2 4 0 
in Fig. 3 (b). Thus, the disappearance of ./V=20 magic structure in Z=9~14 
exotic nuclei and the appearance of the new magic structure in 2 4 0 have the 
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Figure 4. Energy levels for (a) 1 3 C, (a) 1 0Li and (c) 9He, relative to the state corresponding 
to the experimental ground state. The results calculated from the PSDMK2 interaction and 
those from the present interaction are shown in comparison to experiments. Hatched area 
indicate continumm states with resonance(-like) structures. 

same origin: VT(T. 
A very similar mechanism works for p-shell nuclei. We consider the struc

ture of a stable nucleus 13C, and exotic nuclei 10Li and 9He, all of which have 
N=7. The model space consists of the p and sd shells with the 4He core. 
The PSDMK2 Hamiltonian 27 is frequently used for nuclei in this region, and 
the levels obtained from it are shown in Fig. 4. The experimental levels are 
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reproduced well for 13C 28, whereas notable diaviations are found in 10Li and 
9He 29 '30. Here, the experimental levels of 10Li and 9He are in continuum, and 
we compare their resonance(-like) energies to the shell-model calculations. By 
coupling these shell model states to continuum states, their energies should 
be shifted, but we do not include this shift for simplicity. 

The p-shell part of PSDMK2 Hamiltonian is the so-called Cohen-Kurath 
(CK) Hamiltonian 31, where single-particle energies of OP3/2 and Opi/2 are 
1.38 and 1.68 MeV, respectively. These energies correspond to the observed 
spectra of 5He: 1.15 and ~5 MeV for these orbits, respectively. We use 
these observed values as single particle energies. On the other hand, Opi/2 

is too low in PSDMK2. As compared to the G-matrix interaction 25, the 
interaction in Fig. 3 (c) for the p-shell is too weak in CK, and is modified 
so that its T=0 monopole component becomes more attractive by 2 MeV. 
Thus, the Hamiltonian is modified only for three parameters, so as to be more 
consistent with experiment or G-matrix interaction. Figure 4 (a) indicates 
that the levels of 13C calculated from the present Hamiltonian is similar to the 
ones obtained from PSDMK2, because higher-lying 0pi/2 is pulled down by a 
stronger T=0 OP3/2-OP1/2 monopole interaction and the OP3/2 occupancy. 

We then carry out calculations for 10Li and 9He. The experimental 
ground-state spin-parity is reproduced for 9He, whereas PSDMK2 fails even 
for the ordering of the states. Although the ESPE of Opi/2 is still slightly 
below that of lsi/2 in 9He, many-body correlations including pairing lower a 
1/2+ eigenstate below 1/2 - because of more holes in the p shell. Substantial 
improvement is found also for 10Li. Thus, we achieve a reasonable description 
of stable and exotic nuclei of N=7. The neutron Opi/2 orbit becomes higher 
as the nucleus loses protons in its spin-flip partner 0p3/2 . The N=8 magic 
structure then disappears, and iV=6 becomes magic, similarly to iV=16 magic 
number in sd shell. As a consequence, 8He is well bound, whereas 9He is not 
bound. This is analogous to the situation that 2 4 0 is well bound, but 2 5 0 is 
unbound. 

Moving back to heavier nuclei, from the strong interaction in Fig. 3 (c), 
we can predict other magic numbers, for instance, iV=34 associated with the 
0/7/2-0/5/2 interaction. In heavier nuclei, O57/2, O/19/2, etc. are shifted upward 
in neutron-rich exotic nuclei, disturbing the magic numbers iV=82, 126, etc. 
It is of interest how the r-process of nucleosynthesis is affected by it. 

In conclusion, we showed how magic numbers are changed in nuclei far 
from the /^-stability line: N=6, 16, 34, etc. can become magic numbers in 
neutron-rich exotic nuclei, while usual magic numbers, N=8, 20, 40, etc., 
may disappear. Since such changes occur as results of the nuclear force, 
there is isospin symmetry that similar changes occur for the same Z values 
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in mirror nuclei. The mechanism of this change can be explained by the 
strong attractive VTI7 interaction which has robust origins in OBEP, G-matrix 
and QCD. In fact, simple structure such as magic numbers should have a 
simple and sound basis. Since it is unlikely that a mean central potential can 
simulate most effects of VTa, we should treat VTa rather explicitly. It is nice 
to build a bridge between very basic feature of exotic nuclei and the basic 
theory of hadrons, QCD. In existing Skyrme HF calculations except for those 
with Gogny force, effects of VTCJ may not be well enough included, because 
the interaction is truncated to be of 5-function type. The Relativistic Mean 
Field calculations must include pion degrees of freedom to be consistent with 
VT<T. Thus, the importance of VTa opens new directions for mean field theories 
of nuclei. Loose-binding or continuum effects are important in some exotic 
nuclei. By combining such effects with those discussed in this talk one may 
draw a more complete picture for the structure of exotic nuclei. Finally, we 
would like to mention once more that the VTa interaction should produce 
large, simple and robust effects on various properties, and may change the 
landscape of nuclei far from the /^-stability line in the nuclear chart. 
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We discuss the no-core shell model approach, an ab initio method with effective 
Hamiltonians derived from realistic nucleon-nucleon (NN) potentials as a function 
of the finite harmonic-oscillator (HO) basis space. We present results for three 
and four nucleon systems in model spaces that include up to 50ftf2 and 18ftn HO 
excitations, respectively. For these light systems we are in agreement with results 
obtained by other exact methods. Also, we calculate the properties of 6Li and 6He 
in model spaces up to lOhQ, and of 1 2C for model spaces up to 6hCl. 

1 Introduction 

While various methods have been developed to solve the three- and four-
nucleon systems with realistic interactions1 '2 '3 '4, few approaches are suitable 
for heavier nuclei at this time. Beyond A = 4 the Green's function Monte 
Carlo method is the only approach for which exact solutions of systems with 
A < 8 have been obtained4. 

For both few-nucleon systems and the p-shell nuclei, treated as systems of 
nucleons interacting by realistic NN interactions, we apply the no-core shell-
model (NCSM) approach5 '6 '7 '8. In this method, effective interactions apropri-
ate for a given finite model space are utilized. In its new formulation 7 '8 the 
calculation depends only on the HO frequency and the model space size and 
is guaranteed to converge to an exact solution once a sufficiently large size of 
the model space is reached. 

In the standard approach of this method, with the single-particle coordi
nate HO basis utilized, the effective interaction is determined for a system of 
two nucleons bound in a HO well and interacting by the NN potential. We 
present our results for A = 6 systems as well as for 12C obtained in this way. 

Alternatively, for very light systems, it is possible to re-formulate the shell-
model problem in a translationally-invariant way. Recently, we combined the 
NCSM approach to the three- and four-nucleon systems with the use of anti-
symmetrized translationally invariant HO basis7. This allows us to extend the 

"On leave of absence from Nuclear Physics Institute, AS CR, 250 68 Rez near Prague, Czech 
Republic. 
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shell-model calculations to achieve convergence for A = 3 and 4. 

2 No-core shell-model approach 

We start from the one- plus two-body Hamiltonian for the A-nucleon system, 

i.e., HA = Yli=i 2̂ T + 22i<j=i ^(ri-fj), where m is the nucleon mass and VN, 
the NN interaction. In the next step, we modify this Hamiltonian by adding 
to it the center-of-mass HO potential ^AmQ,2it2, R = -j ~52?=i ^i- The effect 
of this potential will be subtracted in the final many-body calculation and it 
does not influence the intrinsic properties of the many-body system. It permits 
the use of the convenient HO basis and provides a mean field that facilitates 
the calculation of the effective interaction. The modified Hamiltonian, with a 
pseudo-dependence on the HO frequency U, can be cast into the form 

i = i 

A 

*S = E & + ?»«'* + £ 
j < j = i 

VN{fi -fj)- -^j-in ~ rj)'2 
(1) 

Since we solve the many-body problem in a finite HO model space, the 
realistic nuclear interaction in Eq. (1) will yield pathological results unless 
we derive a model-space dependent effective Hamiltonian. In general, for an 
A-nucleon system, an A-body effective interaction is needed. As discussed 
further, we approximate this effective interaction by a two- or a three-body 
effective interaction. Large model spaces are then desirable to minimize the 
role of neglected effective many-body terms. 

For the derivation of the effective interaction, we adopt the approach pre
sented by Lee and Suzuki9. We make use of a unitary transformation of the 
Hamiltonian by choosing a translationally invariant, antihermitian operator S 
such that Ti = e~sH^es. In general, both S and the transformed Hamiltonian 
are A-body operators. Our simplest, non-trivial approximation to ~H is to de
velop a two-body effective Hamiltonian. The next improvement is to develop a 
three-body effective Hamiltonian. In the two-body approximation, the trans
formed interaction is obtained as Vu = e~s,2(hi + h2 + Vi2)eSl2 - (hi + h2). 
The terms hi and V\2 correspond to the one- and two-body terms in Eq. (1). 
The full space is then divided into a model, or P-space, and an excluded, 
or Q-space, using the projectors P and Q, P + Q = I. It is then possible 
to determine the transformation operator Si 2 from the decoupling condition 
<52e~Sl2(/ii + h2 + Vi2)e

Sl2P2 — 0. The two-nucleon-state projectors (P2,Q») 
follow from the definitions of the A-nucleon projectors P, Q. This approach has 
a solution, S12 = arctanh(cj — cjt), with the operator w satisfying u> — QzuiPi-
It can be directly obtained from the eigensolutions \k) of hi + h-2 + Vy2

 6'7'8-
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Table 1: NCSM results for the ground-state energies of 3 H, 3He and 4He. 
3H 

NN potential 
figs [MeV] 

MN 
-8.385(2) 

MT-V 
-8.239(4) 

CD-Bonn 
-8.002(4) 

AV18 
-7.61(1) 

AV8' 
-7.75(2) 

3He 
NN potential CD-Bonn AV18 

Ess [MeV] -7.249(4) -6.90(1) 
4 He 

NN potential MN MT-V CD-Bonn AV8' 
£ g s [MeV] -29.94(1) -31.28(8) -26.30(15) -25.80(20) 

The resulting two-body effective interaction Via depends on A, the HO 
frequency ft and Nmax, the maximum many-body HO excitation energy (above 
the lowest configuration) defining the P-space. It follows that V12 -» V12 for 
Nmax -> 00. 

3 Results 

3.1 3H, 3He, 4He 

Our results for A = 3 and .4 = 4 systems are summarized in Table 1. We 
performed calculations using the semi-realistic Minnesota (MN) and MT-V !0 

NN potentials as well as modern realistic CD-Bonn n , AV18 and AV8* NN 
potentials. For the A = 3 systems, we used model spaces up to 50ftfi (NmAX = 
50). Our A — A results were obtained in model spaces up to 18M1 using 
two-body effective interactions. In addition, we also performed calculations 
using three-body effective interactions in model spaces up to 16/ifi. This is 
particularly important for the AV8' NN potentials, as the two-body effective 
interation approximation is insufficient in this case. 

Overall, our A = 3, as well as A = 4, results are in excellent agreement with 
other exact methods, as can be judged by comparing with results presented in 
Refs. 10-12'13 and references therein. 

3.2 Hi, "He 

We performed calculations for 6Li and 6He in model spaces up to lOTifi using 
the MN, AV8' and the CD-Bonn NN potentials. For the semi-realistic MN 
potential we almost achieve convergence and our ground-state energy result, 
-34.48(26) MeV, is in good agreement with the result, -34.59 MeV, obtained 
by the stochastic variational method10. For the AV8' (without Coulomb) NN 
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potential, the convergence is much harder to achieve. In the frequency depen
dence minimum, we obtain a result of -30.30 MeV in the lOhfl space compared 
with the GFMC result of -29.47 MeV. As our calculation is not variational, 
our binding energy may decrease with the model space enlargement. In Fig. 
1, we compare our energy levels with those obtained by the GFMC for the 
AV8'. We have a very reasonable agreement and the spectrum exhibits good 
stability for the low-lying states. The higher lying states are broad resonances, 
and therefore, their movement is not surprising. 

- 1 * i ~ 
2" I -

IS 
11 
10 
9 
8 

e\r i 
6 
4 
3 
S 
1 
0 

6Li fcfl-13MeV 

AV8' 

- r o 

- 2 * I 

2' I) 
~ \ i * I) 

GFMcimn 8>ifi 6tin 4>,n 2*n ot.fi 
F i g u r e 1: 6 L i exc i t a t ion s p e c t r a o b 

t a ined in t h e N C S M a n d in t h e G F M C . 

18 

16 

14 

is 

10 

a 

6 

4 

s 

O 

6He 
CD-Bonn 

l.Cl-l.lMi-V / r^v^ 

x\. 
6Li 

8i,n 6i,fi 9i.n 7i,o 
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Recently, it was argued that a soft-dipole mode in 6He has been observed in 
a charge exchange reaction on 6Li1 4 . In Fig. 2, we present our 6He excitation 
spectra obtained in 6-9?ifi model spaces. We indicate the strong El transitions 
together with the B(E1) values, in e2 fm2, as well as the strong spin flip and spin 
non-flip transitions from the 6Li ground state. Our results are in a qualitative 
agreement with the experimental observation in the sense that the lowest 1 ~ 1 
state collects a substantial El strength and the transition from 6Li is spin flip 
dominated. On the other hand, the spin non-flip transition goes to a higher 
lying 1_1 state in agreement with experiment14. 

3.3 12/ 

Here we discuss an extension of our l 2C study published in Ref. H. In particular, 
we show our first results obtained in the 6hQ space, where the dimensions reach 
32 million. We utilize hfi. = 15 MeV, which lies in the range where the largest 
model-space results are least sensitive to hfls. 

In Table 2 and Fig. 3, we present the ground-state energy, excitation 
spectra as well as several other observable results calculated with the CD-

http://ot.fi
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Table 2: The experimental and calculated ground-state energies, point-proton rms radii, and 
2+-state quadrupole moments of 12C. 

model space 
|E g s (0+0) | [MeV] 

rp [fmj 
Q>.+ [e fm2] 

l a C 
-

92.162 
2.35(2) 
+6(3) 

6ftn 
85.630 
2.195 
4.717 

CD-Bonn 
4hCt 

88.518 
2.199 
4.533 

2ftQ 
92.353 
2.228 
4.430 

Oftfi 
104.947 
2.376 
4.253 

Bonn NN potential. While the energy of the ground-state eigenstate increases 
with increasing model space, the relative level spacings are less dependent on 
model-space size. In particular, the excitation spectrum is remarkably stable 
when the model space is changed from Ahfl to 6hCl. In general, we obtain 
reasonable agreement of the states dominated by OHO. configurations with ex
perimental levels. We note that the favorable comparison with available data 
is a consequence of the underlying NN interaction rather than a phenomeno-
logical fit. 

«rW CD-Bonn 
0* 0 

2* 0 

0* 0 0* 0 

Exp 6t,n 4t.O 2tifl 0J.Q 

Figure 3: Experimental and theoretical excitation spectra of 12C. 

The two- or higher-M7 dominated states, such as the 7.65 MeV 0+0 state, 
are not seen in the low-lying part of our calculated spectra. However, we 
observe a decreasing excitation energy of the second 0+0 state. We expect this 
state eventually to change its structure and become the cluster state. 

4 Conclusions 

In the present contribution, we described the ab initio no-core shell-model 
approach and discussed its application to the lightest nuclei, 3H, 3He and 4He, 
for which we obtain converged results. Also, we showed our results for 6Li, 
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6He and 1 2C. In these far more complex cases, we get close to convergence for 
A = 6. For 12C we do not reach full convergence, but nonetheless we obtain a 
reasonable approximation for the lowest OhQ- dominated states. 
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RANDOMLY INTERACTING BOSONS, MEAN-FIELDS A N D 
L = 0 GROUND STATES 

R. BIJKER1, A. FRANK1 '2 

lICN-UNAM, AP 70-543, 04510 Mexico, DF, Mexico 
2CCF-UNAM, AP 139-B, Cuernavaca, Morelos, Mexico 

Random interactions are used to investigate to what extent the low-lying behavior 
of even-even nuclei depend on particular nucleon-nucleon interactions. The surpris
ing results that were obtained for the interacting boson model, i.e. the dominance 
of ground states with L = 0 and the occurrence of both vibrational and rotational 
structure, are interpreted and explained in terms of a mean-field analysis. 

1 Introduction 

In empirical studies of medium and heavy even-even nuclei very regular fea
tures have been observed, such as the tripartite classification of nuclear struc
ture into seniority, anharmonic vibrator and rotor regions *. In each of these 
three regimes, the energy systematics is extremely robust, and the transitions 
between different regions occur very rapidly, typically with the addition or re
moval of only one or two pairs of nucleons. Traditionally, this regular behavior 
has been interpreted as a consequence of particular nucleon-nucleon interac
tions, such as an attractive pairing force in semimagic nuclei and an attractive 
neutron-proton quadrupole-quadrupole interaction for deformed nuclei. 

It came as a surprise, therefore, that recent shell model studies of even-
even nuclei with two-body random interactions (TBR.E) displayed a marked 
statistical preference for ground states with L — 0, energy gaps, and other 
signals of ordered behavior 2. This work has sparked a large number of inves
tigations, both in fermion3'4'5'6'7 and in boson systems5,8 '9,10 '11 '12, in order to 
further explore and to explain these remarkable and unexpected results. 

These robust features suggest that there exists an underlying simplicity 
of low-energy nuclear structure never before appreciated. In this contribution, 
we discuss the results of a study of the systematics of collective levels in the 
framework of the interacting boson model (IBM) with random interactions8'9, 
and present a possible explanation in terms of a mean-field analysis. 

2 Randomly interacting bosons 

In the IBM, collective excitations in nuclei are described in terms of a system 
of N interacting monopole and quadrupole bosons 13. We consider the most 
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Figure 1: Percentages of ground states with L = 0 and L = 2 in the IBM with random one-
and two-body interactions calculated exactly for 1,000 runs (solid lines) and in mean-field 
approximation (dashed lines). 

general one- and two-body Hamiltonian. The two one-body and seven two-
body matrix elements are chosen independently from a Gaussian distribution 
of random numbers with zero mean and width a, such that the ensemble is 
invariant under orthogonal basis transformations8'9. For each set of randomly 
generated one- and two-body matrix elements we calculate the entire energy 
spectrum and analyze the results. 

In Fig. 1 we show the percentages of L — 0 and L = 2 ground states 
as a function of the total number of bosons TV (solid lines). We see a clear 
dominance of ground states with L = 0 with ~ 60-75 %. Both for L = 0 and 
L = 2 there are large oscillations with TV. For TV" = 3n (a multiple of 3) we 
see an enhancement for L = 0 and a decrease for L = 2. The sum of the two 
hardly depends on the number of bosons. 

For the cases with a L = 0 ground state, we show in Fig. 2 the probability 
distribution P(R) of the energy ratio for TV = 16 (solid line) 

R = [Eil-E0l]/[E2l-E0l]. (1) 

There are two very pronounced peaks, right at the vibrational value of R = 2 
and at the rotational value of R = 10/3, a clear indication of the occurrence 
of vibrational and rotational structure. This has been confirmed by a simulta
neous study of the quadrupole transitions between the levels 8 . 
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Figure 2: Probability distribution P(R) of the energy ratio of Eq. (1) obtained for N = 16 
and 1,000 runs (solid line). The dashed and dotted lines show the contribution of the 
spherical and deformed equilibrium shapes, respectively. 

These are surprising results in the sense that, according to the conventional 
ideas in the field, the occurrence of L = 0 ground states and the existence of 
vibrational and rotational bands are due to very specific forms of the interac
tions. The study of the IBM with random interactions seems to indicate that 
this may not be the entire story. However, the above results were obtained from 
numerical studies. It would be very interesting to gain a better understanding 
as to why this happens. What is the origin of the regular features which arise 
from random interactions? In this respect, there is a relevant quote by E.P. 
Wigner (as communicated to us by M. Moshinsky): 'I am happy to learn that 
the computer understands the problem, but I would like to understand it too'. 

A first attempt in this direction was made for the vibron model, which 
has many of the same qualitative features as the IBM, but has a much simpler 
mathematical structure. We showed that the emergence of regular features 
from the vibron model with random interactions is related to the existence of 
three different geometric shapes14. In the next section, we carry out a similar 
mean-field study of the IBM. 

3 Mean-field analysis 

The connection between the IBM, potential energy surfaces, equilibrium con
figurations and geometric shapes, can be studied by means of coherent states. 
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The coherent state for the IBM can be written as a condensate of a deformed 
boson which is a superposition of a scalar and a quadrupole boson15 '16 

\N,a) = ~ ( V l - a ^ + a d j ) " |0> , (2) 

with — 1 < a < 1. The potential energy surface is then given by the expectation 
value of the Hamiltonian in the coherent state 

EN{a) = (N,a\ H \N,a) = a4 a
4 + a3 a

3 \ / l - a2 + a2 a
2 + a0 , (3) 

where the coefficients a, are linear combinations of the parameters of the Hamil
tonian which in turn are taken as independent random numbers. 

For random interactions, we expect the trial wave function of Eq. (2) and 
the energy surface of Eq. (3) to provide information on the distribution of 
shapes that the model can acquire. The equilibrium configuration is char
acterized by the value of a = Qo for which the energy surface £AT(O:) has 
its minimum value. For a given Hamiltonian, the value of ao depends on 
the coefficients 04, 03 and a-i. The distribution of shapes for an ensemble of 
Hamiltonians then depends on the joint probability distribution P{a4,03,02). 
In this approximation, we find that there are only three possible equilibrium 
configurations: 

• ao = 0: s-boson condensate. This corresponds to a spherical shape which 
can only have L = 0. 

• 0 < a o < l o r — l < a o < 0 : deformed condensate with prolate or oblate 
symmetry, respectively. A deformed shape corresponds to a rotational 
band with angular momenta L = 0 , 2 , . . . , 2N. The ordering of the energy 
levels is determined by the sign of the moment of inertia 

EI0t = ^-3L(L + l). (4) 

• ao = 1: d-boson condensate. The rotational structure of a d-boson 
condensate is more complicated. It is characterized by the labels r , n& 
and L. The boson seniority r is given by r = 3TIA + A = TV, N — 2 , . . . , 1 
or 0 for N odd or even, and the values of the angular momenta are 
L = A, A + 1 , . . . , 2A - 2,2A 13. In this case, the rotational excitation 
energies depend on two moments of inertia 

Erot = 2I5 T(T + 3) + 2I3 L(L + 1} ' (5) 

which are associated with the spontaneously broken three- and five-
dimensional rotational symmetries of the d-boson condensate. 
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The probability that the ground state of each of these equilibrium configura
tions has L = 0 can be estimated by evaluating simultaneously the correspond
ing moments of inertia (e.g. with the Thouless-Valatin prescription). 

In Fig. 1 we show the percentages of L = 0 and L = 2 ground states, as cal
culated in the mean-field analysis (dashed lines). A comparison with the exact 
results (solid lines) shows an excellent agreement. The spherical and deformed 
condensates contribute constant amounts of 39.4 % and 23.4 %, respectively, 
to the L — 0 ground state percentage. The oscillations observed for L = 0 are 
therefore entirely due to the rotational structure of the d-boson condensate. 
The L = 2 ground states arise completely from the d-boson condensate solu
tion. In the mean-field analysis the ground state has L = 0 or L = 2 in ~ 77 
% of the cases. For the remaining 23 % of the cases the ground state has the 
maximum value of the angular momentum L = 27V. This percentage is almost 
a constant and hardly depends on TV, in agreement with the exact results. 

In Fig. 2 we show the contribution of each of the equilibrium configurations 
to the probability distribution of the energy ratio of Eq. (1). We see that 
the spherical shape (dashed line) contributes almost exclusively to the peak 
at R = 2, and similarly the deformed shape (dotted line) to the peak at 
R = 10/3, which once again confirms the vibrational and rotational character 
of these maxima. For TV = 16 the contribution of the d-boson condensate is 
small. 

4 Summary and conclusions 

In this contribution, we have studied the properties of low-lying collective levels 
in the IBM with random interactions. We addressed the origin of the regular 
features, that had been obtained before in numerical studies, in particular 
the dominance of L = 0 ground states and the occurrence of vibrational and 
rotational band structures. 

It was shown that a mean-field analysis of the IBM with random interac
tions can account for all of these features. They are related to the existence 
of three different equilibrium configurations or geometric shapes: a spherical 
shape (~ 39 %), a deformed shape (~ 36 %) and a condensate of quadrupole 
bosons (~ 25 %). Since the spherical shape only has L = 0, and the deformed 
shape in about two thirds of the cases, these two solutions account for ~ 63 
% of L = 0 ground states. The oscillations observed for the L = 0 ground 
state percentage can be ascribed totally to the contribution of the d-boson 
condensate. Finally, we found a one-to-one correspondence between the peaks 
in the probability distribution for the energy ratio and the occurrence of the 
spherical and deformed equilibrium configurations. 
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In summary, the use of mean-field techniques allows one to associate dif
ferent regions of the parameter space with geometric shapes. This method 
bypasses the diagonalization of thousands of matrices, and provides an expla
nation of all regular features that have been observed in studies of the IBM 
with random interactions. 
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An overview of recent nuclear structure studies in the vicinity of the doubly-magic 
isotope 56Ni is presented. Detailed spectroscopy of mirror nuclei, 'complete' high-
spin spectroscopy, the 7-decay out from superdeformed rotational structures, and 
prompt particle emission are some of the topics in the mass A ~ 60 regime which 
challenge the power of the 'big arrays'. 

1 In t roduc t ion 

The advent of the latest generation of highly-efficient 4ir Germanium detector 
arrays such as EUROBALL 1 and GAMMASPHERE2 in conjunction with powerful 
ancillary detector systems significantly boosted in-beam studies of light to 
medium mass N ~ Z nuclei 3 — previously, such investigations were mainly 
hampared by (i) the large number of different residual nuclei produced in the 
reactions (up to some 30), (ii) relatively large 7-ray energies (where detection 
efficiencies were low), and (m) considerable Doppler broadening caused by the 
relatively large velocities and the large angle spread of the recoils induced by 
charged-particle emission. 

In this contribution we present recent advances in high-spin nuclear struc
ture studies in the vicinity of 56Ni. This isotope is generally accepted to repre
sent a doubly-magic spherical nucleus due to the shell gap at particle number 
28, which separates the l / 7 / 2 shell from the so-called upper fp shell consisting 
of the 2p3/2, I/5/2, and 2pl/2 orbits. Doubly-magic nuclei are important bench 
marks within the nuclidic chart, because these nuclei and their closeby neigh
bours serve as sources and act as constraints for the shell-model parameter 
sets, namely single-particle energies and two-body matrix-elements (cf. Ref.4). 
This implication was one of the original motivations to study this mass region 
in terms of high-spin spectroscopy, especially since the by then most recent ex
perimental publication on 56Ni had been some fifteen years old5. Despite the 
comprehensive new results in the spherical minimum 6, the nuclear structure 
near 56Ni exhibits a plethora of in part unprecedented phenomena, which is 
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Figure 1: Summary of high-spin nuclear structure phenomena in the mass A ~ 60 region. 

illustrated and summarized in Fig. 1. 
Next to the spherical shell gap at particle number 28 there is also a gap 

of similar size for a prolate deformed (/?2 ~ 0.4) 56Ni nucleus, which is due to 
a 4p-4h excitation — the [303]7/2 Nilsson orbit is emptied and the [321]l/2 
orbit occupied for neutrons and protons. At the same time the Af = 4 high-j 
low-fi [440] 1/2 intruder orbit reaches the Fermi surface. It is readily occupied 
in the yrast deformed and superdeformed bands in 5 8 Cu 7 and 6 0Zn8 , which 
may be called the 'doubly-magic deformed' and 'doubly-magic superdeformed' 
nuclei of the mass region, because large and very stable shell gaps appear for 
N = Z = 29 at f32 ~ 0.4 and N = Z = 30 at p2 = 0.5 in the rotating frame. 

The fact that some of the nuclei of interest are N = Z nuclei immediately 
raises the question whether some influence of isoscalar or isovector neutron-
proton pairing or neutron-proton pair correlations are visible in the presumably 
clean configurations in the second minimum. The study of mirror symmetry is 
one of the intriguing facets of nuclear spectroscopy near the N = Z line. Most 
interestingly, however, the unique new decay mode of prompt particle emission 
from states in the second minimum of the potential has been established in 
the mass A ~ 60 regime for the first time. 

2 Exper iments 

The nuclei in the mass A ~ 60 region were investigated in a series of experi
ments at GAMMASPHERE and EUROBALL. Table lsummarizes the most recent 
ones. In all experiments 47r charged-particle detector arrays (MICROBALL 9 at 
GAMMASPHERE and Isis1 0 at EUROBALL) were coupled to the 7-detector ar
rays. Typical particle detection efficiencies amount to ep ~ 80% and ea ~ 65% 
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Table 1: Parameters of recent experiments in the mass A ~ 60 region. 

No. 

1 

2 

3 

4 

5 

Reaction Beam Label 
Energy 

^ S + ' ^ S i 130 MeV GS2K017 
(Lund, WashU, StaffU, LBNL) 

3 2 S+ 2 8 Si 130 MeV GSFMA73 
(WashU, Lund, LBNL, ANL) 

3 6 Ar+ 2 8 Si 148 MeV GSFMA42 

Date Target 

2/01 thin and backed 

9/99 

12/98 
(Lund, WashU, Cologne, UPenn , ORNL, ANL) 
2 4 M g + 4 0 C a 96 MeV EB98.02 9/98 

thin 

thin 

backed 
(Lund, LNL, Cologne, TSL, Surrey, Warsaw, Bogota) 
2 8 Si+ 4 0 Ca 122 MeV GSFMA66 7/99 

(LBNL, Lund, WashU, McMaster , Cologne, ANL) 
thin 

Ancillary 
Detectorsa 

MB+NS 

MB+NS 

MB+SS+n 

ISIS+NW 

MB+BGO 

a M B : MlCROBALL9; NS: NeutronShell n ; SS: Four AE~E Si-strip telescopes; n: 20 neutron 

detectors; Isis 1 0; NW: NeutronWall1 2; BGO: full BGO information taken. 

in the case of MlCROBALL, following restrictive discrimination procedures. The 
respective numbers for Isis turned out to be lower for the present EuROBALL 
experiment. For most of the experiments neutron detectors (en ~ 5-10%) or 
dedicated neutron arrays (en ~ 30%) (NEUTRONSHELL 1 1 at GAMMASPHERE 

and NEUTRONWALL
 12 at EUROBALL) were used to identify evaporated neu

trons, and thereby discriminating isotopes at or beyond the N = Z line. The 
relatively low 7-ray multiplicities of the present experiments allow for a removal 
of the Heavimet absorbers in front of the BGO shields at GAMMASPHERE

 13. 
This enables event-by-event 7-ray multiplicity and sum-energy measurements, 
which provides additional reaction channel selectivity14. 

3 Spectroscopy of weakly popula ted isotopes 

The differences in excitation energies of corresponding levels in mirror nuclei 
shall arise solely from microscopic and macroscopic Coulomb effects. Unfor
tunately, the proton rich mirror partner in the A ~ 50-60 region is usually 
difficult to reach experimentally, which so far has limited the comparison be
tween theory and experiment to basically the Coulomb energy differences (see, 
e.g., Ref.15 and references therein for details) of nuclei up to mass A = 551 6 . 

Nowadays one may want to quest more detailed spectroscopic quantitites 
such as branching ratios, b, multipole mixing ratios, 6, or transition probabil
ities, B(E2), to obtain limits for effective operators such as effective charges 
and effective g-factors. The idea is illustrated in Fig. 2 (see Ref.17 for more 
details). The solid lines show the predicted ratios of the B(E2; 27/2 ->• 23/2~) 
[Fig. 2(a)] and B(E2; 17/2 -+ 13/2") [Fig. 2(b)] values of the two A = 51 
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mirror nuclei ll^e25 anc^ l l ^ i ^ e , respectively, as a function of the effective 
proton charge ep (the sum of effective proton and neutron charges is kept con
stant at 2.0). For a given shell-model parametrisation a precise measurement 
of the first ratio could clearly limit the effective charges, while the second ratio 
is rather insensitive to these parameters. Unfortunately, only for the latter 
the experimental values for both nuclei are known 18. However, it is possi
ble to use this weak dependence, since one can select a reasonable value for 
the effective proton charge (ep = 1.3), and investigate how the branchings of 
the 17/2™" —• 13/2"" transitions depend on effective ^-factors, geff> This is 
shown in Fig. 2(c), where A denotes the fraction of the free ^-factor. There 
is an agreement between the theoretical value and the experimental value for 
51Mn at A & 0.7. There is no such agreement for 51Fe, which can be associ
ated with the problems in describing the decays of the 17/2™ states properly 
i?,i8,i9 ̂  j | o w ^ e muitipole mixing ratio S(E2/M1) depends on geff is shown 
in Fig. 2(d). The shell-model calculations reproduce the opposite signs mea
sured for S(E2/M1) and A « 0.85 would be consistent with both measured 
values. The greatly enlarged statistics collected in the most recent experiment 
(No. 1 in Table 1) should allow for much more precise numbers. More infor
mation concerning mirror nuclei in the I/7/2 shell may also be found in the 
contribution of S. Lenzi20. 

B(E2; 17/2=-~13flr;S,M») 

Figure 2: Electromagnetic decay properties of A = 51 nuclei. See text for details. 

4 ?Complete ? high-spin spectroscopy - the level scheme of 5 8Ni 

The evolution of shapes in the mass region may be followed most beautifully 
in the case of 5 8 Ni 2 1 . Figure 3 provides an extensive (preliminary) excita-

sqE.r.znaF—'ZSfir; Mn) 
^ ^ ' 2 - ° 
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Figure 3: Partial level scheme of 5SNi (preliminary). 

tion scheme of 58NI studied with three different reactions. Prom experiment 
5 (cf. Table 1) an extremely rich level scheme in the spherical minimum was 
established reaching states up to about 20 MeV excitation energy. 58Ni rep
resented the 2a2p channel, and was populated with a relative cross section of 
about 6%. The results from experiments 3 and 4 (and an earlier GAMMA-

SPHERE experiment) allowed for an extension to 30 MeV excitation energy, 
and the level scheme becomes much more simple, since only rotational bands 
appear above 20 MeV. The relative cross section increases to some 30% for 
the la2p channel, which allows for extensive spectroscopy even for very weak 
transitions. Most importantly, an unprecedented discrete a decay from one 
of the bands could be established22. Last but not least, experiments 1 and 
2 populate extremly high-spin states up to 40 MeV excitation energy in 58Ni 
via 2p evaporation. The cross section becomes very small. In essence only the 
bands on the left hand side of Fig. 3 and their decay are observed. Finally, 
the topmost transition of 4285 keV in the band labelled '4241 ' probably marks 
the current world record in terms of rotational frequency in high-spin nuclear 
structure. 
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5 Decay-out of the yrast superdeformed band in 5 9Cu 

In the mass A ~ 60 region almost all deformed or superdeformed rotational 
bands in the second minimum are connected to the spherical states in the first 
minimum by single-step 7-ray links. The states at the bottom of the bands are 
non-yrast by some 2.5 MeV (59Cu23) and up to 4.5 MeV in 5 8 Cu 7 and 60Zn 
8. These numbers are similar to the Pb and Hg nuclei in the A ~ 190 region, 
respectively. However, most of the discrete 7 decay-out observed proceeds via 
stretched E2 transitions in the A ~ 60 region — not only in the N — Z 
nuclei, where isoscalar dipole transitions are suppressed, but also in, e.g., the 
N — Z + 1 isotope 59Cu. The observed discrete decay-out scheme of the yrast 
superdeformed band in that nucleus is shown in Fig. 4. In addition, measured 
single-step strengths up to 2 W.u. 8,2T are difficult to reconcile with a pure 
statistical model, even though the level densities are certainly smaller in the 
lighter nuclei. In turn, pairing may play a more important role, because the 
configurations of superdeformed and spherical states differ only by a relatively 
small number of nucleons. Therefore, Svensson and co-workers 8 conclude 
that "a detailed theoretical study of the decay out of A ~ 60 SD bands which 
includes a full treatment of pairing correlations is required to determine if such 
pairing-mediated configuration mixing can account for the decay-out properties 
in" the mass region. 

16853 37/2+ 

1486 
3041 I 9/2* 

1642 
1398 I 7/2" 

Figure 4: Decay-out regime of the yrast superdeformed band in 59Cu 23>24. The widths of 
the arrows reflect the B(E2) strengths relative to the 1600 keV in-band transition. 
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6 New physics - prompt particle decays from deformed minima 

The most exciting finding in the mass A ~ 60 studies was the first observation 
of prompt discrete-energy proton and a-particle decays from high-spin states 
located in the well- or superdeformed minimum of the nuclear potential into 
daughter states of spherical shapes. The particle decays compete with the 
conventional 7 decay-out. Table 2 summarizes the main observables for the 
presently known cases. These particle decays may be viewed as self-regulated 
two-dimensional quantum tunneling processes, since due to the decay the re
maining nuclear mean-field potential is rearranged dramatically. Quantum-
mechanical tunneling is a wide-spread phenomenon in the natural sciences. 
Therefore, a full understanding of this process may be of importance far be
yond nuclear physics. In the following we describe two attempts to further 
tighten the experimental limits of these unique decays. 

Table 2: Summary of prompt particle decays in the mass A ~ 60 region. 

Nuclide 

5 « N i 

5 8 M 

58Cu 
59Cu 

Particle 

proton 
alpha 

proton 
proton 
proton 

Q-value 
(MeV) 

2.57 
7.45 
2.34 
1.92 
2.50 

Branching 

(%) 
49(14) 
3.9(3) 
>97 
~ 4 
~ 16 

Spin 
Difference 

(7/2+) 
(9-) 

(9/2)+ 
9/2+ 
9/2+ 

Reference 

'25 

22 

7 

26 

26 

6.1 The lifetime of the proton-decaying state in 5SCu 

Experiment 3 (cf. Table 1) was aiming mainly at electromagnetic decay prop
erties of mass A ~ 60 nuclei. Applying the Doppler Shift Attenuation Method 
to levels in 58Cu, lifetimes of individual states at the bottom of the rota
tional band could be determined27. The 830 keV line, which depopulates the 
9745 keV state and feeds the proton-decaying level at 8915 keV, reveals both 
a stopped and a shifted component in its lineshape observed in the backward-
angle CLUSTER section of EUROBALL. Since the 3701 keV 9/2+ daughter state 
in 57Ni has a lifetime in excess of two picoseconds, energy correlations between 
the 830 keV 7 ray measured in the CLUSTER detectors and the 2.3 MeV proton 
peak7 in the most forward detector elements of Isis were studied28. 

In principle, these energy correlations may allow for a DSAM lineshape 
analysis of the proton line. Basically, the Doppler-shift formula for 7 rays has to 
be replaced by the corresponding formula for particle emission. Unfortunately, 
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this rather straightforward approach is hampered by the present experimental 
set-up, and in particular due to the tube-shaped 12 ^m aluminum absorber 
foil in combination with the rather large angular coverage of a single telescope 
in the Isis array. It turns out that only protons emitted at sufficiently large 
angles can penetrate the absorbers and cross the detection threshold of the 
AE detectors of the forward telescopes. In essence, the variation of aluminum 
thickness leads to a considerable spread of the detected proton energy. If the 
protons are emitted while the recoils are still moving they have higher energies 
and thus can be observed more efficiently since the "visible" opening angle of 
the AE detectors increases with increasing energy. To detour this problem the 
following approach was pursued: 

1. Simulations of proton energy spectra for different recoil velocities taking 
into account the full geometry of the absorbers and the most forward 
ring of Isis. 

2. Simulations of lineshapes for a presumed 7-ray decay from the 8915 keV 
level depending on the lifetime of this level and taking into account the 
history of the decay through the band in 58Cu. 

3. Comparison of experimentally observed and simulated fractions of the 
stopped component of the lineshape to deduce conservative lower and 
upper limits of the lifetime. 

A detailed analysis finally yields 0.06 ps < r < 0.58 ps for the lifetime 
of the proton-decaying 8915 keV state in 58Cu, from which an experimental 
spectroscopic factor of about 10~3 can be estimated28. It awaits the predic
tions of detailed and profound future theoretical efforts. It is anticipated that 
with a geometrically simpler experimental set-up a DSAM proton lineshape 
measurement and analysis is feasible to obtain a more precise lifetime value. 

6.2 In-beam particle spectroscopy 

High-resolution particle spectroscopy has been hampered by the relatively large 
widths of the peaks in the particle center-of-mass energy spectra. It turns out 
that the main contribution to the widths is not the intrinsic energy resolution 
of the Csl elements of MlCROBALL, but the size of the solid angle. For a 
detector element in ring 2 of MlCROBALL, for example, a contribution of some 
0.5 MeV to the total width of some 0.7-0.8 MeV may be attributed to the 
finite opening angle. To overcome this handicap the 28 most forward elements 
of MlCROBALL were replaced with an array of four AE-E Si-strip telescopes 
providing some 800 active pixels instead (see, e.g., Ref. 29 for details). This 
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Figure 5: Preliminary reaction channel selected proton center-of-mass (a) and 7-ray (b) 
spectra from experiment 3. Both spectra are gated with one of the 830, 1197, 1576, 2342, or 
2748 keV lines in the 5 8Cu band. Spectrum (a) is also in coincidence with the 9/2+ -> 7/2~ 
1124 keV transition in 5 7Ni, while spectrum (b) is in additional coincidence with the 2.3 MeV 
proton peak. Only single proton hits in the four AE-E Si-strip telescopes are considered. 
The 7-ray peaks marked with a '*' belong to 5 7Ni, the other are from the band in 5 8Cu. For 
reference, the relevant part of the level scheme of 5 8Cu is shown in (c). 

reduces the geometric opening angle to A 0 ~ 2.5° for a single pixel and the 
corresponding energy spread down to A E Q M ~ 80 keV. It is not reasonable 
to further tighten the angle coverage, because a beam spot of only 2 mm 
almost doubles the effective angle coverage of a pixel, i.e., it will be diffcult 
to maintain this geometrical contribution to the energy resolution below some 
150 keV throughout a presumed seven-day experiment. 

The second (and in the case of experiment 3 largest) contribution to the 
peak width is the target thickness. A reaction can take place at the beginning 
or the end of the target, and it is impossible to determine the precise spot 
of an individual reaction on an event-by-event basis. Therefore, the kinematic 
energies for recoiling nuclei are different depending on their travel paths, hence 
energy loss, in the target foil. The particles of interest are emitted most likely 
after having passed through the remaining path of the thin target foil. The 
uncertainty in the value of the recoil velocity (the direction can be rather well 
determined from the energies and directions of evaporated particles) does lead 
to a kinematical contribution to the energy resolution of 200-250 keV for a 
target thickness of 0.5 mg/cm2. 

Finally, the combination of intrinsic resolutions of AE and E strips (~ 50-



170 

60 keV each at 12 MeV) and the energy spread induced by ~ 30 mg/cm2 

thick Pb absorber foils, which are necessary to protect the array from direct 
heavy-ion hits, yields an intrinsic contribution of about 130 keV. The sum of 
the three contributions amounts to an expected resolution of about 300 keV 
for 2.0-2.5 MeV protons, which should be compared to 700-800 keV obtained 
for the earlier experiments. Preliminary results are shown in Fig. 5. 

It is hoped that a detailed and full analysis of experiment 3 will possibly 
resolve the presence or absence of weak decay branches from states known to 
particle decay, and to simplify the search for new cases. In addition, more de
tailed spectroscopic information such as angular distributions or correlations 
shall be investigated to, e.g., determine the particle angular momentum di
rectly. Ultimately, the details of an angular distribution measured relative to 
the nuclear spin axis may uncover the wave function of a g9/2 proton inside 
the deformed mean field of the 58Cu nucleus. 

7 Summary 

The mass A ~ 60 region reveals many exciting aspects of nuclear structure: 
(i) shell-model states near a doubly-magic isotope; (ii) deformed and superde-
formed rotational bands in the second minimum; (Hi) issues related to the 
self-conjugate nature of some nuclides; (iv) the unprecedented exotic decay of 
several of the bands through discrete prompt particle emission in competition 
to conventional 7 decay-out mechanisms. The new experiments aiming at com
bined in-beam 7 and particle spectroscopy are clearly challenging the present 
combinations of the 4ir Ge-detector arrays and ancillary detector systems. 
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C O U L O M B E N E R G Y D I F F E R E N C E S : A M A G N I F Y I N G 
G L A S S T O P R O B E N U C L E A R S T R U C T U R E 

SILVIA M. LENZI 
Dipartimento di Fisica and INFN, Padova, Italy 

The first observation of the gamma-ray decay of the N = Z — 2 nucleus 5 0Fe is 
reported. Coulomb energy differences for the rotational yrast states in the T = 1 
mirror nuclei 5 0Fe and 5 0 Cr are used to probe nuclear structure. They confirm the 
qualitative interpretation of the backbending patterns in terms of the successive 
alignment of proton and neutron pairs. It is shown that Coulomb energies can 
also give information of changes of radii along the yrast structures. With a proper 
renormalization of the effective Coulomb matrix elements, a quantitative agreement 
with the experimental data is achieved for the first time by full p/ shell model 
calculations. 

1 Introduction 

The validity of the isospin symmetry for the strong interactions is a funda
mental assumption in nuclear physics. Experimentally, the symmetry shows 
as nearly identical spectra in pairs of mirror nuclei (obtained by interchanging 
protons and neutrons) and, more generally, in levels of isospin multiplets. A 
slight breakdown of isospin symmetry arises from the Coulomb potential. 

Coulomb effects appear under a new guise as excitation energy differences 
(CED) along the yrast bands of mirror nuclei. Compared to the bulk en
ergy contributions (hundreds of MeV) and displacement energies in the ground 
states (tens of MeV), these are small effects (10-100 keV) and can be treated 
in first order perturbation theory. It is precisely because of this smallness that 
the CED are such efficient observatories: as the large contributions have been 
canceled, what remains gives direct insight into structure. 

It is interesting to investigate the behavior of rotating mirror nuclei where 
CED act as a magnifying glass, being sensitive to changes of shape and proton 
rearrangements. In this sense, the I/7/2 shell offers unique opportunities: it 
is the only region where backbending rotors have been observed 1 that can be 
studied with the rigor of the shell model 2 '3. Detailed investigations of the 
high spin structure of these rather light nuclei have become experimentally 
feasible in the last few years due to the advent of high efficiency gamma-ray 
spectrometers and ancillary particle detectors. It is interesting to note, in 
this respect, that high performance shell model codes have become available 
simultaneously. 

Previous studies of CED in odd-mass (T = 1/2) rotating mirror nuclei4,5 

in this mass region indicate that the alignment mechanism that have been 
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invoked to explain backbending 6 leads to a qualitative understanding of the 
observed energy pat terns. Quantitatively, CED provide a severe test of our 
understanding of the nuclear wave function. In this respect, while significant 
theoretical improvements have been made, the behavior of CED at every spin 
state is, however, not completely understood and constitutes an open problem. 

In Sect. 2 we report a recent experimental study of isospin symmetry 
along the ground state rotational bands in the mirror nuclei 5 0Fe and 5 0Cr, 
the heaviest T — 1 mirror pair studied so far at high spin 7 . A theoretical 
investigation of CED in the shell model framework is presented in Sect. 3. 
Finally, conclusions are given in Sect. 4. 

2 T h e mirror nucle i 50Fe a n d 50Cr 

The nucleus 5 0 Cr is well known to be one of the best rotors in the fo/2 shell 
with a deformation parameter j3 « 0.258 , 9 . On the other hand, only the ground 
state and an excited J — 6, T = 2 state were known so far in its mirror 5 0Fe. 
To study high spin states in 5 0Fe we have performed an experiment with the 
EUROBALL ar ray 7 . 5 0Fe was produced in the reaction 2 8 Si+ 2 8 Si at 110 MeV 
bombarding energy, after the evaporation of one a-particle and two neutrons. 
The beam was delivered by the XTU Tandem accelerator of the Legnaro Na
tional Laboratory. G a m m a rays were detected with the EUROBALL array. 
The forward l7r solid angle was covered by the Neutron Wall 10. Charged-
particles were detected with the ISIS array n . Data were sorted in 7 — 7 
matrices in coincidence with charged particles and neutrons. For the identi
fication of candidate lines to belong to 5 0Fe, the requested condition was to 
be in coincidence with neutrons, with only one a-particle and non-coincident 
with protons. Six 7-lines were found to fulfill those requirements and were 
thus assigned to 5 0Fe. The level schemes of the two T — 1 mirror nuclei are 
shown in Fig. la . 5 0 Cr has been extensively studied both theoretically and 
experimental ly8 '9 , 1 2 . High spin states up to the J1* = 1 8 + s tate at 17.961 MeV 
excitation energy have been observed and successfully described by spherical 
shell model calculations. In Fig. l a only the yrast levels up to the 12+ state 
are plotted for comparison with 5 0Fe. A backbending (or upbending) in both 
mirror partners, starting at spin / = 8, can be deduced from Fig. la . 

Different theoretical interpretations have been given to the backbending 
in 5 0 Cr in terms of a band crossing. Exper imenta l ly 9 , a sharp decrease of 
quadrupole collectivity at the 10* state is observed from lifetime measure
ments. The deduced B{E2) values suggest that the ground state band con
tinues in the yrare 10J and 12* s t a t e s 8 , 9 . Wha t one can deduce is that the 
rotational behavior is not favored at high spin, the ground state rotational 



175 

band becomes non-yrast and another much less collective structure enters into 
play. This behavior can be explained (see Sect. 3) in terms of alignment: as 
the nuclear spin increases it becomes energetically favorable to couple pairs of 
particles to maximum angular momentum. 
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Figure 1: a) Yrast states in the T — 1 5 0Fe and 5 0 Cr mirrors; b) experimental (full line) 
and shell model (dashed line) CED; c) difference of the expectation values of the operator 
[{at at)J=e(air a 7 r ) ' / = 6 ] 0 (see text for details) . 

As pointed out previously 4 '5 '6, CED can put some light on this problem. 
The physics is very simple: the Coulomb repulsion is weakest for aligned pro
tons because the overlap of wavefunctions is smallest. Thus, in a rotating 
/7/2-shell nucleus, when a proton pair changes from a coupled J = 0 state 
to a maximum aligned J = 6 state, the repulsive Coulomb interaction.will 
decrease. On the other hand, the alignment of a neutron pair does not affect 
the Coulomb energy. The sign of the effect on the CED will depend on which 
fluid (neutrons or protons) aligns first. While in odd-mass nuclei, the blocking 
effect in the odd fluid favors alignment in the even one5 , in even-even nuclei 
it is not a priori clear which fluid will align first. 

The experimental CED for the mirrors 50Fe and 50Cr are plotted in Fig. lb 
(full line). A rapid increase is observed at J = 8 while at J — 10 the CED 
decreases. Qualitatively it is explained in the cranked shell model (CSM) 
framework as due to a first alignment of a pair of protons (neutrons) in 50Cr 
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(50Fe), followed by the alignment of a pair of nucleons of the other type at 
higher rotational frequency 6 . 

3 T h e C E D as a p r o b e of nuc lear s t r u c t u r e 

The instability of the deformed mean field at high rotational frequency can be 
also inferred from full pf shell model calculations 12 . The strong configura
tion mixing—mainly f7/2 and p3/2 orbits—of the rotational regime, decreases 
rapidly at the backbending. Thus, the wave functions become dominated by 
the (/7/2)n component, which can be directly related to alignments. 

The full pf shell model results for the CED are shown in Fig. l b (dashed 
line). They are calculated as the difference in expectation value of the Coulomb 
interaction in both mirror partners: CEDj = Ec{N, Z,J) - Ec{Z,N,J). 
The KB3 interaction has been used together with Coulomb matr ix elements in 
the harmonic oscillator basis, except for those involving only the f7/2 orbits, 
which are extracted from the empirical CED of the 4 2 Ti- 4 2 Ca mirror nuclei. 
The trend of the experimental curve is reproduced but grossly emphasized. 
Similar problems are encountered in other mirror pairs in the f7/2 shell. We 
may wonder whether a better description can be done and if one can learn 
something else from tha t . The answer is yes, but before entering into details, 
it is important to understand the alignment mechanism from the shell model 
point of view. 

In this context, a way to "measure" alignment has been introduced in 
ref.13. This is shown in Fig. lc where the difference of expectation values for the 
mirrors ( 5 0 C r - 5 0 F e ) of the operator [(a+ a+)J=6(aw an)

J=6]°, which "counts" 
the number of maximally aligned proton pairs is plotted. From the figure 
we can clearly deduce the connection between backbending and alignment 
phenomena. 

The similarity between the theoretical curves in Fig. l b and lc is telling 
us tha t Coulomb effects are dominated by the J = 6 pairs in the Coulomb 
matr ix elements. This is due to the fact that the empirical f7/2 Coulomb 
matr ix elements used in Fig. l b are very different from those obtained in the 
harmonic oscillator basis. 

To get a better description of the experimental CED, a renormalization 
of the Coulomb matr ix elements in the whole pf shell is required. In this case 
we explore the possibility of writing the effective Coulomb interaction only 
in terms of the empirical f7/2 values. Another important effect could arise 
from the monopole Coulomb interaction and would be associated to possible 
changes of the nuclear radius along the yrast states. As was argued in ref. 5 , 
deformed states are less affected by the Coulomb repulsion. This reference 
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called upon liquid drop arguments and Nilsson calculations for a quantitative 
estimate. It seems preferable to stay within the shell model framework and 
calculate changes in radii in terms of occupation numbers. p3/2 orbits will be 
less affected by the Coulomb force as they have larger radii than the fy/2 orbits. 
It is important to note that differences in radii may not depend necessarily on 
deformation. 

A detailed treatment of these issues is given in ref.14. Here we give a brief 
description of them. Both effects can be taken into account by writing the 
CED as a sum of two contributions, i.e., a monopole and a multipole term: 

CEDj = VCm + VCM = am D(J) + bM V^(J), (1) 

where D(J) is a term that accounts for the drift in radius through the oc
cupancy of the j»3/2 orbit in the state J with respect to the ground state 
(monopole contribution). The multipole term VQ"IV is the expectation value 
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Figure 2: Comparison of the experimental CED for the T = 1 5 0Fe and 5 0 Cr mirrors with 
those obtained with shell model calculations incorporating the drift in radii and Coulomb 
renormalization. 

of the empirical / 7 / 2 matrix elements. The numbers am and &M do not depend 
on J. They slightly depend on the mass, but in a way that can be calculated 
without introducing new parameters. It is apparent in Fig. 2 that the agree
ment with experiment is much improved for the A = 50 mirror pair. Very good 
descriptions are also obtained for the odd-mass mirror pairs hitherto observed 
in the fj/? shell. 
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4 Conclusions 

Gamma rays from the yrast decay of the N=Z-2 nucleus 50Fe have been ob
served for the first time and a rotational ground state band, analog to that in 
its mirror nucleus 50Cr, has been established up to the 11+ state. The CED 
provide a good tool to probe the alignment mechanism at the backbending. 
The experimental data calls for a better understanding of the effective Coulomb 
interaction in the shell model framework. Its normalization strongly reduces 
the alignment effect at the backbend but in no way changes the message from 
Fig. lc: the patterns are eroded but they are still there. In addition, one 
can obtain from the CED information about the evolution of yrast radii as a 
function of angular momentum. 
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Excited states in 46Cr were sought with the 12C(36Ar,2n) reaction using GAM-
MASPHERE and the FMA. The ground state band in 46Cr was observed up to 
I* = 10+ (tentatively 12+), and the T = 1 band in 46V has been assigned up 
to V = 10+ (tentatively 12+). The Coulomb energy differences are extracted 
for the even-even mirror pair 46Cr and 46Ti up to spin 12. In addition, following 
the isobaric multiplet mass equation (IMME), a combination of level energies of 
46Cr, 46Ti, and 46V are taken that highlight the isotensor part ol the interaction 
as a function of angular momentum. The results are in good agreement with full 
/p-shell model calculations, but disagree with calculations based on the cranked 
shell model. 

1 Introduction 

If the nuclear force is charge independent, the absolute difference in bind
ing energies between the ground states of mirror nuclei belonging to the 
same isospin multiplet, T, should be due to Coulomb effects only. Since 
the Coulomb energy difference (CED) involves taking the difference in exci
tation energies for states of the same isospin T and angular momentum J as 
a function of £3 (the projection of the isospin), the ground state Coulomb en
ergies are automatically taken into account. Therefore, a CED different from 

•PRESENT ADDRESS: CLRC DARESBURY LABORATORY, DARESBURY, WAR
RINGTON, WA4 4AD, UK 
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Figure 1. Portions of the spectra obtained with different gating conditions on the FMA 
data. The top panel shows the 7-ray singles spectrum with no restrictions on the FMA 
data, whereas the lower panels show the resulting spectra with conditions to optimize the 
Ti, V, and Cr products. No background subtraction was performed on the spectra. 

zero reflects, to a large extent, the changing spatial correlations of the va
lence protons. This has been exploited in studies1 '2 '3 '4 of, e.g., the 4 7Cr/4 7V, 
4 9Mn/4 9Cr mirror pairs and 4 6V/4 6Ti. In reality, the CED also includes ef
fects from the nuclear isospin nonconserving interactions. Remarkably, given 
the important and sensitive information that CED's possess, in only one other 
case 5 have they been extracted as a function of angular momentum beyond 
I = 6 for an even-even mirror pair. 
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Figure 2. 7-ray coincidence spectra (left) created by placing conditions on the FMA data 
to select the Z = 23 (top) and Z = 24 (bottom) recoil products and partial level schemes 
(right) highlighting the T = 1 bands. The top right panel displays a partial level scheme of 
4 6 V showing the decays establishing the T = 1 levels. For the other bands, only the in-band 
7 rays are shown. The 8+ and 10+ states in the T = 1 band are newly observed; some of 
their decays are highlighted in the 1915-keV coincidence spectrum at the left. The bottom 
right panel shows the T = 1 bands in 4 6 Ti , 4 6 V, and 4 6Cr, the latter being established 
with the aid of 77 coincidences like those in the bottom left panel. Mirror symmetry in the 
A = 46 T = 1 triplet is remarkably well preserved. 

2 Exper imen t details and resul ts 

The experiment to study 46Cr was performed at the ATLAS facility of Ar-
gonne National Laboratory. Beams of 36Ar, at an energy of 105 MeV, bom
barded targets of 12C which were 200, 567 and 602 /ug/cm2 thick. The prod
ucts of the reaction were analyzed with the Fragment Mass Analyzer and only 
one A/q value, corresponding to 46/15, was accepted at the focal plane. Iden-

file:///-3Q9i
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tification of the recoiling species was achieved using an ionization chamber. 
Shown in Fig. 1 are the 7-ray spectra, obtained with GAMMASPHERE, that 
result when no conditions are placed on the FMA data (top panel), and con
ditions corresponding to Ti, V, and Cr ions (lower three panels) are selected. 
As can be seen, there is a dramatic difference in the spectra depending upon 
the condition set. In the Cr spectrum the most prominent features are 7 rays 
from transitions in 49Cr, most likely from the 160(36Ar,2pn)49Cr reaction on 
oxygen target contamination. 

Figure 2 displays 77 coincidence spectra (left panels) from transitions 
assigned to 46V (top) and 46Cr (bottom). From the intensities observed in 
the coincidence spectra, and the expected similarity with the ground state 
band in 46Ti, the yrast band in 46Cr as shown in the bottom right panel of 
Fig. 2 is established (the 1983-keV transition is highly speculative). Angular 
distributions were obtained by sorting the data according to angle, and all 
7 rays assigned to the ground state band are consistent with stretched E2 
transitions. The T = 1 band in 46V (top right) has been firmly extended to 
r = 10+, and tentatively to 12+. The 2+, 4+, 6 + , and the tentative 12+ 
assignments are in agreement with previous studies 4>6-7, whereas the 8 + and 
10+ states are newly observed in this work. The assignment to the T = 1 band 
is not as straightforward due to the lack of a strong cascade of E2 transitions, 
and has been extended based on the similarity of the decay patterns with the 
lower spin members of the band and expected level energies. 

3 Theoretical calculations and discussion 

The binding energies for members of an isospin multiplet of mass A and isospin 
T can be obtained from the isobaric multiplet mass equation (IMME) 8 '9 

BE{A, T, t3,i) = a(A, T, i) + b(A, T, i)t3 + c(A, T, i)t\, (1) 

where i refers to all other quantum numbers, such as angular momentum, state 
number, etc. The coefficients a, b, and c, depend on the isoscalar, isovector, 
and isotensor components of the Hamiltonian, respectively. The change of 
the isovector and isotensor contributions as a function of angular momentum 
can be isolated by taking the combinations (dropping the common quantum 
numbers) 

Eex(t3 = 1,1') - Eex(t3 = -l,r) = -2A6(7), (2) 

Eex(t3 = 1,7*) + Eex(t3 = -1 ,1*) - 2Eex(t3 = 0,7*) - -2Ac(7). (3) 

By using combinations of level excitation energies, rather than absolute bind
ing energies, these values are insensitive to uncertainties in the ground state 
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Figure 3. Coulomb energy difference as a function of angular momentum extracted accord
ing to Eqs. 2 and 3 highlighting the isovector and isotensor contributions to the energies. 
The filled points are the experimental values (those in parentheses are tentative assign
ments) and the open points are results of /p-shell model calculations (see text for details). 

masses. 
Shown in Fig. 3 are the experimental level energy differences (filled points) 

extracted, using Eqs. 2 and 3, for the T = 1 bands up to I* = 12+ . Full fp-
shell model calculations were performed with the code OXBASH using the 
FPD6 Hamiltonian of Ref.10 and the isospin nonconserving Hamiltonian con
sisting of Coulomb plus nucleon-nucleon isovector and isotensor interactions 
of Ref. n . The strengths of the nuclear isovector and isotensor interactions 
were adjusted slightly from Ref.8 in order to better reproduce the experimen
tal ground state b (8.109(10) MeV) and c (0.276(10) MeV) values (8.113 MeV 
and 0.267 MeV, respectively). The calculated values from Eqs. 2 and 3 are 
also shown on Fig. 3 (open points). The agreement with experiment is quite 
good, although there is a discrepancy for the spin 6 and 8 values of 2A6. 
For the isotensor contribution, the agreement is remarkable, both in shape 
and magnitude. Calculations based on the cranked shell model by Sheikh et 
al.12 essentially predicted an opposite behaviour in the isovector CED due to 
alignment effects and blocking of occupied orbitals. This disagreement may 
be related to the exclusion of np correlations in the model12. 
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4 Summary 

In summary, an experiment to observe 46Cr using the 12C(36Ar,2n) reaction 
with GAMMASPHERE and the FMA has been performed. The yrast band in 
46Cr has been established up to 10+ (tentatively 12+), and the T = 1 states in 
46V have been assigned up to 10+ (tentatively 12+). The observation of 46Cr 
completes the heaviest known T = 1 isospin triplet. For the first time, b and 
c coefficients for the isobaric multiplet mass equation are available for states 
above spin 6. The results compare well with full /p-shell model calculations, 
but are contrary to recent cracked-shell model calculations. 
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Several aspects of nuclear structure encountered on, or near,the N=Z line are 
discussed. Binding energies as a probe of re-emerging SU(4) symmetry and the 
interplay of T = 0 and 1 pairing correlations are the first topic. New results on 
Coulomb energy differences (CED) at high spin for nuclei in the f7/2 shell are 
presented. The CED between the T = l states in N=Z odd-odd nuclei and their 
isobaric analogues are suggested as a possible probe of n-p pairing on the N=Z line. 
First results from a numerical diagonalisation of IBM-4 are cited. The importance 
of future studies with radioactive beams is emphahsised 

1 Introduction 

Nuclei along the N=Z line display several unique characteristics which arise 
from two principal sources. Firstly, the coincidence of neutron and proton 
Fermi surfaces ensures maximum spatial overlap between the neutron and pro
ton wave functions so that, as the number of valence nucleons increases with 
increasing mass, strong collective effects develop. Secondly, the charge inde
pendence of the nuclear force gives rise to a neutron-proton exchange symmetry 
which can be represented by the isospin quantum number and which manifests 
itself in a number of structural features observable only on, or very near, the 
N=Z line. Examples include SU(4) symmetry, which is good for only the light
est of nuclei and rapidly gets worse as the l.s force increases, mirror symmetry, 
which is currently being studied to higher spins than ever before, and n-p pair
ing correlations. Finally, breaking of the isospin symmetry itself is expected 
to occur most strongly for the heaviest masses on the N=Z line. 

Clearly collective effects on the N=Z line can be expected to become most 
apparent as we go up in mass and enter regions of larger valence space. How
ever, only in recent years has experimental sensitivity been sufficient to begin 
to probe some of the relevant questions. Thus, for example, A=51 is the cur
rent mass limit for the high spin mirror studies1 while 76Sr and 80Zr2 probably 
now represent the limit of spectroscopy for N=Z nuclei, meaning the heaviest 
nuclei in which more than the first one or two yrast states have been identified. 

The new ingredient that appears on the N=Z line is the symmetry associ
ated with the isospin quantum number, T, and the role of the neutron-proton 
exchange symmetry in collective modes is a facet of nuclear structure which 
is only now being probed. Clearly, the feature which springs to mind most 
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readily is the existence of neutron-proton pairing and its possible effects and 
signatures, at low and high spin. 

It is obviously not possible to explore all of these features in detail in this 
talk, which will therefore concentrate on a few specific examples where new 
results have become available, and on the importance of future experimental 
studies with radioactive beams. 

2 Binding Energies and SU(4) Symmetry 

The role of isospin on the N=Z line manifests itself most strikingly through 
a study of the double differences of binding energies, discussed by Brenner et 
al 3 in the context of extracting the average strength of the neutron-proton 
interaction. 

SVpn(N, Z) = ^[B(N, Z) - B(N - 2, Z) - B(N, Z-2)+ B{N -2,Z- 2)] (1) 

The notable outcome of this analysis was the occurrence of particularly large 
interaction strengths for the lighter N=Z nuclei. These enhancements in 5Vpn 

were shown3 to disappear entirely if the T=0 component of the shell-model two 
nucleon interaction is set to zero and, in a later study4 , to be an inescapable 
consequence of SU(4) symmetry. The spin-isospin symmetry of SU(4) cor
responds to a Hamiltonian which is independent of spin and isospin and ,as 
such, is expected to be badly broken in the majority of nuclei because of the 
increasing importance of the spin-orbit interaction. The rapid decrease with 
mass in the degree of enhancement of SVpn exhibited by the data is therefore 
not surprising. However, it has been suggested citeisa95 that , beyond 56Ni, 
the enhancements might reappear due to the presence of a pseudo-S\J(4) sym
metry, which arises from treating the pf shell as a pseudo-sd shell, in which 
the spin-orbit splitting is greatly reduced. 

It is therefore particularly intriguing to learn of a very recent result5 from 
the GANIL facility in which N=Z mass measurements have been extended up 
to Z=40, enabling 6Vpn-va\ues to be estimated for the first time beyond 56Ni. 
Although very preliminary, the data seem to indeed show a re-establishment 
of the enhancement associated with N=Z. Further studies of N=Z masses are 
under way using the ISOLTRAP at ISOLDE 6and this work emphasises the 
need for, and value of, a continuing programme of mass measurements of the 
most exotic nuclei. 

The decrease in strength of the attractive T=0 interaction is also apparent 
from an examination of the energy separation of T=0 and 1 states in odd-odd 
and even-even N=Z nuclei as a function of mass, shown in Figure 1. Two 
characteristics are immediately evident. The separation is much smaller in the 
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Figure 1: Separation of T = 0 and 1 states in odd-odd and even even, N=Z nuclei, (courtesy 
of P. Von Brentano) 

odd-odd nuclei than in the even-even and steadily decreases with increasing 
mass, to the extent that the T = l state becomes the ground state in all the 
(known) odd-odd N=Z systems beyond A=58. These features can be under
stood in the framework of two , rather different, approaches. In treating the 
competition between T = l and T=0 couplings in a group theoretical frame
work, the underlying SU(4) symmetry immediately provides the first answer, 
since in SU(4), the lowest T=0 and 1 states in the odd-odd nuclei are in the 
same irreducible representation, while, in the even-even case, they have differ
ent SU(4) quantum numbers. Alternatively, the effect has been attributed to 
the competition between the normal T = l pairing correlations and the sym
metry energy of the nuclear mass formula7. In the odd-odd nuclei, the two 
contributions to the binding energy cancel and vice-versa in the even-even 
case. However, the clarity of this description suffers from the fact that the 
T=0 correlations are subsumed in the symmetry energy itself. The situation 
has been illuminated very recently by a more microscopic treatment by Wyss 
and Satula8 which directly links the strength of the T=0 correlations (relative 
to the T = l ) to the Wigner energy, represented by the term linear in T in the 
nuclear mass formula. 

In the algebraic approach, the separation of T= 0 and 1 states in the odd-
odd nuclei can be directly related to the relative energies of the corresponding 
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fermion pairs 9 and its decrease with A signifies a decrease in the attractiveness 
of the T=0 pair. This can be understood in the context of the change from / — s 
to j - j coupling as the strength of the spin-orbit interaction increases. The 
popular picture of a T=0 pair as an object with L=0, S= l (and hence perfectly 
overlapping neutron and proton orbital wave functions) is only true for pure 1-s 
coupling. The transition to j-j coupling results in a steady erosion in the purity 
of the L=0, S=l wave function of the T=0 pair, adding components with L=2 
and thus rendering it less attractive relative to its T = l competitor. The same 
effect may be responsible for the more rapid fall-off of the symmetry energy, 
relative to the pairing correlations, that gives rise to the eventual inversion of 
odd-odd T=0 and 1 ground states in the mean field description. 8 

3 Mirror Nuclei at High Spin 

Until very recently, the most recent results on this topic were those for the 
49Cr/49Mn mirror pair10 which extend to the band terminating spin of 3 1 / 2 - in 
each case and reveal a collective structure with the standard backbend/alignment 
taking place around J7r = 17/2~. Similar data have been obtained for the A=47 
pair also11. Very recently, however, a new study1 by the same collaboration has 
revealed the complete yrast structure up to band termination of the A=51 mir
ror pair 51Fe/51Mn. In this case, the maximum spin state achievable within 
the f7/2 shell is 27/2~ and the results were obtained using the combination 
of the GAMMASPHERE gamma-ray detector array and the Fragment Mass 
Analyser (FMA) at the ATLAS facility of Argonne National Laboratory. The 
deduced level schemes are shown in Figure 2. Nothing was known about the 
excited states of the neutron-deficient partner 51Fe prior to this investigation. 

The Coulomb energy differences (CED) between states for the A= 51 mir
ror pairs are shown in Figure 3a as a function of angular momentum. The 
degree of collectivity is less than for the mid shell pair at A=49. This is evi
dent both from the observed level structures and from the smoother behaviour 
of the CED's in the former case. Nevertheless, the new data reveal the by-now 
familiar sudden change at 3^ = 17/2", stemming from the rotational alignment. 
The basic origin of this phenomenon has been understood for some time 12; 
the blocking of the odd neutron causes the protons to align first in Fe and 
vice-versa for Mn. The Coulomb energy in Fe therefore decreases because of 
the decrease in spatial overlap of the two aligning protons, with a consequent 
decrease in the CED of Figure 3. The new data also show the same return 
of the CED towards zero after the first bandcrossing observed previously. A 
Cranked Shell Model (CSM) treatment13 has shown that this feature stems 
from the delayed onset of alignment of the protons in Mn. It also emerges 
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Figure 2: The level schemes of the A=51 mirror pair [1]. 

perfectly from a full fp-shell model description14 as shown in Figure 3b. More
over, the physical origin of the effect can be confirmed in that basis also by 
looking at the behaviour of the expectation values of the operator 

[(a+a+) J=6,T=1 (aa) J = 6 , T = l i 

which can be taken as a measure of the onset of alignment. The result is shown 
in fig 3c. 

The CSM study mentioned above also produced early predictions for the 
behaviour of CED's involving T z = ± l mirror pairs. It is clear that, in these 
cases involving two even-even nuclei, the interplay between the first and subse
quent alignments is going to be much more critical. The data with which the 
predictions can be compared have only just been obtained and were presented 
in the contributions of Lenzi15 and Garrett1 6 for the A=50 and A=46 T = l 
mirror pairs respectively. In the former case, there is qualitative agreement 
but in the latter, the sign of the effect is wrongly predicted. However, this is 
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Figure 3: The measured and calculated CED and quasi alignment for the A=51 mirror 
nuclei, plotted as Fe-Mn [1], 

not really surprising. The sign and extent of the change in CED will depend 
on which nucleus shows the earliest alignment of protons and on the delay to 
the onset of proton alignment in the second member of the mirror pair. The 
study of ref.13 was a schematic one, done at a single, fixed deformation and 
pairing strength for the entire f^ shell. 

There is another set of CED which can be considered, namely, those in
volving the T = l isobaric analogue states in the odd-odd N=Z nucleus. Unfor
tunately, the T = l states in such nuclei have been found to be populated very 
weakly compared to the T=0 ones. Nevertheless, very recently, two studies 
have been completed which populated this set of states in the A=46 and 50 
odd-odd N=Z systems up to spin 10. The first example, 46V, was discussed in 
the previous contribution16. The second, 50Mn, was studied17 in the reaction 
24Mg(32S,apn)50Mn using a beam energy of 95 MeV at the Gammasphere de
tector array the Argonne National Laboratory. The deduced CED with the 
T z = + 1 even even nucleus in each case are shown in Figure 4. 

The figure shows a rapid increase in the CED up to the J 7 r =8 + or 10+ 
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Figure 4: Measured Coulomb energy difference for the isobaric analogue T = l states in the 
A=46 and 50 systems. 

Table 1: Values of the boson (pair) number for A=46, T=q from IBM-3 

~~~ Ti (Z=22) V (Z=23)~ 
Np 4/5 2/5 
Nn 9/5 2/5 
N n p 2/5 11/5 

state and then a slight fall in each case. The obvious question of interest 
here is to what extent n-p pairs may play a role in the alignment process in 
the odd-odd nucleus. The initial rise in the CED is consistent with a proton 
alignment in the even-even nucleus and either a neutron or n-p alignment in 
the odd-odd, either of which can be assumed to have no effect on the Coulomb 
energy. In fact, an idea of the pair structure in the two nuclei can be obtained 
from the algebraic treatment of the isospin in the IBM-3 model18, yielding , 
taking the A=46 case as an example, the results shown in Table 1 for the three 
types of boson in the model basis. There is a surprisingly large increase in the 
number of n-p pairs in going to the self-conjugate system, suggesting that they 
must dominate the alignment process in the odd-odd system and that study 
of the CED involving such systems therefore offers an insight into the spatial 
correlations associated with n-p pairs as a function of rotational frequency . 
Identical conclusions can be drawn from the calculations of expectation values 
of pairing correlation strengths in the A=46 system. 19 

4 Collective Structure in Heavier N = Z Nuclei 

From a theoretical point of view, many approaches are currently being devel
oped to deal with the problem of heavy N=Z nuclei. Examples include vari-
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ational approximations, like BCS or HFB, direct diagonalisation of the shell 
model or the use of Monte Carlo techniques. The Interacting Boson Model 
of Arima and lachello 20 has achieved an impressive level of success in the 
description of collective features in medium-heavy nuclei and, recently, a first 
step has been made 21 towards the use of the isospin invariant version of the 
model, IBM-4, to analyse the structure of N=Z nuclei at the beginning of the 
28-50 shell. The microscopic foundations of such a numerical boson calcula
tion have been studied by calculating, where possible, the Hamiltonian from a 
realistic shell model interaction using a mapping procedure that relies on the 
existence of approximate fermionic symmetries. 

The first test of the IBM-4 hamiltonian thus derived was made on the 
recently studied levels of the odd-odd, N=Z nucleus 6 2Ga2 2 . Both shell model 
and IBM-4 predict a 0 + (T=l) ground state and a 1 + (T=0) first-excited state. 
Note that this represents an inversion with respect to the order in 58Cu which 
agrees with the data. Given that no free parameter is introduced in the IBM-4 
calculation, the agreement for the T=0 levels can be called remarkable and 
a near one-to-one correspondence with shell model levels can be established. 
Further calculations have been made2 1 for the next two odd-odd N=Z nuclei, 
66 As and 70Br, where shell model calculations have not yet been possible. 

Boson number 

Figure 5: Pair structure of lowest states of odd-odd, N=Z nuclei beyond 58Cu.[21] 

Another application of this formalism is that a quantitative indication 
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of the pair structure of nuclear states can be readily obtained by computing 
boson-number expectation values in the IBM-4 eigenstates. This is illustrated 
in Figure 5 where the proportion of isoscalar bosons of the total number of 
bosons is plotted for various states in the three odd-odd N=Z nuclei studied. 
The first important feature to note is the mixture of T = l and T=0 pairs in 
the lowest states with, for example, the T = l , 0 + ground state containing 10-
20% of T=0 bosons; this is an unavoidable consequence of isospin invariance. 
The correlation between the energy separation of T=0 and 1 states and the 
dominance of one pairing mode over another has been pointed out before 9; 
here the separation is around 1 MeV and it seems clear that this is already 
sufficient to signal that the T = l collective pair structure is significantly more 
attractive than for T=0. 

5 The Future with Radioactive Beams 

In considering future studies on the N=Z line, further experimental progress 
will undoubtedly be made with stable beams, relying on enhancements in de
tection sensitivity. This type of advance tends to be a stepwise one, with the 
steps corresponding to the development of major new equipment. Thus the 
recent attainment of information on states past the region of the first backbend 
in nuclei up to 80Zr has resulted largely from the appearance of the Gammas-
phere and Euroball detector arrays. However, the information obtainable with 
stable beams is through the fusion evaporation reaction and is thus necessar
ily constrained to the yrast states. To go beyond this, to probe the intrinsic 
structure trough vibrational modes, to search for the existence of a pairing 
gap in the T=0 states and to study a range of other crucial properties of N=Z 
nuclei, radioactive beams will be essential. They will permit the population 
of non-yrast states through less selective reactions, such as (a,xn), performed 
in inverse kinematics. They will also allow the extraction of characteristic 
quantities that are currently only known for stable species, most importantly, 
through Coulomb excitation and single particle transfer. It is important to 
remember that our theoretical descriptions of structure in this region is based 
on extrapolated positions of single particle states. Transfer in the N=Z region 
will allow us to measure the highly deformed single particle structure in the 
mass 80 region. 

The techniques of nucleon transfer and near-barrier Coulomb excitation 
are thus ideal tools to study new physics away from stability. Whilst these two 
techniques are well established with stable beams, they require new designs and 
new dedicated apparatus in order to be applied to the physics accessible with 
radioactive beams. Traditionally proven spectroscopic tools such as (p,d) and 
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Figure 6: Preliminary design of the TIARA array. 

(d,p) reactions must be performed using inverse kinematics, which introduces 
characteristic experimental constraints. In particular, it is not possible to 
achieve resolutions better than 200 keV typically, using just the detection of 
the outgoing charged particles. Coincident gamma-ray detection is therefore 
required to improve the achievable resolution for bound states. This has the 
added advantage that much thicker targets can be used. The kinematics are 
insensitive to the details of individual reactions, so it is possible to construct a 
dedicated detection system with wide applicability. An example is the TIARA 
array23 , currently being constructed in the UK for use at GANIL. 

The preliminary design'is shown in Figure 6. A Si array is designed to 
be mounted inside of the EXOGAM gamma-ray array24 in its most compact 
geometry with the germanium detectors approximately 50 mm from the target. 
The paramount criterion was to fit a high resolution, charged particle array 
within this small space. The adopted solution incorporates an octagonal barrel 
of silicon detectors with resistive strips oriented parallel to the beam direction. 
One face of the octagonal barrel is omitted, to allow the target to be inserted via 
a vacuum interlock, and oriented at a suitable angle on its frame. The most 
forward and backward reaction angles are instrumented using annular non-
resistive strip detectors that are placed further from the reaction region and can 
be shielded from the EXOGAM detectors. The vacuum vessel away from the 
interaction region is large enough to allow additional beam tracking detectors. 
At angles close to zero degrees, the beam-like particles emerge and are detected 
using either a pixellated particle telescope or, ideally, a magnetic spectrometer 
that can discard the actual un-reacted beam particles. The TIARA design 
has been made to allow the coupling of the array to the VAMOS spectrometer 
which is designed with large angular and momentum acceptances, specifically 
for radioactive beam experiments, and is being built at GANIL. 
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Gener i c and non-gener ic features of chaot ic s y s t e m s : bi l l iards a n d 
nucle i 

A. Richter 
Institut fur Kernphysik, Technische Universitat Darmstadt 

D-64289 Darmstadt, Germany 
E-mail: richter@ikp.tu-darmstadt.de 

After a definition of the term generic and the introduction of the concept of classical 
and quantum billiards the nature of fluctuation properties of spectra from billiards 
and nuclei is discussed by way of specific examples. It is shown in particular how 
analogue experiments with specially shaped microwave billiards serve as model 
systems for nuclei. 

1 I n t r o d u c t i o n 

This symposium is held in honour of Peter von Brentano, and with great 
pleasure I dedicate this talk to him, an extraordinary physicist, unusual teacher 
and true friend. Speaking about some universal and non-universal properties 
of particular chaotic systems - billiards and nuclei - I cannot help thinking of 
his many imaginative contributions to our understanding of nuclei and their 
properties. I will in the course of this modest contribution thus make reference 
to some of his work 1 and in fact our first publication together in 1964 entitled 
Statistical fluctuations in the cross sections of the reactions 3 5 Cl(p ,a ) 3 2 S and 
3 7 Cl(p ,a ) 3 4 S has laid the ground for me to become a billiard player in recent 
years 2 . Wha t was then called nuclear Ericson fluctuations3 is now considered 
to be one of a prime example for quantum chaos 4 . 

Before I make an a t tempt to establish a link between billiards and nuclei let 
us look at a definition of what is meant by the terms generic and non-generic 
in the title of this talk. The 2nd Concise Edition of Webster 's New World 
Dictionary of the American language from 1975 defines generic as referring 
to a whole kind, class, or group and as something inclusive or general. Oriol 
Bohigas, whom I asked5 for a definition, too prefers opposite of specific, non-
particular, or common to all members of a large class. More quantitative, 
Bohigas' conjecture 6 states: A classical chaotic system after being quantized 
results in a quantum system which can be described by Random Matrix Theory. 
All systems for which this is true are called generic, the behavior of the rest is 
called non-generic. 

Generic features in billiards and nuclei I will discuss in the course of this talk 
are level statistics (widths distributions would be another example 7 ) , and for 
non-generic features I will rely upon certain periodic orbits in billiards and their 

mailto:richter@ikp.tu-darmstadt.de
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y> 

f *(x,y) 

q u a n t u m bil l iard e l ec t romagne t i c cavity 

Figure 1: The model systems -classical and quantum billiard- and the experimental system, 
an electromagnetic cavity -considered.in this talk. A quarter of a chaotic Bunimovich stadium 
billiard is shown as an example (from 8 ) . 

counterparts in some sense in nuclei, i.e. collective vibrations and rotations. 

2 Classical and q u a n t u m billiards 

The classical billiard, i.e. a plane two-dimensional (2D) area in which a point
like particle moves according to the laws of Newtonian motion frictionless on 
straight line paths (orbits) and interacts only with the boundary of the area 
according to the laws of relection (upper part of Fig.l), has as an analogue 
the quantum billiard (lower left part of Fig.l) which can be modeled in an 
experiment through an electromagnetic cavity (lower right part of Fig.l). 

The key idea in the analogue experiment is to exploit the well known 
similarity between the stationary Schrodinger equation for a 2D and infinitely 
deep potential and the stationary Helmholtz equation describing the electric 
field inside an appropriately shaped microwave cavity. More quantitatively, 
but very briefly, the stationary Helmholtz equation describing the electric field 
inside a microwave cavity 

V2E = -k2E (1) 

with 

* = * £ . (2) 
c 

f denoting the frequency, c the velocity of light, and E the electric field which 
vanishes at the boundary, is a vectorial wave equation. Nevertheless, for a 

classical bi l l iard 

*E(x.y) 
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cavity height d < c/2fmax with fmax being the highest accessible frequency, 
E will be always perpendicular to the bottom and the top of the microwave 
cavity 8. In this case the vectorial part of the electric field can be separated by 
using the ansatz 

E(r) = <Kr>-z, (3) 

and Eq. (1) becomes a scalar wave equation which is then analogous to the 
stationary Schrodinger equation 

V 2 * = -A;2* (4) 

with 

for a particle of mass m and energy £ trapped inside a 2D potential with in
finitely high walls. For sufficiently flat microwave resonators the solutions of 
Eq. (1), or equivalently Eq. (4), are discrete eigenvalues k2 with corresponding 
eigenfunctions E and * , respectively. 
This connection between a classical and a quantum billiard has triggered the 
initial interest in quantum billiards: In the case of a classical billiard the dy
namics of the particle can be either regular, chaotic or mixed depending only 
on the shape of the boundary, which leads to a classification of classical bil
liards into regular, chaotic and mixed billiards, and the question, whether this 
classification can also be applied to the corresponding quantum systems has 
been in the focus of intensive research for more than 20 years9 '10 '11 ,12 . For 
time-reversal invariant systems, the relevant ensemble from Random Matrix 
Theory (RMT) to describe the spectral fluctuation properties is the Gaussian 
Orthogonal Ensemble (GOE), for a recent review of RMT in quantum systems 
see4. The other major approach, called Periodic Orbit Theory (POT), towards 
the understanding of the fluctuation properties of spectra rests on the pioneer
ing work of Gutzwilier13 who derived a semiclassical relationship between the 
density of states of a chaotic quantum system and the periodic orbits of the 
corresponding classical system. 
The question if a quantum system exhibits also chaotic behavior if the underly
ing classical system does, can be studied by investigating the distribution of the 
energy eigenvalues of bound systems, especially for large quantum numbers, 
i.e. in the semi-classical limit. Because of the correspondence principle the 
quantum spectra should then reveal the signature of classical chaotic systems. 
The same holds also for the morphology of the corresponding eigenfunctions. 
Thus quantum chaos (or quantum chaology as Berry calls it14) becomes evident 
in semi-classic, i.e. non-classic, phenomena in quantum systems which have a 
chaotic classical analogue. 
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Figure 2: Upper part: Microwave transmission spectrum (outcoupled over incoupled power) 
of a superconducting stadium billiard of the shape shown in Fig.l excited for frequencies 
between 17.50 to 17.75 GHz. Note the superb resolution which allows the detection of all 
existing eigenmodes of the billiard cavity (from 2 ) . Lower part: Neutron resonances in the 
total cross section of neutron scattering on 2 3 2 Th in the energy range between 1950 and 2850 
eV (from 1 5 ) . The similarity of the two pictures is striking and points to generic properties 
of the two systems, i.e. the billiard and the nucleus. 

3 Spectra of billiards and nuclei 

While quantum billiards were treated initially only theoretically or in numeri
cal calculations (see e.g. Refs. given in8) the analogy described in Sect. 2 and 
summarized in Fig. 1 made the quantum billiard accessible to the experimen
talist. A typical microwave billiard (i.e. a 2D microwave cavity as described 
above) has a height of d = 7 mm leading to a frequency fmax « 21 GHz, be
fore turning three-dimensional. Microwave power, produced by an rf source, 
is coupled into the cavity using dipole antennas that penetrate the cavity only 
slightly (in general less than 0.5 mm). The microwave power reflected at this 
antenna or transmitted to another antenna is then analyzed by a network an
alyzer leading to the corresponding reflection or transmission spectra. The 
spectrum shown in the upper part of Fig. 2 has been taken2 with a microwave 
cavity of the shape of a quarter of a Bunimovich stadium (Fig.l) manufactured 
from electron beam welded niobium (Nb) sheets and cooled down to a temper
ature of T = IK. At this temperature Nb is superconducting (Tc = 9.2K) and 
the increased conductance of the cavity walls yields a quality factor Q = f/T-
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(with / denoting the resonance frequency and T the full width at half maxi
mum) of about 105 to 106 as a figure of merit for the achievable resolution. 

In fact the high resolution allows to resolve all existing eigenmodes of the 
billiard cavity. This is an absolute prerequisite for the credibility of the tests 
of various statistical measures applied to those spectra which are discussed 
below. 

In the lower part of Fig.2 resonances in the total cross section of neutrons 
scattered on the nucleus 232Th just above the n-threshold 15 are shown. The 
similarities to the resonances of the billiard cavity displayed in the upper part 
of this figure is truly striking, pointing to a universal or generic behavior of 
the two systems: the particular shaped billiard cavity and the nuclear system 
n+2 3 2Th exhibit similar properties associated -as pointed out in some detail 
later in this talk- with classical chaotic motion. The latter has also been 
the basis of Niels Bohr's model 16 of the compound nucleus as a system of 
interacting neutrons and protons. If a nucleus is hit in a scattering process by 
slow neutrons a state of quasi-equilibrium is reached in which all constituents 
share the available energy between them. As a result, formation and decay 
of the compound nucleus should almost be independent from each other. The 
idea of classical chaotic motion in this concept (later to be strongly linked 
4 to RMT) has at the time already been evident from a wooden toy model 
16 consisting of a shallow basin with a number of billiard balls -the nuclear 
potential binding the neutrons and protons- and an incoming billiard ball -a 
neutron of some kinetic energy- which Bohr himself ordered to be machined 
in the mechanical workshop of his Copenhagen institute. 

With his statistical concepts Bohr indeed already laid the ground (as 
pointed out in detail in the complete historical survey in4) for Wigner's work 
(see also 17) to understand the statistical properties of nuclear spectra of the 
type as shown in Fig.2 or, from the point of universality, spectra from any sys
tem in terms of RMT. One of the central questions is thus concerned with the 
underlying structure of level schemes (sequences of eigenvalues and their inter
actions amongst each other). For billiards the sequence of measured eigenfre-
quencies {/i , /2, /3, •••,/»,/i+i, •••} which correspond directly via Eqs. (2) and 
(5) to the eigenvalues of the analogous quantum system provide the backbone 
of any statistical analysis. Examples for various statistical tests that can be 
applied to the sequence of eigenfrequencies for superconducting billiards inves
tigated at Darmstadt are described in great detail in 8 so I will omit further 
discussions here and would like to point the interested reader instead to this 
article and the references therein. 

In passing I note here that the superior quality of the experimental data 
has fascinated Peter von Brentano so much that he has suggested a precision 
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Figure 3: Experimental response function (points) of a resonance at a frequency of about 
9.9068 GHz in a superconducting stadium billiard (see Fig. 1). The curve drawn is a fit of 
a Breit-Wigner formula to the data. Note the excellent agreement over about six orders of 
magnitude (from 1 8 ) . 

test of the Breit-Wigner formula on resonances in a superconducting microwave 
cavity 18. As Fig. 3 shows for a particular resonance at a frequency of / « 
9.9068 GHz the experimental response function is reproduced numerically over 
about six orders of magnitude. We have thus now a very useful formula for the 
exact determination of the resonance frequency, partial and total width of the 
eigenmodes in billiard cavities at hand and have already widely used it19-20 '21 

The frequency distribution of the nearest neighbor spacing distribution 
(NND) for the 1060 eigenvalues measured in the stadium billiard (Fig.2) is 
shown in Fig.5. For a direct comparison the corresponding NND is given in 
Fig. 4 for the so called Nuclear Data Ensemble (NDE) constructed by Haq, 
Pandey and Bohigas22 from about 1700 nuclear levels with the same quantum 
number, determined from slow neutron and proton resonance scattering as well 
as (n, 7) reactions. The experimental data (plotted in form of a histogram) in 
both figures prove that the probability to find degenerate levels is compatible 
with zero: The levels in the stadium billiard repel each other as the nuclear 
levels do and we have the anticipated generic chaotic behavior of the two 
systems. Generally it is accepted that quantum systems are chaotic if they are 
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Figure 4: Nearest neighbor spacing distribution of 1060 eigenvalues measured in the quarter 
of a superconducting stadium billiard (histogram) compared with a Poisson and GOE dis
tribution, respectively. The quantity s denotes the individual spacings in terms of the mean 
spacing (from 8 ) . 

described by a Hamiltonian of the so-called Gaussian Orthogonal Ensemble 
(GOE), the standard stochastic model for time reversal invariant systems with 
classically chaotic dynamics. And in fact the curve labeled GOE if Figs. 4 
and 5 describes the data very well contrary to the one resulting from a Poisson 
distribution also shown. If the levels of the respective system were independent 
of each other - as is the case for a time sequence of events in radioactive decay 
- and not correlated they would indeed be Poisson-distributed. 

Inspecting Fig. 4 more quantitatively shows that the GOE description is 
less perfect as compared to the one in the NDE of Fig. 5. And indeed, another 
statistical measure, the A3 or Dyson-Metha statistics, which measures long-
range correlations of eigenvalues in the spectrum (i.e. its "stiffness") amplifies 
this observation. The stadium billiard must thus have non-generic features 
which cause a deviation from GOE behavior expected for chaotic systems from 
RMT. They might be singled out with the help of another relation between 
classical dynamics and quantum mechanics, i.e. a relation between classical 
periodic orbits and the spectrum. This is the essence of the semiclassical 
theory of Gutzwiller13 which assumes that a chaotic system is fully determined 
through the set of its periodic orbits. He expresses this through his famous 
trace formula which in its 30 years of existence has become something like a 
work horse for our understanding of spectra of chaotic systems. 
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Figure 5: Nearest neighbor spacing distribution from the complete Nuclear Data Ensemble 
(NDE) constructed in 2 2 . 

As outlined in detail in 8, we start from the measured frequency spectrum 
/ I . / 2 , / 3 J — . calculate the spectral density p(f) and Fourier transform it. We 
thus obtain a length spectrum p(x) where we expect to identify periodic orbits 
at certain values of x with the help of Gutzwillers trace formula. The result 
of the Fourier transformation of the measured spectrum of eigenvalues of the 
superconducting stadium billiard is shown in the upper part of Fig. 6. The 
sharp lines correspond to the lengths x of periodic orbits and the heights of 
the peaks are a measure of the stability of an orbit. Particularly noticeable is 
an orbit labeled ® which occurs at x = 0.4 m, i.e. twice the width of the 
billiard, and repeatedly at 0.8. 1.2, 1.6, 2.0, ... This is a so called bouncing 
ball orbit which is of particular character and thus in the sense of the above 
definition non-generic. It depends not only on the symmetry of the system but 
mainly on the geometry of the billiard. Examples of other prominent periodic 
orbits (some of them carry names like whispering gallery orbits or diamond 
orbits) that could be identified from the eigenvalue spectrum measured with 
high resolution and are reconstructed with the Gutzwiller formula are also 
shown in Fig. 6. 

Figure 7 demonstrates how the presence of the bouncing ball orbits changes 
the rigidity of the spectrum for large values of L (measured in terms of the mean 
level spacing). Proper handling of these orbits2 brings the spectrum back to 
the expected GOE-like behavior of classically chaotic systems. Moreover, the 
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Figure 6: Fourier transform of the spectra] density. The particular orbits labeled with 
numbers that could be associated with the peaks in the Fourier spectrum up to the length 
of 2 m are also shown (from 8 ) . 
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Figure 7: Upper part: As(L) statistics of the measured spectrum of the stadium billiard 
(crosses with error bars) compared with theoretical predictions. Lower part: Agreement 
with the GOE prediction is obtained after removal of the bouncing ball orbit contribution. 
The saturation at L « 20 defines the shortest periodic orbit and hence the time in which 
the system becomes chaotic (from 8 ) . 

Aa(L) statistics very closely follows the GOE prediction up to L = 20, where 
it saturates, as predicted by Berry23 . This value of L = Lmax defines also 
the shortest periodic orbit and hence a characteristic time (Lmax ~ 1/Tmjn), 
during which the system becomes chaotic. 

In summary, the question asked initially, how the behavior of the classical 
system is transformed into the quantum system, has the following answer for 
the stadium billiard: There exists a one to one correspondence between the 
two systems, i.e. after elimination of the (non-generic) bouncing ball orbits in 
the classical system the analogous quantum mechanical system behaves like a 
typical chaotic system. 
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4 Generic and non-generic features of nuclei 

Figure 8 from the late Jerry Garrett 24 shows a very interesting collection 
of nearest neighbor spacing distributions for nuclei at various mass regions, 
excitation energies and states of angular momentum. The data in the upper 
part are from the NDE and are already displayed in Fig. 5 above. They show 
fully chaotic behavior, i.e. level repulsion for small spacings, while the data 
in the middle part seem to indicate less level repulsion and hence a situation 
in between ordered and chaotic behavior. Finally, the data in the lower part 
are clearly best described by a Poisson distribution. This particular behavior 
- already observed to some extent in 25 - is not totally unexpected since the 
nuclear levels in those cold nuclei are mainly due to simple nuclear collective 
excitations, i.e. rotational and vibrational motion which is an ordered motion 
and hence of a non-generic nature in the sense given in the introduction of 
this talk. In a way one could say that the orbital motion associated with these 
specific nuclear excitations depends on the geometry of the deformed nuclei in 
the same way as the non-generic bouncing ball orbits in billiards. 

The experimental findings presented in Fig. 8 are also corroborated by 
theoretical calculations. I present here some early results from Alhassid and 
Novoselsky 26 in Fig. 9. Using the interacting boson model (IBM) they in
vestigated spectral properties in the transition from rotational nuclei (SU(3) 
limit the IBM) to 7-unstable nuclei (0(6) limit). Such calculations are of 
particular interest since (in a chosen model frame) one is able to test the sym
metry properties of the interaction Hamiltonian. For the particular example 
of Jw = 6 + states shown in Fig. 9 one observes regular motion (Poissonian 
or non-generic behavior), i.e. the intrinsic wave functions are conserved and 
possess a high degree of symmetry, for rotational and 7-unstable nuclei, while 
one has completely chaotic spectral properties (GOE or generic behavior) for 
nuclei in between. The parameter controlling this is x m the IBM Hamiltonian, 
and the results in Fig. 9 are thus indeed a very illustrative example for the fact 
how non-generic and generic spectral properties reflect directly the properties 
of the underlying interaction Hamiltonian. 

Let me finish this section of the talk with a look at the spectral properties 
of the scissors mode. The structural properties of this elementary excitation 
mode have been much to the heart of Peter von Brentano and his research 
group in recent years and continue so up-to-date (see e.g. 2 7 ' 2 8 ) . This low lying 
isovector magnetic orbital dipole mode was first discovered in electron scatter
ing experiments in Darmstadt 29 in the early 1980's and has been subject of 
intense experimental and theoretical investigations since30. An unprecedented 
data set is available now from extensive nuclear resonance fluorescence (NRF) 
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Figure 8: Comparison of nearest neighbor level spacings distributions for nuclear states with 
the same Jw at the neutron and proton separation energy (upper part), i.e. at excitation en
ergies Ex « 8 MeV (hot nuclei), for levels in the spherical nucleus 1 1 6Sn below Ex < 4.3 MeV 
(middle part) and for deformed rare-earth nuclei in the mass range A = 155 - 185 (lower 
part) excited not to high above the ground state (cold nuclei). Curves corresponding to a 
Poisson distribution (characteristic of ordered or non-generic behavior) and a Wigner distri
bution (essentially equivalent to the GOE and characteristic of chaotic or generic behavior) 
are compared to each NND of nuclear levels shown (from 2 4 ) . 
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Figure 9: Nearest neighbor spacings distribution (l.h.s.) and Dyson-Mehta statistics (r.h.s.) 
for J7' = 6+ levels of an IBM Hamiltonian with N = 25 bosons and various x values 
controlling the transition from the rotational to the 7-unstable limit. The solid line stands 
for a Poisson distribution and the dashed line for a GOE distribution (after 2 6 ) . 
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experiments31 covering doubly even nuclei in the N = 82 — 126 major shell. By 
combining the data sets from different nuclei, one can extract statistically sig
nificant results32. We notice that our study is different from the ones discussed 
above because we have an ensemble of excitations belonging to the same mode 
which is confined to a certain energy window of about 2.5 < Ex < 4AMeV. 
This energy interval was chosen based on the arguments presented in33 '34 . At 
lower energies two-quasiparticle excitations with Jn = 1+ have been observed 
35, while at higher excitation energies spin contributions dominate the mag
netic dipole response36. Thus, we have extended the study of nuclear dynamics 
into a regime of low spin with excitation energies of a few MeV only, but well 
above the yrast line. A scissors mode data ensemble has been constructed with 
a total number of 152 nuclear levels from data of 13 heavy deformed nuclei. 
From the unfolded spectra, the nearest neighbor spacing distribution (NND), 
the cumulative NND, the number variance X2 and the spectral rigidity A3 were 
extracted from the data ensemble according to the prescriptions in 4 ' u . The 
result for the states attributed to the scissors mode (J^^K = 1 + ; 1) is shown 
in Fig. 10. All evaluated statistical measures agree remarkably well with the 
Poissonian behavior of uncorrelated levels. For comparison, the Poisson and 
the Wigner-Dyson distributions are also displayed. Although the individual 
level sequences are rather short, the functions S 2 and A3 clearly show the lack 
of long-range correlations. However, one should keep in mind that the typical 
length of a sequence from one single nucleus is of the order of ten only. The 
results in Fig. 10 show evidence for uncorrelated or ordered Poisson behavior. 
They can also be viewed as an independent proof of the simple non-generic 
nature of the scissors mode and its collective nature which has sometimes been 
questioned in the past37 '38 . 

5 Coupled billiards and isospin symmetry breaking in nuclei 

With the fabulous modern 7-arrays like e.g. EUROBALL and GAMMAS-
PHERE - and even Rick Casten does his 7-ray work at Yale University now 
with YRASTBALL and not anymore with a single germanium detector he was 
so proud of in the past - it is now possible to do complete nuclear spectroscopy. 
In this context Peter von Brentano together with his group at the University 
of Cologne realized recently the beauty and simplicity of deuteron-like states 
of isospin T = 0 and T = 1 in N = Z odd-odd nuclei39. But besides the n-p 
interaction being responsible for those states we have the Coulomb force which 
introduces isospin symmetry breaking40. We have modeled this situation with 
a billiard system consisting of two coupled superconducting resonators 41. A 
variable coupling has allowed us to study the transition from the uncoupled 
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Figure 10: Level spacing distributions of scissors mode states in heavy deformed nuclei (152 
states from 13 nuclei). Shown are (a) the nearest neighbor spacing distribution, (b) the 
cumulative nearest neighbor spacing distribution, (c) the number variance S 2 (L) and (d) 
the spectral rigidity As(L). Full histograms and open circles display the data. Poissonian 
behavior and expectations from the Gaussian Orthogonal Ensemble (Wigner) are shown as 
short and long dashed lines, respectively (from 3 2 ) . 
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case (pure isospin) into the weak coupling very precisely. The positions of the 
resonances were determined with a precision of 10~7. 

Special properties of the N = Z odd-odd nucleus 26A1 have inspired us to 
performe an analogue study of isospin mixing in a chaotic system. In 42 the 
complete spectrum of the nucleus 26A1 at low excitation energy was established. 
The analysis of this spectrum in terms of the Gaussian Orthogonal Ensemble 
of random matrices showed that the level statistics was intermediate between 
a 2-GOE and a 1-GOE behavior43. By this, we refer to the following model. 
Each level in the spectrum of 26A1 can be characterized by isospin 0 or 1. In 
the absence of mixing, the spectrum of the states of each isospin (i.e. of each 
symmetry class) has the statistical properties of the eigenvalues of matrices 
belonging to the GOE. The superposition of the two spectra displays a 2-GOE 
behavior. It is described by the first term of the Hamiltonian 

GOE 

0 

0 

GOE 

0 

V+ 

V 

0 

The off-diagonal matrix couples the classes. The random elements in the GOEs 
and in V, all have the same rms value v so that a = 1 makes H. as a whole to 
be a GOE matrix. The resulting spectrum displays 1-GOE behavior. For the 
observables studied below, the 1-GOE behavior is actually reached already if 
av/D is « 1. Here, D is the mean level distance of 7i. For simplicity, we set 
v = 1 in the sequel. This makes D dimensionless and the parameter governing 
the level statistics is then a/D. - In the example of 26A1, this parameter was 
determined from the level statistics; whence the mean square Coulomb matrix 
element that breaks isospin was derived. The billiard experiment tests the 
model (6) with a large number of levels and very clean spectra in a situation, 
where the parameter a/D controlling the symmetry breaking can be varied. 
In the actual experiment each of the two symmetry classes consists of the 
eigenstates of a (quarter of a) stadium billiard. 

A small frequency range of spectra at various couplings is shown in Fig. 11. 
One recognizes that the resonances are shifted by statistically varying amounts. 
The largest measured shifts are about 5 MHz. The mean level spacing is 
D = 10.7 MHz. The resonance widths are of the order of 1 to 100 kHz. 
The high Q of 105 — 106 together with the excellent signal to noise ratio of 
up to 50 dB of the superconducting setup was obviously necessary to detect 
the partly small shifts and thus the dependence of the level statistics on the 
coupling. 

We now turn to the analysis of the spectra. From the ansatz (6), the 
nearest neighbor spacing distribution (NND), the S2-statistic and the A3-
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Figure 11: A small frequency range of three spectra with different coupling. The arrows are 
intended to help recognize the shifts of a few resonances (from 4 1 ) . 
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statistic might be obtained numerically. Although the coupling parameter 
a/D can be determined by comparing numerical simulations with the data, it 
is convenient to have analytical expressions of E2 etc. as functions of a/D. 
The results for the £2-statistics or number variance (already used in Fig. 10) 

denned as S 2 = ((n(L) - L) V with n(L) being the number of eigenvalues in 
an interval of length L, is shown in Fig. 12. Note from this figure that the 
function T,2(L,a/D) is sensitive to the coupling a/D at every L - at least 
in the range 1 < L < 5. This distinguishes the E2-statistics from the NND 
P(s,a/D) which is sensitive to a/D essentially only for small spacings s, i.e. 
s/D < 1. For this reason , we preferred to base the present analysis on the 
£2-statistics. 

From the coupling parameter and the mean level spacing D — 10.7 MHz, 
one obtains the root mean square coupling matrix element a of the model (6). 
It corresponds to the rms Coulomb matrix element ^(HQ) that is responsible 
for isospin mixing43. Figure 12 shows that starting from 2-GOE behavior in 
the uncoupled case (a/D < 0.024) one moves through the weakly coupled case 
(a/D = 0.13) towards 1-GOE behavior. The strongest coupling (a/D = 0.20) 
realized here causes, however, still a relatively weak symmetry breaking of 
about the same size as the isospin symmetry breaking in 26A1. 

In summary, the dependence of the spectral statistics on the coupling be
tween levels belonging to different symmetry classes has been demonstrated 
for a quantum system which is chaotic. Even subtle changes of the level sta
tistics induced by small coupling parameters could be observed. In the present 
case isospin mixing in the N = Z odd-odd nucleus 26A1 has been simulated 
but in fact the experiment models mixing between any two symmetry classes. 
Our next step will be a measurement of the distribution of partial widths r 

(equivalent to the distribution of reduced transition probabilities44 in 26A1) 
in coupled superconducting billiards and analyse them in terms of recently 
proposed isospin symmetry breaking models 45. 

6 Open billiards: frequencies, widths and eigenfunctions 

The last point in this talk is also related closely to some recent work of Peter 
von Brentano 46 on Crossing and anticrossing of energies and widths for un
bound levels. There he speaks of a system of two bound states and its extension 
to two unbound states and quotes interessting examples in nuclear physics -
the strongly isospin mixing doublet of (Jn;T) = (2+;0,1) in 8Be - and in par
ticle physics - the famous isospin mixed p - u meson doublet. Furthermore, 
he also mentions doublets of resonances in microwave cavities47. 

Very briefly, I will focus in my final example on the usefulness of microwave 
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Figure 12: The E2-statistics for three different couplings. The dotted line gives the 1-GOE 
and the dashed line the 2-GOE behavior. The solid lines result from the estimation of a/D 
described in the text (from 4 1 ) . 
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3J 
0.1m 

Figure 13: Sketch of the slightly asymmetric microwave cavity as seen from the top. The 
external parameters are the slit opening s and the position d of the teflon semi-circle. 

cavity experiments for the general investigation of wave dynamical problems 
on our recent observation of branch root singularities in the energy spectrum 
of a flat parametric resonator21. While in the previous examples in this talk 
I did focus on the analysis of level statistics of microwave billards, i.e. the 
distribution of resonance frequencies, I shall now also look at the widths Tj 
of the resonances. This is crucial when discussing experiments with open 
billiards, which might couple to several open channels - as in the case of the 
superconducting cavities discussed in 7 - or to a dissipating continuum (the 
cavities' walls) as in the case of normal-conducting resonators operated at 
room temperatures 21 -

As an example for such an open system I shall discuss the cavity sketched 
in Fig. 13. It consists of two semi-circular copper cavities, variably coupled by 
a slit with an opening s. A teflon (er « 2.1) semi-circle is placed in one side of 
the cavity, yielding a second parameter 5, i.e. the distance between the centers 
of the cavity and the semi-circle. A very basic two-level model for this system 
can be formulated straightforwardly through the Hamiltonian 

B-Ht..)- (**+*> ft'a.i), (7) 

where s and 6 are the cavities' external parameters and £"12 and 1^2 denote 
the frequencies and widths of the two uncoupeled cavities. Even this basic 
two-level model shows some very interessting features - mainly the existence 
of so called Exceptional Points (EPs), i.e. combinations of a non-vanishing s 
and 5 for which the two complex eigenvalues of HEP coalesce48,49. The fact 
that the system under discussion is an open system, i.e. its eigenvalues are 
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Figure 14: Resonance frequencies / i t2 and widths Ti,2 of the (initially) eighth and ninth 
mode as a function of 5 (si = 58 mm). As an inset the measured reflection spectra for 
different 5 are shown (from 2 1 ) . 

complex with a real part given by the resonance frequency and an imaginary 
part given by the resonance width, leads to a topological structure that is 
distincitvely different from simple degeneracies encountered in closed systems 
(so-called Diabolic Points50). In the case of EPs we are not faced with a simple 
degeneracy but with a second order pole in the complex eigenvalue plane. One 
way to uncover the said topological structure is to encircle such an EP in the 
parameter space spanned by s and S and trace the changes in the resonance 
frequencies, widths and eigenfunction patterns of the two modes connected at 
the EP along the closed path. 

A possible path around such an EP is to start with a small coupling si 
and to move the teflon semi-circle from an initial <5i to a 52 • During this step 
a crossing of the resonance frequencies is observed as pointed out by Peter 
von Brentano in 47 and as shown in Fig. 14. Nevertheless, since the EP is 
only encircled, the complex eigenvalues do not cross (only their real parts, the 
resonance frequencies / i and /2 cross) and consequently the imaginary parts, 
i.e. the resonance widths, show an avoided crossing. Note, that the crossing of 
/ i and / 2 occurs for all couplings smaler than a critical coupling and not just 
at a single point in the ̂ parameter space as it would be the case in a system 
showing DPs5 0 '5 1 . 
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Figure 15: Resonance frequencies / i ,2 and widths I \ 2 of the eighth and ninth mode as a 
function of S (s2 = 66 mm). Again measured reflection spectra for different 6 are shown 
(from 2 1 ) . 

The situation is reversed during the next step of the closed path: After 
the coupling is enlarged to S2, moving the teflon semi-circle back to its initial 
position 6\ causes an avoided crossing of / i and f2 and a crossing of the 
resonance widths T\ and 1^ as shown in Fig. 15. In a last step the loop is closed 
by reducing the coupling to its initially position 8\. A direct consequence to 
this behavior is, that a complete loop in the parameter space will not result 
in a complete loop in the eigenvalue space: instead of simply reproduced, the 
complex eigenvalues are interchanged, i.e. 

UW£} -1 {SWR} (8) 

along the loop in the parameter space. 
Following the eigenvectors, i.e. the distribution of the electric field, along 

the closed path is even more intriguing: The two eigenvectors i/>i and V2 are 
not just interchanged like their corresponding energies but only one of them 
undergoes a sign change, i.e. 

{:;W4} (9) 
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This behavior again underlines the fundamental difference between a Diabolic 
and an Exceptional Point: A closed loop around a DP will always result in both 
eigenvectors picking up a sign change - an effect known as Berry's Phase 50. 

To observe the behavior summarized in relation (9) one has to measure 
the field distributions inside the resonator - a challenging experimental task 
that is usually performed by following a method suggested by J.C. Slater and 
which connects the tiny shift of the resonance frequencies caused by a small 
perturbing body inside the cavity to the electric field at the position of the 
said perturbing body52 . Due to a lack of space I will only present the results 
of these measurements on the cavity sketched in Fig. 13. Detailed descriptions 
of possible experimental setups to measure field distributions inside microwave 
billards can be found in20-21,53. As one can see in the upper part of Fig. 16, V>i 
is indeed changed to V>2 in accordance to the behavior of the eigenvalues. The 
variation of tpi is small when s is set to 58 mm, since the two levels simply cross 
without interaction 50 '54 and I omit presenting the field distribution for 5 = 
40 mm since the two resonance frequencies are almost exactly degenerate for 
this setup and ijj\ could not be resolved anymore. For s = 66 mm the variations 
are more dramatic since the two modes are now coupled more strongly. The 
lower part of Fig. 16 shows the corresponding development of i/>2 - again the 
squared field patterns are simply interchanged, but when looking at the signs of 
the final state the additional geometric phase of 7r is evident, clearly confirming 
the physical reality of EPs and distinguishing them from the DPs. 

As one might have already concluded from relation (9) the fact whether tp\ 
or tp2 picks up the sign change depends on the initially chosen signs and on the 
orientation of the closed loop in the parameter space. These chiral properties 
of the EPs are discussed in great detail in 21 and should lead to a variety of 
other interessting effects such as the phase difference between the two modes 
connected at the EP, for which I do not have anymore space to discuss in this 
talk. 

7 Summary 

To conclude, I have tried to show in this talk that (i) quantum chaos manifests 
itself in the universal or generic behavior of certian spectral properties and 
wave functions, and (ii) analogue experiments with microwave cavities serve 
as model systems for real quantum systems, i.e. atoms, molecules, crystals, 
mesoscopic systems, quantum dots, ... (see4), and nuclei which I have discussed 
in some detail. 
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Figure 16: Development of the field distributions of the eighth (a) and ninth (b) mode while 
encircling the EP. Throughout the process the sign of the field distributions can be derived 
from its predecessor, (from 2 1 ) . 
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The parity splitting in actinides is described within a cluster model interpretation 
of the octupole deformation of the nuclei. The oscillations in mass asymmetry 
coordinate are considered. The calculated spin dependence of the parity splitting 
is in a good agreement with the experimental data. 

The observation of the low-lying negative parity states near the ground 
state showed that some isotopes of Ra, Th, U, Ba and Ce can have reflection-
asymmetric shapes 1 | 2 . However, in these nuclei the positive and negative 
parity rotational states being considered together do not form undisturbed 
rotational band, as in the case of the asymmetric molecules. At small spins 
/ the negative parity states are shifted up with respect to the positive parity 
states. This shift (parity splitting) decreases with increasing I and disappears 
at some value of spin which varies from nucleus to nucleus 3 , although in 
several nuclei the small oscillations of the parity splitting around zero are 
observed for large / . It means that in contrast to the molecules, in nuclei the 
potential barriers between the shape with octupole deformation and its mirror 
image, if exist, are not large enough to prevent the barrier penetrat ion. The 
penetration through this barrier lowers the energies of levels with even / with 
respect to the energies of the levels with odd / . However, with increasing spin 
the barrier becomes higher, the penetration probability goes to zero and we 
obtain almost ideal alternating parity band. 

Thus, there are two experimental characteristics of the al ternating parity 
bands which should be explained: the parity splitting at the beginning of the 
rotational band and the value of the angular momentum at which the parity 
splitting disappears. 

Phenomenological interpretation of the angular momentum dependence 
of the parity splitting was realized in 4 , s where the suggested simple exponen-

mailto:shneyd@thsunl.jinr.ru
mailto:werner.scheid@theo.physik.uni-giessen.de
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tial formula with two parameters describes the experimental da ta quite well. 
However, the parameters are changed significantly from one nucleus to the 
other and we are needed in a less phenomenological nuclear structure model 
to understand these variations. 

The aim of the present paper is a formulation of the model which explains 
the observed phenomena quantitatively. As shown below, the collective oscil
lations of a nuclear shape, which lead to formation of the cluster-type shapes, 
explain the observed properties of the parity splitting in heavy nuclei. 

The idea tha t alpha clustering 6 , 7 , s explains an appearance of the low 
lying negative parity states in actinides was proposed in 9 within the phe
nomenological model based on a symmetry consideration. The system which 
can be presented as alpha cluster plus a heavy cluster belong to the class 
of dinuclear-type systems. A dinuclear system (DNS) with a total number 
of nucleons A consisting of two clusters with some mass division, let say A\ 
and A2 = A — A\, was firstly introduced to explain da ta on deep inelas
tic heavy ion collisions 10 where this concept was very successful. Instead 
of the parametrizat ion of the DNS-type nuclear shape by the parameters of 
quadrupole (P2), octupole (P3) and other multipole deformations, the mass 
asymmetry 77 = (Ai — A2)/(A\ + A2) and the distance R between the centers 
of clusters are used as relevant collective variables n > 1 2 . If we consider 77 as a 
dynamical variable, then the wave function of the nucleus is a superposition 
of the components corresponding to different cluster-type configurations. An 
important ingredient of the Hamiltonian describing the DNS is a potential 
energy which depends on 77 and R. Our calculations have shown tha t in many 
considered cases the dinuclear configuration with alpha cluster has a poten
tial energy which is close or even smaller than the energy of the mononucleus. 
Moreover, the DNS with a cluster has an octupole deformation comparable 
with that observed experimentally 12 . The energies of the configurations with 
a light cluster heavier than a-par t ic le increase rapidly with decreasing |TJ|. 
Thus, we can restrict consideration by the cluster configurations near |̂ 7f = 1. 

The potential energy of the DNS is taken as 

U(R,TI,I)=B1(T)) + B2(T,) + V(R,T,,I), (1) 

where B\, B2 are the experimental binding energies of the DNS nuclei at a 
given mass asymmetry 77. The nucleus-nucleus potential in (1) V(R,rj,I) = 
Vcoui{R, */") + V/\r(i?, 77) + Vrot(R,r],I) is the sum of the Coulomb potential 
Vcoul, the centrifugal potential Vrot = h2I(I + 1)/(2Q(?7, R)) and the nuclear 
interaction potential VN calculated with a double folding formalism 1 3 using 
the effective density-dependent nucleon-nucleon interaction whose parameters 
were fixed in the nuclear structure calculations. The potential V(R,rj,I) was 
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applied in our previous publications 1 4 , 1 5 to the analysis of the experimental 
data on fusion and deep inelastic reactions with heavy ions. This potential 
taken as a function of R has a pocket which is due to the attractive nuclear 
and repulsive Coulomb interactions. The DNS with \r]\ close to 1 is localized 
in the minimum of this pocket. 

To calculate the potential energy at / ^ 0, the moment of inertia Q(r), Rm) 
for the cluster systems has to be defined. It is known tha t the moments of 
inertia of superdeformed states (SD) are very close to the rigid-body limit 
(about 85%) 16 . As was shown in 12, the SD states are well described as 
the cluster systems. Following this, we assume that the moment of inertia 
of cluster configurations with a and Li as light clusters is described by the 
expression 

Q(v) = c1(%+% + m0^R2
m). (2) 

Here, 9,-, (i = 1, 2) are the rigid body moments of inertia for the nuclei con
sti tuting the DNS, Ci is a constant taken to be equal to 0.85 as in 16 for all 
considered nuclei and mo is the nucleon mass. 

For 1771 = 1, the value of the moment of inertia is not known from the 
da ta because due to the oscillations in rj the experimental moment of inertia 
takes intermediate value between those for the mononucleus (|?j|=l) and for 
the a cluster configuration. We parametrize 9(|??| = 1) as 

9 ( , = l) = C2cjr ) ( 3 ) 

where 9 r is the rigid body moment of inertia of the mononucleus calculated 
with deformation parameters 1 7 and C2 is the parameter which is fixed to 
describe the energy of the first 2 + s tate (it can be done also for any other 
even parity s ta te) . The chosen values of the c? vary in a relatively small 
interval. It means that in our calculations there is one parameter which is 
used to fit the energies of the rotational states. Let us stress, however, tha t 
a description of the rotational states of the al ternating parity bands includes 
a description of the energies of the positive parity states and a description 
of the angular momen tum dependence of the parity splitting. Our aim is a 
description of the second characteristic only. However, the parameter c-i is 
used to describe the first one. 

Calculating a potential energy with (1), we substi tute the experimental 
masses of the clusters and determine their nuclear and Coulomb interaction. 
The resulting potential energy has a minimum at a-c lus ter configuration in 
the cases of 220,224,226Th a n d 220,222,224,226Ra j n t h e o t h e r i s o t o p e s t h e m i n . 

ima are located at mononucleus. 
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Table 1. Comparison of the experimental Eexp and calculated Ecalc energies (keV) of the 
states in the ground-state bands of 22°—226Ra. Experimental data are taken from 1 9 . 

I" 
1-
2 + 

3-
4 + 

5~ 
6+ 
7~ 
8+ 
9~ 
10+ 
11-
12 + 

13~ 
14 + 
15-
16+ 
17-

22t 

l^exp 
254 
68 
322 
212 
446 
416 
627 
669 
858 
960 
1134 

1281 

1446 

1629 

1792 

1992 

2169 

Ra 
Ecalc 
254 
63 
327 
206 
455 
414 
635 
668 
862 
954 
1134 

1270 

1449 

1621 

1810 

2003 

2220 

•2'U 

•H'exp 

216 
84 
290 
251 
433 
479 
641 
755 
906 
1068 
1221 

Ra 
Ecalc 
193 
81 
282 
253 
434 
482 
642 
747 
901 
1046 
1215 

'i'n 
J—'exp 

242 
111 
317 
301 
474 

Ra 
Ecalc 

148 
108 
262 
301 
436 

221 

l^eip 

413 
179 
474 
410 
635 
688 
873 
1001 
1164 

1343 

1496 
1711 

1864 

2106 

2263 

Ra 
locale 
134 
189 
361 
361 
660 
814 
990 
1153 
1339 

1499 

1703 
1848 

2080 

2201 

2471 

The Hamiltonian describing a motion in rj has the following form: 

H = ~ ^ + U ^ ' ( 4 ) 

where Bv is the effective mass parameter . The method of calculation of the 
mass parameters for the DNS is given in 1 8 . Calculations show tha t Bv is a 
smooth function of the mass number. Since, we consider nuclei belonging to 
the same mass region, we take Bn = 20 x 1 0 4 m o / m 2 for all considered nuclei. 
Using this value of Bn and results of Ref. 12 one can find the mass parameter 
for /?3 vibrations which is close to the value 200 h2/MeV known in li terature. 

Solving the Schrodinger equation with the Hamiltonian (4), we obtain 
the spectrum of ^-vibrat ions and find out the parity splitting as a function 
of / as described in 5 . The results of calculations are shown in Tables 1 and 
2. They demonstrate quite good agreement of the calculated results with the 
experimental da ta for all nuclei considered excluding the lightest isotopes of 
Ra, where the calculated energies of the 1" and 3 _ states are smaller than 
the experimental ones. Probably, it is connected with the fact tha t the light 
R a isotopes 2 2 0>2 2 2R a are spherical nuclei, however, clusterization is better 
pronounced in deformed ones. 

Using the wave functions obtained, we calculate the multipole moments 
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Table 2. Comparison of the experimental EeXp and calculated Ecaic energies (keV) of the 
states in the ground-state bands of 2 2 2 - 2 3 2 T h . Experimental data are taken from 1 9 . 

r 
1-
2+ 
3~ 
4+ 
5_ 

6+ 
7~ 

8+ 
9~ 
10+ 
11-
12+ 
13-
14+ 
15-

•i'i'2 

FJexp 

714 
49 
774 
162 
884 
333 
1043 

557 
1250 

827 
1499 

1137 

1785 

1483 

2102 

Th 

Ecalc 

693 
49 
761 
160 
882 
330 
1051 

553 
1263 

822 
1511 

1130 

1792 

1470 

2099 

230 

hjexp 

508 
53 
572 
174 
687 
357 
852 
594 
1066 

880 
1322 

1208 

1618 

Th 

locale 

485 
53 
557 
172 
684 
354 
859 
589 
1075 

869 
1326 

1215 

1629 

'?2H 

FJexp 

328 
58 
396 
187 
519 
378 
696 
623 
921 
912 
1190 

1234 

1497 

1600 

Th 

locale 

350 
54 
423 
177 
549 
391 
748 
634 
971 
919 
1229 

1235 

1517 

1572 

/"• 
1-
2 + 

3 -

4+ 
5~ 
6+ 
7-
8+ 
9 -

10+ 
11-
12 + 

13-
14+ 
15-
16+ 
17" 
18+ 
19-
20+ 

Tib 

i^exp 

230 
72 
308 
226 
451 
447 
658 
722 
923 
1040 

1238 
1395 

1596 

1782 
1989 

2196 
2413 

2635 

2861 

3097 

Th 

Ecalc 

254 
74 
340 
238 
490 
475 
698 
761 
958 
1079 

1263 

1424 
1609 

1796 

2002 

2200 
2429 

2640 

2890 

3115 

'i'24 

f-Jexp 

251 
98 
305 
284 
465 
535 
700 
834 
998 
1174 

1347 

1550 

1739 

1959 

2165 

2398 

2620 

2864 

Th 

J^calc 

204 
95 
311 
296 
494 
563 
739 
868 
1036 

1202 

1384 
1564 

1772 

1966 

2194 

2405 

2651 

2880 

•2'i'l 

Eexp 

250 
183 
467 
440 
651 
750 
924 
1094 

1255 

1461 

1623 

1851 

2016 

2260 
2432 

2688 
2873 

3134 

3341 

3596 

Th 
K i 

195 
179 
366 
461 
616 
760 
920 
1077 

1258 
1430 

1624 

1815 

2019 

2226 

2450 

2663 
2906 

3128 

3380 

3621 

and determine the deformation parameters /?2 and (3%. These values are in 
good agreement with the known data. For example, in 226Ra we obtain /32 = 
0.17 and /33 = 0.09. The measured matrix elements in 226Ra yield fi3 fa 0.1 2. 
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In-beam studies of the I9°.191Po isotopes have been performed at the gas-filled 
recoil-separator R.ITU, coupled to the Jurosphere Ge detector array. Combined 
with our recent a-decay data for these isotopes, measured at the recoil separators 
RITU and SHIP, the data provide evidence for a transition to a strong-coupling 
scheme in 191Po and for an oblate-prolate transition at low excitation energy in 
i 9 0 P o 

1 I n t r o d u c t i o n 

The phenomenon of shape coexistence is well established near the Z=82 shell 
closure, see [1,2] and refs. therein. In many nuclei in this region deformed 
intruder configurations coexist with nearly spherical normal s ta tes , as for ex
ample in the neutron-deficient Po isotopes. In these nuclei the oblate-deformed 
7r(4p-2h) configuration was found to decrease dramatically in excitation energy 
by moving towards the neutron mid-shell at N=104 and to mix with the nearly 
spherical 7r(2p-0h) s tate in 1 9 2 _ 1 9 8 P o . For instance, recent complementary in-
beam and a-decay studies [3,4] show tha t the deformed 7r(4p-2h) configuration 
becomes the dominant component in the ground state of 1 9 2 Po . Furthermore, 
calculations based on the macroscopic-microscopic approach predict t ha t in 
the vicinity of N=104 a thi rd coexisting configuration - a prolate one of the 
7r(6p-4h) type - occurs, see [1,2] and refs. therein. It is expected tha t for 
A<189 this configuration becomes the ground state while the spherical and 
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oblate configurations become excited. 
In this contribution we report on the results of the recent complementary 

in-beam and a-decay studies aimed at the experimental investigation of very 
neutron-deficient Po isotopes. 

2 m P o 

Recently we reported on an a-decay study of the nucleus 191Po (N=107) [5,6] 
performed at the RJTU gas-filled separator [7]. In this experiment for the 
first time two a-decaying isomeric states have been identified in 191Po (with 
tentative spin and parity of 13/2+ and 3 /2 - ) , having almost equal a tran
sition energies (7376(5) keV and 7334(5) keV) but totally different half-life 
values (93(3) ms and 22(1) ms). The dramatic difference in half-life of the 
two isomeric states, with nearly the same a-decay energy, is explained in the 
shape coexisting approach through the action of multi-particle multi-hole in
truder orbitals, leading to a pronounced shape staggering between the 13/2+ 
and 3 /2" isomeric states in 191Po. This fact is supported by potential energy 
surface (PES) calculations [5,6]. The main conclusion from this study is that 
the oblate-deformed 7r(4p-2h) configuration becomes the dominant one in the 
13/2+ isomeric state of 191Po. 

Such a dramatic change in structure should be seen also in the excitation 
spectrum of 191Po and therefore we performed a complementary in-beam study 
of this nucleus. 191Po nuclei were produced with a cross-section of « 1 fib in 
the complete fusion reaction 52Cr(142Nd,3n)191Po, at a beam energy of 236(1) 
MeV in front of the target. The experiment was performed at the RITU gas-
filled separator, coupled to the Jurosphere Ge-array. A prompt 7-spectrum, 
collected by the Jurosphere Ge detectors and tagged by the 7376 keV a-decay 
of 1 9 1 mPo (F=13/2+), is shown in Fig.l. 

In order to reduce the number of random coincidences, a time window 
of 300 ms between the implanted recoil and the subsequent a-decay with 
Ea=7376 keV was applied to produce this spectrum. In the spectrum the 
following main 7-peaks can be distinguished: 196 keV, 250 keV, 262 keV, 362 
keV, 367 keV, 375 keV, 464 keV, 480 keV, 539 keV and 709 keV. Based on 
the observed 7-ray intensities and on the extensive level systematics for the 
heavier odd-mass Po nuclei [8,9] the 7-rays can be tentatively grouped in two 
sequences of transitions, see insert to Fig.l. The first sequence establishes the 
262 keV (17/2+)-629 keV(21/2+)-1093 keV(25/2+)-1632 keV(29/2+) states, 
which are interpreted as the favoured states of the band built on top of the 
13/2+ isomeric state, as has been observed in all heavier odd-mass Po nuclei 
up to A=207. The second sequence of 250 keV (15/2+)-625 keV (19/2+) -1105 
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Figure 1: A spectrum of prompt 7-rays, obtained by gating with fusion evaporation residues 
and by tagging with E a =7376 keV a-decays of 1 9 1 m P o . 

keV (23/2+) states is tentatively assigned to the unfavoured states of the same 
band. This assignment, like in the case of 193>195Po where such unfavoured 
states were also observed [9], is based on the energy sums and intensities of 
the corresponding 7-rays. Fig.2 shows the known excited states, built on top 
of the assumed 13/2+ isomer in !9i.i93,i95p0 

It is well established that for A>198 the behaviour of the excited states 
in the near-spherical even- and odd-mass Po nuclei can be well described by 
the weak-coupling scheme [8,9]. Then, around A=198 (opening of the i13/2 

orbital) the downward behaviour of the excited states indicates a transition to 
more deformed configurations corresponding to the rotation-aligned scheme. 
Finally, in I9im,i93m,i95mp0 t n e u n f a v o u r e c i states are observed (see Fig.2), 
their excitation energy lowers with decreasing mass number and in 1 9 1 m p 0 

for the first time they are found below the states of the favoured band. This 
transition provides evidence for a change towards the strong-coupling scheme 
and establishes the onset of oblate deformation in the odd-mass polonium 
nuclei close to N=104, in agreement with a-decay data. More experimental 
details and a theoretical discussion are given in [6]. 
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Figure 2: Level schemes of '9im,i93m,i95mp0) d a t a f o r I93m,i95mp0 a r e t a k e n f r o m j 9 ] 

3 1 9 0Po 

In a recent a-decay study of 190Po [10] in addition to the known a-decay 
(Ea=7540 keV, T1/2=2.45 ms) to the spherical 0 + ground state in the daugh
ter 186Pb, two fine structure a-decays have been found. These two decays 
are interpreted as feeding to low-lying excited 0+ oblate and prolate states 
in 1 8 6Pb. The observed feeding pattern to the three coexisting 0 + states in 
186Pb suggests that the ground state of 190Po is a mixture of three coexisting 
configurations - near spherical, oblate and prolate - with the intruder 7r(4p-2h) 
oblate configuration being the dominant component. To directly check these 
findings an in-beam study of 190Po was performed at the Jurosphere+RITU 
setup. 190Po nuclei were produced with a cross-section of « 200 nb in the com
plete fusion reaction 52Cr(142Nd,4n)190Po at a beam energy of 253(1) MeV in 
front of the target. More experimental details will be provided in [11]. 

The Ea=7540 keV a-decays of 190Po detected at the focal plane of the 
separator were used to tag prompt 7-transitions, measured in the Jurosphere 
Ge array around the target, resulting in a 7-spectrum, shown in Fig.3a. 

In this spectrum peaks at 233, 299, 369, 437 and possibly at 484 keV are 
identified. Based on the intensity values and systematics for the heavier even-
mass Po nuclei, we associate this pattern with an yrast E2 cascade in 190Po, 
establishing the excited states at 233 (2+), 532 (4+), 901 (6+), 1338 (8+) and 
1822 (10+) keV. We point out that the transitions from the 10+, 8+ and 6+ 
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Figure 3: a) Energy spectrum of prompt 7-rays, obtained by gating with fusion evaporation 
residues and by tagging with EQ=7540 keV Q-decays of 1 9 0 Po. b) Results of the PES 
calculation for 1 9 0 Po. The near spherical, oblate and prolate minima are marked with full 

circles. 

states are close in energy to those for the known prolate band in the isotone 
188Pb (see, [12] and refs. therein). Using a variable moment of inertia fit 
(VMI) which includes the 6+-8+-10+ states in this band, the position of the 
unperturbed prolate 0+ band head can be estimated at an energy of about 100 
keV above the oblate ground state in 190Po. Therefore, our complementary 
a- and 7-decay data point to an oblate-prolate transition at low excitation 
energy in 190Po, in agreement with results of the recent potential energy surface 
calculations (PES) for 190Po, shown in Fig. 3b. Three coexisting minima 
(oblate, prolate and near spherical) can be seen in this Figure, with the oblate 
minimum lowest in energy. 

Currently three level mixing calculations are being carried out, a detailed 
discussion of the data will be given in [11]. 

4 Conclusions and future work 

We would like to point out that in our recent a-decay studies of 188>189p0 nuclei 
interesting pecularities in the a-decay of 189Po were observed [13]. First of all, 
the measured Qa-value for 189Po is about lower 250 keV than the Qa-value one 
would expect from the trend, based on 188Po and heavier even- and odd- mass 
Po nuclei. Secondly, the decay to, presumably, spherical ground state in 185Pb 
was found to be strongly hindered (HFw 50), compared to the unhindered 
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decay to an excited state at 280 keV. Based on these findings and on the PES 
calculations for 189Po and its daughter 1 8 5Pb we conclude that 189Po is the first 
polonium nucleus in which a prolate-deformed 7r(6p-4h) configuration becomes 
the ground state. In turn, due to the unhindered nature of the a-decay to the 
excited state at 280 keV in 185Pb, this state should also be prolate-deformed. 
These assignments are based on the general idea that a-decay of a prolate-
deformed 7r(6p-4h) configuration in 189Po to a spherical 7r(0p-0h) ground state 
in 185Pb should be strongly hindered as it involves a few-step process, while 
the decay to the prolate-deformed 7r(4p-4h) state at 280 keV will be favoured, 
as it is a 'normal' one-step 7r(6p-4h)—• 7r(4p-4h) process. Further discussion of 
these features can be found in [14]. 

Therefore, in future, it would be very important to perform an in-beam 
study of 189Po and 185Pb nuclei with the aim to probe these conclusions. 
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Recent experimental investigations have provided valuable information on nuclei 
with Z « N in the full / — p shell and above. It is now possible to start an analysis 
on the limits of validity of the isospin symmetry in this region, and to exploit 
the symmetry itself to obtain more detailed information on the nuclear structure. 
Some aspects of the systematics are reviewed and particular examples - concerning 
experiments performed with GASP and EUROBALL - are presented in some more 
detail. 

1 Introduction 

The region of proton rich nuclei, up to Z > N and above the limits of the 
0 / — \p shell, has recently been the object of intense experimental work with 
the large arrays of Ge detectors and powerful sets of auxiliary counters, for 
coincidences with charged particles and/or neutrons. With the data already 
available - and waiting for new information from future beams of radioactive 
ions - we can start to investigate the implications of isospin symmetry in this 
region of medium-heavy nuclei, with three main goals: 

• Establish the limits of validity of the isospin symmetry {i.e. estimate the 
isospin mixing) for nuclei with N sa Z at increasing values of A. 

• Within the limits of validity of the symmetry, exploit the symmetry itself 
to relate observables which involve levels of different nuclei, belonging to 
the same isospin multiplet. 

• Investigate the dependence of the Coulomb energy on T3 within a given 
isospin multiplet, and the dependence of its iso-vector and iso-tensor 
parts on the excitation energy and the angular momentum. 

The latter question is the subject of a different contribution to this Confer
ence, and will not be treated here. The first and the second point are discussed 
in the following. 

On the theoretical side, estimates of isospin purity for self-conjugate nuclei 
have been recently extended1 '2,3 up to Z = 50 (see Fig. 1). These values are 
about a factor two larger than the previous Bohr - Mottelson estimate 4. 

mailto:bizzeti@fi.infn.it
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Figure 1: Calculated isospin mixing in the 
g.s. of Z = N nuclei. Triangles: Hartree-
Fock, spherical1 '2; Squares: Hartree-Fock, 
unrestricted1; dashed line: eq. ( l l)ofref.3 ; 
dotted line: Bohr - Mottelson model4. Figure 2: Partial level scheme of 6 4 ' 6 6 Ge 

2 E l transitions and the isospin selection rule 

The Electric Dipole operator transforms like a vector in the isospin space. As 
a consequence, under the assumption of exact isospin symmetry, El transitions 
between states of equal isospin are forbidden in nuclei with T3 = 0. 

Actually, all the El transitions involving low-lying nuclear states are con
siderably hindered with respect to single-particle estimates. In fact, the largest 
part of the available El strength concentrates in a collective state - the Gi
ant Resonance - and only a small part remains available for low-lying, non-
collective states. However, the systematics of El transitions in light nuclei 
shows that the strengths of isospin-forbidden transitions are - on the average 
- significantly smaller than the others. 

In heavier nuclei, and already in the 0 / — lp shell, the amount of viola
tion of the isospin selection rule is expected to increase, due to the increasing 
importance of the isospin-violating interactions. Indeed, recent experiments 
show that some of the strengths of the T-forbidden El transitions can be just 
comparable to those of the allowed ones. I will discuss, as significant exam
ples, the T3 = 0 nuclei 64Ge and 46V, for which new experimental results have 
been recently obtained by means of measurements 5 '6,7 performed at GASP 
and EUROBALL. 

In 64Ge (fig. 2), the 5 - -> 4 + transition has been for a long time considered 
as a good candidate for strong violation of the isospin selection rule. Actually, 
it has been found 5 to be mostly M2, with a small El component having a 
strength of (2.412-5,) • 10~7 W.u., while in the very similar level scheme of 
the T3 = - 1 isotope, 66Ge, the corresponding El transition has a strength of 
(3.6 ± 0.6) • 1(T6 W.u,. The hindrance of the T-forbidden El , of the order of 
1/10, is marginally consistent5 with the expected level of isospin mixing2,3. 

The situation is more complex for 46V. The level scheme6 is characterized 
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by the two parts, of opposite signature, of a Kn = 0~ band and by a K* = 3 + 

band, in addition to the T = 1 states with even J frorh 0 + to 6 + and their 
T = 0, J odd partners from 1+ to 7+. Several El transitions, with AT = 1 
and with AT = 0, have been observed. In the decay of the 3~ and 5~ levels, 
the El , T-allowed decay to the 2+,T- 1 and 4 +

( ) T= 1 states dominate over 
the T-forbidden ones from the same state. Instead, in the decay of the lowest 
2~ state the T-allowed E l transition to the 2 + , T = 1 state has a strength 
5 (E1)« 1.1 • 10~6 W.u., while the T-forbidden one to the lowest 1+ state has 
£?(E1)RS 610~ 6

 W.U. , not far from the typical strength of allowed transitions in 
this region 6. The strength of the 5 ~, T = 0 -* 4+, T = 1 transition is estimated 6 

around 6.9 • 1CT5 W.u., while the T-forbidden E l transitions from other states 
of the same band have strengths ranging from 0.1 • 10~6 to 9 • 10~6 W.u.. 

It would be hard to reconcile these results with the expected isospin mixing 
a2 « (0.5-=-0.8) 10~2 (fig. 1). But also if it is so, don't worry! There are indeed 
several ways to justify a too large strength of the forbidden transition, e.g.: 
i) the isospin mixing is larger for the excited states; ii) the isospin mixing 
for nuclei with Z = N = odd is larger than for Z = iV = even; iii) some 
sort of hindrance mechanism acting for T-allowed transitions is not at work 
(or not to the same extent) for the forbidden one; iv) the correlation between 
isospin mixing and E l transition amplitudes results in a coherent - although 
T-forbidden - 7 transition, whose strength could be relatively large, though 
the isospin mixing remains small. This last point will be briefly discussed in 
the next paragraph. 

3 A coherent enhancement of the T-forbidden E l transitions? 

As the isospin mixing usually involves a large number of distant levels, a rela
tively large El amplitude might result from the sum of a number of individually 
small but (to some extent) coherent contributions. There are good arguments 
to support this hypothesis. We report here only some elements of the discus
sion given, for 18F and in a rather different context, in ref. 8 . Let us consider 
the El transitions between two T = 0 states \i, J^ >, \f,Jt >, taking into 
account, to first order, the isospin mixing due to the Coulomb interaction Vc, 
that transforms, e.g., \f > into \f >: 

<i|A4(El)|/') _Y<"rT = Q\M{El)\kJtT = l)(kJtT = l\Vc\fJtT = 0) 

We need only to consider the isovector part V^ ; of the Coulomb operator Vc' 
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The second sum in the eq. 2 corresponds to the Coulomb potential of A—l point 
charges §, distributed inside the nucleus. By approximating this potential with 
that of a uniformly charged sphere of radius R, one obtains 

T/Ci) A - l e 2 ^ , . , 3 J 2 2 - r ? A - 1 r3 e2 , . ,e 2 r? l ,*\ 

i i 

In the approximate expression of VQ , the first term is diagonal and does not 
contribute to the mixing. The second term is proportional to the isovector 
monopole operator, and produces an isospin mixing mainly with the Giant 
Isovector Monopole Resonance (GIVMR), centered at an energy of the order 
of AE0 above Ef. The GIVMR built over | / > is expected to overlap (at least 
in part) with the Giant Electric Dipole resonance built over \i >. We use the 
closure approximation to estimate the sum" in eq. 1, and we obtain 

« jiti 

We can try to estimate an order of magnitude of the strength of isospin-
forbidden single-particle (fsp) El transitions, by using the same prescriptions 
as for the Weisskopf single-particle estimate (Bw)- One obtains 

B{sp{El) » 7.5 • 1(T7 (A - l ) 2 BW(E1) x r?2 (5) 

where the first factor is the Weisskopf-like estimate of the 1-body term of eq. 4 
and r] is a quenching factor due to the contribution of the 2-body term. In the 
s — d shell8, 7) is estimated between 0.14 and 0.40, while a Weisskopf's-style 
calculation would give r\ = 0.1. The predicted hindrance of isospin-forbidden 
E l transitions, with respect to the W.u., deduced from eq. 5 with rj = 0.1, is 
1.5-10-6 for 46V and 3.0-10~6 for 64Ge, to be compared with the experimental 
values « 6 • 10~6 and w 2.4 • 10~7, respectively, discussed in section 2. 

4 Mirror Electromagnetic (El) or (3 transitions 

If isospin symmetry is strictly valid for a given isospin multiplet6, the re
duced matrix elements of two mirror E l or /? transitions should be equal 
in magnitude. Measurements of mirror El strengths in the 0/7/2 or higher-
shells0 would be rather difficult. However, the perspectives seem to be bet
ter for mirror Gamow-Teller transitions, which should have equal values of 

"The coherent contribution from the isospin mixing in the negative parity state is expected 
to be smaller8 and will not be considered here. 
''This is more restrictive than'requiring a pure isospin for the relevant states: in fact, 
Coulomb mixing among states of equal isospin is different in nuclei with different T3. 
cIn light nuclei, a few cases are known: see, e.g., the | —• | transition in 1 9 F and 1 9Ne. 
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log/£-log(2Ji + 1). A favourable case could be the G.T. f}+ decay 58Zn -»• 
58Cu(g.s.) -> 58Ni(g.s.), which is very sensitive to the mixing between the two 
lowest 0 + states. At the moment 9, only an upper limit (b < 14%) has been 
reported for the decay branch of 58Zn to the g.s. of 58Cu, with a logft > 4.21, 
while the value deduced from the mirror transition, would be 4.87 - log 3 = 4.39, 
corresponding to a branch b « 9.2%. For comparison, we can notice that, e.g., 
in the P+ decay chain 30S(0+) -> 30P(1+) -> 30Si(0+), the log/t mismatch 
is Alog/t = 4.839- log3 - 4.327 = 0.033 ± 0:014, which, at the significance 
level of 2.3 standard deviations, would imply a mismatch of less than 4% in 
the amplitudes. 

5 Exploiting the symmetry in the isospin multiplets 

Gamma transition operators different from El contain - as generic one-body 
operators - an isoscalar and an isovector term. As a consequence, reduced 
matrix elements of analogue transitions depend linearly on T3: 

(i,Ji,Ti,T3\\M\\f,Jf,Tf,T3)=ao+a1 T3 (6) 

The two terms can be separated (although with a twofold ambiguity) if the 
strengths of two analogue transitions are known, and the result is unique if 
the analogue transitions are threed. In the latter case, an internal check of 
consistency is also possible. Fig. 3A shows some results concerning the isospin 
triplets of mass A=46 and A=58. For comparison, the corresponding results for 
A = 30 are given in fig. 3B: the dotted line shows that the three experimental 
points are very well aligned, as expected for good isospin symmetry. 

The mean life of the lowest 2+,T = 1 states of the Z = N nuclei 46V, 
58Cu have been measured at EUROBALL by the Koln group 7. Data on the 
corresponding T3 = — 1 isobars are taken from Nuclear Data Sheets. The 
relative sign of the reduced matrix elements for T3 = 0 and T3 = —1, shown 
in fig. 3A, has been taken positive. In fact, a negative sign would bring to 
unrealistic values of the isovector coefficient. 

Dashed and dashed-dotted lines in fig. 3B show the results of shell model 
calculations11 for A = 30. The slope of the theoretical lines corresponds very 
well to that of experimental points, while there are indications that the core 
polarization has been somewhat underestimated. For A = 46, shell-model 
predictions6 are also shown in the figure. The positive slope of the theoretical 
d In the case of Ml transition, additional information is provided by the analogue 0 transi
tion 1 0 . In fact, the spin part o c t h e isovector Ml is proportional to the G.T. operator. 
e The shell-model code ANTOINE has been used in the full f — p shell, with the residual 
interaction KB3 and equal polarization charge e = 0.5 for proton and neutron. 
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Figure 3: Part A: Reduced matrix element of the E2 operator for the T; = Tf = 1, 2+ —> 0+ 
transition, as a function of T3, for A — 46 (squares) and A = 58 (triangles). The dashed 
line shows the shell-model predictions for A = 46. Part B: The same for A = 30, transition 
2+ —> 0+ (squares, dashed line) and 2J -> 0+ (triangles, dashed-dotted line). The dotted 
line shows the good alignment of the three experimental points. 

line appears to be hard to reconcile with the opposite experimental trend. If 
this is not due to a failure of isospin symmetry in the triplet, it would require 
a more complex structure for the states involved, including excitations of the 
40Ca core12. If beams of radioactive ions with Z > N (among which 46Cr) will 
become available in the future, with an intensity just sufficient for measuring 
the Coulomb excitation of the projectile, the value of B(E2) for the analogue 
2 + -> 0 + transition in 46Cr will discriminate between these two possibilities. 
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ISOVECTOR VALENCE SHELL EXCITATIONS IN HEAVY 
NUCLEI 

N. P I E T R A L L A 

Wright Nuclear Structure Laboratory, Yale University, 

New Haven, CT 06520-8124, USA 

E-mail: pietrall@galileo.physics.yale.edu 

Recent measurements of large M l transition strengths between low-energy low-
spin states of the odd-odd N = Z nucleus 5 0 Mn and of the even-even N = 52 
isotones 9 4 Mo and 9 6 Ru are presented. The data is considered evidence for the 
existence of low-energy isovector valence shell excitations and is discussed in terms 
of quasideuteron configurations and mixed-symmetry states. 

1 Introduction 

Interactions between the two components, protons and neutrons, are the rel
evant internal degrees of freedom of atomic nuclei at low excitation energies. 
This fact makes nuclei the classical examples of two-component many-body 
quantum systems and nuclear structure physics a conceptual bridge between 
the investigation of well-controllable single-component many-body quantum 
systems, e.g., quantum dots, and fundamental but highly complex multi-
component systems, like hadrons. Therefore, two important aspects of nu
clear physics are collective phenomena and the role of the isospin degree of 
freedom in their formation. 

Nuclear shell structure suggests the consideration of an appropriate inert 
core and an active valence shell for a quantitative understanding of low-energy 
excitations. Such a microscopic approach requires knowledge about the effec
tive nucleon-nucleon residual interaction in the valence shell. Isovector excita
tions of the valence shell are expected to be sensitive to proton-neutron parts 
of the residual interaction. Therefore, experimental identification of isovector 
valence shell excitations and the measurement of their properties can help to 
improve the quantitative understanding of nuclear structure. 

The one-body part of the magnetic dipole (Ml) operator 

f (Ml) = ^ g'psi + g'ph + glsj + g1^ 
(i,j)<(Z,N) 

= cj J -fcisfis + civ?iv (1) 

mailto:pietrall@galileo.physics.yale.edu
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with the isoscalar (isovector) operator 

'lS(IV) Lp + cSp 
+ 

(-) 
Ln + cbn 

9p 9n ,„v 

9<P ~ 9k { ) 

serves as a "magnifying glass" for isovector transition matrix elements because 
the coefficient c\\ is an order of magnitude larger than its isoscalar counterpart 
CJS. The measurement of large M l transition strengths can, therefore, serve 
us as a sensitive tool for the identification of isovector valence shell excitations. 

In this contribution we will discuss two different kinds of isovector valence 
shell excitations, namely, quasideuteron configurations1 in odd-odd N — Z 
nuclei and multi-phonon mixed-symmetry states2 '3 in heavy open-shell nuclei. 
Recent measurements of large M l transition strengths in the odd-odd N = 
Z — 25 nucleus 50Mn and in the near-spherical nuclei 94Mo and 96Ru, which 
helped to identify isovector valence shell excitations, will be presented. 

2 Quasideuteron Configurations in 5 0Mn 

Quasideuteron configurations (QDC's) are simple shell model configurations 
for one proton and one neutron in the same j shell. This proton-neutron 
pair can form product states with total angular momentum quantum numbers 
0 < J < 2j and isospin quantum numbers T = 0 for odd J and T = 1 for even 
J. Isovector M l transition matrix elements between these configurations can 
be worked out analytically1 in an approach analogous to that for the Schmidt-
values for g-factors of odd-mass nuclei. Extraordinarily large B(M1) values 
are obtained for j = 1+1/2 orbitals due to a constructive interference between 
the orbital and spin parts of the M l matrix elements. Examples of QDC's 
were identified1 from large B{Ml) values in several odd-odd N = Z < 21 
nuclei. In heavier odd-odd N = Z nuclei in the yV/2 shell relatively pure 
QDC's were suggested4,5,6,7'8 from 7 branching ratios and E2/MI multipole 
mixing ratios. Lifetime measurements in 46V support these suggestions8. 

In order to further check these claims of QDC's by the measurement of 
absolute transition rates we performed lifetime measurements of short-lived 
excited low-spin states of the odd-odd N = Z = 25 nucleus 50Mn using 
the Doppler shift attenuation method (DSAM) at Yale9. We used the ultra-
cold 40Ca(12C,np)50Mn fusion evaporation reaction at £(1 2C) = 27 MeV, 
slightly above the Coulomb barrier, for a rapid population of low-energy 
low-spin states in order to enhance the sensitivity to their expected short 
lifetimes. Gamma-gamma coincidences were detected with the newly con
structed SPEEDY Ge-detector array10 and sorted off-line into time-gated co
incidence matrices separately for each combination of observation directions 
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Figure 1. Part of the low-energy level scheme of 5 0 Mn. Linking transitions between the 
structures built on the 0+ ground state and on the 5+ isomer were observed for the first 
time. Pronounced Doppler shifts could be observed for the transitions plotted with thick 
arrows. The Doppler shift of the 3J —• 2j transition is shown on the right for example. 

with respect to the beam axis. Observed Doppler-shifts were analyzed by 
comparison to line-shape simulations as functions of the level lifetimes to be 
measured. Details of the experiment and the data analysis are discussed in 
Ref.9. Figure 1 shows some of the results obtained from this experiment. For 
the first time 7-transitions could be observed which link the high-spin part of 
the level scheme based on the J* — 5 + isomer and investigated recently by 
Lenzi/Svensson et al.12 in Legnaro to the low-spin part based on the T = 1, 
J' = 0+ ground state and investigated recently by Schmidt et al.6 and by 
Warner et al.11. The value for the excitation energy of the 5 + isomer (and 
of all states with excitation energies measured relative to the isomer) could 
thereby be made more precise from £(5+) = 229(7) keV to E(5+) = 224.5(2) 
keV9. Moreover, the spin quantum number assignment for the level at 1917 
keV was changed back to Jn = 5"*" due to the observation of decay transitions 
to states with spin quantum numbers J = 3 — 7, in contrast to the J* — 4 + 

assignment suggested in Ref.12. Therefore, we conclude that the J* = 4+ 
"nearly degenerate T = 0, T = 1 bound state doublet in 50Mn" as discussed 
recently in Ref.6 does not exist. 

Pronounced Doppler shifts could be observed for transitions in the struc
tures based on the isomer and based on the ground state. The right part 
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Table 1. Comparison of the measured B(M1;3* —• 2J*") value in 5 0 Mn (in n2
N) to the 

analytical prediction of the quasideuteron configuration scheme1 and to exact p/-shell model 
calculations with the KB3 and FPD6 interactions6. "QDC(I)" refers to the analytical 
prediction from Ref.1 with standard spin-quenching factor aq = 0.7 assuming a perfect 
even-even N — Z core. "QDC(II)" denotes the B(Ml)-predict ion of the quasideuteron 
configuration scheme from measured ground state ^-factors of neighboring odd-mass nuclei 
which effectively takes configuration mixing into account. 

Expt. QDC(I) QDC(II) KB3 FPD6 
2.9(6) 4.55 2.37 3.73 1.92 

of Fig. 1 displays the Doppler shift of the 343 keV 3+ -+ 2+ M l transition 
in coincidence with the shifted part of the 788 keV transition feeding the 3f 
state directly from the short-lived 4f state. This line shape corresponds to 
a lifetime of about 0.5(1) ps for the 3* state. This lifetime converts into a 
large B(Ml ;3 f —• 2f) value of 2.9(6) n%. Table 1 compares the measure
ment with theoretical predictions from Refs.1,6. It is concluded that indeed a 
large fraction of the quasideuteron transition strength is concentrated in the 
3+ —• 2f transition in 50Mn. Agreement between the quasideuteron config
uration scheme and this measurement is obtained by analytically taking into 
account a coupling of the QDC's to the deformed even-even N = Z core13. 

3 Multi-Phonon Mixed-Symmetry States 

In heavy open-shell nuclei a class of approximately isovector valence shell ex
citations was predicted2'3 by the interacting boson model (IBM-2) in terms of 
mixed-symmetry states (MSS's). A representative of this class of states, the 
J* = 1+ scissors mode, was first discovered in electron scattering experiments 
on deformed nuclei by the Darmstadt group14,15. Subsequent photon scatter
ing experiments16,17 broadened considerably the data base on the scissors 
mode in a variety of nuclei ranging from strongly deformed to near-spherical. 
In near-spherical nuclei the class of MSS's were predicted3 to arrange into a vi
brational structure. Recently, mixed-symmetry multi-phonon structures were 
discovered18,19,20,21 in the near-spherical nucleus 94Mo from the measurement 
of large M l transition strengths. Figure 2 shows a part of the evidence for the 
JK = 1+-3+ two-phonon MSS's of 94Mo. Corresponding structures were con
cluded from the measurement of 7-intensity ratios observed22 in the N — 52 
even-even isotone 96Ru. A very recent Coulomb excitation experiment23 on 
96 Ru at Yale supports this conclusion by the measurement of the large tran
sition matrix elements \(2f || M l || 2^)| = 2.0(3) fiN. 
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Figure 2. Ml strength distribution from the 2* state of 9 t M o . The fragmentation of the 
Ml strength is small indicating a small spreading width of mixed-symmetry two-phonon 
states. The energy splitting of the MS two-phonon multiplet at 3 MeV excitation energy is 
small, too, pointing at a harmonic phonon coupling. Data from Refs . 1 8 , 1 9 ' 2 0 , 2 1 . 
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We present details of the band crossing mechanism of shears bands using the 
example of 1 9 7 Pb. Absolute reduced matrix elements B(M1) were determined 
by means of a RDM lifetime measurement in one of the shears bands in 1 9 7 Pb. 
The experiment was performed using the New Yale Plunger Device (NYPD) in 
conjunction with the Gammasphere array. Band mixing calculations on the basis of 
the semi-classical model of the shears mechanism are used to describe the transition 
matrix elements B(M1) and energies throughout the band-crossing regions. Good 
agreement with the data was obtained and the detailed composition of the states 
in the shears band are discussed. 

1 Introduction 

The phenomenon of magnetic rotation seems now well established in the neu
tron deficient Pb isotopes as the mechanism governing the existence of the 
Ml-bands observed in these nuclei1'2,3. In particular, recent lifetime measure
ments4'5'6 have unambiguously shown that the reduced transition matrix ele
ments B(M1) characteristically decrease with increasing spin and follow closely 
the predictions by the tilted-axis-cranking (TAC) calculations7. 

A remarkable result of the previous investigation of 197Pb was the observed 
beat pattern in the B(M1) values of shears band 1 in 197Pb(> from at the 
point of a small up-bend in the spin vs. rotational frequency plot5. It was 
speculated that this beat pattern may reflect the reopening of the shears blades 
due to a band crossing. In this contribution we will discuss results from a 
lifetime measurement using the recoil distance method (RDM) that enabled 
us to determine B(M1) values in the low-spin part of the same band which is 
dominated by the crossing of two major shears configurations. 

"present address: NSCL Michigan State University, East Lansing, MI, U.S.A. 
''The band is labeled according to Ref.8. 
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Figure 1: Left: B(M1) values as a function of angular momentum for shears band 1 in 
1 9 7 Pb. The results of this work are shown as filled circles while the results of the previous 
DSAM experiment5 are shown as filled triangles. The solid line represent the results of our 
bandmixing calculations in the framework of the semiclassical model1 3 '1 4 , 1 6 . Right: Angular 
momentum vs rotational frequency (gamma-ray energy) for shears band 1 in 1 9 7 Pb. The 
experimental data is shown as filled squares while the results of the mixing calculations are 
indicated by the solid line. 

1.1 Experimental details and results 

Excited states in 197Pb were populated in the reaction 176Yb(26Mg, 5n)197Pb 
at a beam energy of 130 MeV. The beam was delivered by the ATLAS acceler
ator of Argonne National Laboratory. The 7-rays emitted by the excited 197Pb 
nuclei were detected by the Gammasphere array. The lmg/cm2 thick 176Yb 
target foil was supported by a 1.5mg/cm2 Ta layer that faced the incoming 
beam. The recoiling nuclei left the target with a velocity of v = 0.01c and 
were stopped in a 5mg/cm2 thick Au stopper foil. Target- and stopper-foil 
were mounted inside the New Yale Plunger Device (NYPD)10. An average of 
150 million events with at least four Compton suppressed gamma-ray ener
gies were collected at each of twelve distances [from 1 to 32 fim with respect 
to the electrical contact of the foils]. For each distance separate background-
subtracted, double-gated spectra were sorted for each level of interest in the 
band and each of the Gammasphere detector rings. Intensities of the un-
shifted and Doppler-shifted components were extracted for the de-populating 
and populating transitions of each of these levels. The gating conditions re
quired coincidences with higher lying transitions, thus selecting the decay path 
of the nuclei and eliminating any contributions of side-feeding in the lifetime 
analysis. 

Lifetimes for the levels of interest were extracted using the Differential 
Decay Curve Method (DDCM)11-12. All measured lifetimes are in the range 
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from 0.5 ps to 1.1 ps indicating the difficulty of the present experiment. (The 
RDM is commonly used to measure lifetimes above 1 ps.) The B(Ml)-values 
obtained in this experiment for shears band 1 in 197Pb are shown in the left of 
Figure 1. 

1.2 Discussion 

In order to understand the experimental B(M1) values we employ the semi-
classical model13'14'15 in which the shears bands result from the simple recou
ping of the angular momentum vectors generated by the proton and neutron-
hole configuration, respectively. The interaction leading to the closing of the 
shears blades can be described by a simple quadrupole-quadrupole interaction. 
Thus, the energy states for the unperturbed shears configuration are given by 
E(J) = E0 + V • P2{cos(6)) with 

cos(0) = J ( J + 1 ) - ^ + 1 ) - J - ( ^ + 1 ) (1) 
2y/jv(ju + 1 ) ^ 0 * + 1) 

Here, j n and j„ are the angular momentum vectors of the proton- and neutron-
hole configurations, respectively. We use the quasi-particle configurations Al l 
[•K(ii3/2hg/2)u®Hhy2)l ABC11 k(H3/2^9/2)ii®J/(2'r3

3
/2)33/2], and ABCEF11 

[7r(i13/2/i9/2)ii <8>^(ij"3
3
/2(/5/2P3/2))39/2]9'8 as unperturbed configurations. Val

ues of V = 1.44, 2.40, and 3.36 MeV are used for the three configurations 
Al l , ABC11, ABCEF11, respectively, which are close to the values used in 
Refs.13'14. A simple three band mixing calculation is performed, in which the 
values of Eo,V, and the interaction between the bands are fitted to reproduce 
the energies of the experimentally observed band. The reasonable agreement 
between the experimental energies and the mixing calculations can be seen in 
the right of Figure 1. Interactions of 0.7 MeV and 0.1 MeV were used for the 
mixing of configurations Al l /ABCl l and ABC11/ABCEF11, respectively. 

At this point we would like to remark that within the present model it is 
impossible to describe the crossing between the Al l and ABC11 configurations 
without the introduction of a small amount of rotational angular momentum 
from the core. This is apparent when one considers that the Al l configuration 
can only generate a total angular momentum of 17.5 % while mixing between 
the Al l and ABC11 configuration occurs up to a spin of 21.5 h. The difference 
in angular momentum has to come from the core rotation. Therefore, we have 
included the core rotation into our calculations, which leads to a modification 
of the energy equation to E(J) = E0 + R2/2$sCOTe + V • P2(cos(0))15. Here R 
is the core angular momentum along the total angular momentum vector and 
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Figure 2: Top: Squared mixing amplitudes a2 of the shears configurations A l l (solid line), 
ABC11 (dashed line), and ABCEF11 (dashed-dotted line) as a function of the total angular 
momentum. Middle: Opening angle 0 for each shears configuration as a function of the 
total angular momentum. The calculations include the core contributions to the angular 
momentum. Also shown is the opening angle of configuration A l l (dotted line) if no core 
rotation is included. Bottom: Contribution of the core rotational angular momentum R to 
the total angular momentum for each shears configuration. 
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In the bottom panel of Figure 2 the contributions of the core angular mo
mentum are plotted as a function of the total angular momentum. One can see 
that near the band head of the Al l configuration core rotation does not play 
a role, while a contribution of about 4 h is needed at spin 21.5 h. Generally, 
the contribution of the core rotation increases almost linearly with spin for 
each configuration15. This is in general agreement with the results of TAC 
calculations, which are discussed in Ref.8. For the other two configurations it 
is interesting to realize that one actually needs a negative contribution of the 
core rotation near the band head in order to successfully describe the lowest 
observed states for these bands. 

Figure 2 also shows the squared mixing amplitudes of the three configu
rations (top) as well as the opening angle of the unperturbed shears configu
rations (middle) as a function of the total angular momentum. One can see 
that the Al l configuration (including core rotation) terminates at spin 21.5 
h. We have also indicated the opening angle for the Al l configuration if no 
core rotation were included in order to stress its importance for a correct de
scription of the bands. To describe the mixing correctly we also need states 
in ABC11 configuration with opening angles larger than 90°. This is the first 
experimental evidence for the existence of such states. 

B(M1) values for each transition were calculated using the relationship13: 

B(Ml) = ^-nl = £glffjlSme^ (2) 

The calculated B(M1) values for band 1 in 197Pb are shown in in the left of 
Figure 1 in comparison to the data. A value of <?<.// = 0.9 was used for all three 
configurations. This value is about twenty percent lower than the average value 
of geff = 1.1 extracted in Refs.13'14 but still within the observed spread in the 
geff values found in the Pb region. The agreement of the three band mixing 
calculations and the experimental data is remarkable. 

2 Summary 

In summary, we have measured lifetimes of states in shears band 1 of 197Pb 
using the recoil distance method. The experiment was performed using the 
(NYPD) in conjunction with Gammasphere. The absolute B(M1) values de
duced from the lifetimes show a characteristic beat pattern that reflects the 
crossing of the Al l and ABC11 configurations. At higher spins the ABC 11 
configuration is crossed by the ABCEF11 configuration where the B(M1) val
ues from a previous DSAM experiment show a characteristic beat pattern. The 
beat pattern indicates that with increasing spin the blades of the Al l config
uration close. At the crossing point a mixing occurs between an almost closed 
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All shears configuration with the ABC11 configuration with a close to 90° 
coupling, leading to a jump in the B(M1) values. The crossing of the ABC11 
and ABCEF11 configurations does not occur as close to the termination point 
and band head of the ABC11 and ABCEF11 configurations, respectively. Thus 
the change in B(M1) values is not quite as dramatic. 

We have shown that the semiclassical model by Macchiavelli et o/.13,14'15, 
using a quadrupole-quadrupole interaction between the blades, provides an 
excellent quantitative description of the energies and B(M1) values if a certain 
amount of core rotation is included. We also have presented the first evidence 
for the existence of states with an opening angle of the shears larger than 90°. 
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The isotopes 159-163rjy have been investigated using the incomplete fusion reac
tions 7Li —> 158.160Gd at beam energies of 8 MeV/u. The 7-rays were detected 
in the GASP spectrometer in coincidence with the fast charged particles detected 
in the ISIS silicon ball. The level schemes of all five isotopes could be amply ex
tended. The most important result was the observation of both the ground state 
and Stockholm bands in 162Dy up to high spin covering the band crossing region. 
The crossing in this nucleus is shifted to a higher frequency in comparison to the 
lighter Dy isotopes. The interaction strength between the two bands could be 
determined with high precision and with this result, a full oscillation of the in
teraction strength from one node to the next within an isotopic chain could be 
observed for the first time. 

1 I n t r o d u c t i o n 

Since the pioneering work by the Stockhom group in the seventies, the first 
backbending observed in nuclei in the deformed rare ear th region is known 
to be due to the crossing between the ground state band with the rotational 
band built on an aligned i1 3 /2 neutron pair. Although it is well established tha t 
the interaction strength between these two bands should show an oscillating 
behaviour when more and more neutrons are filling the i 1 3 / 2 orbit, it was until 
now not possible to observe a full period of such an oscillation within an isotopic 
chain. The reason is a purely experimental one: Whereas the neutron deficient 
isotopes can easily be populated in heavy-ion fusion-evaporation reactions, in 
which both the Yrast and Yrare bands can be observed over a wide spin range, 
the stable isotopes are usually investigated using Coulomb excitation and in 
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this reaction the states are populated in a more selective way. In the Dy chain, 
the isotopes with A = 154,156,158 have been studied in (HI,xn) reactions, 
whereas the heavier isotopes with A = 160,162 have been investigated using 
multiple Coulomb excitation. 

In the present work, the incomplete fusion mechanism has been employed 
to get additional information about the high spin states in the heavy Dy iso
topes. This type of reaction has previously been shown to populate high spin 
states with high cross sections and to allow for a very efficient selection of 
the individual reaction products1. In incomplete fusion, sometimes also called 
massive transfer, the projectile does not completely fuse with the target nucleus 
but rather breaks up, one fragment flying away without interaction and the 
other one fusioning with the target nucleus, leading to the final reaction prod
uct after the evaporation of some neutrons. The experimental signatures of 
this reaction are therefore the observation of strongly forward-peaked charged 
particles (protons, deuterons and tritons) with much higher energies than ob
served in conventional fusion-evaporation reactions. From this points of view, 
the incomplete fusion of the 7Li beam with the target and the observation of 
a fast proton is equivalent to a fusion-evaporation reaction with a radioactive 
6He beam. 

2 The exper iments 

The reactions 158 '160Gd(7Li, (p,d,t):m) at a beam energy of 56 MeV and with 
target thicknesses of 3.7 mg/cm2 (158Gd) and 3.9 mg/cm2 (160Gd) were used 
to populate high spin states in 159-163Dy. The beam was delivered by the 
XTU tandem accelerator of the Laboratori Nazionali di Legnaro, the 7-rays 
were detected in the 40 Compton-suppressed Ge detectors of the GASP array 
and the 80-element BGO inner ball. Charged particles were detected in the 
Si ball ISIS consisting of 40 Si AE-E telescopes arranged in seven rings (0 
= 35°, 59°, 72°, 90°, 108°, 121°, and 145°). All events with at least three 
coincident 7-rays in the Ge detectors or two 7 in the Ge plus one particle in 
the Si ball were recorded on tape with the additional condition that the 7-
multiplicity in the BGO ball was three or higher. The angular distributions of 
the protons, deuterons and tritons detected in the seven rings of the ISIS ball 
in coincidence with 7 transitions in 162Dy (158Gd target) show that all three 
types of charged particles are preferentially detected in forward direction and 
the angular distribution is narrowest for the tritons and widest for the protons. 
From the kinematics of the reaction it can be estimated that protons emitted 
isotropically in the center of mass system like in fusion-evaporation reactions 
would show a forward-backward asymmetry of about 15%. 
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3 Data analysis 

After a proper energy calibration using standard sources, the events on tape 
were sorted into different 77 coincidence matrices. By requiring coincidences 
with a charged particle, quite clean Dy spectra are obtained. For extending 
the level schemes of 160>162Dy, mainly the deuteron gated matrices from the 
runs with the 158Gd resp. 160Gd target were used. The contaminations from 
i59,i6irjy w e r e further reduced by gating only the high energy deuterons. The 
higher the energy of the deuteron is, the lower is the excitation energy of 
the compound nucleus and therefore the smaller is the probability for the 
evaporation of four neutrons. For 16o.162Dy, additional matrices were produced 
from the multiplicity > 3 events by requiring one of the 7-rays being one 
of the strong ground state band transitions. These matrices are very clean 
but have much less statistics than the particle gated matrices. During the 
course of the analysis, always more than one matrix was used for cross checking 
possible contaminations. For the odd isotopes, pure matrices were produced 
by subtracting the different matrices from each other. In the case of 161Dy for 
example, which is mainly populated as t3n channel, we started with the triton 
gated matrix and subtracted from this matrix certain fractions of the deuteron 
gated matrices from both runs (158.160G(i targets) to get rid of the 160>162Dy 
components in the triton gated matrix. In this way, very clean matrices could 
be produced for all three odd isotopes under study, namely 159Dy, 161Dy, and 
163Dy. 

4 The delayed band crossing in 1 6 2Dy and the oscillating interaction 
strengths 

The Yrast band in 162Dy has previously been observed in Coulomb excitation 
up to the 18+ s ta te 4 . Whereas in 154Dy and 156Dy a backbending and in 
158Dy and 160Dy an upbend occurs at very similar rotational frequencies of 
280 keV in all four nuclei, no indication of a band crossing was found in 162Dy 
up to a frequency of 350 keV. The present data allowed to extend consider
ably all bands known in 182Dy to higher spins. The ground state band and the 
Stockholm band, previously known up to 18+ and 10+, respectively, could now 
be observed up to spin 24+ and 28+. Also in all the other bands, many new 
states were identified, e.g. the K=5~ band was extended up to spin 24". The 
preliminary new level scheme of 162Dy is presented in Fig. 1. All the states, 
newly identified in the present work, are emphasized with a grey background. 
A detailed discussion of all bands including a comparison with calculations in 
the frame of the angular momentum projected Tamm-Dancoff approximation5 

for both 160Dy and 162Dy will be presented in a forthcoming publication6. 
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s-band gsb y-band K=4* K=5~ K=2" 

Figure 1: Preliminary level scheme of 162Dy. The extensions of all known bands obtained 
from the present data set are highlighted by a grey background. The observation of the 
ground state band up to spin 24+ and the Stockholm band up to spin 28+ allowed to 
determine both the crossing frequency and the interaction strength between the two bands. 

The new information concerning the ground state and Stockholm bands to
gether with the corresponding new results obtained in 160Dy are presented in 
Fig. 2, which shows spin vs. rotational frequency plots for the Yrast and Yrare 
sequences of the even A=154-162 Dy isotopes. 

In 160Dy, the crossing between the strongly interacting ground state and 
Stockholm bands is now followed over a wide spin range and the interaction 
strength could therefore be determined with high accuracy to be |KS |=220±15 
keV. In 162Dy, the crossing is delayed by about 40 keV as compared to the other 
even Dy isotopes (see Fig. 2). The reason for this delay is not yet understood, 
but might hopefully be clarified with the help of projected shell model calcu
lations. The interaction strength between ground state and Stockholm band is 
quite small in 162Dy as can be seen already from the level sequence shown in 
Fig. 1. This small interaction strengths, which was determined to |Vs9|=17±2 
keV, leads to a sharp backbending in the spin vs. rotational frequency diagram 
(compare Fig. 2). In the lower right corner of Fig. 2, the deduced interaction 
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Figure 2: Spin vs. rotational frequency plots for the even-even Dy isotopes. Yrast and Yrare 
states are marked by closed and open circles, respectively. The data, available prior to our 
work, are given in grey, the new states in black. On the bottom to the right, the interaction 
strengths are plotted as a function of the mass for the chain of the Dy isotopes. 

strength \Vag\ between the ground state and the Stockholm band is plotted 
as a function of the mass for the even Dy isotopes. The expected oscillating 
behaviour as function of the number of ii3 /2 neutrons7 '8 is nicely seen in this 
plot and a full period from one node in 15f^Dy to the next in 162Dy within an 
isotopic chain is observed for the first time. 

5 Conclusions 

The incomplete fusion reactions 7Li -> 158 . i60Gd a t a b e a m energy of 56 MeV 
were used to populate high spin states in the isotopes 159-163Dy. This reaction 
mechanism has been proven to be a very powerful tool to study neutron-rich 
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nuclei not accessible via heavy-ion fusion-evaporation reactions up to spins as 
high as 28h with large cross sections and a high channel selectivity. The level 
schemes of all five nuclei could considerably be extended. In particular, the 
backbending region in 16°.162Dy was investigated in detail and the delayed band 
crossing in 162Dy was observed for the first time. The precise values obtained 
for the interaction strengths between the ground state and the Stockholm 
band allowed forthe first time to follow the expected oscillating behaviour of 
this strength as function of the number of ii3/2 neutrons within this isotopic 
chain over a full period. A full account of all experimental results and their 
interpretation within the projected shell model will be given in forthcoming 
publications. 
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Abstract 

Coulomb breakup of neutron-rich nuclei around masses of A ~ 20 
has been studied using secondary beams (~ 500-600 MeV/u ) of unsta
ble nuclei produced at GSI, Darmstadt. Dipole strength distributions 
dB(El)/dE* were deduced from the electromagnetic excitation cross sec
tions observed for 14B and 15-17C isotopes. In case of these isotopes, 
spectroscopic factors for ground state contributions involving Si/2 neu
trons were derived. 

1 Introduction 

One outstanding feature in the study of exotic nuclei is the halo struc
ture. This arises from the low binding energy of valence nucleons, which 
can tunnel through the potential barrier and have an appreciable prob
ability to be localized at a distance much larger than the mean radius 
of nucleus. The loosely bound valence nucleons are strongly coupled to 
the particle continuum yielding the phenomenon of low-lying multipole 
strength, not observed for stable nuclei. In this contribution we present 
experimental results on the dipole response of the neutron rich boron 
and carbon (14B and 15 '17C) isotopes. 
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2 E X P E R I M E N T A L M E T H O D 

The radioactive beams were produced in a fragmentation reaction of a 
primary 40Ar beam, delivered by the synchrotron SIS at GSI, Darmstadt, 
impinging on a beryllium (4.0 g/cm2) target. The fragments were sepa
rated using the Fragment Separator (FRS). In two settings, a degrader 
was inserted into the midplane of the FRS. In these cases, only 1 7 ' 1 8 0 
and 1 9 , 2 0O, respectively, were transported to the experimental area. In 
a third setting without degrader and optimized for 2 2 0 , the beam con
tained various isotopes with similar A/Z ratio ranging from Be up to 
O, which were identified uniquely by means of energy-loss and time-of-
flight measurements. The trajectories of the particles were measured by 
position sensitive Si pin-diodes placed before and after the secondary 
target. Behind the target, the fragments were deflected by a large-gap 
dipole magnet (ALADIN). By using energy-loss and time-of-flight mea
surements as well as position measurements before and behind the dipole 
magnet, the nuclear charge, velocity, scattering angle, and the mass of 
the fragments were determined. The neutrons stemming from the excited 
projectile or excited projectile-like fragments are kinematically focussed 
into forward directions and detected with high efficiency in the LAND 
neutron detector, placed at zero degree about 11 m downstream from 
the target and covering a horizontal and vertical angular range of about 
±80 mrad. In order to detect 7-rays, the target was surrounded by the 
4 T Crystal Ball spectrometer, consisting of 160 Nal detectors. 

3 DATA ANALYSIS A N D RESULTS 

By measuring the four-momenta of all decay products of the projec
tile after inelastic scattering followed by breakup, the excitation energy 
of the nucleus is determined. The Coulomb dissociation cross section 
with the Pb (1.8 g/cm2) target was obtained after subtracting nuclear 
contributions determined from the data with a C (0.573 g/cm2) target 
applying a proper scaling of cross-sections (for details see1). 

4 D I R E C T B R E A K U P OF 1 4 B, 1 5 1 7C 

The differential Coulomb dissociation cross section can be related to the 
virtual photon method and may be written as (see3 ,2) : 

da r167r3 d B ( S l ) 

NEI(E") represents the number of equivalent dipole photons of the 
target Coulomb field, computed in a semiclassical approximation and 
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dB(El)/dE* is the reduced transition matrix element which can be ex
pressed as; 

^ M = (21 + I ) " 1 |< q || {Ze/A)rYl || ^ ( r ) > | 2 . (2) 

ip(i) represents the ground state wave function of the projectile. < q \ 
describes a neutron in the continuum for which we adopt a plane wave. 
The single particle wave functions forming the ground state have been 
derived from a Woods-Saxon potential with parameters r0=1.25 fm and 
a=0.7. 

The ground state spin of 15C is known to be l / 2 + and a spectroscopic 
factor for the neutron in the s orbital of 0.88 was obtained from the 
14C(d,p)15C reaction4. Our data analysis shows that the overwhelming 
part of the breakup cross section left the 14C core in its ground state 
and only a small fraction of 14C fragments appear in excited states at 
energies around 6-7 MeV as deduced from the corresponding 7-ray spec
tra. The differential cross section da/dE*, analyzed as described above, 
is consistent with a 1 4C(0+) (^) us1/2 configuration and results in a spec
troscopic factor (0.72) which is compatible with the one obtained from 
the (d,p) reaction. 
The odd-odd nucleus 14B is of particular interest as it is the light
est bound N=9 isotone where one could expect a halo structure. Our 
data analysis shows that the predominant configuration of the 14B (2~) 
ground state is 13B(3/2~) (££)^s1/2- Fig.l shows the sum energy spec
trum of the 7 decay from 13B fragments. The lower part of Fig.l shows 
da/dE* for electromagnetic excitation of 14B and subsequent decay into 
neutrons plus 13B fragments, while requiring that fragments were in 
their ground state. This figure shows the cross section without accep
tance and efficiency corrections for the neutron detector. However, these 
corrections are taken into account in the calculated cross section using 
detailed detector response simulations. The experimentally observed 
shape of the spectrum is in perfect agreement with the calculation (solid 
curve) assuming an £=0 neutron single particle wavefunction coupled to 
the l B ground state. From the absolute cross section, a spectroscopic 
factor of 0.56(± 0.02) is deduced. Alternatively, a mixture of both s 
and d wave contributions is fitted to the experimental cross section. A 
shell model calculation6 for 14B ground state predicted the spectroscopic 
factors for s and d neutrons coupled with 13B in its ground state to be 
0.662 and 0.306, respectively. The results from a single nucleon knock
out reaction for this isotope 7are in close agreement with the shell model 
calculation. 

The ground state spin of 17C is not fully established experimentally. 
It may be interesting to notice that even though the neutron separation 
energy is smaller than that in 15C and 1 4B, a relatively broad momen-
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Figure 1: (top) 7-sum energy spectrum as measured in coincidence with 1 3 B fragments after 
breakup of 1 4 B . (bottom) Coulomb dissociation cross section as a function of excitation 
energy (E*) of 1 4 B (506 MeV/u) breaking up into a neutron and a 1 3 B fragment in its 
ground state. 
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turn distribution (141±6MeV/c) of the fragment (16C) was observed in 
one neutron knockout reactions. 8 Our experimental data from Coulomb 
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Figure 2: (top) Sum energy of 7 decay transitions from 16C after breakup of 17C. (bot-
tom)Coulomb dissociation cross section as a function of excitation energy (E*) of 17C in 
coincidence with the 1.766 MeV 7 transition (16C(2+ -4- 0+)). 

breakup of 17C show that most of the cross section yields the 16C core 
in its excited state, I"= 2 + , and an excited state at an excitation en
ergy of around 3-4 MeV. Only a very small part of the cross section is 
observed for 16C fragments in the ground state. Fig.2 shows the sum 
energy spectrum of 7 decays from 16C fragments. In the upper frame 
of the figure we also indicate the percentage of Coulomb breakup cross 
sections for the population of different core states. The lower part of 
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Fig.2 shows da/dE* for electromagnetic excitation of 17C in coincidence 
with the 1.766 MeV 7 transition (1 6C(2+ -> 0+)) without acceptance 
and efficiency corrections for the neutron detector. These corrections, 
however, are taken into account in the calculated cross sections using 
detailed detector response simulations. A proper choice of relative con
tributions from wave functions involving both £=0 and £=2 neutrons, as 
shown in figure 2, can reproduce the data well. Thus, 1 6C(2+) (££) va<d 
can be considered as the dominant ground state configuration of 17C 5, 
and one can rule out a l / 2 + ground state spin of 1 7C. In consequence, 
3 /2 + and 5/2+ are the possible ground state spins of 17C. It should be 
noticed that our results are in agreement with those obtained from an 
independent method, i.e. knockout reactions9. 

5 S U M M A R Y 

We have shown that Coulomb dissociation is a powerful tool to explore 
the single particle properties of exotic nuclei. For 14B and 1 5 , 1 7C, the 
observed low-lying dipole strength can be explained by direct transitions 
into the continuum. In case of 14B and 15C the main ground state 
configurations are 1 3B(0+) (g) v3td and 1 4C(0+)(^) i / s , respectively. It 
has been observed that the dominant ground state configuration for 17C 
involves a mixture of s and d wave neutrons coupled to the (2+) first 
excited state of the 16C core. 
This work was supported by the German Federal Minister for Education 
and Research (BMBF) under Contracts 06 OF 838 and 06 MZ 864, and 
by GSI via Hochschulzusammenarbeitsvereinbarungen under Contracts 
OFELZK, MZKRAK, and partly supported by the Polish Committee of 
Scientific Research under Contract No. 2PB03 144 18. 
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Exotic nuclei produced in fragmentation reactions were used to study nuclei beyond 
the drip line, where in particular the structure of unbound N=7 isotopes was 
explored. An s-wave ground state in 10Li was confirmed and observed for the 
first time in 9He. The unbound nucleus 13Be was produced directly from the 
fragmentation of l s O and it is suggested that the ground state is also an s-wave 
close to threshold. Systematics of proton separation energies can be used to study 
unbound nuclei beyond the proton dripline. 

1 Introduction 

The parity inversion of the lpi/2 and the 2si/2 in light neutron rich nuclei 
plays a crucial role in the description of halo nuclei. Substantial low lying 
s-wave strength is necessary in order to describe the two-neutron halo nucleus 
11Li1 '2 . n L i is bound by only 330 keV because of pairing and the odd-neutron 
sub-system 10Li is unbound. The level inversion in the N=7 isotones was 
first observed in 11Be before it was also shown to exist in the unbound 10Li. 
It is also predicted to remain the ground state in the next lighter system of 
9He. A similar situation occurs in the N=9 isotones. A potential candidate 
where a low-lying s-wave could be important to describe a two-neutron halo is 
1 4Be 3 . Again it is bound by only 1.34±0.11 MeV4 and the sub-system 13Be 
is unbound. 

A different approach to explore features of nuclei at or even beyond the 
driplines are systematics of separation energies. As an example, the one-proton 
separation energy of nuclei along the proton dripline shows the existence and 
disappearance of the Z=8 shell closures. 

2 Unbound N = 7 Nuclei 

2.1 10Li 

The determination of the ground state of 10Li has been controversial for quite 
some time 5 . Several different experiments attempted to observe the predicted 
s-wave ground state which would confirm the level inversion as a general feature 
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Figure 1: (a) Velocity difference spectra for the reactions of 12>n>10Be leading to 1 0Li. 
(b) Velocity difference spectra for the reaction of u B e leading to 10Li together with a 
potential model fit. The fit assumed an s-wave component with a scattering length as= -25, 
a background, and a p-wave resonance at 0.50 MeV. 

of light N=7 isotopes. A recent experiment studied neutron stripping reaction 
of the radioactive isotopes 1 0 . n . 1 2 Be 6 . 

Figure 1 (a) shows the relative velocity spectra for the 9Li+n system for 
the three different projectiles 10 '11 '12Be. The most striking qualitative result is 
the almost total absence of 9Li+n events from 10Be, which cannot give rise to 
9Li+n in a pure projectile fragmentation process. This proved that the tech
nique, designed to observe projectile fragmentation, discriminates effectively 
against reaction products, including neutrons, originating in the target. The 
difference between the u B e and the 12Be spectra also shows the influence of the 
initial state, the more bound s state in 12Be leading to a broader distribution. 
The observation of a single peak around zero relative velocity is due to final 
state interaction and indicates a low-lying unbound state. Figure 1(b) shows 
the 10Li data from the n B e reaction together with a potential model fit. The 
scattering length is numerically very large, more negative than - 2 0 fm corre
sponding to an excitation energy of less than 0.05 MeV for the virtual state. 
The fact that it is observed in the reaction from n B e with an s-wave ground 
state, confirms the previous observations that 10Li has an s-wave ground state. 

2.2 9He 

The experiment measuring the relative velocity of a fragment and a neutron 
from n B e has also been used to measure 9He. The spectrum for 8He -f n 
is shown in Figure 2. Again, a central peak is observed which indicates the 
presence of a low-energy transition. A final-state interaction characterized by 
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Figure 2: Velocity difference spectra for the stripping reaction from n B e leading to 9He. 
The potential model fit assumes an s-wave component characterized by a scattering length 
as = —20 fm. 

a scattering length of the order of —10 fm (or more negative) was necessary in 
order to fit the data 6 . This corresponds to an energy of the virtual state of 
0.0—0.2 MeV. The initial state was an s state (nBe) which fixes the angular 
momentum of the observed state to zero. Thus the level inversion of N=7 
isotopes continues to exist in this lightest nucleus of this isotone chain. 

3 Unbound N = 9 Nucleus 1 3Be 

Several theoretical calculations predicted a level inversion of the neutron 1^5/2 
and the 2si/2 state in 1 3 Be 7 - 1 0 . A microscopic cluster model predicted 13Be 
to be even slightly bound 8 although the results are consistent with a very 
low lying unbound state within the uncertainty of the calculations 9. From 
the systematics of N=9 nuclei it is expected that the level inversion occuring 
already in 15C is expected to be 2 MeV in 13Be which would correspond to an 
s-state very close to the neutron binding energy11. 

13Be was produced directly from the fragmentation of a 80 A-MeV 1 8 0 
beam on a 94 mg/cm2 thick 9Be target. As in the N=7 experiments the 
neutron fragment relative velocity was extracted12. Figure 3 shows the relative 
velocity spectrum of neutrons in coincidence with 12Be. It shows a fairly sharp 
central peak on top of a broad background similar to the spectrum observed 
for 1 0Li5 which indicates a state in 13Be with a very small decay energy. The 
decay of the d5/2 state at 2 MeV would produce peaks at ~ ±1 cm/ns as 
indicated in the figure. Although there are hints of an enhancement it is not 
statistical significant because the efficiency for large decay energies is small. 
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Figure 3: Relative velocity spectrum from the decay of 1 3Be. The solid line corresponds to a 
fit including a d5/2 state at 2 MeV (dashed) and an estimated background (dot-dashed). In 
addition, the main contribution (dotted) to the fit is a virtual Sj/2 with a scattering length 
of as = —20 fm. 

The figure includes the results of a potential model fit with a scattering length 
of as = - 2 0 fm which correponds to an apparent peak energy of 40 keV. Prom 
the fit to the data an upper limit of as < —10 fm corresponding to an apparent 
peak energy of 10 keV can be extracted. This result is consistent with shell 
model calculations which predict an s-wave close to threshold. 

4 Shell Structures along the Driplines 

The vanishing of the N=8 and N=20 shells close to the dripline can be observed 
in the systematics of single neutron separation energies for nuclei with a given 
isospin as a function of neutron number 13. At shell closures the neutron 
separation energy shows a sharp drop between adjacent nuclei. The absence 
of this sharp decrease indicates the disappearance of a shell. This is the case 
for nuclei close and beyond the dripline for N=8 and N=20. For neutron-rich 
N=14 nuclei a new shell develops as documented by the appearance of the 
characteristic drop in neutron separation energy13. 

Similarly, proton separation energies can be used to study proton shell 
structures. Figure 5(a) shows the single proton separation energies for odd-
Z-even-N nuclei with isospin (from top to bottom) 7/2, 5/2, 3/2, 1/2, - 1 / 2 , 
and - 3 / 2 . The Z=8 shell closure is clearly visible as a sharp drop between 
two adjacent nuclei and it is indicated by the vertical line. However, for Tz = 
—3/2 nuclei the discontinuity vanishes which would indicate a disappearance 
of the Z=8 shell for proton-rich nuclei which are beyond the dripline. The 

T « 1 • 1 • r 
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Figure 4: Proton separation energies for odd-Z—even-N nuclei. The location of the Z=8 shell 
is indicated by the vertical line. 

N=7 nucleus is U N which is unbound by 1.97 MeV according to the latest 
evaluation of experimental masses14. However, the ground state was recently 
remeasured by several groups1 5 - 1 7 and it was determined to be less unbound 
than previously thought. The new mass is included Fig. 4(b) which again 
shows the discontinuity characteristic for the presence of a shell. 

However, the n N is the mirror of 11Be where the level inversion of the p1/2 

and the Si/2 shows the break-down of the N=8 shell. The remeasured mass 
in U N corresponds to the same level inversion for the Z=8 shell. Thus, the 
increase in proton separation should not be present. A potential explanation 
is the large uncertainty of the mass of the next Tz = - 3 / 2 nucleus 15F which 
is unbound by 1.48 ± 0.13 MeV 14. A new and more accurate measurement 
of the mass of 1 5F is necessary in order to confirm the prediction from this 
systematic that 15F should be less unbound. 

5 Conclusions 

All light N=7 isotones u B e , 10Li and 9He exhibit the level inversion of the 
s- and p-states. These states are particle unbound in 10Li and 9He and were 
expressed as scattering lengths of the final state interaction with upper limits 
of as < - 1 0 fm and as < - 20 fm for 9He and 10Li, respectively. A similar 
state was observed in the N=9 isotone 13Be where the limits for the s-wave 
were as < —10 fm. 

Systematics of neutron and proton separation energies can be powerful 
tools to study the nuclear structure at and even beyond the driplines. It is 
predicted the currently accepted value for the mass of 1 5F is too large. 
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A systematic description of octupole states in actinide nuclei in terms of the spdf 
IBA Model shows that some of these nuclei are very close to the rotational dynam
ical symmetry limit, SUspcy(3). 

1 Introduction 

Dynamical symmetries of the Interacting Boson Model1 (IBA), as benchmarks 
describing idealized limits, play a major role in the study of positive parity 
states in nuclei. The usefulness of these symmetries extends beyond the few 
nuclei that are very close in structure to these limits by providing simple bases 
in terms of which nuclei can be described. Although, the negative parity states 
were also successfully described in the framework of the IBA, none of the 
dynamical symmetries of the spdf model have been fully exploited. As long as 
only octupole vibrations are considered, the introduction of only one f(L = 3) 
boson appears to be sufficient to describe the octupole vibrational bands in 
quadrupole deformed nuclei2 '3. However, by coupling the / boson algebra to 
the sd space of U(6), no nontrivial dynamical symmetries are realized. In order 
to describe the low-lying K — 0~ bands, the p(L = 1) boson was introduced 
4 '5,6. From the algebraic point of view, the introduction of the p boson along 
with the / bosons leads to dynamical symmetries incorporating the negative 
parity states. They were completely constructed and classified by Kusnezov7. 

In the present work we study the empirical realization of the SUspdf (3) 
dynamical symmetry in the actinides, a region which is thought to exhibit 
signs of stable octupole deformation8. The question of the existence of oc
tupole deformation is still open and the evolution of octupole correlation is 
not very well understood. Studying these nuclei from a dynamical symmetry 
perspective could improve our understanding of this basic concept in nuclear 
collectivity. 

mailto:victor.zamfir@yale.edu
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Figure 1: The energy of the p and / bosons (ep , / ) as a function of boson number JVB 

2 Interacting Boson Model spdf Calculations 

The most general spdf Hamiltonian with one- and two-body terms is very 
large7 and a phenomenological analysis keeping all terms is difficult. We use a 
truncated Hamiltonian which contains the essential degrees of freedom of the 
evolution from vibrational to rotational structure: 

H = edhd + epnp + ejhj - K.Qspdf • Q spdf (1) 

where £d,p,f are boson energies and Qspdfd = Qsd+Qpf is related to the Casimir 
operator of the SU(3) subgroup of U(16)7. 

The numerical diagonalizations are performed using the computer code 
OCTUPOLE9 . The calculations presented here are similar to those in ref. 10. 
The energy of the d boson was kept constant, ed — 0.3 MeV for all nuclei studied 
in the present work. Similarly, the strength of the quadrupole-quadrupole 
interaction is constant, K — 0.014 MeV. The energies of the p and / bosons, 
ep and ef, have a smooth evolution across the region, with ep > ej. They are 
presented in fig. 1. 

It is worth noting that in a few cases, 224 '226Ra and 228Th, ep = ef and, as 
we will see in the next section, this is an important condition for a dynamical 
symmetry. In the Pu chain none of the isotopes fulfill this condition but 238Pu 
is very close to it. 

In figure 2 the experimental level schemes for three of these particular 
nuclei are compared with the spdf IBA calculations with the basis allowing 3 
negative parity bosons. 

We only note, for now, that both the positive parity and the negative 
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parity bands are very well reproduced with a very simple set of parameters. 
We will discuss the structure of these bands at the end of the next section. 

3 Rotational Dynamical Symmetry 

As was mentioned above, the introduction of the p boson along with the / 
boson leads to many new symmetries7. Although the Hamiltonian in eq. (1) 
describes the transition from vibrator to rotor, the presence of all terms in the 
calculations prevents, in general, the appearance of a dynamical symmetry. 
There is a notable exception: in some cases (224 '226Ra, 228Th, and to some ex
tent 238Pu) ep — Cj. We consider the consequences of ep = ej in the rotational 
limit. This limit is defined by the group chain: 

Uspdf(W) D Usd(6) <g> Upf(10) D SU,d(3) <8> SUpf(3) D SUspdf(3) (2) 

This subalgebra separately conserves the number of sd (N+) and pf (N_) 
bosons. 

A simple dynamical symmetry Hamiltonian for this rotational limit is: 

H = a-N- - KQspdf • Qspdf (3) 

Here e_ = ep = ej, N_ = hp + hf, and Qspdj is the quadrupole operator of 
SUspdj{S)-

This Hamiltonian is similar to that used in the fits presented in Section 
2 [eq. (1)] with a few notable exceptions. In our study, the positive parity 
states have a transitional structure, breaking the SUsd{?>) limit, so that the 
additional interaction edhd is required. For the negative parity states, the 
SUPf(3) symmetry is restored only in certain nuclei where ep = tj. In this 
case the Casimir operator of Upf (10) (ep = £/) can be used [see eq. (7)] 
instead of breaking this symmetry to Uf (7) ® Up (3) (ep ^ £/), and one can still 
have rotational symmetry for the negative parity states. 

The spectrum of the SUspdf(3) Hamiltonian (eq. 3) is given by: 

E = e_N_- ^[A2 +fi
2 + Xfi + 3(A + /i)] + \KJ{J + 1) (4) 

/ o 
We show in fig. 3 a typical spectrum corresponding to this symmetry. 

The quantum number N- and Jn is indicated for each band. One immediate 
observation is that the ground state and the first excited negative parity band 
are not dipole-octupole deformed, since N- = 0 and 1, respectively. Rather, 
this deformation (N- = 2, and 3, respectively) sets in at higher excitation 
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energy (the right-most and left-most bands). It is worth noting that these 
two bands can form a molecular band (0+ , 1 _ , 2 + , 3~,....) only by accident, 
if €-/K(2NB + 4))=1. In numerical diagonalizations, where the octupole de
formed band is K* = fj£, this ratio is 2.03 (in 226Ra), 2.18 (228Th), and 2.41 
(238Pu). 

In 226Ra the states composed of (pf)2 bosons forms the K = 0^ band 
at low spin but above 12+ they become yrast states and since the bands are 
organized according to the B(E2) strengths, they appear in ground state band 
at high spin. This shows that although in the ground state these nuclei are not 
octupole deformed, in some cases the octupole correlations increase with spin 
and at medium spin there is an onset of octupole deformation, in agreement 
with phenomenological analysis14. 

4 Conclusion 

A systematic study of the actinide nuclei in terms of the spdf IBA model 
shows that some of them are very close to the rotational dynamical symmetry 
limit SUspdf(3)- In the ground state these nuclei are soft against octupole 
deformation, and with increasing spin stable octupole deformation develops. 
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Lifetimes of 22 positive parity excited states in l2llXe and 10 levels in "8Te have been 
measured by DSAM in the '"Cd('2C,3n) reaction at a beam energy of E = 56 MeV and by 
DSAM and Recoil distance (RD) methods in the llNAg(l3C,p3n) reaction at E = 54 MeV, 
respectively. In the case of "8Te B(E2) values in the collective ground state band above the 
band crossing have been analyzed. The E2-transition probabilities in the backbending region, 
are interpreted in the framework of the IBFM (IBM + 2 qp) semi-microscopic theory. The 
additional hypothesis that the boson numbers £1 for pure collective and 2qp interactive bands 
could differ from standard IBM1 value has been approved on the basis of experimental B(E2) 
values. A reasonable description of B(E2) values is achieved for the l2(,Xe and "8Te N=66 
isotones. The comparison with B(E2) data in "9I and l2*Ba has been done. 

1 Introduction 

The motivation for the lifetime study of l20Xe [1] and "8Te [2] was our previous 
investigation of "9I where lifetime measurements for 60 levels in 10 bands have 
been done [3,4]. The energy structure of the low-lying part of the yrast decoupled 
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negative parity band built on the 7thi 1/2 state is very similar to the yrast state band of 
the neighbor 120Xe nucleus (Fig. 1). The strongly-coupled rotational 7tg9/2 band 
seems to be analogous to the ground state band of "8Te. The B(E2) values for the 
Tihii/2 and ng9ri bands of "9I were found to drastically differ from each other. For an 
interpretation of this fact a comparison of B(E2) values in ' l9I with corresponding 
values in u8Te and 120Xe is needed. 

Before our investigations, only little experimental lifetime values in these two 
nuclei were known [5,6,7,8] and were absent, in particular, for low-lying exited 
states of U8Te. We managed to measure by DSA techniques 22 lifetime values in 
120Xe and both DSA and plunger methods 10 lifetime values for "8Te. On the basis 
of the new experimental information the IBM + 2 quasi-particle model [9] has been 
improved. 

2 Experiment 

120-1 Lifetimes of 22 positive parity states in " Xe have been measured by the 
Doppler shift attenuation method (DSAM) in the '"Cd('2C,3n) reaction at a beam 
energy of E = 56 MeV [1], The experiment was performed at the JAERI Tandem 
Accelerator (Japan). The y-y coincidences were collected by GEMINI array. A thick 
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Figure 1. The ground state band levels in "8Te and l2UXe in comparison with the itgcj/2 and 
Jth 11/2 bands of "9I. 
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target (30 mg/cm2 metallic foil) has been used. Lifetimes of 10 levels of "8Te have 
been determined with the DSA and Recoil Distance (RD) methods using the 
l09Ag(13C,p3n) reaction at E = 54 MeV [2]. The experiment was performed at TAL 
NBI (Denmark). The y-y coincidences were collected by the NORDBALL array. For 
the DSA measurement a thick target of 5.7 mg/cm2 has been used. Recoil distance 
measurements have been done using a self-supporting 0.82 mg/cm target [3]. In all 
cases, spectra gated below and above the transitions of interest as well as the sums 
of such gated spectra were used for the analysis. 

The analysis of experimental y-lineshapes was carried out using an updated 
version of Monte-Carlo codes COMPA, GAMMA, SHAPE [10]. The main features 
of the used approach are the following: 
• The kinematical spread of the initial recoil velocity is calculated on the basis of a 
statistical model taking into account step by step the evaporation of light particles 
from the compound nucleus. 
• The slowing down and multiple scattering of the recoils can be calculated for 
several stopping layers. Recoil Distance spectra are regarded as a special case of 
DSA where one of the layers is vacuum (Recoil Distance Doppler Shift Attenuation 
(RDDSA) method). 
• The number, solid angles and arrangement of y-detectors are not limited. 
Sidefeeding cascades are included into the Monte-Carlo simulation from each state 
to the level of interest. 
• The number of levels and branches of cascade feeding is not limited. Any 
condition of y-y-coincidence gating ("up", "below" etc.) can be taken into account 
by Monte-Carlo techniques. 
• Overlapping Doppler broadened lines can be treated using lifetimes as lineshape 
parameters. 

For the stopping power of the recoils, the Lindhard correction factors for 
electronic (fe) and nuclear (fn) components have been measured by lineshape 
analysis using the "semi-thick target" method [10,14] and values of fe = 1.27+0.07 
and f„ = 0.77+0.07 have been obtained for the case of II9I recoils moving in the 

Ag target [3,13]. It follows from our measurements that, for recoil velocities V < 
1%C the electronic stopping power taken, in particular, from the tables of Ziegler et al. 
(TRTM-95, SRTM-2000.) can be drastically (two times) smaller than the experimental 
values whereas the nuclear stopping power being close the predicted one. 

For the lifetime extraction for high spin states the sum of spectra gated below was 
used. The sidefeeding effective time xSf is expected to be small in both nuclei [ 1,2] and xsf 

= 0.04+0.02 has been evaluated from precise lineshape analysis of the 819 keV transition 
(18+->16+)in120Xe. 

For high spin levels of "8Te statistics in the gated DSA spectra for fixed angles, (37° 
and 143 ) are too low even if a summation over a number of gates below the transition of 
interest is used. In these cases a sum of the spectra from all 20 NORDBALL detectors 
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have been used. Symmetrical Doppler broadening y-lines corresponding to relative short 
lived levels obtained in this way were analyzed [2], 

In the case of the DSAM investigation of l20Xe the lineshape analysis of spectra 
gated on the flight component of the 819 keV 18+-»16+y-line as well as on y-lines below 
the 10+ state has been done. As a result, the lifetimes of the 16+and 10+ levels from the 
unresolved 773 keV doublet consisting of the 16+-> 14+ and 10+—»8+ transitions have been 
extracted [1]. 

Lifetimes of the 2+, 4+ and 6+ levels in ' l8Te have been evaluated from RD spectra 
gated on the flight component of the 753 keV line (8+->6+). Since the 600, 606 and 615 
keV lines, corresponding to the 4+—»2+, 2+—>0+ and 6+—>4+ transitions overlap each other, 
the lifetimes were determined by the RDDSA method [2]. 

3 Discussion 

One of the first attempts of describing the excitation energies and B(E2) values in 
the backbending region has been done for 102Ru on the basis of a semi-
phenomenological approach. This model was based on the IBM1 model, which 
involved high-spin phonons in addition to s- and d-bosons [15]. Then this approach 
has been improved by application of microscopic calculations and was applied in 
particular to "°Cd and l26Ba. [16,9]. A detailed description of this model, named 
IBM+2qp is contained in [9]. 

The structure of the phonons, presented by the expression 

B J =-F2L(< | ' ik a i a k + ( P i k a k a i ) • 
V2ik 

is calculated in the framework of the modified RPA with standard single-particle 
energies, pairing and factorized multipole forces. Here a+i(a,) is the quasiparticle 
creation (annihilation) operator acting on the single-particle levels T , \\> and (p are 
amplitudes of phonons. The lowest solution of RPA with J = 2 is defined as D 
phonon (D = BJ=2). The phonons with spins J=2, 4, 6 include many two-quasiparticle 
components, whereas phonons with J=8, 10 are practically pure (vhnn)" 
configurations. 

Mmicroscopic calculations of the interaction between D and Bj phonons have 
been done. Then, the boson representations of fermion operators has been used in 
the form accepted in the IBM. As a result d and bj, the boson images of the 
quadrupole (D) and 2qp pair (Bj), have been obtained. The vacuum of D and B 
bosons is mapped onto the known production of the scalar s-boson. In this new form 
the microscopically calculated interaction between ideal bosons (including the s-
boson) V(s,d,b) has been included into the Hamiltonian: 
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H = HIBM1 + e bJ f l bJ + V(b,d,s)a, 

where HIBMI is the Hamiltonian of IBM1, d, s are the usual IBM bosons, bj is a 
boson with multipolity J > 4, ew are the bj boson energies. 

The eigenfunctions of the model are superpositions of the usual collective 
IBM1 basis and similar components, but build on lowest two quasi-particle 
excitations: 

I Ccol(d> s) >IBM1 + b J I C2qp(d> s) >IBM1 

Parameters entering the boson Hamiltonian are fitted phenomenologically 
whereas parameters of V and ew are calculated microscopically. 
In this basis the full number of bosons is Q = nb + nd + ns and for purely collective 
and "quasiparticle" components then are Qc = C2 = nd + ns and n2qp = Q - 1, 
respectively. In the usual version of IBM1 the "standard value of Q" is defined by 
the number of valence nucleons Nvn: Q = £1,, = Nvn/2. 

Calculations of B(E2) are performed with the standard IBM1 E2-operator: 

T(E2) = e * (d+s + s+d + x d + d) ( ' = e'(d+ J l - n / Q + J l - f l / f l d + x'd+d) 

Results of calculations with IBMl+2qp model (full lines) and for the 0(6) limit of 
IBM1 (dashed lines) under the condition £2=Qsl are presented in Fig. 2 together 
with experimental data. (Here and below by appropriate choice of the effective 
charge, the theoretical curves are normalized to the 2+—» 0+ transition for "8Te and 
4+—> 2+ the 120Xe). For the collective ground state bands before backbending the 
IBMl+2qp calculation describes the experiment remarkably better than the 0(6) 
limit, especially in the l20Xe case, where the reasonable description expends to T = 
16+. In the high spin region, theoretical IBMl+2qp values for both nuclei 
significantly underestimate the experimental values. The description of the B(E2) 
behavior is also at low spins far from ideal. 

There is a number of reasons for this discrepancy connected with limitations of 
the model. In particular, the phonon structure should depended on the excitation 
energy but this effect is not included into the model up to now. Another reason is the 
simplified standard form of the E2 operator. (A more complicated form was 
considered in Ref. [9]). It is possible that some of the problems will be resolved only 
after the improvement of the theory but here we propose another hypothesis, 
connected with the choice of the total boson number £2. Really the limitating 
condition £2 = fist = Nvn/2 is not the result of some general principles. The inclusion of 
particles outside of the "closed" shells in the collective motion could be a physical reason 
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Figure 2. Experimental and calculated B(E2) values vs. spin in l2(lXe (left) and "8Te (right) 

for £1 > Clst (in particular the case D. —* oo could be regarded as the collective motion of 
the whole nucleus). On the contrary, D < Qst could mean that the role of some valence 
nucleon pairs is overestimated in the "standard" approach. Therefore, for each component 
of our IBMl+2qp basis we can regards the number of "collective" Qc and "quasiparticle" 
Q2qp bosons as free parameters. From the fit of high-spin region of experimental the 
data , we have found that Q.2qp = £2st+lO for both nuclei, whereas Clc is different: 
D.c=Q.sC2 for "8Te and Qc = Qst+10 for 120Xe. The results of these calculations are 
presented in Fig 2 for both nuclei by dotted lines. 

In Fig. 3 a comparison of the experimental B(E2) values in " Xe with the 
recently investigated l28Ba nucleus [17] is presented. It is easy to see that up to I = 
10+ the (BE2) values are close in both nuclei and the 0(6) limit overestimates the 
experimental values near the backbending region. (Ref. [17] contains the data for 
higher spins also but in the case of l28Ba, beginning at T = 12+, there are two 
practically parallel 2qp-bands — yrast and yrare and so the collectivity can be 
distributed between these bands). 

We compare the B(E2) values of 120Xe and "8Te with the corresponding data 
of "9I. As seen in Fig. 1 and Fig. 3 the decoupled v hn/2 band in "9I is very similar 
to the yrast band of l20Xe both in the excitation energies and in the B(E2) 
dependence on the spin. The collectivity of the "9I band is even higher than that of 
the yrast band in i20Xe, which may be due to core polarization effects. Moreover, the 
spin dependence of B(E2) in the vhn/2 band of "9I is rather regular as compared to 
the 120Xe yrast band. It may reflect the fact that in the "9I yrast band the 
backbending starts only at I = 47/2". The situation for the strongly coupled 7tgw2 

band in 119I turns out to be more complex. In spite of the fact that the B(E2) values 
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Figure 3. Experimental B(E2) values vs. spin in l2llXe - 128Ba - "Te-"*I (right) 

in the low-spin part of the ground state band of '' Te are about two times smaller 
than in 120Xe they remain much greater than in the 7tg9/2 band of "9I. Moreover there 
is a difference in the spin-dependence of the B(E2) values. While the B(E2) values 
in 118Te increase with spin as compared to the 0(6) IBM1 limit, the B(E2) values in 
the 11917rg9/2 band are close to 0(6). It is of interest that in "9I after backbending the 
B(E2) values and their spin-dependence drastically differ from the low-spin region 
of the "9I band but are similar to those of the low spin states of "8Te. The fact of the 
low collectivity of the 7tg9/2 band before backbending has to be accounted for and 
this is a challenger to the theory. 

4 Summary 

• Lifetimes of 22 positive parity excited states in l20Xe and 10 levels in "8Te have 
been measured, respectively by DSAM in the '"Cd(l2C,3n) reaction at a beam 
energy of E = 56 MeV and by DSA and Recoil distance (RD) methods in the 
109Ag(13C,p3n) reaction at E = 54 MeV. Lifetime measurements of "8Te give us the 
unique possibility to analyze B(E2) in the collective ground state band above the 
band crossing. 
• The evaluation of side-feeding times and the calibration of stopping-power 
parameters by the "semi-thick" target method have been carried out. 
• Lifetimes of the 2+, 4+ and 6+ levels in ll8Te have been evaluated from RD spectra 
gated on the flight component of the 753 keV line (8+-»6+). The lifetime (T) extraction 
was realized by lineshape analysis like by DSAM but without a separation of the shifted 
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and unshifted components of the y-line (RDDSA method). The software for treatment 
experimental y-line shapes allows to analyze overlapping Doppler-broadened peaks. 
• For relatively short lived high spin levels the statistics of the gated DSA spectra for 
fixed angles are too low. In these cases a lineshape analysis of symmetrical Doppler 
broadened y-lines obtained as a sum of spectra over all detectors have been used. 
• The E2-transition probabilities, particularly in backbending region, are 
interpreted in the framework of a new version of IBFM (IBM + 2 qp) semi-
microscopic theory. On the basis of the experimental B(E2) values the hypothesis 
has been made that the boson numbers Q for purely collective and 2qp bands can be 
different from the standard IBM1 value. A reasonable description of the B(E2) 
behavior along the ground state and lowest 2-qp bands is achieved for l20Xe and 
mTeN=66isotones. 
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Gamma-ray tracking will be the characteristic feature of the next generation of powerful 4n 
gamma-ray detection systems. Its status of development is reviewed. The common European 
project AGATA is presented as a first full scale implementation of this concept. 

1 Introduction 

The best current detector arrays for in-beam y-ray spectroscopy, EUROBALL and 
GAMMASPHERE, consist of about 100 Compton suppressed HPGe spectrometers 
arranged in tightly packed spherical configurations. At 1 MeV, their total peak 
efficiency (Eph) is -10 % and the response function (P/T-ratio) with -60 % of the 
total intensity in the full energy peak. While the BGO suppression shields are 
needed to get the good P/T, they prevent covering more than one half of the solid 
angle with Ge detectors. Therefore the achievable efficiency is limited to the present 
values. Larger efficiencies will be soon provided by the compact arrays Exogam 
and Miniball, but their use is, by design, restricted to low multiplicity studies. To 
advance further, the y-spectroscopy community needs a detection system with much 
higher performance but it is clear that such an array cannot be obtained by simply 
increasing the number of detectors. The solution of this problem may come from 
recent advances in crystal segmentation technology and digital signal processing 
which make it possible to operate the germanium detectors in a position sensitive 
mode. The knowledge of energy and position of the interaction points within the 
germanium crystal allows to reconstruct the interaction history of the absorbed 
gamma radiation, leading to the so-called gamma-ray tracking concept [1]. This 
enables to build a compact array solely out of highly segmented Ge detectors 
omitting the BGO shields. As it is expected from simulations, an array consisting of 
a limited number (-100) of such detectors can have unprecedented features: an 
efficiency of up to 50 % and a P/T-ratio of 70 %. The unique capability of a y-ray 
tracking array allows the search for extremely weak reaction channels and 
experiments with weak beam intensities (e.g. radioactive beams) addressing open 
questions in nuclear structure, astrophysics and fundamental interactions. A very 
important benefit of y-ray tracking is the possibility to determine with very good 
precision (-1°) the emission direction of the reconstructed transitions, allowing for 
an almost perfect correction of Doppler broadening effects for gammas emitted by 
nuclei recoiling at velocity up to 0.5 v/c. 

mailto:dino.bazzacco@pd.infti.it
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2 Developments towards gamma-ray tracking 

The feasibility of gamma-ray tracking has as been demonstrated in the R&D 
performed by GRETA [2], MARS [3] and the TMR network Gamma Ray Tracking 
Detectors [4]. The main lines of development are outlined in the following. 
Tracking algorithms. The task of y-ray tracking is to identify the individual y-rays 
from the knowledge of the points of energy release and, possibly, to reconstruct the 
scattering sequence in the active volume of the detector. As long as MY = 1 events 
are considered, the characteristic features of the relevant interaction mechanisms 
can be exploited for the task of tracking in simple and efficient ways. 
Isolated low energy interaction points can be accepted as photoelectric absorption 
events upon checking the compatibility between energy and interaction depth in the 
detector. In the intermediate energy range the y-rays undergo a sequence of 
Compton scatterings with a final photoelectric effect. For the reconstruction of such 
events, the figure of merit of each Compton scattering vertex is calculated for all 
permutations of the interaction points. The figure of merit is defined as the deviation 
between the measured point energy and the energy calculated from the Compton 
formula using the scattering angle derived from the spatial position of the points. 
The permutation with the best total merit is considered to correspond to the real 
scattering sequence and the event is accepted if its value is compatible with 
predefined value. A strong signature of pair production events is that, at least for 
energy range of our interest, the first point of interaction collects the total y-ray 
energy minus the 2moC2 needed to create the pair. This is because the electron and 
positron are absorbed within a distance of - 1 mm, while the two annihilation 
photons generate other clusters of points if detected somewhere else in the array. A 
simple procedure has been conceived to efficiently exploit these features. 

The tracking algorithms have been developed and tested using data from Monte 
Carlo simulations both of ideal and realistic detectors. To evaluate the performance 
of the algorithms in a realistic way, before being used the calculated interaction 
points are randomly modified to take into account the finite energy and position 
resolution of actual detectors. It is important to remark that, due to experimental 
uncertainties but also because of fundamental limits, each of these algorithms will 
always accept some background events (corresponding e.g. to partial energy release 
in the detector) and reject "good" ones. The amount of accepted background can 
often be reduced, but this always at the cost of an increased rejection of good 
events: i.e. a better P/T implies a lower efficiency. 

For events with several coincident y-rays, one cannot simply apply the same 
considerations, as there is no absolutely reliable way to determine the transition to 
which the individual interaction points belong. In principle, one could try all the 
possible ways to combine the measured points into a reasonable number of 
transitions. This is an extremely difficult computational task because already for 
medium y-ray multiplicities the number of partitions can easily exceed 1020. On the 
other side, it does not really make sense to try it because the limited capability of 
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the reconstruction algorithms to distinguish good events from bad ones (e.g. points 
of different transitions accepted as belonging together) does not ensure that the 
optimum partition can be identified. The problem has therefore to be split into 

simpler pieces and this can be 
achieved in at least two ways. 
Using the fact that the 
interaction points of transitions 
emitted into sufficiently 
separated directions tend to 
"cluster" into spatially isolated 
groups, it is possible to search 
for such cluster and validate 
them as individual transitions 
with the methods explained 
above. An example of a 
reconstructed high multiplicity 
event detected by an ideal Ge 
shell is shown in Fig.l. With a 
position resolution of 5 mm, this 
configuration yields £ph = 36% 
and P/T = 60 %, for MT = 30. 

Figure 1. Reconstruction of a high multiplicity event detected in an ideal Ge shell of with an inner radius 
of 15 cm and a thickness/of 9 cm. 27 of the 30 emitted gammas are detected; 23 of them with full energy 
release. The tracking algorithms recognized correctly 14 of them, corresponding to -70 % reconstruction 
efficiency. The 2 badly/reconstructed groups of points end up into the spectrum background. 

A comparable reconstruction efficiency can be achieved with an approach, called 
"backtracking" [5], which starts from points with energy in the -100 keV range 
(likely to be the last, i.e. photoelectric, interaction of a transition) and goes back, 
step by step, to the origin of the incident y-ray looking for the correct Compton 
scattering vertices. Backtracking is probably more sensitive to position errors but it 
is better suited for gamma-ray imaging purposes. 
Simulations /of realistic arrays. The tracking algorithms have been applied to a 
number of "realistic" arrays and the results are reported in Table 1. The remarkable 
drop betweeh the ideal shell and the other configurations is mainly due to gaps and 
dead materials between the detectors. It has to be noted that, due to the tracking 
mode, even jthe barrel with only 36 detectors has considerably larger 8ph and P/T 
than EUROBALL with 239 detectors. 
Highly segmented germanium detectors. Different types of highly segmented 
germanium detectors are being tested in several laboratories. At Berkeley, the 
response of a 36-fold segmented "hexaconical" detector suited for the detector array 
GRETA has been studied in details [6]. The University of Surrey In the UK has 
started checking a 36-fold segmented cylindrical detector. In Italy the MARS 
collaboration is testing a recently delivered cylindrical 25-fold segmented detector 
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with 6 angular sectors, 4 transversal slices and a segment on the front face (see 
Fig 2). It should also be mentioned that detectors of the simpler (at least from the 
point of view of pulse shape analysis) planar configuration are also being tested at 
IReS Strasbourg, in Sweden, in Japan and in the USA. 

Ideal 4rc shell 
Ball 
Barrel hexagonal 

cylindrical' 
Barrel hexagonal 

cylindrical 
Array of planars 
AGATA 
EUROBALL 

Number of 
detectors 

120 
54 

36 

488 
190 
239 

Germanium 
(kg) 
233 
140 
135 
168 
90 
112 
457 
230 
210 

eph [P/T] % 
M 7 = l 
65 [85] 
30 [56] 
30 [55] 
29 [59] 
25 [52] 
26 [56] 
50 [60] 
40 [60] 

9 [56] 

Eph [P/T] % 

Mv = 30 
36 [60] 
17 [48] 
15 [46] 
16 [48] 
12 [44] 
14 [50] 
26 [40] 
25 [50] 

6 [37] 

Table 1. Performance of simulated germanium detector arrays. Total photopeak efficiency epi, and P7T 
ratio at 1.33 MeV y-ray energy is given for MY = 1 and 30 respectively. The performance of the Cube 
array of planar detectors is given for a scenario where no pulse-shape analysis is performed. 

Pulse shape analysis. Necessary input for the tracking algorithms is, for each point 
of interaction, its three-dimensional position and energy deposit. This information is 
obtained from the analysis of the shapes of the signals from the segments. In Fig 2 
the dependence of the signals on the position of the interaction is demonstrated for 
the specific case of the MARS prototype [7]. A characteristic feature of segmented 
detectors is that not only the segment that collects the net charge released by the 
interaction has a signal but also the neighboring segments have transient signals 

with no net charge at the end. 
Their amplitudes increase with 

02 decreasing distance between the 
„ interaction point and the border 
-MJ to the neighboring segment. 
„ I Using finite element analysis, 
•0.25* signal shapes can be calculated 
*» accurately for almost arbitrary 
*7S crystal geometries. The effect of 

crystal axis orientation [8] can 
also be considered. 

Figure 2.Calculated signals for single interactions within a segment of the quasi true-coaxial part of the 
MARS prototype detector. Net charge (right, bottom) and transient signals (right, top) are shown. 

To test the algorithms for pulse shape analysis, simplified problems considering one 
or two interactions randomly distributed within only one segment are treated at 
present. The resulting composite signals from the segments are analyzed to extract 
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the lumber, position, and energy of the original point(s) in various ways. Programs 
using a genetic algorithm (GA) determine the number of interactions correctly for 
89 % of the events. The variance between reconstructed and true position is ~2 mm 
while that of the energies is -4 %. An approach using artificial neural networks 
(ANN) yields the correct number of interactions for up to 94 % of the events and 
variances of about 5.5 mm and 8 % for distance and energy respectively. 
Digital electronics. To preserve the full signal-shape information that is needed to 
extract energy, timing and position of the interaction points, the electronics has to 
sample the preamplifier signals with fast ADCs housed as close as possible to the 
detectors. It is not clear-whether full pulse shape processing can be done in real time 
at the detector level; however, to reduce the amount of information transferred to" 
the data acquisition system, at least and some kind of software trigger and the 
energy of the fired segments should be performed there [10]. This information and 
the subset of samples relative to the leading edge of the signals will be time stamped 
and transferred by fiber links to the data acquisition computers. There, after 
performing all necessary functions of data merging and gain matching, the pulse 
shape analysis will be performed and finally the tracking algorithms will be applied 
to produce "standard" events containing just energy, time and spatial direction of 
the reconstructed transitions. 

3 Tie case of AG ATA 

The Advanced GAmma Tracking Array, AGATA is a project aimed at a full-scale 
application of the y-ray tracking concept in an European context. The specific 
physics case that triggered the project is the availability of exotic beams from the 
upgraded GSI facility but the detector is being designed for a more general range of 

applications. Specific features of such a 
facility include, limited beam intensities, 
particularly for the most exotic nuclei, a 
wide range of beam velocities (from, stopped 
to v/c«50%), high gamma and particle 
background and y-ray multiplicities up to 
MT =30. A 4ft y-array with highest 
efficiency, selectivity and energy resolution 
is required capable of high event rates. 
These features can only be achieved with a 
close packed arrangement of Ge-detectors, 
i.e. a 4K shell built from large, highly 
segmented germanium crystals. 

Figure 2. Schematic view of AGATA. The three slightly different hexagonal crystal shapes are shown in 
red, green and blue. 3 Crystals are packed in a cryostat, as indicated by the grey aluminium walls. The 
total number of triple cluster detectors is 60. The pentagonal detectors are shown in light blue colour. 
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The geometric structure of AGATA is based on the geodesic tiling of a sphere with 
12 regular pentagons and 180 hexagons. Owing to the symmetries of this specific 
bucky-ball construction three different slightly irregular hexagons are needed. To 
minimize inter-detector space losses while still preserving modularity, 3 hexagonal 
crystals (one of each type) are encapsulated and arranged in one cryostat. The 
pentagonal detectors are individually canned. Using the largest reasonably available 
germanium crystals, the inner (outer) radius of the array turns out to be 17 (27) cm., 
and the total solid angle covered by germanium is -80%. The total peak efficiency 
is 40% for individual 1.33 MeV y-rays and 25% for MY = 30 (see Table 1). 
The foreseen segmentation of the germanium crystals is 36-fold for the hexagons 
and 30-fold for the pentagons; this makes a total of 6780 segments, which, together 
with pulse shape analysis, will provide unprecedented position sensitivity. A key 
feature of AGATA is the high precision for determining the emission direction of 
the detected y-quanta of <1° (corresponding to an effective solid angle granularity 
of >5-104). This ensures an energy resolution better than 0.5% for transitions 
emitted by nuclei recoiling at velocities as high as 50% of the speed of light. This 
value is only a factor of two bigger than the intrinsic resolution of Ge detectors and 
is comparable with the values currently observed at 10 times smaller recoil velocity. 

The modular form of the design allows to build the array in phases, starting e.g. 
with the forward quadrant of 15 triple clusters, which would already provide a better 
performance than the best current detector arrays. 

Acknowledgements 

The work reported in this contribution is the result of a large collaboration of 
European laboratories carried on within TMR Research Network "Development of 
Y-Ray Tracking Detectors for 4JC y-Ray Arrays" (DE, DK, FR, GB, IT, and SE). 
The network is supported by the EC under contract ERBFMRX-CT97-0123 

References 

1. I.Y. Lee, NIMA 422(1999)195 
2. M.A. Deleplanque et al., Nucl. Instr. Meth. A430 (1999) 292 
3. Th. Kr611 et al., Proceedings Bologna2000, World Scientific (2001) 
4. R.M. Lieder, TMR-Report, FZ-Jiilich report (1999) 
5. J. van der Marel and B. Cederwall, Nucl. Instr. Meth. A437 (1999) 538 
6. K. Vetter et al., Nucl. Instr. Meth. A452 (2000) 105 and 223 
7. Th. Kroll and D. Bazzacco, Nucl. Instr. Meth. A (2001), in print 
8. L. Michailescu et al., Nucl. Instr. Meth. A447 (2000) 350 
9. A. Georgiev at al., IEEE trans. Nucl. Sci. 41 (1994) 1116 



293 

The status of the EXOGAM spectrometer 

J. SIMPSON 

CLRC, Daresbury Laboratory, Daresbury, Warrington, WA4 4&D, UK 
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EXOGAM is a European collaboration to build a highly efficient and powerful 
gamma-ray spectrometer for nuclear spectroscopy using the exotic radioactive 
beams from the Systeme de Production dlons radioactifs et dAcceleration en Ligne 
(SPIRAL) facility at GANIL. The array will consist of up to 16 large segmented 
Clover Ge detectors, each in a BGO/CsI(Na) suppression shield. The full array 
is calculated to have a very high photopeak efficiency, «20% for 1.3 MeV gamma 
rays. The array will be operated in different configurations that will be optimised 
for the large variety of nuclear reactions to be used will radioactive beams. EX
OGAM will either be operated in stand-alone mode or in conjunction with several 
ancillary detectors. The array can also be located at the target position of the 
high resolution large acceptance spectrometer, VAMOS. The electronics and data 
acquisition system will consist of purpose designed VXI cards to handle the energy 
and timing information from the detectors and a VME based acquisition system 
to sort and store the data. The status of the project and the results from in-beam 
commissioning experiments will be discussed. 

1 Introduction 

The use of radioactive ion beams opens a new era in nuclear physics by allowing 
access to new isotopes and by increasing the production rates of nuclei, which 
can presently only be populated with extremely low cross-sections or not at all. 
This enables a wider systematic study of nuclear phenomena to be made over 
a much larger range of nuclides, giving a deeper and more general insight into 
their structure and unexpected new phenomena may be revealed. It also allows 
tests to be made of present nuclear models under extremes of both proton and 
neutron excess. This will lead to the elucidation of new physics such as the 
physics of neutron skins and their effects, breakdown and modifications of shell 
structure, the understanding of the basis of effective interactions, implications 
of pairing in weakly bound systems, the effects of collective proton-neutron 
pairing in heavy nuclei and many other unforeseen possibilities. 

In order to capitalize on the opportunities provided by these new beams a 
highly efficient and powerful 7-ray array is required for nuclear spectroscopic 
studies. This talk gives a description and the status of the EXOGAM1 project, 
which is a European collaboration to build a large array for use at the radioac
tive beam facility, SPIRAL, at GANIL. 

mailto:j.simpson@dl.ac.uk
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Rear side shield 
BGO 

\ Side shield 

Back catcher̂  
Csl(Na) 

Segmentation lines 

Figure 1: Schematic cross-section of the EXOGAM escape suppressed spectrometer. 

2 EXOGAM Detector and Array Design 

Radioactive beam spectroscopy presents new demands on the design of a 7-ray 
spectrometer. At least at the start-up of these new accelerator facilities the 
beam intensity is expected to be orders of magnitude lower than with stable 
beams. EXOGAM is therefore designed to maximise the total photopeak effi
ciency for both low and high 7-ray energies (tens of keV to 5-6 MeV). It is also 
important to have good spectral quality (resolution and peak to background) in 
order to extract the rare events of interest. In addition, EXOGAM is designed 
to be flexible so that it can be optimised for different reaction mechanisms and 
experimental conditions (multiplicity, energy, recoil velocity, etc.). 

In order to fulfil these requirements the EXOGAM detectors will be large 
segmented Clover Ge detectors each surrounded by an escape suppression 
shield, shown schematically in figure 1. A Clover detector2 consists of four 
co-axial n-type Ge crystals housed in the same cryostat. Adding the signals 
corresponding to scattered events between adjacent crystals enhances signif
icantly the efficiency. These detectors also significantly reduce the effect of 
Doppler broadening, especially at ~ 90° to the beam direction. The gran
ularity, and hence the Doppler broadening can be improved still further by 
electronically splitting the crystal3. Four good energy resolution signals (<2.3 
keV for 1.3 MeV 7 rays) are output from the four central contacts. Lower res
olution signals (< 3.2 keV ) are output from 16 outer contacts. The electrical 
segmentation is particularly useful when the emitting nuclei recoil with a large 
velocity and or when the array is in a close geometry since it results in a signif
icant improvement in the in-beam resolution. The effect of the segmentation 

DVJW 
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Figure 2: In beam spectra of 7 0Zn and 88Ni at v/c = 30% following Coulomb excitation 
when Doppler correcting using (a) the full Clover (b) each crystal and (c) each segment. 

has been demonstrated in a recent in-beam test at GANIL of an EXOGAM 
clover. An example, using segmented Clovers at GANIL5 is shown in figure 2. 

Further improvement in the energy resolution can be obtained by analysing 
the shape of the pulse delivered by the preamplifier. Indeed, this shape is char
acteristic of the distance between the interaction point and the electrodes of 
the Ge diode. Information on the pulse shape for radial position determination 
will be included in the VXI cards for the centre contact of each crystal. The 
radial position of the main interaction can be obtained from charge collection 
time of the electrons from the centre contact, using the steepest slope method 
of the current pulse 6. The prototype EXOGAM segmented Clovers show a 
wide range of pulse rise-times ranging from «55ns to «300ns, see figure 3, 
when an uncollimated source is used irradiated the front fact of the crystal. 
This variation can be correlated to the radial position. Information on the 
azimuthal position of the first interaction will be obtained from the mirror 
charges induced on the outer contact signals in neighbouring segments. This 
technique has been nicely demonstrated for the Miniball detectors7 and will be 
shown by the next speaker and nice mirror charge signals have been observed 
from the EXOGAM Clover detectors. 

The suppression shield designed for the EXOGAM Clovers is based on 
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Figure 3: Rise time distribution (10% to 90%) for 1332keV pulses from one central contact 
of an EXOGAM clover. 

a new concept in which the shield comprises several distinct elements. The 
EXOGAM shield has a caesium iodide (CSI(Na)) backcatcher, a bismuth ger-
manate (BGO) rear side shield and a BGO side shield, see figure 1. Designing 
suppression shields in this way, from individual elements, creates greater flex
ibility for different configurations. The shields will be operated in two config
urations. The first is with the back catcher and rear-side shield, configuration 
A, and the second with the additional side shields, configuration B. 

The EXOGAM ESS's can be arranged in different array geometries using 
the two shield configurations. 16 Clover detectors can be arranged with 4 
detectors at 135°, 8 at 90° and 4 at 45° to the beam direction. In this geometry 
the front face of the Ge crystals is 11.4 cm from the target in configuration 
A and 14.7 cm in configuration B. An even closer packed configuration can 
be obtained by arranging 4 detectors in a cube geometry. In the 16 detector 
geometry the total photopeak efficiency is calculated, using GEANT 4 , to be 
20% (configuration A) and 12% (configuration B) at 1.3MeV for M7 = 1. 
Configuration A will be used for cases where efficiency is important and the 
recoil velocity and 7-ray multiplicity is relatively low. This may be the case in 
a Coulomb excitation, for example, it will be ideal for a Coulex experiment of 
the n-rich beam, 46Ar. Configuration B is more suitable for high multiplicity 
reactions and/or when the recoil velocity is high. This configuration would 
perform well for studies of nuclei above 100Sn on the N = Z line, using reactions 
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such as 72Kr on 32S or 72Kr on 40Ca, for example. 

3 Electronics and Data Acquisition 

The EXOGAM electronics3 and data acquisition system will be based on VXI 
and VME. The VXI modules developed for the EXOGAM system will be 
an inner and outer Ge contact card, a suppression card and a trigger card. 
The Ge cards will measured energy and time of an event. In addition, the 
electronics is designed to be able to take advantage of any information that 
may be present in the signal pulse shapes to position information (e.g radial 
information from the inner contact rise time and azimuthal information from 
the outer contact mirror charge information). The basic 16 detector system will 
comprise 8 centre contact cards, 16 outer contact cards, 4 Clover shield cards 
and 1 Master Trigger card all housed in 3 crates. EXOGAM uses the Euroball 
readout and triggering systems 9 and Euroball style infrastructure 10 (crates, 
resource managers and crate readout cards). The data acquisition system for 
EXOGAM is based on the systems developed for Eurogam, Euroball n and 
existing systems at GANIL and is designed to handle a data rate of up to 2 
Mbytes/sec. The system uses the MIDAS package (Multiple Instance Data 
Acquisition System)12 for visualisation and control. 

4 Commissioning and Status 

The prototype detectors and electronics has been tested using 7-ray sources 
and in two experiments in-beam using stable beams at GANIL. The first in 
beam test commissioned a new beam line in GANIL, the EXOGAM mechanics, 
the data acquisition system, the high voltage and autofill systems and other 
infrastructure items. 

In the second in beam test one of the prototype EXOGAM Clovers with a 
suppression shield plus two other smaller segmented Clovers were used. In this 
run the electronics was mostly VXI using the EXOGAM trigger, prototype 
inner contact and ESS cards and modified Saphir cards 14 for the outer Ge 
contacts. The beam was 86Kr at 4MeV/A on a 50Ti target. The results of 
this test are still under investigation, but the run was very successful and 
encouraging. 

A further 12 segmented Ge detectors have been ordered and we are ten
dering for a further 8 suppression shields. We expect that a system of up to 
12 detectors using VXI electronics will be available by the end of 2001, with 
the array fully operational by the end of 2002. 

EXOGAM can be operated in stand alone mode or coupled to many differ
ent detectors/spectrometers used both to improve the 7-ray spectrum quality 
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and to broaden the physics opportunities. The array can be coupled to the 
VAMOS spectrometer13 for example, which is currently being constructed at 
GANIL. 

5 Summary and Outlooks 

This talk has reviewed the status of the EXOGAM project. EXOGAM is an 
open collaboration in which institutions in Denmark, Finland, France, Ger
many, Hungary, Sweden and the United Kingdom are actively involved. The 
array will be a very new instrument and the first results from the coupling 
of this powerful spectrometer with the radioactive beams from SPIRAL are 
expected this year. The collaboration is looking forward to some exciting new 
physics from this unique combination. 

EXOGAM is the result of a great deal of hard work from many people in 
many laboratories. Many thanks to all those people and especially from whom 
I've borrowed transparencies (Faisal Azaiez, Andy Boston and Geirr Sletten). 
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A N D T H E MINIBALL C O L L A B O R A T I O N 

Position-sensitive Ge detectors are being developed for the next generation of large 
7-ray spectrometers. The position-sensitivity is achieved by the segmentation of 
the detector contacts and analysis of the detector pulse shape with digital pulse 
processing electronics. The new technology overcomes the limitations in efficiency 
and granularity of existing spectrometers. In this contribution we describe the 
development from encapsulated Ge detectors used for the EUROBALL Cluster 
detectors to 36-fold segmented, encapsulated Ge detectors proposed for the future 
European 7-ray tracking-array AGATA. MINIBALL - a spectrometer dedicated to 
the investigation of rare 7-decays at the upcoming radioactive ion beam facilities 
- is one of the first arrays using position-sensitive Ge detectors. The individual 
components of MINIBALL are described and its specifications are compiled on the 
basis of first experimental data 

1 I n t r o d u c t i o n 

Currently, the most powerful 7 spectrometers are GAMMASPHERE and EU
ROBALL 1 ,2j which are both instruments optimized to study nuclear structure 
at high spins with heavy ion induced fusion-evaporation reactions. These in
s truments have enabled an impressive progress in nuclear structure physics 
during their 4 - 5 years of operation. The investigation of open questions in 
nuclear structure physics is leading more and more to exotic nuclei near the 
proton and neutron drip lines. More than 1000 new nuclei can be produced 
with heavy-ion induced fragmentation reactions (MSU, RIKEN, GSI) or the 
ISOL technique (REX-ISOLDE, MAFF) 3 . The exciting experimental per
spectives at RNB facilities have triggered development programmes in Europe 
and the USA for 7-ray detector arrays with several orders of magnitude better 
resolving power than their predecessors. The new concept is based on 7-ray 
tracking, which uses not only the pulse height of the Ge detector signal, as 
with analogue electronics, but also analyses the pulse height and shape with 
digital pulse processing electronics. Position sensitivity is achieved by seg
mentat ion of the outer contact and analysis of the charge drift times within a 
segment and the mirror charges induced in the neighbouring segments. The 
first two Ge detector arrays with position-sensitive Ge detectors are under 
construction: MINIBALL aims at the radioactive beam programme of REX-
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ISOLDE and MAFF5 while EXOGAM is designed for use at the SPIEAL 
facility at GANIL. MINIBALL will consist of 40 six-fold segmented, encapsu
lated Ge detectors, while 16 four-fold segmented CLOVER detectors will used 
for EXOGAM. Both types of detectors are segmented longitudinally, which 
allows the localization of the main interaction of the 7-ray in two dimen
sions for Doppler correction, but does not permit full 7-ray tracking, because 
they lack segmentation in depth. Thus, MINIBALL and EXOGAM are ded
icated arrays for experiments with low 7-multiplicities and will also explore 
the pulse-shape analysis with segmented detectors needed for tracking arrays. 

2 T h e MINIBALL componen t s : the-6-fold segmented , 
encapsula ted Ge de tec tor , t h e Clus te r cryostat , t h e 
mechanics , t h e electronics 

In constructing MINIBALL, it was necessary to extend the encapsulation 
technology employed for EUROBALL to segmented detectors. Fig.l shows 
the 6-fold segmented, encapsulated MINIBALL detector. All cold parts of the 
seven preamplifiers are mounted on top of the capsule. 22 of these detectors 
have been delivered so far by Eurisys Mesures. Their average energy resolution 
of 1.3keV at 122keV and 2.1keV at 1332keV measured at the core is typical 
for a large Ge detector; the resolution of the segments is 200-300eV worse due 
to the additional capacitance between Ge surface and the wall of the capsule. 

Fig.l also shows a photograph of a MINIBALL Triple-Cluster cryostat, 

Figure 1. The six-fold segmented detector and the MINIBALL cryostat 
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developed at the University of Cologne. Up to 28 preamplifiers are mounted 
on a circular motherboard below the dewar. The detector endcap can be 
exchanged to house three or four 6-fold segmented detectors. MINIBALL will 
have 40 detectors clustered in eight cryostats with three detectors each and 
four cryostats with four detectors. The two types of cryostats are chosen for 
optimum Ge coverage in a 4w detector arrangement. 

As MINIBALL will be used for a variety of experiment types at various 
ENB facilities a highly flexible system is needed, e.g. to change the arrange
ment from a 2fr to a 4w version without dismounting all the detectors. This 
is achieved by a frame (Fig.2), developed by a collaboration of the University 
of Cologne, the IEES Strasbourg and the University of Gottingen, consisting 
of six arcs, which can be turned about the target. The detectors, which are 
mounted on the arcs, can move along the arcs, be rotated around their axis for 
optimal packing of the detectors, or the distance to the target can be varied. 

A large preamplifier bandwidth is needed to transfer the full Ge detector 
signal, but size is limited by the need'to house up to 28-preamplifiers in a 
compact cryostat. A small preamplifier (size 25 x 40mm) with fast rise time 
(15ns+0.3ns/pF) and excellent noise performance (0.6keV+0.017keV/pF) has 
been developed by the University of Cologne and the MPI-K Heidelberg. 

For pulse processing MINIBALL uses the CAMAC module DGP-4C sup
plied by the XIA company, Newark (CA), USA. Each single-width CAMAC 
module comprises four complete Ge channels for energy spectroscopy and 
pulse-shape analysis 5 . The energy resolution obtained for the MINIBALL 
detectors with a DGF-4C is comparable or better than, the resolution mea
sured with conventional analogue spectroscopic amplifiers. 

Figure 2. Photographs of the MINIBALL frame 
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3 Position sensitivity of the six-fold segmented MINIBALL 
detectors 

Using a collimated 137Cs source and selecting an event in segment 4, the 
pulse shapes at the core and the six segments were studied (Fig. 3). All the 
energy was deposited in segment 4 (the net charge in this segment and the 
core are equal) and the adjacent segments have positive mirror-charge signals, 
indicating the main interaction in segment 4 is near to the core. Comparison 
of the pulse heights in segments 3 and 5 shows that the interaction was closer 
to segment 3. The mirror charge signals are much shorter than the net-
charge pulses, simplifying the deconvolution of the different signal types when 
Compton scattering from one segment to another occurs. For a more detailed 
description of the method we refer to Ref. 5 . 

3.1 Response of the MINIBALL detector to a collimated j-ray source 

Fig.4 illustrates a 2-dimensional scan parallel to the detector's front surface 
with a collimated 137Cs source. For each collimator position, the time to the 
steepest slope of the core-current (i.e. the electron-collection time) is plotted 
versus the asymmetry A=(Q;-Qr)/(Qi+Qr) where Q; and G> are the ampli
tudes of the mirror charge signals in the left and right neighbouring segment, 
respectively. In each case, matrices for the main-interaction segment and 
its left-side neighbour are shown. Using all data, we conclude that 16 posi
tions per segment may be distinguished, enhancing the effective granularity 
of a MINIBALL detector from 6, due to segmentation, to GxlG^lOO through 
pulse analysis. The effective granularity of the MINIBALL 40-detector array 
will be f«4000, compared to 150-240 for GAMMASPHERE or EUROBALL. 

Figure 3. Signals of the core and segments for an event fully absorbed in segment 4 
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Figure 4. 2-dimensional position response of segment 3 and 4. The collimator positions 
(separated by 7.5mm) are indicated in the right lower corner 

3.2 Doppler correction of in-beam data measured with the MINIBALL 
Cluster detector and the specifications of MINIBALL 

An in-beam experiment, using a 70-MeV 37C1 beam on a deuteratecl tar
get, was used to.study the performance of a MINIBALL detector with 
D(37Cl,p)38Cl and D(37Cl,n)38Ar reactions. The high recoil of the reaction 
products (v/c=5.6%) is a crucial test for the Doppler-correction capability of 
MINIBALL detectors. A MINIBALL Cluster detector was positioned at 90° 
to the beam axis, 11cm from the target. For .each 7-ray interaction in the 
detector, the digitized signal of the core and of the 6 segments were stored 
in list-mode for off-line analysis. Before Doppler correction, the FWHM of 
the 2167-keV-transition in 38Ar was 35keV. Using a determination of the in
teraction position by pulse-shape analysis to perform a Doppler correction, 
this value was reduced to 10.2 keV. Allowing for line broadening, due to the 
reaction kinematics, measured by a monitor detector to be 7.5 keV, the angle 
contribution, A2£A©> is 6.2 keV, equivalent to a detection angle of A8=2.9°. 
From these experimental data- we can give, for the first time, the MINIBALL-
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array specifications for the experiments planned at REX-ISOLDE. There, the 
recoil velocities will be in the region of 3-5% v /c . The average energy resolu
tion of MINIBALL at E 7 = l M e V is expected to be AiE;=2.5-2.9keV, which is 
close to the intrinsic resolution of the Ge detector, while the total-absorption 
efficiency Pp/, will be up to 2 1 % for the 47r-setup. 

4 C o n c l u s i o n s 

The position sensitivity of the MINIBALL detector is better than originally 
estimated, making a 7-ray tracking array for the next generation of high-spin 
spectrometers feasible. Recently, we received a 12-fold segmented, encapsu
lated detector with the same geometry as the MINIBALL detector, but with 
the first third of the detector separated by segmentation from the true coax
ial par t . First experiments show tha t the position resolution is considerably 
improved by the additional segmentation. This detector uses a new technol
ogy for the segment contacts, which is suited to encapsulate highly segmented 
detectors. Recently, a programme has been launched to develop a European 7-
ray tracking array AG ATA (Advanced G A m m a - r a y Tracking Array) , which 
will consist of 190 Ge detectors, each of which is 36-fold segmented and en
capsulated. The AGATA design is based on encapsulated Ge detectors, as 
developed for EUROBALL, and the segmentation developed for MINIBALL. 
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Applications of gamma-ray spectroscopy with ppm resolving power are presented. 
The extraordinary resolution allows - via the Gamma Ray Induced Doppler broad
ening (GRID) technique - to determine lifetimes of excited nuclear levels. This has 
contributed to important nuclear structure information. We report on the current 
status of the technique. 

1 Introduction 

The aim to obtain the highest possible resolution and precision in a measure
ment has always been one of the major challenges for experimental physicists. 
A gain in resolution generally results in progress by opening up insights in new 
fields of applications. Originally, high resolution 7-ray spectroscopy at the In
stitut Laue Langevin {ILL) was developed to determine with high accuracy the 
energies of 7-ray transitions and to separate doublet structures not resolvable 
by other means. Three decades ago the first generation DuMond type crystal 
spectrometers built at ILL allowed to obtain a resolution AE/E in the order 
of 10 - 4 . Later on efforts were madex to approach 10~5. In that period the 
data obtained were mainly used to construct nuclear level schemes with the 
aim to do that as completely as possible. A well known example is 168Er 2 

where - within the spin window which can be reached in neutron capture - a 
complete level scheme was established up to an excitation energy of close to 
2.5 MeV. Due to the completeness achieved it became a famous testing ground 
for theoretical models. Another example 3 is 196Pt, the level scheme of which 
was the first one associated with the 0(6) limit of the IBM. A bit more than a 
decade ago one succeeded to achieve a resolving power close to AE/E = 10~6. 
This ultra high resolving power allowed to observe the tiny Doppler shifts ob
served when nuclei recoil after the emission of gamma rays and that led to 
the possibility to determine lifetimes of excited states populated after thermal 
neutron capture. 

mailto:borner@ill.fr
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2 G a m m a Ray Induced Doppler Broadening (GRID) 

In thermal neutron capture the product nucleus is excited to an energy of typ
ically around 10 MeV, depending on its neutron binding energy. The capture 
state will decay preferably by the emission of 7-rays. Each emitted 7-ray in
duces a recoil to the nucleus. The velocities are in the order of 10~4 to 10~6 

of the velocity of light. The measured Doppler shifts of subsequently emitted 
secondary 7-rays of energy E^ are correspondingly small. They can be de
tected with ppm resolution using the crystal spectrometers Gams4 and Gams5 
available at the Institut Laue Langevin 4 '5 in Grenoble. Because there is no 
preferred direction for the emission of primary 7-rays, the measured profiles of 
secondary 7-rays will show a Doppler broadening rather than a Doppler shift. 
The obtained line shapes depend on two time scales: i) the lifetime t of the 
nuclear level which is de-populated by the measured 7-ray and ii) the slowing 
down time for the recoiling atom to thermalize. The corresponding technique 
is called G R I D (Gamma Ray Induced Doppler broadening) and more details 
of the basic principles may be found elsewhere6'7. At these low recoil veloc
ities the slowing down time t is quite short and this limits the determination 
of lifetimes to below w 10 picoseconds. However, there is in principle no lower 
limit as below w 1 femtosecond one can measure experimentally the natural 
width T(eV) ss 6.6 x 10 _ 1 6 / r (s) of the corresponding transitions. 
Most of the GRID lifetime data were, and still are, interpreted using the Mean 
Free Path Approach (MFPA) 7. If one wants to extract details about atomic 
motion from GRID measurements an almost precise realization of the concepts 
of classical mechanics is needed. This can be achieved by introducing molec
ular dynamics (MD) simulations8, which model the motion of a system of N 
atoms interacting with each other via a particular inter atomic potential. This 
method becomes especially precise when oriented single crystals are used as 
targets. Due to the regular arrangement of atoms in a single crystal the rate of 
slowing down in such samples depends on the direction of recoil due to block
ing and/or channeling effects. Therefore the shape of the observed Doppler 
profiles depends directly on the orientation of the crystal with respect to the 
spectrometer. Fine structure appears which allows the determination of inter 
atomic potentials and/or the lifetimes of excited nuclear states. An example 
for a corresponding GRID profile is shown in Fig.l. 

3 Precision measurements : A historical outl ine 

Short lifetimes of excited states in atomic nuclei can be measured because 
typical slowing-down times of moving atoms in solids are in the order of some 
100 femtoseconds. The GRID method can be applied to all nuclei which can 
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Figure 1: The line shape obtained for the study of a GRID profile using TiC>2 single crystals. 
The dashed line shows the instrumental resolution function. The solid line is a fit to the 
data that incorporates Doppler broadening due to the short (~ 15 fs) lifetime of the 4 9 Ti 
level involved. The fine structure due to the regular arrangements of the atoms in the single 
crystals (which cause channeling and/or blocking) is clearly visible. 

be reached by thermal neutron capture. In exceptional cases nuclei with up 
to 2 neutrons beyond stability have been studied. Due to the high resolving 
power natural target materials can be used. The method was first tested 
in experiments with light nuclei 7>9-13 where the recoils - due to the small 
mass - are relatively large (in the 100 eV region). Besides tests of the shell 
moder"'10 the so far most important result in these nuclei concerned probably 
the observation of mixed symmetry states11 in 54Cr. GRID is also well suited 
for the investigation of multi phonon excitations in medium-heavy even-even 
nuclei. An example is 114Cd where levels with significant amplitudes for up to 
five quadrupole phonons have been identified14. Another important result was 
the observation of the so called quadrupole-octupole coupled states in 144Nd15 . 
The absolute transition rates - deduced from the measured lifetimes - showed 
good agreement with theoretical calculations. 

The situation gets more difficult in heavy nuclei where the recoil energies are 
smaller because the intensity of feeding 7-transitions is generally much more 
fragmented and the mass of the recoiling nuclei much higher. Therefore it 
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was evident that one needed to push resolving power to its limits. It was a 
major event when it turned out that it was possible to mount crystals almost 
completely stress free. This led to a sudden improvement of the resolving 
power by almost one order of magnitude. At present the line shapes obtained 
are almost exactly equivalent to the ones predicted by dynamical diffraction 
theory (besides a little contribution named excess width) which allows to obtain 
a resolution of AE/E ~ 10~6. 

The first (and since heaviest) nucleus studied after these improvements with 
the GRID technique was 1 9 6Pt 1 6 . Although its level structure had been shown 
to be associated with the 0(6) limit of the IBA, for a while this view was 
opposed to an interpretation in the vibrational U(5) limit of the IBA . The 
GRID measurements in 196Pt confirmed the interpretation in the frame of 
0(6). This was done by measuring the lifetime of the O3" level at 1402 keV. 
This level decays mainly to the 2+ state in 196Pt. In an 0(6) interpretation 
this transition is forbidden (ACT = 2) whereas it is allowed in U(5) (AN = 1). 
A lower limit of r > 1.8 ps was found 16 which yields a hindrance factor 
of more than an order of magnitude as a value of about 100 fs would have 
been expected for an allowed transition. The experimental success of the Pt 
measurement then triggered i) further efforts to still improve the resolution -
less dramatic now, and in the order of altogether about a factor of 2 - and 
ii) follow up experiments in the region of heavy nuclei. It was an important 
fundamental result when an experiment at the ILL 17 found a level in 168Er 
which could be associated with the 2-phonon 7-vibrational mode. This result 
for 168Er led to experiments, by others, to confirm this result (which they did 
1 8 ) , and it led to searches for multi phonon states in other nuclei. 164Dy was 
one of the first nuclei after 168Er where at ILL the search for two-phonon 7-
vibrational states continued. A candidate for a Kv = 4+ double 7 vibration 
was identified at 2173 keV19. The measurements involved not only the use of 
crystal spectroscopy data, but also coincidence data and electron spectroscopy. 
The lifetime for this level was then determined via the GRID method and it 
was found that this state exhibits some degree of collective enhancement in 
its decay. The collective enhancement suggests a two-phonon 7-vibrational 
component in its wave function, although the present data do not determine 
if it is the dominant component. 

During these studies it turned out that high resolution 7-ray measurements 
are a very powerful tool in these investigations of multi phonon states as they 
do not only allow the determination of absolute transition rates but also the 
precise determination of the decay routes of a given level. This is done by em
bedding each energy measurement of a transition of interest into complementary 
measurements of corresponding stop over and/or cross over transitions in or-
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Figure 2: The line shape obtained for the GRID profile of a level in 1 5 8Gd. Mind the scale 
for the abscissa which is much reduced with respect to the one in Fig.l . This is due to the 
fact that for the heavy nucleus 1 5 8 Gd the recoil is low compared to 4 9 Ti because i) its mass 
is higher ii) the recoils are mainly due to cascade feeding, whereas they are essentially caused 
by primary feeding for 4 9Ti and Hi) the lifetime for the level chosen in 1 5 8 Gd is much longer 
( « 500 fs) than the one in the 4 9 Ti . 

der to verify the Ritz combination principle for the respective case. With the 
available resolution of AE/E ~ 10~6 this is rather straight forward. 
To measure entire spectra with this resolution would perhaps be attractive 
but is not practical as it would take a tremendous amount of time. To give an 
example: to measure the gamma ray spectrum of 196Pt in the range from about 
30 keVto 1600 AeVtook about 4 weeks by using ILL's first generation crystal 
spectrometers. To date the resolution is about a factor 50 better than at that 
time. As spectra with crystal spectrometers are scanned step by step and as 
the step width is correlated with the resolution one would at least need 50 times 
more steps and correspondingly more time - at least one year. An example 
for such a test of placements is 1 5 8Gd2 0 . This concerned the potentially large 
and collective Kn = 0 + to 7 transitions from the Kn = Of band at 1452 keV. 
However, precise energy measurements of the transitions and levels involved 
showed that previously assigned 7-ray lines from the 2 + level of this second 
excited 0 + band were incorrectly placed. This removed the existing evidence 
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for multi-phonon character for this band. Additional GRID studies in 158Gd 
confirmed also strong B(E2) values from the Ojj" band to the nearby 7 band 
but it was shown that these can be explained by an existing four-band mixing 
calculation. Fig.2 shows an example for a measured GRID profile in 158Gd. 

4 Conclusion 

We have briefly discussed how ultra-high resolution measurements have evolved 
at the ILL. To date they allow a detailed investigation of Doppler broadened 
line profiles. These Doppler profiles are induced by the emission of 7-rays 
following neutron capture. Typical recoil velocities are 1 to 10 ppm of the 
velocity of light. Such studies yield information on both, the nature of nuclear 
excited states (from lifetime measurements) and the mechanisms which govern 
the slowing-down process, respectively. 
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Lifetimes of low-lying members of a AI = 1 band in 1 9 6 P b and of the superde-
formed (SD) band in 1 3 5Nd have been measured with the EUROBALL spectrometer 
and with the Cologne plunger apparatus at Legnaro. The 1 6 4 Dy( 3 6 S,4n) 1 9 6 Pb 
and the 1 1 0Pd(3 0Si,5n)1 3 5Nd reactions were used to populate the states of interest 
at beam energies of E36£=168 MeV and E305, = 148 MeV, respectively. The ex
perimental data were analyzed with the differential decay-curve method (DDCM). 
Measured B(M1) values are consistent with the picture of the shears mechanism 
which has been used to describe the AI = 1 bands in 1 9 6 P b . It was found that in 

Nd the decay out of the SD band is caused by accidental level mixing 

1 T r a n s i t i o n probabi l i t i e s in a AI = 1 b a n d in 1 9 6 P b 

In recent years cascades of enhanced magnetic dipole (Ml) transitions have 

been observed in neutron deficient Pb nuclei with a small deformation (fii < 0.1) 

' , 3 . These excitations, also called shears b a n d s 2 , show almost rotational-like 

energy spectra despite of the small nuclear deformation. It was shown by S. 

Frauendorf4 tha t shears bands can be generated by the so-called shears mech

anism where proton and neutron quasi-particles separately align to a single 
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quasi-particle spin j ^ - and } u respectively which add up together with a small 
contribution of the core rotation to the total spin I. At the band-head j ^ and 
j„ are perpendicular. Angular momentum within the band is generated by 
successive alignment of the quasi-particle spins j f f 

and j„ along the axisof the total spin I. This mechanism is described in the 
framework of the tilted axis cranking (TAC) model4 . The experimental ob-
servables of shears bands, also called magnetic rotation, are large B(M1) values 
of intra band AI=1 transitions, small E2/M1 branching ratios and large values 
of the ratio J^/B(E2). In order to investigate magnetic rotation lifetimes are 
very crucial. Decreasing B(M1) values with increasing spin are expected caused 
by decreasing magnetic transition moments when the spin vectors j ^ - and j„ 
gradually align. Lifetimes of high spin states of shears bands were measured 
using the Doppler-shift attenuation method (DSAM) and indeed the expected 
behavior of the B(M1) values was observed, e.g. in 196>198Pb 5>6. In the low 
spin part of AI=1 bands the lifetimes are expected to be in the picosecond 
range and thus they can be measured with the recoil distance Doppler-shift 
(RDDS) technique. This was done e.g. in case of 1 9 8Pb 7 . We have performed a 
coincidence RDDS experiment to measure lifetimes in 196Pb with the Euroball 
spectrometer and with the Cologne plunger apparatus at Legnaro. In 196Pb, 
three shears bands were observed8,9. Only band 2 (nomenclature according 
to ref. 9) was connected to the low spin part of the level scheme. Band 1 
is not linked up to now although it is the strongest populated AI=1 band in 
this nucleus. Therefore absolute spins and excitation energies are not firmly 
determined. The spin assignments used below are adopted from ref. 10. A spin 
of 16 h has been assigned to the lowest observed state of band 1 in 1 9 6Pb. 

Excited states in 196Pb were populated with the 164Dy(36S,4n) reaction at 
a beam energy of 168 MeV. A mean recoil velocity of v/c=1.79(5)% was ob
tained. The plunger apparatus, which is especially designed for 77-coincidence 
measurements was installed in the Euroball spectrometer for the first time. 
The experiment was performed in a very early stage of the Euroball set-up. 
The peak-to-total ratios were below the expected values, especially in spec
tra measured with the Cluster detectors. This was caused by high thresholds 
suppressing the energy signal already at 200-300 keV and thus preventing an 
efficient add-back of Compton scattered events. 

The lifetime analysis was performed using the differential decay curve 
method (DDCM) n and gating from above the levels of interest. In this way 
all problems related to discrete and non-observed feeding are removed. 

It was possible to determine the lifetimes of the three lowest levels of band 
1. The corresponding B(M1) values are shown in fig. 1 together with those 
of the high spin part of band 1 which were obtained from a DSAM experi-
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Figure 1: B ( M l ) values of band 1 of 1 9 6 Pb compared to calculations using a semiclassical 
approach proposed in ref. 1 2 . 1 3 . 

merit 6. The measured B(M1) values (2.4 - 0.7 n2
N) are relatively large as is 

expected for transitions within shears bands. Also the expected decreasing 
behavior with increasing spin is clearly observed. Band 1 undergoes a cross
ing at the spins around 21/2 - 23/2 k. Above the band crossing, at the 25/2 
state the B(M1) values jump to RJ9 H2

N and then decrease down to 2 y?N with 
increasing spin. The energy spectrum of band 1 in 196Pb is very similar to 
those of band 1 and band 5 in 1 9 8 Pb 3 . On the basis of TAC calculations, the 
configuration AE11 ,TT{s~2

2h9pil3f2)ll~
lSi^{ii3/2S5/2), is assigned to band 1 

of 198Pb below the band crossing and ABCE11 above the crossing where two 
additional i>ii3/2 (BC) quasi-particles are aligned3. For band 5, the config
uration AF11/ABCF11 was attributed3 . Therefore it is expected that also 
for 196Pb one of these configurations can be assigned to band 1. An alterna
tive description of shears bands was proposed by A.O.Macchiavelli et al. on 
the basis of a semiclassical approach 12 '13. The shears angle 9 is calculated 
from the spin vectors j n and j„ for every state of the band as well as the cor
responding B(M1) values. Also the energy spectrum is calculated assuming 
an effective interaction between the quasi-protons and quasi-neutrons of the 
type V7W(6>)=Vo+V2P2(cos0). In fig. 1, the experimental B(.M1) values are 
compared to calculated values based on this semiclassical description for the 
configurations AF11/ABCF11 (j„=8/18) and AE11/ABCE11 (j„=9/19). An 
effective gyromagnetic factor of ge//=g,r-g„=0.9 was used in these calculations. 
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The agreement of experimental and calculated values is rather good especially 
for the AF11/ABCF11 (j„=8/18) configuration although the AE11/ABCE11 
(ji/=9/19) configuration can not be completely ruled out. Summing up, the 
measured B(M1) values in the low spin part of band 1 in 196Pb nicely show 
the characteristic feature of the shears mechanism and fit to those of the high 
spin part of this band. Using the semiclassical description proposed in ref. 12 

the AF11/ABCF11 configuration is favored for this band. 

2 Decay out of the SD band in 1 3 5Nd 

SD bands in the A=130 mass region present a special case to study the decay 
out of SD bands because the configurations of the SD states differ from those 
of normal deformed (ND) states only by the rearrangement of a few particles. 
Since SD-bands in this mass region can be populated with intensities of about 
5% of the total cross section, this region is very favorable to investigat this 
interesting phenomenon. In 135Nd and 133Nd the SD bands were connected 
to the rest of the level schemes and thus excitation energies and spins of the 
SD states are well established. It was shown that the decay out of the SD 
band in 133Nd is caused by mixing of SD states with normal deformed (ND) 
states14. The mixing calculations were confirmed by the measured lifetimes of 
the 17/2+ and 21/2+ SD states from which squared mixing amplitudes were 
derived independently15. However, the decay out of the SD band in 135Nd was 
suspected to be different from that of 133Nd 16. A rather fragmented decay 
of the 25/2+ SD state is observed which deviates considerably from the decay 
pattern observed in 133Nd. Supported by a rather long lifetime for the 25/2+ 

SD state 17, it was assumed that this state might be the band-head of the SD 
band. In order to check this crucial lifetime as well as to measure reliably other 
lifetimes in the low spin part of the SD band in 135Nd a coincidence RDDS 
experiment was performed. The experimental set-up and the method used for 
the data analysis were the same as in the case of 196Pb, which is described 
above. The reaction 110Pd(30Si,5n)135Nd at a beam energy of £3oSi=148 MeV 
was used. The recoil velocity was found to be v/c=1.82(2)%. 

It was possible to determine the lifetime of the 25/2+ SD state using 
gated spectra with gates from above this level only thus excluding all problems 
related to side feeding. The obtained value of 1.38(22)ps is almost a factor of 
two shorter than the one determined earlier 17. In fig. 2, the lower part of the 
SD band is shown including the transitions depopulating the 25/2+ SD state. 
The three largest B(E2;25/2 ->• 21/2) values in W.u. are also given. They 
add up to about 123 W.u., thus showing that about 65% of the collectivity 
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Figure 2: Lower part of the SD band in 1 3 5Nd. B(£2)-values of the populating transition 
and the three strongest depopulating transitions of the 25/2+ state are given in W.u.. The 
table on the right lists the square mixing amplitudes of the SD contribution to the 25/2+ 
state and all 21/2 states together with the corresponding interaction strengths. Interaction 
strengths for 1 3 3Nd are shown at the bot tom. 

remaining in the SD band down to the 25/2+ state (RS 190W.U.) is carried by 
these three transitions. This proves that the 25/2+ state is still predominantly 
a SD state and not the band-head which is expected to be depopulated by 
non-collective transitions (?a 1 W.u.) only. 

We have performed a three state mixing calculation for the 21/2 states 
which are fed from the 25/2+ SD state. The resulting squared SD amplitudes 
are given in the table on the right of fig. 2 together with the corresponding 
interaction strengths. The largest SD content amounts to 42% for the state 
populated by the 549 keV transition and the strongest interaction strength was 
found to be VS]n2=33 - 34 keV. A weak decay out of the SD band via a 529 keV 
transition to a 25/2 ND state is already observed at the 29/2+ state. A two 
state mixing calculation using the branching ratios reveals a rather pure SD 
configuration of the 25/2+ SD state. The determined squared SD amplitude 
and the interaction strength is also given in the table on the right of fig. 2. 
The interaction strength is about a factor of 6 smaller than the strongest in
teraction found at the the 21/2 states. 
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In conclusion, the decay out of the SD band in 135Nd can be consistently de
scribed by level mixing with ND states as in the case of 133Nd. A further inter
esting aspect is related to the derived interaction strengths which are found to 
be comparable in both nuclei. The fact that the interaction strengths between 
SD and ND states is considerably weaker at higher spin states can be inter
preted as a first experimental evidence for the often proposed spin dependent 
potential barrier 18>19>20 separating the ND and SD potential minima. 
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Our understanding of atomic nuclei has evolved dramatically in the past sixty 
years and has reached a high level of sophistication for stable nuclei and many 
unstable nuclei which have been studied in laboratories. However, only a small 
fraction of the nuclei which can be bound by the strong force has been accessi
ble to experiments at stable beam accelerators. The advent of exotic heavy-ion 
beam facilities has changed this situation, and together with newly developed in-
beam spectroscopy techniques it is has become possible to study the properties 
of exotic nuclei further away from stability. The evolution of nuclear properties 
along isotopic chains has been studied for light nuclei from the proton-dripline 
to isotopes approaching the neutron-dripline. These first studies have already re
vealed a multitude of unexpected new phenomena, expanding our understanding 
of the atomic nucleus and suggesting enourmous discovery potential for future rare 
isotope accelerators. 

1 Introduction 

Neutron-rich nuclei away from the valley of /^-stability have recently become 
available for in-beam spectroscopy experiments. While neutron-deficient nuclei 
can be synthesized in fusion reactions, neutron-rich nuclei are mainly produced 
in fission and fragmentation reactions. The region of light neutron-rich nuclei 
in the 7r(s<i)-shell is accessible at projectile fragmentation facilities along iso
topic chains from the proton-dripline towards the neutron-dripline and has 
been the focus of many studies. The limits of nuclear existence are known only 
in this region (the first eight elements in the periodic table) and the location 
of the neutron dripline is unknown for all elements heavier than oxygen. Some 
of the neutron-rich nuclei studied in this region exhibit unexpected properties. 
One-neutron 1 and two-neutron 2 halo nuclei were discovered here and repre
sent examples of weakly bound nuclear systems with valence-neutron density 
distributions extending far beyond the core. The few nuclei studied so far 
give us a hint of what might happen as the dripline is closely approached for 
heavier nuclei. The formation of giant multi-nucleon halos has been proposed3 

for heavy nuclei such as 134Zr. The volume of many of the light neutron-rich 
nuclei in this region deviates from proportionality to the mass number A as 
first proposed by Rutherford et al.4 and as expected from the nuclear collective 
model5. The rms radii for many nuclei have been measured by interaction cross 
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section measurements 6 at high energies and a figure illustrating the deviation 
collective model expectation can be found in reference 7. Shell model orbitals 
change their order compared to that encountered for stable nuclei when the 
neutron-dripline is approached. n B e is a prime example, here the usually 
lower lpi/2 state appears as the first (and only) bound excited state, while 
the 2si/2 orbital becomes the ground state. Shell gaps which correspond to 
magic numbers for stable nuclei can vanish for neutron-rich nuclei and new 
magic numbers may appear. The N = 8 magic number vanishes for 1 2Be8 , the 
N = 20 shell gap is absent in the region around 31Na and 3 2Mg 9 , 1 0 and the 
N = 28 shell gap is weakened around 44S ll>12>13_ At the same time a break 
in the neutron separation energy suggests that N = 16 becomes magic near 
the neutron-dripline 14. It is against this background of new and unexpected 
observations that we study the evolution of nuclear structure along isotopic 
chains in the w(sd) shell. Our goal is to measure observables which can be 
calculated in nuclear models and which can be used to discriminate between 
different physical scenarios. 

2 Intermediate-energy heavy-ion scattering with 7-ray detection 

Intermediate-energy heavy-ion scattering with 7-ray detection allows the si
multaneous measurements of the energy of excited bound states with respect 
to the ground state in exotic nuclei and of the excitation cross section to these 
states. The presence of 7-rays in a photon spectrum experimentally estab
lishes the energy of the transition between two bound states in the nucleus 
experimentally. Photons emitted in-flight from the projectile can be easily dis
tinguished from 7-rays originating in the target by their Doppler-broadening. 
In the event that only one 7-ray from the projectile is observed, its energy likely 
corresponds to a transition between the ground state and an excited state, thus 
establishing the energy of the excited state. The yield of 7-rays with a partic
ular energy is a direct measure of the excitation cross section to the particular 
state. By employing a heavy target and selecting extreme forward scattering 
angles the dominance of Coulomb excitation over nuclear excitation can be 
ensured for most nuclei, with the exception of the very lightest nuclei. The 
conversion from 7-ray yield to 7-ray excitation cross section is largely model 
independent (only the angular distribution of the observed 7-rays has to be 
calculated if it cannot be measured). 

The measured Coulomb-excitation cross section is a direct function of the 
electromagnetic matrix elements B(EX) and B(MA). These matrix elements 
are directly related to the measured cross sections through the theory of rel-
ativistic Coulomb excitation established by Winther and Alder15. Two basic 



319 

structure properties of a nucleus are obtained in one measurement: the exci
tation energy of a bound state and the corresponding electromagnetic tran
sition matrix element B(7rA). Both of these quantities can be calculated in 
nuclear models and compared to experimental data. Along an isotopic chain 
of even-even nuclei, magic numbers manifest themselves through high excita
tion energies for the first excited 2 + state and a correspondingly small degree 
of collectivity or B(E2) value. 
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Figure 1: Shown for a chain of even-even calcium isotopes are the excitation energies of 
the first excited state (bottom panel) and the quadrupole deformation parameters \Pt\ (top 
panel). The data are taken from 1 6 . 

The prototypical element calcium with two doubly-magic isotopes acces-
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sible, 40Ca and 48Ca, is illustrated in figure 1. For easier comparison with 
other mass regions, the B(E2) value has been converted into a quadrupole 
deformation parameter |/?2| assuming a rotational model. 
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Figure 2: Data (circles) for the excitation energies of the first excited states (bottom panel) 
and the quadrupole deformation parameters |/?21 (top panel) are compared to shell model 
calculations (diamonds). The data are taken from references 12>13.16 and the shell model 
calculations from references12 ,13 . 

For elements lighter than calcium the excitation energy of the 2 + state for 
the N = 28 isotopes decreases and the degree of collectivity in these nuclei 
increases. The lightest N = 28 isotone for which the B(E2) value to the first 
excited state is known is 44S and a comparison between the N = 20 isotope 36S 
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and the N = 28 isotope 44S suggests that the N = 28 shell gap is weakened in 
4 4S. These trends are indicated in figure 2. At the Coupled Cyclotron Facility 
at the NSCL, which will start user operation in July 2001, it should be possible 
to Coulomb excite the next lightest N = 28 isotone 42Si to assess whether the 
weakening of the N = 28 magic number continues for Z — 14 or if 42Si is 
doubly-magic as proposed by Cottle and Kemper 17. 

Based on mass measurements by Thibault et al. 9 in the neutron-rich 
sodium isotopes, Campi et al. 18 suggested in 1975 a shape transition due to an 
intrusion of the ^/7/2-shell around N = 20. Twenty years later, Motobayashi 
et al. measured a large degree of quadrupole collectivity in 32Mg directly 10, 
establishing 32Mg as a member of the so-called "island of inversion" 19. This 
deformation is driven by a lowering of the i/fy/2-OTb\t and has been studied 
experimentally. Excitation energies and transition matrix elements for nuclei 
within the "island of inversion" can be calculated by shell model calculations 
in a model space which includes 2hu> excitations across N — 20, while QTIUJ 

calculations do not reproduce the measured values. A comparison between 
data and calculations20 for the first excited states in N = 20 isotones is shown 
in figure 3. While 36S is well reproduced by 07iw calculations, the first excited 
2+ state in 34Si has a significant 2hui component (the Ohw 2 j state has an 
excitation energy of approximately 5 MeV). 
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The boundaries of the "island of inversion" are not yet well established 
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experimentally. A recent measurement of a low excitation energy of the first 
excited state in 34Mg at RIKEN 21 strongly suggests that 34Mg is within the 
"island of inversion". The same holds for 31Na which displays a large de
gree of collectivity 22. This conclusion is further supported by comparing the 
experimental binding energies for neutron-rich sodium isotopes (reference 23) 
with binding energies calculated in the Ofiw shell model. As shown in figure 
4, binding energies for both 31Na and 32Na deviate from the Oftw estimate, 
suggesting that the N = 20 and N = 21 sodium isotopes are within the island 
of inversion. 

+1.5 

Figure 4: Difference between experimental binding energies23 and calculations19 in the Ohur 
shell model, which does not allow for neutron excitations into the i/f7/2-she\\. 
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3 Measurements at future rare isotope accelerators 

The exploration of the structure of exotic neutron-rich nuclei is limited by 
the available beam intensities. Each experimental technique requires a certain 
minimum incident beam intensity to perform a meaningful measurement in 
a few days. The total reaction cross section measurements mentioned above 
can make use of beams with intensities of as little as 1 particle/min, while 
in-beam 7-ray spectroscopy measurements require at least 0.1 particle/s even 
with very efficient 7-ray detectors. Understanding the structure of loosely-
bound neutron-rich nuclei is tied to the development of powerful exotic beam 
facilities. Efforts to this effect are underway in Japan, the United States and 
Europe. Extrapolating from the many unexpected effects already seen in the 
small area of neutron-rich nuclei accessible today, the discovery potential for 
these planned facilities is enormous. 
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Two nearly degenerate A/ = 1 sequences with the same parity were established 
in 188Ir. Both bands have been assigned the 7r/ig/2 ®

 t/*i3/2 configuration and are 
suggested to form a chiral doublet. 

Nuclear chirality is suggested to occur in triaxial (7 »s —30°) doubly-odd 
nuclei, for which the Fermi surface for one of the valence particles is at the 
bot tom of a high-j shell and for the other one at the top of a high-j shell. 
The body-fixed reference frame coincides with the short, intermediate and 
long axes of the nucleus. The spins of the valence particles and holes in a 
triaxial potential are aligned along the short and long axes, correspondingly. 
Such localization of the particle and hole currents minimizes the overlap of 
their wave functions with tha t of the core, hence the interaction energy. In 
the limit of rotation of an irrotational liquid1, the core spin aligns along the 
intermediate axis, as it possesses the largest moment of inertia. These three 
motions: of the triaxial core and of the two valence particles add together to 
give the nucleus its total angular momentum which is tilted away from any 
of the principal planes. This motion is described by the tilted axis cranking 
(TAC) model2 . For such specific configurations the chiral symmetry is spon
taneously broken in the intrinsic frame of reference. Its restoration in the 
laboratory frame would result in doubling of the energy levels3. 

We report experimental evidence for two nearly degenerate AI = 1 se
quences with the same parity in 1 8 8Ir (see fig. 1). The 1 8 6W( 7Li,5n) reaction 
at 52 MeV was utilized to populate the high-spin states in 1 8 8Ir . The 7Li beam 
was delivered by the ESTU Tandem accelerator at Yale University. Gamma 
rays were detected by the YRAST array4 . 

Prior to our experiment only the low-spin states in 1 8 8Ir were known and 
no rotat ional bands were established5 . Band 1 in fig. 1 is the yrast sequence 
in 1 8 8Ir . It was assigned the nh9/2 ® ^13/2 configuration. The measured 
B(Ml)/B(E2) sa 1.5 (eb/fi^)2 strongly support this assignment. Band 2 de-
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cays to band 1 predominantly through the 456 keV transition. The measured 
linear polarization and RDCO = 0.68(8) prove its M l character. Thus, the 
same relative spin and parity for the nearly degenerate levels in band 1 and 2 
are unambiguously established. It was possible to extract two B{M\)/B{E2) 
values in band 2, f g ^ f ^ = 0.65(6) ( e b / ^ ) 2 and g ^ . o ) = 2.7(4) 
(eb/HN)2• They take similar values as in band 1 and support the suggested 
common underlying structure. 

Bandl Band 2 

07") 

4.2(2) an 

Figure 1. Partial level scheme for 1 8 8Ir displaying the newly identified Al = 1 bands. 

A total Routhian surface (TRS) calculation for the irh9/2®vii3/2 configu
ration in 188Ir at hw = 0.21 MeV demonstrates that a triaxial shape stabilizes 
at p2 = 0.17, /34 = 0.04 and j = -31°. Also 3D-TAC calculations for this 
configuration clearly indicate the existence of an aplanar solution. They re
produce the measured B(M1)/B(E2) ratios as well. 

In summary, we report two Al = 1 bands in 188Ir. They considered as 
a pair of chiral twin bands, originating from the nhg/2 <8> ^13/2 configuration 
and provide the first example of a chiral doublet in the mass A « 190 region. 

This work is supported by the U.S. DOE under grant numbers DE-FG02-
91ER-40609 and DE-FG05-96ER40983. 
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We present and IBM-4 like model to calculate, through the use of dynamical sym
metry concept, the binding energies heavier of N = Z nuclei. 

Systems at the frontiers of the valley of stability constitute a frutifull 
research area both in experimental as in theoretical nuclear physics. There 
are reliable theoretical results which can reproduce adequately the binding 
energies along the nuclear chart1 . Using the concept of dynamical symmetries 
related to the Interacting Boson Model2 we extend the ideas of Van Isacker 
and Warner3 which introduces an algebraic approach to study the competition 
between the isovector and isoscalar pairing modes. We have introduced terms 
depending on the boson number in order to calculate the binding energies of 
N = Z nuclei as described below. Considering an algebraic chain where the 
correspondence between IBM-3 and IBM-4 is clear3 

U(3S)D[UL(6)^..DOL(3)}®[UTS{6)DSUT{3)®SUS(3)DSUT{2)®SUS(2)}. (1) 

we have written the Hamiltonian, 

H = Ho+QCi[[/t(6)]+^C2[C/L(6)]+7C2[St/Ts(4)]+fC'2[St/s(3)]-r77C2[50T(3)] (2) 

in the symmetric basis | [ - /V](ATO)T ,®(.\SS)) with \T + \ S = JV. Here H0 gives 
the binding energy of a given doubly magic core. Performing the diagonaliza-
tion of the hamiltoninan (2) for the regions of 56Ni and 100Sn we obtained the 
results shown in figures (la) and (2a). In order to study the effect of each term 
of (2) we also have calculated the contribution of them for the binding energies 
as shown in figures (lb) and (2b). The effect of C^Sf/s^)] is to break the 
degeneracy between the T = 0 and T = 1 pairs introduced by SUTS(4). In the 
100Sn region the effect of C2[SUs(3)} is reduced compared to the 56Ni region. 
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We analysed the excitation functions of the neutron radiative capture transitions 
to the single-particle states in 141Ce and 209Pb using the Consistent Direct-semi-
direct (DSD) and the Pre-equilibrium (PEQ) exciton models in order to establish 
the correspondence between the two and to study the energy positions of peaks 
of Giant Resonances built on single-particle states. Both models reproduce the 
available experimental peak energies within about 0.25 MeV. 

1 Introduction 

Comparing the DSD and PEQ models of hard 7 emission is a challenging task, 
but the appearance of the Consistent DSD on the one hand, and full inclusion 
of discrete states into the PEQ on the other (see papers cited in Ref. 1 for the 
background on the two models) have made it more appealing, as one can now 
address the same kind of 7 transitions within both approaches. This enabled 
us to study the Brink-Axel hypothesis in the neutron radiative capture process 
directly, rather than via energy-integrated cross sections2. 

2 Models and Calculations 

In the Consistent DSD model3 the initial and the final states are coupled by a 
complex interaction related to the optical potential, the choice of which is thus 
essential. Several different potentials were tested and the one of Rosen yielded 
by far the best results. The PEQ model, on the other hand, depends only very 
weakly on the potential used. What is extremely important here is the proper 
description of nuclear properties, i.e. the correct ascription of particle-hole 
structure to the discrete states and the use of reliable level densities for the 
continuous region. 

For a reliable correspondence between the two models, one has to restrict 
the calculations to reactions with low fragmentation of the states. We consid
ered two such cases, namely 140Ce+n and 2 0 8Pb+n. For the latter nucleus, 
a very careful choice of level density parameters was necessary. In accord 
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with our earlier study4 (dealing with continuum 7 emission), the level-density 
parameters suggested by Rohr5 were used for Pb. 

3 Results and Discussion 

10 12 14 16 

En [MeV] En [MeV] 

Figure 1: Excitation functions of neutron radiative capture to the 2 / 7 / 2 state in 1 4 1Ce and to 
experimentally unresolved doublet 2g7/2, 3d5/2

 m 2 0 9 P b . The DSD calculations are depicted 
by a solid line and the PEQ ones by a dashed line. 

We calculated the excitation functions for transitions to selected isolated 
states in 141Ce and 209Pb and the sum of transitions to discrete states in both 
reactions. An example of the obtained results is given in Fig. 1. Generally, 
both models agree well with one another and with the data on the position of 
the peak of the excitation function. With the exception of the l in /2 state in 
2 0 9Pb, the two models also give acceptable absolute values. A detailed com
parison shows, however, that the PEQ calculations yield maxima at somewhat 
lower energies than observed, whereas the DSD ones are shifted in the oppo
site direction. Both models nevertheless reproduce the positions of the peaks 
within about 0.3 MeV. 
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Detailed Interacting boson fermion fermion model (IBFFM) calculations have been 
performed for 7-soft 0(6) 130Pr and 132Pr nuclei, which helped to understand the 
structure of low-lying states, high-spin bands and explained the signature inversion 
observed at high spin. In the next step the calculations have been performed for 
the deformed odd-odd 126Pr nucleus and its odd-A neighbours. 

1 Introduction 

The Interacting boson approximation (IBA) model1 in its various versions has 
been remarkably successful in the description of a variety of nuclear structure 
phenomena. In its basic versions this approach has been applied mostly in 
the description of low-spin states in medium heavy and heavy nuclei. The 
odd-odd nuclei offer the possibility to study the effect of the coupling of two 
different valence particles to the core. Although the Interacting boson fermion 
fermion model (IBFFM)2 was developed for description of low-spin states, from 
the beginning it was used for the interpretation of high-spin states, too 3 . In 
this approach the low-spin low-energy states and one-proton-one-neutron high-
spin states are obtained simultaneously from a single set of parameters and a 
well denned Hamiltonian, in a consistent calculation that does not include 
any geometrical picture assumption. Polarization effects directly result from 
the model fermion-boson interactions. All calculations are performed in the 
laboratory frame, and therefore the results can be directly compared with 
experimental data. 

2 IBFFM calculations for 1 3 2Pr, 130Pr and 1 2 6Pr nuclei 

Interacting boson fermion fermion model (IBFFM) calculations have been per
formed for 7-soft 0(6) 130Pr and 132Pr nuclei4, which helped to understand 
the structure of low-lying states and high-spin bands based on the irhu/2 "07/2 
and nhu/2 "hii/2 configurations. The formation of regular A J = 1 high-spin 
band patterns in odd-odd nuclei with 0(6) boson core, and even more the 
signature inversion in such bands, present a challenging problem for IBFFM. 
This is because the standard IBFFM interactions can not induce a sufficiently 
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strong effective interaction which would establish a regular A J = 1 band pat
tern, without sizably altering the low-energy part of the spectrum. In order to 
account for this problem, in the quadrupole operator of the dynamical boson-
fermion interaction we have introduced a new term 5 . The effect of this term 
is to induce an effective deformation of a soft 0(6) core due to polarization 
caused by odd fermions. IBFFM calculations for 1 3 0Pr and 1 3 2Pr reveal the 
complex structure of the new observed low-lying states and the change from 
inverted to normal signature at high spin in the observed bands (explained by 
the interplay between a new term introduced in the boson quadrupole operator 
and the residual quadrupole-quadrupole interaction). In our approach we have 
obtained the signature inversion in a consistent calculation that simultaneously 
gave all known states (both low- and high-spin). 

In the next step the algebraic description of high-spin states was extended 
to studies of nuclear structure phenomena in exotic nuclear systems close to 
the proton drip line. These constitute a good testing ground for the IBFFM. 
The calculations have been performed for the deformed odd-odd ^g Pr67 6 nu
cleus and its odd-A and even-even neighbours. In this approach we couple 
levels from odd-A neighbours and only a few parameters have to be adjusted 
to the 1 2 6Pr data. The observed high-spin band in 1 2 6Pr we assign as the yrast 
irhu/2 fhu/2 structure. The moment of inertia and staggering are consistent 
with the 8 + assignment for the lowest observed level, and probably rule out the 
possible 6 + assignment. Nevertheless, a change in interaction strengths going 
from odd-even neighbours to 1 2 6Pr could result in a 6 + band-head. We con
clude that the ground state is one of the states that are formed by coupling the 
low-lying positive parity states of odd-A neighbours. Our calculations strongly 
favor 1 + for the ground state. As a result of our IBFFM calculations, another 
isomer in 126Pr, a 5 + at « 150 keV excitation energy, could be predicted. 
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THE N E W FORM OF REPRESENTATION OF A SPECTRUM 
OF 7-RADIATION 

T.V.CHUVILSKAYA, YU.G.SELEZNEV 
Institute of Nuclear Physics Moscow State University 

Abstract: A discussion of some new ideas a block-scheme of the combined 7-ray 
spectrometer on the base of the modern PC-computer is presented. 

For the first time device for visual supervision and account of particles 
(spintha-riscope) was designed by the English scientist W.Crooks in 1904 / l / . 
In figure 1 the circuit of the given device is submitted. The particle gives 
scintillation (short flare luminescence) r < 10 - 4s , observable by an eye through 
magnifier. 

As the further development of this method it is possible to name creation 
of the luminescence chamber, which finds a use in high energy physics for 
example, in works /2,3,4/. 

In the given work the speech will go about a combination of a well known 
crystal Nal(Tl), recording 7-radiation with the optical amplifier instead of 
usual used in spectroscopy of the photoelectronic multiplier. 

The amplifiers of light find a use in astronomy, to nuclear physics and 
plasma physics / 5 / . In the second case the combination of the amplifier of 
light with a luminescent crystal allows to observe traces of separate charged 
microparticles inside a crystal. The engineering of amplification of light is ad
vanced in a unsufficient degree, but in the basic relation the considered problem 
belongs to number of few basic tasks of optics / 5 / . If microscope, expanding 
opportunities of a human eye, allows to observe very small objects, telescope -
rather removed, the amplifier of light is intended for study of luminous objects 
(weak light sources), which are invisible simply because they send in an eye not 
enough light / 3 / . The decision of first two tasks was found within the frame
work of usual geometrical optics, the decision of the third task lays outside 
opportunities of light optic - creation of the electron optical image converter 
EOC / 5 / . 

Now in lasers the quantum amplifiers OQA are used, wich basis is active 
medium, in wich under action pumping the inverted population is created / 6 / , 
i.e. for optical amplification the phenomenon super luminescence is used. The 
decision of a problem of light amplification thus could be use of the phenomenon 
super scintillation in active medium from scintillation of a usual crystal. 

In figure 2 the block diagram 7-spectrometer is submitted. The detector 
of 7-radiation is the crystal Nal(Tl) with parameters - 40x40 mm; a quantum 
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Figure 1: The layout of the experimental set up: 1. 7-ray source; 2. Nal(Tl) crystal; 3. EOC 
(electron-optical image converter); 4. optical Waveguide; 5. Digital video camera (velosity 
10s 1/s); 6.,7. Computer, monitor 8. Ge(Li)-detector; 9,10 Spectroscopical sep up; 11. Input 
video of computer; 12. Input ADC (analog digital converter). 

II 6 

Figure 2: Circuit of spinthariscope: a. screen ZnS; b. antilight tube; c. a-particles source; 
d. magnifiing glass; 5,6,11 - the same in Figure 1. 
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yield (quantum/MeV)=3xl04 (for E-y = lMeV); length of a wave of scintillat
ing radiation A = 4100 A; density of a crystal d=3.67 g/cm3; electron range 
with energy 1 MeV about 3 mm. 

The optical amplifier is the much cascade electron-optical converter EOC 
with factor of transformation up to 106 and resolution 50 microns. 

The given device (scintillating attachment of a universal purpose) in a 
combination to the personel computer and managing program (operating code) 
will give an opportunity of visual supervision and computer analysis of a spec
trum of 7-radiation from radioactive sources with their subsequent processing 
and comparison from a usual current methods of measerments of spectra of 
7-radiation. 

The further development of a method is the visualization and modeling 
(virtualization) of electromagnetic fields at interaction of radiations with sub
stance. 

Scintillating attachment of a universal purpose is most adequate to modern 
personal computers. 
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C L U S T E R I Z A T I O N A N D C O M P O S I T E S Y M M E T R I E S 

J. CSEH 
Institute of Nuclear Research of the Hungarian Academy of Sciences, 

Debrecen, Pf. 51, Hungary 4001 

The multichannel dynamic symmetry connecting different cluster configurations is 
presented, and its similarities to the dynamic supersymmetries is discussed. 

I. Coexisting cluster configurations and multichannel dynamic symmetries 
Consider different clusterizations of an atomic nucleus, e.g. 28Si: 24Mg+ AHe, 
UC+ 1 6 0 , being important at low and high energies, respectively. Both spectra 
can be described to a reasonable approximation by an 

Uc$) ® UR(A) D Uc{3) ® UR{3) D f/(3) D 5(7(3) D 5 0 ( 3 ) (1) 

dynamic symmetry of the semimicroscopic algebraic cluster model (SACM) l . 
Here Uc(3) is the (Elliott 's shell model) symmetry group of the open-shell 
cluster 2 , while UR(A) is the dynamical group of the relative m o t i o n 3 . The 
model space of this description is free from the Pauli-forbidden states. 

Let us investigate the q u e s t i o n if it is possible to find a more general 
(dynamic) symmetry, which connects the two configurations (i.e. unifies their 
spectra in a single mult iplet) . The answer turns out to be: yes, and this kind 
of general symmetry is called multichannel dynamic symmetry (MUSY). 

The connection between different two-cluster configurations can be estab
lished by considering an underlying three-cluster configuration4 . Thus a two-
channel symmetry (of binary configurations) shows up as a projection of a 
three-cluster dynamic symmetry. In this symmetry the single channel dynamic 
symmetry (e.g. (1)) is combined with the invariance requirement with respect 
to the Talmi-Moshinsky-Smirnov (TMS) t ransformat ions 5 . 

The group-chain of the multichannel dynamic symmetry (i.e. of the un
derlying three-cluster configuration) is: 

(7(8) D U{6) D {(7,(2) D SUq{2) D 50 ? (2 )}®{/7 (3 ) D 5/7(3) D 5 0 ( 3 ) } , (2) 

where (7(3) is a unified space group, while Uq(2) is a quasi-spin group, acting 
in the cluster index space 6 . 

The multichannel symmetry is very restrictive (in the sense of requiring 
very strong correlations between the different cluster configurations), and due 
to the same reason it seems to have a strong predictive power. E.g. it may 
be possible to predict the complete spectrum of a cluster configuration, based 
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on the description of another configuration (without any free parameter , or 
any ambiguity in the construction of the model space). It seems to be espe
cially suitable for the prediction of the gross properties of the clusterization in 
the highly excited energy region, where it can be experimentally observed in 
resonant reactions. In 7 and 8 the densities of resonances with different spin-
parities were determined from the unified description of two coexisting cluster 
configurations, and they turned out to be in good agreement with the exper
imental observation. However, the available applications of the multichannel 
symmetry are rather limited; much work remains to be done in order to check 
how well this strongly restrictive symmetry is realized in nuclear spectra. 

/ / . Clusterization and super symmetry 
See the contribution to this conference by G. Levai. 

III. On the composite dynamic symmetries 
In the case of the dynamic supersymmetry (SUSY) 9 , 1° the simple dynamic 
symmetries of the bosonic and fermionic sectors are combined with the super 
transformations, which convert a boson into fermion, or vice versa. However, 
the dynamic breaking of the symmetry is (usually) carried out by such kind 
of subgroups that the invariance with respect to the super transformations is 
not required. 

In the multichannel symmetry, the situation is partly similar. Here a 
(single channel) dynamic symmetry is combined with the extra transformations 
of the Uq(2) group. This requires real invariance with respect to some extra 
tranformations (SOq(2)). In this respect the situation is similar to the SUSY 
models typical in field theory, and is exceptional in nuclear physics 1 1 . 

This work was supported by the OTKA (Grant No. T22187). The author 
is indebted to K. Kato and G. Levai for fruitful discussions on this topic. 

1. J. Cseh, Phys. Lett. 2 8 1 B (1992) 173; 
J. Cseh and G. Levai, Ann. Phys. (N.Y.) 230 (1994) 165. 

2. J. P. Elliott, Proc. Roy. Soc. A 2 4 5 (1958) 128 and 562. 
3. F. Iachello, Phys. Rev. C23 (1981) 2778; 

F . Iachello and R.D. Levine, J. Chem. Phys. 77 (1982) 3046. 
4. J. Cseh, Proc. Int. Symp. Nucl. Phys. Taxco, 2001, to be published. 
5. H. Horiuchi, Prog. Theor. Phys. Suppl. 62 (1977) 90. 
6. V. Bargmann and M, Moshinsky, Nucl. Phys. 18 (1960) 697. 
7. J. Cseh, Phys. Rev. C50 (1994) 2240. 
8. J. Cseh, G. Levai, A. Ventura, L. Zuffi, Phys. Rev. C58 (1998) 2144. 
9. F. Iachello and P. Van Isacker, IBFM, Cambridge, 1991. 

10. G. Levai, contribution to this conference. 
11. R. V. Jolos and P. Von Brentano, Phys. Rev. C60 (2000) 064318. 



339 
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S C I S S O R A N D H E X A D E C A P O L E M O D E S 

H. D A N C E R , M.GIROD, and J .F . B E R G E R 
Commissariat a I'Energie Atomique, DPTA/SPN 

BP12 91680 Bruyeres-le-Chdtel, FRANCE 

E-mail: heloise.dancer@cea.fr 

Two different non spin-flip collective modes able to generate 1+ states are in
vestigated in deformed even-even rare-earth nuclei. The corresponding excitation 
energies and Ml transition probabilities are determined within the Generator Co
ordinate Method using the Gaussian Overlap Approximation. The basis set of 
wave functions is derived by means of the constrained Hartree-Fock-Bogoliubov 
method, using the effective force D1S of Gogny. 

1 Motivations 

For the first time, fully microscopic and self-consistent calculations of collective 
1 + states are performed. The scissor mode and an hexadecapole mode are 
studied within the Generator Coordinate Method and the Gaussian Overlap 
Approximation. These two modes are the lowest-multipolarities modes able 
to generate magnetic dipole excitations. This study was initially motivated 
by the fact that many low-lying collective magnetic dipole excitations have 
been observed in heavy even-even deformed nuclei1,2. Their strength appears 
fragmented, and a group of J* = 1 + levels around 3 MeV excitation energy is 
observed with £ B(Ml)t =i 2 p2

N. 

2 Calculations 

The basis set of wave-functions is obtained from Constrained Hartree-Fock-
Bogoliubov (CHFB) calculations using the D1S Gogny force3. Inertia pa
rameters are calculated with the cranking approximation. Constraints act on 

particle numbers and deformations, namely Qi~\T — -\/f§r2(Y2i —YZ-\)T and 

Q4-1 = ^{Xi\ — Y^-\)T for the isovector scissor and isoscalar hexadecapole 
modes respectively. In both cases, an additional constraint on the isoscalar 
quadrupole operator Q2-1 has been set to fix the direction of the principal 
axis of the nucleus and avoid spurious rotation. The two studied modes break 
several triaxial symetries, especially the z-signature symmetry, i.e the rotation 
of angle 7r around the z principal axis. In order to derive the dynamics of the 
two above modes, GCM calculations have been performed. Transition proba
bilities B(M1) t for 0+ -> 1 + transitions are calculated using GCM collective 
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states projected onto good spin using the rotational approximation. This ap
proximation is justified for the well-deformed nuclei studied here, the axial 
quadrupole deformation being around /3 ~ 0.3. 

3 Results 

In Figure 1, the lowest theoretical excitation energies of scissor and hexade-
capole collective 1 + states are compared with experimental data for which 
magnetic dipole strength is observed. This strength appears fragmented and 
an area is indicated in Figure 1. 

? 6 

UJ 

1 scissor 

1' hexadecapole 

1* experimental data 

<*&• <.»<& ^cA ^oA ,*& ^-crt 
Figure 1: Excitation energy (in MeV) of the theoretical scissor and hexadecapole collective 
1 + states (bars) compared to experimental data (shaded area) for 1+ levels. 

4 Conclusions 

We clearly see in Figure 1 that the theoretical collective scissor states are 
found to lie at high excitation energy. This result clearly indicates that the 
experimental low-lying states should not be collective scissor states, which is 
enlighten by their fragmentation. The contribution of scissor mode observed 
at low excitation energy should be rather uncollective. The energies of the 
predicted isoscalar hexadecapole K = l states are in qualitative agreement with 
experimental data. But calculations of B(M1) transition probabilities indi
cate that their collectivity is very small (B(Ml)t ^ 0.2 fi2

N) and that they 
should play a minor role. So, other modes, as well as individual excitations 
should be responsible for most of the observed dipole magnetic strength and 
fragmentation in these nuclei. An extension of this work would involve QRPA 
calculations with the Gogny force. 
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A N ALTERNATIVE APPROACH TO SHELL MODEL 
CALCULATIONS IN THE MASS REGION ~ 150 

PRAGYA DAS 
Physics Department, Indian Institute of Technology, Powai, Mumbai 400 076, India 

E-mail: pragya@iitb.ac.in 

The single particle configuration assignment of various high spin states of 150Dy 
and 149Tb are done on the basis of a shell model calculation which solely depends 
on the experimental data of neighbouring nuclei. 

1 Motivation 

Nowadays nuclei can be well studied experimentally up to very high angular 
momentum states because of the advancement in nuclear techniques. However, 
theoretical understanding of these states to find the various nuclear properties 
has become a challenge. 

I have utilized an alternative approach to shell-model calculations for 150Dy 
and 149Tb nuclei. The earlier results of our calculation for 149Dyx were in very 
good agreement with experimental data. The choice of nuclear mass region 
~ 150 was made mainly because of the existence of the semi magic nucleus 
146Gd (Z=64, N=82), which can be assumed to be a good inert core2 for the 
shell model calculations. Also, this is a unique mass region where particles and 
holes can couple to generate very high angular momentum states because of 
the available shell model single particle levels, e.g. /in/2,37/2; ^5/21/7/2) ^9/2 
and ii3/2, whose angular momentum values are reasonably high. 

2 Theory and Calculation 

This approach to shell model calculations was first proposed by J. Blomqvist3. 
Here an assumed multi-particle configuration of the desired state of a nucleus 
was first broken into smaller configurations, each of which belongs to neigh
bouring nuclei. The experimental data of these neighbouring nuclei are then 
utilized to calculate the energy of the given state of the nucleus under study. In 
other words, the single particle nucleon energy and nucleon-nucleon interaction 
energies needed for the shell model calculation are taken from the experimen
tal data. Thus the method is free from any parametrization. However, the 
application of this method is limited to only those states which are dominated 
by a single configuration. 

To describe the important steps in the calculation, let us consider a spe
cific example of say, J = 22" state of 150Dy with assumed configuration 
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{nhii/2)
3{vf7/2)

2{-ng7/2) *• Since J — 22 is not a maximally aligned state, 
we can have two possibilities for the total wave function of the system 

*22- = [{(^ll /2)3(^/7/2)2}3 9 / 2®(7r57/2)_ 1]2 2_ 

*22- = [{(^ll/2)3(^/7/2)2}37 /2®(7rfl7/2)_1]22_ • 

We can choose the substructures of this nucleonic configuration which belong 
to neighbouring nuclei. One particular set of choice consists of 

0 ^h11/2)
2(iyfV2)

2(n97/2)-
1 of ^ 9 T b 8 4 , ii) (irh11/2)(uf7/2)

2 of J f Tb8 4 ) 

Hi) (Trhu/2)
3(ng7/2)-

1 of ^ 8Dy 8 2 , iv) (7r/i11/2)2(7r57/2)-1 of J47Tb82 , 

v) (nh11/2)
2oi If Tb8 2 , vi) (uf7/2)

2 of Sf GdM . 

In *2 2_ and ^22- > ^ e r e l e v a n t particles corresponding to each of these 
substructures are first coupled using 'coefficients of fractional parentage'. The 
energy matrix elements for J = 22" state of 150Dy are then determined using 
the experimental energy values of various states of neighbouring nuclei listed 
above. A 2 x 2 matrix is finally diagonalized to find the lowest eigenvalue. 

3 Results and Conclusion 

1. The calculated energy values for many high spin states of 150Dy and 
149Tb agree with experimental data within ±100 keV. 

2. The involvement of configuration mixing gives much better results as 
compared to the earlier work on 1 4 9 Tb 4 . 

3. All the observed high spin single particle states of 150Dy are explained 
very well by using only proton hole excitation. This is in contradiction to 
the earlier results 5 where they explain the states by breaking the proton 
and neutron core simultaneously. 

References 

1. M. Gupta, Pragya Das, et al, Phys. Rev. C54, 610, (1996). 
2. B. H. Wildenthal, et al, Phys. Rev. C3, 1199, (1971). 
3. Jan Blomqvist, Z. Phys. A312, 27 (1983). 
4. M. Lach, P. Kleinheinz, et al, Z. Phys. A341, 25 (1991). 
5. M. A. Deleplanque, J. C. Bacelar, et al, Phys. Lett. B195, 17 (1987). 



343 

RECENT RESULTS FROM THE MISTRAL MASS 
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C. BORCEA and the ISOLDE Collaboration 
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The MISTRAL experiment (Mass measurement at ISOLDE with a Transmission 
and RAdiofrequency spectrometer on-Line), is well suited for very short half-lived 
nuclides. Commissioning of the spectrometer has been completed in conformity 
with all the projected performances. Masses of several short-lived nuclides, includ
ing 30Na and 32Mg, have been significantly improved. Recently the N=Z nuclide 
74Rb was measured and a preliminary result is given. 

1 Experimental set-up 

MISTRAL is a new technique based on the rf-mass-spectrometer principle es
tablished by L. G. Smith for stable atoms1. It has been adapted for measuring 
atomic masses of very short-lived nuclides 2. Mass determination results from 
comparing the cyclotron frequencies of two ionic species orbiting alternately 
in a homogeneous magnetic field. The kinetic energy of the ionic beams is 
modulated at both extremities of a full revolution by a rf signal. As the two 
modulations interfere, a series of sharp transmission peaks is obtained when 
the rf frequency is swept. The ISOLDE separator beam (60 keV) is injected 
directly into the spectrometer alternately with a stable beam used as a mass 
reference. Both beams are injected on the same trajectory at constant mag
netic field. Since the measurement duration is limited by the time of flight 
of the ions through the spectrometer (~ 50/zs) the technique is rapid. Even 
though a calibration to correct for small frequency deviations has to be ap
plied, an accuracy of ~ 5 x 10~T is reached. The method has a sensitivity of 
about 103 ions per pulse delivered by the separator. In spite of a resolving 
power of -jr%- ~ 105, difficulties can occur in case of isobaric contamination. 
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2 Results 

Accurate mass determination in the area N=20 of the nuclidic chart is impor
tant for clarification of the strength of the shell closure. Neutron rich isotopes of 
Na were measured with a surface ionization source out to 30Na (Ti = 48msf. 
In Table 1 the measured mass, mass excess and deviation from the AME953 

mass table are given. In the same area of the chart 25Ne, 26Ne and 32Mg were 
measured using a plasma ion source5 (Table 1). The non-selectivity of such a 
source was responsible for difficulties with isobaric contamination of the beam. 
For that reason a new measurement will be undertaken this year on neutron 
rich Mg isotopes with a selective laser ion source. As for 30Na, the 32Mg result 
shows an overbinding compared to previous measurements, indicating an en
hancement of the binding energy and consequently a weakening of the normally 
stabilization effect of the iV=20 shell closure. 

Recently the N=Z nuclide 74Rb has been measured using a surface ion
ization source. A preliminary result is given in (Table 1). It will contribute 
to constrain the Q-value of the 0 + — 0 + decay, of importance for testing the 
electroweak sector of the standard model. 

Table 1: MISTRAL mass measurement results. The 7 4 R b mass is preliminary. 

Nuclide 
2 5 Ne 
2 6Ne 
2 6Na 
2 7Na 
2 8Na 
2 9Na 
3 0 Na 
3 2 Mg 
7 4 Rb 

mass (u) 

24.997707 (32) 
26.000461 (33) 
25.992630 (9) 

26.994080 (16) 
27.998935 (17) 
29.002868 (17) 
30.009041 (22) 

31.998858 (113) 
73.944348 (107) 

mass excess (keV) 

-2136 (30) 
429 (30) 
-6864 (8) 

-5514 (15) 
-991 (16) 
2672 (16) 
8429 (20) 

-1063 (105) 
-51836 (100) 

MISTRAL-AME95 (keV) 

-77 
0 

38 
66 
42 
53 

-173 
-268 
-116 
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CHANGES IN N E U T R O N SHELL CLOSURES FAR FROM 
STABILITY LINE 

Zdenek Dlouhy 

Nuclear Physics Institute ASCR, 

CZ-25068 Rez, Czech Republic 

Data on mass measurements of neutron-rich nuclei and the measurement of insta
bility of doubly magic nucleus 2 8 0 at GANIL provide exact information on changes 
in shell closures. The behaviour of the two neutron separation energies S271 gives 
a very clear evidence for the existence of the new shell closure JV=16 appearing 
between 2s! 12 and l d 3 / 2 orbitals for neutron-rich isotopes from C to Ne. 

A breaking of magicity has already been observed at the N=20 shell clo
sure where an "island of inversion" in shell ordering has been shown to exist. 
Though some theoretical calculations predict the existence of new magic num
ber N=16 until lately no experimental evidence about magic numbers, substi
tuting iV=20, was available. Recently, we have presented a survey1 of experi
ments obtained at GANIL resulting in the appearance of new magic number, 
N—16, in this region. Our finding is based on the following experiments. 

An experiment on the LISE3 spectrometer, where we studied neutron-rich 
nuclei in vicinity of doubly magic 2 8 0 2 . No events were observed corresponding 
to the 2 5 .26,27,28Q isotopes as well as to 24-25N. The instability of these nuclides 
was also confirmed by Sakurai et al. 3 where, however, a new isotope, 3 1F, was 
observed for the first time. Thus the heaviest experimentaly found isotopes of 
C, N and 0 have the same neutron number, 7V=16, while the heaviest isotope 
of fluorine was found to be 3 1F with N=22. 

Since the particle stability is directly related to the masses and nuclear 
binding energies, an experiment on the direct mass measurement using a time 
of flight technique 4 was undertaken in order to investigate neutron shell 
closures for nuclei from Ne to Ar. The separation energies of two last neutrons 
S2n derived from the measured masses and plotted versus neutron number are 
displayed in fig.l. The Ca, K and Ar isotopes show a behaviour typical of the 
filling of shells, with the two shell closures at Nsh—20 and 28 being evidenced 
by the corresponding sharp decrease of the S2n a t these points, and a slowly 
decreasing S2« after the "flattening" point Nf=(Nsh+2) as the filling of the 
next shell starts to influence S2n. The "flattening" point of the slope at Nf=22, 
corresponding to the existence of the shell Nsfl=20, is clearly visible for Si-Ca 
region, while going to lower Z into the Al-Na region this point seems to move 
towards to lower N till it stabilizes at Nf=18 (new shell Nsh=16) for F and 



346 

Figure 1: Experimental S2n values versus neutron number N. Tentative locations of expected 
S2n values are marked by circles. Dotted lines show the shell closures, dashed lines the 
"flattening" points. 

Ne. The "flattening" point for florine appears as the consequence of expected 
positive S2n values for 29-31F, resulting from their particle stability. 

Thus the behaviour of the "flattening" points in the S2n values gives a very 
clear evidence for the existence of the new shell closure 7V=16 for Z=9 and 10 
appearing between 2s!/2 and ld3 /2 orbitals. This fact strongly supported by 
the instability of C, N and O isotopes with N > 16, found in refs.2,3, confirms 
the magic character of N=16 for the neutron-rich isotopes from C to Ne, while 
the shell closure at iV=20 tends to disappear for Z <14. 

This is in a good agreement with recently published work of Ozawa et al.5 

where the information on the magicity of iV=16 was obtained from experimen
tal Si„ values and interaction cross sections 07. 
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We explore coherent pion production in (3He, 3H7r+) reaction as effective virtual 
pion scattering, in calculations of cross sections to the ground state and low-lying 
excitations of the target nucleus. Our coupled channel model developed in l in
cludes a source term emulating a virtual pion beam and an optical potential for 
the interaction of the pion in the medium. We demonstrate that the lowering of 
the peak in the energy-transfer spectra is entirely determined by the re-scattering 
of the pion. The calculations are compared with the data on coherent pion pro
duction from 1 2C and 4 0 Ca targets, where the target nuclei were left either in the 
ground state or in the first excited state. 

1 Outlines of the Model 

In our approach, the wave function of the outgoing created pion satisfies the 
inhomogenious coupled channels Klein-Gordon equation. 

a 

xRlLI'ifAr)=P
i;p

I'IfJ(r), (1) 

where R\'J^J (/') is the radial wave function of the outgoing pion in exit chan
nel a with the set of quantum numbers laIc<J• Here / is the spin of a final 
nuclear state, I is the angular momentum of the outgoing pion, and J is the 
total angular momentum in the channel a. The set of primed quantum num
bers l',I',J' refers to the virtual object transferred from 3He to the target 
nucleus as a result of a charge exchange reaction. U^j^j(r) is the diagonal 

optical potential responsible for elastic pion nucleus scattering. U\aj"j(r) is 
the off diagonal potential responsible for the excitation of intermediate states 
of the target nucleus during pion re-scattering. It is constructed from the 

mailto:dmitriev@inp.nsk.su
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Figure 1: The cross sections of coherent pion production in fib/Sr/MeV from 1 2C (left 
picture) and from 4 0 Ca (right picture) as a function of transferred energy u> in MeV. Black 
dots represent the calculated cross section. 

pion nucleon elastic scattering amplitude obtained from the phase-shifts and 
weighted with the one-body transition densities obtained from the shell model 
calculations for 13C and 4 0 Ca 2 . 

The source term in r.h.s. of Eq (1) is constructed using the amplitude 
TNN^NN-K of pion production in AT TV-collisions, and the distorted waves of 
3 He and 3H. The calculations were performed for finite triton angle. For the 
moment, we use the simplest model of pion production via A33 - resonance1. 

2 Comparison with data 

In Fig.l, we compared the results of the calculations of coherent pions spectra 
with the data4 . The calculations reproduce the magnitude of the cross section 
rather well for both targets. However, the shape of the calculated spectra is 
slightly different, especially for 40Ca. 
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N U C L E A R S T R U C T U R E 

OF T H E N = Z O D D - O D D NUCLEI A R O U N D N = 2 8 CLOSED 

SHELL 

I N T E R P R E T E D W I T H I B F F M 

EMILIAN DRAGULESCU 

ABSTRACT. The structure of N=Z odd-odd nuclei around doubly magic nu
cleus 66Ni is interpreted in the framework of the interacting-boson-fermion-
model (IBFFM). The calculations well reasonably describe the level spectra 
and electromagnetic properties of %fG& and 33AS nuclei. 

INTRODUCTION 

In the very recent years the knowledge of the level structure at lower and higher 
energies in the fpg shell N=Z nuclei has renewed a growing interest due to major 
improvements in the theoretical techniques. Going away from closed shell, the 
shell model calculations rapidly exhaust computer capabilities and we must resort 
to the model observed on collective phenomena. The fpg odd-odd N=Z around 
the doubly magic 56Ni nucleus are good candidates to investigate the competition 
between collective and single-particle excitation [1-3]. 

Here is presented a part of results obtained from an exhaustive sistematic study 
[4,5] of the selfconjugate doubly-odd nuclei with A>62: jjfGa and If As nuclei using 
the interacting-boson-fermion-fermion-model (IBFFM) [6-8]. 

RESULTS AND DISCUSSION 

The odd-odd nuclei are described in the framework of the IBFFM by coupling 
valence shell proton and neutron quasiparticles to even-even core described in the 
interacting-boson model. Inthe first step of the calculations the core parameters 
for 60Zn and 64Ge cores were fitted to the energies of their excited states. 

In the second step of calculations, I have adjusted the IBFM proton hamiltonian 
to the low-lying levels of 6 3Ga and 67As nuclei and IBFM neutron hamiltonian of 
low-lying levels of^Zn and 65Ge nuclei involved in the casees of the structure of 
odd-odd 6 2 Ga and 66As nuclei. We have finally calculated the level spectra and 
electromagnetic properties of above mentioned nuclei. The IBFFM positive-parity 
energy spectra are compared with experimental ones in Fig. 1. These calcula
tions show a resonable agreement with experimental data and existing shell-model 
calculations. 
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FIGURE 1. Figure 1: Low-lying experimental levels in 62Ga [2] and 
66As [l,7]compared with the present IBFFM calculations. 
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The Interacting Boson Model (IBM-2) predicts l a class of low-lying 
states, which contain antisymmetric parts with respect to the proton-neutron 
degree of freedom. These states are called mixed-symmetry (MS) states. The 
properties of MS states are particularly sensitive to the isovector part of the 
residual nucleon-nucleon interaction. From the IBM-2 we expect the fol
lowing signatures of MS states, which are accessible to 7 spectroscopy: low 
excitation energy, weakly collective E2 transitions to the symmetric states, 
and strong M l transitions to symmetric states with matrix elements of the 
order |(J/ym || Ml \\ Jl

ms)\ ft l^jv- Since the low-lying symmetric states decay 
predominantly by collective El transitions, large Ml matrix elements are the 
key signatures for MS states. 

One example of a MS state is the 1+ MS state, which is called the scissors 
mode due to its geometrical picture in deformed nuclei 2. It was investigated 
extensively during the last 15 years 2>3>4>5>6. The lowest 2 + MS state is in
terpreted as the MS one-phonon excitation. There are few data about this 
fundamental 2+s state: In some weakly deformed nuclei Jn = 2+ MS states 
were identified from lifetime measurements 7,8>9. Other MS states are basi
cally unknown. In a vibrational or 7-soft nucleus we expect the existance of 
a quintuplet of MS states with the structure (2 |®2+ s ) ( 0 '•••'4 \ if the boson 
space is large enough. The scissors mode is the 1+ member of this multiplet. 

In order to investigate MS states in 94Mo we performed a powerful com
bination of a photon scattering experiment, a (3 decay experiment, and the 
fusion-evaporation reaction 91Zr(a,n)94Mo 10>u>12. Most lifetimes of excited 
states were determined from the (a,n) reaction using the doppler shift atten
uation method (DSAM) where we had to take into account a sidefeeding time 
to consider an unobserved sidefeeding of excited states from higher levels. To 
get absolute lifetimes without an unknown sidefeeding we performed a further 
experiment on 94Mo using the 94Mo(n,n'7) reaction at the University of Ken
tucky. The data is currently under investigation. Preliminary results confirm 
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Figure 1. Comparison of experimental results for the M l transition strengths of the 3 ^ and 
the 2j state with results of an IBM-2 calculation in the 0(6)-limit using the core 1 0 0Sn. 

3^ state as two-phonon MS our interpretation of the \\, the 2g", and the 
states: These states were identified as MS states because of their decay char
acteristics fulfilling the predictions of the IBM-2 for two-phonon MS states 
10,11,12 Exemplarily, Fig. 1 shows a comparison of the experimental results 
for the M l transition strengths of the 3^ and the 2J state with theoretical 
predictions of the IBM-2 giving evidence for the MS character of this state. 
The 2g" state in 94Mo represents the one-phonon 2+s state. 
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The decay properties of low lying collective states in 1 3 2 Ba were studied by means 
of 7-spectroscopy following the /3-decay of the 2_-ground state and a 6 -- isomer 
of 1 3 2La. The 77 coincidences and singles spectra were measured with the OSIRIS-
cube spectrometer. 77 angular correlations were analyzed to assign spins to the 
excited states, and to determine the multipolarities of the depopulating 7-decays. 
We were able to confirm the expected dominant E2 character of transitions in the 
quasi-gamma band and from the quasi-gamma- to the ground band but with a 
certain deviation: The decay 6^ —• 67" shows an unexpected large Ml fraction. 
Also the decays of some higher lying 2 "̂ states are dominated by Ml radiation. A 
level at 1660 keV could be identified as the 0^ state in 1 3 2Ba. 

1 Ml - t r ans i t i ons 

The mechanism of generating Ml transitions for nuclei far from shell closure 
can involve either a quasiparticle part oc gqpLqp and/or a proton-neutron 
collective term oc g^L^ + gvLv. During our investigations of 132Ba we found 
an example for a quasiparticle induced Ml transition and also Ml decays 
which may be interpreted as proton-neutron collective. 

Following the selection rules of the IBM the transition 6 J ->6f is expected 
to be dominated by E2 radiation. The experimental E2/M1 mixing ratio 6 
equals -0.2 x , that means the decay is nearly of pure Ml character (3.8% 
E2 fraction). This Ml dominance may be related to backbending. The wave 
function of the lOf state has a strong (^11/2)10+ component mixed with a 
weak boson 10+ one 2. The noticeable lowering of the 10+ state indicates that 
the mixing is due to a strong quasiparticle-core interaction. Therefore it is 
natural to expect two-quasiparticle admixtures in the 8+ and 6+ states, too, 
thus enhancing the Ml strengths. In 126Xe 3 the determined small multipole 
mixing ratio indicates a very similar situation. Recently calculations based 
on a model in which two quasiparticles are coupled to a boson core have been 
carried out for 132Ba 4. The calculated mixing ratio of the 63" —>Q~l transition 
is \6\ = 0.39, which is at least in qualitative agreement with the experiment. 

•PRESENT ADDRESS: NSCL, MICHIGAN STATE UNIVERSITY, EAST LANSING, 
MI 48824, USA 

mailto:gade@ikp.uni-koeln.de
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The 2^ and 2jj~ states are candidates for the mixed symmetry 2+ state 
or at least for fragments of this isovector excitation. In the neighboring nu
cleus 134Ba the 2 j and l\ states at about 2 MeV were found to have mixed 
symmetry character. Due to the lack of information on absolute transition 
strength the question remains open whether especially the l\ state at 2 MeV 
and/or the 2g state has a collective (possibly fragmented) mixed symmetry 
structure. 

2 The 0+ state 

The analysis of angular correlations of photons emitted following the /?-decay 
provides a possibility of determining spin values and multipole mixing ratios. 
The angular correlation patterns were analyzed by fitting the peak areas in 
gated spectra obtained from the three matrices according to the relative angles 
55°, 90° and 180°. The areas were corrected for the calibrated coincidence 
efficiency of the respective detector pairs and compared to theoretical corre
lation patterns for different spin and multipolarity hypotheses. We analyzed 
the 1660 keV level, assigned as the 2 j state in Ref. 5. We were able to exclude 
this spin assignment by analyzing the angular correlations for both transitions 
depopulating this level to the l\ and to the 2* state x. 

The third 0+ state in the 0(6) limit has a = Nv + Nu — 2 and is similar 
to the ground state r = 0. A doubtless identification of the experimentally 
observed 0;j" state with the "ground state" of the a = Nn + Nv — 2 subset 
needs the observation of the expected level structure based on this 0+ state, 
which was not observed in the present experiment. So for example a 2+ state 
with an excitation energy at about E(0g )+E(2j ) should be observed with a 
dominating matrix element (03"||T(£'2)||2+). However, the decay branch will 
be heavily suppressed by the energy factor. 
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Nuclei having Z < 50 neutrons and N > 50 protons feature the competition 
and interplay of neutron particles and proton holes in high-j orbits and for that 
reason may exhibit strongly enhanced or retarded electromagnetic transition 
probabilities. In the nucleus 101 Ag the yrast cascades at positive and negative 
parity * show strong AI = 1 structures possibly pointing to magnetic shears 
bands. The measurement of their transitions strengths therefore would be 
an important information to check this idea and furthermore to verify the 
expected predominant partition ^~3(gg/2) ® l/~i(sdg-7/2) at positive parity 
and TT~3(<?9/2) <8> v(hn/2)v~3(sdg7/2) at negative parity. 

By using the reaction 58Ni(50Cr,a3p) and the 77-coincidence array GASP, 
we determined lifetimes of 17 high-spin states in 101Ag in the time range 
2xl0"1 3 s < T < 2X10"10 s. The 99.8% enriched 58Ni target was either a 1.2 
mm thin stretched foil mounted in the Cologne plunger (RDDS technique) or 
a 300 mg/cm2 layer evaporated onto an Au backing (DSA method). Details 
of the experimental setup are given in 2 - 4 . The lifetimes were obtained via 
77-coincidence Doppler shift techniques (Narrow Gate on Transition Below 
= NGTB 5 , Differential Decay Curve Method = DDCM 6 ) . By appropri
ate 7-gating conditions, NGTB and DDCM avoid the problems of unknown 
sidefeeding times which in shell-model nuclei are very difficult to assess. The 
smallest lifetime of 0.18(5) ps was obtained for the 35/2 ( _ ) level at 6917 keV 
excitation, the longest lifetime of 199(7) ps for the 2115 keV 17/2 state. 

The Figure illustrates the measured decay 7-rays and lifetimes. In the 
positive-parity yrast band at spin 9/2 - 25/2, we find for the stretched Ml 
transitions strengths of B(M1) = 30 - 200 mWu, while in the presumed 
negative-parity yrast band at spin 21/2 - 37/2 even larger Ml strengths 
of 150 - 700 mWu occur. Such large B(M1) are rather typical for many 



356 

101 Ag 
0.18(5) pa' 3 5 / 2 " 

. 3 V * I 

,= < ? ? Z ^ 

< 2. p, ? s ^ ; 

0.6(1) p. ? i 2 : 

-.9(2) p . ^ 

£ 

g£W 
1.1(1) pa' 

, 2 7 / 2 " 

4 1 5 9 z 3 p a 23/2<"' 
114(11) P - S ^ J -

T 
2 3 / 2 * 1.8(3) pa 1 

3 7 / 2 " , 

- ^ - ' 0 . 8 3 ( 8 , P, 

25/2<-> 1.1(2) pa ^ ~ 

n t 21/2< 
•217 

21/2+ 

11.7(10) ps 

1 I 1 9 / 2 * 
"35a I 2 0 1 7 

- % - T 1 5 / 2 * 

affli-

25/2 

23/2 
3B01 

^ 1 A 1.2(1) p . 

1 J / 2 199(7) p: 

9 / 2 * . 

1 5 / 2 * 2.1(5) pa 

^ « ( 3 ) p a 

Figure 1. High-spin scheme1 and lifetimes7 in 1 0 1Ag. 

stretched Ml bands in this mass region and were also found in 102>104Cd and 
i04jn2-4 -phg st r etched E2 transitions show moderate enhancements of 2 
- 25 Wu in both bands, with a slight tendency towards smaller and nearly 
constant B(E2)'s of 12(2) Wu at negative parity. An attempt is presently 
being made to explain the high-spin scheme within the Interacting Boson 
plus Broken Pair model 8 . 
Supported by BMBF 
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We report a pioneering experiment to measure g-factors of nuclear isomeric states 
produced and oriented in a projectile-fragmentation reaction. The TDPAD method 
was used combined with the ion-7 correlation technique. The deduced value for 
the I* = 13/2+, ti/2 = 350 ns isomer in 69Cu \g\ = 0.195(9) is compared with 
shell-model calculations. 

Recently the N = 40 in the neutron-rich nuclei was proposed as a new 
shell-closure1. Many yrast isomers, which were discovered in the region around 
68NI1 ,2 ,3 '4 , are interpreted as particle-hole excitations across the sub-shell gap. 
On the other hand the two-neutron separation energies do not show evidence 
for a shell closure5, which is reproduced by relativistic mean field calculation 
including collective correlations6. The g-factor observable is very sensitive to 
the detailed composition of the nuclear wave function. Performing a 5-factor 
measurement can give a firm assignment of the configuration of the nuclear 
state and shed more light on the structure in the region. 

The isomeric state in 69Cu was produced by the fragmentation of a 76Ge, 
61.6 MeV/u beam on a Be target and selected by the LISE spectrometer 
at GANIL. The spin-oriented ensemble was implanted in a Cu foil, which 
was mounted between the poles of an electromagnet producing a constant 
magnetic field in vertical direction. The time dependent 7-ray anisotropy 
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Figure 1. Oscillation pattern for two of the isomeric transitions in 6 9 Cu. 

was observed using two Clover detectors in the horizontal plane and the re
sults for two of the isomeric transitions are shown on Fig. 1. The deduced 
]g] ~ 0.195(9) was compared with shell-model calculations using the modi
fied Hjorth-Jensen interaction7 with 56Ni core and up to 5 neutrons in 59/2-
Two I* = 13/2+ states appear at very close energies in the calculations. The 
nP3/2vPi/299/2 and the ^3/2^/5/2fll9/2 configurations contribute respectively 
by 44% and 13% to the first state. In the second state their contributions are 
reversed (13% and 56%, respectively). Using effective values g*Jt = 0.7#/ree 

we have calculated the g factors of these two states to be 0.208 and 0.237, 
respectively. The calculations favor the ^3/2^1/259/2 as main configuration 
of the isomer. 

In summary, we have shown the feasibility of isomeric ^-factor measure
ments on neutron-rich nuclei. Our g-factor supports as main configuration 
"•^3/2^1/299/2 f° r t n e 13/2+ isomeric state in 69Cu, similar to the suggested 
neutron configuration for the 5 _ isomer in its 68Ni isotone4'8. 
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CROSS SECTION MEASUREMENTS OF (p, 7 ) -REACTIONS 
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ATOMKI, Debrecen, Hungary. 

The cross sections of the " S i - f o ^ Y , 89Y(p,7)
80Zr, and MNb(p,7)MMo reac

tions were measured at Ep=1.5-4.5 MeV. Cross sections have also been calculated 
by the statistical model code MOST. A good agreement between the experimental 
data and the theoretical predictions has been found. 

Although various p-process1 calculations have been sucessful in reproduc
ing the abundances of a variety of p-nuclei, this has not been the case in the 
A«90 mass region. In this region, except for very few cases, no experimetal 
data are available on the involved proton capture cross sections used as in
put parameters in the corresponding network calculations. Hence, p-process 
modeling has to rely almost completely on the cross section predictions of the 
Hauser-Feshbach (HF) theory. There are, however, uncertainties in the HF 
calculations, therefore systematic cross section measurements at astrophysi-
cally relevant energies are necessary to test the reliability of the currently used 
HF-codes. 

The present measurements have been carried out at the 4 MV Dynamitron 
accelerator of the University of Stuttgart, as well as at the 5 MV Tandem 
accelerator of the Institute of Nuclear Physics of NCSR "Demokritos", Athens. 
In Stuttgart, 7-spectra were measured by using 4 large volume HPGe-detectors 
each having a rel. efficiency wl00%. They were all shielded with BGO-crystals 
for Compton supression. 7-singles spectra were taken at eight angles to the 
beam axis. The necessary angular distributions of the all the 7-rays of interest 
were measured at each beam energy. The targets used were evaporated on 
Ta-backings. Their thickness was between 120 and 160 ^g/cm2. The cross 
section of the 89Y(p,7)90Zr reaction was additionally measured in Athens, by 

°Work supported by the NATO CRG Programme, Contract No. CRG961086 
'Corresponding author: S. Harissopulos (E-mail: aharisopQmail.demokritos.gr) 

http://aharisopQmail.demokritos.gr
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Figure 1: Cross sections measured (circles) and calculated (solid curve) in the present work. 

using a 4ir Nal summing crystal of about 95% absolute efficiency and very pure 
(99.99%) metallic 89Y targets. These masurements mainly served to investigate 
possible systematic errors arising when the angular distributions of weak 7-rays 
contributing to the cross section cannot be measured with the Stuttgart-setup. 
In such a case one derives less absolute yield i.e. the resulting cross section is 
smaller than it really is. 

As shown in fig. 1, the Stuttgart results (solid circles) are in excellent 
agreement with those obtained in Athens (open circles). The cross sections ob
tained in the present work (circles) are also compared with those calculated by 
using the MOST code 2 (solid curve) using microscopic Hartree-Fock-BCS nu
clear level densities3'4. The nucleon-nucleus optical potential used was that of 
Jeukenne et al.5 and the photon transmition coefficients were taken by Goriely 
6. According to fig. 1, the experimental data are in very good agreement with 
the theoretical predictions. 
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BIG B A N G ENTROPY 
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The entropy of the early universe has been computed, both as a function of quark 
energy and as a function of temperature. This has been completed for various 
values of temperature and quark energy. All calculations were performed using 
chronotopology, the quantum-time theory of disjointed time. The results of this 
computation are presented and discussed. 

1 Introduction 

Chronotopology is the quantum-time theory of (microscopically) disjointed 
time, which is macroscopically degenerating into the classical (and relativistic) 
time concept: continuous time, indefinitely divisible and giving the impression 
of flowing. Chronotopology recognises the impossibility of observing an event 
in space-time if no quantum interaction process emitting quanta occurs. The 
microscopic time-space element associated to any induced change is the inter
action proper-time neighbourhood of the event. Macroscopic time-space is the 
union of a large number of partially overlapping time-elements. As a theory, 
chronotopology has already been rigorously defined in a formal manner [l]-[4]. 
It is in total agreement with relativity and quantum mechanics and has already 
given answers to various long-standing physical problems [5]. 

2 The evolution entropy of the universe 

The universe starts its evolution right after its creation. The kinetic energy 
accompanying every pair creation is redistributed among them according to 
their collisions and their masses. Here the description of the evolution process 
is more complicated then the creation. Both energies and the interaction times 
vary with the number of interaction processes [6] SEVOI. = SEvoi.{EFiuct.,T\). 

The energy, Epiuct., is just after transition the sum of the pure transition 
energies of the created particles and antiparticles.The time, f\, is the interac
tion time of the particles required for the thermal partition of Epiuct. among 
the particles and the products of their interactions. The explicit expression for 
the evolution entropy of the universe is: 

12 _ 

Sj5„ol. = «"**•'"• X kB X C S i n ^ p o s ) X ( S p + V ^ i i l i X (1 - ^ ^ ) ) - * P £ ) S X Sin^pDS) + 

\ = 1 
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ft e x Z _ ^ ft «A 

* = 1 X=l 

Here the creation terms (rest masses of the particles) Sp = Y?\=i E>~T<iriati 

and Sq = ^2x=i —* n *'" a r e a s s u m e d to remain constant during the evolu
tion of the universe after Big Bang. The following data were used in this work: 
Nuniv. = 1 0 80 ; pd = 1 / 2 j qd = _ 1 / 2 ; ~Therm = 1 0-12S ) TCTgat = 1 0 -27S ; 

EFiuct. = N%niv- x (Ei l i (cA + c2mox) Joules, eA = ex = 5 x 10"20 Joules, 
kB = 1.38 x W23J/K, Boltzmann's constant. 
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A SCISSORS-LIKE EXCITATION ON THE QUADRUPOLE 
VIBRATIONAL STATE IN 88Sr 
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Dipole excitations in the spherical nucleus 88Sr, observed in the energy region 4.5 
MeV < Ex < 5.5 MeV, are proposed to be scissors-like excitations on top of the 
dynamically deformed quadrupole vibrational state. 

A (7,7') experiment on 88Sr was performed at the S-DALINAC accelerator 
of the TU Darmstadt with bremsstrahlung of 6.7 MeV endpoint energy using 
two EUROBALL CLUSTER detectors. In the search for the 1~ two-phonon 
state in the A^=50 nucleus 88Sr we found surprisingly Jv = 1 + for the 4.742 
MeV state x and a relatively large value of Z?(M1)=0.07 W.u. for the 4.742 
MeV transition (Fig. 1) which is not reproduced by the quasiparticle-phonon 
model2. In order to give an interpretation for the 1 + state at 4.742 MeV, the 
picture of a new excitation mode called dynamic scissors mode is proposed: 
a superposition of the normal scissors mode (scissors-like isovector vibration 
of the deformed proton and neutron systems) with the dynamically deformed 
quadrupole vibrational state in a spherical nucleus. This idea is suported by 
the following two arguments: (i) For the first 2 + state in 88Sr a deformation 
of 6 = 0.11 is obtained for the maximum elongation. Based on empirical 
estimates3 (est) the normal scissors mode in 88Sr would occur for 8 — 0.11 
at the centroid of energies of E e s ' ( l + ) = 3.17 MeV with a total strength 
of 5 e s *(Ml ; l+ -> Of) = 0.03 W.u.. For the dynamic scissors mode state 
E(1dsc) i n 8 8 S r o n e S e t s t h e estimate Eest(l+sc) = Eexp(2+) + Eest(l+C) = 
5.01 MeV. The estimates of 5.01 MeV and 0.03 W.u. are in fair agreement 
with the experimental results given above, (ii) There are many similarities 
of the deexcitation of the 4.742 MeV state in the spherical nucleus 88Sr with 
that of the mixed symmetry scissors-like l + s state in the deformed N=52 
nucleus 9 4Mo4 , and also for the first three 2 + states (Fig. 1). The 1+ state in 
94Mo is considered to be the scissors mode in this nucleus having the structure 



364 

B(M1)=«.22 W.u. 

2* 11864 

B(M1)=0p8 W.u. 

2+ 

B(M1)=*).44 W.u. 

1+ 3129 2^ J 3219 

B(E±=(20) W.u. 

B(M1)=0 X)6 W.u. 

B(M1)=0E8 W.u. 

871 B(E2J=2 W.u. 

B(E2 =15 W.u. 

0 + 

1* 4742 

B(M1)=0 012 W.u. 

B(M1)-GJ°'' W.U. 2±_ 

B(E2)= 

0+ 

(2*12935 

T 
B(E2)= I W.u. 

MMo 

Figure 1: Comparison of 9 4Mo and 8 8Sr. 

(2+ ® 2+5), where 2f corresponds to the phonon of the isoscalar quadrupole 
vibration and 2+ s is the phonon of the isovector quadrupole vibration. For 88Sr 
the energy sum of the 2 + isoscalar quadrupole vibrational state (1.836 MeV) 
and the newly observed possible 2+s isovector quadrupole vibrational state 
(2.935 MeV) results to 4.771 MeV in well accordance to 4.742 MeV for the 1+ 
state. In summary, the 1 + state at 4.742 MeV in the spherical N = 50 nucleus 
88 Sr is a fingerprint for the existence of a scissors-like state. The picture of the 
dynamic scissors mode could be a schematic approach for this excitation giving 
a rough approximation to the real situation. The reality may be a complicated 
superposition of an isoscalar and isovector quadrupole vibration. 
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C O M P A R I S O N O F M I X E D S Y M M E T R Y S T A T E S I N 9 4 M O 
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A 77-coincidence measurement of beta-delayed 7 transitions was performed at the 
Cologne Coincidence Cube Spectrometer at the Cologne FN Tandem accelerator. 
We measured the 9 6Ru(p,n/3+7)9 6Ru reaction. 9 6 Ru was populated by the /3-decay 
o f t h e 3 + - s t a t e o f 9 6 R h . The low background in this off-beam measurement enables 
a sensitive determination of branching ratios and multipole-mixing ratios for the 
decays of MS states. In addition, a 77-coincidence measurement of 9 5Mo(3He, 
2n)9 6Ru was performed to evaluate lifetimes or MS-states with the DSAM-method. 
We found clear evidence for the existence of a 2J,S state in 9 6 Ru based on the 
measurement of absolute Ml transition matrix elements. We present the measured 
values for the transition rates and reduced transition strengths and hints for further 
MS states. 

The proton-neutron version of the interaction boson model (IBM-2) pre
dicted a new class of low-lying collective nuclear states 1'2>3>4. These states, 
described systematically in5 , are collective valence shell excitations, which are 
not fully symmetric with respect to the proton-neutron degree of freedom. 
Multi-phonon states built on an isovector quadrupole surface excitation were 
suggested for vibrational nuclei already in the sixties6. However, at this time 
these states were predicted at a much higher energy. 

Signatures of MS states, accessible to 7-spectroscopy, are: relatively low 
excitation energy ~ 2.4MeV, weakly-collective E2 transitions to ground state, 
and strong Ml transitions to symmetric states with reduced matrix elements 
of about \(jfym || M l || J'ms)\ K 1/ijy. 

Recently, we have been fortunate in finding in 94Mo a nucleus, where these 
states are populated quite well7,8, and we investigated these states in shell-
model calculations supporting their MS character9. 

With several experiments we tried to investigate the neighboring even-
even nucleus 96Ru. With 95Mo(3He, 2n7)96Ru, 96Ru(p,n/?+7)96Ru and in
verse reaction of 12C(96Ru,96Ru*) 10 we have been able to identify the 2+ 
state at 2284 keV as the fundamental one-phonon mixed-symmetry state. Fur
thermore, by comparing branching ratios of the well known mixed-symmetry 
states of 94Mo with states in 96Ru, we found candidates of multi-phonon mixed-
symmetry states. 
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Figure 1: Comparison of branching ratios of the 3J,S in 9 4Mo and with a 3J , 3candidate 9 6Ru. 
The 3+ s - s ta te of 9 4 Mo has been established from the measurement of absolute transition 
strengths. 
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Three-body energy and angular distributions in the reaction of 6He photodisinte-
gration are investigated in the frame of the algebraic version of resonating group 
method. 

In this paper we present the investigation of the reaction of 6He photodis-
integration 7+6He—>4He+n + n. We have already studied the same process in 
connection with the problem of soft dipole mode : . In 1 we have obtained the 
dependence of total photodisintegration cross-section on 7-quantum energy. 
In this paper we studied the differential cross-section of this reaction as a 
function of scattering particle energies, their mutual orientation and opening 
angle with respect to the direction of 7-quantum motion. We treated 6He as 
the three-cluster system - one a-particle and two valence neutrons. Following 
the procedure of the algebraic version of resonating group method the wave 
function of cluster relative motion was expanded in the harmonic-oscillator 
basis 19l/(J

n) allowed by the Pauli exclusion principle: 

9(J*) = Y,C»(J*)W)< (1) 

where v is the number of excitation quanta. 6He photodisintegration pro
cess corresponds to the E\ transition from the ground J* — 0+ state to the 
Jn = l - continuum states above 6He—>4He-)-n + n decay threshold. The ex
pansion coefficients C„(0+) are obtained by solving the set of linear algebraic 
equations, to which Schrodinger equation is reduced. Basis wave functions 
for both the ground and continuum states are the superposition of hyperhar-
monics with K = 0 and K = 2 (for 0+ state) and with K — \ and K = 3 
(for 1~ state). Only the superposition of these hyperharmonics is allowed by 
the Pauli exclusion principle. It is very convenient to perform all calculations 
in the Fock-Bargmann space (space of entire analytical functions of complex 
variables), where our wave functions depend on coordinates and momentums 
at the same time. All information about energy and angular distributions is 
contained in the expansion coeffisients of the 1~ continuum state wave func
tion. These coefficients are the same superposition of hyperharmonics allowed 
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Figure 1. Differential cross-section of 6He photodisintegration ((?i = 7r/2). Allowed energy 
region is shown at the (Ei, Ei) plane. 

by Pauli principle, but in the momentum space. 
For the photodisintegration differential cross-section we obtained: 

daf = a0{E) •^i(15£'i - l ) 2 s i n 3 M M £ i d i ? 2 , (2) 

where E\ = k2E\ is alpha-particle energy,^ = k2E2 is valence neutron energy 
in a center-of-mass frame, E is 7-quantum energy (above the three-body decay 
threshold of 6He), 6\ is the angle between a/p/ia-particle momentum and the 
direction of the 7-quantum motion. <JQ(E) is the total photodisintegration 
cross-section which depends only on the 7-quantum energy. As one can see 
from fig.l, the decay process corresponding to the opposite directions of a-
particle momentum and neutron momentums is most probable. Energies of all 
three particles are equal, and a-particle energy takes maximum possible value 
(Ex = E2 = E3 = E/3). The probability of the decay in which the a-particle 
energy is equal to zero and the valence neutrons move in opposite directions 
totally vanishes. The angular dependence of the cross-section is the same 
as for the deuteron photodisintegration cross-section due to the transverese 
polarization of the photon. 
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CORRELATION BETWEEN CLUSTER SYSTEMS: 
A SUPERSYMMETRIC APPROACH 
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The spectroscopic properties of some core+a type cluster bands in the 
A ~ 16 - 20 region (e.g. those of 20Ne, 1 9F, 1 8 0 and 18F) show correlated 
behaviour. The role of the coupling of nucleon hole states to the relative 
motion of the clusters has been investigated both in phenomenologic local 
potential models1 and microscopic cluster models2. It is an intriguing question 
whether these correlations can be described in terms of some unified framework. 
Algebraic nuclear structure models have proven to be extremely successful in 
interpreting large amounts of spectroscopic information in terms of symmetry 
schemes. In case the nucleus has dynamic symmetry, the nuclear states are 
assigned to group representations and the energy eigenvalues can be calculated 
analytically. The (partial) realization of such dynamic symmetries have been 
observed for a large number of even-even and odd-even nuclei3. 

In an even more general symmetry scheme, i.e. the supersymmetric alge
braic models 3 the irreducible representations contain levels of several neigh
bouring even-even, odd-even and odd-odd nuclei. In these models there are 
group generators that create or annihilate a boson (quadrupole phonon) and 
at the same time, annihilate or create a fermion (nucleon or nucleon hole), thus 
they connect different nuclei. The approximate validity of such supersymmetry 
schemes have been proven in various mass regions (Os-Ir-Pt-Au, Cu-Zn, Se-As, 
etc.)3. A recent experiment also confirmed the predictions of a supersymmetry 
scheme4, giving new impetus to the study of supersymmetric models. 

We proposed a further supersymmetric model for clustering 5, in which 
the relative motion of the clusters can be described by boson (oscillator quan
tum) excitations, while their internal structure can be interpreted in terms 
of nucleonic degrees of freedom. This model is based on the semimicroscopic 
algebraic cluster model (SACM), and it unites the group structures associated 
with the relative and internal cluster degrees of freedom. (For details see Ref.6 

and references.) A number of cluster systems have been analyzed in terms 
of the SU(3) dynamic symmetry limit of the SACM and the (approximate) 
validity of this symmetry has been confirmed. A parameter systematics was 
also established for core+a-type cluster systems in the A — 16 to 20 region6. 

Here we discuss how the known cluster bands of some nuclei can be related 
to each other in terms of a U(4|12) supersymmetry scheme. This approach 
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unites the Ufl(4) group assigned to the relative motion (R) of the clusters, and 
the Uc(12) group characterizing nucleon holes of the p-shell core (C). This 
latter group contains the Uc(3)xU^T(4) group, which describes the orbital 
and the spin-isospin structure of the core in the SACM. The cluster bands of 
the unified nucleus are labeled by those SU(3) shell model quantum numbers 
(\,fi), which are obtained from the (TIR,0) x (Ac,Mc) SU(3) multiplication. 
Here UR is the number of oscillator quanta of the relative motion, which also 
determines the shell excitations of the unified nucleus 6. Below we display the 
nR(\,n) quantum numbers for the first three shells of the A = 20, 19 and 18 
nuclei. These correspond to fermion number 0, 1 and 2, respectively. 

(16Q; T=0)+q (15N, 15Q; T = %) + a (14C, 14N, 14Q; T = l ) + q 

Ohuj 8(8,0) 7(6,0) 6(4,0) 
\hu 9(9,0) 8(7,0), 8(8,1) 7(5,0), 7(6,1) 
2huj 10(10,0) 9(8,0), 9(9,1) 8(6,0), 8(7,1), 8(8,2) 

The generators of the U(4|12) supersymmetry which annihilate a Ujj(4) 
(i.e. a dipole or monopole) boson and create a fermion (i.e. nucleon hole) con
nect these bands with each other. They are also characterized by the quantum 
numbers (XR, /X_R)(A, /it), and it can be proven that they come in three varieties: 
(0,1) (0,2), (0,1) (1,0) and (0,0)(0,1) 5 . The first two decrease the value of nR 

with one unit, while the third one leaves it unchanged, and (A,/i), determines 
which bands of the a mass-(^4 — 1) nucleus can be reached from a particular 
band of a mass-A nucleus. For example, from the ground-state band of 20Ne, 
8(8,0) the 7(6,0) and the 8(7,0) bands of the A - 19 nuclei can be reached 
using generators of the first and the third type. The generators also carry 
isospin quantum numbers T and Mr, which determine the final mass-(A - 1) 
nucleus. These supersymmetric generators were used to analyze one-nucleon 
transfer intensities from the ground state of 20Ne to various 1 9F states5 . 

Work supported by OTKA (T22187) and MTA-CNRS (No. 7878) projects. 
G. L. acknowledges support from the Janos Bolyai Research Fellowship. 
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high-spin spectrum of 102Cd 
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The structures of the light Cd (Z = 48) isotopes are dominated by two 
gg/2 proton holes and several neutrons in the ds/2, g7/2, s ^ , d3/2 and/or 
h u / 2 orbits 1 _ 5 . Up to spin 8 + , the even-A isotopes i°°.102Cd exhibit two 
well separated "families" of either proton-hole or neutron-particle character, 
which communicate by extremely retarded E2 transitions, as small as 10-2 
Wu. This implies that the configurations have rather good proton and neu
tron seniorities. Indeed, the magnetic dipole and electric quadrupole moments 
of the isomeric 8̂ " state in 102Cd prove its 7r~2(99/2) proton-hole structure1. 
At higher spins, both proton-hole and neutron-particle pairs are broken, giv
ing rise to magnetic dipole bands. It was the aim of the present lifetime 
measurements to determine absolute Ml and E2 transition strengths in this 
nucleus in order to test the predictions of two shell model calculations. 

Using the reaction 58Ni(50Cr,a2p), the 77-coincidence recoil distance 
Doppler shift technique, and the GASP spectrometer, we determined picosec
ond lifetimes of the high-spin states shown in the Figure 6. We employed 
the DDCM method in order to circumvent the problem of side feeding. The 
right hand side of the Figure illustrates the results of a shell model calculation 
(SM2) using the formalism and parameters of refs. 8-9. For the SMI calcula
tions, we used the single particle energies and two-body matrix elements from 
(SMI)7. The eneries and transition strengths revealed the high sensitivity on 
the model parameters. This is illustrated in the Table, which compares the 
experimental B(E2) and B(M1) within the positive parity sequence with the 
predictions of SMI and SM2. The calculated g-factors underline the strong 
7r^2 partition in these wavefunctions The comparison of B(E2) and B(M1) 
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given in the Table indicates a moderate success of the two calculations, but 
the properties of the 6+ , 8+and 10+ yrast and yrare states are not consistently 
reproduced. Note the large B(M1) values of 0.2 - 0.9 W.u. in the AI = 1 
sequencs extending from 10J til 17+, which underline the magnetic rotational 
structure of this cascade, arising from spin alignment of the two proton holes 
and four (d5/2, g7/2) neutrons. At negative parity, a similar band involving a 
hii/2 neutron has been found. 
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Dipole bands have been found in 141Eu and 1 4 2 _ 1 4 4Gd. Those in 142Gd are 
considered as magnetic rotational bands. Configurations have been assigned to 
some of the dipole bands in 141Eu and 143Gd by a comparison of their features 
with those in 142Gd. 

Dipole bands in 1 4 1 Eu and 1 4 2 _ 1 4 4 G d have been populated in (HI,ypxn) reac
tions and investigated with EUROBALL and GASP. Four dipole bands have 
been observed in 1 4 2 G d x . In 1 4 1 Eu and 1 4 3 Gd two dipole bands each and 
in 1 4 4 Gd 2 one dipole band were found. In fig. 1 the angular momenta of 
all dipole bands are plotted vs. rotational frequency. The dipole bands in 
142 Gd have been interpreted as magnetic rotational bands 1 from a comparison 
of their features with predictions of the Tilted Axis Cranking model. Two 
of them are considered to have vh^.^nh^ ,2 and vh^^ith^^g^L configura
tions. The other two originate from those due to the breakup of a second hi w2 

neutron-hole pair. 
The angular momenta of the dipole bands DB1 and DB2 in 1 4 1 Eu and 1 4 3Gd, 
respectively, have similar frequency dependencies and the latter behave simi
larly as DB1/DB2 in 1 4 2 Gd but the angular momenta are ss Ah smaller. This 
indicates that their configurations result from those of 1 4 2 Gd by subtraction 
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Figure 1: Angular momentum vs. rotational frequency for dipole Viands in 1 4 1 Eu and 
1 4 2 - 1 4 4 G ( i 

of a proton and a neutron hole, respectively. Hence, a '//'11"/97r^}1/2 configu

ration may be assigned to DB2 in 1 4 1 Eu and a vh^ ,2irh\r ,2 configuration to 

DB2 in 1 4 3 Gd. The bandcrossings result from the breakup of a second h n / 2 

neutron-hole pair. A transition from fairly regular dipole bands in 1 4 2 ' 1 4 3 Gd 

to an irregular one in 1 4 4 Gd is observed, probably resulting from the aproach 

to N = 82. This behaviour has been explained as a decrease of the quadrupole 

polarizability when the magic shell is approached 1 . The dipole band in 1 4 4 Gd 

may have a vh~^,r,Trh^1,2(g7/2/d5/2)~
x configuration2 . 
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Isovector Ml transitions between low-lying states in deformed odd-odd N — Z 
nuclei and their correlation with Gamow-Teller transitions are discussed. 

1 Distribution of M l and Gamow-Teller strengths 

There are two main sources of an enhancement of isovector Ml transitions 
in the spherical shell model - nondiagonal "spin-flip" one body Ml matrix 
elements (j\\TjV{Ml)\\j') with j = I ± 1/2, j ' = / + 1/2 and diagonal ones 
with j = j ' = I + 1/2. For the lower part of any shell with the harmonic-
oscillator quantum number N the j = N + 1/2 orbital is dominant and it is 
responsible for the enhancement of the Ml transitions. The best illustrative 
examples of the above mentioned enhancement are the Ml transitions in odd-
odd N=Z nuclei near the closed shells (see l) where the structure of lowest 
states is well approximated by the two nucleons in a single j = 1 + 1/2 orbital 
(quasideuteron configurations). 

To study the Ml transitions of quasideuteron character in deformed nuclei 
the quasideuteron degree of freedom was treated explicitly in the rotor-plus-
particle model 2. Supposing that the odd proton and the odd neutron occu
pying the same Nilsson orbital [NnzA]Q are strongly coupled to the rotating 
core we get the simple expression for the B(M1) values for the transitions 
between the states from T = 0,K — Q and T = 1, A* = 0 bands. With an 
exception of the lowest A' = 0,T = 0 , J = 1 + states there are other low-lying 
T — 0, J = 1 + states with K — 1 in the collective model which are connected 
with the 0 + , T = 1 state by strong Ml transitions. The B(M1) values for 
these A A" = 1 transitions as well as for the A A' = 0 ones are shown in Fig.l. 
The spin part of the Ml matrix elements discussed here is related in a very 
simple manner with the Gamow-Teller matrix elements 3. The B(GT) values 
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calculated within rotor-plus-quasideuteron model are compared to the exper
imental data in Fig.l. There is an evident correlation between strong Ml and 
GT transitions in sd-shell nuclei. Qualitatively similar distribution of Ml and 
GT strengths is expected within the rotor-plus-quasideuteron model for the 
odd-odd N=Z nuclei in the pf-shell. Thus it would be very interesting to find 
out what is the real experimental distribution of Ml and GT strengths for the 
lower part of pf-shell. 
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A novel time-delayed coincidence technique has been applied to determine lifetimes 
of the levels populated from the exotic /is isomers near 70Ni. The measurements 
were performed at the LISE spectrometer at GANIL following fragmentation of 
the 76Ge 60 MeV/u beam on a BBe target. An array of four BaF2 detectors was 
employed to search for level lifetimes in the nanosecond and subnanosecond ranges. 
The results on 72Cu have clarified the order' of the transitions and the nature of 
the levels. 

Neutron rich Ni nuclei command a strong scientific interest. The presence 
of /is isomers near 7 0Ni and 7 8Ni and non-observation in some of the Ni nuclei 
in-between, represent a special challenge [1]. However, the experimental d a t a 
on the very exotic isomers in this region, which provide much of the interesting 
results, are predominantly limited to the energies and intensities of the gamma-
rays in the cascade and the lifetime of the isomeric state. Often the position of 
transit ions in the cascade remains an open question. The structure interpreta
tion is then a t tempted via shell model calculations and regional systematics, 
which is particularly difficult for the isomers in the odd-odd nuclei. 

In a pioneering effort, we have applied a novel time-delayed technique in 
order to determine lifetimes of the levels populated from the exotic (and thus 
weakly populated) /xs isomers. The measurements were performed at the LISE 
spectrometer at GANIL following fragmentation of the 7 6 Ge 60 MeV/u beam 
on a 9 B e target. An array of four BaF2 detectors prepared and calibrated at 
the OSIRIS separator at Studsvik, was employed to search for level lifetimes 
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from ^20 ns down to about 10 ps. Several level lifetimes have been measured 
in 67>69>70Ni and 71 '72Cu with high precision. 

In 72Cu the order of transitions and their nature have been firmly deter
mined, which allows for a structure interpretation of the 1.76 fjs isomer. The 
preliminary values for the level half-lives are ~90 ps and 16.5(1.0) ns for the 
219 and 137 keV levels, respectively. For the 82 keV transition the lifetime 
implies either a very fast Ml or El transition with either B(M1)=0.4 W.u. or 
B(E1)=0.007 W.u. Since very fast El rates are very unlikely in this region (typ
ical values lxl0~ 5W.u.) , we conclude that the 82 keV transition is a fast intra-
multiplet Ml. Similarly, the lifetime of the 137 keV level implies for the 138 
keV gamma ray, that it is either a very slow Ml with B(Ml)=5xlO~4 W.u., or 
very fast E2 with B(E2)=33 W.u., or moderately slow El with B(El)=9xlO~6 

W.u. For the nuclei at the Z=28 shell closure, typical B(E2) rates are from 
0.5 to 5.0 W.u., while the typical intramultiplet Ml rates are expected at 
B(M1)>0.01 W.u. Thus we conclude that the 138 keV transition is El . 

The low-lying states in 72Cu are formed by coupling of a valence proton 
in the P3/2 orbit with a neutron either in the P1/2 or g9/2 orbits, yielding a 
multiplet of 1+ and 2+ states in the first case, and of 3~, 4~, 5~, and 6~ 
states in the second one. Since an El transition can connect only the 2+ and 
3~ states, and a sequence of stretched Ml and E2 transitions can connect only 
the 3~ and 6~ states, therefore the spin parities are uniquely denned for the 4 
states involved in the decay of the 1.76 /̂ s isomer in 72Cu, as shown in Fig. 1. 
This work was supported under the EU Access to Research Infrastructures 
action of the Improving Human Potential Programme. 
[1] H. Grawe et aJ., Proc. SM2K, RIKEN 2000, Nucl. Phys. A, in print. 
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AND THE GSI ISOMER COLLABORATION 

Particle-tagged delayed-coincidence spectroscopy of isomers produced directly in 
nuclear reactions has emerged as a successful alternative method to study ex
cited states in nuclei far from the valley of beta-stability. We report on results 
from an experiment, employing the technique described above, to search for and 
study relatively long-lived (100ns<T,

1/2<lrcis) isomeric states in the vicinity of the 
doubly-magic nucleus I32Sn. 

By studying the properties and decay patterns of isomeric states result
ing from the coupling of valence particles in high-j orbitals at the Z = 50 
and N = 126 shell closures, valuable information on nuclear structure and 
nucleon-nucleon interaction in very neutron-rich systems can be obtained. In 
December 1999, we therefore performed an experiment7'' at GSI to search for 
new, relatively long-lived (100ns - 100/xs) isomeric states in the region around 
the neutron-rich doubly magic nucleus 132Sn. The nuclei of interest were pro
duced by projectile fission of 238U at 750 MeV/u in a 1.0 g/cm2 9Be target, 
separated using the Fragment Separator (FRS) and implanted in a catcher at 
the final focus surrounded by Ge detectors. 

The well-known decay of the I* — 19 /2 - isomer in 135Te ? was used to 
verify the particle identification and lifetime determination procedures. Figure 
1 shows the 7-spectra recorded in delayed coincidence with ions of 135Te and 
136Sb implanted in the catcher. A previously unknown delayed 7-transition at 
173 keV is clearly seen in the 136Sb-gated spectrum. 

Figure 1 also presents the decay curves of 135Te and 136Sb. The distribu
tions were fitted to obtain the corresponding half-lives of the isomeric decays. 
The result we obtain for the 325 keV transition in 135Te is T1 / 2=512±22 ns, 
in excellent agreement with the literature value 510±20 ?. Using the same 
method for the 173 keV transition, the half-life of the proposed new isomeric 
state in 136Sb is r 1 / 2 =565±50 ns ? . 

The /3-decay of the 136Sb ground state was studied by Hoff et al. ? , who 
suggest it is the J* = 1 _ member of the 7rg7/2i/f

 3,2 multiplet. Previous to our 
experiment, however, no excited states were known. The energy (173 keV) and 
half-life (565 ns) of the single delayed 7-ray we observe make it an unlikely 
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Figure 1: Delayed 7-ray spectra measured in coincidence with implanted a) 1 3 5Te and b) 
1 3 6Sb ions. The energy labels are in keV. The corresponding time distribution curves of c) 
the 325 keV and d) the 173 keV transitions are shown to the right, with the half-life fits 
indicated. 

candidate for the transition deexciting the isomeric state. More likely, the 
primary isomeric transition has low energy (<50 keV) and escapes detection 
in our setup due to internal conversion or absorption. 

To help in interpreting the experimental observations we have performed 
spherical shell model calculations, using two different sets of interactions, to 
calculate the excitation energies for the Ttg7/2^y2 multiplet members. The 
calculations indicate that the isomer may have I* = 6~, and the observed 
173 keV 7-ray could be the 4~->2~ transition. However, although 136Sb has 
only one proton and three neutrons outside the doubly magic 132Sn core, the 
gradual onset of collectivity as more valence particles are added could influence 
the level ordering and spacing. 

More experimental studies of 136Sb and its neighbors are clearly needed. 
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We propose a point-symmetry based model capable of reproducing the fine odd-
even staggering effects in rotational bands of nuclei with simultaneous presence of 
octupole and quadrupole deformations. 

The structure of nuclear systems with octupole deformations are of current 
interest due to increasing evidence for the presence of octupole instabilities in 
various regions of the nuclear table1. We propose a study of the fine structure 
of collective rotational bands with a presence of octupole degrees of freedom 
through a collective Hamiltonian based on the irreducible representations of 
the octahedron (O) point-symmetry group2. 

As a first test of the model we examined the diagonal term of this Hamilto
nian which corresponds to the "pear-like" octupole deformation Y30. We take 
into account the simultaneous presence of quadrupole degrees of freedom as 
well as the high order quadrupole-octupole interaction and obtain the following 
energy expression 

EK{I) = E0 + fkK + AI(I + 1) + A'K2 + / n ( |K 3 - ^KI(I + 1)) 

+ / ,oc-^( l5A: 5 -14# 3 / ( J + l) + 3KJ2(J + l)2) , (1) 

where the model parameters A, A', fn and fgoc are related to the quadrupole-
octupole shape, while E0 and fk are referred to the intrinsic structure. The 
rotational spectrum of the system is obtained by minimizing subsequently the 
above energy with respect to the third angular momentum projection K for 
each given value of the angular momentum I. 

We found that the so obtained energy bands provide various A7 = 1 stag
gering patterns in dependence on the model parameters. A schematic example 
is given in Fig. 1(a), where the discrete approximation of the fourth derivative 
of the energy difference AE(I) = E(I + 1) - E(I), 

Stg(I) = 6A£(J) - 4AE(J - 1) - 4A£(7 + 1) + AE{I + 2) + AE{I - 2) , (2) 
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Figure 1: AI = 1 staggering pattern: (a) for a schematic energy spectrum obtained by 
Eq. (1) (the parameter values are given in keV); (b) for the B(E\;I+ 1 —> / ) kinematic 
factor CGE1 (see the text). 

is plotted as a function of the angular momentum. 
In addition, we established that the model set of if-values provides a 

staggering behavior of the various kinematic (Clebsch-Gordan) factors in the 
reduced transition probabilities between the states of the band. As an example, 
the model behavior of the square of the Clebsch-Gordan coefficients CG2

E1 = 
{I1K1IK2 - Ki\hK2)

2, which are the kinematic factors of the B(E1; 1+1 -> J) 
transition probability (with h =1+1 and h —I), is shown in Fig. 1(b). 
This result suggests a possible staggering behavior of the B(E1) transition 
probability in nuclear octupole bands. 

Our preliminary tests suggest that the model can be applied to study the 
staggering effects observed in nuclear octupole bands 3 as well as in some rota
tional negative parity bands built on octupole vibrations. A relevant analysis 
of the collective interactions associated with the quadrupole and octupole de
grees of freedom and the interplay between them can be done. Work in this 
direction is in progress. 

This work has been supported by BNSF contract no MU-F-02/98. 
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Competing collective and quasiparticle 
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In a comprehensive study of ps lifetimes in nuclei having Z < 50 and N > 
50 1 _ 5 , we report here on 77-coincidence Doppler shift lifetime measurements 
of high spin states in 104Cd. We used the reaction 58Ni(50Cr,4p) at 200/205 
MeV, the 77-coincidence array GASP, the Cologne plunger apparatus for 
RDDS (1.2 mg/cm2 58Ni target, 12.3 mg/cm2 Au stopper) and a 1.0 mg/cm2 

Au-backed 58Ni-layer for DSA. In order to circumvent the sidefeeding 
problem, we employed, whenever possible, the NGTB6 or DDCM7 analysis 
and arrived at 17 lifetimes and some 60 reduced transition strengths. For the 
isomeric 2904 keV 8+ state, the lifetime was obtained as 1.23(7) ns, while for 
the 4737 keV 12^ level, we found 0.31(3) ns. All other lifetimes are in range 
0.2 - 100 ps. On the basis of the measured DCO ratios, 7-ray intensities and 
lifetimes obtained in the present work, several revisions of the level ordering 
were made relative to the previously published level schemes8'9. 
In order to account for possible contributions of collective (vibrational), 
proton and neutron excitations in 104Cd, the energies and electromagnetic 
transition strengths were calculated with the Interacting Boson plus Broken 
Pair model10. For the boson part, an IBM-1 representation was chosen 
which does not distinguish between proton and neutron bosons. The IBM-1 
parameters are close to the ones used in ref. 8. Both broken proton (ge/2) 
and neutron pairs (d5/2, g7/2, h n / 2 ) were considered in the nucleonic part of 
the Hamiltonian, but only seniority v = 2 configurations were allowed, i.e. 
either broken proton or neutron pairs. 

The interpretation of the band structure is presented in Figure 1. At positive 
parity, one notes a vibrational band (Of, 2f, 4f, 6f, 8 j ) , two neutron bands, 
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Figure 1. Interpretation of high-spin states in 104Cd within the IB plus broken pair model. 

t ,d5/2 ' /g7/2 and "2g7/2> and the proton band 7r2<79/2- At negative parity, all 
bands above 3.5 MeV have the structure ^n/2v^h/2 or vhn/2ug7/2 with 
the possible exception of a series of states at 1992-3654 keV which appears 
to be 7rg9/27rpi/2- Details of the calculation, a comparison of measured and 
calculated transition strengths and a survey of the evolution of the structure 
is contained in5. 
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We have investigated droplet formation which may occur during the expansion of an excited 
blob of nuclear matter in the metastable region at subnuclear densitites. The free energy 
change accompanying the formation of a drop is calculated as a function of droplet radius for 
various saturation ratios. 

The topic of this presentation, nuclear fragmentation, is one of the most interesting 
phenomena in heavy ion reactions and astrophysical objects. Liquid-gas phase 
instabilities and droplet formation in nuclear reactions have been extensively 
discussed in the context of relativistic[l,2] and non-relativistic models[3-6]. A 
compressed and hot blob of nulear matter is formed in the collision of two heavy-
ions or two slabs of nuclear matter.. Assuming this blob to be close to 
thermodynamic equilibrium it will expand and enter the region at subnuclear 
densities where it becomes unstable to density inhomogeneities. We presented the 
details of the calculations on spinodal decomposition in Ref.[6] where critical 
temperature Tc and critical density nc are found to be 16.6 MeV and 0.055 fm'3 

respectively. The vapor phase can be prepared in the supersaturated state of 
metastable region where n< nc and then droplets of liquid phase will be prepared 
outside the coexistence line.. For a sufficiently slow process in a system of the Gibbs 
free energy G, volume V, pressure P, entropy S, number of particle A and chemical 
potential u, we know the relation, 

dG= VdP - SdT + udN 

Assuming the number of particles N is conserved and T is constant we can 
write, dG = VdP. One may calculate the vapor pressure of a pressurized liquid by 
using the fact that at equilibrium U| =ug and for any change that preserves 
equilibrium we can write dug =du| and, 

VnkTln(p2/p,)=VAP 

where p,/ p2 is called supersaturation ratio denoted by S and N=nV. This equation 
represents the free energy change for the transfer at constant temperature and 
pressure of a droplet from the vapor into the liquid phase. The probability of 
formation of the droplets which can be estimated by calculating the free energy 
change AG accompanying the formation of a drop of radius r and containing A 
nucleons, is proportional to exp(-AG IT). Here AG is given by 
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AG = 4?ir2a - (4/3)TI r3 n T InS + 3 T t In (r/r0) 

where it has been assumed that the droplet is essentially of uniform density so that 
r=r0A

l/3, particle number density is chosen as n=0.16 fm"3 at T=10 MeV (the 
Boltzmann's constant k=l) and surface free energy and critical exponent of nuclear 
matter can be taken as a =1 MeVfm"2 and x =2.2. A plot of AG against r for various 
supersaturation ratios, is given in Fig. 1. The first term on the right-hand side of the 
above equation gives the change in free energy on formation the liquid/vapor 
interface, the second term arises from the transition from vapor to liquid, and the 
third term has been added to take account of the fact that the surface closes on itself 
which reduces the total entropy associated with the surface. 
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Figure 1. Free energy change of droplet formation as a function of 
droplet radius, for various saturation ratios at T=10 MeV. 

A critical size droplet can only exist if it can attain a size greater than the 
critical radius r*. At critical radius r*, AG has a maximum for each value of S 
where the metastable droplet is determined. Droplets with r < r* will tend to 
evaporate nucleons (or breakup) to get rid of their surface energy, whereas if r > r*, 
they tend to grow by accumulating nucleons from the vapor and thereby lowering 
the free energy. 
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The collisional relaxation times of collective vibrations are studied on the base 
both of the transport approach and of doorway state mechanism with hierarchy 
of particle-hole configurations in heated nuclei. The dependence relaxation times 
of kinetic method on multipolarity of the Fermi surface distortion is investigated. 
The collision integral with retardation effects is used in a modified form with 
allowance for reaching the local equilibrium in system. The dependence of the 
relaxation times on temperature as well as on frequency of collective vibrations are 
considered and compared within both approaches. 

1 Introduction 

The damping of the collective excitations as well as transport coefficients for 
viscosity and heat conductivity are strongly governed by the interparticle col
lisions. The relaxation-time method is widely used as the simplest and rather 
accurate approach for simulation of the collisional relaxation rate vc oc 1/r, 
where r is the so-called relaxation time 1 ,2 's. Relaxation time method can be 
applied for description of the decay rate of arbitrary mode of motion but an 
explicit form of the relaxation time depends on the specific features of the 
mode. In this contribution the collisional relaxation times forming the width 
of the collective vibrations are studied. 

2 Relaxation times of collective motion 

In transport approach the collisional relaxation times are determined by the 
collision integral3,4. The analytical expressions for collective relaxation times 
is obtained in low-temperature and low-frequency limits (T, flu -C CF) in the 
following general form (h = 1): 

J = ? o [ ^ 2 + 47r2T2], (1) 

where the factor q0 is determined by the in-medium cross sections between 
nucleons. The magnitudes of the go f° r isoscalar and isovector modes of vibra
tions are slightly different and they are almost independent of multipolarity of 
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the Fermi surface distortions in the case of isotropic nucleon scattering with 
energy independent cross sections. 

The relaxation time is calculated from decay rates for exciton-exciton 
interactions5, when doorway state mechanism in heated nuclei is used. In this 
case a nucleus is considered as a system with total energy U = Tiu + ne and 
initial number of the excited particles and holes (excitons) m = n + 2, where 
n = 2gT In 2 is the most probable number of excitons at given temperature T 
and the ne = UT = gT2 • TT2/6 is the thermal energy. 

In cold nuclei the collective relaxation times for the giant resonances within 
doorway state mechanism are not too different from those within the transport 
approach. The collective relaxation times in heated nuclei can be approxi
mately presented by the expression 

r - Ql [«, + *T\S ' (2) 

where qj are some constants and the exponents are the functions of the fre
quency and the temperature: the j3, 7 are changed from 2 to 1 and 6 varies 
from 1 to 0 with growing of the excitation energy in the doorway state ap
proach with allowance for pair creation (/? = 2, 7 = 1 , 5 = 0 in the transport 
method). 

The expression (2)) with /3 = 7 = 1 , < 5 = 0 has the same form as that one 
for the relaxation time obtained within test particle approach, when collisions 
were simulated by s-wave scattering between pseudoparticles6'7: 
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Lifetimes of excited states in 148Gd were measured using the recoil distance method 
technique with a plunger device coupled to the EUROBALL Ge-detector array. 
The differential decay curve method in coincidence mode allowed the unambiguous 
determination of lifetimes of more than 20 excited states. The obtained transition 
strengths are in good agreement with the shell model calculations. 

1 I n t r o d u c t i o n 

The competition between the single particle and collective octupole modes 
of nuclear excitations around the Z=64, N = 8 2 1 4 6 Gd nucleus has a t t rac ted 
special interest. The collective octupole excitation of vibrational nature is the 
result of the coherent contribution of several particle-hole excitations across 
the closed shells with A j = A / = 3 . With the addition of neutrons to the N = 8 2 
closed shell the energy of the 3- octupole-phonon state significantly decreases, 
and actually, one- and two-octupole phonon states have been identified in the 
N = 8 4 1 4 8 Gd, 1 4 6Sm, 1 4 4 Nd nuclei, as well as in the N = 8 3 ^ G d 1 - 3 - 3 . 

2 M e a s u r e m e n t and resu l t s 

The level scheme of 1 4 8 Gd nucleus is characterised by the presence of the 
9~ r = 2 3 . 9 ns yrast isomeric state. In order to be able to determine the 
much shorter lifetimes of the levels below the nanoseconds lived isomer, these 
states have to be populated directly by particle evaporation. Therefore, the 
1 4 1 P r ( u B , 4 n ) light particle reaction was used at the incident beam energy of 
50.5 MeV. The target was mounted in the Cologne plunger 4 in front of a 
6 mg/cm 2 gold stopper. Da ta were taken at 17 stopper-target distances be-
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tween 0.7 /zm and 2 mm. The 7-rays were detected with the EUROBALL 
Ge-detector array. 

In the analysis of the decay function the differential decay curve method 
(DDCM) 4 was used. The lifetimes of more than 20 excited states have been 
unambiguously determined5. A partial level scheme with the approximative 
transition strengths is given in fig. 1. 

The B(E3) strength has been measured for the 3~ level as well as for the 
two- octupole phonon state built on the 6 + state, making thus possible, from 
data of the same experiment, a direct comparison of the two-to-one phonon 
and one-to-zero phonon strength which is important to clarify the degree of 
harmonicity of nuclear octupole vibrations6. 

v1 1 A 3 - i ^ x ^ n - ' A " 2 

(rf'„jo v J a__ V 

Figure 1: Partial level scheme of 148Gd. The thick dashed arrows represent strong E2 
transitions {B{E2) >5 W.u.). Similarly, the strong Ml transitions, B(Ml) >10 - 2 W.u., 
are indicated by thick continuous arrows. All the other transitions are represented by thin 
arrows. 
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The attenuation of the intra-band intensity of a superdeformed band which results 
from mixing with normally deformed configurations is calculated using reaction 
theory. We show how this intensity depends on the statistical nature of the nor
mally deformed states as classified by a parameter A which allows for smooth 
interpolation between Poisson and GOE statistics. 

Cascades of E2 7-transitions within superdeformed bands exhibit the dis
tinct feature that the intensity remains constant until a certain spin is reached 
where-after the intensity drops to zero within a few transitions. Several the
oretical works l'2'3 have attributed this attenuation to the mixing of the su
perdeformed (SD) states with normally deformed (ND) states of identical spin. 
Common to these works is the use of a statistical model to describe the ND 
states. Refs.1>2 calculate the 7-intensity for two consecutive El photons (Ref.1 

using probability arguments, Ref. 2 using the statistical theory of nuclear re
actions) in the cascade down the SD band using the Gaussian orthogonal en
semble (GOE) to simulate the ND states and assuming that the interaction 
which mixes an SD with ND states at the same spin is Gaussian distributed. 

Let I J ) denote an SD configuration with spin J. The relative intensity, 
7 E 2 7*S2 

Fj, for the transition | J + 2) -1* \J) -^ | J - 2) (relative to the intensity for 
the same two step transition when there is no mixing with the ND states) can 
be written as 

Fj = Fr+F^uc-, (1) 

where Fjv- is the contribution from the Lorentzian energy average of the tran
sition amplitude and Fjuc- is a fluctuation contribution4. We have calculated 
Fjv- using two distinct model Hamiltonians 5 . The first of these (model A) is 
that used in Refs.1>2 except that we simulate the ND states using the deformed 
Gaussian orthogonal ensemble (DGOE) which allows for smooth interpolation 
between Poisson and GOE statistics by varying a parameter A between 0 and 1. 
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The second model Hamiltonian is that of Ref. 3 where an SD state of a given 
spin is assumed to mix with one ND state (we put it at the same energy as the 
SD state in constrast to Ref. 3) which is subsequently spread over other ND 
configurations. The ND states are again classified by the parameter A. Fig. 1 
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Figure 1: Calculated attenuation factor Fy- as a function of A for some values of bj 

shows the dependence of Fjv- on A, for several values of a parameter bj, for 
both model A and model B. The parameter bj is essentially the (tunnelling) 
interaction between SD and ND states. How it is defined for model A and 
model B can be found in Ref. 5 . 

For model A the variation of Fjw' with A is rather slight compared to 
model B. For model B, FJV- decreases with decreasing A to a value which is 
limited by the electromagnetic width of the ND states. We only considered 
the overlapping resonance region. In this region the intensity may be changed 
by at most a factor of 5 by varying A. 
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Selfconsistent calculations based on a deformed Hartree-Fock+BCS-)-QRPA 
scheme with Skyrme effective interactions are presented for beta-decay properties 
of even-even and odd-A Kr isotopes. We discuss their similarities and differences 
and compare these calculations to the available experimental information. We 
also study the sensitivity of half-lives and Gamow-Teller strength distributions to 
pairing, residual interactions, and deformation. 

Exotic proton rich nuclei far from the beta stability are being studied 
nowadays both theoretical and experimentally. Improving our understanding 
of the nuclear structure or learning about the mechanisms of nucleosynthesis 
and supernova explosions are only a few examples where knowledge of exotic 
nuclei is crucial. Reliable theoretical methods to describe and predict the 
properties of exotic nuclei are then required to address properly those issues. 

The deformed selfconsistent HF+BCS+QRPA method with density depen
dent effective Skyrme interactions is a well founded approach that has been 
very successful in the description of stable nuclei. In this approach one has 
basically no free parameters since both the mean field and residual ph interac
tion are obtained from the same two-body force. This formalism was already 
applied1 to the study of the /?—decay of even-even proton-rich nuclei. In the 
present work we extend those calculations to the case of odd-A isotopes. 

The mean field in the case of odd-A nuclei is obtained by iterating the 
corresponding selfconsistent field of the closest even-even nucleus, selecting 
the orbital occupied by the odd nucleon according to the experimental spin 
and parity. We block this state from the BCS calculation and assign a pair 
occupation probability of 0.5. 

The spin-isospin residual interaction is considered in the particle-hole and 
particle-particle channels. When the parent nucleus has an odd nucleon, two 
types of Gamow-Teller transitions are possible. One is a phonon excitation. 
In this case the odd quasiparticle acts only as a spectator and it is blocked 
in the calculation. The transition amplitudes are basically the same as in the 
even-even case. The other type of transitions are those involving the unpaired 
nucleon and they are treated by including the phonon correlations in first order 
perturbation. 
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Table 1: Comparison of experimental 2 ' 3 and calculated summed B{GT), QBC< ar»d Ti/2. 
Theoretical values are from HF+BCS+QRPA calculations with the force SG2 for the various 
equilibrium shapes. Experimental data for the summed strengths 2 are up to excitation 
energies of 1.8 MeV in 7 2Kr, 3.5 MeV in 7 3Kr, 2.2 MeV in 7 5Kr, and up to QEC in 7 4 ' 7 6 Kr. 

riKv 
7 3 Kr 
74 Kr 
7 5 Kr 
76 Kr 

>: 
exp 

0.5(1) 
0.10(2) 

-
0.08 

-

B(GT) 
obl-pro 
0.5 - 0.8 

0.19 - 0.06 
1.12 - 1.01 

0 - 0.05 
0.32 - 0.08 

QEC 
exp 
5.04 
6.65 
3.14 
4.90 
1.31 

[MeV] 
obl-pro 
5.0- 5.2 
7.3 - 7.4 
3.4- 3.5 
5.6 - 5.8 
1.7- 1.2 

exp 
17.2 
27 

690 
258 

53280 

T 1 / 2 [sec] 
obl-pro 

21.4 - 13.6 
6.6 - 28.5 
522 - 744 
7320 - 144 

14760 - 136800 

An example of our results is shown in Table 1 and Figure 1. One can see 
the agreement with experiment as well as the sensitivity of these results to 
deformation that can be used to obtain information on the nuclear shapes. 

2.0 

1.5 

I ' M 
72 

• K r 
oblate — oblate . — oblate spherical 
prolate 

73 
I ' I ' I 

Kr 
I ' I ' I • I 

Kr 
prolate 

I • I ' I 

• 7 5 K r 

I ' I ' I ' I 

t76Kr 
— spherical _ 
— prolate 

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 

E„v [MeV] 

Figure 1: Gamow-Teller strength distributions [3^/477] as a function of the excitation en
ergy of the daughter nucleus. The results are for the force SG2 in QRPA for the various 
equilibrium shapes of the 7 2 _ 7 6 K r isotopes. 
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TRANSITION STRENGTHS IN MAGNETIC DIPOLE B A N D S 
IN 8 2Rb, 8 3 Rb A N D 8 4Rb 
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Searching for magnetic rotation in the mass region around A = 80 we 
studied the isotopes 82Rbi5, 83Rb46 and 84Rb47. We found magnetic dipole 
(Ml) sequences with varying properties in each nucleus. The M l bands in 
the odd-odd nuclei 82Rb and 84Rb follow the regular rotational behaviour 
{E ~ J{J + 1), i.e. J ~ hu) which can be seen in Fig. 1. B(M1)/B(E2) 
ratios determined from branching ratios of transitions within the M l bands 
reach values up to 25 (fi^/eb)2 and decrease smoothly with increasing spin 
in a range of 13 < J < 16. This behaviour is typical for magnetic rotation 
and caused by the gradual alignment of the spins of the involved proton and 
neutron orbitals (shears mechanism). The regular negative-parity M l bands 
in 82Rb and 84Rb are well described within the tilted-axis cranking (TAC) 
model* on the basis of the lowest-lying four-quasiparticle (4-gp) configuration 
with negative parity2: -n{fp) 7r(p2

/2) v(gg/2). 

twa (MeV) ha (MeV) hoy (MeV) 

Figure 1: Spin as a function of rotational frequency in the Ml bands of 82Rb (left panel), 
83Rb (middle panel) and 84Rb (right panel). Lines are drawn to guide the eye. 
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Figure 2: Experimental and calculated B(M1) (left panel) and B(E2) (right panel) transition 
strengths versus the rotational frequency in the negative-parity M l sequence of 8 4 Rb. 

So far, the interpretation of the M l bands was based on B(M1)/B(E2) 
ratios deduced from 7-ray intensities. However, a detailed test of the predic
tions of the tilted-axis cranking model requires the knowledge of absolute M l 
and El transition strengths. Therefore, we carried out a measurement of level 
lifetimes using the reaction n B + 76Ge (E = 45 MeV) at the XTU tandem 
accelerator of the LNL Legnaro. Gamma rays were detected with the spectrom
eter GASP. A thick target was used to stop the recoil nuclei. Level lifetimes 
were deduced from a lineshape analysis applying the Doppler-shift-attenuation 
method. 

Absolute experimental transition strengths within the M l band of 84Rb 
derived from the present lifetime measurement are compared with predictions 
of TAC calculations 2 in Fig. 2. The experimental B(M1) values show a 
smooth decrease with increasing rotational frequency which may indicate the 
shears mechanism, but is not as pronounced as the calculated behaviour. The 
experimental B(E2) values increase up to Tiw « 0.6 MeV and decrease strongly 
towards higher frequency which may indicate a loss of collectivity due to a 
change of the structure. However, the calculated B{E2) values stay almost 
constant over the considered frequency range. 

In contrast to the odd-odd isotopes, the negative-parity M l sequence in the 
odd-even nucleus 83Rb is not regular, which can be seen in Fig. 1. Moreover, 
the B(M1)/B(E2) ratios reveal a pronounced staggering that is not compatible 
with the shears mechanism3 and cannot be described in the TAC model. Based 
on the present lifetime measurement we deduced absolute transition strengths 
within the negative-parity M l sequence of 83Rb which are shown in Fig. 3. 

The experimental JE?(M1) as well as the B(E2) values show an irregular 
behaviour which is considered as the consequence of the even neutron number 
of this isotope in difference to the two odd-odd neighbours 82Rb45 and 84Rb47. 
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Figure 3: Experimental and calculated B(M1) (left panel) and B(E2) (right panel) transition 
strengths versus the rotational frequency in the Ml band of 8 3 Rb. 

In 83Rb, the breakup of a neutron pair is necessary to generate excitations that 
include unpaired nucleons of both kinds. A possible configuration of negative 
parity is the 3-qp configuration Tr{gg/2) v{99/2) K / P ) - This configuration has 
one g9/2 particle less than the A-qp configuration assumed for the odd-odd 
isotopes and, therefore, less possibilities to generate high spins. This and the 
specific neutron orbitals obviously lead to a spin coupling which cannot realise 
the shears mechanism. A further possible configuration similar to the one in 
the odd-odd isotopes is the A-qp configuration 7r(/p) 7r(<^ ,2) i/(g%/2) which may 
occur at higher energy. 

The different behaviour of the isotopes with odd numbers of N = 45,47 on 
the one hand and an even number of N — 46 on the other hand demonstrates 
the delicate balance between irregular and coherent collective motion in this 
mass region. 
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ALGEBRAIC APPROACH TO MULTIPHONON EXCITATIONS 
IN NEAR SPHERICAL NUCLEI 
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The recent formulation of the sd/-IBM-2, the version of the interacting boson model 
which includes quadrupole bosons, octupole bosons, and the proton-neutron de
gree of freedom, is presented. This model enables us to treat quadrupole-octupole 
collective structures and mixed-symmetry states as well as electromagnetic tran
sitions between them in a common framework. Analytical expressions for energy 
spectra and El, Ml, E2, and EZ transition strengths have been derived for the 
U(5) and the SO(6) dynamical symmetry limits. Mixed-symmetry states with 
negative parity and enhanced F-vector El transitions are predicted by the model. 

Collective quantum phenomena and the isospin degree of freedom are im
portant aspects of nuclear structure physics. Static or dynamic quadrupole 
and octupole deformations represent the dominant collective modes at low en
ergies in heavy nuclei. Quadrupole-octupole coupled structures are well known 
to generate enhanced El transition rates between low-lying states. Due to the 
predominantly isovector character of the El transition operator it appears to 
be natural to consider the isospin degree of freedom for the understanding 
of quadrupole-octupole collectivity. A convenient and sometimes successful 
approach to complex phenomena can be the investigation of symmetries and 
symmetric Hamiltonians. 

For this purpose we have recently formulated1 the sd/-IBM-2, the version 
of the interacting boson model 2, which includes monopole (s), quadrupole 
(d), octupole (/) bosons and the proton-neutron degree of freedom (F-spin). 
The sdf-IBM-2 gives rise to a symmetry algebra 17,,.(13) ® E/„(13). A realistic 
Hamiltonian relevant for the description of near spherical nuclei is given by 

H = edhd + efhf + aP+P + j3L2 + XM13 + X'M6 + X"M7 . (1) 
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It provides the description of both, negative parity quadrupole-octupole col
lective states and mixed-symmetry states. In (1) the first four terms provide 
the spectrum of isoscalar quadrupole and octupole excitations, while the last 
three terms, called Majorana operators, determine the excitation energies of 
proton-neutron non-symmetric (mixed-symmetry) states1 ,2 . The group struc
ture of the model leads to the occurrence of three different classes of mixed-
symmetry states: states with mixed-symmetry in the sci-sector, states with 
mixed-symmetry in the /-sector, and states with mixed-symmetric coupling of 
the sd and / par t s : . 

Quadrupole-octupole collective two-phonon states are well known in near-
spherical heavy nuclei. Recently, remarkably pure one-phonon and two-phonon 
mixed-symmetry structures have been observed, too3 . In addition, the Hamil-
tonian (1) describes the coupling between the octupole and the proton-neutron 
degrees of freedom and, hence, leads to the appearance of negative-parity 
mixed-symmetry multi-phonon states, such as (2+s ® 3j~) or (2j" <8> 3~s). 

Information about quadrupole-octupole collective two-phonon states can 
be obtained4 already from the transition between the constituting one-phonon 
states. Analytical expressions for electromagnetic transition strengths of El, 
Ml, E2, and EZ multipolarities between various symmetric and mixed-symmetry 
states have been derived1 for the U(5) and SO(6) dynamical symmetry limits 
of the sd/-IBM-2. For instance, the ratio of one-body El transition strengths 
between the symmetric octupole phonon state and the symmetric and mixed-
symmetry quadrupole one-phonon states is obtained as 

J ? ( M ; 3 r - > 2 + s ) = / 1 - r V Nv a^ 
B(E1;^^2+) \l + r^J Nn' av

 K) 

with ap being the El one-body effective charges1. The isovector character (r < 
0) of El transitions may lead to enhanced F-vector El transition strengths 
between low-energy states. 
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THE PSEUDO-SPIN SYMMETRY A N D SPIN SYMMETRY IN 
THE RELATIVISTIC MEAN-FIELD WITH D E F O R M E D 
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We compared the pseudospin pair-levels and the spin pair-levels in the relativistic 
mean-field calculation. So long as the pseudospin symmetry is well satisfied, the 
good agreement in the absolute values of unphysical amplitudes of pseudospin pair-
levels is found both for the large and small components. On the other hand, the 
good agreement in the absolute values of physical amplitudes is found both for the 
large and small components in the pair-levels with good spin symmetry. 

One of the advantages in the relativistic mean-field theory is that it clari
fies the origin of the spin-orbit interaction which is related with the pseu
dospin concept. We found the general and realistic conditions for the pseu
dospin approximation both for the spherical1,2 '3 and deformed3,4 potentials. 
If we use the asymptotic quantum number [N,nz,£z]Q with j z = Q to iden
tify the deformed state, the pseudospin pair-levels become [N,nz,£z]Q, and 
[N,nz,£z]Q + 1. On the other hand, the spin pair-levels are labelled by 
[N,nz,£z]Q and [N,nz,£z]Cl + l. We compare the pseudospin pair levels, with 
the spin pair levels in 154Sm nuclei. The eigenfunction i'(r) for the Dirac 
equation with an axially symmetric deformed potential has two components, 
i.e., upper (large) component g and lower (small) component / . We use the 
cylindrical coordinates (p, tp, z), and then each of g and / in ip(r) has two com
ponents, <?2,fc an<i f±,k- Here k denotes the other quantum numbers except for 
Q and ± corresponds to sz = ±1/2. Let us assume the case of dVv/dz = 0 
and dVy/dp = 0 which is equivalent to dVs/dz = 0 and dVs/dp = 0, 4 with 
vector potential Vy and scalar potential Vs. In this special region, the coupled 
equations for the pseudospin doublets become, 

(Vv + VS- Ea.k){Eo.k + 2M-VV + V s ) /« fc 

_d*f% (n+ i/2)' n ldf% o2f% 
dp2 p2 T~'k + p dp + dz2 

(Vv + VS- En+lik.)(Ea+i.v + 2M-VV + Vg)f!*+} 

_d2f+X} (ft + l/a)* j n + i < x fl/n+i t 324m 
fil + L 1 
J+.k' ' p2 J+.k' -r Qp Qz2 
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Similar to the small amplitudes, large amplitudes have the same forms as 
Eq. (1) if we replace / ^ k by <?" k. We want to mention on the other amplitudes 
of the pseudospin pair levels, i.e. f^k (g^j, ) and /""£} ( » " $ ) • Under the 
same conditions, these pair amplitudes do not obey the same form as Eq. (1). 
The difference is in the centrifugal term proportional to p~2, i.e. Q — 1/2 for 
the former and Q + 3/2 for the latter. As the pseudospin is for two levels with 
[N,nzJz]Q(= 4 + 1/2) and [N, nz,£z + 2] ft + 1(= 4 + 3/2), 4 is ft - 1/2 
for the former level and lz + 2 = ft + 3/2 for the latter level. The amplitudes 
f+,k (s+,fc) a n d f-%* ( 5 ^ 1 ) correspond to these pair-levels. On the other 
hand /"*. (ff«fc) and f%+} (g^+k}) in Eq. (1) have 4 = ft + 1/2. Thus, the 
amplitudes where the pseudospin symmetry is found have unnatural £z. We 
name them unphysical components, and the amplitudes with natural 4 as 
physical components. We compare eight components of pseudospin pair-levels 
of [400] 1/2 and [402]3/2 with the energy splitting of 0.181 MeV. It is seen 
almost good agreement of unphysical amplitudes both for the large and small 
components. 

Now we consider of the spin pair-levels, i.e. the levels with j z = 4 + 1/2 
and j'z = 4 —1/2. In this case the spin pair levels are denoted by [N, nz, 4]f t(= 
4 - 1/2) and [N, n 2 ,4]f t + 1(= 4 + 1/2). The physical components become 
f-,k (fl-,fe) and f2%} (</+#) in Eq. (1), as both states have 4 = Q + 1/2. 
On the other hand, /J_fc (s^.fc) and f^+

k} (fl^jj.') become unphysical compo
nents. Thus, the condition for the pseudospin symmetry becomes the spin 
symmetry condition. However, Eq. (1) is for the physical components in the 
spin pair-levels, in contrast to the pseudospin pair-levels where Eq. (1) is for 
the unphysical components in the pseudospin pair-levels. We compare eight 
components of the spin pair-levels of [402]3/2 and [402]5/2 with the energy 
splitting of 1.397 MeV. It is seen quite good agreement of the physical am
plitudes both for the large and small components. It is very different from 
the case of the spherical nuclei, in which the pseudospin symmetry is from the 
small amplitudes while the spin symmetry is from large amplitudes. 
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F U N D A M E N T A L I N F O R M A T I O N F R O M N U C L E A R D A T A 
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The presence of stable mass/energy intervals in nuclear excitations and nucleon 
separation energies with common (for different shells) values is considered as a 
tuning effect due to the influence of nucleon structure. 

Recent estimations of nucleon mass, nucleon A-excitation (294 MeV= 
=2x147 MeV=2xAMA) and the initial baryon mass M*/v = 1350 MeV (=3Mq 

close to 3 - 3 A M A ) are shown as a function of residual constituent quark inter
action in Fig 1 [1] (bottom left, vertical line marks real interaction). 
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Fig.l. Estimations of baryon masses in [1] (left) and the grouping of differences 
of binding energies AEB of nuclei with AZ=A7v"=16 (Z<26) [4] (right). 

Relations between particle mass values were found in [2] and empirical 
ratio l:9:(9-23):(9-32):(9-32-3)= m^Sm^-.m^./lM^:Mq connects masses of lep-
tons (mM=Lme) with the hadronic parameters and Smn - mass splitting of 
pion. Ratio l:(27-32) is close to a/27r - radiative correction of QCD and to 
ratio mtl/Mz=a/2ir [5,6] which means that the vector boson mass Mz and 
parameter Mq=441 MeV=3AMA (noticed by Sternheimer and Kropotkin [2]) 
forms lepton ratio L (see Table). Analogous estimation for Mjy by LM" in
volves parameter M'q' = mw/2 close to the meson constituent quark mass. 
It was introduced by Wick [2] as a stable interval. Observed correlations in 
masses were considered [4] along with the suggested by Nambu need for further 
study of empirical correlations in properties of Standard Model parameters. 

Periodicity in particle mass values was studied in [3]. The strongest mini
mum in deviations of masses from the period at 3me is shown in Fig 2 [3]. 

Suggested by Devons influence of nucleon structure on nuclear properties 
was used [4-6] for explanation of tuning effects in excitations (£"*) and binding 
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energies (EB). Stable nuclear intervals close to mass splitting of lepton (2rae), 
nucleon (1293 keV) and pion (A=4.6 MeV) as well as nonstatistical effects in 
neutron resonance positions (E* — EB) suggest a presence of common tuning 
effects in nuclear data. The observation in nuclear data of parameters (and 
relations) similar to that found in particle mass spectrum (e.g. intervals AEB 
multiple of A=9me=8mn) confirms a fundamental character of tuning effects. 

Fig.2. Result of the test of formula m = N-3?72e for particle masses [3]. 

Table 1: Relations between particle masses m, and parameter AM^=1816m e [5]. 

Parameter A M A 

J* -m„ 

Mi, MeV 293.5 

kxl47MeV 294 

k (2) 

Parameter estim. 

Mz/L 

[6] 
Ms, MeV 440.5 

n(16me) 3x18 

Mq Mq Mq 

M*N/Z m=- /3 Md 

1/2+ 1/2+ 1/2+ 

450 440.3 436 

441 441 441 

3 3 3 

Am,- Am,- Am,-

mn- mn- ms»-

-mM -mjio -m„ 

441.64 441.9 441.1 

3x18 3x18 54 

Amcg Amu Amic 

AS=l AJ=2 A J = 2 

1- 1-3- 1-3-

589 885(4) 884(7) 

588 882 882 

4 6 6 

Am, Am,- M'q' 

mn>- mn- mu/2 

mv mff± 

410.5 407.7 391.3 

50 50 3x16 

AEB 

Fig.l 

147.2 

147 

1 

estim. 

M w / L 

388.5 

3x16 
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THE ROLE OF NEUTRONS IN THE BLACK HOLE 
HYPOTHESIS 

C.SYROS 
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The quark structure of the neutron reigns the fate of the universe. Conservation 
laws and lack of antimatter exclude black hole formation and big crunch. Quark 
fire ball explosions regenerate the universe in perpetuity. 

1 THE EXOTHERMAL NEUTRON PHASE TRANSITION A N D 
THE EVOLUTION OF THE UNIVERSE 

1.1 The quark fire ball explosion theorem 

Let: 1° The masses of the quarks d and u equal mdc=muc=363(constituent)md 
=9.9, mu = 5.6 MeV/c2(current). 2° The gravitational energy of a neutron 
in the field of Mstar be U(r) = GM,t„mn _ 30 T h e g r a v i t a t ional contraction 
trigger the phase transition n\ ->• 2md + mu + 1067.9 MeV. Then the created 
quark plasma: (a) Provides the strongest explosive material, (b) Exercises 
the highest pressure in the universe, (c) Exhibits a pressure independent of 
the star mass, Mstar-

1.2 Proof 

Table I 
(t) U - 235 - fission + 200MeV :Efission = 8.212 x 1010J/kg 
(ii) Hi + Hi = Ue\ + n\ + 17.6 MeV :Efusion = 3.396 x 10 u J /kg 
(m) n}, = d + d + u + 1067 MeV :Equarks = 1.029 x 1014J/kg. 

\2 
9G(gMey 

gravity 
2 0 ^ , ( 1 - ( T & ) ) 

Rq 

R star 
(1) 

[2] triggers the QCD phase transition n^ -)• 2mdc + " W ~> ^d + w« + 1067.9 
MeV and generates a quark fire ball of initial radius, Rq, 

u , D (3GmnqMQ - 4:C2mdcRstar + 2c2mnRstar - 2c2mucRstar)2 ,„.. 
•Kj < K-star ~i • l^J 

(GqMemn) 2 
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2 THE BIG CRUNCH EXCLUSION LAW 

Tap = puaU0+p(r)a0+uaup) [3] gives the pressure of the quark-fire ball [4,5,6], 

Pquarks = (3c2(-2md c + (2m2
dc)/md - 2m„c + m2

uc/mu))/(4nr%) (3) 

Crunch Exclusion Law 
IPguarks/Pgravitv = 3928 .7 , T0 = 1 . 1 3 4 5 / m , Ra = Rs = 13 .76km| 

f Tablell r0 = 1.652/m,Pguar*, = 2.23zl036Pa,Pgravi ty = 3.97zl032Pa 1 
\ r0 = 0.750fm,Pquarks = 4.99xl036Pa,Pgravi ty = 5.40zl033Pa J ' 

Tquarks = 4 T n <m'^«.)fl3 (2(rndc - md) + muc - mu) = 4.7xl013K, for, 
e.g., q=1.5. 

This completes the proof of the quark fire ball explosion theorem. 

3 SCHWARZSCHILD'S METRIC - EVENT HORIZONS 

The Newtonian boundary condition [1] for introducing the star mass Mstar = 
qMQ (q = number of solar masses, MQ) into ds:gchw contradicts Quantum 
Electrodynamics and allows no conclusion about radii of event horizons for 
photons from 

ds2schw. = (l-2^^)dt2 + (l-^^)-^r2+r2(d^+sm2M<p2). (4) 

Radii of event horizons for particles and for photons are given by 

GM, 
rrel. _ 

part. 

(5) 

1. S. Chandrasekhar, The Mathematical Theory of Black Holes (Clarendon 
Press, Oxford, 1992) 621. 

2. A.C.Phillips, The Physics of Stars, (John Wiley & Sons, Chisester, 2nd 
ed. 1994) 10. 

3. C.W. Misner, K.S.Thorn and J.A. Wheeler, Gravitation (W.H.Freeman 
and Company, San Francisco, 1973) 139. 

4. C. Syros, Int. Journal of Modern Physics E 8 (1999) 545. 
5. C. Syros, The Standard Model Rules out Spacetime Singularities and 

Black Holes, Int.Conf. for Clustering Phenomena, St. Petersburg, Rus
sia, 14-17 June, 2000. 

6. C. Syros, Letters in Math. Phys., 50 (1999) 29. 
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S T U D Y O F T H E Q U A N T U M N U M B E R - P R O J E C T E D G C M 

K. E N A M I , K. T A N A B E AND N. Y O S H I N A G A 
Department of Physics, Saitama University, Urawa, Saitama 338-8570, Japan 

E-mail: tanabe@riron.ged.saitama-u.ac.jp 

We have realized the generator coordinate method (GCM) calculation combined 
with triaxial spin- and particle number-projections for the single j-shell model with 
the monopole-pairing plus quadrupole-quadrupole interaction. Comparing these 
quantum number-projected GCM (PGCM) results with the exact ones obtained 
from shell model calculation, we have confirmed that the PGCM reproduces exact 
energy spectra of ground and excited states up to 6-hole (also 6-particle) systems, 
and quite accurate results even for the most difficult cases, the half-filled systems. 
Our results encourage further application of the PGCM to realistic cases with many 
nuclear shells. 

The generator coordinate method (GCM),1 as an alternative to the shell 
model approach, had been developed, but the computational difficulty in prac
tice had prevented the application of the GCM with many generator coordi
nates. There have been in the last decade several GCM calculations in different 
levels of approximation.2'3 Our purpose in the present paper is to test as pre
cisely as possible capability and feasibility of the GCM combined with quan
tum number projections (PGCM) making use of a simplified physical situation, 
that allows a reliable calculation which is free from any ambiguity arising from 
numerical method and approximations. 

As for the basis states from which we construct the PGCM states, we em
ploy the Slater determinant for the single j-shell model, i.e. | $NBCS( /3 ,T) ) , 

which is composed of the triaxially deformed Nilsson-BCS solutions of the in
trinsic single-particle wave functions for a given set of deformation parameters 
(P, 7). Two generator coordinates are related to the deformation parameters 
by 

go(/3,7) = <*NBCSGS,7) I$O|*NBCS03,7)> , 

<Z2(/3,7) = - V / 2 ( $ N B C S ( / 3 , 7 ) | Q 2 | * N B C S ( / 3 , T ) ) - (1) 

The p-th. PGCM state specified by a set of exact quantum numbers, i.e. par
ticle number N, spin / and its projection M, is given by a superposition of 
the projected Slater determinants integrated over the whole domain of the 
generator coordinates q(go? 92): 

l*KM)> = / r f 2 i E F%(<dPLxPK\*(<d). (2) 
J K=-I 

mailto:tanabe@riron.ged.saitama-u.ac.jp
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In the above expression, P[fK and PN are triaxial spin - and particle number-
projecton operators, respectively, and details of the projection calculations are 
presented in Refs. 4 '5. For the monopole-pairing plus quadrupole-quadrupole 
interaction (MPI+QQI): 

H=-xPiP-(l-x)Y,dlQr (0<x<l), (3) 

we have solved the Hill-Wheeler equation1 to determine a set of eigensolutions 
{Jj^(q)»-£>*} by means of the finite element method.6-7-8 For the PGCM 
calculation, we need the generalized Wick's theorem 9 extended further to 
the type of the matrix element of a linear transformation operator (e.g. the 
rotation operator fl(£2)) between the left and right Fock states belonging to 
different physical pictures as discriminated by the different symbols a and /3, 
i.e. a{0\aia2 • • • amR(n)f3lf3l • ••(3}l\O)0.

10 

The PGCM calculation yields excellent results, e.g. the PGCM with the 
QQI reproduces exact energy spectra of all the excited states for 4-hole (also 
particle) systems in the j = 11/2 15/2 and 19/2 shells; 6-7 and the PGCM 
with the MPI plus QQI, which requires two dimensional generator coordinates 
as well as the particle number projection, reproduces exact energy spectra 
for the 6-hole (also particle) systems except for the spin 1=1 state in the 
j = 13/2 shell6 '8. Furthermore, it turns out that contributions from triaxial 
deformation are essential to reproduce such an exact results. From this study 
we get an encouraging prospect that the PGCM may be effective even for 
heavier nuclei which require many shells and are far beyond the scope of shell 
model approach. 

1. D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1106 (1953). 
2. P. Bonche, et. a/., Nucl. Phys. A 510, 466 (1990). 
3. A. Valor, P. H. Heenen and P. Bonche, Nucl. Phys. A 671, 145 (2000); 

and further references are therein. 
4. K. Enami, K. Tanabe and N. Yoshinaga, Phys. Rev. C 59, 135 (1999). 
5. K. Enami, K. Tanabe and N. Yoshinaga, Phys. Rev. C 61, 027301 

(2000). 
6. K. Enami, K. Tanabe and N. Yoshinaga, Prog. Part. Nucl. Phys. 46, 

177 (2001). 
7. K. Enami, K. Tanabe and N. Yoshinaga, Phys. Rev. C 63, 043104 

(2001). 
8. K. Enami, K. Tanabe and N. Yoshinaga, submitted to Phys. Rev. C. 
9. K. Hara and S. Iwasaki, Nucl. Phys. A 332, 61 (1979). 

10. K. Tanabe, K. Enami and N. Yoshinaga, Phys. Rev. C 59, 2494 (1999). 
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ASTROPHYSICAL S-FACTORS FROM PERIPHERAL 
TRANSFER REACTION WITH RADIOACTIVE BEAMS 

L. TRACHE, A. AZHARI, C. A. GAGLIARDI, A. M. MUKHAMEDZHANOV, 
X. D. TANG, R. E. TRIBBLE AND F. CARSTOIU* 

Cyclotron Institute, Texas A&M University, College Station, TX 77843, USA 
"Institute of Atomic Physics, Bucharest-Magurele, Romania 

We have shown in the last years that one can determine astrophysical S-factors 
for proton radiative capture reactions using the precise knowledge of the tail of 
the wave function of the last proton in the final nucleus. We first show that from 
peripheral transfer reactions we can extract more precisely and parameter inde
pendent the Asymptotic Normalization Coefficients rather than the spectroscopic 
factors. Peter von Brentano made this observation in the early years of his strip
ping reaction studies. Using reactions induced by radioactive beams at Texas A&M 
University we extracted the S-factors for the 7Be(p,7)8B reaction, crucial for the 
solar neutrino problem, for the 11C(p,7)12N reaction (hot pp chain in novae) and 
a few other reactions. 

A major contribution in nuclear astrophysics is expected from the avail
ability of the radioactive nuclear beams, and indirect methods seem to be an 
alternative to direct measurements. One such indirect method was proposed1 

tested and applied in the last years in our group at TAMU. It is based on the 
simple observation that the radiative capture of charged particles (protons or 
alphas) takes place at large distances from the core nucleus. A single number, 
the Asymptotic Normalization Coefficient (ANC) is sufficient to describe the 
tail of the wave function and to give a precise determination of the astro-
physical S-factor. We showed that the ANC can be extracted from peripheral 
transfer reactions, taking place at energies more accessible in the nuclear lab
oratories (around 10 MeV/u). Its determination from experiment is more 
precise and less parameter dependent than the usual spectroscopic factor. 
This observation was made earlier by P. von Brentano2 from his study of near 
Coulomb barrier (d,p) reactions, where he shows how the "asymptotic nor
malization" or "reduced normalization" (similar to the ANC) is independent 
of the parameters of the nucleon-core potential used in DWBA calculations, 
whereas the spectroscopic factor is not. 

The method was tested and used so far for proton transfer reactions. 
Using the 160(3He,d)17F reaction3 we extracted the ANC for the g.s. and 
first excited state in 1 7 F, calculated the S-factors from it and found them to 
agree very well with those found in a direct determination. The method and 
the procedures applied were carefully tested in various reactions with stable 
beams, including a large series of experiments to determine proper methods 
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Figure 1. Angular distributions for elastic scattering (left) of U C on the melamine target 
and for the proton transfer reaction 1 4 N ( U C , 1 2 N) 1 3C (right). The dashed curves are initial 
optical model calculations (left) or DWBA calculations (right) which are then smeared with 
the experimental resolution using a Monte Carlo simulation (solid curves). 

to find the optical model potentials involved4'5. 7Be, n C and 8B radioactive 
beams were obtained with the mass separator MARS at the K500 supercon
ducting cyclotron. Beams at about 10 MeV/u with intensities of 104 - 106 

part/sec, purity above 98%, and good angular and energy resolution were pro
duced. The 10B(7Be,8B)9Be and 14N(7Be,8B)13C reactions were measured in 
order to determine the ANC for the 8B -»7 Be + p system. From it we deter
mined the Si7-factor for the reaction 7Be(p, 7)8B, the key for understanding 
the solar neutrino production. The value obtained Si7(0) = 17.3 ± 1.8 eV b 
is in good agreement with some direct determinations, is more precise and 
does not dependent on extrapolations from higher energies. Furthermore, the 
ambiguities and sources of systematic errors that affect the present value are 
totally different from those common to the direct measurements. A similar 
measurement 1 4N(UC,1 2N)1 3C (See Fig. 1) was used to determine the ANC 
of the system 12N - > n C + p. From it the contribution of the direct capture 
in the radiative proton capture on n C , a reaction important for the hot pp 
chain, was calculated. 
1. H. M. Xu et al, Phys. Rev. Lett. 73, 2027 (1994). 
2. A. Stromich, B. Steinmetz, R. Bangert, B. Gonsior, M. Roth and P. von 
Brentano, Phys. Rev. C 16, 2193 (1977). 
3. C. A. Gagliardi et al, Phys. Rev. C 59, 1149 (1999). 
4. A. M. Mukhamedzhanov et al, Phys. Rev. C 56, 1302 (1997). 
5. L. Trache et al, Phys. Rev. C 61 , 024612 (2000). 
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T H E S C I S S O R S M O D E N E A R S H E L L C L O S U R E S 

P. VON N E U M A N N - C O S E L " , A.A. K U L I E V b , A. R I C H T E R " , C. SALAMOV c 

* Institut fur Kernphysik, TU Darmstadt, 6^289 Darmstadt, Germany 
b Department of Physics, Sakarya University, Sakarya, Turkey 

c Department of Physics, Dumlupinar University, Kutahya, Turkey 

Calculations of the low-energy Ml and El strengths in transitional nuclei with 
a new RPA approach are presented. The even-mass tellurium isotope chain and 
194,196pj. a r e d ; s c u s s e d a s examples. 

Based on an extensive set of da ta from high-resolution photon scattering 
covering the whole major shell TV — 82 — 126 the global features of the scissors 
mode in heavy nuclei are quite well understood 1 . However, peculiarities re
main to be solved, in particular in nuclei near shell closures where the simple 
geometrical picture of a scissors-like motion of deformed proton and neutron 
bodies breaks down. 

In studies of the low-energy dipole strength in even-mass tellerium iso
topes with the (7 ,7 ' ) react ion 2 ' 3 a two-phonon structure of the scissors mode 
states resulting from the coupling of the collective isoscalar and the lowest 
isovector (mixed-symmetry) quadrupole vibrations was suggested3 . However, 
the interpretation was hampered by the missing parity information because a 
strong two-phonon E l transition is expected in the same energy region due to 
octupole coupling. On the other hand, the two-phonon nature of the scissors 
mode was beautifully demonstrated by a detailed comparison of two-phonon 
and one-phonon transitions for the case of 9 4 M o 4 ' 5 . 

New calculations of the low-energy dipole strength in l22~130r£e a r e p r e . 
sented in the framework of the RPA model of Ref. 6 . By the selection of 
suitable separable effective isoscalar and isovector forces, rotational invariance 
can be restored for the description of the Ml modes as well as translational and 
Galilean invariance for the calculation of E l excitations. Thus, these results 
permit a direct comparison with experimental dipole strength distributions 
deduced from (7 ,7 ' ) experiments. A good description of the da ta in the tel
lurium isotopes is achieved which provides a guideline to extract the scissors 
mode strength and explore its features 7 . 

Another interesting case is the region of 7-softness near the N = 126 shell 
gap. An investigation of the scissors mode in 1 9 6 Pt by real photon scattering at 
the S-DALINAC showed good agreement with the predictions of the 0 ( 6 ) limit 
of IBM-2 8 . A subsequent experiment on 1 9 4 Pt by a Cologne/Darmstadt /Ros-
sendorf collaboration surprisingly suggests an upward shift of the scissor mode 
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Figure 1: Dipole strength distributions from the 1 9 4 , 1 9 6 Pt (7 ,7 ' ) reactions in comparison 
with RPA calculations (Ml: full bars, E l : open bars) described in the text. 

centroid by about 500 keV with respect to the systematics9 in rare-earth nuclei. 
An estimate of possible E l contibutions to the dipole strength distribution de
duced in 1 9 4 Pt would be very import to clarify this finding. First microscopic 
calculations of the M l and E l strength distribution in 1 9 4 . 1 9 6 pt using the above 
model are presented in Fig. 1. While the da ta show slightly more fragmenta
tion, the total dipole strength in 1 9 4 Pt is well accounted for. The upward shift 
of Ex can be reproduced, but depends sensitively on the choice of the pairing 
parameters. For 1 9 6 Pt a good description is achieved at lower energies, but the 
scissor mode strength is overprediced for Ex > 3 MeV. 

R e f e r e n c e s 
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6. A.A. Kuliev et al., Int. J. Med. Phys. E 9, 249 (2000). 
7. A.A. Kuliev et al., Phys. Lett. B, to be published. 
8. P. von Brentano et al., Phys. Rev. Lett. 76, 2029 (1996). 
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QUADRUPOLE SHAPE INVARIANTS A N D SIMPLE 
E2-RELATIONS IN THE Q-PHONON SCHEME 

V. WERNER1, R. V. JOLOS1'2 

1 Institut fur Kernphysik, Universitat zu Koln, 
50937 Koln, Germany 

2 Bogoliubov Laboratory, Joint Institute for Nuclear Research, 
141980 Dubna, Russia 

Considering higher order scalars of the quadrupole operator, a method is developed 
to derive simple relations among the reduced matrix elements of the quadrupole 
operator between low-lying collective states. The accuracy and validity of such 
relations is checked over the whole parameter space of the ECQF Hamiltonian in 
the IBM-1. Nuclei for which all relevant data is available to a high accuracy serve 
to test derived relations. 

1 Method 

Microscopic shell model wave functions of collective nuclear states need a huge 
configurational space. However, the wave functions of some excited states 
can be described by actions of one-body operators on the ground state with 
sufficient accuracy. Thus, in even-even nuclei, low-lying collective states can 
be created by actions of the quadrupole operator on the ground state wave 
function: 

\L+,n) = ^^(0^2)^10+) . (1) 
n 

This scheme is known as the Q-phonon approach (e.g. 1>2). In this approach 
E2 transitions are only allowed between states that differ by one Q-phonon, 
leading to the selection rule AQ = 1, which has been shown to be valid in many 
cases, especially in the A=130 mass region. This selection rule simplifies the 
treatment of quadrupole shape invariants3 '4,5 '6, which can thus be obtained 
from few data. As an example, we consider fourth order scalars by coupling 
four quadrupole operators in three different ways: 

q{o) = (0t\(Q-Q)(Q-Q)\0t), (2) 

?i2) = (of|[[QQ] (2 )[W] (2 )] (0 ) |o+), (3) 

(0) 

ti] = (Of | [[QQ]™[QQ]W] \ot) , (4) 
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rfl _ 3 2 , r 

(5) 

which have been proposed in7 . These shape invariants have been calculated in 
the IBM-1 using the ECQF-Hamiltonian 8, showing an almost proportionality 
of these quantities. Deviations from proportionality are due to the noncom-
mutativity of the quadrupole operator in the IBM, but they are a 1/7V effect 
in the U(5) limit, or a 1/N2 effect in the 0(6) and SU(3), and can be neglected 
in first order. Decomposing the fourth order scalars into sums over E2 matrix 
elements and by application of the Q-phonon selection rule, we obtain relations 
between a few matrix elements in a transparent way9. 

2 Results 

As an example we obtain the relation 

.\LmcOA/ J 

which had similarly been derived in 10. In a first approximation one can use 
coi/co? = l> resulting in a systematical error lower than 10%. Improved results 
can be obtained taking into account an appropriate boson number TV, as for 
the dynamical symmetry limits analytical expressions for the c^ can be given. 
Another relation for Q?+, as well as relations for the B(E2;0QQ —> 2*) tran
sition strength can be obtained in the same way, where OQQ denotes the two-
Q-phonon 0+ state or its fragments. Comparison with data for many nuclei 
with various symmetry properties show a good agreement with the obtained 
relations. Nevertheless, there are discrepancies for some nuclei that need fur
ther study. In some cases data is missing, e.g. for the OQQ configuration, or 
values become very small and thus very accurate data is needed. However, the 
relations are verified in most cases within the experimental errors. 
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DENSITY A N D ENERGY D E P E N D E N T RELATIVISTIC 
M E A N FIELD APPROACH FOR NUCLEAR S T R U C T U R E 

A N D REACTIONS 

S.Typel1-2, T.v.Chossy1, W.Stocker1, H.H.Wolter1 

1 Sektion Physik, Univ. Munchen, Germany; 2 NSCL, MSU, USA 

Recently relativistic mean field models (RMF) have been used with great 
success in describing nuclear matter and finite nuclei, since they provide a new 
mechanism for nuclear saturation through the effective mass, an explanation of 
the strong spin-orbit force and a natural momentum dependence of the optical 
potential. For such an effective field theory different parametrizations have 
been proposed, the most successful being the non-linear model with self inter
actions of the er-meson. A more fundamental approach is the Dirac-Brueckner 
model in nuclear matter with realistic meson exchange interactions, Fock ex
change and 2-body correlations. The self energy in this model is non-linearly 
density dependent and also momentum dependent. This suggests that for finite 
systems in a local density approximation, the self energies should be density 
and momentum dependent. 

A density dependent hadronic field theory was developed sometime ago in 
a covariant way with the following Lagrangian1 

C = W^^iDpi) + c.c] - ^{m - Yaa)il) + £m e«, 
where iD^ = id^ — T^w^ — Tef • Q^ — T7 i^ra. ^ with meson fields (7,0^, g^ 
and the electromagnetic field A^. The coupling vertices Ti(x) are operator-
valued functions. To obtain a density dependence the choices x = ipxp (scalar 
density dependence, SDD) or x = y/j^j^tj'1 = ip^tp (VDD) have been used. 
The functional dependence of the vertex functions r* was taken either from 
DB-calculations or was fitted to a selection of spherical nuclei. It was shown 
in ref.1 that in VDD a very good fit to ground state properties of nuclei across 
the isotopic chart can be obtained. 

However, to describe reactions, e.g. nucleon scattering, the momentum 
dependence of the self energies becomes important, i.e. the Schrodinger equiv
alent optical model potential ReUopt = (£?/m)E0 - E + (Eg - E2)/(2m) should 
have a non-linear energy dependence as the empirical Dirac optical model. The 
following covariant approaches have been proposed: 
(1) As an extension of the VDD or SDD approach one could use x = (V»7/it/>) 
(tpid^ip) or x — ipipi^j^idfitp) or combinations of these, making the coupling 
dependent on derivatives of ip. This makes the self energies to be derivative 
operators. However, these approaches have not been tested in practice yet. 
(2) Another possibility is to couple meson fields to derivatives, as e.g. | ( 1 + 
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E ^ T ^ ^ + CC.], with £" = f ^ m ^ ^ / m 4 - f ^ m ^ a 2 / ^ 4 - This leads to 
density dependent meson masses. 
(3) An extension is to include also vector and tensor derivative couplings 
^(E^iD^tP + E^Yi^rp + cc.) with ££ = - r > ^ / m , E M I / = I ^ o v ^ / m 4 , 
which leads in addition to energy dependent self energies. 

Preliminary fits to the models (2) and (3), denoted here as DC1 and DC2, 
have been performed. In the left figure we show the eos in comparison to the 
non-linear model NL32 , which was very successful in describing finite nuclei, 
the density dependent model VDD and the results of a DB calculation3. Near 
saturation NL3, VDD and DC1 are very close and provide similarly good fits 
to finite nuclei. VDD for higher densities is similarly soft as DB and provides 
better descriptions of heavy ion collisions. DC2 is definitely too soft. In the 
right figure we show the Schrodinger-equivalent optical potential of DC1 and 
DC2 compared to the empirical potential. While DC1, as all purely density 
dependent parametrizations and also as DB at higher energies, eventually leads 
to a linearly energy dependent potential, DC2 is able to parametrize the sat
uration of the optical potential up to about lGeV. However, a more precise 
determination has to be performed to describe simultaneously saturation and 
the optical potential. In principle, however, such a parametrization should be 
able to describe both the structure and nucleon-induced reactions on nuclei. 

1. S. Typel, H.H. Wolter, Nucl. Phys. A 656, 331 (1999). 
2. G.A.Lalazissis, J. Konig, P. Ring, Phys. Rev. C 55, 540 (1997). 
3. B. ter Haar, R. Malfliet, Phys. Rep. 149, 207 (1987). 
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Lifetime measurements of a magnetic shears 
band in 104In 

O. YORDANOV1, E. GALINDO1, M. HAUSMANN1, A. JUNGCLAUS1, G. A. 
MULLER1, K. P. LIEB1, F. BRANDOLINI2, D. NAPOLI3, A. ALGORA3, T. 

MARTINEZ3, A. GADEA4, M. GORSKA5 

lII. Physikalisches Institut, Univ. Gottingen, D-37073 Gottingen, Germany; 
2Dipartimento di Fisica, Universita di Padova, 1-35020 Padova, Italy; 3Istitvto 

Nazionale di Fisica Nucleare, LNL, 1-35020 Legnaro (Padova), Italy; 4 University 
of Valencia; * Gesellschaft fur Schwerionenphysik, D-64291 Darmstadt, Germany 

Kast et al.1 recently published the results of a comprehensive recoil 
distance Doppler lifetime study of the nucleus 104In (Z = 49, N = 55), in 
which they discussed the level structure and transition strengths within the 
nuclear shell model. They employed effective two-body matrix elements and 
a set of single-particle energies adjusted to nuclei in the vicinity of 100Sn2. 
While for the high-spin states, the proton hole clearly is in the g9/2 orbit, the 
distribution of the 5 neutrons in the s ^ i d3/2, d5/2, g7/2 and h n / 2 orbits 
is still a matter of controversy. A sequence of stretched Ml transitions has 
been found at negative parity3, where a single h n / 2 neutron clearly is the 
favorite high-spin orbit carrying the negative parity. 

By using the reaction 58Ni(50Cr,3pn) at 200 MeV beam energy and 
the 77-coincidence array GASP, we determined subpicosecond lifetimes of 
this negative parity yrast band in 104In, via the Doppler shift attenuation 
technique. We employed the recently invented Narrow Gate on Transitions 
Below (NGTB) method4 in the analysis of the Doppler broadened lineshapes 
in order to avoid uncertainties of unknown sidefeeding times. Based on 
the level scheme and 7-ray branching ratios established previously1,3, we 
obtained the lifetimes and B(M1) strengths presented in the Figure. Also 
included are results of the previous RDDS analysis1. 

A closer look at the main partitions of the calculated shell model wavefunc-
tions of these states1 reveals that in the spin range 8~ — 12f the negative 
parity is due to the proton hole in the p x / 2 orbit, while at higher spins, 
starting from 12^ up to 18", the main contribution (up to 10 h) to the spin 
comes from the [7r-1(09/2) <g> 1/(^11/2)] partition. We also note in Figure 1 
that superimposed on the decreasing B(M1) for increasing spin is a rapid 
increase of B(M1) at spin 1 6 ( - ) / 1 7 ^ - This is exactly the spin value at 
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Figure 1. Decay scheme and B(M1) values of the negative-partiy yrast sequence in 104In. 

which the neutron seniority changes from 2 to 4 according to the shell model 
calculation1. It thus appears that the breaking of a neutron pair modifies 
the behavior of the [rr~1{gg/2) ® "(^11/2)] magnetic rotation5. A microscopic 
study of the Ml bands in this mass region close to 100Sn may add to a better 
understanding of the alignment process of nucleons in the high-j orbits at 
small quadrupole deformation, provided that the underlying single particle 
structure can be better assessed. 
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