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A large-scale shell-model calculation on S6Fe including positive parity states with spins up to J = 15 shows that several 
states in the yrast region may be of a particular nature. These states can be arranged m groups of which the gamma decay 
and quadrupole moments show a collective behavlour. The signature of each group is the f7/2 hole structure. This structure 
is coupled to a definite Jhole and Thole with the spin Jhole being as large as possible. The level density above the yrast re- 
gion turns out to be largely independent of J. 

Nuclei near A = 56 are interesting for further theo- 
retical and experimental investigation since they are 
light enough to be treated microscopically in quite 
some detail, while these nuclei probably are also 
heavy enough to exhibit some collective properties. 
A nice example for a microscopic treatment is the 
nucleus 56Fe for which some collective properties 
have been the subject of  experimental [ 1 - 3 ]  and 
theoretical [ 2 - 4 ]  investigations. 

Very recently large-scale shell-model calculations 
on positive-parity states in 54-56Fe have been per- 
formed [5]. It has been demonstrated that many prop- 
erties of  these isotopes can be described well in a 
( fT/2)m(fs /2P3/2Pl /2)  n model space with m >~ 13 
and n ~< 3, i.e. up to three holes in the closed f7/2 
shell have been taken into account. Two quite differ- 
ent effective interactions have been investigated (i) 
a realistic interaction derived from slightly modified 
[5] Kuo-Brown  matrix elements (denoted by KB) 
and (ii) two-body matrix elements from the schematic 
Surface Delta Interaction [6] (denoted by SDI). In 
particular for 56Fe a nice one-to-one correspondence 
exasts between theory and experiment for all states 
below 4 MeV excitation energy. For KB the average 

deviation between experimental and theoretical exci- 
tation energies turns out to be less than 100 keV. Also 
spectroscopic factors for single-particle transfer as 
well as electromagnetic transition strengths and mo- 
ments can be well explained with only very few devia- 
tions. In general KB is found to be superior to SDI. 
For SDI the fs/2 occupation numbers are considerably 
larger than for KB. The experimental S-factor for 
pick-up on 56Fe favours the SDI value [5]. 

With the success of  the detailed interpretation of  
the properties of  low-lying states in 56Fe in mind, a 
shell-model investigation of  other observables in this 
nucleus becomes more meaningful. Presently we 
would like to discuss some remarkable properties of  
high-spin states ( J =  8 - 1 5 )  in 56Fe which have been 
obtained with the same interactions (KB and SDI) 
and model space as used in ref. [5]. These states are 
interesting because one can investigate the possible 
appearance of  collective features in the yrast region 
from a microscopic point of  view. 

The calculated excitation energies obtained with 
KB for the ten lowest eigenstates of  each J are pre- 
sented in fig. 1. The excitation energies obtained with 
the very different SDI matrix elements show a nearly 
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Fig. 1. Exci ta t ion  energies o f  the lowest  ten  states wi th  posi- 
tive par i ty  of  each J obta ined  wi th  the KB interact ion for  
56Fe. The vertically placed numbers represent the total num- 
ber of states for each J in the present model space. 

identical behaviour. The yrast and yrast-plus-one 
states for J ~< 6 follow a collective pattern, with the 
typical oscillatory behaviour. For J > 6 the excitation 
energies increase proportionally with j2.  Moving away 
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from the yrast line one finds a smooth behaviour of  
the excitation energies as a function of  J with a dip at 
about J = 2, see fig. 1. The level density as a function 
of  J turns out to be largely independent of  the dimen- 
sions of  the matrices which are also shown in fig. 1. 
One should note also that the yrast and yrast-plus- 
one states are barely depressed with respect to the 
other states. 

A detailed investigation of  the electromagnetic 
properties of  the lowest four states of  each J reveals 
that the states can be divided into two sets: (i) those 
connected by rather large M1 and/or E2 transition 
strengths, and (ii) states fed or deexcited by transi- 
tions of  which the strengths are in general an order 
of magnitude smaller. The first set and the correspond- 
ing strong transitions are shown in figs. 2 and 3 for 
KB and SDI, respectively. This set contains nearly all 
yrast states and many yrast-plus-one states. The breaks 
a t J ~ .  10 must be related to the fact that J = 10 is the 
largest spin possible in the two-hole (f7/2)14(fs/2P3/2 
Pl/2) 2 model space. 

It is seen from figs. 2 and 3 that the'KB and SDI 
predictions agree with each other in many aspects. 
The most remarkable difference occurs for the K = 0 
ground-state band, which for KB stops at J = 8 but for 
SDI continues up to J = 14. 

The electric transition rates and moments for 
elgenstates of  a pure three-hole character (J/> 11) as 
well as for eigenstates dominated by more than 90% 
intensity of  three-hole components (J = 92, 101 for 

Ftg. 2. Electromagnetic properties of selected states (see text) m S6Fe obtained with the KB interaction. The quadrupole and 
dipole moments as well as E2 and M1 transition strengths are displayed as is indicated on top of the second group of states. 
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Fig. 3. Electromagnetic properties of selected states (see text) 
in S6Fe obtained with SDI. See further caption of fig. 2. 

KB a n d J  = 101 for SDI) have been calculated with 
the effective charges of ep = 2.0 e and e n = 1.0 e. 
These charges have been used also for the 101 ~ 81 
transition with SDI. For all other moments and tran- 
sitions which connect eigenstates of a mixed two- 
hole three-hole character, the effective charges ep = 
1.5 e and e n = 0.5 e have been used. The assumption 
of different effective charges is based on the idea that 
for the two-hole states the first-order correction, i.e. 
three-hole admixtures, are taken into account, where- 
as the three-hole intruder states do not contain four- 
hole admixtures in the present model space. It should 
be remarked that for Ae = 1.0 e all E2 strengths are 
about a factor of two larger than for Ae = 0.5 e. For 
magnetic dipole transitions and moments the bare- 
nucleon M1 operator has been used. 

The properties of the second group of states (J = 
6 -10)  are nearly identical for both interactions. How- 
ever, for J ~ 10-15 one Finds only one group for SDI 
and two groups for KB. The latter two KB groups con- 
tain the states J n ='101, 12 2 and 14 2 which for SDI 
belong to the ground-state band. However, within the 
lowest four KB states of each J no candidates are 
found for a continuation of the K = 0 ground-state 
band. It should be stressed that almost all transition 
strengths between states of different groups are much 
smaller than those presented in figs. 2 and 3. The Jn = 
1, 3 and 5 yrast states are not shown since they do 
not belong to one of the groups given and moreover 
their decay properties depend very much on the 
choice of the interaction. 

The states shown in figs. 2 and 3 are also interest- 
ing since they are described by typical wave functions, 
which distinguish them clearly from all other states. 
Although the number of components for each wave 
function is rather large (in general several hundreds, 
see fig. 1) the main intensity, i.e. more than 50%, is 
concentrated in at most ten components. Moreover, 
states in one group all have the same structure. The 
latter can be specified as follows. For both interac- 
tions the ground-state band for J ~< 8 and the second 
group (J = 6 -10)  are dominated (~-~450%)by f~-/~ con- 
tributions. The SDI ground-state band for J /> 10 is 
characterized by excitation of an f7/2 proton into 
the orbits f5/2, P3/2 and Pl/2, whereas the members 
of the remaining groups are described by excitation 
of an f7/2 neutron into the upper fp-shell orbits, see 
also ref. [5]. 

Except for the J = 0, 2, 4 and 6 states of the 
ground-state band the holes are always coupled to 
maximum spin Jhole which is constant within each 
group. The particles are coupled to Jpartiele which in- 
creases with J. One has J = Jhole + Jparficle in a stretch- 
ed coupling scheme when this is possible for a given 
J, Jhole and Jpartiele, see below. The dominant struc- 
ture of the groups shown in figs. 2 and 3 can be inter- 
preted in a weak-coupling picture with a 56Ni core 
as follows: 

(i) the SDI ground-state band with J />  8: 

-3 (f7/2)Jh=15/2,Th=3/2 ® (r3)jp=l/2,5/2 ..... 13/2,Tp=1/2, 
(ii) the J =  6 - 1 0  group: 

-2 (r2)jp=O,2,4,Tp=l ' (f7/2)Jh = 6, Th= 1 ® 

(iii) the J /> 9 groups: 

-3 r 3 
(f7/2)dh=19/2,Th=l/2 ® (')dp=3/2,5/2,...,ll/2,Tp=3/2, 

where Jh = Jhole and Jp = Jpartiele while r denotes the 
P 3/2, fs/2, P 1/2 orbits. The weak-coupling interpreta. 
tion is supported also by the calculated magnetic mo- 
ments. The results obtained from the additivity rela- 
tion for g-factors [6], using the hole and particle 
structures mentioned above as building blocks, have 
been calculated from available wave functions for the 
5f'~7~ nuclei 53Mn, 53Fe and 54Fe and the r n nuclei 

i, 59Ni and 59Cu. The g-factors thus obtained 
from the additivity relation are in quantitative agree- 
ment with the exact values given in figs. 2 and 3. The 
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quadrupole moments given in figs. 2 and 3 are found 
to satisfy the relation Q ~ Qhole + Qparticle- 

Experimentally only the properties of states with 
J ~< 8 are investigated. The strong transitions observed 
between the first four members of  the ground-state 
band support the present description, although the 
rather large experimental errors prevent a more de- 
tailed comparison with the theory. For example, the 
61 state decays [1] by a (1.3 + 0.3)% branch to the 
4 2 state, but with the lifetime of at most 8 ps as given 
in ref. [2] one obtains a strength of at least 60 W.u., 
which seems to be exceptionally large and in disagree- 
ment with the calculated strength of about 1 W.u. 

Summarizing one can say that the present extensive 
microscopic calculation on 56Fe yields several states 
of a remarkable nature, at least for the two interac- 
tions KB and SDI presently investigated. Experimental 
investigations on 56Fe as a test of the present predic- 
tions would be most interesting for a better under- 
standing of the relation between microscopic and col- 
lective properties. 
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