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Conventional shell-model calculations of the iron isotopes with A = 56—60 are discussed. The calculated
level spectra are in good ag'reement with experiment. The calculations of E2 observables are in reasonable

agreement with experiment when added effective charges of 1.0e are used for both neutrons and protons. The
neutron effective charge is significantly different from one appropriate (1.9e) for ' Ni. There is a strong state
dependence in the effective M1 operator, and calculations of M1 observables are in general disagreement
with experiment. An analysis of the structure of ground-state bands and yrast levels is made in terms of a
simple rotational model. In all even isotopes, the intrinsic quadrupole moments in the ground-state "band"
shrink dramatically with increasing J. There is evidence of a band crossing in all three even isotopes, but no
evidence is found for an abrupt shape change in the ground-state bands of these nuclei. It is concluded that
no simple rotational model gives a good description of the low-lying states of the iron isotopes.

NUCLEAR STRUCTURE Fe, 'Fe, Fe, Fe, 6 Fe, calculated levels. 56Fe,

Fe, 6 Fe, calculated B(M1), B(E2), P, branching ratios. Shell model, Vervier
interaction, Horie-Ogawa interaction, effective operators. Comparison with ex-

periment and rotational model.

I . INTRODUCTION

Among the earliest "large" shell-model calcula-
tions1 2 were those of the isotopes 56Fe, 57Fe, and
58Fe. In those calculations, energy levels and
some spectroscopic factors for one- and two-neutron
transfer reactions were calculated, and the results
were compared with experiment. No investigation of
electromagnetic observables was made at that time.
Since then, a significant body of new experimental
information on energy levels, branching ratios,
lifetimes, and reduced transition probabilities has
been reported on the isotopes 56-5"Fe, as well as
on 59Fe and 60Fe. In particular, there has been
considerable interest3~4 in the structure of the
high-spin states in these nuclei. Also, several
papers&-8 discuss the possible existence of an
abrupt shape change between 56Fe and 58Fe. Because
of the experimental activity in this region, it is
useful to extend the shell-model calculations to
the high-spin states, to calculate the electromag-
netic observables in all the isotopes from 56Fe and
~OFe, to see how well such data can be correlated
by the shell model, and to investigate the question
of the shape change in these nuclei. In Section II,
the model we use is discussed and compared with
other models for this same region. In Section III,
the calculated energy levels are compared with ex-
periment. In Section IV, the calculation of elec-
tromagnetic observables is discussed. The effective
transition operators are defined there, and calcula-
ted results are compared with experimental results.
In Section V, the structure of these isotopes is
discussed in terms of bands. The findings are sum-
marized in Section VI.

I I. DISCUSSION OF THE MODEL

The calculations reported here are all made in
the framework of the conventional shell model. The
same model was used in previous calculations1~2 of
the 56-58Fe isotopes. An inert 48Ca core is as-
sumed. The six protons are restricted to the Of7/2

shell. The active neutron space includes the 1p3/2,
Of5/2, and lp3/2 orbits. The effective Hamiltonian
is then, in obvious notation,

" =
Hpp + Hnn + "pn + "p-core Hn-core

There are four matrix elements of Hpp in this model
space invol ving the ) f7/22 J) state. The matrix
elements are chosen to be 0, 1.41, 2.55, and 2.97
MeV for the J=O, 2, 4, and 6 states, so as essenti-
ally to reproduce the observed9 low-lying states of
54Fe within this same model space Hp core is set
= 0, since we treat only excitation energies, ,and
there is only one proton orbit in the calculation.
Hn core, the neutron single-particle energies, are
taken from the observed single-particle states in
49Ca, i.e. ,

&3/2 = 0 &]/2 = 2 ~ 07, and ~5/2 = 3.96.

Hpn i s taken from the wor k of Vervier. 10 He assum-
ed a del ta function force for Hpn, and adjusted the
force strengths to reproduce thenspectrum of 57Nl
in the shell-model space we use here, i.e. ,

E. 3/2 = 0 F 5/2 = 0.80, and E. 1/2 = 1 ~ 06 ~

For Hnn we use a neutron interaction determined by
Cohen et al. 11 They treated the isotopes of Ni in
a space where a closed 56Ni core is assumed and
neutrons occupy the same orbits as are included in .

the model space used here. The nickel isotopes are
fit with an r.m. s. deviation of =250 keV, so the
calculations reported here have an error of that
order because of uncertainties in the n-n space.
(The n-n interaction we used was obtained from S.
Cohen prior to the Cohen et al. , publication. Some
matrix elements differ by =10 keV from the publish-
ed matrix e1ements. )

Thus, the effective shell-model Hamiltonian is
essentially taken from the literature and used with-
out change in these calculations. Within the model
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FIG. 2. Comparison between calculated and ex-
perimentally known (Ref. 14) energy levels in S7Fe.
Shell model (I) refers to the use of the Vervier
interaction and shell model (II) to the Hori e-Ogawa
interaction. All energies are in keV. Dashed
lines connect several analogous states.

There are calculated states with spin J = 17/2-
23/2 for the two interactions at the energies (in
MeV) given in Table I. There is no experimental
information avail abl e on the position of these high-
spin states.

Levels in 58Fe

In Fig. 3, the spectrum of positive parity states
observed below 4.444 MeV is shown, as well as the
position of the 7+ and 8+ states at 4.668 and 5.340
MeV, respectively. In the calculated spectrum of
states labeled Shell Model (I), the Vervier inter-
action, all states calculated below 4.43 MeV are
shown, and also states with J &6 which lie below
5.30 Me Y. For the Hori e-Ogawa interacti on, al 1

states calculated below 4.46 MeV are shown, except
for the 2+ and 4+ states, where only the lowest six
states are shown. In addition, in this calculated
spectrum, all states with J &6 below 5.25 MeV are
shown. The theory-experiment agreement here is ex-
ceptionally good, better than can be expected from
the input'. For the Yervier interaction, the r.m. s.
deviation between theory and experiment for all ob-
served states below 3.63 MeV for which plausible
experimentally-based spin assignments are available
is 161 keV. For the Horie-Ogawa interaction, it is
181 keV. There are high-spin states in the calcu-
lations for which experimental analogs are not yet
known. The calculated excitation energies (in MeV)
of the lowest two states for all allowed J values
greater than 6 are listed in Table II. Thus, the
structure of the calculated spectra of high-spin
states is very similar for the Vervier and for the
Horie-Ogawa interaction.

D. Levels in 59Fe

The spectrum of observed negative parity states
in 59Fe is shown in Fig. 4, as is the spectrum of
states calculated wit'h the Vervier interaction. In
this case, and for 60Fe, we used only one interac-
tion since the differences between the results cal-
culated with the Horie-Ogawa and Vervier interac-
tions in 5 Fe are not qualitatively different.
For 59Fe and 60Fe the matrices are large enough
that the calculations become costly. It is diffi-
cult to make any theory-experiment comparisons for
59Fe because of a lack of fi rm spi n

assignments�

. To
date, there is also little information on high-spin
states. For completeness, the lowest two calculated
excitation energies (in MeV) for all possible spins
J & 15/2 are listed in Table I I I.

1/2 level are shown, as well as the three known
high-spin states. Because of the highly expanded
energy scale, the theory-experiment discrepancies
appear somewhat more significant than for the even
isotopes. In fact, for both calculations (Vervier
and Horie-Ogawa), the r.m. s. deviation between
theory and experiment for the lowest 11 states in
the observed spectrum is about 230 keV, close to
the already-recognized error in the n-n interac-
tion. The Vervier interaction gives a ground state
triplet in agreement with experiment, while the
Horie-Ogawa interaction does better for some of the
excited states. For the high-spin states with J" =

13/2 and 15/2-, there is again little qualitative
difference between the two calculated spectra or
between the calculated spectra and the measured one.

Horie-
Vervier Ogawa

Horie-
Vervier Ogawa

17/2 4.26
4.87

4.70
5.00

21/2 6.95
7.43

6.83
7.58

19/2 5.74
6.38

5.93
6.49

23/2 8.70 8.80

TABLE I. CalciIlated energies (in MeV) of high-
spin states in 5/Fe.
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TABLE II. Calculated energies (in I/IeV) of' high-
spin states in 58Fe.
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FIG. 3. Comparison between calculated and ex-
perimentally known (Ref. 14) energy levels in Fe.58
Shell model (I) refers to the use of the Vervier
interaction and shell model (II} to the Horie-Ogawa
interaction. All energies are in keV. Dashed
1 ines connect several anal ogous states.
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E. Levels in 6OFe

The calculated and observed spectra of 60Fe are
shown in Fig. 5. All known positive parity states
below 4.36 NeV are shown, and all states calculated
below 4.47 NeV. The theory-experiment agreement is
satisfactory for states observed below 3 NeV if the
two states which are suggested at 1.67 and 1.88 NeV
are actually not there. These states were proposed
from a study of the &BCa(IBO,a2nV) reaction. IB Re-
ferring to Fig. 5, there are not enough spin as-
signments for levels above 3 MeV in the experimental
spectrum to permit any believable comparisons. Me

1 ist in Tabl e l V the lowest two calculated excita-
tion energies (in NeV) for spins J & 6 in 6OFe.
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FIG. 4. Comparison between calculated (with the
Vervier interaction} and experimentally known

{Ref. 14) energy levels in BgFe. All energies are
in keV.
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Table III. Calculated energies (in YieV) of high-
spin states in 59Fe.

TABLE IV. Calculated energies (in MeV) of high-
spln states in 60Fe.

J~ Vel vier

3.66
4.92

J" Vervier

21/2 5.92
6.87

J" Vervier

6+ 3.80
4.00

J~ Vervier

Io+ S.OB
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7.19
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5.43.
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SHELL MDDEL
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FIG. 5. Comparison between calculated (with the
Vervier interaction) and experimentally known
(Ref. 14) energy levels in ~OFe. All energies are
in IvteV, because several experimentally known level s
above 3.0 IvIeV have energy uncertainties exceeding
10 keV.

Thus, in summary, the shell-model calculations of
the 56 60Fe isotopes account for the systematic be-
havior of the excitation energies of low-lying
levels quite well. The data for "9~60Fe are too
sparse for meaningful comparisons. There are pre-
dicted a number of high-spin states at relatively
low excitation energies. For those cases where
such levels are observed, the agreement is good
enough to give confidence that there should be ex-
perimental analogs of these calculated states with-
in 200-400 keV of the predicted posi tions.

I V. CALCULATIONS OF ELECTRONAGiNETIC OBSERVABLES

A. Effective operators

Me next discuss the calculation of electromagne-
tic observables in these nuclei. Ne consider only
Ml and E2 observables since the model space does
not allow any parity changing transitions and there
i s 'tittle, if any, data on transitions of higher
multi polarity. In the calculation of electromagne-
tic observables the usual approach in shell-model
technology is to use effective operators to include
effects not explicitly included in the shell-model
calculations such as core polarization. In the
model space used here, the effective operators in
principle should be those appropriate for 49Ca and
49Ti . Since we deal with nuclei rather far from
the closed shel], it is perhaps more appropriate to
choose operators which fit observed data in nuclei
nearer in mass to the system we treat, and then see
if these same operators fit the observed data in
the Fe isotopes. Therefore, we first considered
the isotopes 58Ni and 54Fe in model spaces comple-
tely analogous to the one used for the Fe isotopes.
Thus, 58Ni is two neutrons in the f5/2, p3/2, and

p1/2 neutron orbits, with a closed f7/28 proton
shell. The J4Fe nucleus is treated as six protons
in the f7/2 shell. Me assume state-independent ef-
fective one-body operators, and use harmonic oscil-
lator wave functions with the oscillator parameters
determined from the relation %~ = 41 A1/3. Me thus
assume one effective neutron charge for all neutron
transitions, and one effecti ve proton charge for all
proton transitions. If we define the effective
charges to be those which reproduce the observed
B(E2) values for the transition from the first 2+
to the ground state in 58Ni and 54Fe, respectively,
we obtain the following effective charges:

&n = 1.9 e, and &p = 1.2 e.
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Therefore, the total proton charge employed in our
calculations is 2.2 e. Both these effective charges
are significantly larger than those found for the
closed-shell nuclei 160 and 40Ca, where values less
than 0.5 e are found.

We derive information about the effective Ml op-
erator from information on magnetic moments in this
mass reg i on. For the f7/2 proton orbit, there are
measured magnetic moments for the lowest 2+ and 6+
states in 54Fe. In our model space, these wave
functions are pure I f7/26, J& states. We list here,
in units of nuclear magnetons (uN), the measured u
values16 and the values calculated with the bare
nucleon magnetic moment operator:

Calculated Measured

2+
1

6+
2

+3.32

+9.96

+(2.86 + 0.56)

+(8.22 + 0.18)

This suggests that the effective Ml operator for
the f7/2 proton orbit in our model space is roughly
state independent, and it is quenched by about 15$
with respect to the, bare operator. There are a num.-
ber of measured magnetic moments in the Ni isotopes.
In a recent paper by Hass, et a1. , 17 the mea-
sured magnetic moments of the ground states of
57s59s61s63Ni an'd of the first 2+ states in
58 60 62Ni are summarized. There is a strong sup-
pression of the observed moments with respect to
the Schmidt values for the isotopes with A &61,
while the observed values agree roughly with the
Schmidt values for the isotopes with A, &62. All
the observed moments are well reproduced by a cal-
culation17 in which one-particle excitations from
the fg/2 shell are included. The bare Ml operator
has the form

Ml ~+ &p &p+ &n&n ~

The matrix element of the 0 operator is large for
the spin-flip transition (j = s +-,'}~(j = s - —,'}.
These results are consistent with saying as long as
there are f5/2 neutron holes, there is a large con-
tribution from states where an f7/2 neutron is ex-
cited to the f512 orbit. When the f5/2 orbit is
starting to fill, around A = 62, the core-excitation
effect is quenched, and the Schmidt value is repro-
duced. No one has successfully reproduced this
trend in the data with a constant, state-independent
effective Nl operator acting in a pure (p7g2, fp2,
ply2)A-56 model for the Ni isotopes. (For a report
of one effort, see Ref. 18). Thus, if Ml transitions
are important in the Fe isotopes, we can anticipate
some difficulty in reproducing the data with the
bare Ml operator.

We have made several simple calculations to see
1 f one-particle excitations of the f7/2 shell have
strong effects on the E2 observables in 54Fe and
58Ni. For 54Fe we include configurations f7/214
and f7y2&3 (p3y2, ply2, f5)2)~ and for 58Ni we include

the configurations fp2&6 (pBg2, ply2, f5y2)2 and

fp215 (p3g2, ply2, f5g2) . For the two-body inter-
act&on, we employ the Kuo-Brown interactions deri-
ved19 from the Hamada-Johnston potential for use in
shell-model calculations with a 40Ca core and par-
ticles in the (fp} shell. Thus, the interaction is
not appropriate for the model space. The question
we ask is, "does including f7/2 excitation introduce
large changes in the calculated E2 transitions? ".

For this purpose, the interaction i s probably ade-
quate. The singl e-parti cl e energies are sel ected
so that the observed spectrum of 57Ni is roughly
reproduced in the spa« f7j216 (p3y2 ply2. f5/2)1 ~

We then do a series of. calculations in Rich the
f7/2 orbit is varied with respect to the p3/2 pl/2
and f5/p orbits in such a way as to vary the amount
of lp-lh excitation of the f7g216 configuration
from 10$-35$. In these calculations, we assume the
same state-independent, effective charge for neu-
trons and protons, i.e. , & „= &

p
= 1.0 e. We use

the bare Ml operator to calculate the magnetic mo-
ments in iron and nickel isotopes in the same model
spaces. In Table It we show the calculated results
for the 8 E2) for the first 2+ to ground state in
54Fe and 8Ni, the magnetic moment for the first 2+
states in 54Fe and 58Ni, and the magnetic moment
for the ground state of 5"Ni.

We see that in atl cases the inclusion of core
excitation leads to dis.iinct improvement in the ca-
lculated observables. For the magnetic moments,
these results are consistent with Hass, et . al. , 17
for the Ni isotopes, i.e. , the only new result here
is that for the magnetic moment of 54Fe. For the
E2 transitions, it is possible to reproduce, at
least qualitatfvely, the observed data in both 54Fe
and 58Ni with similar neutron and proton effective
charges (Th. ese E2 results are consistent with the
results of Glaudemans, et. a1. , 20 which were re-
ceived as this manuscript was in preparation. )

One can expect difficulties in using state-
independent effective operators in the calculations
of the iron isotopes reported here, particularly
for Ml observables. The Ml observables are strongly
affected by core-excitation effects which we omit
from the calculations, and the core-excitation ef-
fects vary significantly from nucleus to nucleus,
in large measures because of Pauli blocking effects.
In other words, the effects we would try to mock up
with a state-independent operator are strongly
state dependent. A lengthier discussion of these
and related problems is presented by Pasquini and
Zuker. 21

B. E2 Observables in ground-state bands of
56, 58, 60Fe

We first compare E2 transition strengths for the
decay of the lowest 2+ state to the ground state in
the three even-even isotopes 56~58~6UFe. In Table
VI are shown the values calculated with the two
sets of effective charges. In one case we used
~p = 1.2 e, ~ n

= 1.9 e for reasons discussed above.
In the second case we used &p = ~n = 1.0 e. There
are large discrepancies if we use the effective
charges suggested by the E2 transitions in 54Fe and
58Fe (i.e. , coIumn A}. From measurements, the E2,
strength for this transition remains roughly con-
stant as a function of the mass number, while the
calculated value increases by 70$ between 56Fe and
60Fe. There is significant improvement if the ef-
fecti ve charges are reduced to ~

p
= ~ n

= 1.0 e. In
this case, the calculated values are roughly com-
parabl e wi th experiment, and the increase in thi s
strength as a function of the mass number is sig-
nificantly less.

Also shown in Table YI are the calculated B(E2)
values for transitions between members of what. might
be identified as ground-state bands in 56 58 60Fe.
There is a particularly interesting feature in this
experimental data which has been commented on pre-
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Table V. Selected Nl and E2 obsess vables in 54Fe, 57Ni, and 58Ni. For E2 observables
an added effective charge of 1.0 e is used for both neutrons and protons. For Nl ob-
servables, the bare Nl operator is used. The columns headed "X Core excitation" show
results calculated in model spaces when the indicated percentage of the wave function
is made up of wave functions with one particle excited from the f7y2 shell.

Nucleus Operator Experimenta

Calculation
'f. Core excitation

0$ 15$ 25$ 35$

B(E2) 2+~ 0+ (e2fm4)

2+ Magnetic moment (uN)

(128 + 10)
+(2.86 + 0.56)

98 150 160 190

+3.32 +2.74 +2.64 +2.44

57Ni 3/2& Magnetic moment (u&) +(0.88 + 0.06) -1.92 -0.92 -0.68 -0.37

58Ni B(E2) 2+~ 0+ (e2fm4)

2+, Magnetic moment (u&)

(139 + 5)

-(0.06 + 0.12)

42 97 113 139

-0.31 -0.27 -0.19 -0.02

aThe B(E2) values are from S. Raman, W. T. Milner, C. W. Nestor, Jr. , and P. H. Stelson,
Contributed paper, Proceedings of the International Conference on Nuclear Structure
(Organizing Committee of the Tokyo Conference, 1977) p. ?9 and to be published. The
magnetic moments are from Ref. 16.

viously. 7 If one identifies as states in a rota-
tional band those states which are connected by
strong E2 transitions then the 6+ member of the
ground-state band in ~6Fe is the second 6+ state,
and not the lowest one, so that there is something
like a band crossing in this nucleus at the 6+
1 evel . Thi s feature, and the other qual i tati ve
features of the relative B(E2) strengths in the
ground-state band of 56Fe are reproduced by the
shell-model calculations, as was observed previ-
ously. " In 58Fe, a similar structure seems to exist
(certainly in the calculations but also suggested
by the measurements) but here the "crossing" occurs
at the 8+ level. This shift is also reproduced
by the calculations.

The quadrupole moment of the first 2+ state in
56Fe is known16 to be -(24 + 3) e fm2, in excellent
agreement with the value of -20 e fm2 which is cal-
culated with ~p = ~n = 1.0 e. A value of +(29 + 8)
e fm2 for the quadrupole moment in 58Fe has been
reported. 22 This value is in sharp disagreement
with the calculated (with ~p = en = 1.0 e) value of
-21 e fm2. The reported measured value was used8
to infer a rather abrupt shape change between 56Fe
and 58Fe. However, experimental problems were found
in the 58Fe measurement, and the work has not been
published formally. As indicated previously, & a
measurement of thi s number would be of si gnificant
interest.

In summary, the E2 observables for many observed
E2 properties for the "ground-state bands" in 56Fe,
58Fe, and 60Fe are reproduced extremely well by the
shell-model calculations. The relative B(E2) values
for these transi tions are insensi ti ve to the assumed
effective charges. The absolute values suggest that
the effective neutron charge in 56 58 60Fe is sig-
nificantly smaller than that implied by a comparison

of theory and experiment for 58Ni . A more extended
discussion of the "band" structure in these nuclei
is given below.

C. Branching ratios

There exists considerable data on branching ratios
for the decay of excited states in 56Fe, 58Fe, and
60Fe. The branching ratios are, of course, func-
tions of the transi tion energies and the transi tion
matrix elements. In calculating branching ratios,
we use the measured decay energies as opposed to
the calculated ones. Thus, any discrepancy arises
from inaccuracies in the calculated matrix elements,
and not from energy discrepancies. In the calcu-
lations discussed here, E2 matrix elements are cal-
culated with &p = &n = 1.0 e. The Nl matrix ele-
ments are calculated with the free-nucleon operator.

In Table VII the calculated and observed branch-
ing ratios for the decay of three excited states in
56Fe are shown. The table also shows the calcu-
lated E2 and Ml widths in electron volts. There is
reasonable agreement for the branching ratios in
the decay of the 6z and 7~+ states. There is an
inversion of strength for the decay of the 8&+ state.
This defect is not present in the calculations made
with the Horie-Ogawa interaction as discussed by
Bendjaballah, et 'al. 5 For the 6+ and 7+ states,
the calculated brariching ratios would be in quali-
tati ve agreement wi th experiment i f Nl contributions
were ignored. However, the calculated Nl strength
dominates the E2 strength for the decay of the 7+~

state. There is a rather strong Nl branch calcu-
lated for the 8+ state, but not seen experimentally.
States in 56Fe can be considered approximately as
54Fe states coupled to 58Ni states. Recall that the
neutron Nl operator was quenched by core-excitation
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Nucleus

B(E2); f (e2fm4)

Cal cul ation Experimenta

A B

TABLE VI. B(E2) values for transitions between
low-lying levels in 56pe, 58Fe and 60Fe. The column
headed "A" shows results ca1cu1ated with the added
effective charges ~n = 1.9 e and &p

= 1.2 e. The
column headed "B" shows results calculated with
added effective charges of 1.0 e for neutrons and
protons. The symbol "n.c." denotes not calculated.

J tt ~ J%
i f

Calculation
I (E2) r (Ml)

(ev) (ev)

Branching

Ratio (%)

Cal cu- Experi-

lation menta

TABLE VII. Branching ratios in 56Fe. In these
calculations an added effective charge of 1.0 e is
used for neutrons and protons. The bare Ml operator
is used to calculate magnetic contributions.

56Fe 2+ ~ 0+
1 1

4+ 2+
1

360

457

176

224

206 + 10

295 + 79

6+ ~ 4+ 0.19 x 10-2
2 1

4+ 0 33 x 10-6
2

~ 6+ 0.34 x 10-6
1 0.18 x 10 3

91

0

9

78+4

22+4

6+ 4+ 57 32 56
+ 43
- 29 71+ ~ 61+ 0.27 x 10 3

~ 62+ 0.99 x 10 5

0.20 x 10-1

0.16 x 10-2
93

?

82+ 3

18+3

58Fe

6+~ 4+
2 1

8+~ 6+
1 1

8+ 6+
1 2

2+ 0+
1 1

nec ~ 12

n.c. 103

55+ 7

60'+ ll

515 226 180 + 10

361 176 250 + 43

8+~ 6+
1 1

+ 6+

~ 7+
1

0.22 x 10-3

0.64 x 10-3

0.25 x 10 6 0.25 x 10-3

19

57

23

73+ 4

27+4

4+~ 2+
1 1 571 223 740

'310
-170

aFrom Ref. 7.

6+ ~ 4+
1 1

8+~ 6+
1

8+ ~ 6+
2

8+~ 6+
2 1

n.c. 262

nec o 10

nc 37

n.c. 174

205 + 23

33 + 15

92 + 36

60Fe 2+ ~ 0+
1

598 239 186 + 38

4+ 2+
1 1 787 311 190

+ 63
- 38

aThe B(E2) values for the 2~+ states are from S.
Raman, W. T. Milner, C. W. Nestor, Jr. , and P. H.
Stel son, Contributed paper, Proceedings of the
International . Conference on Nuclear Structure
(Organizing Committee of the Tokyo Conference,
1977) p. 79 and to be published. The remaining
B(E2) values for BbFe, BBFe, and BOFe are from
Refs. 7, 8, and 3, respectively.

effects in 58Ni. Thus, one should be concerned
that the large Ml contributions in the calculations
for 56Fe are spurious.

In Table VIII, the calculated and observed branch-
ing ratios of Ml and E2 widths for the decays of
four states in 58Fe are shown. With the exception
of the decay of the 42 state, the theory-experiment
agreement is quite unsatisfactory. The Ml widths
are crucial in almost all of these decays. If the
Ml strengths for the decays of the 22 and 31 states
were significantly quenched, there could be reason-

able agreement for the branching ratios 1n these
nuclei. On the other hand, the agreement for the 42+

branching depends on the large Ml widths, and there
is a suggestion they should be slight1y larger. For
the 5+1 decay, one would need to have the large Ml
width to the 42+ state instead of to the 4+1 state.
All this assumes that the E2 strengths'are accurate
in the calculations, a very strong assumption. But
it is obvious that no overall state-independent re-
normalization of the Ml strength can lead to good
agreement for the branching ratios in 58pe.

Table IX shows the calculated and observed branch-
ing ratios for the decay of the 2+ and 3&+ states in
~OFe. For each of these cases, tie Ml w&dths dom-
inate the calculated branching ratios, and there is
generally poor agreement with experiment. If the Ml

spectra were strongly quenched, the E2 transitions
by themselves would account for the branching ratios
of the 22 state, but the calculations imply that the
Ml trans~tions are too weak for. the decay of the 31+

state.
We conclude that in the absence of a usable ef-

fective Ml operator for the model space we employ,
the model is inadequate for a meaningful calcula-
tion of branching ratios where competition between
Ml and E2 is possible.

V. "BAND STRUCTURE" IN THE EVEN-IRON ISOTOPES

There is agreement between theory and experiment
that there are enhanced E2 transitions between the
lowest 0+, 2+, and 4+ states in the isotopes 56Fe,
58Fe, and 60Fe. This behavior is suggesti ve of a
rotational behavior, and it raises the question of
the character of the collective behavior of other
states in the low-lying spectrum of these isotopes.
Since there is no unambiguous experimental data



838 J. B. McGRORY AND S. RAMAN 20

J. ~Jf

Calculation

r(E2) r(M1)

(eV) (eV)

Branching

Ratio (1)
Cal cu- Experi-

lation menta

22+ ~ 0&+ 0.64 x 10 4

~ 2~ 0.22 x 10 4 0.18 x 10

9 42+ 7

91 58 + 9

3+ ~ 2+ 0.11 x 10 0.39 x 10-5
j.

~ 2&+ 0.54 x 10 5 0.18 x 10 4

39 67+ 10

60 33 + 5

4+ ~ 2+
2 1

2+
2

4+

~ 3+1

0.86 x 10 3

0.40 x 10 4

0.48 x 10-6

0.20 x 10-5
0.36 x 10-3

0.40 x 10 4

66 43 + 7

3 9+ 4

27 35 + 6

3 13+ 2

TABLE VIII. Branching ratios in 58Fe. In these
calculations an added effective charge of 1.0 e is
used for neutrons and protons. The bare Ml operator
i s used to calculate magnetic contributions.

about E2 transitions between the higher spin states
in these isotopes, we have treated the calculated
B(E2) values as "experimental" data, and we have
studied these data for "evidence of collective be-
havior". To do this, we collected all the "data" on
strong B(E2) values (strong here is & 100 e2 fm4)
and looked for sets of states connected by strong
transitions. There are a number of such transitions
outside the so-called ground-state bands, but we

could find no clear pattern in 56Fe and 58Fe. In
the case of 60Fe, there does appear in the cal cul a-
tions a set of states which are strongly coupled
and which are not coupled to the "ground-state band"
states. We have attempted to summarize this in
Table X. hie show there the ground-state bands [de-
f ined as the lowest even J states for J ) 4 which
are coupled to the 1 owest J = 0, 2, and 4 states by
strong E2 transitions], and indicate for the states
in this band the B(E2) values and the static qua-
drupole moments. We have also looked further to
the question of whether these nuclei are truly ro-
tational. In particular, can the calculated prop-
erties be reproduced by a common rotational model
prescription that the wave function can be written
as the product of a deformed instinsic state, y
times an element of the rotation matrix DgM(g, y),
l oe ~,

J J
~M KM K

'

5+ ~ 4+
1

~ 3+
1

4+
2

0.38 x 10 5

0.30 x 10 4

0.14 x 10 6

aFrom Ref. 8.

0.60 x 10-5 4 69 + 11

0.12 x 10-3 77 weak

19 31 + 5

3K - J(J+1)

(J+l)(2J+3)
Qo ~

In this model the static quadrupole moment is
related to the quadrupole moment of the intrinsic
state through the relation

J". ~ J"
i f

Calculation

r(E2) r (Ml)

(eV) (eV)

Branchi ng

Ratio (%)

Calcu- Experi-

lation menta

2+ ~ 0+ 0.28 x 10 3
2 1

~ 2+ 0.26 x 10-3 0.16 x 10 2
1

13

86

55+8
45+6

3+ ~ 2+ 0.12 x 10-6

~ 4&+ 0.25 x 10 5

~ 22+ 0.58 x 10-8

0.13 x 10 3

0.17 x 10-3

0.26 x 10-5

72+5

25+2

aFrom E. B. Norman, C. N. Davids, M. J. Murphy, and
R. C. Pardo, Phys. Rev. C 17, 2156 (1978).

TABLE IX. Branching ratios in 60Fe. In these
calculations an added effective charge of 1.0 e is
used for neutrons and protons. The bare Ml operator
is used to calculate magnetic contributions.

If we assume this prescription and a given value of
K, we can calculate the intrinsic quadrupole mo-
ment, Qo, from the static moment. In Table X we

give the intrinsic quadrupole moment implied by the
static moment and the assumption that K = 0.

Consider first the ground-state "band", i.e. ,
those states beginning with the ground state which
are connected by large E2 matrix elements. There
is a very similar pattern for all three isotopes.
There is a set of positive parity states with J =

0, 2, 4, 6, and 8 in all isotopes which have large
connecting B(E2) values, and which are character-
ized by a quadrupole moment which implies a prolate
shape. If we assume that each state is a projection
from an intrinsic state, as defined above, then we

see a strong diminution in the intrinsic moment as
one moves up the ground-state band in J. There is
no state above the 8+ state in any of the three
calculations which has a strong B(E2) to the 8+
state of the ground-state band. In all three cases,
one or two members of the ground-state band are not
the yrast levels, so there is something akin to a
"band crossing". In all three cases, for transi-
tions involving states with J & 6, the ratio of the
calculated B(E2) to the B(E2) calculated from the
2) ~ 0~ transition is considerably reduced vis-a-vis
the rotational model prediction. Thus, except for
the high degree of E2 collectivity, there is little
relation between the shell-model result and a pic-
ture of states projected from a single intrinsic
state. Parikh23 has reported on some Hartree-Fock
calculations in this mass region. He finds that
the lowest oblate and prolate states are almost de-
generate. This is consistent with our results.
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TABLE X. Electric quadrupole observables in 56~58~60Fe "Bands". Al'l observables
are calculated with an added effective charge of 1.0 e for neutrons and protons. Po
is intrinsic quadrupole moment as defined in the text.

B{E2)J~J 2 ()o

(e2 fm4) (e fm2) J".

B(E2)J J-2 i)o

(e2 fm&) (e fm2) J,".

B(E2)J J-2 ()o

{e2 fm4) (e fm2)

Q+1
2+

1
4+l
6+
2

8+,

176

224

176

103

-29
-18

0+

2+

4+

6+

8+

226

233

262

174

-27

Q+
1

2+
1

4+

6+
2

8+

0+
2

2+
2

6+8

8+
1

1Q+
1

12+

239

311

187

46

137

149

95

-34
-30

16

15

35

46

53 .

aThere is no obvious candidate for the 4+ member of the second band from the calcula-
tions.

For the first even-J states outside the ground-
state band, there is no strong pattern for 56Fe
and 58Fe. For both' nuclei, the quadrupole moments
for the highest spin values suggest an oblate shape.
For 60Fe, there is a suggestion of a pattern. There
are relatively large B(E2) values for the 6+, B+,
10+, and 12+ states. These are summarized in Table

In addition, all these states have quadrupole
moments consistent with an oblate deformation, where
the implied intrinsic moment increases in size as
the spin increases. In a finite dimensional shell-
model space, the highest spin state is that obtain-
ed by putting the particles in the highest allowed
m state. In the model space treated here, the high-
est spin state occupied by the protbns is a 6+
state. The quadrupole moment is the expectation
value of the g2 operator in the state lail = J. Thus,
for J = 6, the protons are aligned as much as pos-
sible with the Z axis, i.e. , the particles are in
the (j,m) = (7/2, 7/2) and (7/2, 5/2) states, respec-
tively. Thus, the motion of the particle is pre-
dominantly in the plane perpendicular to the Z axis,i.e. , strongly oblate. The calculations imply that
the neutrons align themselves in this way as much
as possible. As the number of neutrons increases,
there seems to be a tendency for the particles to
align to give oblate deformations at lower J values.
There is an interesting pattern in the intrinsic
quadrupole moments of the yrast states in 60Fe.
For the lowest J values, the intrinsic moments are
large prolate, and they decrease in size as J in-
creases. Then as J goes beyond 6, the yrast levels
have oblate intrinsic moments which increase as J
increases to a maximum for the highest spin J = 12
state. If there is any physical significance to
these intrinsic moments, a picture is suggested of
a very soft rotating nucleus which starts out in a
prolate configuration at the lowest spin, and "anti-

stretches" with increasing J. There is then a
band crossing, and the centrifugal force gradually
changes the shape to produce an increasingly oblate
nucleus. The pattern is obviously suggestive of
the behavior, proposed by the Copenhagen school, 24
of strongly deformed nuclei at very high angular
momentum.

In Fig. 6 the calculated eigenvalues of the lowest
six states of each spin are plotted as a function
of J(J+1). The states which are coupled strongly to
the ground state by E2 transitions are connected by
a solid line. All these states have prolate static
quadrupole moments. The even-J, yrast levels with
J & 6 are connected by a dashed lihe. This line is
very straight, suggestive of a good rotor. If it
is projected back to low spin, it comes very close
to the 2z state which also has a reasonably large
oblate quadrupole moment. This state has a strong
decay to the Qz+ level. This plot suggests a classic
band-crossing solution. There appears to be a dis-
tinct oblate band which mixes rather strongly with
the prolate band states at J = 4 and J = 6 but which
is relatively pure above J = 6. One could hope
that with higher energy heavy-ion beams, the proba-
bility of populating the 12+ and 10+ members of
this oblate part of the yrast spectrum will be large
enough that one might study these levels.

VI. SUMMARY OF RESULTS

Me have summarized here in some detail convention-
al shell-model calculations of the iron isotopes,
insofar as excitation energies and electromagnetic
properties are concerned. To the extent that there
is information on the position of high-spin states
in these nuclei, the calculations are in reasonable
a'greement with experiment. In general, the calcula-
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III I I I I [ I
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I-
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X
LU

0
J~ 012 5 4 5 6 7 8

J(J+ 1)

F IG. 6. The cal cul ated exci tat i on energi es, in
NeV, of the lowest six eigenvalues in 60Fe cor-
responding to positive parity states with spins
from J=O to J=12 plotted as a function of J(J+1).
The solid line joins all states starting from the
ground state which are connected by strong E2
transitions. The dashed line joins a separate
set of states connected by similarly strong E2
transitions.

tions are in striking agreement wi th experiment, for
the lowest 3 NeV of excitation.

The calculations of the B(E2) and B(M1) values
for transitions involving low-lying states in these
nuclei depend very critically on the effective op-
erators which are used in the calculations. There
i s a large di fference between the neutron effective
charges needed in the Ni isotopes in a closed f7/2
shell model and those needed in the Fe isotopes. We

have checked the importance of single-particle ex-
citations from the f7/2 shell to the p3/2 p1/2,
and f5/2 shel] s in calculations of 54Fe and
58Ni . The effects are much stronger in 58Ni . The
difference presumably reflects the fact that in
54Fe, in lowest order (wf772 2), there are proton
decays allowed, while in 58Ni, in lowest order,
there are no contributions from the proton. Thus,

proton excitations in 58Ni should make a larger
change in B(E2) calculations. Me have found that
the f7/2 hole excitations not only lead to better
agreements for calculations of the magnetic moments
of the Ni isotopes as previously reported, but that
they also give shifts in the right direction for
the 2+ and 6~ states in 54Fe.

When we use effective charges arbitrarily chosen
to fit the magnitude of the B(E2) values in 56Fe
and 58Fe for the 2&+ ~ 0&+ transitions, we find that
the measured relative B(E2) values for the transi-
tions in the ground-state bands are rather well ac-
counted for by the calculations. The measured
branching ratios are very poorly reproduced by the
calculations. This is due, in large measure, to
the strong state dependence of the effective N1 op-
erator which is known to exist for the Ni isotopes.
We can offer no simple, fix for this discrepancy.
The explicit inclusion of f7/2 excitations in the
calculations leads to prohibitively large matrices
for 58-60Fe.

The calculations show no evidence for a sudden
shape transi tion for the ground-state band between
56Fe and 58Fe. In the absence of any confirmation
of the change in the quadrupole moment of the lowest
2+ state in these isotopes, there is no experi-
mental evidence for the change either. There is
evidence of an interesting phase change in the yrast
levels of 60Fe. The yrast states for J = 0, 2, 4
are prolate, while for J = 6, 8, 10, and 12, they
are oblate. The shell model has a long history of
successfully describing yrast levels for low-spin
states, so that there is reasonable expectation
that the high-spin yrast states described here for
60Fe have some reasonable analog experimentally.

The previously reported results of Parikh, 23 and
the results summarized here suggest that a single
rotational model is not applicable for these normal
parity states. Several authors7 13 25 26 have sug-
gested that an aligned-coupling scheme may be more
applicable. A discussion of the calculation of the
even-iron isotopes 56a58~60Fe in an aligned-coupling
scheme will be published in a subsequent paper.
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