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The role played by the 1g9/2 orbital vis-a-vis the structure of the recently observed high-

spin yrast cascade in Ni is examined. The anomalous high-spin sequence is correctly
reproduced. A number of electromagnetic transitions are predicted.

NUCLEAR STRUCTURE High-spin yrast levels in Ni: calculated

energies, electromagnetic properties. Shell-model calculations in the

(p3/2 p 1/21f 5/2 g9/2) space.

Recently Kim et al. ' have investigated experi-
mentally the high-spin yrast spectrum in the nu-

cleus Ni through the (a particle or heavy ion, few

nucleons and y) reactions. Their work has-.esta-
blished a somewhat anomalous yrast spin sequence,
9 —+7—+6~4+ ~2+ —+0+. Similar yrast se-

quences (with J,„=7) have also been reported in

the nuclei Ni and Zn by Ballini et al. and
Bruandet et al. , respectively.

As pointed out by Kim et al. , a lack of reliable
theoretical calculations has hindered any interpreta-
tion of the observed yrast schemes so far. A large
number of shell model calculations have earlier
been carried out for Ni with the restriction
that the four extra-core neutrons outside the Ni
core be confined to only the pi/2, p3/i and f&/i or-
bits. However, to have J ) 7 it is necessary to
open the core or include the g9~2 orbit.

Calculations have, in fact, in the recent past also
been attempted by Jaffrin, Shimizu and Arima,
and Parikh with a view to incorporate the former
effect. An important common feature of these at-

tempts was the prediction at rather low excitation
energies (4—5 MeV) of states with J = 8+, 10+ in

doubly even Ni isotopes. Significantly enough, how-

ever, the recent experiments' in ' Ni fail to show

such states up to at least 7 MeV excitation in the

yrast spectrum.
The failure of the earlier attempts is not par-

ticularly surprising. A number of recent experi-
ments have also cast doubts, although somewhat
indirectly, on the adequacy of the configuration
space employed in Refs. 5 and 7. Whereas Couch
et al. , as well as von Ehrenstein and Schiffer,
have found no firm evidence of 1f7/2 holes in the
nuclei in the Ni region (with /1 = 62 —64) from
stripping experiments, McIntyre, ' as well as Be-
tigeri et al.,"presented evidence from single nu-
cleon pickup experiments that the g9/2 configura-
tion does exist in their ground states with substan-
tial particle occupation numbers ( -0.8).

In this paper we report for the first time an exact
shell model study of the high-spin states in Ni em-

ploying a valence space dictated by the above-
mentioned considerations. Our space includes ex-
plicitly the g9i2 orbit at the expense of an omission
of the f7/2 orbit. The relevant effective two-body in-

teraction that we have employed is a renormalized
G matrix due to Kuo' which is the sum of Gb„„
G'3p ]Q and G 2p 211 in the ' Ni core. The single-
particle energies we have taken are (in MeV):
e (p3/i) = 0.0, e (p i/2) = 1.08, e (f5/2) = 0.78, and

e(g9/2) = 3 50.
In Fig, 1 we present a comparison of the calculat-

ed and experimental spectra. Our main aim here is
to study the structure of the high-spin yrast states.
However, for the calculation of these levels to be of
some reliability, it is important to see whether it
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ment of a negative parity to the observed J = 7
state at 5.345 MeV is also consistent with the recent
investigations of Bruandet et ah.

In Table I we display the dominant configura-
tions entering into the wave functions of the yrast
states. An important thing to note here is the non-
collective nature of these states; just 4—5 configura-
tions exhaust more than 85% of the strength of the
complete wave function.

%e move now to a discussion of electromagnetic
observables. In Table II we have given the reduced
transition probabilities for various possible elec-
tromagnetic transitions as well as the static quadru-
pole and magnetic moments for various yrast states.
So far only the 8(E2,2~0) has been experimental-
ly measured. ' In the framework of the present
shell model calculation, we require an effective
charge e = 1.73 for the neutrons in Ni in order to
match the observed and the computed values for the
(2~0) transitions. The effective charge thus ob-
tained has then been used to compute the results
presented in Table II.

A striking feature of our results for the static mo-
ments of the yrast states (see column 6 of Table II)
is that they indicate a distinct and systematic shape
transition along the yrast cascade. If we write' the
wave function of a yrast state as the product of a
deformed intrinsic state times an element of the ro-
tation matrix ax~(8,$), i.e.,

FIG. 1. A comparison between the observed and cal-
culated level schemes. Due to the rapid increase in level

density, only the yrast levels above 3.25 MeV in the ex-

perimental spectrum and only the negative parity levels

above 4.25 MeV in the calculated spectrum are shown.

gives acceptable detailed agreement for the low-lying
parts of the spectrum. From the figure (the portion
inside the rectangle) one observes that this is indeed
So.

Considering next the high-spin yrast spectrum,
the present calculation is seen to be quite successful
in explaining the observed anomalous spin sequence
9~7~6~4~ 2~0. The present calculation al-

lows us to make unambiguous parity assignments of
all the members of the observed yrast cascade ex-

cept the J = 6 state at 4.242 MeV. This is due to
the near-degeneracy of the 6+ and 6 states in the

calculated spectrum. The J = 6+ state (not shown
in Fig. 1) lies just 0.08 MeV above the yrast
J = 6 state. However, as we will discuss a little
later, identifying the parity of the J = 6 yrast level
should not be too diAicult if the half-life measure-
ments we suggest here are carried out. Gur assign-

then the static quadrupole moment g (J) can be re-
lated to the quadrupole moment of the intrinsic
state (Qo) through

3E' —J(J + 1)
(J+ 1)(2J+ 3)

(2)

Assuming this prescription, it is seen that whereas
the computed value of the quadrupole moment for
the J = 2+ state suggests that it can be regarded as
arising from a E = 0, oblate intrinsic state, the
quadrupole moment values for the J & 2 yrast
states are consistent with their (E = 0) prolate
character. The fact that the 8(E2,4+ ~2+) value
is hindered roughly by a factor of 2 compared to
the 8 (E2,2+ ~0+) value also emphasizes a sudden
structural change at J = 2. It is worth mentioning
here that, in the present model, the predictions in-
volving ratios of the SE2 values as well as the static
moments do not depend on the-choice of the effec-
tive charge. The latter is just a scale factor here
since our valence space involves only neutrons, In-
cidentally, a shape transition quite similar to the one
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TABLE I. Wave functions and energies E (experimental as well as theoretical) for the
high-spin yrast cascade in Ni. The subscripts appearing on the wave functions components
indicate the 2j value of the single-particle orbital. The numbers in the parentheses indicate the
seniority of the state. Amplitudes in the range (-0.2, 0.2) have been omitted. The sizes of the
relevant shell model matrices in each case are N )& N.

Wave function E (th) E (exp)

0+ 21 0.58pq (0) + 0.57pz f5'(0) —0.33pp'pi {0)
0.26p g gp (0) + 0.24f5"(0) —0.22f5 gp (0)

0.00 0.00

53 0.66pq'p 1(2) + 0.36pq'(0)f5 (2)
+0.33p+5gg (2) y 0.26pg pl (2)
+0.25pgf5pi(2) + 0.22p3 f5 (4)

2.16 1.33

54 0.81p g'f 5(2) + 0.43p +5'(2)
+0.26p ggp i (2) —0.22p gsgg (2)

3.05 2.51

0.63pg f5gg(2) + 0.62pg gg(2)
+0.30pgp i gg(2)

5.30 (4.26)

40 0.96p g'f 5 (4) —0.24p +5'(4) 5.38

34

14

0.76p, 'f,g, (2) + 0.48f, 'g~{2) +
0.29p p'p egg(2) + 0.21f5gg'(2)
0.86pg'f 5gg(2) + 0.41p gyp egg(4)

5.56

6.92

5.35

6.81

TABLE II. Electromagnetic properties of the members of the yrast cascade in Ni. The

reduced transition probabilities are given in units of e fm i for EL and of IMtv fm' ' for ML
transitions.

E (keV) Type of
transition
(EL/ML)

8 (EL/ML) g (J~)

(efm )

p (J; ) (pN)

2+
4+
6
6+
6+
7

0+
2+
4+
4+
6
6

1332
1172
1757

1083

1083

1462

E2
E2
M2
E2
M2
E2
M1
E1
M2
E2

180.21
78.98

610.98
36.22
2.38
3.11
2.30 x 10
0.00
0.18

114.11

6.57
—7.$3

—41.59
—16.28

—53.28

—64.62

1.49
2.82

—1.22 g 10
4.72

5.11

5.66
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FIG. 2. Observed and theoretical decay schemes for
the yrast levels in Ni. The two theoretical schemes cor-
respond to the two different choices for the parity of the
J = 6 level at 4.242 MeV: (a) negative parity and (b}

positive parity.

we predict here has recently been reported experi-

mentally by Bendjaballah et al. ' in the yrast band
in "Fe.

We now return to the question of the parity as-

signment for the J = 6 level at 4.242 MeV. We
chose for our calculations the energies for the sin-

gle particle p3/p p ]/2 and f,/2 states from the ob-
served spectrum in Ni. However, the energy for
the g9/2 orbit was somewhat empirically taken to be
3.50 MeV. From the present work, it turns out that
although the overall features of the positive- and

negative- parity states separately are affected only

marginally under a reasonable variation of the g9/2
energy, the (6+ —6 ) energy separation is almost

linearly dependent on e(g9/g). The observed yrast

decay scheme does not presently rule out either of
the two theoretical schemes presented in Fig. 2. We
have presented here the half-life estimates corre-

sponding to the two schemes. A remarkable diA'er-

ence between the two schemes lies in their predic-
tions of the half-life values for the observed J = 7
level at 5.345 MeV—whereas the value arising from
the decay sequence (a) is about 17.5 psec, that
resulting from the sequence (b) is about 0.27 p,sec,
which is roughly 15 390 times longer. The identifi-

cation of the correct yrast scheme through half-life

as well as polarization measurements would not

only be interesting in itself but would also help very

much in ascertaining the position of the g9/2 orbit in

Ni with good accuracy.

. Summarizing, a reasonably successful microscopic
description of thy recently observed, anomalous

high-spin yrast cascade in Ni can be given provid-

ed one considers an explicit inclusion of the g9/2 or-

bit in the valence space. A number of electromag-

netic transitions have been predicted; The necessity

of carrying out certain specific measurements in the

context of making the present model more precise
for Ni—as well as for a number of other nuclei

in the A = 60—70 mass region —is pointed out.

Note added in proof: After this paper was sub-

mitted, the recent experimental work of Moyat
et al. ' as we11 as Kearns et al. ' was brought to
our notice. The half-life measurements reported in
these investigations are consistent with the theoret-
ical decay sequence TH(b) presented here.
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