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Effective N N Interaction and Electromagnetic Operators Deduced from the Tabakin
Potential: Application to Nickel Isotopes*
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The properties of low-lying states of even and odd nickel isotopes are derived by means of the quasiparticle
second —Tamm-Dancoff theories in the frame of the mixed configurations (2psls, 1fgs, 2pus, 1gsts)". The
Tabakin potential renormalized for particle-hole excitations of the core is used. The agreement between
theoretical and experimental spectra is good for Ni' "but becomes worse for Nie'~'. Calculated effective
electromagnetic operators are used to compute E2 and M1 transition rates, E2 and M1 static moments, and
inelastic electron scattering form factors. The theory fails in the case of the E2 operator, while it is successful
for the M1 operator. Spectroscopic factors for one-nucleon transfer reactions are calculated and found to be
in general agreement with experiment.

I. INTRODUCTION

ECENTLY, ' ~ the nuclear shell model and its
approximations have been extensively applied

to the study of nickel isotopes within the mixed neutron
conlgurations (2ps/s, 1 fsts, 2p&ts)". From the existing
literature one can draw some definite conclusions which
we can summarize as follows.

The shell-model description of the nickel isotopes in
terms of the above configurations is able to reproduce
in a semiquantitative way the experimental levels. ' "
On the other hand, the first and second quasiparticle
approximations reproduce well the results of the
exact shell-model calculations. 4 6 ~ Nevertheless, the
inQuence of neglected configurations must somehow be
taken into account. This fact manifests itself in two
different ways. First, the eGect of virtual transitions to
neglected configurations must necessarily be taken into
account when one tries to use within the valence shells
a force derived from a realistic nucleon-nucleon inter-
action. ' Second, effective E2 and 3f1 operators, quite
different from the corresponding "bare" ones, must be
used to explain the electromagnetic properties of nuclear
states. '
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In the present work we adopt the microscopic point
of view, i.e., we try to avoid as far as we can the in-
troduction of quantities to be determined in a phenom-
enological way. We use the one-three (QTD 13), two
(QTD), and two-four (QSTD) quasiparticle Tamm-
Dancoff approximations, and we extend the configura-
tion mixing to include the ig9~~ shell because this level
may be of importance for the heaviest isotopes. The
two-body force is that of Tabakin corrected for core
polarization according to the method of Kuo and
Brown. s The effective operators to be used in evalu-
ating the electromagnetic properties of nuclear states
are calculated, using the adopted two-body force,
in a way consistent with the method used to "core-
polarize" the two-body force itself. '0

The greatest limitation of our calculation, as also of
similar ones, is the lack of a self-consistent determina-
tion (in the Hartree sense) of the single-particle or
single-quasiparticle parameters. The results of such
calculations are not yet available in the literature. In
such a situation we are forced to use a phenomenological
approach. Our choice of the valence single-particle
energy levels is essentially based on the experimental
levels of Ni5~. The single-particle energy levels for shells
outside the valence region are chosen according to a
simple, reasonable rule. Actually, the results of the
core-polarization procedure are insensitive to the
details of such a choice. We use harmonic-oscillator
radial wave functions.

In order to appreciate properly the quality of the
agreement with the experimental data which has been

s T. T. S. Kuo and G. E. Brown, Nucl. Phys. 83, 40 (1966);
A92, 481 (1967);T. T. S. Kuo, ibid. A90, 199 (1967).

M. Gmitro, J. Hendekovic, and J. Sawicki, Phys. Rev. 169,
983 (1968).

'0 M. Gmitro, A. Rimini, J. Sawicki, and T. Weber, Phys. Rev.
175, 1243 (1968).
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obtained, it must be stressed that, in practice, no ad-
justable parameter has been used. In fact, the only
parameter for which we have tried various values is the
energy of the 1g9~2 level. It turned out that the results
are practically insensitive to a rather large variation of
this parameter, with the only obvious exception of the
3 and —,'+ levels of the even and odd isotopes, respec-
tively.

II. SPECTRA AND ELECTROMAGNETIC
PROPERTIES OF EVEN NICKEL ISOTOPES

We calculate the properties of low-lying states of
nickel isotopes within the con6gurations (2pg/2 ifp/2,

2pJ/g 1gg/g) ", gg being the number of neutrons exceeding
28. Inclusion of the ig9~~ among the valence shells
allows us to construct 3 states. In agreement with
most authors, ' ~ we take for the unperturbed single-
particle (sp) energies Ep(2pg/g) Ep(ifp/g) Ep(2p/~),
the values obtained from the experimental spectrum of
Ni'~, i.e., 0, 0.78, 1.08 MeV, respectively.

Fol Ep(lgg/g) we have tried several values ranging
from 3 to 5 MeV. ' ' "We found that only the 3 states
are sensitive to this parameter in a relevant way. In
fact, the quasiparticle (qp) energies and the occupation
probabilities for the three lowest-valence shells change
little when Ep(igg/g) is varied in the above range. We
choose Eo(igg/g) =3.5 MeV, which gives rather good
results for the energies of the 3 states.

The two-body interaction within the chosen con-
figurations is obtained from Tabakin potential" by
renormalizing for one-particle —one-hole excitations
of the core. ' ' We use harmonic-oscillator radial wave
functions with size parameter b=2.063 F, this value
being obtained by 6tting the rms radius of Ni". Holes
(h) run on the six core shells ipg/g, ip~/g, 1dp/g, 2s~/g,

idg/g, and 1f7/gParticles ,(p) run on the four valence
shells, and on the four upper shells 1g7~» 2dst& 2d'3/2y

and 3s&~2. Since the occupation probability of the
valence shells is small, we do not correct for the partial
inhibition of the excitations from core to valence shells
due to the Pauli principle. For the same reason we do
not take into account excitations from valence to upper
shells. The energy denominators are "simplified", '
i.e., they are taken equal to the difference Ep(p)—Ep (h) between particle and hole sp energies. These are
chosen to be

Ep(i pg/g) =Ep(1p»g) =Ep(id«g) =Ep(2»/g)

=Ep(idg/g) = —10 MeV,

Eo(if'/g) = —5 MeV

Ep(2pg/g) =0, Ep(ifp/g) =0.78 MeV

Ep(2p~/g) = 1.08 MeV, Ep(1gg/g) =3.5 MeV,

Eo(ig7/g) =Eo(2ds/g) =Eo(2dg/g) =Eo (3st/g) = 10 MeV

"R. Arvieu, E. Salusti, and M. Veneroni, Phys. Letters 8,
334 (1964)."F.Tabakin, Ann. Phys. (N.Y.) 30, 51 (1964).

The Inost delicate choice here is that of the position of
the 1f7/g level. A smaller value of the (1f&/g)-valence

energy gap would be perhaps more realistic since the
2.6-MeV level of Ni'~ is indicated as an excitation from
the 11'7/g shell, ' but for a significantly smaller value it
would be hard to believe in the core-polarization pro-
cedure. Essentially, we choose the smallest value of the
energy gap for which the core-polarization procedure
makes sense, and we test its consequences.

The Bogolyubov-Valatin canonical transformation is
performed to dehne qp's. The parameters in the
transformation are determined by the usual BCS
equations. " Self-energies due to valence particles are
not supposed to be included in the sp energies Eo, and
are therefore added to the Eo's.

To calcula, te the QSTD eigenvectors and eigenvalues
corresponding to the low-lying states of the even Ni
isotopes, we construct the complete orthonormal bases
involving all possible two-qp and four-qp excitations of
the considered J . The dimensions of the QSTD
secular matrices are for 0+, 26)&26; for 2+, 59&&59; for
3+, 46)&46; for 4+, 57&57; and for 3, 47&47.

Before diagonalizing our secular matrices, we project
out the spurious vectors due to nucleon number non-
conservation entirely lying in our Hilbert space."For
J =0, we use both definitions of four-qp spurious
vector, with ((0

~
f,gg)AO) and without ((0

~
f,g4')=0)

component on the qp vacuum. For J @0+, in which
case all definitions give practically the same results, we
use the dehnition "with blocking. ""

The QTD and QSTD spectra for Ni's, Ni' Ni"
and Ni" are given in Table I. The agreement with
experimental values has a semiquantitative character.
This can be called a good result, since no adjustment of
parameters Lexcept Ep(igg/g) 7 was performed. The
agreement is better for Ni" and Ni than for Ni" and
Ni". This fact can be due to a possible inadequacy, for
the heaviest isotopes, of our choice of the single-
particle energies essentially based on the levels of
Nips. It is seen that the QTD and QSTD spectra are
similar and that, correspondingly, the four-quasi-
particle percentages in the QSTD wave functions are
small. This indicates that the residual interaction
between quasiparticles is small when compared to
quasiparticle energies. For J =0+, we give in Table I
the results obtained with both definitions of spurious
vectors. As already known, " the de6nition with qp-
vacuum component causes a rather strong depletion
of the qp-vacuum component in the ground state.

To compute electromagnetic transition rates and
inelastic electron scattering form factors, we use
effective electromagnetic operators. We calculate such
operators in a way consistent with the procedure

"M. Baranger, Phys. Rev. 120, 957 (1960)."P. L. Ottaviani, M. Savoia, J. Sawicki, and A. Tomasini,
Phys. Rev. 153, 1138 (1967).

"M. Gmitro, A. Rimini, J. Sawicki, and T. Weber, Phys. Rev.
D3, 964 (1968).
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TABLE II. EGective charge matrix for the E2 operators. The
corresponding values obtained with "complete" denominators
(see Ref. 10) are given in parenthesis.

2P2 2P2 ]f6 ig2

2P2

2P2

ig2

0.4694
(0.5034)

0.8091
(0.8179)

0.4694
(0.5034)

0.4710

0.8552
(0.8609)

0.8091
(0.8179)

0.8552
(0.8609)

0.8266

0.5116

A

Oz~, = Q e;r;"I'),„(n,), (3)

and the reduced matrix element is defined as in Ref. 17.
Our calculated B(E2, Ot+~2t+) 's are given in Table III.

' M. Gmitro, A. Rimini, J. Sawicki, and T. Weber, Phys. Rev.
Letters 21, 1185 (1968).

~~ A. R. Edmonds, Angllar Momentum im Qeuetgm Mechanics
(Princeton University Press, Princeton, N. J., 195'I).

adopted in renormalizing the interaction for core
polarization, i.e., we take into account the interaction of
valence neutrons with photons through one-particle-
one-hole excitations of the core. Details of the theory
of effective electromagnetic operators are given in
Refs. 10 and 16. The same particle-hole excitations
considered in renormalizing the interaction are taken
into account. The energy denominators are also the
same. For electron scattering our effective operators
are calculated at each value of the momentum transfer.
Usually effective electromagnetic operators are simu-

lated by assigning to valence particles a phenomeno-
logical effective charge di6erent from the free-particle
one. In order to compare our wave functions with those
of other authors we calculate electromagnetic observ-
able quantities with both types of effective operators.

We define an effective charge matrix by

ez(n', n) = (n'
II

OE&"'
II n)/&n' II Ozg II n), f (1)

where (n'
II Oeq II n)„r is the sp matrix element cal-

culated with neutron effective charge eq'"=1. The
matrix es(n', n) for the E2 operator in the long-wave-
length limit is given in Table II. For comparison, we

give in parentheses below each o6-diagonal matrix
element the corresponding one calculated with "com-
plete"" denominators. As we can see, these elements
are systematically a little larger than those with
"simplified" denominators. Nevertheless the difference
is very little and gives only negligible differences in
transition rates.

Reduced transition rates are defined by

~(~) =LII'&»'+~)&l&~r II O»& «&
II Z, )I (2)

where

~ M

tD

O
cd ~

cd

cd 0

c6 V

cd
m ~
(D

cd

cd

"2
C4

cd m

g 0
E00O u

~E
R( g~
es P)

cd

g~ C4

0 0
O ~tA, ~

0

C5 v

gq O

~ w cd

~O
cd

(D

cd O

0

M

Oo

CO

CD

C&

C&

ll)

Ch

Pl

Ch
fV)

C4

ctj

cti

A

~\

A

8
~ IE

d0

d
cd

0

V3

g
F4
4



185 X-S INTERACTION AND ELECTROMAGNETIC OPERATOR S 1237

lo-& TABLE IV. Form factors ) F P for the reactions Ni~ (e, e')
Ni~(24+) and Ni &(e, e')Nipp(34 ). Column labeled e4h is obtained
with the calculated e6ective operators. Experimental values are
taken from Ref. 21.

]0 3

8 8 q
(MeV) (deg) (F ')

10'[ F
&eff = 1 &gh Expt

45. 12 70 0.259 1.124 0.334 2.55

)F.

10 4

45. 18

45. 19

45.25

90 0.319

110 0.370

130 0.410

2.055 0 ' 622

2.910 0.897

6.13

7.94

3.525 1.104 10.89

59.95 90 0.425 3.414 1.066 11.12 2I+

54.80 110 0.449 3.819 1.209 12.69

Io-&

0. 5 0. 6 0. 7 0, 8 0. 8 1.0 I, l 1, 2 1.3

59.94 110 0.492

150 0.526

4. 152 1.337 14.93

4.359 1.436 15.84

Fro. 1. Form factors [ F; I' for the reaction Ni" (e, e')Ni~(24+)
at 183 MeV as a function of the momentum transfer Q. Curve 1
is obtained with e"f=i, curve 2, with the calculated effective
operators. Experimental bars are taken from Ref. 20.

Spurious vectors without qp-vacuum components are
used for the 0~+ states. Consideration of the results
obtained with e2'"=1 shows that a value e2'" 2
would be necessary to get argeement with experiment.
This is essentially consistent with what is obtained by
other authors with diferent models and effective
interactions. ' ' On the other hand, our calculated
effective charge matrix of Table II has elements equal
to about 0.5 or 0.8. Correspondingly, the quantities
8 (E2, 0t+~2t+) given by the calculated effective
operator are too small by a factor of the order of 10.
Better results could be obtained by modifying the value
of Ep(if7(s), but it seems more reasonable to conclude
that the particle-hole theory of the eGective E2 opera-
tor fails in the frame of the configuration mixing con-
sidered here.

The B(E2)'s for transitions other than Ot+—+2t+
have revealed themselves highly unstable. For ex-
ample, the quantity 8 (E2, 2&+~0t+) for Ni" is reduced

64.23 110 0.528 4.319 1.412 16.48

59.95

54.80

59.94

63.72

54.38

90

110

110

110

150

0.415 0.872 0.168

0.438 1.156 0.227

0.481 1.532 0.307

0.512 1.817 0.371

0.513 1.997 0.412

1.39

2.05

2.74 3I

3.56

3.61

TABLE V. The same as Table IV, but for Ni".

8 8 q
(MeV) (deg) (F ') e,ff 1

104[v
Expt

45 ' 10

45. 18

70 0.259 1.484 0.805

90 0.320 2.713 1.481

2.55

5.91

by a factor 25 vrhen the calculated effective operator is
used instead of the operator corresponding to e2'"=1.
Similarly, the quantity B(E2, 2p+~0t+) for Ni'P is
increased by a factor 2. Clearly (see Table II), this
indicates that the result is due to the game of cancella-
tions. Owing to the uncertainties which affect our
(and other authors') wave functions and electro-
magnetic operators, no reliable predictions can be made

10 2 45. 17 110 0.370 3.830 2.106 8.82

10 3

0

x

45.28 130 0.411 4.632 2.562 10.82 21

54.88 110 0.451 5.008 2.781 13.28

56.10 120 0.487 5.413 3.024 14.12

64.24 110 0.529 5.596 3.143 16.68

10

56.24

60.27

56.25

60.25

70 0.329 0.061 0.016

70 0.316 0.052 0.014

70 0.340 0.069 0.019

90 0.390 0.139 0.038

90 0.419 0 ' 179 0.049

0.60

0.46

0.51

0.68

1.01 31-

10-5
0. 5 0.6 0. 7 O. S 1, 0 1.1 1. 2 1.3

Fzo. 2. The same as Fig. 1, but for the reaction Ni~ (e, e') Ni" (34 ).

56.24 110 0.452 0.256 0.072

56.10 120 0.476 0.313 0.089

60.26 150 0.572 0.533 0.160

1.47

2.09

3.84
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TABLE VI. QTD 13 spectra for the odd Ni isotopes. Energies are in MeV. Three-qp percentages are given in parentheses beside each
QTD 13 eigenvalue. Experimental values are taken from Refs. 23-25.

Ni"
QTD 13 Expt

Ni"
QTD 13

Ni6'
QTD 13 Expt

1—
2 0.41 (8)

2.59 (96)

0.47

(1.31)

0.00 (10)

2.12 (92)

0.28

(0.65)

0.00 (5)

2.64 (97)

0.00

(1.01)

3—
2

0.00 (2)

2. 14 (99)

2.28 (99)

0.00

0.89

0.46 (2)

2.12 (100)

2.44 (98)

0.00

(1.11)

1.17

0.78 (3)

2. 19 (98)

2.44 (98)

0.16

0.53

0.82 (5)

1.52 (97)

0.34

(1.69)

0.70 (3)

1.94 (99)

0.07

0.91

0.22 (4)

2.03 (99)

0.09

2.53 (100)
2.68 (100)

2.63 (6)
4.45 (99)

(1.97)

(2.65)

3.07

2.38 (100)
3.02 (100)

1.99 (7)
3.66 (99)

(1.46)

(2.13)

2.39 (100)
2.72 (100)

0.72 (7)
2. '74 (99)

(1.71)

(1.91)

(1.27)

(2.52)

TABLE VII. Effective magnetic reduction
matrix defined by Eq. (6) .

2P2 2pl 1g-

for such quantities. We only mention that large values
can be obtained for the ratio B(E2, 2s+—+2i+)/B(E2,
2s+-+Or+). For example, we get the value 247 for Ni '
when the calculated E2 operator is used.

We calculate inelastic electron scattering form
factors for excitation of 2~+ and 3i levels of Ni' and
Ni62. The form factor is defined by

i
F; i'=o(Eo, 8)/Z'om. ii(Z=1),

where o(EO, 0) is the diff.erential cross-section. We use
essentially the Born approximation, " but we correct
roughly for distortion effects by using a modified
momentum transfer /see Eq. (8.13) of Ref. 18$. We
include only the Coulomb part in

~
F; P LEq. (3.64) of

Ref. 18] because the transverse parts are negligible. "
We checked numerically that this is also true in the
present case. We compared our results with the experi-
mental data of Crannell et a/. ,

20 referring to 183-MeV

electrons, and with the data of Duguay et al. ,
~' who

used electrons of various energies near 50 MeV.
In Fig. 1, we give our results for the reaction

Ni" (e, e') Ni' (2i+) at 183 MeV. The angular distribu-
tion is good, but the absolute values are too small by a
factor 10for e"'= 1 and about 20 for the calculated effec-
tive operator. In Fig. 2, the results for the reaction
Ni" (e, e') Ni" (3i ) at the sazne energy are given. Also in
this case the angular distribution is good but the ab-
solute values are too small by approximately the same
factors. Our results at the energies and angles of Ref. 21
for Ni" and Ni" are given in Tables IV and V. The
energy angle distribution is rather good. The Born
approxima, tion, roughly corrected for the distortion
effects as mentioned above, seems to work even at these
energies ( 50 MeV), at least for Z= 28. The absolute
values are again too small. They are better for Ni" than
for Ni". This is what happens for transition rates. We
can conclude that the comparison between theoretical
and experimental values for inelastic electron scattering
to 2&+ levels gives essentially the same results as for
transition rates. Inelastic electron scattering to 3~

levels gives new information but the result is that, also
in the E3 case, the calculated effective operator is too
sma, ll.

2P2

2P2

0.8478 0.4220

0.4220 0.5262

0.4121

0.5216

TABLE VIII. Magnetic moments (in p~) for the (2 ) 1 and
(-,' )1 states of Ni". Columns labeled pb'" and pe" give, respec-
tively, the values obtained with the bare and effective operators.
Experimental values are taken from Refs. 28 and 29.

pba rB jeff Expt

' T. de Forest, Jr., and J. D. Walecka, Advan. Phys. 15, 1
(1966).' A. Rimini, J. Sawicki, and T. Weber, Phys. Rev. Letters 20,
676 (1968).

~ H. Crannell, R. Helm, H. Kendall, J.Oeser, and M. Yearian,
Phys. Rev. 123, 923 (1961).

—1.75

1.30

—0.93

0.49

—0.74868

~0.3

» M. A. Duguay, C. K. Bockelman, T. H. Curtis, and A. Eisen-
stein, Phys. Rev. 163, 1259 (1967).
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TABLE IX. Reduced transition probability B(MI, (s )&~($ )&) for Nis'. Rows labeled pb'" and pen give, respectively, the values
obtained with the bare and eGective operators. Columns labeled M~~, M18, %81, and M88 give the contributions to the transition ampli-
tude coming from parts of the nuclear states with different number of quasiparticles. B(M1) is in (p~) . The experimental value is
taken from Holland et al.a

(l )~ (l )~ Expt

+bare 0. —0.012 —0.006 —0 009 7.7X10 '
2.49X10~

jeff —0.105 0.006 0.002 —0.004 1.02X10-2

a R. E. Holland, F. J. Lynch, and E. M. Shipley, Bull. Am. Phys. Soc. 5, 424 (1960).

III. SPECTRA AND ELECTROMAGNETIC
PROPERTIES OF ODD Ni ISOTOPES

For the odd Ni isotopes we use within QTD 13 the
same sp parameters and the same two-body interaction
used for the even isotopes. The dimensions of the
secular matrices in the space of one and three qp are
9X9for J =-', , 16X16for —,', 17X17for-,'—,12X12for
~, and 17X17 for 2+. Here also we have to project out
the spurious kets before diagonalization. For each J
for which there is a 1-qp state in the basis, there exists
one spurious ket which is defined as in Ref. 22. This
definition is perfectly analogous to what we used in the
case of the even isotopes for J /0+.

Our calculated spectra are given in Table VI,
together with the experimental data." 25 The agreement
is not good for Ni" and Ni ', and not bad for Ni' . The
trend to a better agreement for the lightest isotopes,
already observed in the even isotopes, is confirmed in
the odd ones. The first state of each J is an almost pure
1-qp state, except, of course, for —', .

Similar to what we did for the even isotopes, we
compute the electromagnetic observable quantities by
means of calculated eGective operators. To our knowl-

edge, the only existing experimental data refer to Ni"
and are the quadrupole moment of the ground state
($ )i, the magnetic moments of ($ )i and (s )i, and
the reduced rate for the transition (ss )i~(ss) i.

The quadrupole moment is defined by

Q= s+rr(J JJ —J [ 2 0)(J [( Oes "
[[J). (5)

We get for Ni" QL(ss)ij=0.0756 b with e'"=1 and
0.0417b with the calculated eGective operator. The
experimental value'6 is 0.162 b. Since the quadrupole
moment depends linearly on charge, while transition
rates depend quadratically, these results are analogous
to the results for the B(E2)'s. We note that the sign is
correct. We mention that the 1-qp—3-qp terms in the
matrix element for Q are as important as the 1-qp—1-qp

~' T. T. S. Kuo, E. U. Baranger, and M. Baranger, Nucl. Phys.
'T9, 513 (1966).

R. H. Fulmer, A. L. McCarthy, B.L. Cohen, and R. Middle-
ton, Phys. Rev. 133, B955 (1963).

~R. H. Fulmer and W. Daehmick, Phys. Rev. 139, 3579
(1965).

+ E. R. Cosman, C. H. Paris, A. Sperduto, and H. A. Enge,
Phys. Rev. 142, 673 (1966);K.R. Cosman, D. M. Schramm, H. A.
E&ge, A. Sperduto, and C. H. Paris, ibid. 163, 1134 (1967)."W. J.Childs and L. S, Goodman, Phys. Rev. 170, 136 (1968).

term, in spite of the small 3-qp percentage in the wave
function. The sensitivity of the quadrupole moment to
small admixtures in the wave function has already
been pointed out. '~

We calculate the static magnetic moments and the
M1 transition rate with the bare operator due to the
intrinsic magnetic moment of valence neutrons only
and with the calculated eGective operator including
corrections for particle-hole excitations. In order to
compare the two operators, we define an eGective
magnetic reduction matrix by

(6)

where p= (e5/2Mc) (g,s+g8) is the single-particle
magnetic moment operator. The matrix element
(e'

((
P"r

~ ~
e) is given by formula (6) of Ref. 10 (with

neutrons and protons interchanged). We take into
account the same transitions and use the same energy
denominators as in the case of the renormalization of
the interaction. The eGective magnetic reduction matrix
is given in Table VII. It is seen that the reduction effect
is rather strong, being near to 50% for all the elements,
except one which is reduced by' 15%. The element
p(ss, —,') is infinite because the corresponding bare
element is /-forbidden, while ($ ((

1i'"
(( ss)=0.7668 p~.

As we shall see, this breaking of a selection rule has an
important effect on B(M1, (ss )i-+(ss )i). At first
sight, the effect to be expected from using p(e', e)
instead of 1 is a decrease of the calculated quantities.

The magnetic moment is defined by

I =L~l(J+1) (2J+1)7"(J [[ P [y& (7)

Our results are given in Table VIII, together with
experimental values. ""We see that the correction in
passing from bare to eGective operator is in the right
direction and of approximately the right magnitude.
We mention that the main contribution to the magnetic
moment for both states comes from the 1-qp-1-qp
term in the matrix elements.

The reduced M1 transition rate is defined by

&(~1)=(3/4~) (2J'+1) ' ((Jf [) 0 ([
J.)p

P. L. Ottaviani, M. Savoia, and J. Sawicki, Nuovo Cimento
S6S, 149 (1968~.

28 L. E. Drain, Phys. Letters 11, 114 (1964).
29 I. Lindgren, in Alpha-, Beta-, and Gamma-Ray Spectroscopy,

edited by K. Siegbahn (North-Holland Publishing Co., Amster-
dam, 1964), Appendix IV.
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TABLE X. Experimental and calculated spectroscopic factors (2J+1)SJ (0&+, Jp) from stripping reactions for the lowest-lying (J)&"

states in the odd-mass residual nickel isotopes Ni" to Ni".

Residual
nucleus

Experimental

(2J+1)S

Calculated
Present work

(2J+1)S
I II (2J+1)S

Energy (MeV)
Expt Present

b work

Ni" 1, (2 )1

3, (2 )1

(1—
)

4, (2+) I

2. 77

5.19

1.24

7.50

2. 74

4.05

1.26

10.60

2.59

5.37

1.60

9.28

1.58

3.25

1.04

5.62

2.36

5.24

1.70

0.00

0.34

0.47

3.07

0.00

0.82

0.41

2.63

Ni" (3—
)

3, (s )i

1, (2 )1

4, (5+)1

1.67

3.37

1.21

7.1

1.49

3.04

1.23

8.45

1.20

5.24

1.18

8.87

0.66

3.26

0.92

5.53

1.73

4.35

1.38

0.00

0.07

0.28

2. 13

0.46

0.70

0.00

1.99

Ni" 1, (2 )1

3, (2 )1

&, (l )~

4, (-2'+)1

0.75

2.39

1.07

0.52

4.85

0.42

8.39

0.38

3.01

0.27

5.44

0.00

0.09

0.16

1.31

0.00

0.22

0.78

0.82

~ Reference 2. Reference 23. Reference 25, part 1. ~ Reference 25, part 2. Reference 30.

Our results with both bare and eGective operators are
given in Table IX. Rather surprisingly, a very strong
enhancement of B(M1) is found in passing from bare
to eGective operators. Inspection of the various con-
tributions to the amplitude shows that this is due to

the fact that the 1-qp—T-qp term is 0 for the bare
operator while it is large for the eGective operator. In
turn, this is a consequence of breaking / forbiddenness.
The result with the eGective operator is in good agree-
ment with the experimental value. Contrary to the E2

TABLE XI. Experimental and calculated spectroscopic factors Sz(J&, 0&+) from pickup reactions for the lowest-lying (J~) &

states in the odd-mass residual nickel isotopes Ni" to Ni~.

Residual
nucleus

Experimental+

SSE SGB

Calculated
present work

S
I Expt

Energy (MeV)
Present

work

Ni" 1 3
) 2

3 5»
p 2

1—
2

2.22

1.15

0.41

2.36

1.24

0.52

2.66

0.45

0.60

1.79

0.31

0.27

0.00

0.34

0.47

0.00

0.82

0.41

Ni6'

Ni"

1 3
7 2

3 5—
2

1—
) 2

1—
) 2

3 5—
) 2

1 3
p 2

2.77

2.59

0.88

0.72

0.47

3.43

2.42

0.82

3.72

3.72

1.40

1.32

1.16

6.69

4.24

1.98

3.25

1.29

0.28

1.33

1.71

3.28

1.07

2.07

0.51

0.82

0.14

0.85

1 ' 22

2. 13

0.62

0.00

0.07

0.28

2 ' 14

0.00

0.09

0.16

1.27

0.46

0.70

0.00

1.99

0.00

0 ' 22

0.78

0.82

Reference 24.
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TAsLz XII. Experimental and calculated spectroscopic fac-
tors from one-neutron transfer reactions on Ni". (a) Spec-
troscopic factors S'=s'(2j+1)Sq(-,'&, J„+) from the reaction
Nis' (d, p) Ni", leading to some low-lying states (J„+) in the even
mass residual nucleus Ni6'. (b) Spectroscopic factors S=S~(J~+,
$1 ) from the reaction Ni6'(d, t)Ni60 leading to some low-lying
states (1„+) in the even-mass residual nucleus Ni~.

Experimental'

Residual E
nucleus f, J„+ (MeV) S'

Calculated
present work
S'

I II (MeV)

(a)
Ni"

1, 0,+ 0.00 0.45

1 21+ 1.17 0.31

1, 02+ 2.05 0.085

1, 22+ 2.34 0.037

3, 41+ 2.34 0.55

0.81 0.52 0.00

0.09 1.65

0.000 0.003 1.70

0.51

1.66

2. 17

2.89

(b)

Ni60

1 01+ 0.00 0.46

21+ 1.33 0.62

3) 22+ 2.17 0.22

1) 02+ 2.29 0.11

3, 41+ 2.52 0.44

0.30 0.17 0.00

0.72 1.40

0.02 2. 10

0, 14 0.13 2.06

0.21

Reference 30."Reference 24.

case, some reasonable change (decreasing) in the
energy denominators used in the renormalization
procedure could probably give an even better agreement
for all M1 data.

"R. Alzetta, Nuovo Cimento 58B, 323 (1968).

IV. SPECTROSCOPIC FACTORS FOR
ONE-NEUTRON TRANSFER REACTIONS

Stripping and pick-up reactions both on even and
odd isotopes of nickel, have been extensively analyzed
in the last years by several experimental groups. ""'
Theoretically they have been studied in the framework
of the exact shell-model approach to nuclear structure. ~ '
They may provide important nuclear-structure inf orma-
tion. In particular, the spectroscopic structure factors,
extracted according to the distorted-wave Born-
approximation (DWBA) theory from the results of a
single-nucleon transfer reaction, yield direct informa-
tion about the various single-particle strengths con-
tained in the states excited in the reaction. They turn
out to be quantities very sensitive to the details of the
nuclear wave functions used to describe both the even
and the odd nuclei involved.

We calculated these spectroscopic factors for strip-
ping (d, p) and pickup (d, f) reactions on all the even-

and the odd-mass nickel isotopes from Ni~ to Ni~,
using systematically the QTD 13 eigenfunctions for
the states of the odd-mass isotopes, and the QSTD
eigenfunctions for the states of those of even mass.
The general definitions and expressions used in these
calculations are those of Ref. 31. In Table X, we give
our numerical results for the stripping (d, p) reactions
on the even isotopes Ni", Ni", and Ni" and compare
them with the experimental data of Refs. 23, 25, and
30 and the predictions of Cohen et al.'

In Table XI, we give the results for pickup (d, f)
reactions on the even isotopes Ni", Ni, and Ni 4 and
compare them with the two sets of spectroscopic
factors of Ref. 24 extracted from the experimental
cross sections via two different DWBA calculations.
In Table XII, we show the calculated spectroscopic
factors for the stripping and the pickup reactions on
Ni ', together with the corresponding experimental
data. '4" Both variants of the QSTD theory for the
eigenvectors 0+ of the even isotopes discussed in Ref. 15
are used.

As for the case of tin isotopes, ""the spectroscopic
factors obtained with the variant (0

~ P,~') =0 a,re
almost everywhere larger than those obtained with the
variant (0

~
P.p)40. The numerical difference is larger

here than for tin. In the present case, however, the
comparison with experimental values does not favor any
of tile two sets of results, a somewhat intermediate
value between the two sets being generally in fair
agreement with the experiment.

V. CONCI USIONS

The agreement we found between theoretical and
experimental spectra is much better for the lightest than
for the heaviest isotopes. A reason for this could be the
inadequacy of the single-particle energies for the
heaviest isotopes. We note that we do not compensate
for such a possible inadequacy by adjusting the effec-
tive interaction. In fact, this is completely determined
by the Tabakin potential and by the procedure adopted
for taking core polarization into account. We think
that a better determination of valence sp energies and
of energy denominators in renormalization procedure
can bring a really good agreement between theoretical
and experimental spectra.

The calculated E2 effective operator was found too
small, roughly by a factor 4. It is not possible to remedy
this situation by varying the energy denominators.
This failure seems to indicate that a larger configura-
tion mixing, including at least the 1f~~s proton shell, is
necessary.

On the other hand, fairly good results have been
obtained with the effective iV1 operator. The reduction

"R.Alzetta, T. Weber, Y. K. Gambhir, M. Gmitro, J. Sawicki,
and A. Rimini, Phys. Rev. 182, 1308 (1969)."R. Alzetta and J. Sawicki, Phys. Rev. 173, 1185 (1968).
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effect due to core polarization is suAicient to explain
the small observed values of the"static moments. The
breaking of / forbiddenness accounts for the large
observed value of B(M1, (s )i~(s )i). These results,
together with the similar results obtained for Sn'","
indicate the M1 observables as quantities sensitive to
the degree of con6guration mixing in a strong but
regular way.

Essential agreement with experiment is obtained for
one-nucleon transfer reaction spectroscopic factors.
The ambiguity related to the two possible definitions of
spurious vectors for J =0+ indicates that calculations

in a number conserving approximation to exact shell
model would be desirable.
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The reaction Be'(d, p) Be'z {at Be=3.25 MeV) has been used to investigate the decay of the 6.18-MeV
J~=O+ level of Be".Both of the p-ray transitions 6.18~5.96 and 6.18—+3.37 have been observed by means
of y-y coincidence experiments using Ge(Li) and Naf (Tl) detectors. The mean life of the 6.18-MeV state
is found to be 1.1 Q 3

-' psec from a Doppler-shift measurement on the 6.18~5.96 transition. It is concluded
that the 6.18~5.96 transition takes place mainly to the 3~=1 component of the J~= (1,2+) 5.96-MeV
doublet and has an energy of 219.4~0.3 keV. The intensities of proton groups leading to levels of Be'0
in the (d, p) reaction at Ee=3.25 MeV were determined with a Buechner spectrograph By combining the
present results with previous measurements on the 6.18-MeV EO,ground-state transition, the branching
ratios (in %) from the 6.18-MeV state to the states at 5.96 MeV (1~=1 ), 3.37 MeV (j~=2+), and
0 MeV (3 =0+) are found to be 4.6&1.5, 95&2, and 0.24&0.08, respectively. The signi6cance of these
results is discussed. Incidental results are a value of 169.25~0.04 keV for the C"3.85—+3.68 transition and
a meanlife of 2.0~0.6 psec for the B'~ 2.15-MeV level.

L INTRODUCTION

t 1HE J =0+ state at an excitation energy of 6.18..MeV in Be' is thought to be an interloper in the
1p shell; that is, one of those states which, although
of the "correct parity" (—)", does not belong to the
(1s)4(lp)" 4 configuration. Other examples are the
J~=Q+ states at 7.65 MeV in C" 6.59 MeV in C",
and 6.05 MeV in 0" ' The Be'0 state is thought' to
be predominantly (1p)~ '(2s, 1d) s as is the C'z state. '

$ Work supported under the auspices of the U.S. Atomic
Energy Commission.

~F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959).

~W. W. True and E. K. Warburton, Nucl. Phys. 22, 426
(1961).

z W. W. True, Phys. Rev. 130, 1530 (1963).

The interloper states in even. -even nuclei are almost
certainly considerably more complicated. 4 ' One reason
for this is that 4-particle —4-hole states are energetically
favored in even-even nuclei considerably more than
in odd-odd nuclei.

Available evidence indicates that the well-known
enhancement of E2 transition rates between states of
(1p)" z is present to about the same extent for tran-
sitions between interloper states in the 1p shell. An
example is the E2 transition between the J =5+ and
3+ states of N'4 at 8.96 and 6.44 MeV, respectively.
These states are identified as interlopers' involving

G. E. Brown and A. M. Green, Nucl. Phys. 75, 401 (1966).
~ A. P. Zucker, B.Buck, and J.B.McGrory, Phys. Rev. Letters

21i 39 (1968) ~


