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The properties of all f-p-shell nuclei with 42 & A & 44 have been calculated from one consistent
shell model. The model space includes all Pauli-allowed states for all configurations of two, three, or
four particles distributed among the four f-p shell orbits. The model Hamiltonian is a one-body plus
two-body operator very similar to the "realistic" effective Hamiltonian of Kuo and Brown. Calculated
results are given for excitation energies, single-particle transfer spectroscopic factors, electric-quadrupole
and magnetic dipole moments, and B(M 1)'s and B(E2)'s for transitions between low-lying states. The
calculated results are in fair agreement with experimental information on these various observables. The
results suggest that core-excitation effects are more important in the lower half of the f7&2 shell than
in the s-d shell.

I. INTRODUCTION

Among the earliest systematic studies of nuclei
in terms of the nuclear shell model were the stud-
ies of nuclei in the f», region above "Ca report-
ed by McCullen, Bayman, and Zamick (MBZ)'
and by Ginocchio and French (GF).' They assumed
an inert "Ca core, and restricted active particles
to the f„, shell. They were able to correlate a
large amount of the then-known experimental data
on many of the nuclei between 'Ca and "Ni in
terms of this model. There were, however, some
states which clearly could not be described in
terms of such a model. Since these early papers,
there have been studies of some of the lightest
of the nuclei in this region in a larger shell™model
space. Most of these calculations have involved
the calcium isotopes. ' ' For these isotopes the
most significant improvement, insofar as en-
larging the model space within the f-P shell is
concerned, occurred with the addition of the P3/2
orbit to the active model space. There have also
been some full f-p-shell calculations for "Sc re-
ported. ' The expansion of the shell-model space
led to some significant improvement in the theory-
experiment agreement for this nucleus. There
have been no shell-model calculations reported
for nuclei with A ) 44 in which the full f-P shell
is included in the model space, and which simul-
taneously considered energies, single-particle
transfer strengths, and electromagnetic proper-
ties. There has been a significant increase in
the amount of experimental information available
on these nuclei in recent years with which the
shell-model results can be compared. For these
reasons, it seems worthwhile to make a system-
atic shell-model study of the light f-P-shell nu-
clei, using one model Hamiltonian and treating
all f-P-she11 orbits as active orbits. In this paper,
the energy levels, single-particle transfer

strengths, magnetic and quadrupole moments,
and B(M1) and B(E2) values for transitions in
nuclei with A =42 to A =44 are discussed.

This paper represents one part of a larger cal-
culation of light f-P-shell nuclei. With the pro
grams' used in these calculations, it is still im-
practical to carry out a complete f-P-shell model
calculation for A. ) 45, but it is possible to treat
nuclei with A ) 45 in the space in which only the

f„, and Psl, orbits are active. In a forthcoming
paper, the results obtained in the full f-P-shell
calculations discussed here will be used as "ex-
perimental data" to determine effective operators
which reproduce these "data" in an f„,-P», space.
These operators will then be used to study nuclei
with A =45 and 46.

In Sec. II we discuss the model we use in some
detail. In Sec. III we discuss the calculated ener-
gies and spectroscopic factors for the A =42-44
nuclei, and in Sec. IV we discuss the electromag-
netic observables in these same nuclei. Section V
is a summary of these results. Some preliminary
results of the calculations discussed here have
been reported previously. '

II. DISCUSSION OF THE MODEL

In all the calculations discussed here, an inert
4'Ca core is assumed, and the 0f„„1P„„Of„„
and 1P„,orbits are included in the active space.
For nuclei with n active particles, all Pauli-al-
lowed states of all configurations of the form
(2 "~, v"2, f"3, v"4) with n, +n, +n, +n4=n are in-
cluded in the basis space. Within this model space
we diagonalize an effective one-body plus two-
body Hamiltonian. We identify the resulting eigen-
values with observed energy levels, and we use
the eigenvectors as wave functions to calculate
various observables. We assume that the one-body
part of the Hamiltonian Operator is a diagonal
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27 =-8.36, 2 =-6.26, 2
=-1.86, 2

=-4.46.

These values represent best guesses for the
centroids of the single-particle strengths. The
"Ca(d, P)~'Ca reaction has been studied experi-
mentally. " The results suggest that in 'Ca, the

f„, strength is almost entirely in the ground
state, the P„, strength is fragmented over two
states, and the P», and f», strengths are even
more highly fragmented.

In the first calculations we made, we used the
matrix elements of the f-P shell effective inter-
action published by Kuo and Brown. " These ma-
trix elements were determined by reaction ma-
trix techniques from the Hamada- Johnston nu-
cleon-nucleon potential. The interaction was de-
signed for a model space which includes the or-
bits we include in our active model space, plus
the g,~, orbit. There would be problems if we
included this latter orbit in the model space. One
is the practical problem that the resulting ma-
trices would become prohibitively large. Further,
the inclusion of the g», orbit would introduce
states with spurious center-of-mass motion, and
we do not have a practical way of handling such
problems. From experiment, "we know that the
orbit is at least 6 MeV above the f„,orbit in "Ca.
It has opposite parity from the f-P-shell orbits.
For the latter reason, the f-P-shell states would
admix only with states which contained at least
two g„,particles. Such states would be at a very
high energy. In a previous study of the calcium
isotopes, ' this g,&, orbit was omitted, and the re-
sults suggested there that the omission was not
significant.

operator which introduces effects due to the inter-
action of the active particles with the Ca core.
The eigenvalues of this operator are suggested
by the observed spectrum of "Ca. The values
used here, in MeV, are:
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We have renormalized the Kuo-Brown inter-
action for the omission of the g,~, orbit in the
following empirical way. We assumed that the
most important matrix elements in the calcula-
tion were those involving the eight jf,&,', J, T)
states. That this is so is strongly suggested by
the success of the MBZ and GF results. Thus,
we treated the eight matrix elements involving
these states as free parameters. The parameters
were adjusted to optimize the agreement between
calculation and observation for the excitation
energies of 29 states, and for 7 ground-state
binding energies. The resulting interaction is
the one used in all calculations discussed here.
The differences between the results obtained with
this semiempirical interaction and those obtained
with the Kuo-Brown interaction are not sufficient
to warrant presenting both sets of results. The
values of these eight adjusted matrix elements
are given in Table I. The values of the same

TABLE I. List of matrix elements of model Hamilton-
ian (model H) used in calculations discussed in the text.
Only the matrix elements involving f&&2, J, T states are
shown. Also shown are the same matrix elements in the
Kuo-Brown interaction.

7+
1+

Model H Kuo-Brown

0, 1
1, 0
2, 1
3, 0
4, 1
5, 0
6, 1
7, 0

-2.22
-1.45
-1.15
—1.07
-0.36
-1.10

0.29
-2.42

-1,81
—0.52
-0.78
—0.21
-0.09
—0.50

0.23
-2.20

EXPT.

42S
$.M.

0;1

FIG. 1. Observed experimental and calculated shell-
model excitation energies of low-lying T =Oand T =1
states in 42Sc. All known levels below the highest level
shown are included in the experimental spectrum. States
for which a T label is omitted are T =0 states.
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eight matrix elements as calculated by Kuo and
Brown are also listed in Table I.

The effective operators used to calculate the
electromagnetic observables will be discussed
in the section on those calculations. The Oak
Ridge-Rochester shell-model computer programs'
were used for all these calculations. The searches
made to determine the final effective interaction
were made with programs written by Glaudemans
and ~ildenthal. "

III. ENERGY LEVELS AND SINGLE-PARTICLE
STRENGTHS

A. A=42

The calculated and observed excitation ener-
gies" of T =0 and T =1 states in A = 42 nuclei are
shown in Fig. 1, and listed in Table II. The ob-
served levels are those seen in "Sc. In this case,
the T =1 states are also seen in ~Ca. The single-

particle strengths" for the neutron pickup reac-
tion leading from "Ca to states in ~Ca are also
given in Table II. The energy levels of the A =42
system have been discussed' ' "'"at some length
several times, so we only briefly review the re-
sults here. There are nine T =0 levels in the cal-
culated spectrum below 5.0 MeV. There are 13
positive-parity states observed below 4.0 MeV
known to have T =0. For six of the calculated
T =0 states, there are good experimental partners.
There are also possible partners for the remain-
ing three calculated T =0 states below 5 MeV.
The lowest four of these, with J=1, 3, 5, and 7,
are predominantly f»,' levels. There are six
T = 1 levels calculated to be below 5.0 MeV exci-
tation. Four of these are the f„,' T = I states with
J=0, 2, 4, and 6, and for these there are excel-
lent experimental partners. There are several
levels of unknown spin in the observed spectrum
which could be partners to the remaining two cal-

TABLE II. Calculated and observed excitation energies of and single-particle strengths to
states in A =42 system. All states calculated to be below 5 MeV are listed, plus the first state
of each J above 5.0 MeV in the calculated spectrum. The levels are listed in ascending order
in both the calculated and observed columns, and the fact that levels in each column appear on
same line does not imply these levels are partners. This is true in Figs. 3-6.

Observed ~

Excitation (Me V)
Calculated

(MeV)

Spectroscopic factors for
4'Ca-4'Ca

Calculated Observed b

I=3 l =1 l --3 l =1

1, 0
1, 0
1, 0
2, 0
2, 0
3, 0
3, 0
3, 0
4, 0
4, 0
5, 0
5, 0
5, 0
6, 0
7, 0
0, 1
0, 1
1, 1
2 1
2 7 1
2 7 1
3 1
4, 1
4, 1
4, 1
5, 1
6, 1
67 1

0.48
4.27
6.94
3.99
6.64
1.29
3.67
5.50
4.85
5.08
1.31
3.32
9.23
7.26
0.56
0
5.72
9.08
1.59
4.16
6.67
5.05
2.48
4,87
6.74
5.23
3.18
8.68

0.61
1.89
2.22

(2.27)
3.39
1.49
2.19
3.31

(2.39)
(2.65)
1.51
3.09

0.62
0
1,83

1.59
2.48
3.39

2.81

3.24

0.8 0.0
0.0 0.0
0.0 0.0
0.4 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.7 0.0
0.0 0.0
0.0 0.0
0,0 0.0
1.0 0.0
0 0.0

0.5
0.1

0.2
0.1

0.5

1.0

' Reference 13. Reference 14.
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culated T =1 levels. There are at least 13 T =1
levels below 5.0 MeV in the observed spectrum.
Thus, most of the calculated levels are accounted
for in the experimental spectrum, but there are
a large number of observed states unaccounted
for. The lowest states not accounted for by the
shell model are the T =1 states with J =0' and 2'
at 1.88 and 2.48 MeV. These are now generally
assumed to be 4p-2h states. They have been stud-
ied extensively in terms of core-excited or de-
formed-state bases by Zuker, ' Gerace and Green, "
and Flowers and Skouras. "

In Table II, the calculated spectroscopic factors
(S factors) for the neutron pickup reaction are
listed, as are numbers extracted from experi-
mental cross sections for the "Ca(f, a)"Ca reac-
tion by conventional distorted-wave analyses. '
The agreement of calculated with experimental
results is typical for these sorts of calculations.
The strength calculated for the ground state is
apparently split between the observed 0' states

at 0 and 1.83 MeV. A similar situation holds for
the lowest calculated 2' states. We consider the
agreement for the absolute strengths between
calculation and experiment to be acceptable when

the uncertainties in the distorted-wave techniques
are considered. Other conventional shell-model
calculations' ' of 'Ca and "Sc give results similar
to these. The lowest eight calculated states are
predominantly f», ' states T.he MBZ and GF cal-
culation used the energies of these states for the
values of the matrix elements of their effective
interaction.

B. A=43, T=~

In Table III and Fig. 2, the calculated excitation
energies for negative-parity states in "Ca below
4.0 MeV are presented. Some of the observed"
levels below 3.0 MeV are also shown. There are
19 levels known between 1.9 and 3.0 MeV in ~'Ca

from y-decay studies. We show only those with
some spin assignment or which are seen in strip-

TABLE III. Calculated and observed excitation energies for states in the A =43, T = ~3 sys-
tem, and calculated and measured single-particle strengths for neutron transfer to such states.
All calculated and observed states below 4.0 MeV are listed, plus the first state of each J
above 4.0 MeV in the calculated spectrum. (See also last lines of caption of Table II.)

2J
Excitation (Me V)

Calculated Observed ' (2J +l)S(42 43)
Al Calculated Observed

8 (44 43)
Calculated Observed

1
1
3
3
3
3
5
5
5
5
7
7
7
7
9
9
9

11
11
13
15
15
17

3.05
4.06
0.68
1.69
3.19
5.17
0.41
3.28
3.89
5.02
0
3.38
3.63
5.29
1.72
3.55
4.66
1.81
4.43
4.81
3.00
5.26
8.27

(2.61)
(2.87)
0.59
2.04
2.94

(2.09)
(2.25)

(1.68)

(2.76)

2.10
2.62
3.29
3.31
3.57
3.81
3.86

1
1
1
1
1
1

3
3
3
3

1

1
1

(3)
1

1.0
0.9
0.0
3.6
0.1
0.1
0,0
0.0
0.0
0.0
6.0
0.1
0.0
0.0

0.3
0.2
0.2
3.0
0.2

5.5

0,1
0.1
0.2
0.1
0.2
0.2
0.1

0.0
0.0
0.0
0,1
0.0
0.0
0.1
0.0
0,0
0.0
3.6
0.0
0.0
0.0

0,1

0.1

2.8-4.0

' Reference 17. b Reference 18. Reference 14.



SHELL-MODEL SPECTROSCOPY OF f-P-SHELL NUCLEI. . .

ping. We also show in Table III the calculated
and measured single-particle strengths for neutron
stripping and pickup to states below 4.0 MeV in
"Ca. With the exception of the 2 state at 1.69
MeV, all the states below 3 MeV in the calculated
spectrum are essentially f», ' states F. or all of
these states there are reasonable possible part-
ners in the experimental spectrum. There are
many extra states in the observed "Ca spectrum
for which there are no good theoretical analogs.
The lowest extra negative-parity state is. prob-
ably the ~ state at 2.04 MeV. There are at least

—'/2

six nonnormal parity states below 3 MeV. There
has been little theoretical effort made to under-
stand the structure of these levels, and it is dif-
ficult to give a simple picture.

In Table III, the calculated strengths for neu-
tron pickup and stripping are tabulated, as are
the availame experimentally determined
strengths. " The lengths of the lines in Fig. 2
are proportional to the stripping strengths. There
are no discrepancies of consequence for these
numbers, except for the strength to —,

' states
The calculation yields considerable 5 =1 strength
to two —,

' states, at 3.05 and 4.06 MeV, while
there are no strong transitions to —,

' states known.
There are a number of E =1 transitions observed
with small strengths, implying that the P„,

5/2

15/

)/2

(9/2)
(9/2)

7/2

/29

7/2

5/2

=(0 )/2
f 5/2

I 9/2
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/2
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2 9/

5/2

EXPT,

Ca(d, p) Ca

S,M,

„=6.6
/2

EXPT.

45sc T I/~

al P/

S.M.

FIG. 2. Observed experimental and calculated shell-
model excitation energies of 43Ca. Levels seen with
significant strength in the 42Ca(d, p) OCa reaction are
shown with longer lines, and the numbers above the
line are (2J +1)S values. All known levels below 3.0
MeV are included in experimental spectrum and all
levels below 4.0 MeV are included in the calculated
spectrum. In the observed spectrum, positive-parity
levels are drawn to the left and negative-parity levels
are drawn to the right.

FIG. 3. Observed experimental and calculated shell-
model excitation energies in 438c. 8ome observed levels
of indefinite spin and parity are omitted from the experi-
mental spectrum above 3.0 MeV. The lengths of the
lines are proportional to the strengths (2J +1)S, in the
42Ca(3He, d)438c reaction. For a normalization, the cal-
culated strength to the lowest ~~ state is 1.2. For the
many short lines of equal length, no strength i,s to be
implied. In the observed spectrum, positive-parity lev-
els are drawn to the left, and negative-parity levels are
drawn to t e right.
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strength is highly fractionated. The calculations
for the pickup strengths are quite consistent with
experiment. As pointed out above, the pure f„,'
model" accounts for all calculated levels below
3 MeV except for the 2 state at 1.69 MeV. The
results here are very similar to the results for
'Ca in the f,/2 P3/Q space. ' '

C. A=43, T=2

The calculated and observed" excitation ener-
gies for theA =43, T = —,

' system, 'Sc, are listed
in Table IV, and are shown in Fig. 3. (The energy
level calculation is essentially the same as the
one reported by Zamick and Ripka. ') The calcu-
lated and measured" strengths for the proton
stripping reaction to states in this system are
given in Table IV. In Fig. 3, the lengths of the
lines are proportional to the stripping strengths.
There are 11 negative-parity states below 4.0 MeV
in the calculated spectrum and there are good
experimental analogs now known for all these
states. There are at least eight other negative-
parity states below 4.0 MeV in the observed spec-

trum of 4'Sc. We have also shown nine nonnormal
parity states in Fig. 3 below 5.0 MeV. There is
a curious similarity between a set of states in
the observed spectrum of "Sc and a set of low-
lying states observed in "F. If we assume that
the state observed at 1.89 MeV in "Sc is a ~9

state, then we see that there is a well-defined
negative-parity K = & band consisting of states
as follows: —,

' at 0.47 MeV; —,
' at 0.85 MeV; —,

'
at 1.41 MeV; —,

' at 1.89 MeV; and '-,' at 2.67 MeV.
In the positive-parity spectrum, there also exists
a series of states which might be identified as a
K=-,"band. We see that for the same J's the
various members of these two K = —,

' bands of op-
posite parity are almost degenerate with each
other. In "F, where there is a one-proton-two-
neutron system as in ~'Sc, there is aground-state
K = —,

"band, and a K = —,
' band almost degenerate

with it. In "F, these two bands are 3-p- and
4-p-1-h bands, while in "Sc, the bands have
been interpreted by Johnstone" as 5p-2h and 4p-
Ih states. If this interpretation is correct, we
then would say that the states observed at 1.83
and. 2.33 MeV are the experimental partners to

TABLE IV. Calculated and observed excitation energies in the A =43, T =~ system, and
calculated and measured strengths for proton stripping reactions to ~Sc. All calculated and
observed levels with known negative parity below 4.0 MeV are shown, plus the first state for
each J above 4.0 MeV in the calculated spectrum. (See also last lines of caption to Table II.)

2J
Excitation (MeV)

Calculated Observed
(2J+1)S( Ca Sc)

b, l Calculated Observed

1
1
3
3
3
5
5
5
7

7
7
7
9
9
9

11
11
13
13
15
15
17
19
19

2.21
5.47
1.37
4.80

2.34
3.90
5.13
0
3.16
4.26
4.64
2.15
4.14

1.98
4.46
3.41
4.93
2.99
5.79
4.58
3.59
8.87

(1.81)

0.47
1.18
2.09
0.85
2.29
3.93
0.0
1.41

(3.33)
3.67
(1.89)
(2.33)
(3.89)
1,83

(2.62)
3.46

2,98

3.12

1
1
1
1
1
3
3
3
3
3
3
3

0.4
0.3
1.2
1.1

0.8
0
0
6.9
0,4
0
1.3

0.7

0.5
1.2
0.1
0.1
2,4
0.2
6.6

0.4
1.3

~ Reference 19.
"J.C. Manthuruthil, C. P. Poirier, and J.Walenga, Phys. Rev. C 1, 507 (1970).

Reference 20.



SHELL-MODEL SPECTROSCOPY OF f P-SHEL L NUCLEI. . . 699

the '-,' and ~9 states in the (fP)' model. The cal-
culated strengths for proton stripping to 4'Sc
states are in only qualitative agreement with ex-
periment. The observed strengths for transitions
to the first —,

' and second —,
' states are in fair

agreement with the calculated strenghts. If we
consider the second observed & state to be the
partner to the first calculated & state, then the
calculated strength for the transition to this state
is only one third of the observed strength. The
MBZ and GF calculations account for all the levels
below 4.0 MeV in the calculated spectrum in Fig.
3 except for the lowest —,', —,', and —,

' states.

D. A=44, T=2

The calculated and observed" excitation energies
for the A =44, T =2 (~'Ca) system are given in
Table V, as are the strengths for the neutron
stripping reaction. These data are presented
graphically in Fig. 4. The 0' and 2' states ob-
served at 1.90 and 2.66 MeV are generally as-
sumed to be core-excited states. ' ' 3' If we
ignore these two levels, there is fairly good
agreement between theory and experiment for
the excitation energies of the low-lying states.
For this nucleus, there is generally good agree-
ment between theory and experiment" for the
strengths in the neutron stripping reaction to
states in 4'Ca. Experiment shows there is some

single-particle strengths to the ground state and
the deformed 0' state at 1.90 MeV, as well as to
the first 2' state and to the deformed 2' state
at 2.66. The strengths for the first 0' and first
2' calculated states are in agreement with the
summed strength to the two 0' and two 2' states.
There is a discrepancy here for the two 4' states.
In nature almost all the strength goes into the
second 4' state, while in the calculation two thirds
of the strength is to the first 4'. These states
are predominantly f„,' states. In the f», ' con-
figuration there are two 4' states, one with senior-
ity 4 and one with seniority 2. Only the sen-
iority-2 state can be strongly populated from the
ground state of "Ca, which is primarily an f», ',
J =-,' state with seniority one. The experiment
suggests there is not much seniority mixing, while
the calculation implies significant mixing. In pre-
vious calculations, ' we found that this seniority
mixing was somewhat sensitive to the center of
gravity of the P3/Q strength, and that the distribu-
tion of strength in the "Ca(d, P)44Ca reaction could
be reproduced by effectively raising this centroid
by about 0.5 MeV. Vfe suggested that the center
of gravity of the f„,-P„, T =1 interaction in the
Kuo-Brown interaction was too strong, and that
raising this center of gravity by 200 keV cor-
rected this defect in ~ Ca, as well as some more
obvious problems for heavier calcium isotopes.
Thus, this discrepancy here is not considered

TABLE V. Calculated and observed excitation energies of states in A =44, T =2 system,
and strengths for neutron stripping to these states. All calculated and observed positive-
parity states below 4.0 MeV are listed, plus the first state of each J above 4.0 in the calcu-
lated spectrum. (See also last lines of caption to Table II,)

Excitation energy (Me V)
Calculated Observed

(2 J& +1)/(2J&+1)8(43Ca ~4Ca)

Dl Calculated Observed

1
2
2
2
2
3
4
4
4

5
6
6
7
8

0
4.63

4.45
1.51
2.85
3.71
4.71
4.43
2.43
2,71
4.36
3.59
4.79
3.23
5.91
6.66
5.20

0
1.90
3.59

1.16
2.66
3.30

2.29
3.04

3.66

3.30

0.5
0.0

0.8
0

1.0
0.5

0.4
0.1

0,4
0.5

0.2
1.5

2.5

~ Heference 22.

3.93

b Reference 25.

0.0
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as a serious one. (All the energy-level calcula-
tions reported here were also done with the same
interaction as we have used here, but with the

f», P„,-interaction center of gravity raised. This
change had no effect on the calculated energies of
the nuclei with A &44. There are not enough data
in this energy region which are useful in deter-
mining the f„, P„,-matrix elements, so we omit-
ted this change. ) The MBZ and GF calculations
account for all the states below 4 MeV in the cal-
culated spectrum except for the third 2'. The
complete f-P-shell results are also similar to the
results obtained in the f„,-P», calculations, ' '
except for some differences with regard to the
first excited 0' state.

5
0

2~ —2.45
6

0

E. A=44, T=1

The calculated and observed" excitation ener-
gies of states in the A =44, T =1 ("Sc) system
are listed in Table VI, as are the calculated and
measured strengths for the proton stripping reac-
tion to these states. There are 11 states in the
calculated spectrum up to about 2 MeV excitation.
In the same energy region in the observed spec-
trum, there are at least 18 states with positive
parity. For 10 of the 11 calculated states there
are good experimental partners. This still leaves
a large number of observed low-lying positive-
parity states with no partner in the calculated
spectrum. Johnstone" has studied the negative-
parity states of "Sc in terms of a 5p-ih model,
and suggests there is a low-lying K =0 band with
states of spin 0, 1, 2, etc. This could account
for many of the low-lying negative-parity states.

The calculated strengths are in good agreement
with the experimentally determined" strengths.
There is very little L'=1 strength predicted or ob-
served to the low-lying states in 44Sc, and the
absolute l=3 strengths are in better agreement
with experiment than would have been reasonably
expected.

In the calculation, the lowest state of each J
from 1 to 7 is predominantly an (f», )' state For.
this set of eight states, the calculated spectrum
as shown in Fig. 5 is very similar to the MBZ
and GF calculated spectra. For these same states,
the calculated strengths for the "Ca- '4Sc stripping
reaction as calculated in the (fP)' space are very
similar to the strengths to the same states as
calculated" in the f„,' space. The main effect
on the calculated spectra of low-lying states in
"Sc due to increasing the space from f,&,

' to (fP)'
is the introduction of a second 3' and 5' state at
a rather low excitation.

F. Ti

EXPT. S.M.

Ca(d, p) Ca

FIG. 4. Observed experimental and calculated shell-
model excitation energies of states in 44Ca. The lengths
of the lines are proportional to the strength, (2J+1)S,
for the 43Ca(d, P)44Ca reaction. For a normalization, the
strength to the first 2+ in the calculation is 0.8.

The calculated and observed" excitation ener-
gies for 44Ti are shown in Fig. 6. There are only
five (fP)' states below 4 MeV in the calculated
spectrum. There are at least 10 states below
4.0 MeV in the observed spectrum. The first
obvious "nonspherical" states in the observed are
the 0' and 2' states at 1.90 and 2.54 MeV. These
are again states analogous to states at a similar
energy in "Sc, and most likely are 6p-2h states.
As noted previously, one of the most interesting
aspects of the ca1cu1ated spectrum here is the
fact that the levels in the "ground-state band" are
almost evenly spaced, instead of the J(J+1) de-
pendence seen for the s-d shell analog of 4'Ti,
"Ne. This point has been discussed at length. "
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TABLE VI. Calculated and observed excitation energies of states in the A =44, T =1 system,
and calculated and measured strengths for the 43Ca-44Sc reaction. All known calculated and ob-
served positive-parity levels below 3.0 MeV are shown. (See also last lines of caption to
Table II.)

Excitation energies (Me V)
Calculated Observed

(2J, +1)/(2J, +1)C2S
Calculated

l =3
Observed b

l =3 l =1

0.77
2.70
0.0
2.23
2,82
0.80
1.35
2.71
2,97
0.43
1,95
2.76
1.23
1.63
2.79
0.61
2.63
1.33

0.67

0.77
0.98
1,19

0.35

1.06
1.53

0.27

0.97

0.2
0.1
0.3
0.0
0.0
0.2
0.4
0.0
0.1
0.5
0,1
0.0
0.4
0.5
0.1
0.7
0.2
1.6

0.0
0,1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,2
0.1
0.0
0.0

0.2

0.3

0,2

0,5

0.5

0.3
0,8

0.7

1.6

0.1

0.0

0.0

0.2
0.0

' Reference 26. b Reference 28.

It is not possible to populate states in 4'Ti with

any single-particle transfers from stable targets.
The M1 operator for a free nucleon is assumed

to have the form

IV. ELECTROMAGNETIC PROPERTIES 0"' = Q [-', + t,(')] [I(') + p (')] + [-,' —t, ( )]W„F('),

In this section we will discuss the calculated and
observed M1 and E2 transition rates and the mag-
netic dipole and electric quadrupole moments.
We first discuss the operators which we use to
calculate these observables, and then compare
the calculated numbers with the available experi-
mental data.

A. Effective Magnetic Dipole Operator

The conventional starting point in the construc-
tion of the effective magnetic dipole operator for
a shell-model calculation is the operator for the
free nucleon. In shell-model calculations of nuclei
in the s-d shell, "it was found that this "bare"
operator led to very good agreement between cal-
culated and observed magnetic moments. There
were too few data on M1 transitions at the begin-
ning of the s-d shell to assess the accuracy of the
bare operator in calculating B(M 1) values. In the
f-P shell, the measured" magnetic moment for
the ground state of "Ca is -1.59', ¹ The bare
operator gives a value of -1.91',N. This indicates
that the bare operator is not adequate in this re-
gion. This has been discussed in some detail re-
cently by Arima" and by Nomura and Yamazaki. "

z0

XO
LLI

J J+—(2-5)—
(2, 3) —(i-6)
(4,5)= (2)
(2, 3) = (3, 4)

(2 '5)= (1-6)
(~-6)
(3, ~)

3—-(1, 2) 5(2-5)~
3= (~, 2)

(2 3)—
4

(2,3)—
(&)— 2

EXPT.

Co( He, d) Sc

3

2

S.M.

FIG. 5. Observed experimental and calculated shell-
model excitation energies in 44Sc. All levels below 2.0
MeV in calculated and observed spectra are shown.
The lengths of the longer lines are proportional to the
strengths (2 J+1)S in the 43Ca(3He, d)44Sc reaction.
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02
I-
I—

bJ

6
4

where t, =+—,
' for a proton.

Three types of corrections to this "bare" mag-
netic dipole operator have been considered:
(1) Corrections due to 1p-1h excitations of the
core. For nuclei with one particle outside a
closed shell, this is the only first-order correc-
tion for any one-body operator. Because of the
structure of the bare M1 operator, there is no
correction to first order for the magnetic mo-
ment of a single particle moving outside a core
which is doubly closed in jj coupling. Thus,
effects due to these "core-polarization" terms
enter for the first time at second order in "Ca
and 4'Sc.
(2) Corrections due to admixtures of 2p-2h de-
formed states in the low-lying states of these
light f-P-shell nuclei, which enter first at sec-
ond order.
(2) So-called meson-exchange corrections. These
occur because the mesons which are exchanged
by nucleons in a Inany-nucleon system can interact
with the electromagnetic field as do the nucleons.
Theoretical estimates" of the vector part of this
effect lead to a correction to the orbital g factor

g=0.2l t, .

EXPT. S,M.

FIG. 6. Observed experimental and calculated shell-
model excitation energies in 44Ti. All known levels be-
low 4.0 MeV are shown. All levels shown in this figure
have positive parity.

All three types of correction should affect the
M1 operator in both the s-d shell and the f-p shell.
Apparently, a fortuitous cancellation of the con-
tributions for light s-d-shell nuclei lead to the
fact that the bare operator is the "effective" oper-
ator for that region, but such a cancellation does
not occur around "Ca. Nagamiza and Yamazaki"
have made an analysis of observed magnetic mo-
ments throughout the Periodic T."ble which offers

TABLE VII. Observed magnetic moments in A =41-44 nuclei, and magnetic moments calculated with various M1 op-
erators. Numbers in the column headed Bare were calculated with the "bare" Ml operator. Numbers in the second col-
umn were calculated with the operator in which an approximate meson-exchange term was added to bare operator. Num-
bers in third and fourth columns were calculated with these same two operators, but in both cases the isovector matrix
element (f,&t~ ~M&r = t[~ f&&t) was modified so that the Ca magnetic moment was reproduced in calculation.

4'Ca

4'Ca

43ca

43s

4'Sc

44Sc

"sc

7-
2

Nucleus J"

-1.91

-2.88

-1.67

4,80

3.18

2.60

3.64

-2.21

-3.41

-1.99

4.96

2.95

2.66

-1.59

-2.34

-1.36

4.61

3.40

2.53

3.69

Magnetic moment (p&) .

Bare Bare + 0.2lt» Bare+ f»2 effective Bare+0.2lt, + f»2 effective

-1.59

-2.34

-1.36

4.59

3.38

2.52

3.66

Expt.

3 0b. 2 52c

1+32

4.61

3 15

2.56 ~

3.88 ~

~ Reference 32.
M. Marmor, S. Cochavi, and D. B. Fossan, Phys. Rev. Lett. 25, 1033 (1970).

c Reference 50.
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strong evidence that the approximation for the
meson-exchange correction shown above is rela-
tively accurate.

In our calculation we need an effective operator
for all four orbits in our model space. The ques-
tion of the state deyendence of the effective opera-
tors is still unresolved. Because of various am-
biguities in the effective M1 operator, we have
calculated the M1 observables with four different
operators so as to illustrate the sensitivity of the
calculations to the various types of corrections
discussed here:
(1) The bare operator.
(2) The bare operator+0. 2l t, .
(8) The bare operator, but with the ~7- v' matrix
element of the isovector part of the operator modi-
fied to reproduce the observed moment of the
ground state of "Ca.
(4) The bare operator+0 2l t„.btu with the ~2- T
matrix element of the isovector part of the opera-
tor modified to reproduce the observed moment
of the ground state of "Ca. For all four of these
operators, we assume state independence except
for the indicated modification of the ~7- ~7 matrix
element. For the f», -f», matrix elements, we
have assumed that the correction is completely
isovector in nature. For an amplified discussion
of this point, see Refs. 33 and 34. The observed
value of the ~'Sc magnetic moment is consistent
with this pure isovector assumption. Most of the
experimentally determined information on mag-
netic dipole observables in these light f-P-shell
nuclei is on magnetic moments. This information
is summarized in Table VII. We also show there
the magnetic moments calculated with the four
operators described above. For all the ground-
state moments except Sc, the calculations with
the bare operator lead to significant discrepancies
between theory and experiment. There are two
measured values for the moment of the 6' states
in ~Ca. If the value -3.0 is correct, then the
values calculated for the high-spin states in ~Ca
and ~'Sc with the bare operator are in good agree-
ment with experiment. When the bare operator is
renormalized to fit the moment in 'Ca, all the
ground-state moments are in satisfactory agree-
ment with experiment, but there are significant
discrepancies for the high-spin states. There
are rather large effects introduced by the addi-
tion of the meson-exchange correction. The worst
operator of the four used here for ihe magnetic-
moment calculations is the bare operator with
the meson-exchange corrections. When we use
an M1 operator which includes meson-exchange
contributions, but with the f», -f„, isovector ma-
trix element renormalized to fit the observed
"Ca moment, the calculated moments shown in

Table VII are essentially identical to the moments
calculated with the bare M1 operator which is
renormalized to fit the 4'Ca moment. This pre-
sumably reflects the fact that these low-lying
states are dominated by f»," configurations.

As discussed by Arima" and by Nomura and
Yamazaki, '4 a general interpretation of these re-
sults depends on a resolution in the discrepancy
between the two measured values of the moment
of the 6' state in ~Ca. If the value of -3.0 is
the correct one, then one could say that all the
ground-state moments are accounted for with
the bare operator renormalized to fit the observed
moment of ~'Ca, and that the high-spin excited
states are best described by the bare operator.
The main exception to this is the moment of the
6' state in "Sc. The observed value is significant-
ly larger than any of the calculated values. These
calculated results do hint that the meson-exchange
effects are significant here.

B. Effective Electric Quadrupole Operator

In these calculations, we determine electric
quadrupole observables from the operator

It is well known that this operator is inadequate
for the description of observed'electric quadru-
pole observables in terms of the conventional shell
models. The primary piece of evidence for this
is the observation of E2 transitions and electric
quadrupole moments for single-neutron nuclei
such as '~Q and ~'Ca. The renormalizations for
this operator are generally broken up into two
categories:
(1}Core-polarization effects; i.e., 1p-1h excita-
tions of the core, where the particles and holes
are in orbits omitted from the shell-model space.
Since these excitations are to and from orbits
outside the model space, they should not be strong-
ly inhibited by Pauli-effect blocking when particles
are added to form new nuclei. Qne can thus rea-
sonably expect that these contributions should be
similar for all nuclei in a given major shell.
(2}Deformation effects due to multiple-particle
excitation from core states into the space of
active orbits. These effects might be expected
to be most important at the beginning of the shell
and to be diminished in importance with increas-
ing A due to Pauli-blocking effects. There have
been numerous attemyts to calculate effects due
to core polarization, "but the calculations are
still beset with problems of convergence and of
what type of residual interaction to use. In some
of the nuclei we discuss here, effects on electric
quadrupole transitions due to deformation effec'-:s
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TABLE VIII. Calculated and measured B(E2) values in
the calcium isotopes with A =42-44. Numbers in column
headed Shell Model are for a neutron effective charge
of 1.0e. Numbers in column headed e„are from the
square root of the ratio of the experimental value to the
calculated value.

Shell model
A J& J& (e fm )

Experiment
(e fm)

42 2 0
4 2
6 4

4s

7

T

26
27
14

30

81+24 ~

93+28 '
6a

87+7"

71+3b

77+19

1.8
1.9
0,7

1.2
1.6
1.6

44 2 0 42 72+18C. 136+343 d 1 3 ]

~ Reference 40.
"Reference 39.

Reference 51.
Reference 22.

have been studied' ' "with some qualitative suc-
cess.

In shell-model calculations, the standard ap-
proach is to mock up the renormalization effects
by introducing effective charges for the neutron
and the proton. In the s-d shell, it has been found '
that adding effective charges of 0.5 to the proton
and neutron operators leads to fair agreement be-
tween shell-model calculations and experiment
for many E2 observables in a wide range of nu-
clei. This effective charge is in fair agreement
with the calculated" effective charge due to core-
polarization effects. There is considerable ex-
perimental information for E2 transitions in f-P-
shell nuclei which is especially relevant to the
neutron-effective charge for these nuclei. Some of
this information is summarized in Table VIII.
There all known B(E2)'s for the isotopes ~' "'44Ca
are shown, as are the B(E2);values calculated in
the shell model with an effective charge 1.0. If
we assume one state-independent neutron-effec-
tive charge for all the active neutron single-parti-
cle orbits, then the square root of the ratio of
the measured B(E2) to the calculated B(E2) gives
the neutron-ei'fective charge directly. (In all these
E2 calculations, we determine the oscillator pa-
rameter from the relation k~ =41A "' MeV. ) The
effective charge calculated in this way is shown
in the last column. (Some results similar to these
for ~ 4'Ca are discussed elsewhere. ""}The
first obvious fact is that the effective charge cal-
culated this way is very large. As we discuss
brieQy below, there is reason to believe that
the core-polarization effective charge is about
0.5e. To the extent that ' 0 is two neutrons out-
side an inert "0core, "0 is the s-d-shell analog

of ~Ca. If we determine this total effective charge
for "0as we have done here for ~Ca, it is 0.71."
The calculated" core-polarization effective charge
in the s-d shell is about 0.5. This is the basis
for the statement that deformation effects on E2
observables in the s-d shell are relatively small.
The'y are much larger in the f-P shell. We know

of no obvious reason for this difference. It is
general]. y founders, i6, ~i. ~2 that admixtures of de-
formed components with shell-model ground states
are roughly comparable in "0and "Ca. If we
arbitrarily assume the low-lying states of "0
an@~'Ca are 50/g shell model and 50% 4p-2h de-
formed state, then the 2-0 transition rates imply
that the transition rates between deformed states
in Ca are at least an order of magnitude stronger
then in "0. The calculations of Brown-Green '
and Gerace-Green" suggest the transitions be-
tween deformed components in Ca is more likely
2 to 3 times stronger than in "Q.

In ~Ca, the 6'- 4' transition implies a much
smaller total effective charge than do the 4'- 2'
and 2'- 0' transitions. This could be interpreted
to mean that the deformation effects decrease
significantly as one goes to higher-spin states.
Because of the discrepancies in the experimental
data, it is difficult to draw any conclusions as to
the systematics of the neutron effective charge
in ' "'4'Ca. The results suggest that the effec-
tive charge is not significantly decreased for
transitions between low-lying states in going from
"Ca to "Ca.

There is less direct evidence on the effective
proton charge. The lifetime4' of the 2'-0' transi-
tion in ~Ti implies a total effective charge similar
to the neutron charge (e„=1.6).

Since the calcium isotopes are pure neutron
states in the model used here, and states in "Ti
are pure proton states, it is possible to draw
inferences on the neutron and proton effective
charges directly from the experimental data. It
is possible to draw similar inferences on the iso-
scalar effective charge (e~+e„) from T =0- T =0
transitions. There are two T =0- T = 0 transitions
known'~ in ~Sc. The B(E2}'sfor these transitions
are shown in Table IV, as are the values calculated
with an isoscalar effective charge of 0.7e. This
value gives good agreement with 5'- 7' transition,
and it gives a somewhat too small B(E2) value for
the 3'- 1' transition. Again, this could be in-
terpreted as indicating that the deformation ef-
fects are smaller for the high-spin states. This
isoscalar effective charge also suggests that the
deformation effects are far less important for
the. T =0 states.

The 2'- 0' transition in ~Sc involves both the
isovector and isoscalar parts of the effective
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operator, so the analyses becomes more compli-
cated. The same is true for all the other nuclei
we tried here.

C. Discussion of Electromagnetic Transitions

in Individual Nuclei

In Secs. IVA and IVB, we have attempted to
present a summary of the empirical information
from which one can draw some direct inferences
as to the effective electromagnetic operators for
this region. Now we briefly discuss below the
results of calculations for other transitions in'~l

these A = 42-44 nuclei. The discussion in the
previous section gave evidence that there is con-
siderable ambiguity as to what effective operators
should be used. %e have made somewhat arbi-
trary choices for the effective operators to be
used in the following calculations. For the elec-
tric quadrupole operator we use the following
state-independent effective charges

e~ =0.2, &„=0.5.
There are the core-polarization effective charges
suggested by Arima, Brown, and McGrory4' for
the f-P shell. They assumed the core-polariza-
tion contribution is constant throughout the shell,
and they treated the neutron and proton effective
charges as parameters. The parameters were
chosen to give a best fit to selected data on E2
observables inA=42, 43, 50, and 54 nuclei. The
data were chosen for which deformation effects
were believed to be minimal, or for which it was
possible to estimate deformation effects and cor-
rect the data for these effects. Thus, these ef-

fective charges are chosen to give a reasonable
representation of these "constant" core-polariza-
tion contributions. If the core-polarization ef-
fects are roughly accounted for by these effective
charges, then any large discrepancies between
observed B(E2) values and the values calculated
are indicative of deformation effects. Previous
experience has shown that the relative B(E2)
values are not very sensitive to small variations
in the relative size of the neutron and proton ef-
fective charges. [In fact, we repeated the calcu-
lations reported here with effective charges ~~
= 0.5 and c„=0.5, and the results for relative
B(E2) values were not significantly changed. ]

For the effective M1 operator we present re-
sults for two operators:
(I) The bare operator.
(2) The bare operator with the meson-exchange
approximation 0.2l t, added, and with the iso-
vector part of the ~2- $ matrix element altered
to fit the observed 'Ca magnetic moment.
These two operators are chosen to illustrate the
sensitivity of the M1 calculation to the operator.

D. Calculated and Observed Electromagnetic
Observables in A =42 Nuclei

The calculated E2 transition rates for the low-

lying state in ~Ca are already essentially sum-
marized in Table VIII. Those numbers are for
e„=1.0. If we use e„=0.5, then the experimental
values" for the 2-0 and 4-2 transitions are at
least 10 times the calculated value, while the
6- 4 transition is observed" to be 2 times the
calculated value.

TABLE IX. Calculated and measured B(M1) and B(E2) values in 4 Sc between "f
&&2

" states.
Effective charges e& =1.2, e„=0.5 were used to calculated the B(E2) values. The calculated
B@f1)values headed Bare were calculated with free M1 operator. The numbers headed effec-
tive were calculated with the operator including the approximate meson-exchange term and
which was adjusted to fit the 4~Ca ground-state magnetic moment.

B(E2) (e2 fm4)
Calculated Observed

B(M1)(p,„')
Calculated

Bare Effective Expt. ~

1, 0
3, 0
5, 0
2 1

4, 1

6, 1

0, 1
1, 0
7, 0
0, 1
1, 0
3, 0
3, 0
5, 0
2, 1
7, 0
5, 0
4, 1

23
21
19
0.6
2
2
4

19
3
2

10

35+6 34 4+6 3
20q3& ~ 25 1+5-4 b

72+27 a

7.4

3.5
9.7
3.7
6.2

3.2
2,0

6.4

4.8
8.3
3.0
5.4

2.7
1.7

0.6 + 0.1

5.9+2.4

Reference 44. Reference 46.
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The calculated and observed transitions for low-
lying states in ~Sc are summarized in Table IX.
There are three B(E2) values measured~' ~' be-
tween the low-lying states. Two of them were
discussed above. The third transition is between
two T =1 states, and a comparison of the calcu-
lated and observed B(E2)'s implies a much larger
deformation effect for this transition than for the
T =0- T =0 transitions. The qualitative features
of these transitions are reproduced by the Flowers-
Skouras calculations" for "Sc, in which calcula-
tion deformation effects are explicitly introduced.

B(M1) values for two transitions in ~Sc have
been measured. These transitions are neces-
sarily AT =1 transitions, and are hence quite
strong. The 2', T=1-1', T=O transition is
calculated to be of the right order of magnitude,
but is too weak by about a factor of 2. For the 1',
T =0-0', T =1 transition, the calculated value
is too strong by an order of magnitude. This is
the only case in the nuclei discussed here that
the calculated B(M1) value exceeds the measured
one. The calculations for these two transitions
do not show that one of the two effective M1 oper-
ators used here is better than the other. There
are a number of strong M1 transitions calculated
between the various excited states here. The mea-
surement of these transitions would be of con-
siderable interest.

E. Calculated and Observed Transitions

in A =43 Nuclei

Calculated and observed B(E2)'s and B(M1)'s
in 'Ca are summarized in Table X. We have

already discussed briefly the "Ca E2 calculations
above, and commented on the strong effects due
to deformation. For the calcium isotopes, the
wave functions for the low-lying states are pre-
dominantly pure f», configurations. M1 transi-
tions between identical particle states of pure
j" configurations are forbidden, 4' so M1 transi-
tions in "Ca go only through admixtures of P„,
and f„,states. Because these admixtures are
small, the calculated M1 transitions strengths
are very weak. (As pointed out by Zamick and
Hipka, 4' the P„, and f», contributions interfere
destructively with each other to further suppress
the M1 transitions. ) There is a serious discrep-
ancy between calculation and experiment" here,
for the two known M1 transitions. They are ob-
served to be 1 to 2 orders of magnitude stronger
than the calculated rates. We see that there is
considerable sensitivity both to changes in the
effective two-body interaction, and to changes in
the effective M1 operator. One might suspect that
deformation effects are important here, since
they are so strong for the E2 observables. Zamick
and Hipka" have attempted to estimate such ef-
fects in perturbation theory, and find that they
are small. Noting the sensitivity of the calcula-
tion to the two-body interaction, the uncertainty
of the two-body interaction matrix elements for
states involving the higher orbits, and even the
uncertainty in the single-particle energies for
the P„, and f,z orbits, we think that it is certain-
ly possible that the discrepancy here is due to
inaccuracies in the Hamiltonian used.

The calculated and observed B(E2) and B(M1)

TABLE X. Calculated and observed B(E2) and B(M1) values in 43Ca. See Table IX for
meaning of headings of first two columns of calculated Bgf1) values, The third column
shows B(M1) values with the same operator as was used in calculating numbers in column
2, but with wave functions obtained with the Kuo-Brown interaction.

B(E2) values (e fm )
Calculated Observed Bare

BgNl) values (pN2)
Effective Kuo-Brown Expt.

16

14

87~7

71+3

2x 10-3 1x 10-4

7 x 10-4 3x 10 4

6x 10-'

2x10 3

2x 10-'

1x 10-'

5
2 0.8

0.4

7x10 3 6x10 3

1x10 3 Sx10 4

2x10 4 2x10 5

4x10 3

Sx 10-'

1x 10-'

77+19

2x10 4 3x10 4 5x 10-4

~ Reference 39.
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values in 4'Sc are summarized in Table XI. There
are four B(E2) values measured. ~'O'" For one
case, the —,

' - ~7 transition, the .calculation and

experiment are in agreement, while for the other
three transitions, the calculated numbers are
too small by factors of from 2 to 6. These re-
sults further imply the great importance of de-
formed-state admixtures in the low-lying f-P-shell
states. There are a number of relatively strong
B(M 1) values predicted.

TABLE XI. Calculated and observed B{E2)and B(M1)
values in 43Sc. See caption to Table Ix for meaning of
column headings.

B(E2) values (e fm ) B(Ã1) values (p, & )
J

& J& Calculated Observed Bare Effective

7 T

r
ii

1 3
Y'

5

20

14

67+40 a

]23+22 a

0.7 0.5

F. Calculated and Observed B{E2)Values

in A =44 Nuclei

The calculated and observed" ' ""B(E2) values
in 'Ca are shown in Table XII. Because of angu-
lar momentum selection rules and the pure-con-
figuration inhibition mentioned above, there are
no strong M1 transitions predicted.

We have already commented on the large effect
of deformation on the 2'-O' E2 transition in ~ Ca.
The other measured B(E2) is for the decay of the
6'- 4' state. There are two low-lying 4' states

in the observed spectrum. As mentioned above,
the wave functions for the calcium isotopes are
dominated by f„," configurations. In the f„,'
configuration there are two 4' states, one senior-
ity 2 and one seniority 4. The sole 6' state has
seniority 2. There is a seniority selection rule4'
that E2 transitions between pure configuration
states are allowed only if the seniority changes
by two units between the initial and final states.
As discussed above, the experimental stripping
data imply that the second 4' state is predomi-
nantly seniority 2, so the lower state must be
the seniority-4 state, and 6' should thus decay
primarily to this lower 4' state. This is what
is observed. The calculation splits the 6' E2
strength between the two 4' states. , We have al-
ready commented above that in a previous study'
of "Ca, it was found that the seniority mixing
between these two 4' states was rather sensitive
to the position of the center of gravity of the P„,
single-particle strength, and that the stripping
pattern could be reproduced by a small change in
this center of gravity. We presume that such a
change would improve the agreement for this
transition. The results do indicate that there are
significant effects due to deformation for these
transitions, but they are not as large as for the
2- 0 transition.

The B(M1) and B(Z2) values calculated for '4Sc

are summarized in Table XID. There are no re-
ported measurements of B(E2) or B(M1) values
for transitions between low-lying states in 44Sc.

The "Ca(p, y)4'Sc reaction has been studied, "
and branching ratios reported. There are no

TABLE XII. Calculated and observed B{E2)values in
44Ca. The B(E2) values are calculated with &„=0.5.

0.2 0.3 B(E2) values (e2 fm4)

Calculated Observed

9
Y'

51
Y'

27

23

0.3

20

0.5

10

15

49+ Sb

27&1

0.6

0.4

0.8

0.5

0.3

0.7

1.4

7x10-' 5x10 '

21

41
42

23

0
21

21

41
2

42

41
42

42
6
21

41
42

22

10
5
6
2

9
6
0.0
2
6
4
5
7
2
0.3
3
0.0

72+18 a . 136+43 b

41+4

Reference 49.
Reference 46.

c Reference 50. Reference 51.
Reference 43.

c Reference 46.
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TABLE XIII. Calculated B(E2) and B(M1) values in Sc.
The B(E2) values were calculated with effective charges
e&

——1.2 and e„=0.5. See Table IX for the meaning of the
headings over the B(M1) values.

TABLE XIV. Observed and calculated electric quad-
rupole moments. Calculated values are calculated with
effective charges c& =0.2 and e„=0.5.

B(E2) values
(g2 fm4)

B(M1) values
(u~')

Bare Effective

Quadrupole moment {e2fm4)

Calculated Observed ~

—19+8

43Sc -16 —26

52

2

2
2
4
4
6
3
6
5
2

1
3i
5

6
3i
5i
7

32

22
18
35
46
4

24
2

27
17
23

2
29
18

5
2
0.1

19
0.0
2
2

17

7
2
1
2
0.4

0.7

0.3

0.6
2

0.1

6
2
1
2

0.3

0.6
3

0.3

0,5
2

0.1

contradictions between the calculated values and
the measured branching ratios. There is one
possible puzzle in the data on branching ratios.
There is a state at 1.052 MeV identified as a 5'
state. This state decays predominantly to the 4'
state at 0.350 MeV, but there is an 11% branch
to the 2' ground state. The calculation implies
there is a strong M1 transition from this 5' to
the lowest 4' state. Since this is a 0.752-MeV
transition, there is no reason to expect this M1
transition to be weak on the grounds of a small
energy or a small matrix element. The experi-
mental data suggest that an M3 or E4 transition
is competing with a rather strong M1 transition.
An experimental determination of the B(E4) value
for the 6'- 2' transition from the 0.271-MeV
state would provide interesting information on
the E4 effective charge in this region.

G. Electric Quadrupole Moments

There are four known ground-state quadrupole
moments" in the nuclei discussed here. These
are listed in Table XIV and compared with the
values calculated with the effective operator with
a~=0.2 and e„=0.5. There is a major discrepancy
for Ca. The calculated moment is small and
positive, and the measured value is larger and
negative. This has been discussed in detail by

44SC

44Sc 6, 1 -16
-10

~ Heference 32,

Towsley, Cline, and Horoshko. " They present
an argument which suggests that the first 2' is
strongly admixed with a 2' state based on a
strongly deformed prolate intrinsic state, and
that the quadrupole moment comes primarily
from this deformed component. For the "Sc
ground-state moment, the sign is correct, but
the magnitude is still different by about a factor
of 1.5. This is consistent with the calculated
results for B(E2) values for transitions in «'Sc

as seen in Table XI. The calculated moments
for 44Sc are in reasonable agreement with the
observed values. This is somewhat ironic, in
that it is for these two states that the magnetic-
moment calculations are least successful.

V. SUMMARY

In this paper, we have presented the results
from one uniform conventional shell-model treat-
ment of the light f-P-shell nuclei with A & 44. In
the calculation, the model space is spanned by
all Pauli-allowed states of all possible configura-
tions with two, three, and four particles distribut-
ed among the four f-P-shell single-particle orbits
included in the model space. For the one-body
part of the effective Hamiltonian, we used the ob-
served single-particle energies. The two-body
effective interaction used here is very similar
to the "realistic" f-P-shell interaction of Kuo and

Brown. The over-all results can be summarized
as follows:
(1) Insofar as excitation energies and spectro-
scopic factors are concerned, there are reason-
able experimental partners for all the low-lying
calculated states, and the calculated single-
particle transfer strengths are in qualitative
agreement with experiment. There are many
extra levels in the observed spectrum at low ex-
citation energies not accounted for by the present
shell model.
(2) For magnetic moments, the model is only
moderately successful. The renormalizations
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of the magnetic-dipole observables are much
more important here than was the case in s-d-
shell calculations similar to these, "and the data
suggest there is significant state dependence in
this operator. This dependence is even more
important for the Ml transitions, where there
are many mechanisms leading to strong cancel-
lations. The poor agreement between theory and
experiment for B(M1) values reflects this.
(3) The situation is similar for electric quadru-
pole observables. The effective charges are
significantly larger here than in the s-d shell,
and there is a suggestion of a strong state de-

pendence for these charges.
The results in general here are not as satisfactory
as they are in similar calculations for s-d-shell
nuclei. The effects of deformed states seem to
be much more important in the f-P shell than in
the s-d shell. In the light s-d-shell nuclei a
microscopic treatment of the mixing of closed-
core and core-excited states was quite success-
ful. ~ It will be of considerable interest to see
if similar calculations can be equally successful
in this region. An initial attempt in this direction
has been reported, ' and some quantitative suc-
cess was indicated.
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