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Full fp shell calculation of 52Sc
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The spectra and electromagnetic transitions of the odd-odd nucleus52Sc are calculated in the nuclear shell
model approach, using the fullf p shell basis functions with no truncation. Two of the most used two-body
effective interactions in thef p shell yield quite different nuclear spectra. The energy levels from the two
interactions are compared, as well as the magnetic and quadrupole moments and the electromagnetic transi-
tions. The available experimental data, mostly 11 levels, are not sufficient to conclude which interaction
provides a better fit.@S0556-2813~98!50301-9#

PACS number~s!: 21.10.2k, 27.40.1z, 21.60.Cs, 23.20.2g
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In a recent paper@1# we presented a shell model descri
tion of the nuclei 51Ca and 51Sc. The Hamiltonian matrix
was calculated in the fullf p shell basis functions. This wa
the first ever calculation with 11 valence nucleons in thef p
shell with no truncation of the basis functions. This w
achieved by using the new parallel shell model code—
DUPSM ~Drexel University Parallel Shell Model! code.~This
code was developed and executed on the MOSIX@2# Com-
puting Cluster system at the Hebrew University of Jeru
lem.!

In Ref. @1# we used two different effective interaction
FPD6 of Richteret al. @3# and KB3 of Poves and Zuker@4#.
These two interactions are based on the Kuo and Bro
two-body effective interactions@5# derived in the late 60’s
from the Hamada-Johnston potential@6#. Later, this Kuo and
Brown interaction was improved by using the folde
diagram method@7#. Richteret al. determined their interac
tion by doing a nonlinear fit to the experimental data ava
able at that time starting from the Kuo and Brow
interaction. The fit was done for nuclei in thef p shell with
few valence nucleons, a restriction due to the lack of co
puter power available at that time~early 90’s! and to the
limitations of the computer code they used. On the ot
hand, Poves and Zuker simply modified the monopole c
troids in the Kuo and Brown interaction to cure the b
saturation properties characteristic of all the forces that
scribe adequately the nuclear phase shifts. The resulted
interaction was found very successful in describing all nuc
up to nine valence nucleons in thef p shell @8,9#. Note that
Poves and Zuker did not use a mass factor whereas Ric
et al. used the factor (A/42)20.35 ~whereA is the number of
nucleons!.

In Ref. @1# we found that the FPD6 and the KB3 intera
tions gave reasonable fits to the first four excited state
51Sc, while KB3 yielded a slightly better fit to the highe
excited states. In general, the nuclear spectra and the ele
magnetic transitions obtained by using FPD6 and KB3 w
similar for 51Sc ~as well as for51Ca).

One of the most challenging aspects in the nuclear s
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model is to be able to give a good description of odd-o
nuclei, since their spectra are usually highly sensitive
slight changes in the effective interactions. The odd-o
nucleus52Sc which contains 12 valence nucleons in thef p
shell is even more challenging, since no computer code
able to construct its Hamiltonian matrices in the fullf p shell
basis, until now. The main reason was because too m
coupled states are involved in this construction. On the ot
hand, the dimensions of the Hamiltonian matrices are m
erate; the largest dimension is 36 287 forJ54. With the
DUPSM code, running on the MOSIX system, we are able
build the full f p shell basis for this nucleus. Experimentall
only few nuclear levels of52Sc were recently measured@10#;
the 31 ground state, few 11 levels and one more level a
0.675 MeV for which the angular momentum is not yet ide
tified. Nevertheless, it is important to check whether the m
used effective interactions for thef p shell can describe thes
data, and what the shell model can predict for other nuc
quantities that, hopefully, will be measured in the near
ture.

We use the two effective interactions FPD6 and KB
to calculate the low-lying energy levels forJ50,1,2, . . . ,8;
we plot the levels, up to 5 MeV, forJ50,1,2,3,4 in Fig. 1
and the levels forJ55,6,7,8 in Fig. 2. Table I gives explic
itly the experimental values of the 11 levels ~in MeV!
as well as the calculated ones. From Figs. 1 and 2 we c
clude that FPD6 and KB3 definitely yield different spectr
despite some energy levels that are close by. Moreover,
can see that except forJ51 andJ55, the number of states
below 5 MeV predicted by FPD6 and KB3 for eachJ is
different. ~Except forJ52, FPD6 predicts more states tha
KB3.!

The results for the 11 levels require quantitative exam
nation since we can compare them to the experimental
ues. In Table I we list the experimental and predicted ene
levels of the 11 states. We include the 0.675 Mev level;
might also be a 11 state since it was obtained from th
analysis of the logf t values in 52Ca b2 decay, from which
all the experimental data for the 11 states were deduce
R19 © 1998 The American Physical Society
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@10#. The FPD6 interaction predicts a 11 state at roughly this
energy, while the KB3 interaction does not. Table I sho
that FPD6 and KB3 reproduce reasonably the experime
levels at 1.636, 2.745, 3.458, and 4.265 MeV. We also p
dict more 11 states in52Sc at around 2.43, 3.85, and 4.8
MeV and maybe one more around 4 MeV, according to K
only.

The measured angular momentum of the ground stat
31

1 . However, FPD6 and KB3 predict a doublet of 31
1 and

41
1 . Actually, FPD6 predicts a 41

1 ground state and an exc
tation energy for the 31

1 at 0.11 MeV, whereas for KB3 the
31

1 and 41
1 have almost the same energy. Moreover, there

more doublet states among the 31 and 41 excited states as
predicted by both FPD6 and KB3~see Fig. 1!.

Much can be learned about nuclear structure within
shell model by calculating electromagnetic transitions a
moments. We compared the magnetic and quadrupole
ments of the 31

1 and 41
1 levels. Using the bare electromag

netic factors for the magnetic moments, we obtain for FP
the values 3.6053 and 3.9606mN for the 31

1 and 41
1 states,

respectively. For KB3 the values are 3.6178 and 4.3453mN ,
almost the same values. Using standard effective char

FIG. 1. The calculated low-lying energy levels~up to 5 MeV! of
52Sc forJ50,1,2,3,4. The energy levels were obtained by using t
different two-body interactions, FPD6—plotted to the left for ea
J value—and KB3—plotted to the right.

FIG. 2. The same as in Fig. 1 forJ55,6,7,8.
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i.e., 1.5e for protons and 0.5e for neutrons, in the electric
quadrupole moment operator, we calculated quadrupole
ment values of214.507 e fm2 using FPD6 and215.119
e fm2 using KB3 for the 31

1 state. Getting approximately th
same values for the magnetic and quadrupole moments
the 31

1 energy level is a strong indication that the two d
ferent effective interactions yield almost the same wa
functions for these states. The two effective interactions a
predict similar wave functions for the 41

1 level; the quadru-
pole moment of this state is215.186e fm2 using FPD6 and
215.204e fm2 using KB3.

We have calculated the magnetic and the quadrupole
ments of the 11 states presented in Table I; we do not get
general similar results for the corresponding energy lev
obtained from the FPD6 and KB3 interactions. We did, ho
ever, obtain close values for the first 11 states obtained from
the FPD6 and KB3, although their energies are different, i
0.701 and 2.027 MeV. The values are, respective
2.899mN and 25.599e fm2 using FPD6 and 3.086mN and
26.974e fm2 using KB3.

As we mentioned before, there are no experimental val
to compare with for the electromagnetic transitions in52Sc.
So, we can only compare the predictions of the two inter
tions. We have calculated theBE(2) values for the electro-
magnetic transitions that usually are considered as the m
important ones, i.e., the transitions to the ground doub
states 31

1 and 41
1 . For the 31

1 state we have calculated th
electromagnetic transitions from the first three 11 states us-
ing ~as in the quadrupole moment calculations! effective
charges of 1.5e for protons and 0.5e for neutrons. For FPD6
we obtain the followingB(E2) values

B~E2,11
1→31

1!55.2373e2 fm4 ,

B~E2,12
1→31

1!58.8234e2 fm4 ,

B~E2,13
1→31

1!57.6041e2 fm4 , ~1!

and for KB3

TABLE I. The energies~in MeV! of the calculated 11 states~up
to 5 MeV! and the corresponding experimental values taken fr
@10#. The angular momentum of the state at 0.675 MeV is
determined yet, but might be 11.

Exp. FPD6 KB3

~0.675! 0.701 -
1.636 1.910 2.027

- 2.405 2.455
2.745 3.007 2.881
3.458 3.172 3.430

- 3.782 3.923
- - 4.024

4.265 4.338 4.485
- 4.864 4.878

o
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B~E2,11
1→31

1!58.5825e2 fm4 ,

B~E2,12
1→31

1!526.945e2 fm4 ,

B~E2,12
1→31

1!54.406e2 fm4 . ~2!

Although the aboveBE(2) values are different, it is interes
ing to note that the transition from the 12

1 state in FPD6 and
the transition from the 11

1 state in KB3 are almost the sam
This similarity might relate to the fact that the energies
these two states are close by~see Table I!. However, the
magnetic and quadrupole moments of these two states
not the same, as we mentioned before.

The other important transitions are those from the 21 and
61 levels to the 41

1 . The BE(2) values for the transitions
from the first three 21 levels to the 41

1 state, using FPD6, ar

B~E2,21
1→41

1!57.4516e2 fm4 ,

B~E2,22
1→41

1!50.4174e2 fm4 ,

B~E2,23
1→41

1!513.055e2 fm4 , ~3!

and, using KB3,

B~E2,21
1→41

1!53.7576e2 fm4 ,

B~E2,22
1→41

1!50.0448e2 fm4 ,

B~E2,23
1→41

1!543.027e2 fm4 . ~4!

The two interactions predict that the strongest transition
from the 23

1 level and that the transition from the 22
1 level is

very weak. These results are different from what is usua
expected, namely that the transition from the lowest 21 state
should be stronger than those from the excited states.

The BE(2) values for the transitions from the 61 levels
to the 41

1 state, using FPD6, are
tt.
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B~E2,61
1→41

1!50.4459e2 fm4 ,

B~E2,62
1→41

1!514.594e2 fm4 ,

B~E2,63
1→41

1!50.0e2 fm4 , ~5!

and, using KB3,

B~E2,61
1→41

1!53.0899e2 fm4 ,

B~E2,62
1→41

1!58.7489e2 fm4 ,

B~E2,63
1→41

1!51.7889e2 fm4 . ~6!

Here, the two effective interactions predict that the transit
from the second 61 excited state be the strongest. On t
other hand, FPD6 predicts that the transition from the 61

1 is
weak and from the 63

1 actually negligible, whereas KB3 pre
dicts these two transitions not to be so weak.

In conclusion, theDUPSM code—the first parallel shel
model computer code—enables us to describe the odd
nucleus52Sc in the full f p shell basis. We used two differen
two-body effective interactions, FPD6 and KB3. Althoug
these two interactions yield, more or less, the same nuc
spectra for51Ca and51Sc @1#, they predict different spectra
for 52Sc. This result strongly supports the argument that
results of large-scale shell model calculations for odd-o
nuclei strongly depend on the effective interaction used,
are sensitive to the different features of the interaction@11#.
However, the experimental data available so far is not su
cient to determine which interaction is more reliable for t
description of the52Sc nucleus. We are anxiously waiting t
compare our predictions with new experimental data th
hopefully, will be available in the near future.
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