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The effective interaction GXPF1 for shell-model calculations in the fiflishell is tested in detail from
various viewpoints such as binding energies, electromagnetic moments and transitions, and excitation spectra.
The semimagic structure is successfully described\f@r Z=28 nuclei,>*Mn, >*Fe, %°Co, and®6:57:58.5};,
suggesting the existence of significant core excitations in low-lying nonyrast states as well as in high spin yrast
states. The results ®f=Z odd-odd nuclei®*Co and®Cu, also confirm the reliability of GXPF1 interaction in
the isospin dependent properties. Studies of shape coexistence suggest an advantage of Monte Carlo shell
model over conventional calculations in cases where full-space calculations still remain too large to be
practical.
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[. INTRODUCTION interaction in order to describe the complete set of data and
to have some predictive power.

The effective interaction is a key ingredient for the suc-  The effective interaction can in principle be derived from
cess of the nuclear shell model. Once a reliable interaction ighe free nucleon-nucleon interaction. In fact such micro-
obtained, we can describe various nuclear properties accigeopic interactions have been proposed forghshell [2,3]
rately and systematically, which helps us to understand theith certain success particularly in the beginning of the shell.
underlying structure, and to make predictions for unobservedhese interactions, however, fail in cases of many valence
properties. Thepf shell for orbitals bsj,, 1p1s, Of72, and  nucleons, e.g.#8Ca[3,4] and %®Ni. Especially in the latter,
0Ofg), is a region where the shell model can play an indispensthe ground state is predicted to be significantly deformed in
able role, and is at the frontier of our computational abilities.the full pf-shell calculation, contrary to its known double-
In the pf shell one finds the interplay of collective and magic structure.
single-particle properties, both of which the shell model can It has been shown that modifications in the monopole part
describe within a unified framework. Since the protons andf the microscopic interaction can greatly improve the de-
neutrons occupy the same major shell, the proton-neutrogcription of experimental data. In fact, K§3] and KB3G
interaction is relatively strong and one can study related colf6] interactions, which were obtained on the basis of the
lective effects such a¥=0 pairing. Thepf-shell nuclei are  microscopic Kuo-Brown’s G-matrix interactiofi2] with
also of special interest from the viewpoint of astrophysicsyarious monopole corrections, are remarkably successful for
such as the electron capture rate in supernovae explosiorgescribing lighterpf-shell nuclei(A<52). However, as we
For all these applications, a suitable effective interaction folhave pointed ouf7], these interactions fail ned#Ni. There-
pf-shell nuclei is required. fore it is interesting to investigate to what extent the mono-

Because of the spin-orbit splitting, there is a sizable enpole modification is useful as a simple recipe for improve-
ergy gap between thé;, orbit and the other three orbits ment of the microscopic interaction and to what extent one
(P3/2, P12, f52). Thus there exists al or Z=28 “magic”  has to go beyond this.
number inside the major shell with the oscillator quantum One feasible way of modifying the microscopic interac-
number Nos=3. For shell-model calculations around this tion for practical use is to carry out an empirical fit to a
magic number”®Ni has often been assumed as an “inert” sufficiently large body of experimental energy data. In fact
core. However, it has been shown that this core is rather sofiuch a method has been successfully applied to lighter nuclei
[1] and the closed-shell model for the magic number 28 proand has resulted in the “standard” effective interactions of
vides a very limited description especially for nuclei ndar Cohen-Kurath[8] and USD[9] for the p and sd shells, re-
or Z=28 semimagic. This “active-two-shell” problem is a spectively.
challenge to both nuclear models and effective interactions. Along this line, we have recently developed a new effec-
We shall discuss this point in this paper, and the word “crosstive interaction called GXPF]7] for use in thepf shell.
shell” refers to theéN or Z=28 shell gap hereafter. Because of Starting from a microscopic interaction, a subset of the 195
such cross-shell mixing, it is necessary to assume essentialtyo-body matrix elements and four single-particle energies
the full set of pf configurations and the associated unifiedare determined by fitting to 699 energy data in the mass
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rangeA=47-66. It has already been shown that GXPF1 sucfl15]. For a set of N experimental energy datE('jXpt(k

cessfully describes energy levels of variquisshell nuclei, =1,... N), we calculate the corresponding shell-model ei-
such as the first 2states in even-eve= 28 isotopes, low- genvalues\,’s. We minimize the quamityXZ:zl’z‘:l(ngpt

lying states of**>">Ni, and the systematics of the yrast —),)2 by varying the values of the interaction parameters.
1/Z7, 317", and 5/2 states in Ni isotopep/]. Therefore itis  since this minimization is a nonlinear process with respect to
now important to analyze the wave functions and examingne interaction parameters, we solve it in an iterative way
some electromagnetic properties to confirm further the reliwjth successive variations of those parameters followed by
ability of the interaction. . diagonalizations of the Hamiltonian until convergence.

The aim of this paper is to present various results pre- Experimental energies used for the fit are limited to those
dicted by GXPF1 in order to clarify its applicability and of ground and low-lying states. Therefore, certain linear
limitation by comparing these results with experimental datacombinations(LC’s) of interaction parameters are sensitive
We also discuss what modifications of the microscopic interg those data and can be well determined, whereas the rest of
action are needed in addition to the monopole corrections ifhe C’s are not. We then adopt the so-called LC method
order to obtain a better description of nuclear properties ovey1 6], where the well-determined LC'’s are separated from the
the wide range of nuclei in thef shell. rest: starting from an initial interaction, well-determined

In the derivation and previous tests of GXPFl,_the Monte c's are optimized by the fit, while the other LC’s are kept
Carlo shell model(MCSM) [1,10 played a crucial role, ynchangedfixed to the values given by the initial interac-
since at that time it was the only feasible way to obtaintion),
shell-model eigenenergies for many states in the middle of |n order to obtain shell-model energies, both the conven-
the pf shell. On the other hand, in the present paper, most ofional and MCSM calculations are used. Since we are deal-
the results have been obtained by the conventional LanCZQﬁg with global features of the low-lying spectra for essen-
diagona“zation method, which is now feasible with reason'tia”y all pf_She” nuc|ei’ we use a S|mp||f|ed version of
able accuracy for mogif-shell nuclei owing to recent devel- pcsM: we search for a fewtypically thre§ most important
opments of an efficient shell-model code and fast computerszsis stategdeformed Slater determinaptéor each spin-
We will confirm our previous MCSM results by comparison parity, and diagonalize the Hamiltonian matrix in the sub-
with those by such conventional calculations, but there argpace spanned by these bases. The energy eigenvalues are
still places where the MCSM is necessary. Hfeshell is the  improved by assuming an empirical correction formula,
current frontier of conventional methods, while the MCSM ishich is determined so that it reproduces the results of more
applicable and useful in much larger model spaces, as demccurate calculations for available cases. This method, the
onstrated in Refg11-14. few-dimensional approximation with empirical corrections

This paper is organized as follows. In Sec. II, the deriva-(EpA”), actually yields a reasonable estimate of the energy
tion of GXPF1 is reviewed and its general properties ar&jgenvalues with much shorter computer time.
analyzed in some detail. In Sec. Ill experimental data are “| the selection of experimental data for the fitting calcu-
compared with the results of large-scale shell-model calculagtion, in order to eliminate intruder states from outside the
tions based on GXPF1 and some of its possible mOd'f'Capresent model space, we consider nuclei wita 47 andZ
tions. We analyze the structure of wave functions focusind< 32 As a result 699 data for binding and excitation energies
on the core-excitations across theor Z=28 shell gap. A (490 yrast, 198 yrare, and 11 higher statesre taken from

summary is given in Sec. IV. 87 nuclei: 47-51Ca, 47-5%5c, 47-521j 47-535% 485Gy
50—551\/|n1 52—(5(]:8754—6JC07 56—6(Ni, 58—6C’Cu, 60_642!’1, 62,64,6Ea,
64,6 H A
Il. DERIVATION AND PROPERTIES OF THE EFFECTIVE ~ @nd**®Ge. We assume an empirical mass dependenté
INTERACTION of the two-body matrix elements similar to that used for the

USD interaction[9], which is meant to take into account the

In this section, we first sketch how we have derived theaverage mass dependence of a medium-range interaction
GXPF1 interaction. The properties of GXPF1 are then anaf17]. We start from the microscopically derived effective in-
lyzed from various viewpoints. teraction based on the Bonn-C poten{idl, which is simply
denoted by G hereafter. In the final fit, 70 well-determined
LC's are varied, and a new interaction, GXPF1, was obtained
with an estimated rms error of 168 keV within FDAThe

An effective interaction for thepf shell can be specified resultant single-particle energies and two-body matrix ele-
uniquely in terms of interaction parameters consisting of fouiments are listed in Table I.
single-particle energies, and 195 two-body matrix elements
V(abcd; JT), wherea, b, ... denote single-particle orbits, and
JT stand for the spin-isospin quantum numbets include
kinetic energies. We take the traditional approach of evaluat- It is interesting to examine what changes have been made
ing the interaction energy in zeroth-order perturbation theoryo the original G interaction by the empirical fit. Figure 1
for n nucleons outside of a closed shell ffCa. We adjust shows a comparison between GXPF1 and G for the 195 two-
the values of the interaction parameters so as to fit experbody matrix elements. One finds a strong correlation. On
mental binding energies and energy levels. We outline thewverage, thd=0 (T=1) matrix elements are modified to be
fitting procedure here, while details can be found in Ref.more attractive(repulsive. The most attractive matrix ele-

A. Derivation of GXPF1 interaction

B. Corrections to the microscopic interaction
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TABLE I|. Two-body matrix element¥(abcd; JT) (in MeV) of GXPFL1 interaction. Single-particle ener-
gies are taken to be -8.6240, —5.6793, -1.3829, and —4.1370 MeV fdiythes,, s, and py, orbit,
respectively. For calculations of maésnuclei, these two-body matrix elements should be multiplied by a
factor (A/42)793
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TABLE I. (Continued)

2j4 2jp 2j¢ 2jq J T \%
7 5 7 1 4 0 -0.3789
7 5 3 3 1 0 0.8914
7 5 3 3 3 0 0.6264
7 5 3 5 1 0 -1.2721
7 5 3 5 2 0 -0.5980
7 5 3 5 3 0 -0.7716
7 5 3 5 4 0 -0.6408
7 5 3 1 1 0 -1.4651
7 5 3 1 2 0 -0.7434
7 5 5 5 1 0 -0.2735
7 5 5 5 3 0 0.6378
7 5 5 5 5 0 1.1302
7 5 5 1 2 0 0.5447
7 5 5 1 3 0 0.6262
7 5 1 1 1 0 0.1928
7 1 7 1 3 0 -1.6968
7 1 7 1 4 0 -1.0602
7 1 3 3 3 0 0.6411
7 1 3 5 3 0 -0.0354
7 1 3 5 4 0 -1.3607
7 1 5 5 3 0 -0.2621
7 1 5 1 3 0 0.4505
3 3 3 3 1 0 -0.6308
3 3 3 3 3 0 -2.2890
3 3 3 5 1 0 0.2373
3 3 3 5 3 0 0.2276
3 3 3 1 1 0 1.8059
3 3 5 5 1 0 0.0483
3 3 5 5 3 0 -0.0546
3 3 5 1 3 0 0.1150
3 3 1 1 1 0 0.7675
3 5 3 5 1 0 -2.7262
3 5 3 5 2 0 -1.5110
3 5 3 5 3 0 -0.5859
3 5 3 5 4 0 -1.0882
3 5 3 1 1 0 -0.9930
3 5 3 1 2 0 -0.4885
3 5 5 5 1 0 0.4770
3 5 5 5 3 0 0.3200
3 5 5 1 2 0 0.3540
3 5 5 1 3 0 1.0151
3 5 1 1 1 0 0.8137
3 1 3 1 1 0 -2.5068
3 1 3 1 2 0 -2.3122
3 1 5 5 1 0 -0.0337
3 1 5 1 2 0 0.6900
3 1 1 1 1 0 0.8490
5 5 5 5 1 0 -0.8551
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TABLE I. (Continued)

2j4 2jp 2j¢ 2jq J T \4
5 5 5 5 3 0 -0.5599
5 5 5 5 5 0 -2.2816
5 5 5 1 3 0 -0.6276
5 5 1 1 1 0 -0.3161
5 1 5 1 2 0 -0.3174
5 1 5 1 3 0 -1.4023
1 1 1 1 1 0 -1.2431
7 7 7 7 0 1 -2.4385
7 7 7 7 2 1 -0.9352
7 7 7 7 4 1 -0.1296
7 7 7 7 6 1 0.2783
7 7 7 3 2 1 -0.5160
7 7 7 3 4 1 -0.2969
7 7 7 5 2 1 0.2167
7 7 7 5 4 1 -0.4999
7 7 7 5 6 1 -0.5643
7 7 7 1 4 1 -0.2096
7 7 3 3 0 1 -0.7174
7 7 3 3 2 1 -0.2021
7 7 3 5 2 1 -0.1725
7 7 3 5 4 1 -0.2224
7 7 3 1 2 1 -0.0367
7 7 5 5 0 1 -1.3832
7 7 5 5 2 1 -0.2038
7 7 5 5 4 1 -0.0331
7 7 5 1 2 1 -0.1295
7 7 1 1 0 1 -0.3800
7 3 7 3 2 1 -0.6081
7 3 7 3 3 1 0.1561
7 3 7 3 4 1 -0.1398
7 3 7 3 5 1 0.5918
7 3 7 5 2 1 0.0959
7 3 7 5 3 1 -0.5230
7 3 7 5 4 1 -0.2486
7 3 7 5 5 1 -0.4810
7 3 7 1 3 1 -0.1048
7 3 7 1 4 1 -0.3351
7 3 3 3 2 1 -0.3738
7 3 3 5 2 1 -0.5436
7 3 3 5 3 1 0.1836
7 3 3 5 4 1 -0.4546
7 3 3 1 2 1 -0.4262
7 3 5 5 2 1 0.0880
7 3 5 5 4 1 -0.2146
7 3 5 1 2 1 -0.8030
7 3 5 1 3 1 -0.1814
7 5 7 5 1 1 -0.0889
7 5 7 5 2 1 -0.1750
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TABLE I. (Continued)

2j4 2jp 2j¢ 2jq J T \%
7 5 7 5 3 1 0.6302
7 5 7 5 4 1 0.4763
7 5 7 5 5 1 0.7433
7 5 7 5 6 1 -0.9916
7 5 7 1 3 1 0.3224
7 5 7 1 4 1 0.1907
7 5 3 3 2 1 0.0717
7 5 3 5 1 1 0.0521
7 5 3 5 2 1 -0.4247
7 5 3 5 3 1 -0.0268
7 5 3 5 4 1 -0.2699
7 5 3 1 1 1 0.0552
7 5 3 1 2 1 -0.0153
7 5 5 5 2 1 -0.5022
7 5 5 5 4 1 -0.2709
7 5 5 1 2 1 -0.1537
7 5 5 1 3 1 0.1105
7 1 7 1 3 1 0.4873
7 1 7 1 4 1 -0.1347
7 1 3 5 3 1 0.3891
7 1 3 5 4 1 -0.6111
7 1 5 5 4 1 -0.2248
7 1 5 1 3 1 -0.1586
3 3 3 3 0 1 -1.1165
3 3 3 3 2 1 -0.0887
3 3 3 5 2 1 -0.4631
3 3 3 1 2 1 -0.6340
3 3 5 5 0 1 -1.2457
3 3 5 5 2 1 0.0719
3 3 5 1 2 1 -0.1923
3 3 1 1 0 1 -1.4928
3 5 3 5 1 1 0.3284
3 5 3 5 2 1 0.3608
3 5 3 5 3 1 0.3460
3 5 3 5 4 1 -0.2584
3 5 3 1 1 1 -0.1076
3 5 3 1 2 1 -0.4545
3 5 5 5 2 1 -0.0560
3 5 5 5 4 1 -0.3615
3 5 5 1 2 1 -0.4043
3 5 5 1 3 1 0.0600
3 1 3 1 1 1 -0.1594
3 1 3 1 2 1 -0.2938
3 1 5 5 2 1 0.0600
3 1 5 1 2 1 -0.2490
5 5 5 5 0 1 -1.2081
5 5 5 5 2 1 -0.4621
5 5 5 5 4 1 -0.1624
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TABLE I. (Continued)

2ja 2jb 2jc 2jd J T \

5 5 5 1 2 1 -0.3208

5 5 1 1 0 1 -0.8093

5 1 5 1 2 1 -0.1519

5 1 5 1 3 1 0.2383

1 1 1 1 0 1 -0.4469
ments arel =0, with the largest ones belong T=0 7575 in C. Monopole properties

both GXPF1 and G, as indicated in the figure, where the |, orqer 1o investigate basic properties of an effective
notation 7575 refers to the set of matrix elementsygmiitonian, it is convenient to decompose it into the mono-
V(abab; JT) wr;h a=fy, andb_:f5,2. It_ was stressed in Ref_s. pole part and the multipole paf21] as

[18,19 that this strongT=0 interaction between the orbits

j==I+1/2 andj-=1-1/2 is animportant feature in all mass H=H,+Hy. (1
regions including thed andp shells. In thep shell variation

of these type of matrix elements relative to the Cohen-Kurat
interaction[8] leads to improvemerjtL8,2(. One can see in

r']I'he monopole part,, plays a key role for describing bulk
properties such as binding energies and shell §apssince

: . it determines the average energy of eigenstates in a given
Fig. 1 that the G and fitedGXPFY) values for the configuration. The monopole Hamiltonian is specified by the

j>-j (7579 interactions are very similar. ! )
. . . . angular-momentum averaged two-body matrix elements:
There are seven matrix elements in which the difference

between GXPF1 and G is greater than 500 keV. These ma- 23+ 1)V(abab:J

trix elements are listed in Table Il. It is remarkable that these EJ" ( M 9T

largely modified matrix elements are either of the diagonal V(ab;T) = ' 2
V(abab;JT) type which contributes to the monopole correc- EJ: (23+1)

tions or of the monopole pairing=0,T=1) type. As for the

former type, the 7373 and 7575=0 matrix elements with where the summations run over all Pauli-allowed values of
largeJ are modified to be more attractive, contrasting to thethe angular momenturd.

relatively small corrections for small matrix elements. The Figure 2 shows the matrix elementgab;T). As a refer-

two monopole pairing matrix elements shown in the table ar&nce, we consider also the KB3®] interaction. Since this
both related to thés, orbit. As a result of the empirical fit, interaction gives an excellent description fo< 52 nuclei, it

the pairing betweems,, and fs;, (3359 is modified to be is expected that the monopole matrix elements of GXPF1 are
strongly attractive, while that betwedr, andfs,, (7755 is  similar to those of KB3G at least for those involviffig,. In

made to be less attractive. fact, bothT=0 andT=1 average matrix elements of th&7,
f7p3, 715, and f7plorbit pairs are rather close between
2 : : : : . S GXPF1 and KB3G. TheT=1 matrix elements fop3p3,
I o p3f5, and f5pl aralso not very different, which are impor-
1F :E? T tant for describingZ <28, N> 28 nuclei. On the other hand,
3131;21 the similarity is lost in other matrix elements, especially for
s 0 T=0 matrix elements betweeps, 1, orbits. Therefore,
2 [ 7755:01 7575,50 GXPF1 and KB3G could give a very different description for
= Ar : N7777:30 T S wi
& I x B0 X\ o nuclei with Z,N>2§. . . .
I Ll 3355:01 | In order to confirm this observation, we have carried out
= _ the FDA' calculations by using KB3G for the similar set of
§ iy 757520 °‘c’,\7777;°1 | nuclei included in the fitting calculations. Table Ill summa-
a A ? 7373;50 rizes the estimated rms difference between calculated ener-
> 4| 7575110 7575;60 _ gies and the experimental data for both GXPF1 and KB3G.
- The data are classified into four groups from the viewpoint
-5t . of the location in the isotope tabl¢a) Z,N<28, (b) Z or
r N=28,(c) Z<28,N>28, and(d) Z,N>28. The rms devia-
—6_6 : _'5 : _'4 : _'3 : _'2 : _'1 o 1 = tions are estimated for each group, and the yrast and yrare
V(G) (MeV) states are considered separately.

It is clearly seen that the rms deviations by GXPF1 are
FIG. 1. Correlation oi/(abcd: JT) between G and GXPF1. The almost the same in all groups. On the other hand, those by
matrix elements off=0 andT=1 are shown by open circles and KB3G become larger for the group) and(d) in comparison
crosses, respectively. For several matrix elements, correspondiri§ (8) and(c). The deviation is especially large for the group
guantum numbers are shown by using the notatiQRjg2j.2j4;JT.  (b), where the major differences can be foundiNi, >°Co,
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TABLE II. Comparison of the two-body matrix element§abcd;JT) (MeV) (A=42) for which the
difference between G and GXPF1 is larger than 500 keV.

2ja 2jp 2j¢ 2jq J T G GXPF1 Difference
7 3 7 3 5 0 -2.2033 -2.9670 -0.7637
3 3 5 5 0 1 -0.5457 -1.2457 -0.7000
7 7 7 7 3 0 -0.2404 -0.8418 -0.6014
7 5 7 5 6 0 -2.4425 -3.0351 -0.5926
7 5 7 5 5 0 -0.0211 -0.6084 -0.5873
3 1 3 1 2 1 -0.8291 -0.2938 +0.5353
7 7 5 5 0 1 -1.9875 -1.3832 +0.6043

and>'Ni. Since the property of the core excitations appeargairing and the quadrupole-quadrupole interactions, which
directly in the low-lying spectra in these semimagic nuclei,determine collective properties of the effective interaction. It
this result suggests that the core excitations are not well dés useful to investigate these collective aspects of GXPF1
scribed by the KB3G interaction. and compare with that of other interactions.

The rms deviations are in general larger for yrare states According to the prescription in Ref21], H,, can be
than the yrast states, especially in KB3G. This also suggesexpressed in both the particle-partidle-p) representation
the failure in the description of the core excitation, which isand the particle-holép-h) representation. In thp-p repre-
expected to appear more directly in the yrare states than theentation,H,, is expressed in terms of particle-pair bases
yrast states. Another possible reason is that the FDé [c;cg]”, in which two nucleons are coupled to the good an-
comes less accurate for yrare states. gular momentund and the isospi. The coefficient matrix

From this table we cannot infer that the description byis diagonalized for eaclT channel. By using the resultant
GXPF1 is better than KB3G for grou@) and(c), because eigenvalues’', we obtain
the rms deviations shown in the table are not exact values but
the results of the FDA with typical accuracy of about Hy = > EXPl; Pyr. + (0ne-body termys (3
200 keV. Since GXPF1 is determined from FDQAhe rms ITa
deviations of GXPF1 are naturally smaller than those by " ) . ) )
other interactions within the FDAIn fact, in light pf-shell ~WhereP;g, denote particle-pair creation operators which are
nuclei with more precise computations, we can find severdinear combinations of the particle-pair bases, and their struc-

examples where KB3G gives a better description tharfure is determined by the corresponding eigenvectétere,
GXPF1. for simplicity, we omit the summations ovecomponents of

both spin and isospip.The most important contributions
D. Collective properties come from theJT=10, 20, and 01 terms with large nega-

It has been pointed o(i21] that the multipole part of the tive eigenvalue€’", which correspond to th&=0, small-
HamiltonianH,, is dominated by several terms, such as theJ p:lzurlng, and the usual'=1 monopole pairing, respec-
tively.
0.5 ————— 77— Similarly, in thep-h representation, by using the particle-
hole (density basegc/c,]*” with spin-isospin quantum num-

TABLE Ill. Comparison of rms deviationéMeV) between the
experimental excitation energies and those calculated from GXPF1
and KB3G. Theoretical energies are estimated by the FDA*. The
numbers in the parentheses show the number of data included in the

V(abT) (MeV)
|

calculation.
-1.5 ] Group State GXPF1 KB3G
ol ] () Z,N<28 Yrast 0.154136) 0.235129
Yrare 0.20145) 0.26323)
. . . . . . n . . ) (b) Z or N=28 Yrast 0.18M2) 0.64787)
717 f7D3 75 f7D1 DSD3 D3f5 D3D1 55 f501 D1D1 Yral’e 019557) 080244)
FIG. 2. Comparison of the monopole matrix elements(€) £<28,N>28 Yrast 0.146129 0.296126)
V(ab;T) (A=42) between G, GXPF1, and KB3G, which are shown Yrare 0.14%75) 0.30259)
by circles, squares, and diamonds, respectively. Lines are drawn (@) Z,N> 28 Yrast 0.186@5) 0.40%51)
guide the eyes. The orbit-pair label5[3” stands fora=f;;, and Yrare 0.18723) 0.45823)

b=p3,, for example.
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TABLE IV. Comparison of the collective strengtlideV) between G, GXPF1, and KB3G. The mass
numberA=42 is assumed.

Interaction (S El0 E20 e?0 e*0 ell

G -4.20 -5.61 -2.96 -3.33 -1.30 +2.70

GXPF1 -4.18 -5.07 -2.85 -2.92 -1.39 +2.67

KB3G -4.75 -4.46 -2.55 -2.79 -1.39 +2.47
bersA 7, the diagonalization of the coefficient matrix deter- E. Spin-tensor decomposition

mines the structure of multipole operatogd , and the

. - . : In order to analyze the structure of an effective interac-
corresponding strengt@ , leading to an expression

tion, the spin-tensor decompositigt7] is useful, since it
gives physical insights from a different viewpoint. In the
following discussions, we consider the two-body interaction
Hu =2 e’Qu- Qua- (4)  Vy in the multipole partH,,. Therefore the results are free
K from the monopole effects. We again take KB3G as a refer-
ence interaction. It is essentially the same as the Kuo-
Brown’s renormalized G-matrix interactiof2] after the
The symbol - stands for a scalar product with respect to botfhonopole subtractior(All of the results in this section are
spin and isospinfWe adopt here a slightly different defini- for the matrix elements evaluated/t 42) An overview of
tion of g™ from that in Ref[21] by a phase factof~1)**".]  the correlation inV,, between these interactions is shown in
Large eigenvalues appear for=20, 40, and 11, which are Fig. 3. It can be seen that the correction to the microscopic
interpreted as the usual isoscalar quadrupole, hexadeckteraction imposed by an empirical fit contains sizable non-
pole, and Gamow-Teller interactions, respectively. monopole components. In addition, the microscopic interac-
In Table 1V, the collective strengths, i.e., the largesttions, G and KB3G(~KB) are not identical even in the
(smallest eigenvaluesE’" or €7 in each spin-isospin chan- multipole parts, as seen in the lower part of Fig. 3. The
nel, are shown for G, GXPF1, and KB3G. According to thedifference between G and KB3G looks not necessarily
comparison between G and GXPFL1, in general, the empiric@maller than that between G and GXPF1, which also sug-
fit has reduced these strengths by at most 12 % except for thfasts that the present correction to G is in a reasonable mag-
A7=40 term. Especially, the reductions in the0 termsE¥®  pitude.

ande?® are relatively large, contrary to the general observa- \we first transform thejj-coupled two-body matrix ele-
tion thatT=0 matrix elements are on average modified to bements (j,j,JT|VuljciedT) into the LS-coupled form

more attractive by the empirical fisee Fig. 1. This means | || S3T)v,,|I.,L’S JT), then carry out the spin-tensor de-
that the attractive moqmcatlon has begn applied mainly t%omposition of the two-body interaction as
the monopole term@vhich do not enter into the numbers of
Table V).

For the comparison between GXPF1 and KB3G, it can be Vi =2 Vie= 2 Uk XK, (5)
seen that theT=0 (T=1) pairing strength is stronger K K
(weakey in GXPF1. Such a difference is expected to affect ) _
the description of the structure f&@~ N nuclei. In GXPF1, where the operatordk andX* are irreducible tensors of rank
E0js larger tharE®! by about 20%, which is consistent with k in the space and spin coordinates, respectively. The.inter-
an estimate by the mean-field calculatiof®?] using the action component¥, represent the centrék=0), spin-orbit
standard seniority pairing. It has also been sh¢gjrthat the ~ (k=1), and tensok=2) parts. The spin-orbit part includes
T=0 pairing strength is larger tha=1 in the density- both the normal partS=S'=1) and the antisymmetric spin-
dependent Gogny force. Note that the situation is opposite iQrbit (S#S') part.

KB3G. On the other hand, the multipole streng#$ are Figure 4 shows the central components. ForTh® ma-
very similar for GXPF1 and KB3G, although the strengths oftrix elements, G and GXPF1 are very similar to each other.
GXPF1 are slightly larger. Sizable modifications of G by the empirical fit can only be

By usinge\”, we can evaluate the collective quadrupole-seen in the(l lylclq L)=(3333 0 and (3131 2 components,
quadrupole(QQ) strength between like nucleoriproton-  which are made more repulsive by about 0.4 and 0.3 MeV,
proton or neutron-neutronand that between protons and respectively. Other matrix elements of GXPF1 are very close
neutrons. For GXPF1, the strength Qf-Q, or Q,-Q, is  to those of G. On the other hand, GXPF1 deviates from G in
—0.96 MeV, while that ofQ,-Q, is =7.82 MeV. This result variousT=1 matrix elements. The modifications to G are in
shows the dominance of the proton-neutron part in the colthe repulsive direction for the matrix elemer8333 Q and
lective QQ interaction, as in heavier nucjé4,23-2%. Such (3333 2 which are related to monopole and quadrupole pair-
Qp-Qn dominance can be seen in other interactions, althouging in the f orbit, respectively, while thg¢3311 Q matrix
the ratio ofQ,-Q, to Q,-Q, (or Q,-Qy) is different(8.1 for  element is made to be more attractive, which corresponds to
GXPF1, 6.8 for G, and 7.1 for KB3)G the monopole pairing betwednand p orbits.
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FIG. 4. Comparison of the centr@l=0 (lower panel andT=1
(upper pangl components. Results for GXPF1, KB3G, and G areValues with small corrections. Namely, in tfie=0 cases,
shown by solid lines, dotted lines, and circles, respectively. The3333 20, (3331 03, and(3111 20 matrix elements, the at-
quantum numberklylJ4LL’SS of the LS-coupled matrix elements traction of KB3G is much weaker, rather outstandingly, than
(I l,LSITIV|IJ4L’S' ITy are shown along the horizontal axis.

iz 3 FIG. 3. Correlation of monopole-free two-
body matrix elementsd/,, between(a) GXPF1
and G, (b) GXPF1 and KB3G, andc) G and

KB3G.

For KB3G, it is remarkable thaT=0, S=1 matrix ele-
ments are very close to those of GXPF1, including the
(3333 0 matrix element which deviates from G significantly.
Considering that the origin of KB3G and GXPFL1 is very
different, this similarity is surprising. However, there are
large differences in th&=0, S=0 matrix elements, where
the absolute values of the KB3G matrix elements are smaller
in most cases than those of GXPRnd also G. The only
exception is th€3333 1) matrix element. On the other hand,
most of theT=1 matrix elements of KB3G are very close to
those of G rather than GXPF1 for bo8¥0 and 1. One can
only find small deviations from G in th€33330Q and
(3333 § elements, where the former is more attractive and
the latter is more repulsive. This similarity between G and
KB3G indicates that th&'=1 central part is converged in
these two different G-matrix calculations.

In Fig. 5 the tensor components are compared. Thé@
matrix elements are relatively large fal.=2. The correc-
tions to G are relatively large for thdll,llyLL")
=(3331 02, (333143, (331102, (313142, and(3111 42
matrix elements, which are all in the repulsive direction,
while those in the attractive direction are found(8833 64
and(3331 64 matrix elements. These corrections are at most
0.2 MeV. TheT=1 components are in general very small
compared toT=0. This is due to the fact that=0 tensor
interaction is dominated by a matrix element between two
nucleons withl=0 to =2 whereasl =1 must have odd.

The G and KB3G values show rather large differences in
cases with largest magnitudes, while the GXPF1 favors the G

that of G(and also GXPFiL
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FIG. 5. Comparison of the tensor components. Conventions are FIG. 6. Comparison of the spin-orbit components. Conventions
the same as in Fig. 4. are the same as in Fig. 4.

The normal spin-orbit components are shown in Fig. 6. _
For theT=0 elements, relatively large attractive corrections@S the central and thé=0 tensor components. The correc-
to G are found in the(l |y LL")=(3333 22, (333344, tons due to the empirical fit become sizable in several spe-
and (3131 44 matrix elements. Such corrections to the latterCific matrix elements, especially far=1. On the other hand,
two matrix elements are not found in KB3G. Similarly, large 2/though many of matrix elements of KB3G are very close to
attractive corrections exist also in thé=1, (3331 13, those of G, one sees that sevefalS=0 central andT=0

(3331 33, (3331 54, and (3131 33 matrix elements, all of tensor matrix elements are rather different. This suggests sig-

which are absent in KB3G. It can be seen that the spin—orbi?'flcant changes in microscopic calculations of the effective

: . interaction or their input from the nucleon-nucleon interac-
matrix elements of KB3G and G are very close in both case - .

_ . .~ “Tlon that have evolved from the original calculations of Kuo-
of T=0 and 1. Thus, we infer that there may be contribution

to the spin-orbit interaction that are not present in the tWO?Brown to the more recent results of RE).

nucleon G matrix, perhaps from an effective three-nucleon )
Hamiltonian. F. Monopole fit

Figure 7 shows the antisymmetric spin-orbit components. According to previous sections, the empirical fit gives rise
In general, matrix elements of G are small as in the case db sizable corrections to the microscopic interactions mostly
the normal spin-orbit components. Nevertheless, one caim the monopole part and several specific matrix elements
again see nearly perfect similarity between G and KB3G insuch as the monopole pairing. Therefore we come to a natu-
almost all matrix elements. The empirical fit has resulted inral question: to what extent can we improve the microscopic
several large corrections to G which are inconsistent withinteraction for practical use with more restrictive corrections.
KB3G, such as T=0, (l,ld4LL" SS)=(333132 0}, In order to assess this approach, we have carried out another
(3331540}, (33314410 and T=1, (33331010, fit by varying only the monopole parts, and the monopole-
(3311 10 10, (3111 32 10. Such relatively large matrix el- pairing(T=1,J=0) and quadrupole-pairingir=1,J=2) ma-
ements appear also in other empirical effective interactiontrix elements. The number of parameters are 20, 10, and 36
such as FPMI326] and TBLC8[27]. Further investigation is for these components, respectively. Thus in total 70 param-
needed to find if these deviations are significant in terms oéters are varied including four single-particle energies. Note
the errors inherent in the fits to data. that theT=0 components are varied only in the monopole

Summarizing the results of the spin-tensor decompositiopart. The mass dependens&-2is also assumed. In the final
of Vy, there are overall, reasonably good similarities be-it, 45 best-determined LC's are taken, and the resultant in-
tween G and GXPF1 in relatively large matrix elements sucheraction is referred to as GXPFM. The estimated rms devia-
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(0]
g
a monopole pairing. The former two of GXPFM are less at-
= tractive than those of GXPF1, which is required to keep the
-1.0 o collective monopole pairing strength weaker than that of
5555555555555560r R rr P e rr e e e e GXPF1, as mentioned above. For fhe0 matrix elements
OAISFANN M < O OO T MO M —— AN~ — ’ ) i !
O T Ty oaaneT T the p3f5 and p3pkomponents are very different between
B o P e A GXPF1 and GXPFM. Although the structure of Ga and Ge
LoplapleplonioplapanlorToplorioplopTanlonloph ulortoploptoplonloplaploslos laptosloplos Taplont ol

isotopes is rather sensitive to these matrix elements, most of
FIG. 7. Comparison of the antisymmetric spin-orbit compo-those isotopes cannot be included into the fit becéliseoo
nents. Conventions are the same as in Fig. 4. close to 40. This point may be clarified better in a future

tion is 226 keV within FDA for 623 energy data. Although study including higher orbits.
this number sounds quite successful, GXPFM fails to de-
scribeN or Z=28 semimagic nuclei. In fact, for these nuclei, IIl. RESULTS AND DISCUSSIONS
the estimated rms deviation increases to 267 keV for yrast
states(87 data and to 324 keV for yrare stat€44 data.

We first consider the multipole part of the Hamiltonian.

In this section, the results obtained from large-scale shell-
model calculations with GXPF1 are given and compared

. . . with available experimental data. In our previous studies of
The collective strengths of the-h interactions of GXPFM :
are found to havegreasonagILe values. For examgi@ pf-shell nuclei [1,10,28,29, we took advantage of the

——2.85,6/0=—1.44, ande'= +2.59(MeV/), which are quite MCSM, which was the only feasible way to evaluate the
similar to those of GXPF:(seé Table I\); As for the p-p eigenvalues of the shell-model Hamiltonian in the middle of
channel, since the multipole part of GXPFM is different from the_ pf shell. In the present study, most of shell-model_ calcu-
G only for theT=1 components, the strengtE® and E2° lations are carried out in a conventional way by using the
are the same as those of G. On the other hand, the monopcﬁgell—model codemsHELL [30]. MSHELL enables calculations

pairing strength is reduced t8%=-3.88, which is much With M-scheme dimensions of up te10". With this capa-
weaker than that of GXPF1 and will compensate the larg&ility we can handle essentially all low-lying states in the
T=0 pairing strength. pf-shell nuclei with a minimal truncation of the model space.
Figure 8 compares the monopole matrix elementdVe can also confirm the reliability of the previous MCSM
V(ab;T) for GXPF1 and GXPFM. Thed--related matrix  calculations by comparing both results. On the other hand,
elements of GXPFM take similar values to those of GXPF1for nonyrast states in the middle of tipé shell, the MCSM
(and other interactionsalthough theT=0, f7f5 matrix ele- is still necessary.
ment of GXPFM is more attractive than that of GXPF1 by In the following discussions, the truncation ordede-
300 keV. Note that the monopole Hamiltonian is specifiednotes the maximum number of nucleons which are allowed
by the linear combinations%V(ab;1)+%V(ab;0) and to be excited from thd,, orbit to higher three orbitps,,
V(ab;1)-V(ab;0), where the former determine, roughly fs,, andp,,, relative to the lowest filling configuration. The
speaking, the mass dependence and the latter affects the idatter three orbits are expressed simplyrdsereafter. Most
spin dependence. The first combination is extremely weltesults for Ca, Sc, Ti, V, Cr are exagto truncation while
determined and almost identical between GXPF1 and GXt=6 for Mn, andt=5 or better for other isotopes.
PFM (differences are less than 50 keV In this paper we fully cover the data on magnetic and
Relatively large differences can be seen inThel, p3p3, quadrupole moments. Electromagnetic transitions are dis-
f5f5, and plplmatrix elements, which are all related to the cussed for some representative nuclei. Gamow-Tegllele-
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32

B. Binding energy

o \ \
70 80\‘ Binding energies are obtained by adding suitable Cou-
lomb energies to the shell-model total energies. In the
oo ] 8 present study the Coulomb energies are evaluated by using

i/\/ an empirical formula
v O

30 |
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proton number
n n

S o
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m(m—1
EC = V’7T’7T ( p) ) - VW,,’TTV + e,n.’7T, (6)
40
( (\D/\;o /\ /
51| \6" 80 where = and v denote the number of valence protons and
\Q‘OSOM% ¥ neutrons, respectively. The adopted parameters \gre

2 : =0.264,V,,=0.038, ande,=7.458(MeV). The same form
20 2 24 2 2 3% & 3 3% 3 was adopted in Ref.31] for describing lightpf-shell nu-
neutron number clei with a different parameter set. In the present ap-
FIG. 9. The probability of®Ni closed-shell configurations in the Proach, since we consider a wider mass region, the param-
calculated ground-state wave functions. eters are determined by fitting to the energy difference
between 36 pairs of isobaric analog states with magses
=47-74. In Ref[32], the binding energies are also stud-

cay will be covered in subsequent work. ElectromagnetlcIed systematically by using the KB3 interaction for many

transition matrix elements are calculated by using the effec: . 56n - I
tive g factors and the effective charges adopted in Sec. Ill C//2 shell nuclei up to™Ni, and quite similar values of
and 1ll D, respectively. the;e parameters are proposed. They have attal_ned an rms
deviation of 215 keV between theory and experiment for
70 nuclei ofA=42-56. However, the discrepancy ifNi
(overbinding is significantly large in comparison to that
First we consider the role of the or N=28 closed shell.  of neighboring nuclei.
This is important for the unified shell-model description of |n Fig. 10 the deviation of calculated binding energies
pf-shell nuclei, since it is convenient to base a truncatiorfrom experimental values are shown for each isotope chain
scheme on the stability of such a closed core. It has beegs a function of the neutron numkr The theoretical values
shown([1] that the>®Ni core is rather soft in comparison to are obtained by GXPF1. For the truncations, all results are
the “®Ca core. More precisely, the probability of th&/)'®  exact for Ca, Sc, Ti, V, and Cr isotopes. For other isotopes,
configuration in the ground-state wave function®Ri is  the results are obtained in a subspace=d or larger. Judg-
much smaller than that of thé;,)® configuration in*Ca. It ing from the convergence pattern as a functiort,dhe un-
is attributed to the strong proton-neutron interaction. Thederbinding due to this truncation is typically smaller than
evolution of such a closed core in various isotope chains is 0200 keV. Note that the mass range included in the figure is
interest. much wider than that used in the fitting calculations for de-
Hereafter, a group of configurations in which both protonriving GXPF1, and covers regions of nuclei which may not
and neutrorf,,, orbits are maximally filled will be denoted be well described just by thef shell. It can be seen that the
by the %Ni closed-shell configuration. For each isotope with agreement between theory and experiment is quite good over
Z, valence protons andll, valence neutrons on top of the the whole mass range included in the(#=47-69 and is
“Ca core, such configurations are those given byalso reasonable for many nuclei which were not included in
7(f7)M(N>Mu(f7)" (NN with m=min{Z,,8} and n  the fit,
=min{N,,8}. Figure 9 shows the probability of the closed- In the neutron-rich side, we can find relatively large de-
shell configurations in the calculated ground-state waveiations. In Ca and Sc isotopes, the calculations give
function. The lowesT =0 states are considered for odd-odd overbinding at the end of the isotope chais32 and 34,
N=Z isotopes, although they are not necessarily the grouncespectively, with large error bars in the experimental data.
states. The truncation order is taken to be sufficiently largéNote that, for>?Ca, the experimental data was taken from
for describing these states. Ref. [33], where the valu®Q, =7.95) MeV is adopted. On
The probability takes the minimum vale-40%) around the other hand, in Ref[34], the measured valu&g
48Cr, which can be understood as a result of the large defor=5.7(2) MeV is presented. The prediction by GXPF1 is
mation. In the Ti isotopes, the probability becomes smalles6.9 MeV, in good agreement with the latter value. It is im-
aroundN=24 and then increases monotonously for lafger portant to have improved experimental data for this neutron-
On the other hand, in the case of Fe and Ni, one can seerich region of nuclei. For the Ti isotopes, the agreement is
local maximum(~60%) at N=28 and the second minimum satisfactory along the whole isotope chain. In other isotopes,
(~45%) aroundN=32-34. Thus it is not justified to assume the deviation between theory and experiment becomes siz-
an inert®Ni core even for Ni isotopes. As for Zn isotopes, able aroundN~ 35, and, for largeN, the calculation shows
the probability shows rather smooth behavior with moderatea systematic underbinding. For a fix& the deviation is
values~65%, suggesting that the effects of core excitationdargest for Cr, and it is moderate for V, Mn, Fe, Ge, and it is
are similar over the wide range of. small for Co, Ni, Cu, Zn, Ga. We relate this to an increasing

A. Closed core properties
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5 ' ' - ' ' ' - ' ' predictions. The agreement appears to be good except for
several cases to be discussed. As in the case ddisbell

[9], the description is successful already by using the free-
nucleong factors. It is well known that experimental mag-
netic moments deviate strongly from the single-particle

é (Schmidy values, as seen, for example, on the left-hand side
= Fig. 37 of Ref.[35]. For thesd andpf shells we find that the
3 configuration mixing within the shells is enough to fully ac-
@ count for observed magnetic moments. This is in contrast to
f—l; Gamow-Teller 8 decay where the matrix elements of the
o isovector spin factogg are systematically reduced by factors
@ . of 0.77 in thesd shell [9] and 0.74 for thepf shell [36].
3F \ ] Thus, the good agreement obtained for the magnetic mo-
2} ments with the free-nucleon operator is interpreted as cancel-
-4y ] lation of the quenching observed in Gamow-Teller decay
-5 . . : . . . : : : with enhancements in the spin and orbital electromagnetic

20 22 24 26 28 30 32 34 36 3B 40 gperators due to exchange currefdk

N However, for the Ni and Zn isotopes, calculated values
5 are systematically larger than the experimental ones by typi-
' ' ' ' ' ' ' ' ' cally 0.2un—0.3uy. Such difficulties can be remedied to a
4F g:eﬂ)\s/c ] certain extent by introducing the effectivg factors, as

shown in the same tablgu™, ). In the present calculation,

we tookg"=0.99"® g,=1.1 and -0.1 for protons and neu-
trons, respectively, which were chosen from an estimate by
the least-squares fit. It can be seen that the description of
odd-A nuclei is systematically improved.
Nevertheless, deviations on order of @3remain for the
b A A 2* state of Zn nuclei. We have examined the effect of a more
*{ general effectiveM1 operator which contains thgy,s]®
2 F b term, but it turns out that the deviations for the Zn nuclei
could not be remedied. It may be required to includeg§e
orbit to improve the description of these states, as also dis-
4t ] cussed in Ref[43]. One may also want to reexamine the
systematic uncertainties which may exist in the effective
So0 22 24 26 28 30 32 31 36 38 a0  transient fields which are used to deduce magnetic moments
N from the experimental data.

There are a few other cases where we find large differ-
shell-model energies. The uppéower) panel shows the results of pe jnterpreted as a consequence of incorrect mixing of two
even-(odd, Z isotope chains. Data are taken from R&3)]. closely lying states. For example, fFe, the first and the

second 7/2 states are separated only by 92 keV experimen-
importance of the neutrogg, orbit which should have its tally. The GXPF1 predicts these states in the reversed order.
maximal effect in the middle of protofy,, shell (Cr) due to It is also the case for two 372states of%°Zn, where the
deformation. experimental energy separation is 92 keV.

We also find notable differences between theory and ex-
periment for °Cr 8, 5Mn 5%, %8Co 3", #Ti 7/27, and
SICr 3/2 where experimental uncertainties are also large.

The magnetic dipole moments are calculated and comMore precise measurements of these are required. The devia-
pared with experimental data in Table V. The magnetic mo+ions in °Cu 5/2 and ®®Cu 1* may be attributed to the ef-
ment operator used in the present calculation is fect of gq/, Orbit. The deviations if°Zn and’Ge are natu-

_ rally understood as a result of the insufficient model space.
m=gs+gl, ()

wheregg andg, are the spin and the orbitglfactors, respec-

tively. By using the fregg factorsg,=5.586,9,=1 for pro-

tons andgs=-3.826,9,=0 for neutrons, the agreement be-  The electric quadrupole moments are given in Table VI.

tween the calculatiofiufee) and the experimertiue,y,) is  The effective chargeg,=1.5, e,=0.5 are adopted in the

in general quite good. present calculations. The correlation between the calculated
Figure 11 shows the comparison of magnetic dipole mo<lectric quadrupole moments and the experimental data is

ments between the experimental data and the shell-modshown in Fig. 12. One can find that, in general, the deviation

BE(cal)-BE(exp) (MeV)

3t ]

C. Magnetic dipole moments

D. Electric quadrupole moments

034335-14
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TABLE V. Comparison of experimental magnetic dipole momemig, (in unit of wy) with theoretical
valuesu/ie® anduS  which are calculated by using the free and the effedivactors, respectively. Most
of the data are taken from RgB7]. All results for Ca, Sc, Ti, V, and Cr are exact, while 6 for Mn and

t=5 for other isotopes.

Nuclei State Ey (MeV) Hexpt Hhoor Hineor
4Ca 717 0.000 -1.38(R4) -1.464 -1.629
4Ca 3/Z 0.000 -1.386) -1.403 -1.376
47s¢ 71z 0.000 +5.342) 5.054 5.063
AT 5/2° 0.000 -0.788441) -0.741 -0.844

712 0.159 -1.96) -0.824 -0.968

48T 2+ 0.984 +0.78439)% 0.650 0.574
4* 2.296 +2.1652)? 1.949 1.863

49Tj 712" 0.000 -1.10417) -1.083 -1.247
50T 2* 1.554 2.8915)° 2.473 2.455
6 3.199 +9.310) 8.170 8.306

48y 4* 0.000 2.01711) 2.023 1.934
2t 0.308 0.44416) 0.424 0.410

4%y 712" 0.000 4.475) 4.335 4.383
3/2° 0.153 +2.3712) 2.259 2.286

50y 6" 0.000 +3.345688d.4) 3.202 3.097
Sly 712" 0.000 +5.148705738) 4.849 4.931
5/2° 0.320 +3.8633) 3.165 3.271

49Cr 5/2 0.000 0.4763) -0.493 -0.571
(19/2) 4.365 +7.412) 6.427 6.354

50cr 2 0.783 +1.23852)% 1.125 1.103
4* 1.881 +3.15)2 2.957 2.976

6* 3.164 +3.210) 4.044 4.027

8t 4.745 +4.37) 6.333 6.345

Sicr ra 0.000 (-)0.9345) -0.829 -0.989
312 0.749 -0.8612) -0.317 -0.288

52cr 2 1.434 +2.4113)7 2.220 2.272
53cr 31z 0.000 -0.4745®) -0.607 -0.587
712 1.290 +2.849) 1.199 1.233

S4Cr 2 0.835 1.6811)° 1.281 1.279

51Mn 5/2° 0.000 3.5688L3) 3.476 3.503

52\n 6 0.000 +3.0681) 3.149 3.041
2t 0.378 +0.00768B) -0.005 -0.069

53\Mn 712 0.000 5.0247) 4.746 4.843
5/2° 0.378 +3.2630) 3.402 3.467

5Mn 3t 0.000 +3.281613 3.234 3.311
2* 0.055 3.428 3.762 3.797

4* 0.156 +5.110) 3.538 3.650

5 0.368 +3821) 4.078 4.188

6 1.073 2.815) 2.965 2.818

55Mn 5/2 0.000 3.453p13) 3.387 3.429
712 0.126 4.47) 4.408 4.480

56Mn 3t 0.000 +3.22602) 3.494 3.420
53Fe 3/Z 0.741 -0.38615) -0.464 -0.444
S4re 2 1.408 +2.1012)° 2.087 2.187

6 2.949 8.2218) 7.848 8.023
10* 6.527 +7.28(10) 7.176 7.110

034335-15



M. HONMA, T. OTSUKA, B. A. BROWN, AND T. MIZUSAKI

TABLE V. (Continued)

PHYSICAL REVIEW C 69, 034335(2004)

free

eff

Nuclei State Ex (MeV) Hexpt Mitheor Mtheor
55Fe 5/ 0.931 +2.712) 1.314 1.133
712 1.317 +22) -0.553 -0.717
712 1.409 -2.75) 1.493 1.596
6Fe 2 0.847 +1.2216) 1.176 1.183
STFe 1/Z 0.000 +0.09044) 0.241 0.162
312" 0.014 -0.154@) -0.266 -0.312
5/2° 0.137 +0.93610) 1.052 0.833
58re 2 0.811 +0.9226) 1.206 1.209
5%Fe 317 0.000 -0.33584)° -0.203 -0.251
55Co 717 0.000 +4.823) 4.630 4.746
56Co 4 0.000 3.85112) 3.652 3.774
5co 71z 0.000 +4.72010) 4.616 4.704
3/ 1.378 +3.06) 2.220 2.140
58Co 2 0.000 +4.0448) 4.229 4.332
4* 0.053 +4.1948) 4.218 4.166
3 0.112 +2.24) 3.954 3.969
5%co 71z 0.000 +4.6279) 4.637 4.707
3/2° 1.292 +2.5412) 2.794 2.868
60Co 5t 0.000 +3.798) 3.962 3.996
2t 0.059 +4.409) 4.349 4.378
5N 3/2° 0.000 -0.797614)° -0.789 -0.802
58N 2% 1.454 +0.07617)¢ -0.017 -0.096
SONi 5/2° 0.339 +0.3615) 0.744 0.482
6ONj 2+ 1.333 +0.326)° 0.496 0.412
61N 3/2° 0.000 -0.7500@) -0.688 -0.707
5/2° 0.067 +0.4808) 0.787 0.516
62N 2+ 1.173 +0.386)° 0.780 0.686
63Nj 5/2° 0.087 +0.753) 1.042 0.730
64N 2+ 1.346 +0.376)¢ 0.510 0.375
65Nj 5/2° 0.000 0.696) 1.101 0.767
67Ni (1/2) 0.000 0.6015) 0.547 0.425
60Cu 2 0.000 +1.21) 1.258 1.159
6icy 3/1Z 0.000 +2.144) 2.258 2.193
62cuy 1 0.000 -0.38(%) -0.157 -0.236
2t 0.041 +1.323) 1.350 1.210
4* 0.390 +2.6716) 2.941 2.663
63cuy 3/ 0.000 +2.2232018) 2.314 2.251
64cu T 0.000 -0.2712) -0.023 -0.114
5Cu 3/ 0.000 +2.381@) 2.496 2.398
5/2° 1.115 +4.%9) 1.592 1.515
66Cu 1 0.000 -0.282) 0.616 0.490
627 2 0.954 +0.7420)f 1.176 1.161
637n 3/ 0.000 -0.28166) -0.243 -0.282
64zn 2 0.992 +0.899)" 1.239 1.200
657n 5/2 0.000 +0.769(R) 1.027 0.753
3/2° 0.115 -0.7820) 0.511 0.393
312" 0.207 +0.7825) -0.583 -0.579
667 2t 1.039 +0.808) 1.238 1.171
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TABLE V. (Continued)

Nuclei State E, (MeV) Hexpt ulree uel

67Zn 5/2 0.000 +0.87544) 1.229 0.914

1/2° 0.093 +0.58711) 0.595 0.492

312" 0.185 +0.506) 0.679 0.543

887n 2t 1.077 +0.879)' 1.489 1.363

707 2t 0.885 +0.768)" 3.757 3.704

66Ga 2)* 0.066 1.01018) 1.056 0.874

(99 3.043 4.29) 4.443 4.422

6'Ga 317 0.000 +1.8501) 1.792 1.786

5/2 0.359 1.4065) 1.310 1.584

68Ga I 0.000 0.01178) 0.188 0.003

69Ga 3/ 0.000 +2.0165%1) 1.850 1.840

Ga 317 0.000 +2.5622R) 2.782 2.748

69Ge 5/2 0.000 0.7387) 1.063 0.757

Ge 2 1.039 +0.93652) 0.789 0.671

Ge 1/Z 0.000 +0.5475) 0.346 0.250

5/2 0.175 +1.01810) 1.255 0.909

2Ge 2 0.834 +0.79866) 2.314 2.469
*Data from Ref[38].
PData from Ref[39].
‘Data from Ref[40].
YData from Ref[41].
*Data from Ref[42].

'Data from Ref[43].

of the theoretical prediction from the experimental data be-
comes large where the experimental error bar is also large, The first 2 state of an even-even nucleus is a good sys-

except for a few cases. The sign of the calculaf®d/2")

E. Systematics of 2 states

tematic measure of the structure. The left panel of Fig. 13

for °'Co is opposite to the experimental data. This resulishows the excitation energies of thg ates for Ca, Ti, Cr,
suggests an incorrect mixing of the first and the second 3/2Fe, Ni, Zn, and Ge isotopes. The results except for Zn and
states in the calculation, which are close in end®@80 keV  Ge isotopes have already been discussed in our previous pa-
experimentally. The calculated 3/2 state lies 589 keV  per[7]. The lightest nucleus in each isotope chain is taken to

above 3/2 state withQ=+0.138eb, which is consistent
with this interpretation. The description &fZn 2* is also

be N=Z (cases withN<<Z have mirror nuclei similar prop-
ertie. The overall description of the*2energy levels is

very poor, but the uncertainty in the data is large. The dereasonable for all these isotope chains, although the calcu-

scription is unsuccessful fdfzn, "°Ge, and’’Ge, indicating

the need for introducing thgy,, orbit.

10

[TNa (T}

10

-2

4

lated energies are systematically higher than experimental

ones by about 200 keV. In all cases, the energy jump corre-

-4

2 4 6 8 10
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FIG. 11. Comparison of experimental mag-
netic dipole moments with the shell-model re-
sults, which were obtained by using the figeft
pane) and effective(right pane) nucleong fac-
tors. All data in Table V are included for which
the sign is measured experimentally.
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TABLE VI. Comparison of experimental electric quadrupole momeQtsg, (in unit of e fm?) with
theoretical valueQieor Which are calculated by using the effective chargges1.5,e,=0.5. Data are taken
from Ref.[37].

Nuclei State E, (MeV) Qexpt Qtheor
4’Ca 71z 0.000 +2.14) 6.7
47Sc 71z 0.000 -223) -20.6
41T 5/2° 0.000 +30.824) 21.6
48Tj 2+ 0.984 -17.78) -12.6
497j 712° 0.000 +241) 22.0
50T 2+ 1.554 +816) 6.2
50y 6* 0.000 +20.940) 19.0
51y 712 0.000 -4.35) -6.3
50cr 2 0.783 -367) -26.4
52cr 2 1.434 -8.216) -12.3
53cr 3/ 0.000 -15%5) -15.3
Scr 2 0.835 -218) -24.4
51Mn 5/2 0.000 427) 34.8
52\Mn 6" 0.000 +507) 50.5
54Mn 3* 0.000 +333) 33.2
55Mn 5/2 0.000 +331) 35.4
=) 2 1.408 -514) -22.6

10 6.527 586)% 53.5
56Fe 2 0.847 -198) -27.4
5Fe 312 0.014 161)° 15.8
58re 2 0.811 -215) -27.9
56Co 4 0.000 +259) 28.2
57Cco 71z 0.000 +529) 36.0
3/ 1.378 +223) -22.5
3/ 1.758 13.8
58Co 2 0.000 +223) 22.3
59Co 71z 0.000 +404) 40.4
60Co 5 0.000 +445) 50.7
2" 0.059 +3040) 26.3
58N 2+ 1.454 -106) -2.4
60N 2t 1.333 +35) 3.9
61N 3/2° 0.000 +16.215) 14.2
5/2 0.067 -203) -19.5
62Nj 2* 1.173 +512) 25.3
64N 2* 1.346 +35%20) 10.9
63Cu 3/ 0.000 -21.14) -20.4
65Cu 3/ 0.000 -19.64) -19.0
63zn 31z 0.000 +293) 20.8
647n 2 0.992 -326) or —26(6) -7.4
657n 5/2 0.000 -2.32) -4.8
67Zn 5/2 0.000 15.015) 16.1
9zZn 2 0.885 -23.822) -2.5
6'Ga 317 0.000 19.5 19.6
68Ga T 0.000 2.7714) -1.3
69%Ga 31z 0.000 +16.8 175
Ga 312 0.000 +10.6 12.8
6%Ge 5/2 0.000 2.45) 6.8
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TABLE VI. (Continued)
Nuclei State Ex (MeV) Qexpt Qtheor
Ge 2 1.039 +36) 19.8
?Ge 2 0.834 -136) 13.2

“Data evaluated based on the data b combined with a consQéiffie; 10)/Q(°>'Fe;3/2)=3.62+0.22[45]

from a Mdssbauer analysis.
PData from Ref.[44].

sponding toN=28 shell closure is nicely reproduced for Ca the GXPF1 interaction, the real gap turns out be greater than

to Ni isotopes. In the case of Zn isotop&s(2)) is almost

3 MeV. Thus, this very new data seem to support the appear-

constant, which is also well reproduced. Recently measurednce ofN=34 gap, while details of the GXPF1 interaction
value for®*Ti (N=32) [46] comes precisely on the prediction may have to be improved. One must be also aware of the

of GXPF1. The new data ofCr (N=34) [47] also follows

the predicted systematics.
Very recent data fof°Ti gives a 2 energy of 1.13 MeV

[48]. This is significantly lower than the GPFX1 prediction 4

of 1.52 MeV. The KB3G interaction gives 0.89 MeV forthe 3 | @ < ca
S6Ti 2*, and experiment lies in between GPFX1 and KB3G. % 2 = 20

The dominant neutron component of thi§ &ate has one W * 5 1ope°

neutron in thefs,, orbit. In >Ti there are some high spin 0 0 =

states whose wave functions are dominated by the configus o 3 30 Ti
ration with one neutron in th&,, orbit, and their experimen- é 5 § 20 A

tal energies are about 400 keV lower than GXPF1 and ing “ | sq-¢®™"~— | & 10 + 0
between GPFX1 and KB3@!6]. The implication is that the 0 @y * —

effective single-particle energy for the neutrég), orbit in 4
Z=22 is about 800 keV too high compared with GPFX1. The
strong monopole interaction between the profop orbit
and the neutrofiis;, orbit [18] is responsible for lowering the
energy of thefs;, neutron energyrelative tops;,) as protons 2 0
are added to thé,, orbit from Z=20 to 28(see the right-
hand side of Fig. 1 in Ref.7]). Thus to improve the agree-
ment for®6Ti, one would need to reduce the strength of thesexd
two-body matrix elements in a way which is consistent with 0
the entire fit. This will be one of the considerations foranext . 4|
generation interaction. Thid=34 gap betweemp,,, andfs,

is about 4 MeV. If it is estimated too large by 800 keV by

l

\.
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40 |
E 20}
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S
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3
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small separation energy dt,, in some of the nuclei being
discussed here. Such a small separation energy induces ad-

% Cr g 30 + Cr
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FIG. 13. (Left) First 2* energy levels as a function of the neu-
tron numbem. Experimental data are shown by filled circl&y],
squareg46], open circled47], triangles(down) [49], and triangles
(up) [51]. Solid lines show results of shell-model calculations. The
truncation ordet is 5 for 56:5%e, 6ONi, 60.62.6%7n, 6 for 56.58.63j,
and 7 for525¥e. The other results are exa@ight) The values of

FIG. 12. Comparison of experimental electric quadrupole mo-B(E2;2; —0;). Experimental data are shown by filled circl@],
ments with the shell-model results. All data in Table VI are includedsquares39], triangles(up) [52], triangles(down) [42], and open
for which the sign is measured experimentally.

circles[43].

034335-19



M. HONMA, T. OTSUKA, B. A. BROWN, AND T. MIZUSAKI

PHYSICAL REVIEW C 69, 034335(2004)

ditional relative lowering of 5/, whereas this effect becomes T
weaker in nuclei with more protons. This effect is not in-

cluded in the present fit, because it is not sizable in the nucle 252-(2)

used for the fit.

The 2" level for 5°Cr(N=36) [49] deviates toward lower
energy as compared to the GXPFL1 prediction. This is corre- 8 e I (252-) 1
lated with the deviation in binding energy, and both are sig- e
natures of more collectivity from mixing withg,. In the Fe oy —— . a2
isotopes, a similar deviation can be seenNat38. These -ty ————
results suggest the limitation of the reliability of GXPF1 in- N @z
teraction for neutron-rich nuclei. It is likely that one will 6 19/2-(2) .
need to explicitly introduce thegg, orbit into the model | . (19i2-)
space in order to improve the calculations as one approaches 1R
N - 40 E 17/2-(2)

In the right panel of Fig. 13, th&2 transition matrix i 1709
elementsB(E2;2; — 07) are shown. Experiment&8(E2) are 4l 1772ty i
significantly larger than theory fd{i <24, especially for the L N —

Ca isotopes, although the agreement in the excitation energ N\ ——

of 2] state is reasonable. These deviations show the larg 122 1&-5“;5_

effects of the core excitation that has long been known for a0

nuclei such ag?Ca[50]. The “°Ca core is significantly bro- A |
ken and we should take into account the excitation from the or2-(1)

sd shell explicitly in order to reproduce theB¢E2) values. o

On the other hand, the agreement between theory and exper

ment is quite good in the middle of the shell, especially for 5/2(1) e s2.

Fe and Ni isotopes. The dependence on the neutron numbe | ot o ]
is nicely reproduced including thg=28 magic number. For th. oy O

Zn and Ge isotopes withl=34, we again see the need of

more cqllectivity in the model SF_’ace' Whi(?h also suggests the FIG. 14. Experimentalright) and calculatedleft) energy levels
necessity of thegg,z orbit, cc_>nS|stentIy with the _results o_f of 53Mn. Experimental data are taken from RE5]. The label “na”
electromagnetic moments discussed in the previous sectionggicates that the spin-parity is not assigned experimentally. The
calculated yrast states are connected with experimental counterparts
(or their candidatesby dotted lines.

In this section, spectroscopic properties are studied in de- 53
tail for severalN or Z=28 nuclei around®Ni. If we assume L1.>Mn
an inert closed core fof®Ni, these semimagic nuclei are  Figure 14 shows experimental and calculated energy lev-
described by a few valence nucleons of one kind, i.e., only@ls of >*Mn. Most of the theoretical energy levels are ob-
proton holes or only neutron particles. Therefore, the low-1ained in thet=7 subspace. The exaltt=13) results are also
lying level density is rather low and the effects of core exci-obtained in some cases. All experimental energy levels be-
tations are easy to interpret. In fact, it has been pointed out ifPW 3 MeV excitation energy as well as the yrast states are
Ref. [53] that, although the shell-model calculation in a trun- shown with their theoretical counterparts and several addi-
catedt=<2 subspace is quite successful for describing mostional states.
of the low-lying states ifN=28—-30 nuclei, it is impossible For the yrast states, the agreement between the theory and
to reproduce those states which contain sizable broken-coff€ experiment is quite good. Assuming an in&Ni core,
Components’ such as the lowest excited statm, ex- this nucleus is described by three neutron holes |npr
cited states above the lowest 3/8/2,1/2 triplets in®/Ni,  orbit. Under such an assumption, possible states Jare
excited 0 in 54Fe and5&Ni, etc. Similar difficulties can be =3/27,5/2,7/27,9/2°,11/Z, and 15/3. In the calculated
seen also in Ref54], where the shell-model calculations in Wave functions, the lowestf;,)** configuration is in fact
a truncated space have been carried out with a different eflominant (46-60% for the yrast states of these spin-
fective interaction. Note that the cause of this problem liegparities. Therefore, the truncation of the model space by a
not only in the truncation of the model space but also in thesmallt~ 2 is reasonable for these states.
effective interaction itself. It is well known that the KB3 ~ Other yrast states 172 13/2, 17/2, 19/, 21/Z,
interaction(and also its descendapigives an excellent de- 23/2, and 25/2 consist mainly of(f7,,)°v(f72)"(pg)*
scription for low-lying states oA<52 nuclei, but KB3 fails and m(f;,)°v(f;,,)(f52)! configurations. These states are
around®®Ni, even when the model space is sufficiently largealso well reproduced in the calculation, indicating that the
for convergence. Thus it is interesting to investigate whetheeffective single-particle gap abow=28 is reasonably re-
GXPF1 can properly describe these low-lying states whictproduced in the present interaction.
are sensitive to the core exitation. We consider semimagic In order to investigate the properties of the core in detall,
nuclei withZ=25,26,27 andN=29,30,31. it is important to consider nonyrast states which contain a

F. Semimagic nuclei
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large amount of multiparticle excitations from thé=28 tively), the wave functions can no longer be approximated by
core. AboveE,~2.2 MeV, the experimental level density only one configuration. The energy gap betweémafid 8
increases significantly, which is well reproduced in the cal-reflects the softness of ttéNi core, which is determined by
culation. The largest difference between the experiment anthe effective interaction. It is shown in Refb6] that the
the calculation is found for the 3]2tate which lies at lower energy gap is too large with the KB3 interaction. This is
energy by 450 keV in the calculation, resulting in the inver-consistent with the fact that it also gives an energy for the
sion of 5/ and 3/3. Nevertheless, one can find reasonableyrast 2 energy in®*Ni which is too high compared with
one-to-one correspondence between the experimental amcperiment.
theoretical energy levels. It was pointed out in Ref[29] that the FPDg26] inter-
Focusing on the neutron configuration, the main configu-action predicts the existence of deformed states at relatively
ration of these nonyrast states uéf,,)(r)! [r stands for low excitation energy~3 MeV), which consist of neutron
(P32, f52:P12)]. The typical probability for the neutron 2p-2h configurations. In the present calculation, the candi-
1p-1h configuration is~60%. These states contain also dates of such states appear as @hd Z. The neutron
multineutron excitations as 2p-ZrR-25%) and 3p-3h  2p-2hconfiguration is 35% and 26% in these states, respec-
(~7%). Therefore, taking into account the proton excitation,tively, which are the most dominant components in their
thet~4 subspace is reasonable for describing these stategvave functions. However, the deformation of these states is
However, even in this energy region & ~2.5MeVv, much smaller than the FPD6 prediction. The electric quad-
there are several states in which the=28 core is more rupole moment for the 2p-2h” 2" state is predicted to be
severely broken. In 5/2 7/2,, 9/2;, the main neutron con- —0.30eb [29] by the variation after the angular momentum
figuration is2p-2htype (~60%), and also there are sizable projection method with the FPD6 interaction. On the other
broken-core components such a’ﬁ)_3h(~17%) and hand, in the present reSUItS, |t@2§)=_0096b, and theE2
4p-4h(~6%). Evidently, thet=4 subspace is no longer suf- transition matrix element isB(E2;2;—0;)=11.3 W.u.,
ficient and at least=6 is needed to describe these statesvhich is slightly larger than that of the yrast in-band transi-
properly. In fact, for example, the electric quadrupole mo-tion. These values are inconsistent with the axially symmet-
ment for 5/ varies asQ(5/2,)=-0.25, +0.32, +0.36, and 'ic large prolate deformation. In the present results, two neu-
+0.37eb for t=4,5,6, and 13(exac), respectively. The trons are excited manjly to trp%,z orbit, wr_nle itisfs,in the
change of the sign in going frome=4 to t=5 is due to the result_s of Fhe FPD6 interaction, reflecting thg fact that the
crossing of 5/2 and 5/2. A similar crossing is found in the €ffective single-particle energy for thg, orbit is too low
case of 7/2. Although these neutro@p-2h states are con- for FPD6. _ -~
nected by relatively largecollective M1 andE2 transition In_ Table VIII, the calculated e_Iectromagnetlc transition
matrix elements asB(E2;7/2—5/2;)=34 W.u. and matrix el_e_ments are compareq with experimental data. The
B(M1;7/2%—5/2;)=0.17 W.u.(W.u. stands for Weisskopf E2 transition matrix elements in the ground-state band are
unit), it may be difficult to observe such transitions becauséer’rOduced fairly well in the present calculations, although

of negligibly smally-ray energies in comparison to the tran- the 8 — 6" transition is overestimated. Such a dewaﬂqn is
sition to the yrast states. commonly seen also in the results of KB3 and FPD6 inter-

In Table VII, calculated electromagnetic transition prob- actions[56]. OtherB(E2) values are reasonably reproduced

abilities are compared with experimental data. Reasonabl@XCept for several of the small ones. As for B@M1) val-

agreement can be seen in most cases, including transitioh€S: the agreement bgtwge+n theory a?d experiment is basi-
between nonyrast states. Note that the theoretical 192 Cally good. The exception is"d3294 — 47(2538 transition,

assigned to the experimental I/at 2671 keV so that the Which is significantly overestimated by more than one order
transition data can be consistently described. of magnitude in the present calculation.

3.5cCo

In Fig. 16, energy levels of°Co are shown. All experi-

In Fig. 15, the energy levels ofFe are compared with mental energy levels beloi,=4 MeV and all yrast states
experimental data. All experimental energy levels belBw  up to J7=23/2" are compared with theoretical results. There
=4 MeV and all yrast states are shown with their theoreticals a state with unknown spin-parity B;=2.960 MeV, which
counterparts. Shell-model calculations have been carried ogan be interpreted tentatively as a 5/&ate in correspon-
in the t=7 or larger subspace including the ex&ct14).  dence to the present calculation. The overall agreement be-
One can see remarkable one-to-one correspondence betwagfeen theory and experiment is quite good.
theory and experiment for most of these levels. If we assume an inef®Ni core, this nucleus is described

The yrast band 82*-4*-6" shows a typical proton—two as one neutron hole in thig,, orbit, corresponding to only
hole spectrum in thé;, orbit under the influence of a short one 7/2 state. In the calculated ground-state wave function,
range interaction. In fact the wave functions of these statethe probability of thisOp-1h configuration relative to the
are dominated by the m(f;)°(f;)® configuration 56Nj core is only 65%, and there are sizable-20%)
(50—-60%. On the other hand, the yrast &nd 10 states 2p-3h configurations. All excited states consist of core-
consist of core-excited configurations. While the dominatingoroken configurations even in the lowest order of the ap-
configurations are still of neutralp-1hexcitation type from  proximation. Therefore the property of the core is expected
the N=28 core(36% and 57% for 8and 10 states, respec- to manifest clearly in the yrast spectrum.

2. 5Fe
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TABLE VII. B(M1) andB(E2) for 3Mn. The excitation energ, is shown in keV. Experimental data are
taken from Ref[55].

Initial Final Multipole Expt. Theor.
J(E,) J(E,) (W.u.) (W.u)
5/27(379 7/2°(0) M1 0.0025423) 0.0060
E2 143) 21.7
3/27(1290 5/27°(379 M1 0.0233) 0.0194
E2 1.95) 0.6
7/2°(0) E2 13.411) 8.1
11/27(144)) 7/2°(0) E2 12.818) 9.4
9/27(1620 5/27(379 E2 3.716) 3.6
7/2°(0) M1 0.00123) 0.0002
E2 7.09) 5.4
5/27(2274 3/27(1290 M1 0.00218) 0.0000
E2 3.015 0.0
5/27(379 M1 0.00194) 0.0010
E2 0.6%14) 1.6
7/2°(0) M1 0.005411) 0.0023
E2 0.074) 0.02
3/27(2407) 3/27(1290 M1 0.06424) 0.0482
E2 1.916) 0.3
5/2°(3789) M1 >0.0038%3 0.0058
E2 <0.43 1.0
7/2°(0) E2 2.09) 4.4
13/2°(2563 11/2° (144 M1 0.0014618) 0.0022
E2 0.0
1/27(2672)% 5/27(379 E2 1512) 2.7
7127(2686 5/27(379 M1 0.0044) 0.0014
E2 0.1
7/2°(0) M1 0.01Q9) 0.0100
E2 2.422) 0.9
15/27(2693 13/27(2563 M1 0.214) 0.0183
E2 4.7
11/2°(144) E2 5.48) 3.3
3/2°(2876 5/2°(379 M1 2.5x 10°%(10) 0.0040
E2 0.9
7/27(0) E2 0.00083) 0.2
9/27(2947) 7/27(0) M1 0.0074) 0.0315
E2 1.98) 3.9
13/2°(3426 11/2°(2698 M1 0.043) 0.0144
E2 1.6X 107(12) 18.1
15/2°(3439 15/2°(2693 M1 0.234) 1.0585
E2 2x 1045) 1.3
19/2°(5614 17/2°(4384 M1 >0.22 0.1183
E2 16.1
21/2(6533 17/2°(4384 E2 2.916) 7.0
23/2°(7004 21/27(6533 M1 0.15324) 0.1099
E2 0.0

#1/2; in the calculation.
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10 - e — 1o ] TABLE VIIIl. B(M1) andB(E2) for ®Fe. Experimental data are
124 =" taken from Ref[57].
11+(2) 11+ Initial Final Multipole Expt. Theor.
(o I(EY I(EY (W.u) (W.u)
- 11+ B
° o) . 2%(1408 0%(0) E2 10.64) 10.7
942) o 4%(2538  2%(1408 E2 6.313) 55
b 0*(2561)  2*(1408 E2 <16 3.8
6*(2949  4%(2538 E2 3.255) 3.3
6 . 2*(2959  2%(1408 M1 0.0519) 0.0584
= E2 0.54) 0.2
s 0*(0) E2 2.24) 3.1
5 2*(3166 2*(1408 M1 0.003%21) 0.0013
al ] E2 1.013) 1.7
0*(0) E2 0.7419) 0.8
4*(3295 4*(2538 M1 <0.020 0.2727
E2 <2.7 1.7
2*(1408 E2 <0.15 0.9
2 . 3*(334H 4%(2538 M1 <0.0086 0.0000
2y . E2 <0.022 0.9
2*(1408 M1 <0.00068 0.0004
E2 <0.11 0.0
4%(3833 4%(329H M1 0.01%12 0.0312
0" A ) E2 gx1049) 1.9
Fe 4%(2538 M1 0.0032
FIG. 15. Energy levels of“Fe. Experimental data are taken E2 187) 0.0
from Refs.[57,54. Conventions are the same as in Fig. 14. 2%(1408 E2 7.918 8.6
+ a +
The yrast states up t3"=17/2" except for the ground 4'(4039 4'(3299 ':21 <j2':31%2 0(.)0112
state are described mainly bylp-2h configurations ) )
(30-56%. Thus the truncated subspace with small2 is 47(2538 M1 <0.0014  0.0514
expected to be reasonable. In fact the truncétetisubspace E2 <15 0.7
was used in the shell-model calculations of R&#], where 4*(4048°  3%(334H M1 0.1%7) 0.0764
13/Z and higher spin states are described reasonably well. E2 3728 16.3
However, the excitation energies of lower spin states™9/2 2%(1408 E2 0.2q16) 0.3
and 11/2 are predicted to be too high byl M_eV, and the 4%(4269 4%(2538 M1 0.03212) 0.0052
results of 5/2, 3/2, _ar_1d 1/Z are not sh_own in Ref54]. E2 &5) 48
A pa_rt of such a difficulty may be attrlbuted_ 'Fo the severe 2+(1408 £ 0.6417) 05
truncation. In the present7 results, the position of both : :
these highefJ™=13/2") and lower spin states are success- 0(429)  27(1408 E2 4.314 4.3
fully described. In the lower spin states, there are sizable 2°(4579  27(1408 M1 >0.067 0.0170
3p-4h(~21%) and 4p-5h(~9%) components, including E2 4.9
both proton and neutron excitations almost equally. On the 0*(0) E2 >0.99 0.7
other hand, the higher spin states 13/25/2°, and 17/2 M1 0.00528)  0.0000
are described mainly by neutron excitations only, and the g+g387  6*(2949 E2 0.8622) 33
probabilities of 3p-4h and 4p-5hcomponents are much 1076527  8+(6381) E2 1.694) 20

smaller (~16% and 6%, respectivelyWhen the GXPF1
interaction is used in the=2 subspace, the excitation ener- “4 in the calculation.

gies of lower spin states become too large by about 0.4 Me\/4; in the calculation.

while those of higher spin states are almost unchanged.

For constructing higher spin states, it is necessary to extp-2h configuration space, this component is only 9% in the
cite one more nucleon from thig,, orbit. In fact the most 19/2 state, similar to the result in Ref54]. The present
dominant component in the wave function of these states isalculations successfully reproduce both 1p-2h and 2p-3h
the 2p-3h type(~45%). A large gap(~2 MeV) between excitations.

17/2 and 19/2 reflects this core excitation. Note that, al- The structure of nonyrast states is more complicated.
though it is possible to construct a 19/&tate within the Since the present interest is the low-lying core-excited states,
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10 - . TABLE IX. B(M1) andB(E2) for %°Co. Experimental data are
B taken from Ref[58].
25/2-(1)
e 2012 Initial Final Multipole Expt. Theor.
23/2-(2) T |
ol 212) ézé; | J™(Ey) J™(Ey) (W.u.) (W.u)
S/ D) 22 3/2°(2166 7/27°(0) E2 9.98) 8.1
212-() 3/2°(2566 7/2°(0) E2 1.0525) 1.3
19/2-(3) 7
o 1/27(2939  3/27(2566 M1 095 01130
o — e . E2 25.9
6 1772-3) 1 3/27(2166 M1 0.273° 01371
3/2-T=3/2 28
= 11-(3), 172~ 172~ ;ﬁg— o E2 3{28 0.2
[}] . —3e— a
2 | i \eeo i 5/2°(3303*  7/2(0) M1 0.008920) 0.0132
X RN — 21:5/2)_ E2 0.156) 0.03
e —— b 1/2°(3323  3/2°(2566 M1 0.4712)  0.3100
4 - 1R 52-(4) To-32-
523 o E2 7.0
N (o2 3/27(2166 M1 0.174)  0.2514
e =2 o7
12-(0) 72y 5/2— 1/2-
52012 a2 5/2°(3729  3/27(2566 M1 0.09221)  0.0398
o . 32—
2 Aoty 1 E2 <0.4 0.3
7/27°(0) M1 0.005%11) 0.0263
E2 0.033) 0.00
1/2°(4164  3/27(2566 M1 0.15720)  0.2194
E2 A3) 35
(I 7/2-(1) 7/2- J
th. - exp. /25 in the calculation.
Co 3

seen in the calculation at least arouBg~6 MeV. More
precise experimental information is needed to discuss such
discrepancies. Similar results are shown in Fig. 2 of Réf.
for even spin states, which were obtained by the MCSM
we can focus on 1/23/2, 7/2;, and 5/2. These states are calculations, taking typically 13 bases per one eigenstate. We
all below E,=4 MeV and contain more than 45% neutron thus confirm the reliability of the MCSM results for nonyrast
2p-2h components. A similar character can also be seen igtates.
3/2,, although the probability of the neutr&@p-2h compo- For the yrast states, the ground state consists mainly of
nent is slightly smallet37%). These states are connected bythe (f,,)'® closed-shell configuratiori68%). The excited
relatively large E2 transition matrix elements such as states 2, 3%, 4*, 5%, and 6 are of the 1p-lhcharacter
B(E2;7/%—3/2)=11W.u. and B(E2;5/%Z—1/2)  (42-50% relative to the closed-shell configuration, and the
=18 W.u. It will be a good test if it is possible to observe excitation energy of 2reflects the shell gap & or Z=28.
such transitions. The 2p-2hconfigurations are dominant in" 17, 8", 9%, and

The calculated 3/2has isospirT=3/2 and is thesobaric 10" states(35—-51%. One can find again an energy gap be-
analog state of the’Fe ground state. The correct position of tween theselp-1h and 2p-2tgroups. The3p-3h dominant
this state, as seen in comparison to experiment in Fig. 16states appear abo&~ 10 MeV. In the same way, most of

implies the proper isospin structure of the present interactionthe nonyrast excited states shown in the figure can be clas-

In Table IX, electromagnetic transition matrix elementssified as eitherlp-1h (35,5;,...), or 2p-2h (25,65,...),
are shown for**Co. We can find reasonable agreement begominant states. Thesp-nh states contain typically 20% of
tween theory and experiment. In general, the deviations arg+2)p-(n+2)h configurations. Therefore, thép-4h con-
large where the experimental errors are also large. figuration space is essentigbut not enoughto describe

o these states.
4. >Ni As has already been discussed in R&f, GXPF1 pre-

In Fig. 17, calculated energy levels ¥Ni are compared dicts the deformed4p-4h band [60] as G,2;,.... In the
with experimental data. All calculated states up By  present results, J0consists mainly of4p-4h (48%), 5p-5h
=6 MeV as well as the yrast states are shown. The shellk23%), and 6p-6h(12%) configurations. The structure of, 2
model results were obtained in the7 subspace. The agree- is quite similar. Special care should be taken concerning the
ment between the experiment and the calculation is basicallgonvergence of the calculation for such a deforrdgd4h
good especially for even spin yrast states. However, the yrastand, since the present truncation scheme is obviously not
3" and 5 states are not found in the experimental data, whilesuitable for describing strongly deformed states, as discussed
no candidate for the experiment@®), (4*) and(6%) can be in Ref.[13] for the case of the FPD6 interaction. Figure 18

FIG. 16. Energy levels oP°Co. Experimental data are taken
from Refs.[58,54. Conventions are the same as in Fig. 14.
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*Nj P FIG. 18. Convergence of the calculated energieser pane)

_ _ and quadrupole momentapper panglas functions of the trunca-
FIG. 17. Energy levels of®Ni. Experimental data are taken tion ordert for the lowest two 2 states ofSeNi. Horizontal lines
from Refs.[59,54. Conventions are the same as in Fig. 14. show the corresponding MCSM results.

shows the calculated energies and quadrupole moments of 5 SN
the lowest two 2 states as a function of the truncation order T o )
t. It can be seen that thép-4h state 2 is not completely Energy levels of"’Ni are shown in Fig. 19. All experi-
converged even in the=7 subspace, which corresponds to mental yrast levels as well as nonyrast states up to 4 MeV
the M-scheme dimension of 89 285 264. In the same figure€Xcitation energy are compared with the theoretical predic-
the MCSM results are also Shown, where 25 bases Wer@OnS. The shell-model calculations were carried out in the
searched for each eigenstate. The MCSM energy of the yratF6 subspace. The agreement between experiment and
2* state is almost the same as that of the calculation, theory is basically good up to high spin states 23/a-
which shows reasonable convergence. On the other hand, fftough there are several inversions of the order of two
2} states, the MCSM energy is lower than ti¥7 result by ~ closely lying states, such as 7/and 5/3.
about 0.2 MeV, and should be more accurate. The electric Comparing the present results with the previous MCSM
quadrupole moment i€(2;)=-41.2e fm? in the MCSM ~ Ones in Ref.[?],_we can again confirm the reliability of the
calculation, while it is —33.6 in the presetst7 result. Simi- MCSM calculations for nonyrast states as well as the yrast
lar results are obtained for tigp-4h G state. TheM-scheme
dimension oft=8 subspace reaches to 255 478 309, which is TABLE X. B(M1) and B(E2) for **Ni. Experimental data are
beyond our computational limitations. For the description oftaken from Refs[59,52.
such deformed states where a lot of mixing among various— _ i
spherical configurations occurs, the MCSM calculation is ~ nitial Final Multipole Expt. Theor.
more efficient and suitable, because certain basis states can J"(Ey) J7(Ey) (W.u) (W.u.)
be sampled from and around local minima. . N

In the present results, we can find sevérall states such 2°(270] 0°(0) E2 9.41.9 111

as G, 2,, and 4. These states are interpreted as the isobaric 4"(3924 2'(2701 E2 =24 8.4
analog states 0f%Co. The excited Dwith T=1 is in fact 6'(5317 4*(3924 E2 5.4
found experimentally at excitation energy of 7.904 MeV, 27(535) 2*(2701 E2 4.1
which is consistent with the present result. 0*(0) E2 0.1

Experimental data for the electromagnetic transitions are g+(795¢ 6*(5317 E2 0.1
rather limited. We can only compare with the few transition 14+9419  8*(7956 E2 0.1

strengths shown in Table X.
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107 -2 ] TABLE XI. B(M1) andB(E2) for 5'Ni. Experimental data are
2312 taken from Ref[61].
23/2-(1
:i:g o Initial Final Multipole Expt. Theor.
[ — J™(Ey) J"(Ey) (W.u.) (W.u.)
Bt B — o - .
5/2°(769 3/2°(0) M1 0.014418) 0.0018
o220 e E2 256) 14
1/27(1113 3/2°(0) M1 <0.19 0.1317
_______________ i E2 <3.0x10? 7.3
61 e e . 5/27(2443  3/2°(0) M1 <0.024  0.0003
< . E2 0.049 10.7
: gl 712°(2577) 3/27°(0) E2 7.711) 7.4
5 :?gg%; 3/27(3007) 3/2°(0) M1 <0.13  0.0229
L B E2 <27 7.2
13;;;?; 11/2°(3866  7/27(2577) E2 423 6.8
52-(3) Z;é; 15/2°(5321)* 11/27(3866 E2 10% 4.5
:::Z ........... o ?15/2, in the calculation.
5 L o - i which is too low for the Ni isotopes. Note that the ESPE’s of
the f5;, and thep,,, orbit are still too large by 0.3 and
ety 0'.9 MeV, respectively, in comparison to th'e experimental ex-
) g citation energies of 5/2and 1/2 states, since they are de-
fined in terms of a closed-shell structure f§Ni. Further
oL vt . ] energy gain by the mixing of the broken-core components is

oxp. needed for the better reproduction of the experimental data.
“Ni There is an energy gap~1.3 MeV) above the lowest
) ) three states, which corresponds to tHi#p-1h core
FIG. 19. Energy Ievels_ oP’Ni. Experimental Qate are taken aycitation. The doublets 5;2and 7/Z consist of two
from Refs.[61,54. Conventions are the same as in Fig. 14. dominant ConfigurationSm'(f7,2)7(p3,2)11/(ff7,2)8(p3,2)1 and

Cqé(f7,2)8v(ff7,2)7(p3,2)2, sharing almost equal probabilities

states of odd-mass nuclei. The root mean square differen
. . . ((~ 0,
of the excitation energies between the present and the previ- 20%). Above these doublets, most of the states uj,to

ous MCSM results is 154 keV for 19 states shown in Fig. 27~ > MeV are also of th&p-1hnature, although one can no
of Ref. [7]. longer find single dominant configuration which exhausts

If we assume an inefeNi core, 5'Ni is described by only ~MOre than 20% probability. In thizp—lhregime,_as excep-
one neutron. Then, three states 3/8/2, and 1/2 are Uonal cases, the 3f2and 1/Z states comprise mainly
possible, corresponding to the occupationpaf, fsj, and higher eonﬁguranons: thﬁp—thonﬁgur.atmn takes the larg-
Py, orbits by one neutron. According to the present calcula€St Weight (25% and 29%, respectivglyand even the
tions, the lowest three states show such a “single-particle®P-4hconfiguration can be seen with a non-negligible prob-
character, although there is a sizable mixing of the broken@Pility (~5%). In the yrast 15/2and most of the higher spin
core configurations. In fact, the pure single-particle configu-States, thedp-2h configuration becomes dominant, carrying
rations are 62, 58, and 46%, respectively, in the calculatef’0re than 40% probability. We have not identified-3h or
wave functions. Since the closed core configuration in thénore significantly cor_e-brol;ceen_ states such as those of the
ground state of®Ni is 69% [7], the core is further broken in g$f9fm9d4p-4h band in the>™Ni in the present results for
the ground state of'Ni, as can also be seen in Fig. 9. Ni. _ - _

The bare single-particle energy of thg, orbit relative to Electromagnetic transition st.ren'gths are shown in Table
the pa, orbit is found to be 4.3 MeV in GXPFXSee Table XI. B_ec_aus_e_ of the large amtygumes in t_he experimental
). The effective single-particle energgSPB [5,11] of the data, it is difficult to_ _draw a deflnlte concIL_JS|on. Most o_f the
f5,, Orbit relative to theps, orbit decreases rapidly as the calculatedM 1 transmons_ar_e co_nS|stent v_\nth the experimen-
proton f5,, orbit is occupied, and reaches 1.1 MeV3aui. tal data. A notable deviation is foupd in ti&M1;5/2
The mechanism for this behavior of the, orbit is explained  —3/2;), where the calculated value is too small by a factor
by the strong attraction between the protons in 'ﬂ_‘h@orbn of 8. As for theE2 transitions, it can be seen that the calcu-
and neutrons in thé, orbit due to a strong--j coupling lated B(E2) values are in general smaller than the experi-
term in the nuclear force, as discussed in R&8]. Thus the mental data. The exception is the transition from§2243.
proper contribution of the two-body interaction, especiallyHowever, no experimental error is indicated in the data and
the monopole part, is needed to reproduce the experimentahly the upper bound is given for the associakédl transi-
order of the lowest three states3fiNi. The FPD6 interaction tion. The calculated®(E2) value does not contradict with the
is too strong in this respect, giving an ESPE for fhgorbit ~ experimental lifetime data.

th.
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1or et 1 toJ=9, although there is no single configuration which ex-
hausts more than 20% weight in the calculated wave func-
109 tions. ForJ=10 and higher spin yrast states one-proton—one-
------- neutron core excitation becomes the most important mode.
Consistently, there is another energy dafl.6 MeV) above
8r 7 9; in both calculated and experimental energy spectra.
The closed core configurations also play a major role in
&8 many nonyrast states. Among the nonyrast states b&pw
(64 ~4 MeV, the3p-1lhconfigurations associated with the one-
proton core excitation become dominant if 25, and 3.
6 7+) : Since the level density increases significantly abdue
~4 MeV, it is difficult to make a simple interpretation for
the properties of the core excitations in higher states.
. As discussed in Ref.7], the core excitation of two pro-
(54 /2+ tons is dominant in the wave function of.0n the present
_ calculation, we found thatg2shows a simila#p-2h charac-
ter. The probability of such a4p-2h configuration
m(f712)8(r)%v(f72)8(r)? is 46% and 41% for Dand Z, re-
spectively. The calculated quadrupole moment Q&2;)
=-0.30e b, andB(E2;2;—03;)=18 W.u. These values are
2L _ consistent with those of the rotational model, corresponding
to the K=0 band on top of the axially symmetric prolate
rotor with an intrinsic quadrupole mome@y=110e b. The
deformation of the presedfp-2hband appears to be slightly
smaller than thetp-4hband in®®Ni [7], which is consistent
ol o) o i with Qy=140e b obtained by using the same effective
th. exp. charges.

10+(2)

10+(1)

Ex (MeV)
£
?

2+(1)

2+

58,

N In Table XIlI, calculated transition strengths are compared
FIG. 20. Energy levels of®Ni. Experimental data are taken With experimental data. In general, the calculaédi matrix
from Ref.[62]. Conventions are the same as in Fig. 14. elements are too small. The exceptionBEM1;2;—2}),
which is too large by one order of magnitude. As for &2
6. 58N matrix elements, the calculated values are almost consistent

. , with experimental data in the case &9=2 transitions, i.e.,
Figure 20 shows calculated and experimental energy leVag mixing of M1 transitions. One notable exception is

els of 58Ni. The yrast states up to 10 MeV excitation energy, B(E2;05— 2}), which is too large by more than three orders
nonyrast states beonEX=4 MeV, anq several additional of magnitude, but this is an extremely weak transition.
states are shown with their theoretical counterparts. The
agreement between the experiment and the calculation is sat- 7. 5Ni
isfactory. The calculations were carried out in t¥e6 trun- Energy levels of®Ni are shown in Fig. 21. All experi-
cated subspace. The results are basically consistent with ogfental data for yrast states as well as nonyrast states below
previous MCSM calculations in Ref7], although the latter 3 pev excitation energy are compared with the shell-model
spectrum was slightly expanded for higher spin states due tesults obtained in thé=6 subspace. It is found that the
the small number of basis states13 per one eigenstgte  theoretical results agree quite well with the experimental
In the calculated ground-state wave function, the totalyata. The results of the lowest triplet 3/5/2°, and 1/2
probability  of the closed core  configurations have already been reported in REf]. The present calcula-
7(f712)°u(f7,2)°(r)? is only 57%, which is smaller than those tion has confirmed the validity of GXPF1 interaction also for
in °®>Ni. As shown in Fig. 9, this quantity decreases furtherhigher excited states.
for larger N and takes a minimum value &=34 (52%). Assuming an inerf®Ni core, this nucleus is described by
Thus the®®Ni core is soft in Ni isotopes. Nevertheless, for three valence neutrons in the upper three onbits fs/,, and
understanding the basic structure, it is still useful to assume, .. Therefore various states are possible without any core
an inert>*Ni core and to consider two neutrons in thg,,  excitation. In fact such closed-sh&Bp-0h configurations
fs;,, and pyj, orbits. Then, the allowed maximum spinds  carry the maximum weight31—-56% in most of the calcu-
=4, and core excitation is needed to generate higher spipted low-lying states beloW,=3 MeV. There are three ex-
states. In the calculated wave function, the leading configuceptions, 713, 712, and 11/2, where4p-1hconfigurations
ration is v(ps2)* for 0] and Z (37% and 30%, respectively take the largest weight. Suchp-1h configurations also
and v(ps)'(fs)! for 17 and 3 (42% and 52%, respec- dominate the wave functions of higher-lying excited states
tively). There is a large energy gdp-2 MeV) in the yrast  shown in the same figure. TH&p-2h configurations appear
spectrum betweenj4and 5, reflecting the core excitation. to be the leading configurations in the yrast 1942d 21/2
One-proton core excitation dominates the wave functions ugtates.
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10 1

TABLE XII. B(M1) andB(E2) for ®®Ni. Experimental data are
taken from Ref[62].
Initial Final Multipole Expt. Theor.
FE)  I(E) (W.u) (W.u) e
N N 8 r (19/2-,21/2-) A
2%(14549 0%(0) E2 9.95) 7.7 21/2-(1)
47(2459  2%(1454 E2 <43 4.1 o212
272779 2%(1454 M1 0.0114) 0.1103 e
E2 15(5) 1.2 (1972-)
0*(0) E2 0.02410) 2.8 6 -2 (152.172)- -
0%(2942 1*(2902 M1 0.0846) 0.0068 s
15/2-)
242779 E2 14.918 12.4 2 oo ——— o
2*(1454 E2 0.000294)  0.63 X e o
23038  2*(2779 M1 0.236) 0.0275 132-) 13-
E2 620 1.0 o 1920 ]
2%(1454 M1 0.06012  0.0190 §g§:§§ o) UCSN 1.
E2 2.07) 15.0 513 e = — Y o
N — na
2*(3263  2%(14549 M1 0.02811) 0.0004 Blis—— —Eégejz)-
E2 8(7) 0.01 2 92-(1) 7&;:525 - ég%i’;,z_ 1
3*(3420 4*(2459 M1 0.098) 0.1101 1122} %_ N
E2 0.07%3 0.11 o2-@) —
07(353)  2%(14549 E2 5.5 3.5 12-()
4*(3620  4%(2459 M1 0.07; 0.0002 8-
60 oLt 3/2-(1) -
E2 44ﬁ3162 1.3 . —
2*(1454 E2 1.4% 6.7 '
33774 3"(3420 M1 0.3317) 0.0169 FIG. 21. Energy levels of°Ni. Experimental data are taken
-1 . rom Ref. . Conventions are the same as In 1g. .
E2 (1x10YH*H 0.1 from Ref.[63]. C i h in Fig. 14
4*(2459 M1 0.01910 0.0001
E2 0.8 0.4 ~2 MeV. More experimental information is needed for a
2*(3898  2*(1454 M1 0.04233 0.0410  detailed comparison between theory and experiment.
0*(0) E2 0.42% 0.81 In general, the order of magnitude is well reproduced for
274108 22779 M1 0.005120) 0.0089 most transitions. More specifica_lly, the caIpuIaMCl transi- .
2*(1454) M1 0.00328) 0.0003 tion matrix elements are small in comparison to the experi-
£ 0'3 10 629 mental data in many cases, except for 1423/2; transition.
3010 ‘ The calculatedE2 matrix elements are also smaller than the
0*(0) E2 0.154) 0.08

Like other nuclei, we would like to identify states with
large components obp-2h or higher configurations at

experimental data. However, one can clearly see the correla-
tion between the calculated values and the corresponding
experimental data. The agreement could be improved if we
introduced larger effective charges.

E,< ~3 MeV. This energy boundary is set because the level

density increases very fast above i®fiNi. However, as seen
from the above discussions, there are no such candidate

G. N=Z odd-odd nuclei

states theoretically or experimentally. Therefore, the study of In the pf shell, N=Z odd-odd nuclei have been of special

5p-2h andhigher states with lower angular momenta is not;}ﬁgi?ta;\/heirsr;?s Ag\;vff;e'sc;zzﬁost:?g 1;: %ngfe,?tg;zre
possible in®Ni. Thus, the discussion of the multiparticle 9 9 : s

multihole states which is one of the main elements in ouﬁ]:0 's the ground state. The only known exceptiofy%su,

assessment of the effective interaction is confined mainly t n.wh|<.:h the 9’0“”9 state '§_=0'. J=1. T.h's reflect_s a Qe—
a few nuclei aroundNi. ailed interplay ofT=0 andT=1 interactions, and it is im-

Table XIIl shows the measured and calculaB¢&2) and portant to evaluate the effective interaction from this view-

B(M1). Even belowE,=2 MeV, there are several uncertain point.
levels in the experimental data at 1695 ké\d spin assign- 54
mend, 1739 keV [assigned to(9/27)], and 1746 keV(as- 1.7Co

signed to 5/2, 7/2°). In the present calculations, we have In Fig. 22, calculated energy levels ¥Co are compared
tentatively assigned no theoretical states to these three unceavith experimental data. The spin-parity has not been as-
tain states, since no probable candidates appear amgyund signed to most of the states abdeg=3 MeV, and there are
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TABLE XlIIl. B(M1) andB(E2) for *Ni. Experimental data are 6r .
taken from Ref[63].

Initial Final Multipole Expt. Theor. rg) — 2N > (114
J"(Ey) I"(EY Wu) (W) e
5/27(339 3/2°(0) M1 0.0083100 0.0031 *
E2 0.26 =3 2 é}x 84(1)
1/2°(465 3/2°(0) M1 0.01¥2) 0.0705 £ WO B Tot
E2 1.7 i LT S Z
3/2°(879 3/2°(0) M1 0.06813  0.0327 5l 5+(2),ﬂ§_ E%@?M
E2 1.1(9) 7.0 w3 JE—
5/27(1189 3/2°(0) M1 0.0439) 0.0058
E2 11(5) 10.1 ) "
1/2°(130)  1/27(465 M1 0.0368)  0.0016 ) o
5/27(339 E2 1.24) 0.4 ot 0s(1) T=1 04 T=t -
7/2°(1338  5/27(339 M1 0.00083)  0.0002 M g, O
E2 30(7) 10.7 .
3/2°(0) E2 2.97) 0.8 FIG. 22. Energy Ievels_oF"’Co. Experimental _datg are taken
from Refs.[65,54. Conventions are the same as in Fig. 14.
5/27(1680 1/2°(465 E2 1.4123) 0.20
31200 M1 0.00097)  0.0095 5,5, 75, and § ,, where one nucleon is excited across the shell
E2 1.65) 11 gap mainly to theps, orbit. The structure of Zis similarly
9/2°(1768  7/2°(1338 M1 0.04211)  0.0210  of the 1p-3htype, although the excitation to tHe), orbit is
E2 43 18 dominant. Such an excitation is also large i1 8
5/27(339 E2 11(3) 3.3 One can find a }lstate in the calculated spectra at a rea-
7/27(1948 5/27(1189 M1 0.0429) 0.0368 sonable excitation energy, which does not appear in the shell-
=) 10(10) 0.9 model results of Ref.64]. The most important configuration
3/2°(879 £ 3.610) 07 in this state ism(fm)G(pg,z)lv(_fwz)e(_pg,,z)l, but its probability
is only 15%. Suct2p-4hconfigurations are 44% in total, and
3/2°(0) E2 5.310) 7.2 . .
- there are other sizable core-excited components such as the
11/2°(2705 9/27(1768 l\é; 0.0(8)(430)213) 0'30705 3p-5h (32%) and 4p-6h(17%) types. Similar core excita-

tions also appear in;23;, and G (T=1).
712°(1338 E2 226) 4.5 The calculatedV1 andE2 transition strengths are listed
in Table XIV. Since no experimental value is available, the
several uncertain levels among low-lying states. It can béresent results are compared with those of the shell-model
seen that the present shell-model calculations in#fesub-  calculation in Ref[64]. Both results agree within a factor of
space give a reasonable description, although there are seabout 2 for transitions between the states which consist
eral small deviations such as the interchange of the order ahainly of theOp-2hconfigurations. The strong isovecterl
2; and 3. The calculated D,, 27, 45, and 6 are T=1, transitions predicted based on the “quasideuteron” picture
corresponding to the isobaric analog state§“6e (see Fig.  [66] are found also in the present large-scale calculations.
15), while other calculated states shown in the figure Bre Note that the effective spig factorsgsff:OJngree were used
=0. in Ref. [64]. If we adopt the samg factors in the present

In the calculated wave functions of the yrast odd-spincalculations, thé8(M1) values are significantly reduced, for
states 1, 3], 5, and 7, the lowestm(f7) v(f7,)" configu-  example,B(M1;1; —0?) becomes 1.25 W.u. Thus the con-
ration is dominant59%, 58%, 39%, and 62%, respectively figuration mixing strongly affects thB(M1) value.
but core-excited components are not small. Such lowest Several results related to th& (1614, 3" (2174, and 4
Op-2h configurations relative t8°Ni core are also dominant (2852 states are very different between two calculations,

in even-spin @, 2;, 43, and , which are allT=1. because the structure of the corresponding states are different
In the shell-model calculation§64] using the surface zs mentioned above.

delta interaction in théf,,, ps») space with a restriction that s

the ps/» orbit can be occupied by one proton and one neutron, 2. %%Cu

the 4 and 6 states ofT=1 appear as yrast states. On the In Fig. 23, the calculated energy levels 8€u are com-
other hand, 4, are isospinT=0 in the present calculation. If pared with experimental data. All experimental states up to
the calculated # is assigned to the experimental state2.2 MeV as well as the yrast states are shown. The shell-
(3*,4") at 2083 keV, the agreement between theory and exmodel calculations have been carried out in thé trun-
periment is good. This state consists mainly of ttg3h  cated subspace. The agreement between theory and experi-
configurationg50%). A similar structure can be seen fof,6 ment is satisfactory. In the calculated spectruify, &3, 43,
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TABLE XIV. B(M1) andB(E2) for >“Co. 10 - 12 ]
(114
Initial Final Multipole  Th-2. of Ref.[64] Theor. o
J"(Ey) J"(Ey (W.u) (W.u) e
124 (1) e ey
1*(937) 0*(0) M1 2.13 1.90 sl (an i
2Y(1449  1%(937) M1 2.33 2.36
E2 0.033 0.078 1 e
0*(0) E2 10.6 7.7 ®
3%(1822  2*(1446 M1 2.36 1.92 10l (104)
E2 0.091 0.155 6r ]
17(937) E2 10.6 4.2 s 9H(l) o
3%(2174  2'(1449 M1 0.016 0.0055 = "
E2 0.0012 0.0000 i 84{1) o T .
171614 E2 1.1 16.0 Al L) o |
1*(937) E2 0.29 0.06 e = &
4*(2652% 3%(1822 M1 2.00 1.95 )Gz T — &
E2 0.18 0.39 ] Sy
A4 % 4+(3) T=1 ar ha
2*(1446 E2 7.8 3.6 S —=—— a
2+(3] 1+(3) _/ﬂg
5'(1887 M1 213 1.07 R — ]
24(2) T=1 2+ -
E2 0.21 0.29 44l e o
4*(2852°  3*(1822 M1 0.002 0.0000 = (1)
E2 0.12 0.02
5*(1887 M1 0.004 0.0000 oL ]
E2 7.1 0.03 th.

PHYSICAL REVIEW C 69, 034335(2004)

exp.

%3 in the calculation.
P43 in the calculation. FIG. 23. Energy levels oP%Cu. Experimental data are taken

from Refs.[67,54. Conventions are the same as in Fig. 14.

and G are isospinT=1. TheT,=1 members of the multiplets
can in fact be seen in the calculated spectrun®dii (see In the calculated wave function of the ground sta}gttie
Fig. 20. The T=0 ground state {Lis successfully repro- configuration(pa,) v(ps)* takes the largest weiglil8%)
duced. and the second largest components afp,)*v(p;»)* and

Assuming an inert®Ni core, one proton and one neutron (P2 w(pa)t (13% for each This is not very far from the
are valence particles in they,, fs,, andpy, orbits. There-  guasideuteron picture[66], although the configuration
fore J<5 states are possible. In the calculated wave funCﬁT(ps/z)1V(p3/z)1 is distributed among several Btates such
tions, the yrast states up td &re in fact dominated by such as T (15%) and % (20%). However, it contradicts with the
closed core configurations with probabilities of 44—63%.gpal-model results in Re{54], where m(pao)u(fs,)! and
The 6 state consists mainly @&p-1hconfigurationg45%). 7(fe10) 0(payp) are dominant20% for each
The 4p-2hconfigurations are QOminfant in,78, 9;, and 1Q_ The calculatedB(M1) and B(E2) values are compared
(41-599%, aqd the Sp-afconfigurations bgc_ome the major with experimental data in Table XV. Although the experi-
components in Lland 12 (~40%). Thus it is natural that
the t=2 shell-model results in Ref54] show apparent dis-
crepancies from experiment for 1and 12.

In the present calculation, all states witks 10 are domi-
nated by either3p-1h or 4p-2hconfigurations. Therefore,

TABLE XV. B(M1) andB(E2) for 58Cu. Experimental data are
taken from Refs[70,67.

shell-model calculations even in the severely truncated Initial Final Multipole Expt. Theor.
~2) subspace give reasonable results at least near the yrastJ™(E,) J"(Ey (W.u) (W.u)
Img. In'or.der to obtain further qurmatlon on the core exci- 0%(203 1+(0) M1 0.8473
tation, it is necessary to study higher spin states or highly " N

excited states far from the yrast line. From this viewpoint, 1+(1053 0+(203) M1 0.4410) 0.1358
recent precise measuremeni88] of the Gamow-Teller ~ 27(1652  07(203 E2 14.837) 10.2
strength distribution in this nucleus up to high excitation 3°(444 M1 0.3311)  0.5220
energy provide quite important information. The GXPF1 re- E2 0.1
produces the measured strengths ardgpd 4 MeV reason- 1%(1051) M1 0.176) 0.1780
ably well, which are missing in the prediction of the KB3G

. . E2 0.0
interaction.
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53 54
Mn Fe
1672 :/_C e T —
3 13/2- (9/2)- i 8y = — 4t
15/2- T ://D_ b — 2+
| = = 9 _
> - >
® 2+ 32— 4 @2} 4
= 7/2- s 0+
ped >
i ]

G 55— GXPFM  exp. GXPF1
- 2p—

B — GXPFM  exp. GXPF1

5/2- —

o- 72— - ot 0y ——————— -
GXPFM exp. GXPF1 GXPFM exp. GXPF1

FIG. 24. Comparison of low-lying energy levels @éft) >3Mn and (right) 3*Fe between the experimental data and the shell-model
predictions by GXPFM and GXPF1.

mental data are limited, the agreement between theory arfdnctions consist of neutrop-2h configurations relative to
experiment is reasonable. More detailed discussions arthe N=28 core. In the case of GXPF1, such states are pre-

found in Ref.[69]. dicted with a similar structure, while their excitation energies
are closer to the experiment.
H. GXPF1 versus GXPEM This fact suggests that the “monopole + pairing” correc-

In the previous sections, it has been shown that GXPFﬂ
properly describes the low-lying core excitations. As dis—ﬁ

on works well for the description of the states in the lowest
onfiguration and those withp-1hexcitations relative to it,

d ab the effects of th itati b ut it is not sufficient for treating the states which are domi-
cussed ; 0\{de,_ ?he Iecsl ot the core EXCIta 'Or]ls can b€ Ofieq by the2p-2h ormore excited configurations. This is
served directly In the low-lying energy spectra ot SEmimagiCy,y 5| pecause, in the former states, the structure is expected

nuclei, and therefqre the description Of.SUCh core—excfneqo be single-particle-like, especially for the semimagic nu-
states plays a crucial role for the evaluation of the effective

. . o AR ) ) clei, and therefore such states can be described well by ad-
interaction. From this viewpoint, in this section, we discuss

" . . S : a]usting the monopole part only. On the other hand, in the
specific problem with the GXPFM interaction: an interaction latter states, the contribution of the multipole part should be

Qlenved_by addln_g empirical corrections to the_r_nlcrosco_p|c Gmore important, and multipole parts must be modified for
interaction only in the monopole part and pairing matrix el-

) P .~ their proper descriptions. Thus, the core excitations provide
e_ments(see Sec. Ik With the FDA estimate, the descnp- us with a clue to investigate corrections to the interaction
tion of energy data by GXP'FM appears _to be poor espeuall)(hat go beyond monopole plus pairing.
for the yrare states of semimagic nuclei.

As examples, we consider the low-lying energy levels of .
5Mn and 54Fe, which are shown in Fig. 24 for yrast and l. Quadrupole corrections
yrare states. Details of the shell-model calculations are the In Sec. Il B, it has been shown that major modifications of
same as those described in Sec. Il F. For a comparison, ththe microscopic interaction can be found in the diagonal
results of GXPF1 are also shown. It can be clearly seen thaparts which are not necessarily of monopole character. We
in both nuclei, the yrast states are described nearly equalljave also shown in the preceding section that the monopole
well by both GXPF1 and GXPFM at least in the region of + pairing correction is insufficient for describing the property
E,=< 3.5 MeV. On the other hand, several yrare states such ax core excitations. Such insufficiency can be seen explicitly
5/2, and 7/2 in 53Min and G, in ¥Fe are predicted to be too in the energy spectra of semimagic nuclei.
low by GXPFM. According to the analysis of the shell-  Figure 25 shows a part of the low-lying energy levels of
model wave functions, these states are dominated by neutrofiNi and °'Ni, where the results of GXPF1, GXPFM, and
core-excited configurations. Typically 40% of these waveKB3G are compared. The latter two interactions predict too

56, 1 r 574 .. _
4 r Ni . 4 F Ni 1
< 2+ = |
2 3 | 572 ]
= =
=2t {1 =2t -
> >
NE] NE] r 1
0+ i 3/2-
0~ exp. GXPF1 GXPFM GXPFM KB3G KB3G’ ) 0= exp. GXPF1 GXPFM GXPFM' KB3G KB3G'

FIG. 25. Comparison of the excitation energy(tefft) 27 in 56Ni and (right) 5/2, in ®'Ni between the experimental data and the results
of various effective interactions. The shell-model calculations were carried out itrthend 6 truncated subspaces fNi and >'Ni,
respectively.
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' ' ' ' be obtained by recoupling this interaction with the strength
05 L !.b i -0.81 MeV for GXPF1 together with other multipoles with

: minor contributions, while this strength turns out to be
-0.32, -0.34, and -0.38 MeV for GXPFM, KB3G, and G,
respectively. This quadrupole correction can arise from a
core-polarization diagram where the external lines &g
and p3, with exchange between them and the bubbldf
=2* is involved. If this is the case, the coupling should be
particularly strong in this channel and/or the energy denomi-
nator should be smaller, as compared to what is assumed in
the microscopic calculation of effective interaction. This is
an intriguing problem of the effective interaction, and further
studies are needed.

V(7373:01) (MeV)

gl & —OKB3G |
A -—A -Q(i7p3)Q(3p7) . SUMMARY
2 3 4 5 Summarizing this paper, the effective interaction for
J pf-shell nuclei, GXPF1, has been examined and tested from

various viewpoints. It was obtained by adding empirical cor-
rections to the microscopic interaction derived from the
nucleon-nucleon potential. The corrections were determined
. o ] . . through the systematic fitting to experimental energy data.
high excitation energies for the 2tate in>*Ni and the 5/2  The most significant modifications are those for the mono-
state inSYNi. Both of these excited states are dominated bypo|e and pairing parts of the Hamiltonian. The m0n0p0|e
the configuration with one nucleon excited from fag orbit  pjys pairing corrections give a substantial improvement, but
to the pgy, orbit. o _are not sufficient for the description core excitations over the
We have found that in this case the most relevant matrixy or z=28 shell gap. Other modifications are necessary in-
elements ar&/(7373;J1), which are compared in Fig. 26 for ¢juding some which can be related to the quadrupole-
G, GXPF1, GXPFM, and KB3G. It can be seen that thequadrupole component.
difference between G and GXPFM is primarily of monopole = The analysis of the ground-state wave functions obtained
character(constant shift Similar monopole corrections are py GXPF1 shows that the assumption of an ir¥éi core is
present in KB3G, although its original microscopic interac-not realistic even for the Ni isotopes. Thus, the amount of
tion is not G but KB, reflecting that G and KB are very close core excitations strongly depends on both valence proton and
for these matrix elements. On the other hand, GXPF1 showgeutron numbers relative to the core.
a rather different) dependence from these “monopole-  The calculated binding energies agree with the experi-
corrected” interactions GXPFM and KB3G, especially for mental data quite well over a wide mass range even for many
the J=4 andJ=5 matrix elements. The former is more at- nyclei which were not included in the fit. However, in
tractive and the latter more repulsive by about 0.3 MeV.neutron-rich nuclei(N>34) aroundZ~ 24, the difference
Note that these differences keep the monopole centroid Qdetween theory and experiment becomes larger, suggesting a
quite similar value for these interactions as shown in Figs. Zyeed for including thege,, orbit for describing large defor-
and 8. mation. Such a discrepancy can also be seen in the calculated
In order to examine to what extent such differences affec;z*lf excitation energy fof°Cr, which is predicted too high in
the energy spectra, similar calculations have been carried flomparison to the recent experimental data.
both GXPFM and KB3G interactions, by modifying tle The description of the magnetic dipole and electric quad-
=4 matrix element to be more attractive by 0.300 MeV andrypole moments is basically successful with a few excep-
J=5 to be more repulsive by 0.245 MeV so that the mono+ions, The most remarkable difference between theory and
pole centroid is kept unchanged. The modified interactiongyperiment can be found in the! Btates of Zn isotopes,
are denoted as GXPFMand KB3G, respectively. The re- which also suggests influence of tiag, orbit. As for the
sults are shown in Fig. 25. It is clearly seen that the descripgjectric quadrupole moments, more precise experimental
tion is improved in both GXPFMand KB3G, although itis  data are desired to discuss the quality of description espe-
not enough for the latter. This fact highlights the importancega|ly for Ni and Zn isotopes.
of modifications of the microscopic interaction that go be-  The energy spectra and electromagnetic transition matrix
yond the monopole type. L elements foN or Z=28 semimagic nuclei have been calcu-
The abovel-dependent modifications in GXPF1 can be|ated and compared with experimental data. The effects of
understood to a good extent in terms of a quadrupolethe core excitation acrog¥, Z=28 shell gap can be seen
quadrupole interactiofi(f,)"(Ps2)1? -[(ps2) '(f72]?. The  already in the nonyrast states aroufid~3 MeV as well as
matrix elements of this interaction are shown in Fig. 26,high spin yrast states. The present results show the reliability
which give similarJ dependence to that of the difference of GXPF1 even in the cases in which the core excitation
between GXPF1 and GXPFM. Indeed, t€7373;J1)’'s can  plays a crucial role. Considering the current experimental

FIG. 26. Comparison of two-body matrix elemeM373;J1)
between various effective interactions.
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and theoretical situations, it would be difficult to explore heavier nuclei with more developed collectivity.

such significantly core-excited states in other nuclei with Further applications to unexplored regimes of large
more “valence” particles or holes relativeXNi core, due to  proton/neutron numbers or high excitation energy are of
the explosive increase of the low-lying level density. There-great interest. Future experiments will test the predictions
fore the description of®Ni and neighboring nuclei is an and provide guidance for further improvements in the inter-

important test of the effective interaction. action.
It has been shown that the reasonable descriptioN of
=Z odd-odd nuclei can be obtained by GXPFL1, indicating its ACKNOWLEDGMENTS
proper isospin dependent structure, although the experimen-
tal data are limited especially for the transitions. This work has been supported in part by Grant-in-Aid for

Most of shell-model calculations were done in the con-Specially Promoted Researg®rant No. 13002001 from
ventional method so as to reach higher accuracy. The trurthe Japanese Ministry of Education, Science, Culture, Sport
cations were carefully examined to be accurate enough arahd Technology. Shell-model calculations were performed
for the data we compare with. In some shape coexistenclargely on the parallel computer system at CNS and on the
cases, strongly deformed states appear at lower energieslphleet computer of RIKEN. The CNS system has been
where the Monte Carlo shell model still produces more acinstalled by the above-mentioned grant, and these computers
curate results as compared to large-scale conventional calcare operated under the joint large-scale nuclear-structure cal-
lations with high(i.e., unrestrictivg truncations. Thus, one culation project by RIKEN and CNS. B.A.B. acknowledges
has to be cautious in using conventional calculations for suckupport from NSF Grant Nos. PHY-0244453 and INT-
cases. This may be an important lesson for further studies 0d089581.

[1] T. Otsuka, M. Honma, and T. Mizusaki, Phys. Rev. Lei1, [22] W. Satuta and R. Wyss, Phys. Lett. 833 1 (1997.

1588(1998. [23] T. Otsuka, A. Arima, F. lachello, and I. Talmi, Phys. LeT6B,
[2] T. T. S. Kuo and G. E. Brown, Nucl. Phy&114, 241(1969. 139(1979.
[3] M. Hjorth-Jensen, T. T. S. Kuo, and E. Osnes, Phys. R&4, [24] T. Otsuka, A. Arima, and F. lachello, Nucl. Phy&309, 1
125(1995. (1978.
[4] J. B. McGrory, B. H. Wildenthal, and E. C. Halbert, Phys. Rev. [25] J. Dobaczewski, W. Nazarewicz, J. Skalski, and T. Werner,
C 2, 186(1970. Phys. Rev. Lett.60, 2254(1988).
[5] A. Poves and A. P. Zuker, Phys. Rep0, 235(1981. [26] W. A. Richter, M. G. van der Merwe, R. E. Julies, and B. A.
[6] A. Poves, J. Sanchez-Solano, E. Caurier, and F. Nowacki, Brown, Nucl. Phys.A523, 325(1991).
Nucl. Phys. A694, 157 (2001. [27] M. G. van der Merwe, W. A. Richter, and B. A. Brown, Nucl.
[71 M. Honma, T. Otsuka, B. A. Brown, and T. Mizusaki, Phys. Phys. A579, 173(1994).
Rev. C 65, 061301R) (2002. [28] T. Mizusaki, T. Otsuka, Y. Utsuno, M. Honma, and T. Sebe,
[8] S. Cohen and D. Kurath, Nucl. Phy%3, 1 (1965. Phys. Rev. C59, R1846(1999.
[9] B. A. Brown and B. H. Wildenthal, Annu. Rev. Nucl. Part. Sci. [29] T. Mizusaki, T. Otsuka, M. Honma, and B. A. Brown, Phys.
38, 29(1988. Rev. C 63, 044306(2001.
[10] M. Honma, T. Mizusaki, and T. Otsuka, Phys. Rev. Léth, [30] T. Mizusaki, RIKEN Accel. Prog. ReB3, 14 (2000.
1284(1995; 77, 3315(1996. [31] K. Langanke, D. J. Dean, P. B. Radha, Y. Alhassid, and S. E.
[11] Y. Utsuno, T. Otsuka, T. Mizusaki, and M. Honma, Phys. Rev. Koonin, Phys. Rev. (52, 718(1995.
C 60, 054315(1999. [32] E. Caurier, G. Martinez-Pinedo, F. Nowacki, A. Poves, J. Re-

[12] Y. Utsuno, T. Otsuka, T. Mizusaki, and M. Honma, Phys. Rev. tamosa, and A. P. Zuker, Phys. Rev.59, 2033(1999.

C 64, 011301R) (200D. [33] G. Audi and A. H. Wapstra, Nucl. Phy#595, 409(1995.

[13] T. Mizusaki, T. Otsuka, M. Honma, and B. A. Brown, Nucl. [34] A. Huck et al, Phys. Rev. C31, 2226(1985.
Phys. A704, 190¢(2002. [35] B. A. Brown, Prog. Part. Nucl. Phy#47, 517 (200J).

[14] N. Shimizu, T. Otsuka, T. Mizusaki, and M. Honma, Phys. [36] G. Martinez-Pinedo, A. Poves, E. Caurier, and A. P. Zuker,
Rev. Lett. 86, 1171(2001D. Phys. Rev. C53, R2602(1996.

[15] M. Honma, B. A. Brown, T. Mizusaki, and T. Otsuka, Nucl. [37] Data extracted using the NNDC World Wide Web site from the
Phys. A704, 134c(2002. ENSDF database.

[16] W. Chung, Ph.D. thesis, Michigan State University, 1976. [38] R. Ernstet al, Phys. Rev. Lett.84, 416 (2000.

[17] B. A. Brown, W. A. Richter, R. E. Julies, and H. B. Wil- [39] K.-H. Speidelet al,, Phys. Rev. C62, 031301R) (2000.
denthal, Ann. Phy(NLY.) 182 191(1988. [40] S. Wagneret al, Phys. Rev. C64, 034320(200D.

[18] T. Otsukaet al, Phys. Rev. Lett.87, 082502(2001). [41] T. Ohtsuboet al, Phys. Rev. C54, 554 (1996).

[19] T. Otsuka, Prog. Theor. Phys. Supfd46, 6 (2003. [42] O. Kennet al, Phys. Rev. C63, 021302R) (2000.

[20] T. Suzuki, R. Fujimoto, and T. Otsuka, Phys. Rev. &2, [43] O. Kennet al,, Phys. Rev. C65, 034308(2002.
044302(2003. [44] P. Dufek, P. Blaha, and K. Schwarz, Phys. Rev. L&8,. 3545

[21] M. Dufour and A. P. Zuker, Phys. Rev. 64, 1641(1996. (1995.

034335-33



M. HONMA, T. OTSUKA, B. A. BROWN, AND T. MIZUSAKI

[45] M. Hasset al, Nucl. Phys.A414, 316(1984.

[46] R. V. F. Janssenst al, Phys. Lett. B546, 55 (2002.

[47] J. . Prisciandaret al., Nucl. Phys.A682, 200c(2001).

[48] S. N. Liddick et al,, Phys. Rev. Lett(to be publishey

[49] O. Sorlinet al, Nucl. Phys.A669, 351(2000.

[50] B. H. Flowers and L. D. Skouras, Nucl. PhyA136, 353
(1969.

[51] M. Hannawaldet al,, Phys. Rev. Lett.82, 1391(1999.

[52] G. Krauset al, Phys. Rev. Lett.73, 1773(1994).

[53] H. Nakada, T. Sebe, and T. Otsuka, Nucl. Php&71, 467
(1994).

[54] D. Rudolphet al, Eur. Phys. J. A4, 115(1999.

[55] H. Junde, Nucl. Data Shee®&y, 507 (1999.

[56] M. Honmaet al, in Proceedings of the International Workshop
on Collective Excitations in Fermi and Bose Systesdited by
C. A. Bertulaniet al. (World Scientific, Singapore, 1999p.
468.

[57] H. Junde, Nucl. Data Shee68, 887(1993; H. Junde, interim
evaluation, 1995.

PHYSICAL REVIEW C 69, 034335(2004)

[58] H. Junde, Nucl. Data Shee&, 723(1991); H. Junde, interim
evaluation, 1995.

[59] H. Junde, Nucl. Data Shee&6, 315(1999.

[60] D. Rudolphet al,, Phys. Rev. Lett82, 3763(1999.

[61] M. R. Bhat, Nucl. Data Sheet85, 415(1998.

[62] M. R. Bhat, Nucl. Data Sheet80, 789(199%; B. Singh, in-
terim evaluation, 2001.

[63] C. M. Baglin, Nucl. Data Sheet§9, 733(1993.

[64] I. Schneideret al, Phys. Rev. C61, 044312(2000.

[65] H. Junde, Nucl. Data Shee&8, 887 (1993; H. Junde and H.
Su, interim evaluation, 2001.

[66] A. F. Lisetskiy, R. V. Jolos, N. Pietralla, and P. von Brentano,
Phys. Rev. C60, 064310(1999.

[67] B. Singh, Nucl. Data Sheet37, 177(1999; B. Singh, interim
evaluation, 2001.

[68] Y. Fujita et al,, Eur. Phys. J. A13, 411(2002.

[69] A. F. Lisetskiyet al, Phys. Rev. C68, 034316(2003.

[70] P. von Brentanet al, Nucl. Phys.A682, 48c(2001.

034335-34



