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Neutron-proton quadrupole interaction in the nucleon-pair shell model
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The nucleon-pair shell model truncated to ®® subspace is applied to nucleé®Ba for examining the
effects on collectivity due to long-range-p quadrupole forces. It is found that symmetric and mixed-
symmetric states, consequeniy/l transitions, are primarily controlled by timep quadrupole interaction. In
comparison with surfacé-interaction, when the quadrupoiep coupling is weak, the model can produce
approximately the vibrational limit, and when the quadrupolp coupling is strong, the @) limit can be
realized.
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It has been recognized that in the shell model descriptionghe nuclei'33Shy, and *35Sry,, respectively, are taken from
quadrupole-quadrupole interactions are the most importangef. [14] and listed in Table I.
long-range correlations. DeShalit and Goldhaber showed that The E2 transitional operator is
the quadrupole-p interaction is responsible for the strong ) 5
mixing of the shell model configuration, and thus plays a E2=e,Q%+€,Q), ()

major role in describing rotational specfrh2]. The impor-  \yheree_ ande, are effective charges of the protons and
tance of then-p interaction can also be found in the algebra o ironse._ is determined by th(E2;2; —0;) for 1¥Ba
models. In the IBM-Z3], the validity of the boson picture is .- 1'ic > & From Ref [15] we Know thate. /e =1 for

attributed to the attractive-p interaction, and the-p inter- £y g5 chalis. thus =e. = 2.1e is used in this Brief Report
action is also responsible for the transition from the vibra- A . '
. . ; The M1 transitional rator i

tional to rotational spectrg4]. In the FDSM[5], if the © transitional operator Is

Hamiltonian was chosen as P(w)-P(v), the rotational T(M1)=T(M1),+T(M1),,

spectra in SO(8XSP(6) can be realized, and even if one 3

wants to reproduce the vibrational spectra in ke system, T(M1),= 4—(g,ULU+ Os0Sy), (4)
a

the n-p interaction has to be switched on to push the extra

states out of the way, although the proton and neutron sysyhereg,, andgs, are the orbital and spig factors, which

tems can produce two independent vibrational system byre fixed as those in Ref16], i.e., g,,=1.1, g;,=—0.1,

themselved6]. Furthermore, in the FDSM, the exotipro- . —3.910, andy,,= —2.678(all in units of u2).

tons and neutrons move out of phaséd normal(protons To show the effect of the quadrupatep interaction, we

and neutrons move with phase coheJesttes, termed as perform the following calculations. First, we fix the SDI

mixed-symmetric and symmetric states in the IBM-2,  gyrengths for protons@,) and neutron holes@,) as 0.15

consequently thé/1 transitions, were also unified through 504 0.11 MeV, respectively. Then we let the quadrupole

the quadrupole-p interaction[8]. interaction strengtt vary from 0.02 to 0.5 MeV. The reason
The nucleon-pair shell modéNPSM) has attracted much ¢4 G peing larger tharG, is due to the fact that the SP

interest recently9-13. Since the NPSM is also a fermion |g,e| splitting for proton are larger than that for neutron holes
model and built from pairs, it should have the same physic 10].

as those of the FDSM. It is the aim of this paper to study the  part of the important excitation energies are plotted
effect of then-p quadrupole-quarupole interaction in the 5gainst then-p quadrupole interaction strengihin Fig. 1,
framewolrslf of the NPSM. As an example, th&@Dlimit 0 \which one can clearly see how tep quadrupole
nucleus **Ba is used. We choose a rather simple Hamil-intaraction affects the spectra. As those of the FDBMwe

tonian consisting of single particle term, surfageaterac- 550 predict a number of the™2states in our present calcu-
tion (SDI) between like nucleons, an@-Q interaction be-  |5tion.

tween protons £) and neutrons), From Ref.[10] we know that the explicit structure of the
H=H,—V(»)—V(m)— kQ%(m)-Q3(v), ) wave function expanded in terms of the nonorthogdbat
H. = €aoNag, O=1,v. 2 TABLE |. The single particle(hole) energies for protorineu-
0= 2 €asla @ ron) for Shy(iZisn,).
The single particle(SP energiesHy=Hg*™(7) +Hg*(v), e.(MeV) g7 dsp dgp hi S
whereHg () andHg*X(v) are fixed as the SP energies of 0 0.963  2.69 2.76 2.99
€,(MeV) dzp N1y Sup2 dsp 9712
0 0.242 0.332 1.655 2.434
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FIG. 1. The variations of the spectrum with the quadrupoie

interaction.
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states are called partner states in FDS\l Similar termi-
nology applies to the twd® state, etc.

The main components of the wave functions for part of
the states are given in Table Il. To save space only the am-
plitudes larger than 0.2 are shown and the following short-
hand notation is used for the multipair basis:

[(DL)=(ST)N===(DT)w(ST)Nv="; IM)
—|(D,)"™(D,)"7;IM),

|(SHNA(S))Nr; IM)—[S;IM). (5)
In the table the coefficients inside brackets are for the mul-
tipair basis states which occur twice and are distinguished by
the intermediate angular momentum.

It is seen that a smalh-p quadrupole interaction will
cause a strong mixing between the proton and neutron states,
and give rise to two new orthogonal partner states. For ex-
ample, whenk=0.05 MeV, the Z state is 0.548D,)
+0.3329D,)+ ... , and the 2 state is —0.2356D,)

normalized multipair basis vectors is helpful and has very +0.3403D ) + The former is identified as the sym-

close correlation with the electromagnetic ransitions, i.€. . oic gtate and the latter the mixed-symmetric state. One
the strongE2 transition occurs between symmetric states,

while the strongM1 transition occurs between mixed- can also see that the symmetry of th and 2 states is

symmetric and symmetric states. Hence, to gain a deep@PPOSite forx. For k<0.1 MeV, the 2 state is s mixed
understanding of then-p quadrupole interaction in the SYMMEtric oned pair state with some admixture of tvio-
NPSM, it will be certainly useful to investigate the detailed P, and the ¢ state is basically a symmetric tvid-pair
structure of the wave functions. state. But fromk=0.1 MeV on, the symmetry of the;2and
Before going further, we should also mention the meanings States exchanges, i.e., the 8tate is basically a symmet-
of symmetric and mixed-symmetric states in the shell modetic two-D pair state, while the 2 state is a mixed-symmetric
sense. We say that a state whose main component is oneD pair state with some admixture of the tvlo-pair

:a|D7T>+B|DV>+. T

is a symmetric ond® state ifa~ 8,

and a mixed-symmetric one- state if a~ — 3. These two

components. Table Il also shows that the number ofhe
pairs in the states0,2], ... increases witlx. This behav-

TABLE Il. The main components of the eigenstates with the quadrupgdenteraction strength.

k State S D, D, D,D, D2 D2 D2D, D?D, D?D2 D3 DD,
0.05 0f 0.6344 0.1837 —0.2743
27 0.5481  0.3329 —0.2065
2 —-0.2356  0.3403 0.2016 0.3198
23 0.2395 0.5840 —0.2832
af 0.4069 0.5938
6, 0.9220
01 0f 0.7264 0.3371 —0.1081 —-0.1083
27 0.5884 0.4158
2 —0.2153 0.2385  0.4026 0.3289
23 0.2786 —0.2593 0.2080 0.4804
4y 0.2855 0.4127 0.4756  0.2297
6, 0.2503 0.8384  0.2686
02 0; 0.8876 0.5451 0.1410  0.1481 0.1373
(0.1147
2 0.6798 0.4980 0.2446  0.2294
25 —0.2923 0.4319 0.5044  0.4608
25 0.2445 —0.4077 0.2924 0.4334 —0.2042 —0.3174
4y 0.4403 0.3135  0.4330 0.2843  0.2627
6, 0.3757 0.6986 0.3197
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FIG. 2. The variations of the part of tHe2 transition strength FIG. 3. The variations of the part of thd1 transition strength
with n-p interactionx. with the quadrupole-p interaction.

o . ) ment with the detailed structure of the wave functions and
ior is consistent with the well known fact that thep Q-Q  the results of the FDSMsee Ref[8]), theM 1 transition can
force favors the formation of th® pairs. One can see that oy proceed via the partner states. Foc0.1 MeV, the
although theF spin [17] does not present in the fermion 11 transition mainly occurred between the 2nd 2
picture, the symmetric and mixed-symmetric states can alsgtates While aftex=0.1 MeV, B(M1:2; —2;) is domi-
be unified thro_ugh then-p quadrupole interaction in the nant. That is to say that for ihe wez;tkgp co&lpling case,
NPSSM ca_lculat|ton.E2 ¢ ii ¢ ith th d which is suitable for the vibrational limit, thigl 1 transitions
ome importan ransition rates with the-p quadru- oo very different from those of the strong coupling case,
pole interaction strengtk are displayed in Fig. 2. It is seen which is suitable for the S@) limit. From Fig. 3 one can

@lso see that the sum of the ti1 transition rates always

E2 trf nsition between the y_rast states as _weII as that betwe‘?ﬁ‘creases withe. Whenk is large, it also becomes saturate as
the 2; and 2, states are all increased rapidly wittwhenx - ot theE2 transitions between the yrast states.

is small, and then become gradually saturated. One can also From the above analysis, one can see thatntpequad-

. + + . . . 1
see thft B(+E2'02 —2;) increase againstx, while  nole interaction enhance the collectivity of low-lying
B(EZ;O%—>21+) _decrease withx. For I+arge+;< value,  states. As in the FDSM, it is also thep quadrupole inter-
B(E2;0, —2,) is much larger thaB(E2;0, —2;), atypi-  action that is responsible for the splitting of the symmetric

cal feature of the ) limit. and mixed-symmetric states and produce Mhe transitions
From Ref.[8] we know that theM 1 transition can only in the NPSM calculation.

proceed via the partner states, and sincentfpequadrupole In our present calculation, we also found that similar to

interaction is responsible for the splitting of the symmetricthat of the FDSM, even for the very largep quadrupole

and mixed-symmetric states, it also control tel transi- interaction, the NPSM truncated in ti§ subspace still can

tions. To show how ther-p quadrupole interaction affects not give rise to the rotational spectra in the 50—82 shell. For
the M1 transitions in the NPSM calculation, we presentlarge x value, only the S@) limit can be realized in the
B(M1;2; —2{), B(M1;23—2;) as well as the sum of NPSM calculation. To show the effects that the quadru-
these twaM 1 transitions in Fig. 3. One can see that in agreepole interactions have in producing the vibartional and&0O
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FIG. 5. The spectrum and transitions6fBa.
The parameters we used a@,=0.169 MeV,
G,=0.06 MeV, andk=0.212 MeV. The effec-
tive charges for proton and neutron hole ate
=e,=2.le. The experimentaB(E2) values are
taken from Ref[18].

limit spectra, two examples are given in Fig. 4. The left onestates (2 and 2;) share theM1 transition in experiments
is for the vibrational spectra with the parameters fixed ag18]; the sum of the twd(M1) values is 0.20u, . As those

G,=0.2 MeV, G,=0.13 MeV, andx=0.12 MeV, and
the right one is for the S@) limit with G_.=0.15 MeV,
G,=0.11 MeV, andk=0.3 MeV. One can see that in com-
parison with the SDI strength, for the weakp quadrupole
coupling, the vibrational spectra can be produ@dept for
the 2; state, which is too low in energy positiprwhile for
strongn-p quadrupole coupling, the S6) limit is realized.
To check the vibrational mode and the @Dlimit, the quad-

calculated in the IBM and FDSNB,18], our predicted strong
M1 transition occurs between thg 2nd 2 state, which is
0.087,4/,,2\,, much smaller than the experiments. But if we use
the effective orbitah factors asgy;,=1.2, g;,=—0.2(all in
units of,uﬁ,) and keepg., andgs, as before, a reasonable
B(M1) value between the ;2 and 2 states is obtained,
which is 0.1712.

In summary, from the studying of the effects of the quad-

rupole moment for the vibrational states and the relativgypole n-p interaction in the framework of the NPSM trun-

B(E2) values for the S®) limit are investigated. For ex-
ample, the quadrupole moment of thg 2tate in the vibra-
tional limit of the SO(8) SP(6) limit in the FDSM s
—4.038eb, and it is—4.197eb in our present calculation. In
the S@6) limit, B(E2;0, —2;)/B(E2;0, —25) is 0.03,
which implies that theE2 transition from the § to 2; state
is forbidden, a typical feature of the $8) limit. This behav-
ior can also be found in Fig. 2.

Finally, the detail fitting of**Ba is shown in Fig. 5. One

cated in theSD subspace, the general physics of the fermion
model constructed frons and D pairs are obtained. It is
found that the symmetric and mixed-symmetric states, con-
sequently theVi1 transitions are primarily controlled by the
quadrupolen-p force. From the investigation of the compet-
ing feature of the surfacé-interaction and the quadrupole
n-p interaction, we found that in comparison with the
surfaceé interaction, when the quadrupofep coupling is
weak, the results are similar to the vibrational limit, and

can see that the spectra can be considered as in agreemetten the quadrupola-p coupling is strong, the @) limit

with the experiments. Fot*Ba, two almost degenerate’ 2

can be realized.
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