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Quadrupole and octupole softness in the even-éVerZ nucleus®Ge is studied on the spherical shell
model basis. We carry out the shell model calculation using the pairing plus quadr@®Q)eplus octupole
(OO0) interaction with monopole corrections. It is shown tfi#be is an unstable nucleus with respect to both
the quadrupole and octupole deformations, which is consistent with the previous discussions predicting the
softness and octupole instability. It is demonstrated that the proton-neutro@ &aytof the QQ interaction is
important for they softness or triaxiality.
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Heavy N=Z nuclei with A=56~80 show strong shape suggested by Bohr and Mottelson, and widely used by
variations such as prolate shape, oblate shape, prolate-obldfésslinger and Sorensen, Baranger and Kumar, and many
shape coexistence, ang softness, depending on the massauthors. Unlike the original application to heavy nuclei, the
number. These nuclei lie in transitional regions from spheri-eXte_”deOP+QQ_ interaction is isospin-invariari®]. In this
cal shapee.g., Ni [1]) to strong prolate deformatiofe.g., Rapid Communlcatlon, we introduce the octupole-octupole
80zr [2]). TheN=Z=32 nucleusg‘Z‘Gee,2 is known to be a (O.O) force Into th? extendecﬂ>+_Q_Q force_ mo_del to de-
typical example showingy-soft structure inN=2Z proton- fSOC rrllgteucrjlei?]atlx;pgrrlllty tshtate:b]:;:‘éss énLeJ? Zﬁg‘ tlrs] eqt;léfuuiim
rich unstable nuclei, according to theoretical CaICUIaﬂon%nstabilit{/ rﬁentionedyab(f\ye TH@Q andOO forces are t?we
based on the mean-field approximati@j. The calculations i

. . o > long-range and the deformation-driving part of the effective
predict probabley instability in the ground state, and triaxi- jnteraction. Contrary to this, the monopole pairing force can

ality in the excited states, i.e., the quadrupole deformatiofhe associated with short-range force, and restores the spheri-
B2~0.22 andy~27°. _ cal shape. Thus, the competitions among @®, OO, and
Deformed shell model calculations predict that themonopole pairing forces are expected to be important for
nucleon numbers 34, 56, 88, and 134 are strongly octupolghape transitions of quadrupole and octupole deformations in
driving in nuclei where the Fermi surface lies near single-%4Ge. TheP+QQ force with the OO interaction will be
particle levels withAl=Aj=3 [4]. We can expect that nu- suitable for studying the monopole pairing, quadrupole, and
clei with N=2Z near the octupole magic numbers exhibit anoctupole correlations. Recently, tti@ shell model calcula-
especially strong octupole effect, because neutrons and préien [10] with the FPD6 interactiofl1] has been performed
tons contribute cooperatively. This does not necessarily meain ®‘Ge as a test case for quantum Monte Carlo diagonaliza-
a permanent octupole deformation. The level pattern ofion (QMCD) method. The projected shell model calculation
negative-parity states if'Ge is not a rotational onfg], and  [14] has been performed ii*Ge modifying the standard
the sequence of the 3 57, and 7 levels is irregularly  Nilsson parameters.
spaced. Thus®Ge is anN=Z proton-rich unstable nucleus Since protons and neutrons in tNe= Z nuclei occupy the
manifesting a soft structure with respect to quadrupole andame levels, one would expect strong proton-neutgmm)(
octupole deformations, from experimental and theoreticalnteractions[15]. In particular, one of the most interesting
evidences. In fact, inclusion of the deformation improves questions in the study of nuclear structure is what roles the
the E2 transitions of negative-parity states §fGe [5]. p-n interaction play in the nuclear deformation. The long-
The spherical shell model approach could be more approange p-n isoscalar T=0) interaction between valence
priate for describing various aspects of nuclear structure. It isucleons has been suggested to be a source of the nuclear
desirable to add thegg, orbital to the full pf shell deformation16]. On the other hand, the isosca@g inter-
(f7/2,P32.T52,P1/2) for studying both positive and negative action used in thé+ QQ force model has very strong-n
parity states of“Ge, but the shell model calculation in this componentQ,Q,, which gives rise to nuclear quadrupole
space is impractical at present because of the huge dimedeformation[17]. The Q,Q, interaction is expected to be
sion. So we restrict the model space to g, fsn, P, important for quadrupole collectivity ii‘Ge. The rotational
and gg» Orbitals, and carry out the shell model calculationbehavior of T=0 and T=1 bands in the odd-odtN=2Z
with the recently developed shell model cd@@. There are nucleus %2Ga is recently studied using the spherical shell
few effective shell-model interactionf7] in this model model and the cranked Nilsson-Strutinsky moldes].
space. In order to study the octupole correlation, let us introduce
Recently, an extendeB+QQ force [8] was applied to an isoscalar octupole interactibty o with the force strength
the f,,,-shell nuclei. This interaction is schematic but works x5 to the extended + QQ model[8] with monopole correc-
remarkably well. The convention®+QQ force was first tionsH":
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wheree, is a single-particle energ® ;1. is the pair opera-
tor with angular momenturd and isospinT, andQ,y; (Ozm) FIG. 1. Comparison of experimental and calculated energy lev-
is the isoscalar quadrupol@ctupole operator. Due to the els of ®Ge. The arrows designa? transitions with the calculated
isospin-invariance, each term of the above Hamiltonian inB(E2) values indicated by their widths.
cludesp—n components, which play important roles
=7 nuclei. ~0.22 by Mdler and Nix [20] and of 8~0.22 by Ennis
We carried out shell model calculations in a model spacet al.[3], and is comparable to the experimental data 12 W.u.
restricted to the sy, 1fsp, 2p1p, and Igo, orbitals  of ®Ge nucleus.
(called pfg-shell henceforth The model assumes a closed The calculated occupation numbers of thgy,, fsp,
>eNi,g core and does not allow for core breaking. The neuPi2, andgg, orbitals in the ground-state band are 3.6, 3.2,
tron Sing'e_partic|e energies 0b3/21 1f5/2' 2pl/2! and 199/2 06, and 0.6 on the aVerage, respectively. More than four
in this pfg-shell region can be read from the low-lying stateshucleons are excited from the unperturbed configuration
of 5Ni, because the low-lying states 6fNi are well char-  (Ps2)°. The full fp shell model calculatiorf10] with the
acterized as pure single-particle levels wiféNi is a closed FPD6 interactiori11] using the QMCD method has recently
shell core. The adopted single-particle energies relative to theeen performed for low-lyingl =07, 2y, 2; , and 4’
2p3; are ep3p=0.0, &45,=0.77, ep1p=1.11, andegy,  States of positive parity in“Ge. Th(_e FF_’DG calculation pre-
=3.70 in MeV[19]. Since the above Hamiltonian is assumeddicts the deformations,~0.28 which is somewhat larger
to be an isospin-invariant, the proton single-particle energieghan the other prediction8,~0.22, and gives the triaxiality
are taken as the same values as the neutron single-particle~ 27° which is consistent with the others predictions. The
energies. The force strengths of the extenBedQQ inter-  FPD6 interaction seems too strong to yield appropriate col-
action are taken so as to reproduce the energy levels of lowectivity [12], due to its drawback13]. This can be seen

lying states in®‘Ge as follows: from the occupation numbers df,, pap, f52, and py,
which are 15.1, 2.6, 5.5, and 0.8, respectively. Two more
00=0.42642/A), g,=0.27442/A)5" nucleons are jumping to the orbitals abqwg, as compared
with our result. The stronger collectivity caused by the FPD6
X2:X(z)(42/A)5/3/b2:0-567(42/A)5/3/b2: 2) interaction is probably attributed to the mixture of the three
orbitals (f-,, ps», andfs,) due to the large matrix elements
X3:Xg(42/A)2/b6:0_27342/A)2/b6’ between {;,p32) and fs,. This is the reason why

B(E2;2; —0;)=5%x10*(e?fm?) obtained in Ref[10] is
where go, d,, x» and xs; are the monopole pairing, almost twice that of ours 245.8¢ fm). .
quadrupole-pairingQQ, and OO force strengths, respec-  The ratio of excitation energies for the 4state and the
tively. We adopt the harmonic-oscillator range paraméter 2, State gives additional information with respect to the
~A~1B the effective charge,=1.5C for proton ande, shape. This ratio is 3.33 for a rigid rotor, 2.0 for a pure
=0.5Ce for neutron. We adjust phenomenologically force Vibrator, and~2.4 for ay-soft nucleus. Therefore, the ratio
strengths of several monopole corrections so as to approx2.65 in the calculation indicateg softness. We can also see
mately reproduce the low-lying energy levels®%6Ge. These the y-soft nature inE2 transitions. ThéB(E2) value of 2
force strengths can also reproduce the low-lying energy lev—2; transition is larger thaB(E2;2;, —0;), and the ratio
els of 58-5\i, 69-6%n, %%Ge, and®®Se. B(E2;2}—2])/B(E2;2]—0]) is ~27, corresponding to/

In Fig. 1, calculated energy spectra are compared with-26° in the Davydov model21]. The present result is in
experimental data foP‘Ge. Two side bands are shown in agreement with the triaxiality estimated from the experimen-
addition to the ground-state band, i.e., positive-parity bandal data and the other theoretical models, though it is difficult
on the band head 2 and negative-parity band on the band for the shell model calculation to definitely discugssoft-
head 3. The calculations reproduce the observed thregess and triaxiality.
bands at good energies. The agreement between theory andOn the other hand, the low-lying negative-parity states
experiment for the ground-state band up to dpi8 is good.  with I=37,57, 77, and 9 are nicely reproduced. The oc-
The calculatedB(E2) value between the ground state andtupole force newly introduced to our model plays an essen-
the first excitedl=2" state is B(E2;2; —0;)=245.3 tial role in describing the negative-parity states. The value of
(e?fm*) corresponding to the quadrupole deformatiBn B(E2;5 —37) is small, while theB(E2) values between
~0.2. This value is consistent with the predictions @f higher states above 3are large. This indicates a different
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FIG. 2. The excitation energies of the first and second excite 0.45 MeV. This is consistent with the softness or the

2" states in the upper figure and thé @round-state energy in the naﬁla"ty dtl.s'cusjed ?bOVfi._ int tind to stud |
lower figure, as a function of the quadrupole force strength. The S mentioned earlier, 1t 1S very interesting 1o study roles

arrows indicated by their widths designdge transitions with the ~Of the proton-neutron part of thQQ force (Qan) We
calculatedB(E2) values. make the study by varying the strength@fQ, (szn) and
keeping the other force strengths of Eg). This is effective
structure of 3 from the higher negative-parity states. Thein seeing the dependence of quadrupole deformation on
same is known from the occupation numbers 0ofQ,Q,, though the Hamiltonian without the isovector type of
P32, 512, P12, @andgg, orbitals. Their values of the=3" QQ force stops beeing isospin invariant. Figure 3 shows the
state are, respectively, 4.0, 1.2, 0.6, and 2.2, while the aveexcitation energies of the first and second fates and the
age values of the negative-parity states aboveae 3.4, 2.7, B(E2) values as a function szpn The firstl =27 state is
0.5, and 1.4. More nucleons are jumping from the unperfiat in energy with respect to the force strengdy,,. How-
turbed configuration ;) '(ge/2) * in the 3~ state as com- ever, the second exciteld=2, state strongly depends on
pared with t_he states abové 3Thel=3" state is mainly a szn, and becomes Iowest neq@ ~0.35 MeV. In the
coherent mixture of neutron and protopaff 589123~ CON- i ghecalarQQ force, X9pn 1S equal to the magnitude of
figurations. The present result is consistent with the calculaproton proton pp) and neutron-neutron n@) force

tions by Petrovici and Faesslgs]. In Fig. 1, the calculated strengths due to the isospin invariance, i) =2
11" and 13 level e considerably higher than the ob- 2pn— A2pp
ve's ar nsiierally higner 9 The force strength)(2pn 0.567 MeV which is

served excitation energies. This may suggest that excitation X2nn-
from the f-, orbital in >Ni core should be taken into ac- adopted in Fig. 1 leads to the larg¢E2) valueB(E2; 2
count for these states.

Figure 2 shows the excitation energies of the first and
second 2 states and the 0 ground-state energy as a func-
tion of the quadrupole force strengpkﬁ. The other force
strengths are fixed to the values of E2). We can see a level
crossing of the first excited;2state and the second excited
2, state near the crossing strengih,~0.45 MeV. When
the quadrupole force strength is apart frq&r, the second
excited| =2, state rises abruptly in energy, while the first
excitedl =2, state does not change largely. This means that
v softness or triaxiality is realized beyond the crossing point.
The ground-state energy rapidly decreases beyond this cross-
ing point, while it is almost constant for <OX2
<0.45 MeV.

There seems to be a critical point of phase transition with
respect to the quadrupole correlation. Indeed B(E2;2;

—0;) values dramatically increase when the quadrupole Fig. 4. Excitation energies of the negative-parity stateshe
force strength goes beyond the critical point. The forceypper figure and the 0" ground-state energgin the lower figure
strength adopted in Fig. 1 ig9=0.567 MeV denoted by a as a function of the octupole force strength. The solid circles show
solid circle in the lower part of Fig. 2, and its position lies in the energies for the adopted force strength.

0 01 02 03 04 05 06
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state energy is almost constant for:Qgcr< 0.3 MeV and

formation 8~0.2, as mentioned above. We can see, howdecreases quickly when going beyond this critical point. It

ever, that B(E2;2/ —07) is very small for 0<x3,,

seems that a phase transition occurs near the critical force

<0.35 MeV. This suggests that a phase transition occurstrength x3.,~0.3 MeV. The octupole force strength3

near the critical pointygpncr~0.35 MeV. TheB(E2) value
of the 25 —2] transition also becomes large fo{gpn
>0.35 MeV, which results in the expected triaxiality
~26° wheny3,,=0.567 MeV. Thus, th&@,Q, interaction
plays an important role for the softness or the triaxiality in

64Ge.

=0.275 MeV adopted in Fig. 1 is very close to the critical
point x3.,. Thus, ®Ge seems to be near an octupole insta-
bility.

In summary, we have studied quadrupole and octupole
correlations in the even-eve¥i=Z nucleus®Ge by means
of spherical shell model calculations. THe+QQ force

Let us lastly study the negative-parity states as a functior'imdel including octupole interaction and monopole correc-

of the octupole force strength in Fig. 4. The other force

strengths are fixed to those of EQ). As mentioned above,

the | =3, state is very collective, and the excitation energy
of the |=3; state decreases as the octupole force streng

tions, which is schematic but realistic, is adopted for describ-
ing the quadrupole and octupole correlations. It is shown that
84Ge is an unstable nucleus with respect to both the quadru-

ole and octupole deformations. The present results reveal

at thep-n QQ interaction Q,Q,) induces an onset of

. . 0 . .
increases untily3~0.3 MeV, and increases as it goes be-qyadrupole deformation andsoftness. It can be expected to
yond this point. The other negative-parity states have an inplay an important role in the prolate-oblate shape coexist-

significant dependence with respect to the force strem@th
until the critical point, and increase fQ§> 0.3. The ground-

ence of the neighboring even-evéw=Z nucleus ®%Se,
which has been recently observigg®,23.

[1] D. Rudolphet al, Phys. Rev. Lett82, 3763(1999.
[2] C.J. Listeret al, Phys. Rev. Lett59, 1270(1987).

Brown, Nucl. PhysA523, 325(1991).
[12] M. Honma(private communication

[3] P.J. Ennis, C.J. Lister, W. Gelletly, H.G. Price, B.J. Varley, P.A.[13] M. Honma, T. Otsuka, B.A. Brown, and T. Mizusaki, Phys.

Butler, T. Hoare, S. Cwoik, and W. Nazarewicz, Nucl. Phys.

A535, 392 (1991).
[4] P.A. Butler and W. Nazarewicz, Rev. Mod. Phy&8, 349
(1996.
[5] A. Petrovici and A. Faessler, Nucl. Phys395, 44 (1983.
[6] T. Mizusaki, RIKEN Accel. Prog. ReB3, 14 (2000.

[7] E. Caurier, F. Nowacki, A. Poves, and J. Retamosa, Phys. Rev.

Lett. 77, 1954 (1996; S.M. Vincentet al, Phys. Rev. (60,
064308(1999.

[8] M. Hasegawa, K. Kaneko, and S. Tazaki, Nucl. Ph4874,
411 (2000; A688, 765(2001).

[9] K. Kaneko, M. Hasegawa, and J.Y. Zhang, Phys. Re%9C
740(1999.

[10] M. Honma, T. Mizusaki, and T. Otsuka, Phys. Rev. L&,
3315(1996.

[11] W.A. Richter, M.G. van der Merwe, R.E. Julies, and B.A.

Rev. C65, 061301R) (2002.

[14] Y. Sun, J. -Ye Zhang, M. Guidry, J. Meng, and S. Im, Phys.
Rev. C62, 021601R) (2000.

[15] A.L. Goodman, Adv. Nucl. Physl1, 263(1979.

[16] P. Federman and S. Pittel, Phys. Re\2@ 820 (1979.

[17] J. Dobaczewski, W. Nazarewicz, J. Skalski, and T. Werner,

Phys. Rev. Lett60, 2254 (1988.

[18] A. Juodagalvis and S. Aberg, Nucl. Phys683, 207 (200J).

[19] D. Rudolphet al, Eur. Phys. J. /6, 377 (1999.

[20] P. Mdler and J.R. Nix, At. Data Nucl. Data Tablé&, 165
(1981).

[21] A.S. Davydov and G.F. Filippov, Nucl. Phy8, 237 (1958.

[22] S. Skodeet al, Phys. Rev. (538, R5(1998.

[23] S.M. Fischer, D.P. Balamuth, P.A. Hausladen, C.J. Lister, M.P.
Carpenter, D. Seweryniak, and J. Schwartz, Phys. Rev. Lett.
84, 4064(2000.

051306-4



