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STUDY OF ONE-QUASIPROTON BANDS OF 129LaUSING THE PROJECTED SHELL MODEL�S. Shen, Z. Wang, S. Shi, J. Gu, J. Liu and Z. ZhuShanghai Institute of Nu
lear Resear
h, the Chinese A
ademy of S
ien
esShanghai 201800, People's Republi
 of China(Re
eived August 1, 2000)The proje
ted shell model is applied to the nu
leus 129La. The resultsof theoreti
al 
al
ulations about the one-quasiproton bands are 
omparedwith experimental data, the agreement with the yrast �h11=2 band and�g7=2 band is satisfa
tory. We also assign the �g7=2
[�h11=2℄2 
on�gurationwith an oblate shape for one of bands in 129La.PACS numbers: 21.60.Cs, 21.60.Ev, 21.10.Hw, 27.60.+j1. Introdu
tionHigh spin states in the odd proton nu
leus 129La have been investigatedusing the te
hniques of in-beam 
-ray spe
tros
opy by He et al. at DaresburyLaboratory in 1992 [1℄. The ex
ited states in 129La were populated using theinverse rea
tion 51V(82Se; 4n)129La at 290MeV. Nine rotational bands havebeen observed in 129La, seven of them for the �rst time. The data are mainlydis
ussed within the framework of the Cranked Shell Model (CSM) [1℄. Therotational bands are assigned quasiparti
le 
on�gurations originating from�h11=2; �g7=2; �[h11=2℄2
�g7=2 and �h11=2
�[h11=2 g7=2℄ states, respe
tively.The CSM 
al
ulations [1℄ for 129La were performed using the followingparameters: quadrupole deformation "2 = 0:22 and hexade
apole deforma-tion "4 = 0:00; triaxiality 
 = 0Æ, i.e. prolate shape; pairing gap parameters�p = 1:30MeV for protons and �n = 1:06MeV for neutrons. The de-formation parameters were taken from the Total Routhian Surfa
es (TRS)
al
ulations [2℄ whi
h show that the deformation of 129La is dominated bya near prolate shape (
 �= 0Æ) with "2 �= 0:20�0.22 and a very small "4� The work supported by the National Natural S
ien
e Foundation of China grant No.19635030, by the Foundation of the Chinese A
ademy of S
ien
es grant No. KJ-952-S1-420 and by the Natural S
ien
e Foundation of Shanghai grant No. 00ZA14078.(183)



184 S. Shen et al.for 0 < I . 30~. The pairing gap parameters have been estimated fromthe odd�even mass di�eren
e. In addition, the � and � parameters in theNilsson potential have been taken from [3℄.Low-spin states of the nu
leus 129La have been investigated by meansof in-beam 
-ray spe
tros
opy by Kühn et al. in 1995 [4℄. They used therea
tion 119Sn(14N; 4n
)129La to populate the ex
ited states in 129La. Threenew negative-parity bands have been observed for the �rst time whi
h areidenti�ed as the unfavoured yrast, the favoured and unfavoured yrare bandson a �h11=2 quasiparti
le 
on�guration, respe
tively. These three bands andthe favoured yrast band are dis
ussed within the framework of the RigidTriaxial Rotor plus Parti
le model (RTRP) 
onsidering ex
itation energies,bran
hing and multipole mixing ratios, a value of � = 0:25 and 
 � 16Æ forthe triaxial deformation parameter for 129La has been established. There aresome dis
repan
ies between the experiment data and the model predi
tionsusing these parameters, parti
ularly at higher ex
itation energies, there areno other theoreti
al dis
ussions toward other positive parity bands.Low-lying levels of 129La isotope have also been investigated through the�+=EC de
ay of 129Ce by Gizon et al. in 1997 [5℄, the positive parity levelsof the level s
heme are 
ompared with the 
al
ulations made in the frame ofthe neutron�proton Intera
ting Boson-Fermion Model (IBFM-2).In this work the results of investigation about rotational bands in 129Lausing the proje
ted shell model are presented, espe
ially about one-quasi-proton bands of 129La. In Se
tion 2.1, the proje
ted shell model is brie�ydes
ribed, in Se
tion 2.2, the theoreti
al predi
tions are given and a 
om-parison with the experimental results is presented. Finally, the paper issummarized in Se
tion 3.2. Theory and 
al
ulations2.1. TheoryThe proje
ted shell model [6�9℄ employed in this paper is a mi
ros
opi
theory, whi
h solves the problem fully quantum me
hani
ally. The ansatzfor the angular-momentum-proje
ted wave fun
tion is given by:jIMi =Xk fkP̂ IMKk j'ki ; (1)where k labels the basis states. P̂ IMK is the angular momentum proje
tionoperator, it is given expli
itly by the expressionP̂ IMK = I + 124�2 Z d
R̂(
)D̂IMK(
) ; (2)
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) is the rotation operator, D̂IMK(
) the D-fun
tion (irredu
iblerepresentation of the rotation group) and 
 the Euler angle. A
ting onan intrinsi
 state j'ki, the operator P̂ IMK generates states of good angularmomentum, thus restoring the ne
essary rotational symmetry violated in thedeformed mean �eld. In this way the new shell model basis is 
onstru
tedin whi
h the Hamiltonian is diagonalized, this shell model basis taken in thepresent work is as follow: P̂ IMK j'ki : (3)The basis states j'ki are spanned by the setf a+p j0i; a+n1a+n2a+p j0i g ; (4)for odd proton nu
lei. j0i denotes the quasiparti
le va
uum state and a+n (a+p )is the neutron (proton) quasiparti
le 
reation operator for this va
uum; theindex n1(2)(p) runs over sele
ted neutron (proton) quasiparti
le states andk in Eq. (1) runs over the 
on�guration of Eq. (2). The va
uum is obtainedby diagonalizing a deformed Nilsson Hamiltonian [10℄ followed by a BCS
al
ulation. In the 
al
ulations we use three major shells, i.e. (N = 3; 4,and 5) for neutrons (protons) as the 
on�guration spa
e.In this work we have used the Hamiltonian [9℄Ĥ = Ĥ0 � 12�X� Q̂+� Q̂� �GM P̂+P̂ �GQX� P̂+� P̂� ; (5)where Ĥ0 is the spheri
al single-parti
le shell model Hamiltonian, Q̂�is the quadrupole moment operator, P̂ and P̂� are monopole pairing op-erator and quadrupole pairing operator, respe
tively. Though the theoryitself is not bound to any parti
ular form of Hamiltonian, the advantage ofusing su
h a separable-for
e Hamiltonian is that the role of ea
h intera
-tion is well known and, therefore, the interpretation of the numeri
al resultbe
omes easier. The intera
tion strengths are determined as follows: thestrength of the quadrupole�quadrupole intera
tion � is adjusted by the self-
onsistent relation su
h that the input quadrupole deformation "2 and theone resulting from the HFB (Hartree�Fo
k�Bogoliubov) pro
edure 
oin
idewith ea
h other [9℄. The monopole pairing strength 
onstant is adjusted togive the known energy gapGM = " 20:12 � 13:13 N � ZA # A�1 ; (6)where ��� for neutrons and �+� for protons. Finally the quadrupole pairingstrength GQ is simply assumed to be proportional to GM GQGM !n =  GQGM!p = 
 : (7)



186 S. Shen et al.The proportionality 
onstant 
 is 
hosen as 0:14�0:18 [6℄ in the rare-earth re-gion where the nu
lei are known as well-deformed, the nu
leus 129La studiedin this paper is in the transitional region, so we 
hoose 
 = 0:20 [11℄.The weights fk in Eq. (1) are determined by diagonalizing the Hamil-tonian Ĥ in the basis given by Eq. (4). This will lead to the eigenvalueequation (for a given spin I)Xk0 (Hkk0 �ENkk0)fk0 = 0 ; (8)with the Hamiltonian and norm overlaps given byHkk0 = h'kjĤP̂ IKkK0k0 j'k0i ; Nkk0 = h'kjP̂ IKkK0k0 j'k0i : (9)Proje
tion of good angular momentum onto ea
h intrinsi
 state generatesthe rotational band asso
iated with this intrinsi
 
on�guration j'ki. Forexample, P̂ IMKa+p j0i will produ
e a one-quasiproton band. The energies ofea
h band are given by the diagonal elements of Eq. (9)Ek(I) = h'kjĤP̂ IKK j'kih'kjP̂ IKK j'ki = HkkNkk : (10)A diagram in whi
h Ek(I) for various bands are plotted against spin I isreferred to as a band diagram [9℄. The solution of Eq. (8) 
an be 
omparedwith the experiment, and the lowest eigenvalue of the Hamiltonian for agiven spin is named the yrast energy.The proje
ted shell model has at least two advantages by this token:1. The pro
edure of angular momentum 
oupling, whi
h must be donetroublesomely in the 
onventional shell model, is done automati
allyby the proje
tor irrespe
tive of the number of quasiparti
les involved.2. It allows us to 
hoose various multi-quasiparti
le bases a

ording tophysi
al importan
e.Unfortunately, our present 
omputer 
ode [12℄ provided by Sun and Haraassumes axial symmetry so that we 
annot investigate those 
-deformednu
lei quantitatively [11℄. Sin
e the nu
leus in question is dominated bya near prolate shape (
 �= 0Æ) as indi
ated in Se
tion 1, su
h a 
onstraintwill not prevent us from investigating the physi
s at hand. This model hasa
hieved 
onsiderable su

ess when it was applied to rare-earth region wherethe nu
leus is well-deformed. In this paper, we try to apply this model to theA�130 and to show the potential of this model via the study of high/low-lying spin states of 129La.
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al
ulations, the following formulae are used to 
al
ulate the pair-ing gap parameters �p and �n [13℄:�p = 14fB(N;Z � 2)� 3B(N;Z � 1) + 3B(N;Z)�B(N;Z + 1)g ; (11)�n = 14fB(N � 2; Z)� 3B(N � 1; Z) + 3B(N;Z)�B(N + 1; Z)g ; (12)the values of the total nu
lear binding energy B are taken from the Ref. [14℄.The results are �p = 1:2975MeV and �n = 1:065MeV, whi
h are almostequal to those used in the CSM 
al
ulations [1℄. The � and � parameters inthe Nilsson potential are taken from Ref. [15℄ where the � and � are morereasonable as 
ompared with the Ref. [3℄. The deformation parameters areobtained from minima energy 
al
ulations using the Nilsson+BCS method.The deformation energy EHFB (equivalent to the deformation energy fromthe 
al
ulations using the Nilsson+BCS method) of 129La as a fun
tion ofquadrupole deformation "2 is shown in Fig. 1. We 
an �nd the deformationenergy EHFB has two minima in Fig. 1, they 
orrespond to the prolateshape ("2 = 0:24) and oblate shape ("2 = �0:22), respe
tively. There isno signi�
ant barrier between the two minima when going from one to theanother via quadrupole deformation, so the nu
leus seems to be soft toquadrupole deformation.
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188 S. Shen et al.2.2. Comparison of the 
al
ulations with experimental resultsThe experimental and 
al
ulated levels about one-quasiproton bands of129La are shown in Fig. 2. Among them, the experimental data of thenegative parity �h11=2 unfavoured yrast band, the favoured yrare band andunfavoured yrare band are taken from Ref. [4℄, we mark them band 2, 3and 4, respe
tively. The rest bands are taken from Ref. [1℄, we mark themband 1, 5 and 6 (whereas 17=2+ level of band 6 is taken from Ref. [4℄),respe
tively, they are the negative parity �h11=2 favoured yrast band, thepositive parity �g7=2 favoured and unfavoured band, respe
tively. We adoptthe Nilsson levels of the h11=2 subshell in the N = 5 (N = 5) major shellas the single parti
le basis of proton (neutron) for band 1 and 2 in orderto 
orrespond to their 
on�guration in the 
al
ulations. For the same rea-son, we adopt the Nilsson levels of the g7=2 (h11=2) subshell in the N = 4(N = 5) major shell as the single parti
le basis of proton(neutron) for band5 and 6. The quadrupole deformation parameter used in the 
al
ulationsis "2 = 0:24 (
orresponding to the right minimum in Fig. 1) and hexade-
apole deformation "4 = 0:00, i.e. prolate shape. It is dedu
ed by 
omparingtheoreti
al results with experimental data that the agreement with negativeparity �h11=2 band 1 and 2 is very good, but the agreement with band 3and 4 is not satisfa
tory, this is in a

ord with Ref. [4℄. The agreement withpositive parity �g7=2 band 5 and 6 is also very good, this indi
ates that thesetwo bands 
an be interpreted by the prolate deformation, this is not givenby Ref. [4℄. It should be pointed out as follows:1. The proton Fermi surfa
e lies at the bottom of the intruder subshellh11=2 and the neutron Fermi surfa
e lies in the upper middle part of theintruder subshell h11=2, respe
tively, in the transitional region su
h asthe nu
leus 129La. In the 
ase of protons, they tend to drive the nu
leitoward prolate shapes with 
 = 0Æ, while for the neutrons they tendto drive the nu
lei toward oblateness with 
 = �60Æ, so the nu
leuswhi
h is ex
ited to a di�erent band has the possible di�erent shapeand deformation due to di�erent 
on�guration.2. Our results about band 5 and 6 are in prin
iple 
onsistent with thathave been dis
ussed by He et al. [1℄ using the prolate shape to explainthe high spin states of 129La, ex
ept that we take a slightly largerquadrupole deformation parameter "2 = 0:24 .3. The every band number is obtained by solving the eigenvalue of theHamiltonian (namely formula (5)), then it is taken to 
ompare with theexperimental result dire
tly, it 
an not be done by using the CrankedShell Model by He et al. [1℄.
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190 S. Shen et al.Though there is no 
orresponding basis in the a
tual proje
ted shellmodel for the other bands showed in Ref. [1℄ (see also formulae (3) and(4)), namely the �h11=2 
 �[h11=2g7=2℄ band and �g7=2 
 [�h11=2℄2 band, wetry to 
arry on some 
al
ulations, unfortunately, the agreement with theexperimental data is not very good. It looks as if the basis states j'ki,whi
h are spanned by the set fa+p j0i; a+n1a+n2a+p j0ig, should be extended inorder to des
ribe the other bands more ni
ely [9℄.
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5/2+Fig. 3. Experimental levels of band 7 and 8 of 129La (solid lines) and the 
orrespond-ing 
al
ulated levels (dotted lines) using the quadrupole deformation parameter (a)"2 = 0:24 (b) "2 = �0:22.Whereas the �h11=2 
 [�h11=2℄2 oblate band and the possible �g7=2 
[�h11=2℄2 oblate band have been dete
ted in the odd mass isotope 131Labeside 129La [16, 17℄, we attempt to do the theoreti
al 
al
ulations aboutthe band O and P in 129La showed in Ref. [4℄. In our 
al
ulations, weadopt the Nilsson levels of g7=2[h11=2℄ subshell in the N = 4 (N = 5) majorshell as the single parti
le basis of proton (neutron), and use the quadrupoledeformation "2 = 0:24 and "2 = �0:22, respe
tively. Considering the band



Study of One-Quasiproton Bands of 129La . . . 191TABLE IThe energy EQp of quasiproton, its proje
tion K of the total angular momentum~I on the intrinsi
 (body) 
oordinate axis and the subshell it belongs to."2 EQp K subshell-6.2931 9/2 1g9=2-4.8756 -7/2 1g9=2-4.0610 5/2 1g9=2-3.4985 -3/2 1g9=2-3.2455 1/2 1g9=2-1.8165 -7/2 1g7=2-1.5203 5/2 1g7=2-0.22 1.4426 -3/2 1g7=21.5226 1/2 1g7=21.5753 5/2 2d5=21.8920 -3/2 2d5=22.2507 1/2 2d5=24.2353 -3/2 2d3=24.4773 1/2 2d3=27.3427 1/2 3s1=2-6.1900 1/2 1g9=2-5.5398 -3/2 1g9=2-4.4530 5/2 1g9=2-3.0756 -7/2 1g9=2-2.3491 1/2 1g7=2-1.6627 9/2 1g9=2-1.3989 1/2 2d5=20.24 -1.3970 -3/2 1g7=21.8463 5/2 1g7=21.9033 -3/2 2d5=23.1596 1/2 2d3=23.6545 -7/2 1g7=23.8505 5/2 2d5=26.0339 3/2 2d3=26.0988 1/2 3s1=2



192 S. Shen et al.O and P as the �g7=2 yrare band, and using "2 = 0:24, we obtain the resultswhi
h are shown in Fig. 3(a) (we denote the band O and P by band 7 and8, respe
tively). It 
an be found that the theoreti
al values of levels 9=2+and 13=2+ are smaller than the theoreti
al values of levels 7=2+ and 11=2+,respe
tively, these are 
ontrary to the experimental ones, so the band 7 and 8
annot be interpreted as the �g7=2 yrare band. When we use the "2 = �0:22,the results are shown in Fig. 3(b). It 
an be found that the ordering of all
al
ulated levels agrees with that of the experimental ones. There are somedis
repan
ies between the theoreti
al values and the experimental data forthe levels 7=2+ and 11=2+, but their intervals are near equal. Consideringthe basis whi
h we take in the 
al
ulations, the stru
ture assigned to thisband is the �g7=2 
 [�h11=2℄2 
on�guration, and this 
on�guration is oblate.In fa
t, when we 
hoose the quadrupole deformation "2 = 0:24 and "2 =�0:22, respe
tively, a

ording to the 
al
ulations using the Nilsson+BCSmethod, the energy EQp of quasiproton, its proje
tion K of the total angularmomentum ~I on the nu
lear symmetry axis and the subshell it belongs to arelisted in the Table I. The values of EQp take the Fermi surfa
e as a referen
e,�p is 43.668419 MeV and 43.481304 MeV 
orresponding to "2 = �0:22 and"2 = 0:24, respe
tively. It has been 
on
luded by Gizon et al. [5℄ that thewave fun
tions of the 5=2+ and 7=2+ states in band 7 and 8, respe
tively, arestrongly mixed; their stru
tures are 14%s1=2+10%d3=2+28%d5=2+48%g7=2and 15%s1=2 + 25%d3=2 + 45%d5=2 + 15%g7=2, respe
tively. That paperdid not mention the g9=2 subshell, but we 
an �nd from Table I, when we
hoose "2 = 0:24, the K = 9=2 orbital of g9=2 subshell is very near theFermi surfa
e, by this token it is even more reasonable to take "2 = �0:22.It is also expe
ted that the �h11=2 
 [�h11=2℄2 band in the nu
leus 129Lawill be observed by some experiments in future and that this band will beinterpreted using the quadrupole deformation "2 = �0:22 (
orresponding tothe left minimum in Fig. 1). 3. SummaryThis paper presents the 
al
ulations of the six one-quasiproton bands of129La using the proje
ted shell model. First of all, we study the deformationenergy EHFB of 129La as a fun
tion of quadrupole deformation "2 usingthe Nilsson+BCS method, one may �nd that the deformation energy EHFBhas two minima, whi
h 
orrespond to the prolate shape and oblate shape,respe
tively. We take the quadrupole deformation parameter "2 = 0:24to study the six one-quasiproton bands, the agreement of the theoreti
al
al
ulations with the �h11=2 negative parity yrast band and �g7=2 positiveparity band is quite satisfa
tory, but the agreement with the �h11=2 yrareband is not satisfa
tory. In addition, this paper also assigns the �g7=2 
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ted shell model 
an interpret the six oftotal twelve level bands in 129La, it is the best of all mentioned models inanswering for the experimental level s
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