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Triaxiality of the yrast states of odd-A Lu isotopes
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The energy spectra and electromagnetic transition probabilities of the negative-parity yrast stateé in odd-
Lu isotopes Z=71) are investigated systematically using the particle-rotor model and are compared with
experimental data before and after the band crossing. It is noted that the moment of inertia of the core after the
band crossing is as much a smooth function of the total angular momentasithat before the band crossing
and can be described by theb formula. Appreciably different are the triaxial deformations before
(~—20°) and after ¢ +10°) the band crossing fot®*'%316py, while they are more or less similar
(~—10°) for *¥’Lu determined from the calculatiofS0556-28189)03910-1

PACS numbses): 21.60.Ev, 21.10.Re, 21.10.Ky, 27.7®Q

. INTRODUCTION asked whether ther[514]9/2 band of**’Lu before band
crossing is also triaxial?

Many eXperimentS have been done recently on hlgh-spln (2) Thes bands 0f161v163v16[u have not yet been Studied,
spectroscopy of rare-earth nuclei, but our quantitative undere., whether their yrastr[514]9/2 bands are also triaxial
standing of their nuclear structure, especially their shapes igfter band crossing in addition t#°L.u[6]? On the other
not yet sufficient; on the other hand, most theoretical modelgiand, the'®®Lu (s band data of B(M1;l—1-1)/B(E2;l
can just deal with energy spectrum data leaving electromag--1-2) used in the analysis of Reff6] were taken before
netic transition probabilities out of the account, thus theirpublication[3], but some data revision in Ref3] is now
analyses are still incomplete and cannot explain shapavailable.
changes. Among the odd-heavy rare-earth nuclei around  (3) The calculations of Refg5,6] utilized a hydrody-
Z~70, the lutetium isotopic chain &= 71 has typically had namical type moment of inertia:
rich data[1-4]: the negative-parity yrast band spectra in
161,163,165167; - their ratios of the reduced transition prob- 4 .
abilities B(M1;1—1—1) to B(E2;I—|—2), the dynami- =5 Jo(1)sir?
cal quadrupole momen®(? of the stretched?2 transitions
for 1*3u and thes band of'°Lu, and the ratio of the two \where J, is the moment of inertia associated with rotation

kinds of dynamical quadrupole momen®/Q® for  about the intrinsikth axis, andly=Jo(1) is variable vs spin
165 u, all have been measured. So a systematic study on theto fit the experimental spectrum, but there was not a clear
high-spin states of these oddLu nuclei becomes feasible. analytical form given of the relation betwedp and spinl.

Our interest is centered on whether these addd isotopes (4) For years, the ideal rigid rotor model was used as the
are all triaxially deformed in their yrast states. Referefide  approximation to the zeroth order for rotation motion, but the
presented systematic theoretical calculations on the yrasteviation of its rotational energy spectrum formulg(l)
m[514]9/2 band oft6116316p  pefore band crossing. Refer- =Al(1+1), from observed data of rotational bands had
ence[6] analyzed the yrast band of*®*Lu after band cross- been found at different nuclear regions to a different extent.
ing. We see from those analyses that #)j&14]|9/2 bands of A much better formula of only two parameters for rotational
161,163,16p |, pefore band crossing are triaxial withy  energy spectrum was deduced phenomenologi¢8llyand
~—20°, and thes band of 1%%Lu after crossing is triaxial derived theoretically from a Bohr Hamiltonigd0], and is
with y~—10°. Nevertheless, there are problems with theseow often called theb formula:

odd-A Lu nuclei.

(1) It has been interpreted that theg 660]1/2 bands in #2
163,16516 |y are triaxially superdeformef2,7,8,14,1% On E(H=alv1+bl(1+1)—1]=55 0
the other hand, among the normal deformed bands of these 0
nuclei, the negative-parity yrastr[514]9/2 bands in
161,163,16p |, were understood as triaxifh], and so it can be

+k277
yTRT

, k=1,2,3, ()]

[(1+1), (2

in which is included also the idea of a variable moment of
inertia Jo(1):
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This ab formula can describe satisfactorily all rotational
spectra of ground-state bands of the normal deformed even-
even nuclei in rare-earth and actinide regiph8,11. It has
been proved recently that the transition energy spectra of
superdeformation bands can also be excellently reproduced
by this ab formula, Eq.(2), and the moment-of-inertid,,

Eq. (3), derived from Eq(2) [12-15. Thus Eq.(3) offers a
smooth function betweedy, in Eg. (1) and the total angular ? ?
momentum|. But there are not yet calculated the yrast "

s(upen-band spectra with Eq$2) and (3). What about the
situation of applying thisab formula and its derivative
moment-of-inertia Eq(3) to various excited rotational bands
in high-spin states, especially, to the yradband after the
band-crossing region? It seems that no such systematic i
vestigation has been done, to our knowledge.

Here we shall calculalate both the energy spectra an
transition probabilities of the negative-parity yrast states o
oddA Lu-isotopes using the particle-rotor model, and then
compare our results with experimental data in order to clariffner.gy spectrum. . :
the above points, particularly to study the change of triaxial- Itis not practical to perform a numerical calculation of the

ity both before and after the band crossing of the yras'particle-rotor model with the three-quasiparticle states be-
7[514]9/2 bands in thé6L163.1651§7,; 7 = 71 isotopic chain cause of the large configuration space. Due to the one-

and at the same time to test the applicability of E@s.and particle character of the electromagnetic transition operators,

(3) to the yrast spectrum region of tséand, i.e., after band the change in the number of quasiparticles does not have any
crossing T influence on the signature-dependent part of the transition-

matrix elements and on the nuclear shape. We can freeze
the intrinsic degrees of freedom of the aligned neutrons, just
Il. THE MODEL as the the simplified model proposed by Ré did to deal
Based on the experimental level scherfis4], the last With the s band configuration. Since at present we are espe-
proton in these odé Lu nuclei occupies the yrast cially mtergsteq in the spin region of tlsdand in which the
7[514]9/2 orbital with negative parity, which is not mixed neutron spin alignment is nearly constant, vi:= 10, then
up with neighboring orbitals of positive parity. To investi- the contrlputlon from Fhe intrinsic Hamﬂtomap of thg a!lgned
gate these yrast states, we use the sifigierticle-triaxial- neutrqns is an addltlopal constant, an_d this intrinsic term
rotor model[5,6] to calculate both the energy spectra and theHintr,n In EQ. (4) can be ignored as done in RE6]. Here we
transition probabilities before and after the band crossingcan also assume thay, the neutron-spin alignment of tfse
There is only one quasiproton in the,, subshell coupled band, is parallel wittR, the collective angular momentum of
with the even-even core before band crossing, whereas twe (triaxial ) core, then an angular momentum for thband
i132 neutrons are aligned by the rotation after crossing, thu can be defined as in RB]:
three quasiparticles are coupling with the core. If the angular
momentum of the odd-proton is expressecf@,sthe neutron X=[— jn: ﬁﬂ*p_ (6)
spin alignment as,,, and the collective angular momentum
of the even-even core & then the total angular momentum
I=R+J,+],. To deal with thiss band after band crossing,
our total Hamiltonian is written as a sum of the rotor part andt
R : : 0
the intrinsic parts for the quasineutrons and quasiproton:

FIG. 1. Geometric relation of the coupling angular momenta of
the s band: the total angular momentuim the s band neutron
spin-alignmenﬁn, the rotor collective angular momentuR) and
rt]he odd quasiproton angular momentlﬁm

?ormula, Eq.(2), is used as the function vs spin wherein
parameterdyg andb are estimated by fitting the-transition

The coupling scheme of the angular momenta inghmnd

is shown in Fig. 1.

Thus the three-quasiparticle problem of the total Hamil-
nian (4) of the s band is reduced to a one-quasiparticle
problem quite similar to that of the usuglband with only
the odd-proton intrinsic HamiltoniaH

H=H+ Hintr,n+ H intr,p - (4)
3 2
ot T hZ
Here the triaxial-rotor Hamiltonian is given by H= Z ﬁ(R)ﬁJFHimr,p' @
3 2 3 2

Hro= 2, ﬁ(ﬁ)ﬁ: > 53 L0k In) —jpl®>, () which is of the usual form of one-quasiparticle configuration
k=1 ok k=1 2Tk and is easy to be diagonalized. This Hamiltonian can be used

in which R, is the collective angular momentum of the even-0f Poth theg band g,=0,X=1, R=1-]) and thes band

even coreJ, is the moment of inertia associated with rota- (Jn=10, X=1—-J,, R=X—]), the only difference is that
tion about the intrinsickth axis. In numerical calculations, the rotor angular momentum of treeband is calculated as

we also take the moment of inertia of the hydrodynamicallfizi—fp. The detailed formulas necessary for the calcula-
type, Eq.(1), in which Jo(1) of Eq. (3), derived from theab  tion in the particle-rotor model can be found in R€%,13].
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FIG. 2. Energy differencAE=E(l)-E(I-1) versus spif of the states in th€514]9/2" band of the odd-Lu chain. The experimental
data(from Refs.[1-4]) are shown as solid circlegorresponding to the energy difference from the state with signaiere-1/2 to «
=—1/2), and open circle&corresponding to the energy difference from the state with signatere-1/2 to = +1/2). The calculated
values are connected by the solid lines. The parameters used in the p#niagied-)rotor model calculation befor@fter band crossing
for 1®Lu, 3 u, Ly, %7Lu, respectively, arey=—21°(+14°), —18°(+14°), —15°(+9°), —14°(—10°); A/«x=0.55(0.55),
0.450.45, 0.400.40, 0.400.40; N/ k=0.40(0.40), 0.4®.40, 0.400.40, 0.500.50; Jook=235(66), 50165), 5558), 6868); bx 10°
=5.5(2.3), 4.51.5), 8.55.5), 5.02.5. Here« is used as an energy unit which is determined by normalizing the calculated values of
y-transition energies to one of thetransition energy datas is about 2—2.5 MeV in our interested nucler region.

The dynamical quadrupole momen@&?® and Q®® are
extracted separately from their relatBgE2) values using
the following formula:

The Hamiltonian, Eq(7), is diagonalized by using the
BCS one-quasipatrticle states for the particle wave functions.
Using the resulting wave functionB(M1) andB(E2) val-
ues can be calculated.

5
B(E2;l —1-p)= 75— (IK20] —pK)2QP* p=1,2.
(8) I1l. RESULTS AND DISCUSSION

- - . . .. The calculation in the spin region before the band cross-
By writing the total angular momentumas|=R+Jy+j,  ing is performed as usual with the particle-triaxial rotor
=R’+],, whereR"=R+J,, the magnetic-dipole operator model. Since after the band crossing, thieand is known to

M is expressed as in Rg6]: consist of (13,2 quasineutrons, their alignmedt~10 and
an:—O.ZO are used in the calculation of this simplified
model, Eq.(7).

The calculated energy differendg(l)—E(lI-1) and the
ratio of reduced transition probabilitieB(M1)/B(E2) are
compared with measured values for the negative-parity yrast
m[514]9/2 band of161:163.165.197; in Figs. 2. and 3. The

(100 sameB(M1)/B(E2) calculation of'®3_u with different Q,
parameter values for thggband and band are shown in Fig.
The M1 transition operator is reduced to the usual one em4 for comparison. The calculated stretclt&?l transition mo-

A=0rR+9; Jnt0; 1p=0r [ +(g; ~9r)ip, (9
where

9r'=(grR+9; Jn)/(R+J) =gr+ (95, —9r)In/R".

ployed in Refs[5,6,13.

mentsQ® for ¥4 u and *%3_u are compared with data in
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FIG. 3. B(M1;Al1=1)/B(E2;Al =2) versus spinl of the states in the514]9/2" band of the odd-Lu chain. Experimental values with
error bars(taken from Refs[1-4]) are shown as solid circlegorresponding to the energy difference from the state with signature
=+1/2 to a=-1/2), and open circles(corresponding to the energy difference from the state with signature—1/2 to

a=+1/2).

Theoretical values are connected by solid lines.

The parameters us&tidiort®3 u, 1%%Lu, %7Lu, respectively, are intrinsic
quadrupole moment squar@ﬁ(ezbz)=20, 25, 30.3, 36; parameters of the particle-rotor model used in Fig. 2 are also used here; besides,

several other parameters are used for transition probability calculation: equivalent electric &htiig8)/Qy,=0.2C, andg,=1.0, g
=3.91,9r=0.42, whileg; = —0.20, andJ,,= {9 before band crossing

10 after bandcrossing
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FIG. 4.B(M1;A1=1)/B(E2;Al =2) versus spin of the states FIG. 6. The dynamical quadrupole momef@s’ versus spir
in [514]9/2" band of %3 _u. Experimental values with error bars in the states of®3u yrast[514]9/2 band. Experimental values
(taken from Refs[2]) are shown using the same symbols as Fig. 3.with error bars(taken from Ref.[2]) are shown using the same
Theoretical values are connected by solid lines. Parameters are tegmbols as those in Figs. 2 and 3. Theoretical values are connected
same as used in Fig. 3 excepg=23 (for the g band, but 28(for by solid lines. Parameters are the same as used in Fig. 3 except
the s band (e?b?). Q3=23 (for the g band, but 28(for the s band (e?b?).

Figs. 5 and 6. The calculatg@)/Q® ratio of two kinds of ~ *®®Lu agree quite well with observed ones, so the adopted
dynamical quadrupole moments, with data of the negativeparameters are reasonable.

parity yrast band int®®Lu, are shown in Fig. 7. The triaxiality y values for#[514]9/2" band beforeaf-
From the good agreement of the calculated values witfier) the band crossing are-21°(+14°), —18°(+14°),
the observed ones, we can see the following. —15°(+9°), and —14°(—10°) in 1163105197y, respec-

(1) The apparent signature splittings of the energies betively. The symbol of they value is determined mainly to
fore band crossing are decreasing when the neutron numbggproduce transition probabilities. Thus the triaxial deforma-
of the isotope increases, whereas after band crossing thetiens || of these yrast bands are decreasing gradually before
signature splittings of energies are not all large along théand crossing when the neutron number increases in the Lu
whole isotopic chain. Comparing the calculated signaturdsotopes, whiley values become positive after band crossing
splitting of the energies with the observed values, parameteis *°+1°3°Bu, i.e., their triaxial shapes change apparently
of the particle-rotor model are chosen before and after théefore and after band crossing. But thealue of **’Lu does
band crossing so that the observed data are, on the averag@t change much and keeps negative before and after band
reproduced as well as possible. crossing, this also indicates that tHéLu nucleus is the most

Using the same parameters, the calculated ratios ofigid one among these Lu isotopes.
B(M1;l—I-1) to B(E2;l—1-2) of these Lu isotopes, the
transition quadrupole momen®? of *%.u and*%3_u, and T T T
the ratio of dynamical quadrupole momer@"/Q® of

)
T T T T T 1

6 1 9
e} NAAAS :O 1F — 1
o . ®
K¢} |

161 LU E O 1 |g 1 1 1
o L i 9 17 25 33 41 49 57
M B B PR PR BPRN B 21

9 17 25 33 41 49 57 65 73

21 FIG. 7. The ratio of dynamical quadrupole mome@<)/Q®?

versus spirl in the states of thé®®Lu yrast[514]9/2" band. Ex-
FIG. 5. The dynamical quadrupole momef&) versus spirl perimental values with error batsken from Ref[3]) are shown as

in the states of%4Lu yrast[514]9/2~ band. Experimental values solid circles(corresponding to the energy difference from the state

for the s band with error barg¢taken from Ref[1]) are shown using  with signaturea=+1/2 to a=—1/2), and open circlegcorre-

the same symbols as those in Figs. 2 and 3. No experimental datponding to the energy difference from the state with signature

for theg band is published yet. Theoretical values are connected by —1/2 to «=+1/2). Theoretical values are connected by solid

solid lines. Parameters are the same as used in Fig. 3. lines. Parameters are the same as used in Fig. 3.
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(2) The calculated energy spectra, Fig. 2, coincide with(e?h?) are used separately. When the same parameters are
the observed data. This shows that the variation of th&ept to calculate the dynamical quadrupole momeNts for
moment-of-inertia of the even-even cog(l), against an- 163 y shown in Fig. 6, we could not fit the experimental
gular momentum can be well described by E¢3) both  yalues well, especially in the band, where the data seem to

before and after band crossing, but with differégs andb ~ mean a drastic change of its quadrupole deformation. To
values, because the two different rotational bands are relateginderstand this phenomeno®® experimental data with

In our case, values of parameteafter band crossing are all good accuracy fot®-1%51%{ y are indispensably required.
smaller than those before band crossing, this is an indication The B(M1)/B(E2) data of thes band in®Lu rise dis-

that the moment of inertidy(1) varies faster versus spin(g tinctly after 1>53/2. That feature was not reproduced by
band before band crossing than after crossisg@and. the present calculation, Fig. 3, but might be due to a decrease
For a given fixedy value, the moment of inertido(1) is  [3] in collectivity of thes band. The feature could be repro-
a smoothly increasing function of spinwhich is reasonable quced if a variable intrinsic quadrupole momedy, which
sincel dependence comes mainly from the decrease of thgecreases versus spin is introduced in the calculation.
neutron pairing correlation dsincreases. This variability of More complete experimental data of transition probabilities,
the moment of inertidy(1) of the core rotation in expression say, absoluteQ®® and Q") values of a chain of isotopes
(3) is deduced from thab formula, Eq.(2). Therefore, the even like these Lu nuclei, which have already had compara-
ab formula can be used to study not only théand but also  tively rich data, are still needed to attain more reliable
the s band. This is a first successful example in the systemgnowledge of the change of their nuclear shapes.
atic study ofs bands in high-spin states after band crossing (5) Because of strong mixing between theband ands
using the variable moment of inertia, E@), of theab for-  pand in the band crossing, our model is not applicable in this

mula, Eq.(2). spin region, so there was no calculation done in the states
(3) The good agreement of the calculated values with exwith spin betweer ~ 2 —4:

perimental data also shows that the simplified m¢@gIEq. o

(7), dealing withs-band configuration is a good approxima- IV. SUMMARY
tion: The angular momenta of the two rotation-aligned - _
quasineutronsfn can be assumed constadt, €10 in thes Energy spectra and transition probabilities of negative-

band, and in parallel withR, the collective angular momen- _parlty .yrast stat.es of odé- 'Tu isotopes £=71 chain are
tum of the core. Then we can freeze the degrees-of-freedor'rﬁwes"[lg"thEd using the particle-rotor model. From the good
of two aligned quasineutrons, i.e., neglect their intrinsic termagreement of theoretical values with experimental data, we

) A . can conclude the following.
in the total Hamiltonian{4), thus the 3qgp problem, E®), is (1) These yrast bands of odd-Lu isotopic chain
reduced to a 1qp problem, E().

161,163,165,167 ; i i iaxi -
Using this simplified model, Eq(7), for s-band configu- ¢ Lligo 02,04 seWith Negative p"’F”tY are triaxially de
. - ormed before and after band crossing: theleformation
ration, thel dependence of the factor of the core rotation,

Or is estimated from expressidi0), Ref. [6]. The “step changes from-21° to —14° (in _the g band before band
AN . - crossing as the neutron numb¥rincreases, but the value
rise” increase of the magnitudes of th&(M1;l

—1-1)/B(E2;1—1-2) ratios from thel region before the changes from+14° to —10° (in the s band after band

. : .~ .~ _crossing.
band crossing to the one after is well reproduced in Fig. 3. (2) Freezing the degrees-of-freedom of the aligned

By examining the calculated results, one notes that this rise . he band. th i d bl
comes essentially from the increaseB(fM1;l —1-1) val- quasineutrons of the band, the complicated 3gp problem,

ues due to the falling o (before band crossingo gg: Eq. (4), is reduced to a 1qp problem, Bq). This simplified

after band crossing, while thB(E2;1 —1-2) values do not model is a good approximation to tisband.

) . (3) The ab formula of only two parameters, Ed2),
have any essential change before and after the band crossing, . . .
4) ng a careful comg[])arison of theoretical values with Which depicts well ground-state rotational bands of axially

I symmetric even-even nuclei and gives properly the variation
observed ones in Fig. 3, we see titM1)/B(E2) calcu- . e .
lated values for the band in'%Lu are larger than the aver- of their moment-of-inertialo(1) against angular momentum

. o I, can also describe properly the variable relation of the
age of the experimental data. This is because parar@er propery

. moment-of-inertiaJdy(l) versus spinl of their triaxially
was taken as havm_g the same valug &6f) before and shaped core of odé-nuclei in theirs bands.
after the band crossing in the calculation. On account of the

change of nuclear shape after band crossing, the intrinsic
guadrupole momer®, of thes band should also differ from
that of theg band. If we increase the value fQ¥, appropri- This work was supported by the National Natural Science
ately, the theoreticaB(M1)/B(E2) values for thes band of  Foundation of China under Grant Nos. 19575025 and
183 u could fit the data much bettéthis is shown in Fig. ¥ 19075065, and by the Science Foundation of Nuclear Indus-
where Q§=23 (for the g band and 28 (for the s band try of China under Grant No. Y7197AY103.
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