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Wobbling excitations in odd-A nuclei with high-j aligned particles
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Using the particle-rotor model in which one highguasiparticle is coupled to the core of triaxial shape,
wobbling excitations are studied. The family of wobbling phonon excitations can be characterizapveyy
similar intrinsic structure while collective rotation shows the wobbling featdng;strongB(E2;1—1—1)
values forAn,,=1 transitions whera,, expresses the number of wobbling phonons. For the Fermi level lying
below the high} shell with the most favorable triaxiality~+20°, the wobbling phonon excitations may be
more easily identified close to the yrast line, compared with the Fermi level lying around the middle of the
shell with y~—30°. The spectroscopic study of the yrast states for the triaxial shape~@tli<y<0 are
illustrated by taking a representative example wjth —30°, in which a quantum number related with the
special symmetry is introduced to help the physics understanding.
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[. INTRODUCTION lutely needed for establishing TSD3 as the two-phonon wob-
bling mode. The analysis of experimental data to extract the
The nuclear wobbling mode, which is uniquely related toB(E2) values is at present under WEsj.
triaxiality of nuclear shapdl], has been experimentally In Ref.[5] it is pointed out that the wobblinglike mode of
searched for years without success. Very recd@]ya firm  the collective angular momentum of the core, which is built
evidence for the wobbling excitation has been obtained in then the yrast favored-signature{) band, may appear as the
high-spin states of the nucleégﬁ_ugz. In the wobbling mo-  yrast unfavored-signaturex() band in oddA nuclei when
tion described in the text book, for example, in Rdfl, the  the highj shell is half-filled with the triaxial shape of
only angular momentum in the system is the total angulary=—30°. (We use the Lund conventid8] of y values in
momentum. In contrast, the possible presence of the angulaotating nucleil The negative-parity yrast states at relatively
momentum coming from the intrinsic motion can in many low spins of oddZ rare-earth nuclei, of which the configu-
ways make the nuclear wobbling mode much richer in itsrations consist of one alignel,;,, proton coupled to the
structure. A microscopic description of the nuclear wobblingeven-even core, satisfy the necessary condition for the ap-
motion was attempted first in R4B]. The presence of high- pearance of the wobbling mode, if the triaxial shape with
j aligned particles favors a particulériaxial) shapg4] and  y~—30° is supported also by the core. A characteristic fea-
produces a unique pattern of electromagnetic transitions baure of the level scheme along the yrast line in connection
tween band$5]. The states with higlp-aligned particles can with the appearance of the wobbling mode or a triaxial shape
lie in the neighborhood of the yrast line, because of the relais that the yrarey, state may appear energetically lower than
tively small rotational energy needed for constructing a giverthe yrarea; state[5,9]. To our knowledge, the trace of the
angular momentum due to the aligned particles. wobbling mode was never experimentally identified in the
In Ref.[2] the electromagnetic properties of several con-rare-earth od& nuclei. On the other hand, recent experi-
necting transitions between two presumably triaxial, stronglymental data on the negative-parity states in proton-rich odd-
deformed(TSD) bands in$3.ug, have been studied in de- N Xe isotopeg10] exhibit the characteristic level scheme for
tail. The intrinsic structure of those TSD bands is understood triaxial shape at relatively low spins. Those negative-parity
as containing aligned high<{i,s;,) protons. The assignment states are supposed to be consisting of one alignggneu-
of the excited TSD2 band as a wobbling mode built on thetron coupled to the triaxial even-even core, in which tihe,
yrast TSD1 band is established based on, among others, tisbell is nearly half-filled. Thus, a question naturally arises
observed largeB(E2) values of the transitions from the  whether the wobbling mode can be identified in those Xe
+1 state in TSD2 to thé state in TSD1, which are in good isotopes. In Refl11] the microscopic model of nuclear wob-
agreement with the result of the particle-rotor calculations. Irbling motion of Ref.[3] is further developed and, then, nu-
Ref.[6] the observation of two other TSD bands, TSD3 andmerical calculations are performed for several even-even nu-
TSD4, is reported and the possibility of TSD3 being theclei including },i“Xem However, it is not clear that the
two-phonon wobbling excitations is suggested. The suggesiumerical solution presented in R¢L1] can be interpreted
tion is based, at the moment, on the agreement of observeats a wobbling mode.
B(E2) values of thel—I1—2 transitions from TSD3 to In Refs.[2,6] it is shown that the presently available data
TSD1 with the values calculated in the particle-rotor model,on the TSD2 band of®3_u can be nicely interpreted in terms
in addition to the observed moments of inertia and align-of wobbling excitation withn,,=1 built on the yrast TSD1
ments of very similar magnitudes in those TSD bands. Aband, using the particle-rotor model in which oing, qua-
further confirmation of larg®(E2) values of the transitions siproton is coupled to the core of triaxial shape with
from thel +1 state in TSD3 to thé state in TSD2 is abso- y~+20°. In the present work we further analyze the nature
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of the states along the yrast line obtained from the particle=—1.532 for y=+20° expresses the Fermi level placed
rotor model, taking the most favorable triaxial shape for abelow the lowest one-particle energy eigenvalue in the high-
given degree of high- shell filling. We are interested in j shell, whileN/k=+1.532 for y=—80° corresponds to the
the triaxial shape in three regions,120°<y<—-60°, —60°  Fermi level placed above the highest one-particle energy ei-
<y<0° and 0Xy<+60°. In contrast to the cranking ap- genvalue. The former expresses the situation=of,5, pro-
proximation, they values in our case are defined in connec-tons for the TSD bands of®3_u.
tion with the axis of the largest moment of inertia. This is  In order to understand the wobbling motion that cannot be
because in the particle-rotor model the components of coldescribed by the simple cranking model, we use the particle-
lective rotation about other axes are not vanishing for a trivotor model, in which one higl-quasiparticle is coupled to
axial shape so that the total angular momentum is a goothe rotor. The particle-rotor Hamiltonian is written as
guantum number. 5
In Sec. Il the model and formulas are briefly presented, Hoom Hoo 2 ﬁ—R ©6)
while numerical results and discussions are given in Sec. IIl. PR T &4 22T, ¢
Conclusions and further discussions are given in Sec. IV.
where R= r—f expresses the collective rotational angular
[l. MODEL AND FORMULAS momentum of the core. Employment of the hydrodynamical

o . L . moments of inertia
Our intrinsic Hamiltonian is written as

4
J ==, Sir?
k 3 0

2
A _ + = Wk) , W)
=3 (e, Nala, 5 3 s(uw(ajal+aa,), [
' ) where the suffix (=1,2,3 on the right-hand side should be
understood a& (=Xx,Y,z) on the left-hand side, automati-
where A is the pair-correlation parameter in the BCS ap-cally restricts ourselves to the rotation with60°<y<0°.
proximation ande, expresses the one-particle energies for aNamely, the largest moment of inertia and, consequently, the
potential V. For a singlej shell we can write the triaxially |argest component of collective rotational angular momen-

deformed quadrupole potential in the form tum is the one along the intermediate axis of the triaxial
; nuclear shape. In order to get a rotation wigh-O in the
Ve — 312—(j+1)]cos v+ V3(j2—i2)siny!. particle-rotor model, we exchan#3] the moments of iner-
id +1){[ i1+ Deos y+3(5-j)siny) tia, J, andJ, , obtained from the hydrodynamical model. For

(2) example, kJo=90 with y=+20° means«J,=116, xJ,
=50, andxJ,=14, so that the system rotates mainly about
the x axis, which is the shortest axis of thg=20° triaxial
shape[1]. In order to get a rotation withy<—60° in the
_particle-rotor model, we also make a proper exchange of the
components of moments of inertia so that the system rotates
mainly about the longest axis of the triaxial shape.
Her=Hiny—f ojy, 3) Using the wave functions ot_)taine_d from the particle-rotor
model, we calculat®, R,, andj, defined by

R(R+1)=(R%)+(R%)+(R?),

wherek, which is proportional to the size of the quadrupole
deformationg,, is used as energy urfit2]. In order to ob-
tain the relation between the degree of hjgshell filling and
the favored intrinsic shape, we use for simplicity the crank
ing model. The cranking Hamiltonian is written as

taking thex axis as the cranking axis. It is shoJu| that for
a given value of\ A,w) the quasiparticle energy ¢fcgis a

minimum for j,=] and they value determined by R=1(RD)
X X/

=G0, ®)
where\ expresses the degree of shell filling. We note that all ] )
one-particle energy eigenvalues of the potential(2) for a  Where( ) expresses the expectation values. Botindj are
singlej shell lie well inside the region of 2<(e,/x)<2. good quantum numbers in the present model, wRile not.

(See, for example, Fig. 12Examples given by the relation ~ The magnetic dipoleNi1) operator is written afl]

—2cogy—60°) =Nk for —2<N/ k<2, (4)

(4) are 3 o
M(M11)= \/ =5 (GrR,+ 0l .+
~80° for N i=+1532, (ML= N 27 2mc (9-Ra T Ol + 95,)
—30° for A=0, 3 et
Y= 0 for Nk=-1.0, ® = Em[gR|M+(g|_gR)IM+(gS_gR)S#]'
+20° for A k=—1532. ©

The half-filled shellA=0, may approximate the case of ei- Sincegg is taken to be a constant, the contributiondvd
ther hq1» protons ing-stable rare-earth nuclei dr;4;, neu-  transitions come from the second and third terms in (Ej.
trons in proton-rich Xe isotopes. On the other hantlk  We note that in the wobbling mode described in the text
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book[1], in which the intrinsic angular momenta are absent, 3.0 -7
the anisotropy of they factor is needed in order to obtain | Particle-rotor model with i;s.-shell vl
nonvanishingM1 transitions. The expressions &f{(M1) 2.6 1 B
values in the presence of the anisotropy ofgHactor can be i i
found in Ref.[11], in which the theoretical formulation of 22 ] i
rotating triaxial nuclei is taken from Reff14]. ?1 g i
For A=0.0 and y=-—30° together with hydrodynamical S _ |
moments of inertia the Hamiltonia®) for one quasiparticle 14 - L
coupled to the rotor is invariant under a rotationmd® about . ¥ =+20° L
the x axis [5]. That means, the wave function of each state 1.0 Z‘;:&;ﬁ’g’z
has components with eitheR,=0,-4,=8,... or R,= ] k8=900
+2,+6,+10, ... .Thus, we define the quantum number by e L B B
21 25 29 33 37 41 45 49 53
i 1 for R=0, =4, £8,..., 2*SPIN (21)
rH_eX’{Z WRX) _[ 1 for Ry=*2, =6, =10,.... FIG. 1. Energies calculated using=+20°, N/k=—1.532,A/x
(10 =0.3, and«J,=90 are plotted as a function df The favored

signature ;) bands are connected by solid lines, while the unfa-
Due to the presence of thrg; quantum numberE2 transi-  vored signature ¢;) bands by dotted lines.
tions occur either by the quadrupole opera@f or by O,
where the quantization axis is theaxis of the intrinsic  to convert them into the case of, for exampteh,,,, since
system. Using the quadrupole moment defined in the intrinwe express the results in terms of signature quantum num-
sic system 1], Qu=(=(22°—x?—y?),)=(4/5)ZR?B cosy bers,a; and «,. We designate the yrast, yrate ., states
and Q,=(\/3/23(x®—y?),)=(4/5\2)ZR?Bsiny where With favored (unfavored signature byas;, ar,, ... (ay1,
0°<y=<60°, we write ayz, - ).

Q,=D%,Qo+(D%,+D2% ,)Q,, (12) A. The case ofy=+20° and Nk=—1.532

. . In Fig. 1 the energies calculated in our particle-rotor
which leads t@Qqsin(y+30°) andQ,cos(y+30°) when  model are shown as a function &f The figure should be
we use the Lund conventiofB] of y values defined for taken as a qualitative one, since the constant parametérs of
—120°<y=+60°. The M1 transitions between the states and7, are used and singiH;,,) may in practice obtain an

with different r; quantum numbers are strictly forbidden, appreciable contribution by particles in shells other than the
while theE2 transitions between the states with the same  high-j shell.

guantum number are performed by the operé@rand thus In Fig. 2 we compare calculated valuesRfR,, andj,
vanish sinceQ,=0 for y=—30°. of the af,, @1, andas, bands, respectively. It is seen that
the values oR for a givenl (>23/2) are not so different in
I1l. NUMERICAL RESULTS AND DISCUSSIONS those three bands, while the average angle bet\ﬁmﬂﬂd the

. _ _ X axis is nearly zero in the;;; band, appreciable in the,;
In the following we restrict the presentation of our nu- pand, and larger in the;, band. In thea, 3 band the angle is

merical results mostly to the two sets of parameténs: even larger than that of the;, band, while in Ref[6] it is
=+20° and\/k=-1.532 and (y=-30° and\=0.0). The

intrinsic shape has the largest triaxiality foy=30°. The NI R R I N B S R R

result for the parameter sety=—80° and N «x=+1.532, o - Particle-rotor model with i,a.-shell C
can be obtained from that for the séty=-+20° and\/« 1 ;‘;2‘::1’) y=+20° C
=-1.532, using the symmetry relation between them. = ] e—apuy MRS i
Moreover, the states with-120°<y<—60° seldom appear 2 1®7 evenrw i L
around the yrast line. The case @f=—30° and\/x=0.0) % ] ;_;2(12) Ao 0 L
is taken as a representative for the triaxial shape wi@®° ém — uv“‘)‘_} -
<y<0°, since the result for the shape with large triaxiality in S 7 e 8
the region of—40°<y=—20° remains qualitatively the same a 5 ] ZASERERRREREEREERNY
as that fory=-30°. ] S o if1) C
In order to obtain a simplified intuitive picture, in numeri- § “;;-:9':':'“""‘5"“ i C
cal calculations of the present work we use a pairing param- o+
eter and moments of inertia, both of which are independent 1115 19 23 27 312 135 39 43 47 51 35

of angular momentunh: A/k=0.3 and«Jy=90. Those val-
ues are chosen so that the observed level scheme of both g, 2. calculated values @&, R,, andj,, which are defined
TSD1 and TSD2 in*®Lu is, on the average, reproduced py Eq.(8), are plotted for the(;, ayy, anda;, bands, of which the

using a proper value of [2,6]. Though numerical results in properties show approximately those of the wobbling phonon exci-
the present work are given fQr=i, 35, it is straightforward tations withn,=0, 1, and 2.

044305-3



IKUKO HAMAMOTO PHYSICAL REVIEW C 65 044305

1.5 P'ar'ﬁc'le_'m{or'm'oc;el'wi'th'iw'm_;h;"' L1 energy of the 'high'— particle wins against the Iogs in the
collective rotation energy of the core, the wobbling mode,
which is sketched in Fig. 4, becomes the lowesgt state
(ay1). We note that in the simple cranking picture the angu-
lar momentum of collective rotatioR is parallel to thex axis
(similar to the situation in they,, band[6]), while the par-
ticle angular momenturﬁ in the o, bands is always tilted. It
should also be remarked that for an axially symmetric shape
the collective rotation can occur only about the axis perpen-
dicular to the symmetry axis. Then, the wobbling motion of

—e 0(f1) w—aaff2) ¢—p (f3)
oo 0(UT)  m..ao{U2)  g....¢ 0{U3)

1.0

( Himr ) /x

0.5

y=+20° M= -1.532 .
R illustrated for thea, bands in Fig. 4 is not possible.
0 0 T T T T T T T T T h . . ill h h
11 15 19 23 27 31 35 39 43 47 51 55 The «, s_;tates in Flg._ 4 illustrate the one-phonon,,(
2*SPIN (21) =1) wobbling mode built upon the yrast; state. If the

. . . triaxial shape is energetically strongly favored by the fully
FIG. 3. Calculated expectation valuestdf,, in Eq. (1) in the  aligned highj particle, one may expect that the two-phonon
lowest three bands withy; and those witha, are shown for (n =2) wobbling excitation may appear as a low-lying

y=+20°, Mk=—1.532,A/x=0.3, andxJ,= 90. band, in whichj is almost fully aligned whileR is tilted
from thex axis more than in they, (n,=1) band. Examin-

shown that the angle is nearly zero for thg, band. It is  ing Fig. 2 we may interpret the;, band as the,,=2 wob-

observed that, values decrease only slightly, as we go frombling excitation. Furthermore, evaluating the average angle

the at, band to thea,, anday; bands. In Fig. 3 the expec- petweerR and thex axis indicates that the,; band may be

tation value ofHn, as a function of is shown for thexy,, regarded as a candidate for the three-phomgp=3) wob-

@f, Afg, @i, @y, @ndayg bands. Itis seen that thes,  pling mode. The nature of many-phonon wobbling excita-

ayy, arp, andeyz bands have clearly the lower expectation tions should further appear in the electromagnetic decay

values ofHi,,, for high spins,|>19/2. properties, which in the absence of anharmonicity can be
As explained in Refs5,2,6], the coupling scheme of the estimated by using those of one-phonon wobbling excitation.

quasiparticle and core angular-momenta in ghe and oy, In Refs.[2,6] we compare the\l =1, E2/M 1 transitions

bands is understood by the schematic illustration in Fig. 4i, the wobbling regime, from thea(,, n,=1) band to the
where the collective rotation about tkexis is energetically yrast (@;, n,=0) band, with those in the case of the,
cheapest. In the lowest favored-signature bang,X with  hand peing in the cranking regime. It is found that the sig-
the fully aligned particle the rotation of the core about thepatyre dependender the zigzag pattedrof bothB(E2) and
axis of the largest moment of inertia is energetically cheapB(M 1) values in the wobbling regime is out of phase com-
est. If the triaxial shape is strongly favored in energy by thepareq with that in the cranking regime. In the wobbling re-
fully aligned highj particle, thea,, state, which consists of gime theAl=1 transition is dominated b2 and not by
the fully aligned particle and a wobbling motion of the col- p51. Namely, theB(E2:1— | —1) values are the order ofl1/

lective rotational angular momentum of the core, may bejn the limit of high | values[1], since the wobbling ampli-

come very low in energy. When the gain in the intrinsictude is the order of 4I. The B(E2;a¢,n,=0Jl—a,,ny

=1]-1) values are reduced because the contributions from
X X X Qo andQ, for y=+20° almost cancel with each other, while
B(M1;a¢,n,=0,]—a,,n,=1]—1) values are reduced,
because oAR,~2% as seen in Fig. 4.

In Fig. 5 we show the calculateB(E2;n,,,| —n,—1,]
-1)/B(E2;n,,,| —n,,1—2) values between all pairs,
which are the candidates faxn,,=1 pairs in the present
calculation. Though thesB(E2) values have a zigzag pat-
tern as a function of (as shown in Fig. B we have here
plotted and connected only the largB(E2) values. For
v=+20° those plotted in Fig. 5 are always for tB2 tran-
sitions with larger transition energies between the signature
partners and thus can be more easily measured. In[REf.

I it is shown that the values oB(E2;ayq,l — asq,1 —1)/
B(E2;a,,,l — @y, —2) in Fig. 5 plotted by filled circles

FIG. 4. Schematic illustration of the coupling scheme of thewith solid lines are in good agreement with the
angular momenta of the highparticlej and the cor® in the yrast measured B(E2;TSD2J— TSD1,)—1)/B(E2;TSD2],
favored(l) state and the yrast unfavoreti(1) states of the wob- —TSD2,]—2) values in'®3_u. In the absence of anharmo-
bling excitation 6,,=1). Thex axis is the axis of the largest mo- nicity one expects the relatioB(E2;n,,,| —n,—1,1—1)
ment of inertia of the core, about which collective rotation is ener-~n, B(E2;n,=1,l—n,=0,—1) due to the boson nature
getically cheapest. The total angular momenturh=sR+ . of the wobbling phonon. Taking the ratio of the values ex-
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| Particle-rotor model with i;z,-shell L 20 3 Particle-rotor model with i;3.-shell C
0.7 Jo—e alul) > a(f1) = 4 e—eR(f1) =
& A= --a «ff2) - aful) o 1 e-oRM) I
% 0.6 4 a9 ol - = 1 R L
o] .t C °157 w.amruw N
& 0.5 ik RN S ST . ° 1 L
1~~_.‘\~ ...... ¢+ - = i Y=—30° L
Qg4 R N 3 1 Wk=00 ) -
- - a 10 + ® j(f1) -
7 0.3 \\\\ - 5 = ) B
L : g :
N g2 4 vy =+20° - a b L
:%01 1 Mx=-1532 - 57 = v n T
- L ] Yrast states C

0.0 LA L L B B L LN B B B 0 T T T T T T T T T T T T T
11 15 19 23 27 31 35 39 43 47 51 55 11 15 19 23 27 31 35 39 43 47 51 55

21 21
FIG. 5. Calculated B(E2;n,,,l—n,—1]1-1)/B(E2;n,,,I FIG. 7. Calculated values &, R, andj,, which are defined

—ny,1—-2) values between the bands,n,=0ws1), (Nw by Eq.(8), are plotted for they;; and a,; bands.
=1,a,1), (ny,=2,a;,), and (,=3,a,3), are shown fory=+20°,

Mk=-1.532. Though th&(E2;n,,,| —n,— 1,1 —1) values have a B. The case ofy=—30° and N/«=0.0
signature dependendgigzag patternas a function ofl, only the

larger B(E2) values are plotted. In Fig. 6 the calculated energies are shown as a function

of I. The a; and o, bands cross with each other between
| =31/2 andl =35/2. The interaction between theg,; and
pressed by the solid, dashed, and dotted curves in Fig. 5, wg , bands is vanishing, since the states with the shim¢he
find that anharmonicity inB(E2) values is considerable. two bands have differerty quantum numbers.
Nevertheless, the nature of many-phonon wobbling excita- |n Fig. 7 we compare calculated valuesRyR, , andj, in
tions withn,=1, 2, and 3 in thex,;, a;,, anda,z bands, the a;; and«,; bands, while in Fig. 8 those in the;, and
respectively, can be traced by the unusually laB{&2;] a,» bands. Examining both the relative magnitudefRaind
—1—1) values at those high spins. R, and the absolute magnitude pgf, it is clearly seen that

It is also very interesting to note that the intrinsic andthe «,; band forl<31/2 and thex,, band forl =35/2 have
rotational structure of the;;; band atl >25/2 can be under- the nature of one-phonon wobbling excitation built on the
stood as the one-phonom=1) wobbling excitation built ~ Yrastas; band. In contrast, in the; band forl=35/2 and
on theay, band, which belongs to the cranking regifigd.  the a, band forl<31/2 we find the relatioR~R,, which
First of all, theB(E2;ays,l — ayy,1 — 1) values are found to  indicates the structure in the cranking regime. At low spins
be large and of the same order of magnitude of thef the ar, band we findR>R,, while at higher spins the
B(E2;ay;,l —ary,l —1) values. Second, the average ang|erelat|on gradually changgs inB~R,. The nature of the

> L . bands close to the yrast line calculated for the present set of

betweerR am_j thex axis in theay; band at >25/2_ |nd|ca_tes_ parameters seems to be much more complicated than that in
the characteristic feature of one-phonon wobbling excitationy,e hreceding subsection. Correspondingly, it is not easy to
Third, the expectation vaIu_es of the |ntr|r_13|_c Hamiltonian in identify the candidates for the, =2 and 3 excitations in the
the @, and a3 bands are indeed very similar, as shown in-55e ofy=—30°, even when the most favorable degree of

Fig. 3. the highj shell filling is chosen.
The coupling scheme of the quasiparticle and core angular
3.0 TR T S S R momenta in the 4, n,=0) and (,, n,=1) bands, which
| Particle-rotor model with i;s»-shell L
26 - B § - PR T (NN SN [ T AN W T NS N N M TN AR V. J
_ d | 20 1 Particle-rotor model with isz2-shell r
e . | 4 e—eR(f2) r
22 g 1 o0 R(2) r
& ] I 2 2] =—=rw -
1.8 - 2157 w-aRrw C
W - 2 1 y-oa0 C
1.4 1 = 8, , .
1 y=-30° | 2 10 . J.x(fz) I~
WA Me=0.0 g ] " j{u2) N
1.0 7 ¢ wlgs Me=0300 [ 3 ] -
4 g:j k 30 = 90.0 L [m] 5 ] . n [] [ r
- L] [ -
0.6 — T ] * °r
21 25 29 33 37 41 45 49 53 1 Yrare states r
2*SPIN (21) 0 LA L L L L L L L B B B

11 15 19 23 27 31 35 39 43 47 51 55
FIG. 6. Energies calculated using=—30°, M/«=0.0,A/x=0.3, 21
and «J,=90 are plotted as a function &f The favored signature

(a;) bands are connected by solid lines, while the unfavored sig-b |I:E|G.88. CaIClljl":tteg ;’a“tfs &, Ra' ancg)jx,dwhich are defined
nature ;) bands by dotted lines. y Eq.(8), are plotted for thers, and «,, bands.
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0.7
| Particle-rotor model with i;3.-shell L

< 0.6 - oo aful) & afft) fory=+20°and Mx =-1.532 ~
o { == o(ul) o afft) fory=-30°and Mk = 0.0 F
$ 0.5 o8 aUu2) o oft) fory=-30°and Mk = 0.0 -
- . -
3
w04 -
@ i L
v 0.3 1 -
T 4 A/x=0.300 L
— =
0.2 ¥ 30 =90.0 -
w L
0.1 1 N

0.0 ‘I'I'I"‘T"’T’*T"'T"”T"’T"’T"’

11 15 19 23 27 31 35 39 43 47 51 55
21

FIG. 9. CalculatedB(E2;l—1—1)/B(E2;| —I—2);, values
between the lowest-lying bands as a function.dfor y=—30° the
a1 anda,, bands cross with each other betweéer81/2 and 35/2.
See the text for details.

is sketched in Fig. 4, is valid also for=—30°. However, the
zigzag pattern oB(E2;l—1—1) values for the wobbling
excitations as a function dfis out of phase compared with

the case of the previous subsection. Namely, in the case (Sl‘s

y=-30° the B(E2;a;,n,=0J]—«,,n,=1]—1) values
are large because the contributions frQy and Q, coher-
ently contribute to theE2 transitions, whileB(E2;«y,ny,
=1)l+1—a,n,=0,) values are proportional toQ)?,
which vanishes fory=—30°.

C. Comparison between the cases dfy=+20°
and M k=—1.532 and (y=—30° and M/k=0.0)

In Fig. 9 the calculatedB(E2;l—I1—1)/B(E2;l1—I
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FIG. 10. B(M1;l—I—1) values calculated usingg®'’
=0.691"®® are plotted for the transitions between the lowest-lying
bands as a function df

largel values;(b) B(M1;a¢q,l — ay1, | —1) values are rela-
tively large being of the order of ,hﬁ, while B(M1;a,4,I
+1— a44l) values are reduced.
In Fig. 10 theB(M1;l—I1—1) values calculated using
=0.69/"®® are plotted for the transitions between the
Iowest lying bands as a function of The largerB(M1;l
—1) values in the zigzag pattern expressed by open
(filled) squares forl<35 (I>35), which reach 0.86 ak
=53/2 are for the transitions in the cranking regime. It is
seen that the small®(M1;l—1—1) values in the zigzag
pattern are small fory=+20°, while those fory=—30° are
exactly zero due to thiey quantum number. Foy=—30° the
B(M1;l—I1—1) values between the yrast and wobbling ex-
citation bands are very small in any case.

In Fig. 11 we schematically illustrate thel=1 E2/M1

—2);, values between the lowest-lying bands are shown as fansitions between lowest-lying bands fe=+20° and

function ofl. The largeiB(E2;l —1—1) values in the zigzag
pattern expressed by the fillddpen squares fol <35 (|

—30°, taking the most favorable degree of the hjgshell
filling in respective cases. Since the intrinsic configuration of

>35), of which the larger values vary from 0.22 to 0.091,the maximally aligned particle is realized in the yrast spectra,

are for theAn,,= —1 transitions fory=—30°. Those values

the signature splitting in energy between thg and ay;

are about a factor of 2 smaller than filled circles, which areband is qualitatively the same for the twovalues and is

for the An,,=—1 transitions fory=+20°, simply because

the B(E2;1 —1

y=-30° than fory=+20°. TheB(E2;l—1—1) values for

independent of whether the,; band belongs to the wob-

—2)i, values are about a factor of 2 larger for bling or cranking regimes. In the wobbling\6,,=1) tran-

sitions for y=+20° the signature dependen@® the zigzag

the An, = —1 transitions are indeed about the same order opattern as a function df) of the B(E2) andB(M1) values
magnitudes for bothy values. It is seen that the smaller are in phase. Moreover, larg&(E2) and B(M1) values

B(E2;l —I—

1) values in the zigzag pattern are small for occur for the transitions with larger transition energies, in

y=+20°, while those fory=—30° are exactly zero due to which the E2 transitions are dominant. In contrast, in the

thery quantum number. ThB(E2;l—1—1) values in the
zigzag pattern expressed by opéitled) squares fol <35

wobbling (An,=1) transitions fory=—30° the zigzag pat-
tern of theB(E2) andB(M1) values is out of phase. For the

(I>35) are for the transitions in the cranking regime for transitions with larger transition energies tBéE2) values
y=-—30°, in which the zigzag pattern is out of phase com-vanish and thé8(M 1) values are very small, while for the

pared with wobblingAn,,=

—1 transitions for the same transitions with smaller transition energies B¢E2) values

value of y=—30°. It is also noted that the zigzag pattern of are large and thB(M 1) values vanish. On the other hand, if

theB(E2;n,=1,l—n,=0,—1) values in the wobbling re-
gime is out of phase betweepn=+20° andy=-30°

the a; band belongs to the cranking regime in the case of
v=-30°, for the transitions with larger transition energies

When theea,; band belongs to the cranking regime, thethe B(E2) values are small and tH&M1) values vanish,

characteristic features in thil

tions between thex,; and «;; bands, which are valid irre-

spective ofy values, are summarized as folloy&6]: (a) the
B(E2;l—I1—1) values are the order of 1%/in the limit of

=1 electromagnetic transi- while for the transitions with smaller transition energies the

B(E2) values vanish and thB(M 1) values are large.
In order to understand the dependence of the possible ap-
pearance of wobbling excitations gnvalues, in Fig. 12 we
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FIG. 11. Schematic illustration of thi&l =1E2/M1 transitions
between the lowest-lying bands fgr=+20° (the wobbling regime |
with the yrastn,,= 1 andn,,= 2 band$and fory=—30° (at the left v=—80° . |
the wobbling regime for ther,; band, while at the right the crank- | T
ing regime, taking the most favorable degree of the highhell
filling in respective cases. Stronger transitions are expressed by
solid lines, while weaker transitions are denoted by dotted lines.
The type of the dominant transitio£2 or M1, is indicated for 20 1.0 00 10
respective transitions. In the caseysf —30° the other typeE2 or &/K
M1) of the transition, which is not written, exactly vanishes due to
the presence of the, quantum number. The signature splitting in FIG. 12. One-particle energy eigenvalues and the positive or
energy may happen to be such that the,(,1) state lies below the negative expectation values @f in the i3, shell for the favored
(as;,1+1) state, however, the energy difference between theSignature and variouy values, before rotation sets in. Instead of

(ay1,1) and (asq,1+1) states is always smaller than the one be-Writing the scale of the vertical axis, the value(gf) is indicated in
tween the f;,1) and (a;;,1 —1) states. two places as 6.40 and 2.08. The eigenvalues of the states, which

have either vanishing or negligib{¢,) values, are denoted by open
circles. The position of tha value, which is given by Eq4) for
plot the one-particle energy eigenvalues and the expectatiahe respectivey values, is indicated by thin arrows.
values ofj, in the highj (=i43) shell for the favored sig-
nature and variouy values before rotation sets in. Instead of
writing the scale of the/ axis, numerical values dfj,) are

which the wobbling excitations are built, while the angular
.., momenta of collective rotation show the wobbling features.
e"f:hus, the wobbling bands built on the yrast band may be

vanishing or negligible(j,) values, are denoted by open experimentally identified by(a) very similar moments of

circles. By thin arrows the position of value, which is "™~ L i
given by Eq.(4) for respectivey values, is indicated. As inertia and spin ahgn_ment$b) sftrongB(EZ,I_—>I —1) val-
rotation sets in, it is easy for the lowest-lying quasiparticle to!€S fOrAn,=1 transitions, which may dominate ovitl

get a full alignment fory=+20° and—80° with respective Ccomponents. The signature dependence of B(EZ;I -1
Fermi levels indicated by arrows, X/« is the order of 0.3. 1) values as a function df(or the zigzag pattejrdepends

In contrast, a faster rotation is needed in the case of" the region ofy values,—120°<y<—60° or —60°<y<0°
y=—30°. Since at high spins the rotational energy dominate8" 0°<y<+60°. ) o
over the intrinsic energy, the wobbling regime will become We have found that the wobbling phonon excitations
energetically more expensive than the cranking regime at 8/0ng the yrast line can be more easily observed for the
certain spin. Thus, foy=—30° it is more difficult to obtain ~ Fermi level lying below the higlj-shell with most favorable
wobbling mode in a clean form near the yrast line, even iitriaxiality y~+20° than that lying around the middle of the

the triaxial shape is equally supported by the core. shell with y~-30°. . _ .
The wobbling motion described in the present paper is

strongly related to the shell structure of the nucleus and can
appear at relatively low angular momenta. The nuclear shell
Using the particle-rotor model in which one quasiparticlestructure favors a particulatriaxial) shape depending on
in the highj (=i3;) shell is coupled to the core of triaxial angular momenta as well as the neutron and proton numbers.
shape, possible wobbling phonon excitations, which may aph order to realize the wobbling mode studied in the present
pear close to the yrast line, are studied. Choosing the mostork, it is absolutely necessary that the core particles
favorable degree of highshell filling, in which aligned par-  strongly favor approximately the same triaxial shape as that
ticles appear in the yrast line at spins as low as possible, thiavored by aligned particles. In such a case the total system
structure of the yrast bands with triaxial shape is analyzed.can keep almost the same triaxial shape in the wider region
The wobbling phonon excitations are characterized by thef angular momentum, and the wobbling phonon excitation
intrinsic structure very similar to that of the basis band, onbands may be easily realized.

IV. CONCLUSIONS AND DISCUSSIONS
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Comparing our numerical result presented in Sec. Ill Aorder to make a further quantitative comparison with experi-
with the fact that in'®3Lu the crankinglikea,, band has not mental data.
been experimentally observed in the neighborhood of the
yrast line, it is likely that our present simple model does not ACKNOWLEDGMENTS
give a very quantitative estimate of the intrinsic-energy dif- The author expresses her sincere thanks to Gudrun Hage-
ference between the crankinglike and wobblinglike regimesmann for informative communications. She is grateful to
The dependence of both the pair correlation and moments @rafoordska stiftelsen for financial support, which made it
inertia onl must be also included in the model calculation, in possible to carry out the present research work.
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