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Ground-y band mixing and odd-even staggering in heavy deformed nuclei
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It is proposed that the odd-even staggeri@dS in the y bands of heavy deformed nuclei can be reason-
ably characterized by a discrete approximation of the fourth derivative of the odd-even energy difference as a
function of angular momenturh. This quantity exhibits a well-developed staggering patt@igzagging
behavior with alternating sighén rare-earth nuclei and actinides with longbands {=10). It is shown that
the OES can be interpreted as the result of the interaction of tsend with the ground band in the framework
of a vector boson model with SB8) dynamical symmetry. The model energy expression reproduces reasonably
the staggering pattern in the considered nuclei up#012—13. The general behavior of the OES effect in
rotational regions is studied in terms of the groundband-mixing interaction, showing that a strong OES
effect occurs in regions with strong groundband-mixing interaction. The approach used allows a detailed
comparison of the OES i bands with the other kinds of staggering effects in nuclei and diatomic molecules.

PACS numbd(s): 21.60.Fw, 21.60.Ev

[. INTRODUCTION resentatior(irrep), (\,u=2), of the group SIB) [15].
It is known that this approach encounters several compli-

Various types of deviations of nuclear collective rOtat'onScations[Q]:

from the well studiedin first approximation pure rotational (i) In some nuclei the band, which should be respon-
motion are knowr{1,2]. They cause some higher-order ef- g0 for the OES in they band, is not observed experimen-
fects in the structure of nuclear rotational spectra, such at%llly [14], or in other cases it is not long enoufts,17].
squeezing, backbending, and staggering. The staggering ef- (i) The model description of OES is limited in depen-
fects represent bifurcations of rotational bands into Seyence on whether the band lies above thg band or not.
quences of states differing by several units of angular mo- (jii) The model analyses suggest increasing staggering in
mentum. Such effects are the odd-even staggering observese  band with increasing separation between shand 8
in the collectivey-bands[1], the AL=1, AL=2, andAL  bands, which is not expected if staggering is due to the in-
=4 staggering in superdeformed nuclear baf@is6|, and teraction between these two bands.
the AL=2 staggering in the ground-state bands of normally Some of the above items could be dealt with in theBU
deformed nuclei7]. Similar staggering effects have been limit of the IBM by using (for example the four-body sym-
identified recently in the rotational bands of diatomic mol- metry conserving interactions introduced[it8] as well as
ecules[5,8]. by using in an appropriate way the higher-order interactions
In particular, the odd-even staggerif@QES effect repre- introduced recently if19].
sents the relative displacement of the odd angular momen- On the other hand, it would be natural to extend the OES
tum levels of they band with respect to their neighboring investigation beyond the IBM classification scheme. In this
levels with even angular momentum. This is a long knownrespect the vector boson mod®BM) with SU(3) dynami-
effect which is clearly established in even-even nud¢ilt,  cal symmetry{20-22 would be appropriate.
therefore, allows one to test various collective modéls As an essential, distinct from IBM, the vector boson
On the other hand, the model interpretation of OES inthe model classification scheme unites thdoand together with
bands could be of use for the understanding of staggerinthe ground band into the same split @Y multiplet. The
effects in rotational spectra as a whole. similarities and the differences between these two models as
In some studies the OES has been interpreted as a reswell as their mutual complementary in different regions of
of the interaction between the even levels of thband and  rotational nuclei have been outlined in REZ3]. An impor-
corresponding levels of & band[9—14]. This consideration tant feature of the vector boson mod¥BM) scheme is that
has been addressed to the(SUimit of the interacting bo- it provides a relevant way to study the interaction between
son model(IBM), in which the lowest3- and y-rotational  the ground and the’ band[24].
bands interact in the framework of the same irreducible rep- It is, therefore, reasonable to check in the VBM frame-
work whether the OES in the band could be interpreted as
the result of the groung- band-mixing interaction. Such an

*Electronic address: nminkov@inrne.bas.bg approach is strongly motivated by the circumstance that
TElectronic address: sdren@inrne.bas.bg items (i) and (i) above will be automatically removed. In-
*Electronic address: raychev@bgcict.acad.bg deed in most of rotational nuclei the even angular momen-
SElectronic address: rousev@inrne.bas.bg tum levels of they band have their counterparts in the
IElectronic address: bonat@mail.demokritos.gr ground band. Also, they-band levels are always placed
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above the corresponding levels of the ground band, whiclsome negative parity bands of heavy deformed nuclei. Its
allows an equal treatment of the OES effect in all deformedieviation from the rigid rotor behavior can be measured by
even-even nuclei. Moreover, recent investigations of theahe quantity
SU(3) dynamical symmetry in deformed nuclei show a sys-
tematic behavior of the groung-band interaction in depen- Stg(L)=6AE(L) —4AE(L—-1)—4AE(L+1)+AE(L+2)
dence on the observed &) splitting, i.e., on the mutual LAE(L-2) @
disposition of the two band23,24]. On this basis one could '
study the possible dependence of the OES effect on thg, ihe case of a rigid rotor one can easily see thatStgs
ground+y band separation. Such an analysis would be of us@q5| to zero. Moreover the terms of the second power in
for elucidating item(iii ). . L(L+1) also give zero in Eq2). This is due to the fact that
In the present work we respond to the above considergq ) js the discrete approximation of the fourth derivative
ation. Our purpose is to study the OES in thebands of = ,he functionAE(L), i.e., the fifth derivative of the energy

rotational nuclei in terms of the groungband-mixing inter- E(L). Therefore, an ;
- CE i . , any nonzero values of the quantity Bjg(
action. We apply the VBM formalism in order to describe 4, indicate the presence of order higher thn(L + 1)]?

this effect as well as to analyze its general behavior in rotar. o the regular rotational motion of the nuclear system.

tional regions. Below it will be seen that in the groupd- the apove expression is introduced by analogy with the
band coupling scheme of the VBM the OES effect appears Nase of theAl = 2 staggering in superdeformed nudiai4]

a rather natural way. It will be shown that in this approach, 4A| =2 4 staggering in diatomic moleculés]. The re-
the staggering effect exhibits a reasonable dependence on tEﬁective qL’Jantities have been used properly in various theo-

g_roun_d‘y band splitting. In addition, the St“?’_y gIVes an in- ayicq| proposals for the explanation of these eff¢2E&-31],
sight into the recently su_ggestéﬂ3,24] transition between some of them[32—37 using symmetry arguments which
the groundy band coupling scheme of the VBM and the ., 14 pe of applicability to other physical systems as well.
B-v scheme of the IBM. _ _ _ On the above basis it is natural to apply the quantity
We remark that traditionally the OES is considered 'nStg(L) to study the OES in the: bands of heavy deformed
terms of a plot of the moment-of-inertia parameter versus th uclei, i.e., to interpret this effect in the form afL =1
angular momentunt. [10,12. On the other hand, th&L  jiserete derivation. Such an approach could be very useful in

=2 s'gaggering _effects _in nuclei and molecules havg Pee roviding a unified analysis of the different kinds of stagger-
estaphshed by mtrodycmg a new relevant chgrac_tenstlc Ofng effects as well as in comparing their physical explana-
rotational spectra, which is the discrete approximation of thg;, <

fourth derivative of the energy difference between two levels Siﬁce for they bands the experimental energy values are
with AL=2 as a function ot.. In the present work we sug- | nown Eq.(2) can be written in the form
gest that an analogous characteristic, correspondingyLto ’

=1, will be appropriate for the case of OES in thdands. StgL)=10E(L+1)+5E(L—1)+E(L+3)
As will be seen below, this is a rather convenient way to
provide the analyses of the OE&I(=1) effect in deformed —[10E(L)+5E(L+2)+E(L-2)], (3

even-even nuclei. . . L. . .
In Sec. Il theAL =1 discrete derivation is introduced as -€- the quantity Std() is simply determined by six band

an OES effect characteristic. In Sec. Ill the vector bosorl€Ve! energiedwith L—2, L—1, ... L+3). (Note thatan
model (VBM) is briefly presented and a relevant model ex_analogoys expression would not _be usefu_l for t_he staggering
pression for the staggering quantity is obtained. The respe&ffects in superdeformed nuclei and diatomic molecules
tive experimental and theoretical staggering patterns for rarévhere only the transition energies are experimentally mea-
earth nuclei and actinides are presented in Sec. IV. Th&ured.

results obtained are discussed in Sec. V and some concluding AS Will be seen in Sec. IV, Eq(3) provides a well-
remarks are given in Sec. VI. eveloped staggering pattef@igzagging behavior of the
function Stg()] for the experimentally observed bands in

the rare earth region and in the actinides.

Il. THE ODD-EVEN STAGGERING IN A FORM OF AL=1
DISCRETE DERIVATION Ill. ODD-EVEN STAGGERING IN THE VBM

In nuclear physics the transition energies between levels .
differing by one or several units of angular momentum are Thearetically, the structure of the bands of deformed

. ) . L : nuclei is well reproduced in the framework of the vector
fr;?éﬂirgﬁnéig)r/g\;vell determined quantities. In particular theboson modelVBM) with SU(3) dynamical symmetry20—

23].
The VBM is founded on the assumption that the low-
AE(L)=E(L+1)—E(L), (1)  lying collective states of deformed even-even nuclei can be
described with the use of two distinct kinds of vector bosons,
whose creation operatogs and»* are Q3) vectors and in
with AL=1, carries essential information about the structureaddition transform according to two independent($Ur-
of various nuclear collective bands such as jhkands and reps of the type X,«)=(1,0). The vector bosons provide
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relevant constructions of the $8) angular momentum and In this case the model formalism allows one to obtain
qguadrupole operators like the bosons in the Schwinger reakimple analytic expressions for the ground- and fhkand
ization of SU2) [38]. Also, they can be interpreted as quantaenergy levels. For the\(2) irreps the ground and the
of elementary collective excitations of the nuclé@g]. bands are the only possible ones appearing in the corre-
The VBM Hamiltonian is constructed as a linear combi- sponding SWU3) multiplets. For the even angular momentum
nation of three basic @) scalars from the enveloping alge- states the Hamiltonian matrix is always two-dimensional,
bra of SU3): while for the odd states of thg band one has single matrix
elements.
V=g;,L2+g,L-Q-L+gsATA, (4) The resolution of the standard eigenvalue equation gives
the following expressions for the even energy leve¥L)

andE?(Lq,) Of the ground and the band, respectively:
wheregq, g,, andgs are free model parametetsandQ are

the angular momentum and quadrupole operators, respec- E9%L)=B+(A-BC)L(L+1)
tively; andA* =& 25" 2— (&7 ph)2.
The Hamiltonian(4) includes high, third- - Q-L), and —|B[Vi+aL(L+1)+bL*(L+1)%  (6)
fourth- (A*A) order effective interactions and reduces the
SU(3) symmetry to the rotational group $®). It incorpo- E"(Leven =B+(A-BC)L(L+1)

rates in a reasonable way the most important collective prop-

erties of heavy deformed nuclei determined by their angular

momenta and quadrupole moments.
The model basis states

+|B|V1+alL(L+1)+bL?(L+1)% (7)

The oddy-band levelsE”(L 49 are obtained in the form

EY(Log9 =2B+AL(L+1), (8)
(N, )
where
a, LM/’ ©)
A=0;—(2\+5)02, 9
corresponding to the SU(3)O(3) group reduction, are con- )
structed by means of the vector-boson operators and are B=6(2\+5)g,—2(\+3)“gs, (10
known as the basis of Bargmann-Moshingi39,40. The
guantum numbewr distinguishes the various(®), O(2) ir- o 93 (11)
reps, L,M), appearing in a given SB) irrep (\,«) and B’

labels the different bands of the multiplet.

In the VBM the ground and the lowest band belong to  and
one and the same $8) multiplet, in which\ and u are A
even anch = . These bands are labeled by two neighboring _
integer values of the quantum number The so-defined a__E{()\+3)[()\+3)g3_692]93_3(93_692)92}’
multiplet is split with respect tev. (12)

It is important to remark that while in the $8) limit of
the IBM the irreducible representatiorisreps (\,u) are 1
restricted by the total number of bosons describing the spe- b= —2(93—692)2, (13
cific nucleus, in the VBM the possible\(u) irreps of SU3) B
are not restrictedby the underlying theory. On the other . ) )
hand, recently it has been shoW3] that some favored With 91, 92, andgs being the parameters of the effective
regions of §,) multiplets could be outlined through the !nteractlon(4). We remark that the application of the VBM
numerical analysis of the experimental data available for th%'}o) so that|B| =B
ground and they-collective bands of even-even deformed Furth T ite Eqg6) (7 d(s istentl
nuclei. For the favored irreps the VBM scheme gives a good urther, we rewrile qd6), (. ), and(8) consistently, so
description of the energy levels and of tB€E2) transition as to .obtam a unified expression for all theband energy
ratios within and between the bands. It should be emphasizéﬁvels'
that in the VBM the other collective bands, in particular the _ 2 7
lowest 8 band, do not belong to the same @Wirrep. ES=AL(L+1)~B[V1+aL(L+1)+bLA(L+1)

rare-earth nuclei and actinidg23] providesB>0 in Eq.

We remark that in the rare-earth region and in the ac- +CL(L+1)—-1], (14
tinides the best model descriptions correspondfa@ored
SU(3) multiplets with (\, = 2). E?=2B+AL(L+1)+B[V1+aL(L+1)+bL?L+1)2

It is, therefore, reasonable to try to reproduce the fine

characteristics of the groung-band-mixing interaction in _ _ 1+(-1*t

these nuclei fow=2. That is why the X, =2) multiplets CLL+1)-1] 2 : (19
can be naturally applied for the description and the interpre-

tation of the OES effect in the framework of the VBM. So,E” can be simply written

064301-3



MINKOV, DRENSKA, RAYCHEV, ROUSSEYV, AND BONATSOS PHYSICAL REVIEW ®1 064301

0.8 Ll Ll Ll L) T 0.3 L L] L) L) L L]
—Th T —o—
osf 15654 1 o2f Dy T
04 -
] 01 -
= o2 '\ A 1 5 w . A
E o e\ _ 2 AN
5 1 a o 4
2 02} E 2
” 04 | R ¥ T
06 A=16 1 o3l | »1s i
08| 7175, gm-0.138, g=-0.616 L 9,=7.176, g,=-0.124, g,=-0.682
Rl i s s 7 s 9 R . s s 7 s s 10
L [a] L [#]
FIG. 1. The experimental and the theoretical values of the quan- FIG. 3. The same as Fig. 1, but fo?Dy.
tity Stg(L), Egs.(3) and(18), respectively, obtained for thg band
of 156Gd are plotted as functions of the angular momentum. The B
experimental data are taken frdry7]. StgL) =§[10R(L +1)+5R(L—1)+R(L+3)]
Y 1 L B
E7=2B+AL(L+1)+ 5BRL)[1+(-1)7], (16) ><[1+(—1)L“]—E[lOR(L)+5R(L+2)
+R(L=2)][1+(—1D)"]. (18
where
R(L)=v1+alL(L+1)+bLAL+1)2—CL(L+1)—1. One can easily verify that the right-hand side of EtB)
(17) has alternative signs as a function of the angular momentum
valuesL=2,3,4...,i.e., it gives a regular model staggering

pattern. In addition, the amplitude of the staggering increases
The last factor in Eq(16) switches ovelE” between the  monotonously withL. The signs and the amplitude are de-
odd and the even states of theband. In such a way the termined by the terms BRJ, (x=L—2L-1,...L+3)
VBM gives a natural possibility to reproduce the parity ef- which depend on the higher order effective interactions in
fects in they-band structure. Here, it is important to remark Eq. (4).
that such a result is a direct consequence of the35ty- Equation(18) allows one to study the OES effect in terms
namical symmetry mechanism. of the VBM. Moreover, the obtained result provides a rea-
Now we are able to apply the above model formalism tosonable theoretical tool to interpret the OES effect in the
reproduce theoretically thaL =1 discrete derivative$2)  meaning of a\L =1 staggering effect. In addition one could
and(3). After introducing Eq(16) into Eq.(3) of the previ-  estimate analytically the behavior of this effect in depen-
ous section, we obtain the following model expression fordence on the nuclear collective characteristics.
the function Stgl):

L) L) L) L) L) T L) L)
05 T T T T T T T 04 |- 162 -1
Lo o Th Dy —a— Exp ]
Dy —8—Exp Q 02| 7
Q
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a 02 -
<) 2
o w
D 04 4
w0
=16
S0 o — L ook 9,=6.588, g,= -0.127, g,=-0.622 L i
9,=2.241, g= -0.380, g= -0.875 : ) ) : ) . . )
3 4 5 6 7 8 9 10 1 12
1 L 1 1 1 'l 'l
3 4 5 6 7 8 9 10 1 L[]
L [7] X .
FIG. 4. The same as Fig. 1, but f8f°Dy. The experimental
FIG. 2. The same as Fig. 1, but for theband of >Dy. data are taken frorfil6].
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FIG. 5. The same as Fig. 1, but f&%%Er. FIG. 7. The same as Fig. 1, but foEr.
IV. THE OES EFFECT—EXPERIMENTAL PATTERN Intere_sting staggering patterns are_observed in the nuclei
AND THEORETICAL DESCRIPTION 184 (Fig. 6) and 1"%b (Fig. 8) for which they bands are

_ , longest L =19 for ¥4Er [17], L pa=17 for %b [41]. In

We have applied Eq3) to the rare-earth nuclei and to the hese cases the staggering amplitude initially increases as a

actinides for which the experimentally measunetands are  f,nction of angular momentum up to=8-10 and then be-
15 156,16 16 3 . . .

long f&‘_)lfsgh (210}7 Gd [13; CD3’23[17]’ Dy gins to decrease. Further, bt=14, an irregularity in the
[16], *Er [17], b [41], ?%°Th [42], #**Th [16]. I ajternative signs of the quantity Stgf occurs.
all cases we obtain a clearly pronounced staggering pattern, \ne have applied the model expression, Etp), to de-
i.e., a zigzagging behavior of the quantity Sty(as a func-  geripe theoretically the staggering pattern of all the nuclei
tion of angular momentum. This is shown in Figs. 1-10,nder consideration. For this purpose we use the sets of
(lines w!th squqre)s Generally, one observes a regular y,qdel parameterg;, g,, gs, and\, obtained after fitting
change in the signs of Stg) between the odd and even pqg (14) and (15) to the experimental ground- angtband
levels with the amplitude increasing with angular momentumg,a|s up toL=10—12. The values of these parameters are

L up toL=12-13. . . listed in Table | together with the corresponding rms devia-
In such a way the OES effect in the bands appears in  tjons measured by

the form of aAL =1 staggering, which is consistent with the
consideration of other staggering effects in nuclei and di-

atomic molecules. We remark that for all bands under B 1 ™ Exp/( 112
study the experimental uncertainties in the patténare 76~ Ve LEV [E, (L) -E; AL (19
negligible. '

We remark that for the different nuclei the staggering am-
plitude varies in a rather wide range. For example, lfor whereng=ny+n, is the total number of the levels used in
=8 the quantity Stg(8) obtains the smallest absolute valughe fit andv=g,y label the ground- and the-band levels,
0.013 MeV (for %r, Fig. 7 and the largest value respectively.
0.467 MeV (for °%Gd, Fig. 1.

1.0 T T T T T T T T T T T T T 04}

05 L) T L) L) L) L) L) L) L) L) L)
164 —0—Th 03l
Ex |

170

b o :
T AN AR
MV AN

05 F .

L ARAN

[MeV]

[MeV]

0.0 <7 \./‘ 3 o1l i
- o
% Y/ v \ g 02 L] .
&
o5} 4 O3 [ te 7
—p \ o4k | o 5.824, g--0.140, g--0.663 |
9,=8.345, §,=-0.117, g¢,=-0.597 05 , . , , , , , , , , ,
3 4 5 8 7 8 9 10 1 12 13 14 15
_10 1 1 1 1 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 L [7]
L [#] . .
FIG. 8. The same as Fig. 1, but f8f%b. The experimental
FIG. 6. The same as Fig. 1, but f&%Er. data are taken frorfd1].
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0.025

r TABLE I. The parameters of the fits of the energy levels of the

—— ground and they bands[Egs. (14) and (15)] of the nuclei investi-
H ] gated are listed for then(2) multiplets which provide the best

Th
0.015 |-
0010 L o ] model descriptions. The Hamiltonian parametgis g,, and g;
0008 [Eq. (4)] and the rms quantitiesg [Eq. (19)] are given in keV. The
T :\ ] numbers of ground- and thg-band levels used in the fif; and
0.000 V

0.020 - 258

[MeV]

n,, respectively, are also given.
-0.005

3
E 0.010 [ . Nucl X\ 01 d O3 gg Ng n,
w
oo ) 564 16  7.179 —0.138 —0.819 400 5 9
R o \ ] 15Dy 14 2241 —0.380 —0.875 47.8 5 9
] g R A e ] Dy 16  7.176 —0.124 —0.682 245 5 11
-0.0%0 - . . . 7 s %Dy 16  8.980 —0.059 —0.606 21.3 5 11
L [#] %%&r 16 9.264 —0.116 —0.637 327 5 11
. . %%y 16 8.345 —0.117 —0.597 214 5 11
FIG. 9. The same as Fig. 1, but fé#Th. The experimental data lGGE[ 16 3553 0210 —0570 234 5 11
are taken fronj42]. ’ ’ ’ )
n42] %ph 18 5.824 —0.140 —0.663 266 5 11
22 _ _
For all the nuclei the theoretical pattern reproduces the 2322 58 _73';;? _8'2?2 _8'222 ;;g S 13

alternating signs as well as the general increase in the stag-
gering amplitude as a function &fup toL=12-13.

Good description of the staggering pattern is obtained fo . .
the nuclei 156160.16By (Figs. 2—4, 1861 (Fig. 7), 22Th {he ground and the bands. This is extensively demonstrated

; 23 : 16 . in our previous papdR3] where the advantages of the vector
(?g.l%\,(b (ZI':I'ih (g)lgth 1O).t Alsorifr(])r thitn:’ncze'wﬁrr(':'?' d6) d boson model descriptioftompared to other collective mod-
a o L=13 ?F gsaﬁggg g pch_ Sls' ee eﬁoo tﬁge els) are pointed out. That is why we do not concentrate on
:gpeara;lce of It?]?a sign irreg,ulrar?tz velyl.e., up such considerations in the present study. In Table Il, as an
For two of the nuclei,’%Gd and 'S%r, the difference illustration, we show the theoretical ground- apdband en-

between the theoretical and the experimental staggerinergy levels and the attendaB(E2) transition ratios of the

. . . : Hucleus!eer which correspond to the parameter set given in
magnitude is noticeably larger than for the other nuclei underl’able I. The followingB(E2) transition ratios are included

study(Figs. 1 and & In the next section it will be shown that in our numerical procedurd@3]:

such a disagreement could be referred to the rather strong|y ur-numerical p u :

perturbed rotational structure of the respective ground~and

bands. As is seen from Table I, this circumstance reflects on Ry(L)= B(EZiL,—~Ly) L even (20)
the quality of the model energy descriptions obtained for B[E2;L,—(L—-2)4]’ '

both nuclei. The respective rms factors are relatively larger

(oe=40 keV for *%Gd andog=32.7 keV for *%%r) than B[E2:L,—(L+2),]
the ones in the other nuclei. R,(L)= B(I,EZ'L L 9 L even, (21
On the other hand we remark that for the obtained sets of Ty e
parametergTable ) our fitting procedures guarantee correct
reproduction of all theB(E2) transition rates available for B[E2;L,—(L+1)g]
Rs(L)= BIEZLL.(L-1).’ L odd, (22
. . : . . : . . by 9
10F 232 :::Th o - q (] —
™ | Ry(L)= BLE2iLg—(L~2),] L even, (23

B[E2;(L—2)4—(L—4),]"
05 -
] where the indiceg and y label the ground- and the-band
o e AL v levels, respectively.
L ~ As is seen from Table II, very good agreement between
V ] the theoretical and experimental data is obtained. This ex-
ample demonstrates that for the same set of model param-
A=20 eters the staggering effect is reproduced in consistency with
g.=7.564, g,==0.315, g,==0.435 1 the other electromagnetic and energy characteristics of the
10 L L L L L L . . ground and they band.
S 58 7L [h]" & e The results presented show that a relevant description of
the OES effect AL=1 staggeringin the y bands of rare-
FIG. 10. The same as Fig. 1, but f67°Th. The experimental earth nuclei and actinides is possible in the framework of the
data are taken frorfil6]. VBM with SU(3) dynamical symmetry.

Stg(L) [MeV]
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TABLE Il. Theoretical and experimental energy levels and transition rdms. (20)—(23)] for the
nucleus®®®Er, corresponding to the multiplet (16,2) and the set of parameters given in Table I. The experi-
mental datgused in the fitsfor the energy levels are taken frdm?7], while the data for thé2 transitions
are from[43-45. The numbers in brackets refer to the uncertainties in the last digits of the experimental

ratios.

L E" EZ® EM EP® R™ RY® R RY® RI" RY® R RY®

2 74.8 80.6 797.8 7859 1.75 1(@6) 0.08 0.0978)

3 865.7 859.4 0.64 0.79

4 249.2 265.0 956.4 956.2 4.8 52 0.18 0.267) 1.39 1.4%16)

5 1069.5 1075.3 1.20 145

6 523.1 545.4 1205.8 12159 8.29 1272% 0.28 0.28 1.05 1.122

7 1363.9 1376.0 1.89

8 896.2 911.2 1546.3 1555.7 13.45 2@%® 0.42 0.97 1.088)

9 1748.9 1751.1 2.87

10 1368.0 1349.6 1978.3 1964.0 22.7 0.61 0.92 D2
V. DISCUSSION SU(3) dynamical symmetry framework this separation corre-

We are now able to analyze several important characterSponds to the splitting of the $8) multiplet and is mea-

istics of the fine rotational structure of thebands together sured by the ratio

with the respective nuclear collective properties hidden be-

hind them. Although the number of considered nucten E/—E}

nuclej does not allow one to provide any detailed systemat- AE = E9

ics, our study leads to a consistent theoretical interpretation

of all the available experimental information concerning the

AL=1 (OES staggering effect iny bands.(Note that two  Which characterizes the magnitude of the energy differences

newest sets of data are used f8PYb [41] and 22°Th [42].) between the even angular momentum states of the ground
The analysis of the experimentalL=1 staggering am- and they band.

plitude obtained in rare-earth nuclei shows that it is generally For example, the experimentaE, ratios vary within the

larger for the nuclei placed in the beginning of this rotationallimits 5<AE,=<20 for the nuclei of rare-earth region, and

region compared to the midshell nuclei. For example, thel3<AE,<25 for the actinides.

staggering amplitude int®%Gd is more than one order of It has been found that th&E, ratio generally increases

magnitude larger than the ones IffEr (see Figs. 1 and)7  towards the middle of a given rotational region in consis-

Also, a gradual decrease of the amplitude towards the midency with the decrease in the groudsand-mixing inter-

shell region is observed for the three Er isotop&&Er,  action and corresponds to an increase in the3sguantum

164y and %Er [with Stg(8)=0.425 MeV, Stg(8) number.
=0.251 MeV, and Stg(8F —0.013 MeV, respectively; On the above basis, it has been established that for nuclei

see Figs. 5, 6, and]7 with a weak SUW3) splitting (AE,<12 for rare-earth nuclei
The above observation is consistent with the general beand AE,= 15 for actinidep the ground and ther bands are
havior of the nuclear rotational properties in the limits of thestrongly coupled in the framework of the £) dynamical
valence shells. It is well known that towards the midshellsymmetry, with\ obtaining favored values in the region
region these properties are better revealed so that any kind &f 14—20.
deviations from the regular rotational band structures should Now we remark that the nuclei of the present study indeed
be smaller. In this respect the weakek =1 staggering ef- ~belong to this kind of SUB) dynamical symmetry nuclei. In
fect observed in the rare-earth midshell isotopes is quitéuch a way the relatively strong groundsand interaction in
natural. these nuclei can be considered as the reason causing the ob-
On the other hand, such a behavior of the staggering efserved OES AL =1 staggering
fect can be reasonably interpreted in terms of the ground-  For the nuclei with strong SB3) splitting (AE,>12 for
band interaction. It has been shown in the vector bosomare-earth nuclei, and E,> 15 for actinidegthe ground and
model framework that this interaction systematically de-the y bands are weakly coupled in the framework of the
creases towards the middle of rotational regi$@s,24. SU(3) dynamical symmetry, withh>60. Typical examples
Thus the weaker mutual perturbation of these two bands ifor this kind of nuclei are'’?Yb (with AE,=17.6) and®*®U
the midshell region is consistent with the good rotational(with AE,=20.3). It has been suggested that for these nuclei
behavior of they band. the ground and they band could be separated in different
Also, it has been established that the groyndband-  SU(3) irreps. Then the OES can be possibly interpreted as
mixing interaction in heavy deformed nuclei is correlatedthe interaction of they band with the8 band as it is done in
with the energy separation between the two bands. In théhe framework of the interacting boson modéb,9. We

(24)
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remark that in these cases thdands are not long enough in G LN S S S S B B B B B
order to study the OES in the form afL=1 staggering. 20
The above consideration is strongly consistent with the 15
possibility for a transitio 23,24 from the groundy band 10
coupling scheme of the present VBM, which is more appro- 05

priate near the ends of the rotational regions, to the IBM%
classification schemfgl5] with 8-y band coupling, which is 2
more relevant in the midshell nuclei. It clearly illustrates that 3
both model schemes are mutually complementary in the dif-3
ferent regions of rotational nuclei. Moreover, we remark that” -5
for the nuclei considered in the present study the proposec -0

0.0

ground<y band mixing interpretation of the OES effect is 25
Unique 3.0 1 1 1 1 1 1 1 1 1 1 1 1 1
At this point it is reasonable to discuss the general behav- 84 5 8T8 "L 1[°h] noroBnoas e

ior of the OES effect in heavy deformed nuclei in terms of
the SU3) dynamical symmetry characteristics. FIG. 11. The theoretical values of the quantity $ty(Eqg. (18),

Here we refer to the so-called $8) contraction limits, in  obtained for three different values of the @Jquantum numbex

which the algebra of S(3) goes to the algebra of the semi- (A=20, \=40, and\ =60) and fixedoveral) values of the model
direct product T/ASO(3), i.e., SU(3)~Ts\SO(3) (T; is parametersd,= —0.2 andg;= —0.25) are plotted as functions of
the group of five-dimensional translations generated by thée angular momentum.
components of the SB3)-quadrupole operatorg46-51.
(Generally, the contraction limit corresponds to a singular In this way the present model approach completely re-
linear transformation of the basis of a given Lie algebra. Thesolves the problentiii) stated in Sec. I. Indeed, we obtain
transformed structure constants approach well-defined limitthat the increase in the separation between the ground and
and a new Lie algebra, called contracted algebra, refglfifs  the y band[i.e., the SU3) splitting] is correlated with the
The original and the contracted algebras are not isomopphicrespective decrease in the magnitude of the OES effect. In

In the VBM collective scheme the $B) contraction cor-  addition, the lack of staggering in the &) contraction limit

responds to the following two limiting cases: [where the SIB) multiplets are disintegratédndorses our
(i) N—oo, with u finite; conclusion that for the nuclei under study this effect should
(i) N—o, u—oo, with u<N\. be due to the SIB) coupling of they band together with the

It has been shown that in these limits the grountdand  ground band. In this respect the extent to which the observed
mixing gradually disappears so that the correspondin@sU phenomenon could be interpreted as a result of forced
multiplets are disintegrated into distinct noninteracting bandgjround- band-mixing becomes clear.

[24]. It follows that all fine spectroscopic effects based on  On the other hand, the area of applicability of the present
the band-mixing interactions, such as the OES effect, shoul§BM scheme is also clear. Besides the contraction limit, our
be reduced towards the &) contraction limits. model interaction comes to another restriction which appears

Indeed, one can easily verify that in the linfit the OES  naturally towards the transition region. This is indicated by
effect should not be observed. In fact, for this case we havenhe circumstance that the model suffers in the reproduction
deduced analytically that the terms of the type BR(which  of the large staggering amplitudes in the nuctéiGd and

determine the quantity Stfj in Eq. (18), go to zero as 16%Er [Stg(8)~0.4—0.5 MeV, see Figs. 1 and,Svhich are
placed far from the middle of the rotational regidiMore
3(g,9s—392) precisely,’®%Gd is close to the beginning of the region, while
lim BR(L)= lim 5 L(L+1)=0. (25 '®%risin the beginning of the respective group of rotational
Ao Ao 93k isotopes. Actually, our analyses suggest that in these cases

the groundy mixing is far stronger than a small perturbation
[This analytic limit is obtained by using the explicit expres- to the respective rotational band structures. This is supported
sions(10) and(17) with Eq. (12), (13), and(11).] It follows by the observation of large experimental grounéhterband
that the staggering amplitude goes to zero wRencreases transition probabilitieg24]. In such a way, the above diffi-
to infinity. This is illustrated in Fig. 11, where the model culty of our model description could be referred to the stan-
staggering pattern is plotted for=20, A=40, and\=60  dard problem of the strong perturbation interactions.
and fixed (overal) values of the model parameteg, Also, it is important to remark that the staggering pattern
=—0.2 andg;=—0.25. could be influenced by the presencefy interaction. Al-

We remark that the first limiting case,— with w« though for the nuclei considered the latter should be essen-
=2, is physically reasonable for midshell nuclei, which aretially weaker than the groung-interaction, its involvement
characterized by large values of the quantum numbigvith in a more general study would be of interest. Since the re-
u=2) and strong groung-band splitting. However, we em- spective quantitative analysis oversteps the capacity of the
phasize that for the nucldiunder study where odd-even present vector boson schem@hich does not include the
staggering is observed the 8) scheme of the vector boson g-rotational banyl here we only give an idea about two fu-
model works far from the S(3) contraction limits. ture possible approaches to the problem:
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(1) A symplectic Sf6,R) extension of the present VBM of the fourth derivative of théL =1 (odd-even energy dif-
with involvement of appropriate mixing between the differ- ference. The staggering pattern obtained in several rare-earth
ent SU3) multiplets; nuclei and actinides is clearly pronouncguth the respec-

(2) IBM analysis with consistent application of higher- tive experimental uncertainties being negligioéad can be
order interactions in both the $8) limit (with the standard referred to as\L =1 staggering. Its form is essentially simi-
B-v coupling [18] and the recently proposed(€) scheme |5y to the one seen for the other kinds of staggering observed
[19] with a cubic quadrupole interactiox Qx Q)(?. The  in nuclei and diatomic molecules. The most common feature
latter seems to be very promising for a relevant IBM treat-of all staggering patterns is the initial increase of the ampli-
ment of the groundy band interaction in deformed nuclei. tude as a function of angular momentum followed by its

So, in these ways one could try to improve the theoreticahlternations with_ as well as by possible occurrence of sign
description of the observed staggering patterns. Of courséregularities. Thus in all cases the staggering pattern reflects
the price to be paid is the more complicated model formalthe fine structure of rotational bands and gives a rather natu-
ism and the larger number of parameters. Also, one shouldal indication for some singular changes such as the band-
not expect essential improvement in the patterns with largerossing effects.
experimental amplituddsStg(8)~0.4—-0.5 Me\] where the We have shown that the OES can be interpreted reason-
problems are dudas has already been mentioned the ably as the result of the interaction of theband with the
generally stronger perturbed rotational structure of the ground band in the framework of the vector boson model
band. with SU(3) dynamical symmetry. The model energy expres-

Let us now consider the two long staggering patterns irsion reproduces adequately the staggering pattern in the con-
1%4Er (Fig. 6) and 1"%b (Fig. 8) for which sign irregularities  sidered nuclei below the backbending reglos 12—13. On
are observed dt =14. It is known that at this angular mo- the above basis we were able to study the general behavior of
mentum the structure of thg band of ***Er is changed. This the OES effect in rotational regions in terms of the groynd-
is interpreted as the result of a crossing with another bantand-mixing interaction. As a result we have established that
known as a super band?2,53. The same phenomenon is the increase in the separation between the ground ang the
considered to be responsible for the backbending effect olband towards the midshell region is correlated with the re-
served in thisy band[54]. On the above basis our analysis spective decrease in the magnitude of the OES effect. Thus
suggests that a similar situation is realized in tH&vb y  we explained the presence of the well-developed OES pat-
band[41]. In fact the backbending effect is beyond the scopeerns in nuclei with relatively weak SB) splitting (strong
of the presently used VBM with S3) dynamical symmetry, ground<y band couplingas well as the decrease in the stag-
which explains the reason why our theoretical description igering amplitude(even the absence of the effedor the
restricted up td.<12-13. It is however remarkable that the strongly split SU3) multiplets in midshell nuclei.
experimentally determined quantity Stg(gives an excel- The approach presented gives a rather general prescrip-
lent indication for the presence of bandcrossing effects.  tion for the analysis of various fine characteristics of rota-

It is important to emphasize the meaning of the introduc-tional motion in quantum-mechanical systems. In this respect
tion of theAL=1 characteristics of the: bands. Indeed the it allows a detailed comparison of the different kinds of stag-
moment-of-inertia versus the angular momentum analysegering effects in nuclei and diatomic molecules. A future
reasonably indicate the presence of the OES effe@fl2.  unified interpretation and/or treatment of these fine effects
On the other hand, the use of the fourth derivative of thecould be possible on this basis.
odd-even energy differences gives a rather accurate quanti-
tative measure to estimate the magnitude of this effect for a
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