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Superdeformed and highly deformed rotational bands inAthé0 mass region are studied within cranked
relativistic mean field theory and the configuration-dependent cranked Nilsson-Strutinsky approach. Both
approaches describe the experimental data well. Low values of the dynamic moments ofl{Aectmmpared
with the kinematic moments of inerti&® seen both in experiment and in calculations at high rotational
frequencies indicate the high energy cost to build the states at high spin and reflect the limited angular
momentum content in these configuratioff80556-281®9)05906-3

PACS numbdps): 27.40+z, 27.50+e, 21.10.Re, 21.60.Jz

I. INTRODUCTION II. THEORETICAL TOOLS AND DETAILS
OF CALCULATIONS

Extremely fast rotating nuclei are interesting laboratories Our theoretical tools are cranked relativistic mean field
providing information for test of theoretical models at ex- (CRMF) theory [9,10] and the configuration-dependent
treme conditionglarge angular momentum and/or deforma- cranked Nilsson-Strutinsk§CNS) approacH11,12. In rela-
tion, limit of angular momentum in the rotational bands, tivistic mean field(RMF) theory the nucleus is described as
etc). At high rotational frequencies pairing correlations area system of pointlike nucleons represented by Dirac spinors
considerably quenched and can often be neglected. A moand coupled to mesons and to the photon. The nucleons in-
interesting nuclear region is the one with~60 (N~Z  teract by the exchange of several mesons, namely, the scalar
~30), where a large variety of rotational structures such agr and three vector particles, p, and the photon. CRMF
(smooth terminating, highly deformed, and superdeformedtheory represents the extension of RMF theory to the rotating
(SD) rotational bands are expected to be observed up to verfyfame. CRMF theory is a fully self-consistent theory. On the
high rotational frequencies in the same nucleus. Tf@gn  contrary, in the CNS approach the total energy is described
nucleus[1,2] represents a first example of this variety. as a sum of the rotating liquid drop energy and the shell

Of special interest are the SD bands in this region sinc&€orrection energy. Tnis Ieaves_some room for inconsistencies
they extend to the highest rotational frequenciesbetwee” macroscopic and microscopic parts as illustrated,

(~1.8 MeV) observed so far in SD bands. The fact that thd© €xample, in Refs[13,14. However, it is commonly ac-

predicted SD band in the doubly magic superdeforme&_epted that the CNS approach provides a reasonable descrip-

nucleus®®zn[3] has been observéd] and that it is linked to ~ 1°" of the nuclear many-bady problem. Both models have
. : . . .. been very successful in describing different aspects of SD
the low-spin level scheme is another attractive point. This i

: . L ands in theA~140-150 mass regiofsee, e.g.[7,15] and
because by means of an effective alignm@ntsimilarn ap- [6,13). The details of the forma%i(s)@nsns of ?hEase ]two ap-

prgach[S,G], it b_ecomes possible to map not only relative proaches can be found in Refd,15] and in Refs[11,12,
spin values as in thé&~140-150 mass regiofsee Refs. respectively.

[6,7)), but also absolute spin values in the unlinked SD and  ~RMF calculations have been performed with three pa-
highly deformed bands. Then, in SD bands with little influ- 3 metrizations of the RMF LagrangidNL1 [16], NL3 [17],
ence of pairing correlations, it will be possible to make agnd NLSH[18]) in order to define the force best suited for
comparison between experiment and theory, not only fothe description of rotational properties of the nuclei with
those physical observables which can be extracted without 7 Since the results with NL3 are rather close to the ones
knowing absolute spin valugéke dynamic moment of in-  with NLSH, they are not shown in all figures. The spatial
ertia J® and the transition quadrupole mome@t), but  components of the vector mesofticlear magnetisinplay
also, for the first time, for observables which cannot be exan extremely important role for the description of moments
tracted without such knowleddgéke the kinematic moment of inertia[19]. They are taken into account in a fully self-
of inertia J» and the evolution of the excitation energy consistent way.
within a band as a function of spin The cranked relativistic mean field equations are solved in
In the present article, a Comparative study of the recenﬂ)’ihﬁ' basis of a deformed harmonic oscillator. A basis defor-
observed highly deformed band iffCu [8] and the SD mation of 8,=0.2 has been used. All bosonic states below
bands in%°6Zn[1,4] is presented. In addition, the general the energy cutofEg"*"<16.5iwg and all fermionic states
features of SD and highly deformed bands in this mass rebelow the energy cut-ofEE“t'Oﬁs 13.%(1)5 have been used
gion of A~60 are outlined. in the diagonalization. The increase of the fermionic space

0556-2813/99/5%)/31666)/$15.00 PRC 59 3166 ©1999 The American Physical Society



PRC 59 COMPARATIVE STUDY OF SUPERDEFORMED AN ... 3167

compared with the truncation scheme used in Réf.was Nilsson ~ NL1 NL3  NLSH
necessary because in the present study, we compare experi- 2 E {ggﬂfg;?— wie T o——  F
mental and calculated excitation energies relative to a rigid < 24 B —— T e E
rotor reference which requires high accuracy in the calcula- 2 g 3 1301312 — N=38 SD shell gap 3
tion of energies. Note, however, that the energy cut-off ¢ g1 leme — __ pone £
EX<11.51 wf, provides a rather good description of mo- 8 103 [ ——— E
ments of inertia and the quadrupole and hexadecapole mo- g .41 4 [BU%2 — === 3
ments, and thus it can be used for a more systematic inves- £ -12 3 fisia2 A £
tigation. g -13 3 N=30 SD shell gap 3
In the CNS calculations, the Nilsson potential with the 2143 e — E
standard set of parametdrsl] has been used. In both ap- B35 e e —
proaches, pairing correlations are not taken into account. %-16—5 Btz —-in _F
Therefore, the results can be considered as realistic only in A7 e — 0 T —
the region of high spins, say=15:. However, for some -18 9 -
configurations the paired band crossings at low spin will be 9Zn conf. [22,22]: CRMF (NLSH)
blocked and thus, in these cases, the results of the calcula- -5 1 = ey
tions are not expected to deviate significantly from experi- 6 7 2252
ment even at lower spin values; for details see the discussion E 7] N=38 S C
in Ref.[15]. To label the configurations we use the shorthand < © 7] R N C
notation[ p;p,,n;n.] wherep,(n,) is the number of proton 2 _1'3 ] Bk == y
(neutron f4, holes andp,(n,) is the number of protofneu- g_ﬂ 1 watipr r
tron) ggy, particles. Superscripts to the configuration labels s 12 13031772 o
(e.0.,[22,22]") and orbital labelge.g.,[413]3/2") are used S i3] o
to indicate the sign of the signaturefor that configuration 8 14 ] C
(r==1) or that orbital (= =i). $ 15 ] C
2161 g
lll. RESULTS AND DISCUSSION 1; ] C
- LILAE AL L L L L LA B L L
According to the CRMF and the CNS approaches, the 0.0 0.5 1.0 1.5 2.0
doubly magic SD band if%Zn has &22,22]" structure in Rotational frequency Qx [MeV]

the notation defined above. In this configuration, all single-
pamde Ievgls below thé:.NZSO. SD shell gaps areioccu— (Routhiang in the self-consistent rotating potential as a function of
pied (see Fig. 1 At t_he spins of |n_terest_, this ba_nd IS We” the rotational frequenc§2, calculated in CRMF theory with param-
separated from eXCIte_d SD ConflguratlofEE(e) Flg(.2)3 N eter set NLSH. They are given along the deformation path of the
Ref. [4]). The experimental obsgrvat_)les] 0 9® at guestsp configuration22,22* in 59Zn. Solid, short-dashed, dot-
(,=1.1 MeV andQ,) are well described in both approaches yashed, and dotted lines indicater€ +,r=—i), (m=+,r=
[see Figs. &), 2(d), and 4, beloi At ),~0.95 MeV, the i) (7=—,r=+i), and (= —,r = —i) orbitals, respectively. At
observed band undergoes a paired band crossing, the descrip;=0.0 MeV, the single-particle orbitals are labeled by the
tion of which is not addressed in the present calculationsasymptotic quantum numbefsNn,A]Q (Nilsson quantum num-
Note that this is & =Z nucleus; so the proton-neutron pair- berg of the dominant component of the wave function. Top panel:
ing correlations could play some role at high spin. the single-particle states around tRe=30 SD shell gap calculated
Contrary to °Zn, the bands in®%Cu and %2Zn are not with the Nilsson potential and three parametrizations of RMF
linked to the low-spin level scheme and thus their paritiegheory at the corresponding equilibrium deformations of the
and spins are not known experimentally. One way to estad22,22" configuration in ®Zn at,=0.0 MeV. It is only in the
lish these quantities is to use an effective a”gnment approacﬁRMF calculations that the energies are absolute, in the Nilsson
[5]. The effective alignment between bandisand B is de- poFeqtiaI the energies are shifted so that e 30 Sb s.heII gaps
fined (see Ref[5]) aSiQf’fB(Qx)I|B(Qx)—|A(Qx)- Band A comc@e roughly in _both approaches. The relative single-particle
in the lighter nucleus is taken as a reference: so the effectivgcr9/es are approximately the same for the protons as for the neu-

alignment measures the effect of additional particles. Th fons, but the absolute proton energies are h'gher becaus.e of the
ractical application of this approach is illustrated in Fig. COOMP eneray. The fact that the spectrum is less dense in RMF

p L - "theory than in the Nilsson potential is related to low effective mass

3(a) where the calculated.s's between thg 21,21~ con- (m* /m~0.6) in RMF theor

figuration in >°Cu and thg 22,24 ™ configuration in®<Zn are

compared with experimentaly's in the %3Cu/f?Zn pair. The

“experimental” i .+ are drawn using the spin values given in mental” and calculated values of;.

the caption to Fig. 3, where the fixed spin valud g9 for Note thati ([ A(15)/B(I15)]=iel A(I5+n)/B(I§+n)] (n

the lowest observed state in tR%Cu band is consistent with is an integer, i.e., the effective alignment approach can be

the results of the analysis below. The valued pfhould be used to determine relative spin values. Therefore, this ap-

chosen according to the signaturef the assigned configu- proach is particularly relevant in the present case where the

ration, e.g., even values of for r=1. It is clear that it is absolute spin values are known for the SD band%n. It

only for the value ofl ,= 18 for the lowest state in th#Zn  should thus be possible to obtain absolute spin values for the

band that a good agreement is obtained between “experinlinked highly deformed band if®Cu and the SD band in

FIG. 1. Bottom panel: neutron single-particle energies
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J®@ (open circles moments of in-
ertia of observed bands versus the
e R ones of assigned calculated con-
CRMF: conf. [22,24]" flguratloqs. The'notatlon of lines
is given in the figure. The values
of J® calculated with NL3 are
typically in between the ones ob-
tained with NL1 and NLSH, so
for simplicity they are not shown.

CN: Conf. [21,21]7 CN: conf. [22,22]* CN: conf. [22,24]"
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62711 The comparison of calculated and “experimental” ef- configuration assignments, the lowest transition in the highly
fective alignments in the pair&Cu/f°zn and®zn/%2zn[see  deformed band of®Cu with the transition energy of 830
Fig. 3(b)] indicates that the configuratiof21,21]~ and keV corresponds to a spin change of'329* and the low-
[22,24" are most likely candidates for the bands observedst transition in the SD band d¥zZn with the transition

in %8Cu and ®?zn, respectively. The configuratigi21,21]~  energy of 1993 keV corresponds to a spin change of 20
in %8Cu is calculated to be energetically favored over a con— 18". Thus the bands if®Cu and®?Zn are observed up to
siderable spin range in both approaches and also in th23" and 30", respectively. The corresponding experimental
cranked Hartree-Fock approach with Skyrme forf@®@sThe  values of)®® andJ®) (under these spin assignmerasd, in
[22,24" configuration will be discussed below. With these addition, the experimental effective alignment in the
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FIG. 3. Experimental and calculated effective alignments. Large symbols on shaded background are used for the experimental values
while different types of linegwith symbols in pane{c)] are used for the values calculated in the different models. The compared calculated
configurations differ in the occupation of the orbitals shown in the panels. The experimental effective alignment betweArabdiis
indicated asA/B. The experimental; values are shown at the transition energies of the band indicated by an agteriskpanel(a), the
“experimental” i . values are drawn assuming a fixed spin valué,ef9 for the lowest observed state in tAfCu band and different spin
valuesl ;=16 (i), | =18 (j), andl ;=20 (k) for the lowest state in thZn band. In paneléa) and(b), solid symbols are used for the values
of i o which result from our preferred spin assignments for the band®n and®?Zn. Open symbols in panéh) show that the agreement
becomes much worse for other spin assignments consistent with the signaturegdf #f~ 58Cu and[ 22,24+ %2zZn configurations; see
text for details. In paneléb) and(c), the configuratiori22,22* is used for the SD band if’Zn. The comparison in panét) shows that
no reasonable agreement is obtained fo{ %22 " and[22,23* 2Zn configurations which were considered in Rdfl. In this panel the
same type of symbol®pen or soliglare used for experimental and theoretical valuesgpivhich should be compared to be consistent with
the signature of the different bands.
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Q [eb] The calculated high energy of the configuration assigned
4 pTTTTTTITITY QT T g to the observed band iffZn suggests that the parametriza-
5 F IEim, JE g, é tions used might not be optimal with respect of description
E 1E "‘*'e\__; JE ] of single-particle energies in the vicinity of the SD shell
oF ™y JE AL 3 gaps. Note, however, that the CNS approach and CRMF
g \\ g it ] theory with three different forces indicate the same group of
1TE 8oy qF 6070 JF 62743 orbitals in the vicinity of theN=2Z=30 SD shell gagsee top
g ety B o AR e e ity o] panel of Fig. 1. In both approaches, thé=Z=30 SD shell
0 10 20 30 10 20 30 10 20 30 gap is primarily defined by the energy splitting between the
[440]1/2 and[431]3/2 orbitals originating from the intruder

E—-0.026 I(1+
T T T T

1),[N,Ie‘,\.//] Oop Subshell. Thus the lowering of thgg, subshell by

y ~0.5-1 MeV will almost not affect the size of thRl=2Z
=30 SD shell gap but will bring the configurati¢@2,24*
in 52Zn closer to the yrast line. Note that this will also make
the N= 38 shell gap seen in Fig. 1 smaller due to the lower-
ing of the [422]5/2 orbital. The observation of other SD
structures in®?Zn and neighboring nuclei will be essential to
establish the ordering of single-particle levels around the
- N=30 SD shell gap and to determine the accuracy with
- which existing theories describe the alignment properties of
r single-particle orbitals. This should help to clarify how the
E ! models should be further improved to give an even better
6 10 14 18 22 26 30 34 description of the variety of rotational structures observed in
Angular momentum (f) this mass region.

. Considering the distribution of particles and holes over
FIG. 4. Bottom panel: calculatdtines) and experimentalsym- high- and Iow? orbitals at low spin F:)ne obtains the “maxi-

I h i igi . i . - .
bols) bands shown relative to a rigid rotor reference. The energle?num,, spins of the configurations of the observed bands as

of calculated states indicated by arrows are normalized to the cor- ", | /2  Aat 60 At 62
responding experimental states. The shaded area is used to indicate 29 (. 8%:8“)’ I _3660( 262)’ and|=40"( _Zn). Thu_s_ the
the possible size of pairing correlations at low spin in the SD ban ands in>Cu and *Zn(*Zn) are three(five) transitions

of %zn. The results with NL3 are rather close to the ones with@Way from the “maximum” spin. However, the states of
NLSH:; so for simplicity they are not shown. Top panels: measured Maximum” spin are calculated triaxial both in the CRMF
transition quadrupole momen@ (shaded boxes indicate the upper and in the CNS approaches. This behavior can be understood
and lower limits ofQ, and the spin range where they have been@S caused by the interaction between the Joand highj
measure versus calculated ones. Since ¢ values calculated Orbitals in theN=3 shell and is contrary to the shape evo-
with NL1 and NL3 differ from the ones with NLSH only by lution of bands which terminate in a noncollective prolate
~2-3%, only the results of calculations with NLSH are shown. (y=+60°) or oblate f=—120°) terminating state for
I =1,ax- Even so, the properties of these bands are strongly

%8Cu/®?zn pair are reproduced rather well in the calculationsinfluenced by the limited angular momentum content of their
[see Figs. 2 and(3)]. single-particle configurations. Indeed, several features of

The experimental® andJ® moments of inertia of the these bands are similar to those of smooth terminating bands
62Zn band are somewhat better described in CRMF theorpbserved in theA~110 mass regiorf12] and in 525%n
than in the CNS approadisee Figs. &) and (f)]. The fact [2,22]. Such features are the smooth drop of the dynamic
that the last experimental point #?) is overestimated in the moment of inertia)® with increasing rotational frequency
CRMF calculations is possibly due to an interaction betweerio values much lower than the kinematic moment of inertia
the occupied 431]3/2* and unoccupiedi431]1/2" orbitals  JV). Furthermore, a gradual drop of collectivifye., a drop
(see bottom panel of Fig.)10ne should note, however, that of transition quadrupole momei,) is predicted with in-
the configuration 22,24" in %2Zn is not calculated as the creasing spin for both kinds of bands, something which at
lowest SD configuration. In the spin range of interest, itspresent has been experimentally confirnigc3] only for
energy above the lowest SD solution 481-1.5 MeV in  smooth terminating bands. Indeed, in #e 60 region, one
CRMF theory (see, for example, Ref.[20]) and can see the gradual transition from the smooth terminating
~0.5-1.0 MeV in the CNS approach. In Rgt], the 2zn  bands in®2%Zn over the highly deformed band MCu to
configurationd 22,22 " and[22,23~, which are calculated the SD bands irf®®%Zn. Calculations for a number of con-
lowest in energy, were considered inste@ge also Refs. figurations in neighboring nuclei and iffzZn (see Ref[24]
[20,21)). However, especially when compared with the bandfor this nucleug show that the above-mentioned features are
in %9Zn, it becomes evident that the experimental values otommon for the SD and highly deformed bands in the
i o cannot be reproduced for these configuration assignments 60—70 mass region. Thus a rigid-rotor assumptidf(
[see Fig. &)]. The configuration with only one neutron hole ~J(®) sometimes used in the analysis of SD bands is not
in the f,,, orbital can be excluded for similar reasons but alsovalid in this mass region. Indeed, in line with previous stud-
because its signature partner is calculated degenerate i@s[25], we can conclude that it is not so much the deforma-
energy contrary to experiment where no signature partnetion (atl=0) of a band which determines if it is rigid-rotor-
band has been observed so far. like or not but rather how far away the band is from its

f~

pe v b g O

1.0 MeV
;
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“maximum” spin value. Therefore, it is in general much citation energies within bands at high spin is obtained within
more difficult to find rigid-rotor-like rotational bands in light the CRMF theory with the NLSH and NL3 forces f6#52Zn
nuclei because the “maximum” spin within the yrast and while the band in®Cu is somewhat better described in the
near-yrast configurations is generally much lower than inCNS approach. Concerning relative energies of different
heavier nuclei. For example, large differences betw@&éh  configurationgnot shown in Fig. % none of the approaches
and J® are not expected in the SD bands in the-150 give the configuration assigned to the SD band®3#n as
mass region because the “maximum” spin of their configu-yrast with somewhat larger discrepancies in the CRMF than
rations, | .~ (150—-200%, is far above the experimentally in the CNS approach.

accessible spin valuésee Ref[25]). Thus, the experimental

study of SD bands in th&~60 region up to their “maxi- IV. CONCLUSIONS

mum” spin values would be very important for general un-

derstanding of the very-high-spin properties of SD bands. : L . i X
One should note the important role of the first t and the r?ci)qm‘lgui)atlon depde?dent cre(mjnke;:i NllssgnfStrutlgskyd
holes(in [303]7/2 orbitals at prolate shape the stabiliza- approach have been used for a study of superdeformed an
-highly deformed rotational bands in tiie~60 mass region.

tion of high deformation and superdeformation for nuclei . X . .
2 . ! . .~ Experimental observables like the dynamic moment of iner-
aroundZ=N=30. Their influence is twofold. First, they sig- " 5) "
tia J'*/ and the transition quadrupole momeQs are well

nificantly contribute to the quadrupole momesee Ref. : :
[26]) Inythis respect the higﬂly dech))rmed ande(SD bands ir]descrlbed in both approaches. It was found that a much lower
the A~60 mass region are similar to the ones in the e of the dynamid‘® than the kinematid® moment of

A~135 mass region, where the protgg, holes play an inertia at high spin is rather a general feature of SD and

important role in stabilization of superdeformatisee Ref. hlg_hly deformed bands in this mass region, refl_ectmg_ the
S » . . limited angular momentum content in these configurations.
[27]). Second, the contribution to the “maximum” spin of

. : L Using the fact that the yrast SD band§%zn is linked to the
thesef 7, holes is comparable with the contribution fray, low-spin level scheme it was shown that by means of the
Eilr(tal(szleis\}ezoi; ?/i/(re:i:zr}ljlll ;llji” nﬂ:gg?;”&gflé\cvvzsh'ghdz% effective alignment approach, it is possible to establish abso-
ticl g &’. | 9 t Yor2 P lute spin values for the unlinked highly deformed and super-
Ic _?_‘:’] g'é%s (Ijnha'mlglu %r rfnomeg lém'd in the- 60 deformed bands in neighboring nuclei. Thus for the first time

'he and hignly deformed bands in OV MasS i hecomes possible to compare theory with experiment in a
region are characterized by very large transition energie

reaching 3.2 MeV or more at the top of all three bands Studalrect way also for spin-dependent physical observables like

. - ; the kinematic moment of inertid", and excitation energies
ied here. For these bands, the excitation energies drawn relg- g

tive to the rigid-rotor reference appear to provide the bes sa .function. of spini(1), for 'superdefo'rmed bands in the

measure of how well the theory describes the response p_a|red regime. IF asgpears "'?S'y that it should b_e possible

nuclei to the rotation as illustrated in the bottom panel of Fig? link the bands in**Cu and ®Zn to the low-spin level .

) o ; ‘'scheme in the near future and thus to test the present assign-

4. Note, however, that since pairing correlations are ne: .
i : ; ments experimentally.

glected in the calculations, the comparison between theory
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