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The collective yrast band and the high spin states of the nucRrsare studied using the spherical shell
model and the cranked Hartree-Fock-Bogoliubov method. The two descriptions lead to nearly the same values
for the relevant observables. A first backbending is predicteti=at0% corresponding to a collective to
noncollective transition. Al = 16% a second backbending occurs, associated to a configuration change that can
also be interpreted as a spherical to triaxial transitj@2556-28186)50611-4

PACS numbes): 21.10.Re, 21.10.Ky, 21.60.Jz, 27 4@

In a recent papdrl] we have shown that large-scale shell-  The yrast bandln Fig. 1 the SM, HFB, and experimental
model (SM) calculations with the realistic interaction KB3 y-ray energie€,(J)=E(J)—E(J—2) are plotted as a func-
predict the same intrinsic state as cranked Hartree-Fockion of the angular momentuh for the yrast band. The SM
Bogoliubov mean-field calculationdiFB) with the Gogny results are very close to the present experimental data. In
force for the ground-state rotational band8€r. Thus, we  addition, there is preliminary evidence from the Chalk River
have two complementary views of the problem. The SMMcMaster Collaboratio3] and from Legnard4] confirm-
wave functions have the proper quantum numidargular  ing the backbending behavior.
momentum and particle numbeand include correlations The CHFB results follow the trend of the SM ones but are
needed for a detailed account of the observables, while thehifted downwards in energy indicating a much bigger static
mean-field results provide us with a simpler understanding ofnoment of inertia than in the SM and the experiment.dlh
the intrinsic state on which the rotational ground-state bandt was argued that this behavior is the result of a deficient
is built. treatment of pairing correlations by the HFB method in the

In a recent experimeri2], it was found that the agree- weak pairing regime, but it was shown that this shortcoming
ment with the exact yrast energies is even better than indidoes not substantially affect the nature of the intrinsic state.
cated in[1], and new measures are comifg4]| both in In both theoretical calculations a second backbending is
48Cr and °°Cr that make it particularly interesting to extend predicted to take place at=16%. The two backbendings
to the latter the calculations done in the former. What waslefine three regions that will be analyzed below in terms of
already known experimentallfs] indicated some rotorlike the changes observed in the occupancies of the relevant
behavior in °°Cr at low spin with a probable backbend at spherical orbits and of the evolution of the quadrupole mo-
J=104. The calculations will show that there is indeed aments.
backbend there, and predict a second ongé=al6#. In Fig. 2 we have plotted the fractional occupancies

Computational proceduredVe start with a reminder of [w»(n,l,j) in [1]] of the spherical orbits in the HFB solution
the computational procedures used 14, which we follow  (upper pangland in the SM ondmiddle panel. The shell
here. In the spherical shell modéfCr is described in a contributions ta(J,) (j«(n,!,j) in [1] only make sense in the
0% w space, i.e., ten particles are allowed to occupy all theHFB calculation, and are plotted for the relevant spherical
states available in thef shell (m-scheme dimensions orbits in the lower panel. There are striking similarities be-
~10"). The effective interaction is a minimally modified tween the SM and HFB occupancies, with the HFB results
version of the Kuo-BrowrG matrix [6] denoted KB3 if7].  being slightly smoother than the SM ones. Before we exam-
The single particle energies are taken from fh@a experi-
mental spectrum. The effect of core polarization on the quad-

rupole properties is taken into account by the use .of effective 5‘2’:_ T T T '/A E
chargesq,=1.5, q,=0.5. The secular problem is solved 20t 3
using the codeNTOINE [8], a very fast and efficient imple- et “\<A ;
mentation of the Lanczos method. 14F ./// ]

In the intrinsic frame calculations we have used the self- §12} '<-\‘\‘ 1
consistent cranking Hartree-Fock-Bogoliubov method with 13: '/:) —a— Exp |1
the density-depender_n Gogny forg@], adopting the DSl 6f /.// —o— HrB |
parameter sdtl0], which has proven capable of describing g: ./:/ —a—su
successfully many phenomena, and in particular high-spin oL L — ' '-6

[~}
-

behavior{ 11]. The mean-field intrinsic statég,) have been 2 3 4 5
expanded in a triaxial harmonic oscillator ba$i§nynz> Ey (MeV)

with different oscillator lengths. Ten oscillator shells are in-

cluded in this calculation in order to ensure the convergence FIG. 1. Theoreticaltriangles, SM; circles HFBand experimen-
of the mean field results. tal (square y-ray energies versus the angular momentum
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0.6 ~ 1 — calculations in[12] describe quite accurately the features of
i ] the results in the full space. When extended to the
04 M.::j\s\@ 4 (f7,P32)*° space, the same calculations produce rotorlike
A SO behavior up tal= 8%, with large negative consistent with
02 |- 4 a constant positiv&),, and then backbend at=10%, with
L ] an abrupt change to positiv@, that persists fod=124 to
00 L EBmmaPa . ade | 144.
. D A It is seen that the yrast states can be described in terms of
:; 086 N SM diagonalizations in a small subspace of the fuflishell.
> - 1 The work can be further simplified once it is realized that the
04 I 7 eigensolutions depend almost exclusively on the interplay
0.2 . ] between the single-particle splittings and the quadrupole
» force. Therefore they must be close to projections of intrinsic
0.0 [ TR A states constructed out of Nilsson orbits, and contact with the
0.6 — 1t mean-field methods becomes straightforward. Quasi-SU3
, ] can also provide some extra cluéSCr is predicted to be
04 - M ] axially symmetric, contrary to itsd shell analogue?’Mg,
 proons ] which is triaxial, as expected from strict SU%Cr, on the
02 | 4 other hand, would be triaxial, and thé,Lps,)° calcula-
] tions show indeed a well developed low-lyingband. Un-
0.0 I A= - fortunately it is fragile: as the single particle splittings are
% ] . increased it moves up in energy and becomes fragmented. As
T o6} | of now, it is difficult to decide whether the experimental and
- computational efforts necessary to identify possible frag-
0.4 I 7 ments are worth the trouble but the problem will be exam-
o2 L ] ined in a forthcoming paper oA=47 and 4913].
Lo Returning now to the occupancies, we note in Fig. 2, that
0.0 -1 5 up to J=8#, next to the dominantf,, orbit, only its
15.0 — e Aj=2 partnerps, is appreciably occupied, which, as men-
Protons tioned in the previous paragraphs, is what we need for rotor-
10.0 | like behavior. Note that the effect is stronger for HFB which,
indeed, produces slightly largeB(E2) values as can be
50 | gathered in Fig. 3.
‘ ] The first backbend occurs &t 104, and the calculations
e differ on the nature of this state: For HFB it still has non-
% 0.0 T ] negligible ps, occupancy, and hence, quadrupole coherence,
= L 2/ while in SM thef,,, dominance is complet&) changes sign
100 LT 4 and theB(E2) drops abruptly. The discrepancy is minor and
T P amounts to saying that in HFB the= 104 state is transi-
St tional, while for SM the change in regime is sudden.
5.0 | «— Total B !
| ] As to what are the states after the backbend, both calcu-
5 e lations agree irféCr and °°Cr on strongf,, dominance, and
0.0  Fre—B—a—a—p-aE e A A - . . . .
o 4 8 12 16 20 24 in the lower panel of Fig. 2 we can see that the contribution
(B to the total angular momentum fdr,<14 comes fully from

thef,,, orbit. At J=12%, neutrons havd= 6% the maximum
_ ) ) attainable by six identical particles. At= 144 both neutrons
FIG. 2. Upper panel: “Fractional shell occupancies{n,l,j)  and protons have reached their maximum value. Therefore,
computed in the HFB approach as a functionJoMiddle panel:  j, the region after the backbend we have alignment in the
Same as before but for the SM. Lower panel: “Shell contribution to(f ,)1° configuration.
» o o 7/
(30" ix(n.1.j) in HFB. To go beyondl=14#, the system is forced to promote
particles from the ;;, orbit to higher ones and the occupancy
ine what these numbers are teaching us in the three regiomdots—which are in nearly perfect agreement for both
defined above, it is worth making a brief digression. calculations—show that the promotion takes place first for
Quasi SU3.Although strict Elliott's SU3 symmetry is the fs, shell. The excitation energy of the 16state is then
soon destroyed by the spin-orbit force, it was shown in Refanomalously large, and leads to the second backbending. At
[12] that an approximate “quasi-SU3"” variant—involving J=18# the ps;, neutron shell reenters the game, leading to
the lowestA j =2 orbits of a major shellin our casef;, and  the increase in the quadrupole coherence observed in Fig. 3.
ps2)—can still operate even in the presence of fairly largeAt J=224 the band terminates as the maximum angular mo-
single-particle splittings. This coupling scheme leads to sysmentum that can be built with four protons and six neutrons
tematically backbending rotors, and f&fCr, the schematic in the pf shell is 23;.
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FIG. 4. Gyromagnetic factors: SNtriangles, HFB (circles,
and experimentsquarek

e — The predicted backbends are clearly reminiscent of the
ﬁ ones found in heavier regions, and one would like to relate
= 200} / ‘5‘ _:_ 5;;’ i the present results to the traditional interpretation of back-
S ] \ —*— HFB bending in terms of “band crossinglas in Ref.[16]). To
= 100| E il obtain some clues we have projected two Nilsson states with
u — A B=0.22,y=0 andB=0.1,y=—60 (or y= +60, both being
a 0 _:\/ ] identica), and then calculated their energies using the full
L Hamiltonian.
0 2 4 6 6 10 12 14 16 18 20 22 24 The prolate band reproductsthe decimal plac¢he ex-
J») act Qg for J=27% and 4, but then the agreement deterio-

rates: °°Cr does not rotate as well as the projected band.

FIG. 3. Upper panelg and y deformations in the HFB calcula- The oblate band hardly descg'bes a rotor, but for
tion. Middle panel: Spectroscopic quadrupole moméntcom- ~ J=10,12%, and 14 yields (in e fm®) Q;=19.2,11.7,8.3,
puted in the SM approach. The experimental vau¢2*) is also ~ respectively, not too far from the exact numbers
given. Lower panelB(E2, J—J—2) transition probabilities ver- (23.7,12.3,7.3). Our choice of intrinsic state may not be per-
susJ computed in SMitriangle$ and HFB (circles compared to  fect but it is sufficient to make a crucial poirthe two bands
the experimental datésquares cross between387% and 10%.

] ) ) Therefore, it seems quite possible to interpret our results

The quadrupole properties obtained in both approachegy the first backbend in terms of band cros§BigWe have
are summarized in Fig. 3. In the upper panel f@ndy  pot tried to guess an intrinsic state for the highest spins, but
deformation parameters obtained in the HFB calculat®  the simple exercise above indicates that the oblate part of the
fined asp=\(7/5)(Q5+ Q%) ¥(r? and tary=Q,,/Qz  Nilsson diagrams should not be neglected in the search for
with Qu=22"—x2—y? and Q,=3(x?~y?] are plotted  states of physical interest.
versus the angular momentum. We can interpret these results In the lower panel of Fig. 3 th8(E2) transition prob-

in the three regions as follows. abilities from the SM and HFB calculations are plotted as a
(i) At low angular momentunt®Cr is an axially symmet- function ofJ and compared with the available experimental
ric prolate nucleus §~0.22 andy~0). data. The HFB results are obtained from the intrinsic values

(i) At J=10A the B value drops, and al=12h the sys-  of the quadrupole operato®,, andQ,, using an improved
tem has clearly become weakly deformed and oblate withotational formula[17]. Both results are very similar in the
B=0.08 andy=—67 degrees. This sudden change corre.whole range of angular momentum considered. The compari-

sponds to the observed backbending at10f . son with the experiment data is good for the
(i) At J=161 a second backbending occurs, and theB(E2,2"—0%) but both theoretical results overestimate the
system becomes triaxial. experimental ones at=4% and 6.

In the middle panel the spectroscopic quadrupole mo- In Fig. 4 we present our predictions for the gyromagnetic
ments of the SM calculation are plotted as a functiod.dh  factors compared with the experimental results of Pakou
the first regionJ<<10, the values o [and theB(E2)'s, in et al. [18]. Once again the SM and HFB results are nearly
the bottom panel of Fig. [3are consistent with &=0 pro- identical for the whole band but they do not agree with the
late intrinsic state with fairly consta@g, correspondingto a data except for thedd=2% state. The situation is somehow
value of the deformation3~0.25, in complete agreement puzzling. We know that>°Cr is not as good a rotor as
with the HFB picture. Entering the second regioQg 48Cr; its B(E2)’s are smaller and the collectivity, as a func-
changes sign abruptly, becoming large and positive fotion of the rotational frequency, vanishes earlier. Our de-
J=10/,12, and 14. Simultaneously, theB(E2)’s are scriptions of>°Cr overshoot the experimentB(E2) values,
drastically reduced. These results on the yrast behavior are indicating that we are obtaining a too large quadrupole col-
line with those obtained by Zamick, Fayache, and Zhendectivity. However, for the gyromagnetic factors, the con-
through truncated calculatio$4,15. trary seems to happen. We need to increase the quadrupole
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correlations in order to approach the rotational limit reached 10769 |4+ 0.19ps
by the experiment. It is difficult to move simultaneously in ' 3t 10w

both directions. We have tried another version of the KB ©s3)
interaction called KB in [19] that has a smaller gap between

the p3;», and thef,, orbits, thus favoring deformation. As
expected, while they values are reducefig(2*)=0.53, 90% E2 @@ 10% E2
g(4")=0.60, g(67)=0.62, g(8")=0.66] and nearly
agree with the experimental results of Rdfl8], the
B(E2)'s increase a great deal. We find, for instance
B(E2,4"—2%)=415 e? fm* compared to the experimen-
tal and KB3 values of 1521) and 264e? fm*, respectively.

0.013 ps

It is difficult to imagine mechanisms that could explain si- (%ﬁ) [ A 4 0.15 ps
multaneously the experimentglfactors and the experimen- - 96%@
tal B(E2)’s. » q
Further discussion of the high spin regiowe have al- o5y 11 ¥V 081ps o 0y 105 7188

ready shown that the double backbending®{ar is related
to the existence of three different zones in the yrast line. In- ., } }
the first of these regions, up tb=10%, the decay proceeds (41 10
by the usual sequence dfJ=2 enhancedE2 transitions.
Here we shall study the decay patterns in the other two
zones.
In Fig. 5 we have plotted the yrast band as given by the
SM calculation, from the first backbending to the maximum
J attainable in the f(;,) 1° configuration. Beyond=10% the
sequence involvesA\J=1 jumps, and the corresponding (i‘;i‘;) 8 ¥
M1 transitions become the dominant branchs due to the re-
duction of the quadrupole collectivity in this zone: with the
exception ofE2, 14" —12", the emittedys are mostly
M1. The predictions for the lifetimes and branching ratios
given in the figure are calculated using the measigd. It We have shown that the spherical shell model and the
should be soon possible to compare these numbers with egranked Hartree-Fock-Bogoliubov method give similar de-
perimental ones from the McMaster Chalk River Collabora-scriptions of °°Cr. The structure of the states can be well
tion and from Legnar$3,4]. understood in terms of the schematic quasi-SU3 coupling
At higher energies the yrast band continuesAid=1 scheme that provides a natural link between shell model and
steps, but theE2 mode becomes again dominant. If we mean field descriptions. _
choose for instance the 18state as entry point, the se- AS far as energetics go, the calculations reproduce accu-

95% M1 20% M1 0.26 ps (6755)

80% E2
100% E2

FIG. 5. Decay scheme in the region of the first backbending.
Energies in keV. The experimental values are in parentheses.

quence would be rately the existing observations, and predict a second back-
bending. For the magnetic and quadrupole properties there is

E2 E2 E2 a definite problem in reconciling the different measures. It is

18, —16; —14; —-12;, to be hoped that ongoing experiments will be of help in

clarifying the issue.
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Hence, in the third zone we recover thdd=2E2 pat- ments. A. Z. is Iberdrola Visiting Professor at the Univer-
tern, but the decay bypasses the yrast &hd 13" states.  sidad Autmoma de Madrid.

[1] E. Caurier, J.L. Egido, G. Martez-Pinedo, A. Poves, J. Reta- [5] T.W. Burrows, Nucl. Data Shee®b, 1 (1995.
mosa, L.M. Robledo, and A. Zuker, Phys. Rev. L&, 2466 [6] T.T.S. Kuo and G.E. Brown, Nucl. Phy8114, 241 (1968.
(1995. [7] A. Poves and A. Zuker Phys. Rep0, 235(1981).

[2] S.M. Lenzi, D.R. Napoli, A. Gadea, M.A. Cardona, D. Hoj- [8] E. Caurier, codenTOINE, Strasbourg, 1989.
man, M.A. Nagarajan, C. Rossi Alvarez, N.H. Medina, G. de [9] D. Gogny, in Nuclear Self-Consistent Fieldsedited by

Angelis, D. Bazzacco, M.E. Debray, M. De Poli, S. Lunardi, G. Ripka and M. PorneufNorth-Holland, Amsterdam, 1975
and D. de Acun, Z. Phys. A354 117(1996. [10] J.F. Berger, M. Girod, and D. Gogny Nucl. Phys428, 23c
[3] J.A. Cameror(private communication (1984).

[4] S. Lenzi(private communication [11] J.L. Egido and L.M. Robledo, Phys. Rev. Le®®0, 2876



R2154 G. MARTINEZ-PINEDOet al. 54

(1993; J.L. Egido, L.M. Robledo, and R.R. Chasman, Phys. 188(1996.
Lett. B 322 22(1994; M. Girod, J.P. Delaroche, J.F. Berger, [15] L. Zamick and D.C. Zheng, Phys. Rev.53, 956 (1996.

and J. Libert,bid. 325 1 (1994. [16] K. Hara and Y. Sun, Int. J. Mod. Phys.4& 637 (1995.
[12] A. Zuker, J. Retamosa, A. Poves, and E. Caurier, Phys. Rev. €17] J.L. Egido and H. Weidenmuller, Phys. Rev. 39, 2398
52, R1742(1995. (1989.

[13] G. Marfnez-Pinedo, A.P. Zuker, A. Poves, and E. Caurier,[18] A.A. Pakou, J. Billowes, A.W. Mounford, and D.D. Werner,
LANL Report No. nucl-th/9608044, submitted to Phys. Rev. Phys. Rev. G50, 2608(1994).
C. [19] E. Caurier, A.P. Zuker, A. Poves, and G. Maez-Pinedo,
[14] L. Zamick, M. Fayache, and D.C. Zheng, Phys. Rev5& Phys. Rev. G50, 225 (1994.



