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Second backbend in the mas#& ~180 region
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Within the framework of self-consistent cranked Hartree-Fock-Bogoliubov thémrg dimensionalwe
predict a second backbend in the yrast line'80s atl~40#, which is even sharper than the first one
observed experimentally &t 144 . Around such a high spin the structure becomes multiquasiparticle type, but
the main source of this strong discontinuity is a sudden large alignmengefproton orbitals along the
rotation axis followed soon by the alignment jof,, neutron orbitals. This leads to drastic structural changes
at such high spins. When experimentally confirmed, this will be observed for the first time in this mass region,
and will be at the highest spin so fa60556-28139)05505-3

PACS numbgs): 21.60.Jz, 21.10.Re, 21.60.Ev, 27.7Q.

During the latter half of the 1970s and early 1980s whercould be generated by tilted axis rotation. Thus, it has be-
research activities in high spin spectroscopy were rather atome an interesting and challenging problem to test if the
their peak, experimentally as well as theoretically, it was thausual explaination of backbending caused by the crossing of
one-dimensional crankingotation about a principal axix)  the s band (low-m i3, neutron-aligned bandstill holds.
perpendicular to the symmetry axisz)[ Hartree-Fock- This question is not yet resolved through a microscopic
Bogoliubov (CHFB) theory[1-7] which was most success- quantal many-body calculation. It may be added that cur-
ful (besides its well-known shortcoming® explain the un- rently Onishi and his collaboratof45,16 are attempting to
derlying mechanism of the backbending features observed iperform a generator coordinate meth@CM) calculation
the moment of inertigor spin versus rotational frequency for 820s treating the tilting angles as generator coordinates.
plot of the yrast levelglevel with the lowest energy for a The good angular-momentum-projected GCM wave func-
given angular momentumThis is because of the fact that tions would be able to elucidate on the distribution Kf
the mechanism of the alignment of single-particle angulacomponents for a given value of the angular momentum.

momenta along the rotation axithe effect of collective ro- In some oddA nuclei in this mass region it has recently
tation on single-particle motionis naturally present in this been found that the higk- bands really cross the ground
approach. band, producing backbend in the yrast sequence, €YV

After exhaustive activities in the rare-earth region, now[11] and '8'Re[12]. However, for even-even nuclei the gen-
the high-spin structure work has spread to all the mass reeral conclusion so far is that it is still the normstband
gions of the periodic table with the maximum spin value crossing that plays an essential role in producing the back-
reached being of the order b&50% (it is 60k for the first  bend in these nucldi9]. Furthermore, in a recent micro-
superdeformed band it*°Dy). Besides the yrast sequence, scopic theoreical analysis of the tilted axis rotation following
several sidebands are observed in most of the nuclei. Rekhe band-mixing spin-projected shell model approficH it
cently very interesting features have been observed in somig found that in the case of®'8%18 and *#‘0Os the back-
of the nuclei near the upper end of the rare-earth regiorhend originates due to normatband crossing; the tilted
namely, in W-Os isotopes with mass numbér180 bands appear slightly above the yrast line. In view of these
[8-13. In some even-even isotopes sidebands are founfindings we thought of checking as to how the traditional
with highK band headsK being the projection of along  CHFB approach works for this mass region. Particularly for
the z axis) very close to the yrast line with signatufre= very high spind >20#, the usual CHFB theory is expected
(—1)'] symmetry broken; that is, even- and odd-spin stateso work well, and angular momentum projection is almost
are connected byB(M1) transitions and the ratio impracticable. Hence, we have carried out here a self-
B(M1)/B(E2) is found to be large. Such states with mixed consistent CHFB calculation fof®?0s in an appropriate
signature symmetry are interpreted tabands[14] arising  single-particle model space. For this nucleus presently the
due to the rotation of the nucleus about an axis tilted withyrast line extends up td=344 [8,13] without a second
respect to the principal axes of the quadrupole-shaped dévackbend and the calculation has been performed for spins
formed nucleus. Some of the states of these igbhands up tol=50%. We find a strong backbend at arouine 40%.
decay to the yrast states, particularly in the band crossingn the following we present our results and discussions on
region. So it becomes natural to expect that the mutual interthese. Also from now on the spin values will be understood
action between these unperturbed bands should influence the be in units off.
backbending behavior in the yrast sequence. Also in this Since the CHFB theorj2,4] is well known, we will not
mass region the Fermi surface lies in the highstates of give any details here. For the Hamiltonian of the system we
high-j orbitals (e.g., thy4, for protons and 0,5, for neu- have used a pairing-plus-quadrupole model interaction.
trons which also gives some credence to such expectatiorlowever, in addition, a hexadecapole term is also considered
that the yrast states, at least in the band crossing regiomas these nuclei are expected to have larpgative hexade-
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TABLE |. Intrinsic shape parameters as a function of spin with g,=1 and g,=5.586 for protons and);=0 and g,
[actually I (1 +1)]. For theground statey=0 andg, B4, Ay, and = —3.826 for neutrons. In numerical computation the values
A, are, respectively 0.228;0.038, 0.871 MeV, and 0. 879 MeV in of g are attenuated by a factor of 0.6,11].
case “Q4” and 0.229, 0.0, 0.872 MeV, and 0.886 MeV in case  Tho CHFB equations are solved self-consistently in terms

Q2. .At |=10, A,=0.436 MeV in the former case and 0.432 of seven collective variables when the hexadecapQé)

MeV in the latter case. It goes to zero fior 14. . . . . -

term is also present in the Hamiltonian. These are the pairing

With hexadecapole Without hexadecapole gapsA, andA,, for protons and neutrPns, respectively, and

I y A, y A, deformation parameterg, ,=a,—,=(Q,,), with ©=0,2

() B (deg B, (MeV) g (deg (MeV) for \=2 andu=0,2,4 forA=4. The usual deformation pa-

rameters (,v) and B, are defined through the relations

fwof COSY=xolho, hwoSINYIN2= x50, and fwops

= X4Q40, Wherefiwy=41/A MeV.

When only the quadrupole interaction is considered then
the degree of freedom is reduced to 4. As already mentioned,
the interaction strengths are chosen such that the values of
the ground state shape parameisee Table)l are approxi-
mately reproducef8,18]. The values of the pairing gap pa-
rameters are decided by looking at the experimental odd-
even mass differences. It may be emphasized that after fixing
the interaction strength parameters at this stage there are no
free parameters in the theory. In the following, for the sake
of brevity, when both quadrupole hexadecapole interac-
~ ~ tion terms are considered, then the corresponding results will
2 2 Quu(=1)*Q\—, be indicated by the symbol “Q4.” But if only the quadru-

N pole term is considered, then it will accordingly be indicated

o by “Q2.”

G,PIP,, 1 Now we can discuss some of our main results. In Table |
we have listed the values of the shape parameters at a few

wherey, andG. are the corresponding interaction stren thsan_gl_Jlar momentum values, the depende_ncdz being most
X 4 P g g striking around = 40. In both the cases, with and without the

(in MeV), and the multipole moment<, ,) and the pairing Q4 term, A, goes to zero at=14. On the other hand,

operator P) have standard formi2], the radial part of the yanishes at =30 in the presence of the Q4 term andl at
former being (?/b®), with b as the oscillator length param- = 26 without it, which implies a somewhat stronger proton
eter. HO represents the spherical part of the Hamiltonian withpairing correlation in the former case for the spin range of
the single-particle(s.p) orbitals (assumingZ=40, N=70  aboutl =16-28. We find that when only quadrupole force is
core 2sy0, 1dap, 1dss, 0g7/2, 09gse, Oiqa, 1f7, Ohgp, considered the proton pairing recovers fo=34 (A,
and Chy 4, for protons and Bq», 2psjp, 1fgm, 1f75, Ohgp, =0.214 MeV to 1 =40 (A,=0.239 MeV). In the other case
Ohy1/5, Oj15/2, 109, Oi11/0, and 0 13, for neutrons. The s.p. it recovers only at one spin,=34, with a small value of
energies are as given in Table | of REL5] except that of A;=0.174 MeV. In both the cases there is a correlation be-
0j15,Which is 7.179 MeV. These energies are essentially théween y acquiring a negative value and an increase in the
Nilsson spherical s.p. energies for this mass region. value of 8. Around spinl =40, y changes sign from positive
As indicated above, Eq(1) actually represents two to negative by a quite sizable amount, and associated with it
Hamiltonians as far as numerical calculations are concerneghe value of3 increases by about 20%stretching. At the
here. One is as it is, and in the other the hexadecapole term game time the value g8, shows a sudden decrease. How-
dropped. Correspondingly we have two sets of ineractiorever, it may be pointed out that now all the three components
strengths which can reproduce more or less the ground statf q,,, ©=0,2,4, become of similar magnitude: for in-
intrinsic shape parameters 6#°0s. Finally taking the prin- stance atl =38 these are-8.05, —1.09, and 1.08 which
cipal x axis as the cranking axis the CHFB eigenvalue equabecome—4.10, —2.36, and 2.58all in units of b?) at |
tions are solved by diagonalization with the usual particle=40 for x=0, 2, and 4, respectively.

0 0.228 0.0 -0.038 0.871 0.229 0.0 0.872
10 0.235 158 -0.039 0.799 0.237 1.35 0.796
20 0.224 589 -0.047 0.699 0.227 411 0.571
30 0.207 10.58 —0.050 0.0 0.208 9.53 0.0
38 0217 097 -0.050 0.0 0.203 8.62 0.262
40 0.253 —11.11 —-0.025 0.0 0.209 4.88 0.230
42 0.256 —12.80 —0.020 0.0 0.260-1252 0.0
50 0.245 —-12.70 —0.021 0.0 0.253-12.63 0.0

capole deformatior, [18]. The total Hamiltonian can be
written as

I>
I\)I =

|
I

T=p,N

number and angular momentum constraji2igf]. In Fig. 1 we display a backbendin@B) plot of spin
We have also computed rotationgl factors using the versus rotational frequencyw) where for the experimental
standard cranking expressif] casew, = 3(E,—E,_,). As indicated on the top right corner
. of the figure, the three curves correspond to the experimental
9 =( e/ VI(1+1), (2)  data, with hexadecapoléQ4) and without hexadecapole

(Q2) terms in the Hamiltonian of Eq1). We notice that the
where 1, is the x component of the magnetic moment op- first backbend is actually not well reproduced, though an
erator, upbend is produced at more or less the correct frequency,

and the inclusion of the hexadecapole degrees of freedom

o e _ 2 (i helps in the right direction. However, the alignment of4),
- + L 3 . . . .
H glEi: b1 +(9s g')Z S @ neutron orbitals is quite pronounced as can be seen in the
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FIG. 1. Backbend plot fof®20s showing the variation of angu- FIG. 3. Variation of they factor ratiog(1)/g(2) as a function of
lar momentum with rotational frequenay. As indicated in the  spin for both cases, that is, with the inclusion of the hexadecapole
figure the solid line corresponds to the experimental data wijth term (Q4) and without it(Q2).
=1(E,~—E,_,). The long-dashed curve, labeled “Q4,” corre-
sponds to the case when both quadrupole and hexadecapole inter-
action terms are present in the Hamiltonidn. The short-dashed pgackward kink in the “Q4” curve at=36 is a genuine one;
curve, labeled “Q2,” indicates that only the quadrupole interactionthat is, it is not due to some numerical inaccuracy, etc. The
is considered. sharp BB is, of course, due to a sudden large and coherent

alignment of thepijg;n, phgyp, andnjis, orbitals (mainly

m=1/2 and 3/2 componentss clearly seen in Fig. 2. At
next Fig. 2, where contributions from a few important orbit- =40 the contribution ohi,3, suddenly drops by about six
als to the total angular momentum are shown for the “Q4” units in one step. Thehg,, orbitals contribute at all spins, in
case. Atl =14 the contribution ohi, orbitals(mainly m  almost a gradual manner, whereas, ;, orbitals start con-
=7/2,9/2 componen}ss about %, close to the experimental tributing at very high spins through high- components.
estimate of 18 [8]. However, the alignment is not sudden Thus, the structure nedr=40 is very interesting. There is a
enough around this spin to cause a sharp BB. Hence, we mayite sizable stretching of, and y acquires a negative
conclude that some extra mechanism is, perhaps, needed value. That is, in this BB region, collectivity increases, rather
obtain a sharp first BB. We are trying to perform angularthan showing a decrease, as is often observed in the first
momentum projection, including mixing, on CHFB wave band crossing regiofil9,20. For the spin region=40-50
functions. If this also fails, then, perhaps, a tilting mecha-the intrinsic structure remains essentially unchanged, which
nism is the only explanation. may be seen as a second minimum in a shell correction cal-

However, the main interesting result here is the appeareulation, and levels fot =40 may be interpreted as rota-
ance of a second BB neb+40 as seen in Fig. 1. The small tional levels in the second well. The increasedncan be

understood as due to an enhanced magnitude of the quadru-
Alignment plot for Os-182 pole matrix elements of the lom, high- (aligned neutron
o T and proton orbitals near the Fermi surface.

In Fig. 3 is displayed a variation of thggfactors with spin.
The actual value ofi(I =2) is 0.245 for the “Q4" case and
0.230 for the “Q2” case which appear to be reasonable in
view of gg=0.27 used in Ref.8]. In both the cases the ratio
g(1)/g(2) drops sharply to a minimum &t= 14, though in
“Q4” case the real minimum is at=20 with a slightly
lower value. The sharp rise &&40 is a clear indication of
the large alignment of the proton orbitals. Beyond this the
alignment ofnj5,, orbitals stops the further rise. In the in-
termediate spin regionl € 20—30) the relatively larger mag-
nitude of the alignment of the larga-components ophyy,»
A make theg factors higher for the Q2" case.

e e Finally we would like to make some additional remarks.
Angular Momentum Since atl =40 the pairing has collapsed in our calculation,

FIG. 2. Alignment plot. Contributions of a few important orbit- On€ may think that in a particle-number-projected treatment
als to the total spin are displayed denoted it as a single-particiéhe position of BB may get shifted or become much less
(s.p) contribution. These correspond to the “Q4” case only. The dramatic. In order to check for this a calculation was per-
type of orbitals is indicated for each curve, wherandn indicate ~ formed for1>30 with a fixed value oA, and A, at about
proton and neutron, respectively. half of their values in the ground state. Then it is found that

20

S.P. Angular Momentum
3
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vy changes sign betwedn- 32 and 34 with all the character- ever, the first backbend is not well reproduced, and as dis-
istics as noted above. Thus, the second BB seen here seemsssed above, we are working on it. We have also studied the
very much genuine. We also notice a small favorable trendrariation ofg factors as a function of spin which essentially
looking at the difference of the experimentafay energies: shows, in a gross manner, the alignment pattern of neutron
E,(32)—E(30)=78 keV andE (34)—E,(32)=65 keV. and proton single-particle orbitals.

In conclusion, through a self-consistent CHFB calcula-  particularly for 1820s the levels are already known up to
tion, which is very reliable at high spins, sdy; 20, we have | =34; so we hope that our prediction will produce enough
obtained a clear case of a sharp second backbert#®s  excitement in experimentalists to put efforts to study the in-
nearl =4Q. This is caused_ by a Ia_rge coher_ent a_llgnm_ent Ofceresting features in the spir-40 region.
low-m piyz, phep, andnjqs,, orbitals. In this spin region
there is a substantial change of structure within a couple of The author is grateful to Naoki Onishi for his kind support
units of angular momentum. For instangegoes positive to and many useful discussions. He would also like to acknowl-
negative, with a change of 12° or more in one step, with aredge the financial support from the Japan Society for the
associated increase @f by about 20%(stretching. How-  Promotion of Science.
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