PHYSICAL REVIEW C VOLUME 58, NUMBER 5 NOVEMBER 1998
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A new mechanism for the backbending phenomenoff@r is discussed based on a careful analysis of the
yrast band, where no level crossing of the single-particle orbits is expected. A newly developed numerical code
for solving the self-consistent cranked Hartree-Fock-BogoliudlB) equation with a maximum overlap
criterion is applied td®Cr, and various continuous cranked HFB solutions forming many rotational bands are
obtained. By using the first derivative of the cranked HFB wave function with respect to the total angular
momentum, and by comparing the Thouless-Valatin and the Inglis moments of inertia, it is pointed out that a
fully self-consistent mean-field treatment, which properly takes into account the two-body residual interaction,
is crucial in explaining cases of backbending phenomena that are not associated with a single-particle level
crossing[S0556-281®8)00211-9

PACS numbds): 21.60.Jz, 21.10.Re

. INTRODUCTION enon in the*®Cr yrast band, and there are no intruder orbits
in this shell region. On the other hand, Hamamoto showed
The basic mechanism of backbending phenomena, firsiumerically that the single-particle orbits among one sub-
observed in rare earth nuclei, has been thought to be a quahell do not show any level crossing in the case of the col-
siparticle level crossing between an unoccupied high- |ective rotation[3]. One may thus predict that the backbend-
truder orbit and the most high-lying occupied orbit, which jng phenomenon iféCr has a different mechanism than that
causes an abrupt change in the moment of inertia of thgiscussed for rare earth nuclei.
collective rotation. The main approach for analyzing these Aiming at understanding in detail how the rotational state
phenomena has been based on the cranked Nilssoghanges as the system acquires an additional angular mo-
Strutmsky model, which has also been successful in explainmentum and how the single-particle orbits are nonlinearly
ing the superdeformed band. affected by the collective rotation, we have developed a new
From the standpoint of the nuclear many-body problemy, merical code, based on the reference state méeiptor
nevertheless, many interesting questions remain. To what e%p|ying the self-consistent cranked HFB equation. In contrast
tent does the uniform rotation caused by a breaking of rotayith the conventional methods, our method gives a continu-
tional invariance of.the mean field persist? How staple is.th%us solution of the cranked HFB equation with respect to the
deformed mean field with respect to the configurationyota| angular momentum, and enables us to explore various
change? How do the nonadiabatic effects between the coIIe@1oba| properties of the rotational band by numerically
tive rotation and the single-particle motion manifest them‘evaluating various differential quantities suchcg®/d| and
selves? In exploring these questions, one must carefully angr, /4| |t also suggests to what extent the cranked HFB state
lyze various cases such as those of excited rotational banglgmains stable by keeping its identity as the system rotates
or rotational bands in light nuclei, etc., where the nonadiatssier. The objective of this study is to explore the micro-
batic effects are_expected to play a more crucial role than i’écopic dynamics responsible for the band-crossing phenom-
rare earth nuclei. ena in thefp-shell nuclei by applying our code t§Cr, a

High-spin states it“Cr exhibit a “good” rotor up to spin typical medium-light nucleus exhibiting a backbending phe-
|"=10", after which the yrast band starts to backbend. Ref,omenon.

cently, this yrast band has been experimentally established
up to spinl "=16" [1]. According to Caurieet al.[2], who
compared the shell model calculation with the cranked
Hartree-Fock-BogoliuboyHFB) calculation by applying the
Gogny force, it turns out that the orbits in thé;4 shell play
a dominant role in reproducing the backbending phenom- In this section, we discuss the necessary formulas and
notations for analyzing structure changes in rotational bands.
For the sake of simplicity, we will discuss them within the
*Present address: Institute for Particle and Nuclear Studieg;ranked HF rather than the cranked HFB formalism. Inclu-
HEARO, Tanashi, Tokyo, 188-8501 Japan. sion of the pairing correlations is straightforward.

Il. METHOD FOR ANALYSIS OF STRUCTURE CHANGES
IN ROTATIONAL BANDS
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The intrinsic state|¢(1)) is obtained by solving the do(l)  d?H(l)
cranked HF equation given as {Tn()} 1= a - aie
& p(NIH=wd,|$(1))=0, (13 =((OIIIRM),iOMLIOM][H(1). (9

The right-most side of the above equation gives a matrix
element appearing in the random phase approximation
(RPA). Since the value ofv(l) is numerically obtained in
the self-consistent cranked HF calculation, and our code nu-
merically determines(l) as a continuous function df by
maintaining the characteristic properties of the band, the in-
verse of Jry(l) is evaluated using the relaticthw(1)/dl,
dH (1) A without calculgting the RPA equatiori[ﬁ]. From the
w(l)zT, Heol N =((1)|H|p(1)). (2)  Thouless-Valatin moment of inertia, one may extract de-
tailed information on the backbending phenomena.

By neglecting the two-body residual interactid®(l): in

Eq.(4), Eq.(9) is known to be reducible to the Inglis formula

X B |3 ,m(D)]?
S s(IR(D|¢(1))=0. @) Tnd =22~ Gy

um

(]I p(1))=1. (1b)

In numerically solving this equation, the Lagrange multiplier
w is determined as a function dofthrough the condition in
Eq. (1b). The functional form ofw with respect tdl is ex-
pressed as

Using theintrinsic Hamiltonian in a rotating frame called
the Routhian RI)=H—w(1)J,, Eq. (1a) is expressed as

(10

Since the intrinsic statep(1)) is astationary statesatisfying whereJ (1) is the particle-hole components af with re-
Eq. (3), the intrinsic Hamiltonian in the rotating frame is gpect to] ¢(1)):

generally expressed as

R()=F— w(1)d, 3XE|+M2m {Jum(DCL(DCm( +H.c}
=<¢’(I)Iﬁ(l)l¢(l))+§ e (Ch(D)C,(1) + 3 3,MELMNEN — 2 Ina(DEa(DER(D).
wy mn
=S en(Den(DER+RAY:, @ (0

An | dependence of the matrix elemedfs,(I) indicates not
Ap o ) ) only a microscopic structure change of the self-consistent
where{c,(1),c(1)} are the particle- and hole-creation op- mean field|¢(1)), but also a change of the properties of the

erators in theotating frame satisfying collective rotation, as the total angular momentum of the
R R system increases.
CM(I)|¢(I))=ch(I)|¢(I)>=O. (5 Since the angular frequenay(l) is related to the first
derivative of the cranked HF state through E®), and
Here and hereafter, the hole states are denotedh/oy..., since its|-dependent properties ought to be understood in

and the particle states hy,v,... . The operatorR(1): stands ~ terms ofd|#(1))/dl, let us consider the cranked HF state
for the two-body residual interaction terms consisting of|#(I+Al)) with an angular momenturh+ Al slightly dif-
normal-ordered four fermion operators in the rotating frameferent froml, satisfying

The total angular momentush, and thecollective angle

operator® (1) defined by S(p(1+ADA—w(1+ADJI,| (1 +A1))=0, (123

P (H(1+AD)| I p(1+A)=1+Al. (12b
IEM(I»:@(I)W(I)) © With the single-particle operators in theotating frame
_ _ . {cl(1),cm(1)} obtained within the cranked HF equations
satisfy the following equationg5]: (1a and (1b), |#(1+Al)) is represented by means of an
- « ) anti-Hermitian one-body operatadrF (1),
(O, I[p(1)) =i, (7 A
[ (1 +AD)=eFDlg(1), (13

. A do(l) .
5<¢(I)|[R(I),i®(l)]—d—(l)Jx|¢(l)>=0- ® X .
AF(1)=2 {Af, Ch(hen()—H.cl.

Sincedw(1)/dl is an inverse of thelhouless-Valatin mo-

ment of inertia at a given valug land is a second derivative A set of{AfLm ,Af';m} in Eqg. (13) represents a new cranked
of the expectation value of the Hamiltonian, the following HF state|¢(1+Al)) in the TDHF symplectic phase space
relation holds: [7-10Q] called the TDHF manifold11,12.
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To explore the structure change of the cranked HF staterder as the formgrone may obtain the first-order equation
by means of that in the occupied single-particle wave funcfor determlnmgAf' as
tions, one may use a diagonal component of the density ma-
trix

| o [€,(1)— em(DIAT,+ > {AF, A(vn;mu;l)
Pmm(AD=(p(I+AD[cr(en(D|o(1+AD), (14 v

+AFXBny;mu; D} =Awd y(1), (19
which tells us to what extent the occupied single-particle
statem defined atl undergoes a change when the systemwhere A(vn;mu;l) andB(nv;mu;l) are the two-body ma-

acquires additional small angular momentwh. With the  trix elements of §(|); defined by
aid of Af), . defined in Eq(13), py,(Al) is expressed as

A(vn;mu;l)
Prm( A1) =(cOS VAT T(1)AF(1))mm:  [AF(D)]um= Af'(15) = — (¢RI, ENDENDT,EHNELD (1)),
(20

Expandmgpmm(AI) up to the second order mem, ne
gets B(nv;mu;l)

=(p(|[[:R():,ch(DC,(D1.ehme, () a(1),

pr(Al)~1— E Afl* AT . (16) andAw is an additional rotational frequency
. 2
As is understood from E16), the amount of decrease from _ L THe() >
the unit value in the diagonal componesi(Al) depends Aw=o(l+Ah)-o()= al? PAI+OLADT].
on how much the occupied state at | is rearranged by (21

taking account of the unoccupied componemntat I, as the
system acquires an additional angular momentuim This ~ These equations are well-known relations in the RPA. Divid-
rearrangement in the single-particle states tells us how mudig both sides of Eq(19) by Al, and replacing\ w/Al with
the self-consistent mean field is altered by an increase of the/rv(1)}~ 1, one may obtain
total angular momentum.
Dividing thelocal quantitieSp:nm(AI) by the infinitesimal

additional angular momentudhl, one may thus introduce a
new quantityOn,(1) [eu(1)—€m(D)] AI E 7 Alvnimui)
|* ( )
L Bny;mu;l) | = Jum (22)
1 phefAl) Al Jlh)
On(hH)= lim ————, 17
a0 (AD)

Equation (22) shows that O,(l) are related with the
Thouless-Valatin moment of inertia and the two-body re-

which represents how much each occupied ambithanges sidual interaction.

at a given angular momentuin Using Eq.(16), one may
represen (1) as

The expectation value of the Routhiada(l+Al)[R(I
+Al)|(1+Al)) is expanded as

(O () m [AfT(|)Af(| )i 2 Af!u*mAfLm (G(1+AD|RI+AD| (1 +Al))
m (A1)? %= Al Al —(H(1+AD|R1)—Awd (1 +Al)
=((NIRM|p(1)) = A p(D|I (1))
H(HDIIRD,AFMD (1)) — A p(DI[I AF(1)]| (1))

(18

Let us consider the relation betweén,(I) and the mo- L1 R N N
ment of inertiaZr,(1). Using a perturbative expansion of the + AR AFMDLAFD] b))+ -
cranked HF equationd 23 and(13) with respect toAl and  pifferentiating both sides of Eq(26) by Af.* , and using the
Af! «m (the latter quantities are considered to be of the sameranked HF conditiongla) and(12a), one may obtaln Eq19).
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FIG. 1. Lagrange multipliers in the cranked HF and cranked HFB calculations versus the angular momeniira experimental data
from Ref.[1] and values from the cranked HFB calculations in R&f.are denoted by Exp. and Cau95, respectively.

EvaluatingO,,(1), one may estimate how much the struc- lll. NUMERICAL CALCULATIONS

ture of the occupied single-particle states changes depending A. Conventional mechanism of backbending phenomena

on I, ie., how much the system must adjust its self- 4 jnyestigate the microscopic dynamics responsible for
consistent mean field to accommodate the faster rotation. Bjye packbending phenomenon 4fCr, we have performed
the use of the microscopic quantiti€%,(1), one may extract numerical calculations for both the cranked HF and cranked
the nonadiabatic effects between the collective rOtatlonaHFB equations with Gogny D1 forc{g_?,_la’ using the ref-
motion and the single-particle motion. This proves usefulerence state methdd], which automatically gives the solu-
when investigating backbending phenomena that are not agion as a continuous function of the total angular momentum
companied by a single-particle level-crossing, as we discusls As the convergence condition for each cranked HF state,
in the next section. we impose

1
A \/ 2 ({m(D™IRGepoaf D M(D ™) = (M(1) VR poaf 1) Im()™)?) <10 V], (29

m=o0

where|m(1)(™) denotes a single-particle state appearing ain the HFB calculation, a similar convergence condition is

the nth iteration in the course of solving the cranked HF employed.

equation, andR{), (1) is a one-body Routhian matrix  Since the ground state dfCr has an axial symmetric

folded by a density matrix defined at th¢h iteration, shape[2], the z axis is chosen as the symmetry axis. Our
code includes the major shells up to the principle quantum

numberN=6, and imposes parity and signature symma@try.
For the maximum overlap criterion required by the reference
M1y= (n) (n)
paﬁ(l)_m;m(mm(l) Km(D®] ). (24 state method4], our code required that the overlap between

two neighboring cranked HB) states in the same band,
TABLE |. Total Binding Energies of the ground and2h

states ato=0. The experimental value is cited from REt9].

HFB HF Exp. “In our numerical calculations, the single-particle wave functions
are expressed in an expanded form using three-dimensional har-

Ground statgMeV] —409.386 —409.347 —411.462 monic oscillator bases with a fixed range parameter, which is de-
2p-2h state[MeV] —404.790 —404.792 fined so as to reproduce the largest binding energy of the ground

state.
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having the total angular momentaand | +Al, should be } i ‘ ‘ '

more than 0.9. That is to say, each small incremghtis '

numerically adjusted by the maximum overlap criterion, so

as to maintain the identity of the baddJnlike the conven-

tional methods, our numerical calculation using the reference

state method can evaluate quantities sucd@&ll, dy/dl,

andO(1), since the cranked HB) states connected by the

maximum overlap criterion may be regarded both as belong-

ing to the same band, and as an analytic function of the total =~ Tot. E.

angular momentunh. M)
Our numerical calculations have demonstrated that the

HF.Yrast =
HF.2p2h -+ -

Gogny-D1 force reproduces well the binding energy of the ‘ HF.1plh-p -
ground state both in the HF and HFB calculatigiable |). “l HF.Iplh-n - |

. . ; HFB. Yrast -a—
Although our calculated values for the rotational energies do HFE.2P2H
not agree well with their absolute values from experimental ]
data[1,2], our numerical results do reproduce well the results :
of the cranked HFB calculations in Ré2] where a much T 5 8 0 12 4%
wider shell space was applied than in our present calcula- Ty
tions (Fig. D).

As is seen in Fig. 1, the Lagrange multiplie(l) of the FIG. 2. Total binding energies for the yrast, neutrop-1h,

yrast band first increases in the regioh91<104, then  proton Ip-1h, and Zh-2h rotational bands. The triangle shape of
decreases in #0s1=<144. w(l) begins to increase again at the 2h-2h band is shown in the upper left.

| ~14#4, and then diverges dt=16k, where the full align-

ment of all particles in thép shell is completed, terminating bility of the cranked HF solution, and will be discussed ex-
the yrast band built upon the ground stgté]. tensively in a forthcoming paper.

After obtaining the ground stai¢= 0% state in the yrast According to Hamamotg¢3] and Marshalek and Good-
band, one may construct aptlh state composed of the man[17], the cranking calculation in medium-heavy nuclei
most low-lying unoccupied orbit and the most high-lying shows a large angular momentum fluctuation in the back-
occupied orbit within the parityr=— and signaturex= + bending region. This is known to be caused by an unphysical
subspace of the single-particle Routhian. Taking the thusmixing between two bands with different angular momenta,
constructed p)-]_h state as a trial function for the cranked and to be a fatal defect of the cranked HFB treatment where
HFB equation, one may obtain an excited (BF state upon the coupling between two bands with different angular mo-
convergence of the iterative calculation. In order to reach théenta is incorrectly evaluated at a given angular frequency
HF(B) state, which has the largest overlap with the initial @. This unphysical coupling causes a large variance of the
trial wave function and is thus characterized by a relativetotal angular momentum defined by
configuration with respect to the yrast band, one has to use
the reference state methpdl. In this way, the three different ()= \/<¢(| )32 p(1)) = {(H(1)| Iy p(1))2, (25
excited HRB) states shown in Fig. 2 are obtained by starting

with the neutron p-1h state, the proton g-1h state, and i, the backbending region. In our cranked HF and cranked
the 2p-2h state where both the proton and neutrqn-Ih B calculations for®Cr, however, there was no large fluc-
are exc_lted simultaneously. i ) tuation ofl, as is shown in Fig. 3. This fact indicates that the
Starting from the thus-obtained excited (B states, the backbending in*Cr is not caused by a strong mixing be-
excited rotational bands satisfying the maximum overlap Criyeen two bands having different total angular momenta. It
terion have been calculated up to their termination pointsmay also be observed in Fig. 2 that no band crossing is
The neutron and protonpt1h excited bands terminate ht apparent in the backbending region.
=147, and the D-2h excited band at=12%. As was discussed by Sorensgt8], who examined the
Itis worth mentioning that the @ 2h excited band shows  g,6ye-mentioned point raised by Hamamoto, the backbend-
a small triangle shape iE—1 plot near the backbending ing phenomena in medium-heavy nuclei are well described
region of the yrast ba_nd, as has been pointed out in respect g the self-consistent HFB formalism, provided the BCS
medium-heavy nuclei both by Hamamd®&) and Marshalek  reatment of the pairing correlation is accurate enough and
and Goodmar{17]. It should also be mentioned that our {he quasiparticles are defined in a fully self-consistent way.
numerical calculation does not necessarily give a continuoug, oy present calculation, however, the binding energies ob-
solution up to the band termination point, since either thained within the cranked HF calculation show a remarkable
convergence condition or the maximum overlap criterionagreement with those obtained within the cranked HFB cal-
may eventually prevent us from proceeding to & higher angyation for both the yrast and thep22h bands, as seen in
gular momentum region. These points are related to the stgjg. 2. This agreement is due to the fact that the pairing force
contributes to the binding energy very weakly in this
nucleus. Since the pairing gap disappears as a result of the
3In the backbending region, we impose a stricter condition to ob-Coriolis antipairing effects dt~4+# in the yrast band, and is
tain more precise information. mostly negligible in the p-2h band, the pairing correlation
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FIG. 3. Fluctuation of total angular momentunl).

does not play any important role in the backbending phe- B. New mechanism for backbending phenomenon iffCr
nomenon in*®Cr. This suggests that the mechanism of the

backbending phenomenon fiCr may differ from those in the backbending phenomenon 4Cr. Since our numerical

medium-heavy and rare earth nuclei. : i
We end this subsection by briefly discussing the conven?alcmaﬂons show that the effect of the pairing forcear

tional analysis of the geometrical properties of the yrasfs negligibly small, we hereafter concentrate on the results of

band. In Fig. 4a), the yrast band solution of the cranked the cranked HF calculation. A8Cr is az=N nucleus con-

HFB equation is presented in tie- y plane. The yrast band sisting of 24 protons and 24 neutrons, the proton field and
has an axial symmetric prolate shape up 68. An asym- the neutron field in the yrast band are expected to show very

metric deformation with negative starts to occur at=8, symmetric beh_avior. Figure 5 Clegrly shows that the proton
then monotonically increases uniti- 14. After that, the sys- and neutron single-particle Routhians along the yrast band
tem tends to reach the=m/3[rad] oblate shape with a exhibit very similar behavior, even thqugh thelrabs_olu_te val-
small 8 deformation atl =16, where the yrast band termi- U€S are different. _Also, as seen in Fig. 2, the ex_cnatlon en-
nates. This geometrical structure change is usually attribute@fgies of the excited rotational bands characterized by the
to a property change from the collective rotation to the non1€utron J-1h configuration nearly coincide with those of
collective rotation, which generates the total angular momenthe proton b-1h configuration. Because of this symmetry,
tum. However, it is difficult to investigate based on Fig))a We may hereafter confine our discussion to the single-
what happens in the intrinsic state, or why the backbendin@aft'c!e (_)rblts of the neutron field. Our numerical calcula-
is induced through the asymmetric deformation. tions indicate that the lower shells. with=1 and 2 can be

In order to more clearly understand the microscopicredarded as the core. Hence we will only pay attention to the
mechanism of backbending phenomena in medium-light nubehaviors of the single-particle orbits near thig,dshell in
clei, the derivativesl/dI anddy/dI are numerically evalu- the neutron field. It should be noted that these orbits are not
ated as shown in Fig.(8). It should be noted that these Pure If7, orbits since they are affected by other subshells in
quantities are crucial to an understanding of the backbendin@€ fp shell due to the deformation of the system.
phenomena, since the angular frequengy) is related to For the axial symmetric ground state, the single-particle
the first derivative of the total HamiltoniaH,q(1) with re- ~ Wave functions are specified by the quantum nureof
spect to the total angular momentungiven by Eq.(2). As  J,. In Fig. 5a), which shows the single-particle Routhians
may be clearly recognized from this figure, the properties oflong the yrast band, there are two orbits rlea®% and just
the yrast band start to changelat6, and the most dramatic below the Fermi surface, which are mainly described by the
change occurs dt=12. Since the structure change of the linear combination of two eigenfunctions wit = *+ 3/24.
intrinsic state exhibited by the shape parameeandyis a  Below these, there is another pair of orbits whose main com-
net effect coming from many occupied single-particle orbits,ponents are the eigenfunctions with=*+1/2h. At 1~04,
it is desirable to explore the interrelation between the collecthese two pairs of orbits interact strongly with each other due
tive rotation (macrolevel dynamigs and the individual to the cranking term, but hardly with the unoccupied orbits.
single-particle motiorimicrolevel dynamickin a more com-  Increasing the Lagrange multiplier, one finds that the pair
prehensive manner by employing the quantitizg(l) intro-  of orbits starting with() = +1/24 atl=0# aligns rapidly, as
duced in the previous section. shown in Fig. 6, and that these orbits are hardly affected by

We are now in a position to discuss a new mechanism for
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FIG. 4. Degree of structure change vy plane.(a) 8— vy plot of the yrast band(b) dg/dl (solid line with diamondsanddy/dlI
(broken line with crosses

the unoccupied orbits. In other words, the alignment of theure of the collective rotation at, and the value of"(I)
orbits starting withQ) = + 1/2% is mainly responsible for the represents the degree to which the rotational symmetry of the
increase of the total angular momentum in the lovegion.  System is violated. As Fig. 7 shows, the matrix elements
By comparison, the alignment of the orbits starting with  J,m(l) between the most high-lying occupied orbits starting
=+ 3/2# contributes much less to the total angular momenWith Q=*3/24 at |=0%4 and the most low-lying unoccu-
tum in this region. In particular, the most high-lying occu- pied orbits starting witi) = =5/2% have large values. One

pied orbit with7m=— anda= +, hereafter denoted by*, may thus infer that the fluctuatidn(l) is caused mainly by
even shows an antialigning character, and so contributethese matrix elements. Sinag satisfies the weak commuta-
negatively to the total angular momentum upl te8#. tion relation (7), which characterizes the local microscopic

The particle-hole components, (1) are known to pro-  structure of the collective rotation together with E8), one
vide important information regarding the microscopic struc-may state that the occupied orbits frdin= = 3/24 and the
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In)
FIG. 5. Neutron(a) and proton(b) single-particle Routhians, (1) along the yrast band near the Fermi surface. Ofisbld lines with

diamond$ and Om32(broken lines with crossg¢sstand for the occupied orbits starting wifd=*+1/2 and withQ}=+3/2 at|=0,
respectively. Unoccupied orbits are denoted by Unédashed lines (r,a) denotes the parity and signature.

unoccupied orbits fronf) =+ 5/2h are also mainly respon- angular momentunh. Therefore, the increase bffrom this
sible for generating the collective rotation uplte 8%, asis  point could be seen as being mainly due to the alignment of
clearly seen in Figs. 6 and 7. the orbits starting from()=*=3/24. As we have remarked
Beginning atl =~ 8%, one can see the onset of a different previously, the most high-lying occupied orbit* shows an
mechanism that generates the additional total angular mantialigning character beforé~87%, and begins to align
mentum. As Fig. 6 shows, the expectation valdgsg(l) of  thereafter, whereas the other occupied orbits always show an
the occupied orbits starting frofl = = 1/24 begin to satu- aligning character. This fact implies that the degrees of free-
rate at around =8%, so that the alignment of these orbits dom associated witm* play the major role in reproducing
can no longer remain a main resource for increasing the totdhe backbending phenomenon. When one compares Fig. 2
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FIG. 6. Diagonal matrix elements of the total angular momendyg(l) for neutron occupied orbits along the yrast band. Om12 and
Om32 are the same as in Fig. 5.

with Fig. 6, it becomes clear that the backbending phenomdoes change at aroume-8#% andl~12%4. It should be men-
enon in “8Cr is induced by a change in the microscopictioned that thel dependence od,m(1) in Fig. 7 also pro-
mechanism that creates the angular momentum, and is thwides important information regarding how the self-
mainly caused by one specific occupied orhit. consistent mean field is rearranged, as the total angular
The properties of the collective rotation should also bemomentum of the system increases. It should also be noted
affected by the alignment of the orbits frofd= =3/2%, that no single-particle level crossing occurs between the oc-
which play the major role in generating the collective rota-cupied orbitm* and the most low-lying unoccupied orbit
tion beforel ~8%. As Fig. 7 shows, the two largest values of within the space where=— anda=+, as seen in Fig. 5.
|JMm(I)|2 have different | dependences aftet~124, In order to more closely investigate the important role of
whereas the third largest reaches its maximum valué at the orbitm* in reproducing the backbending phenomenon,
~8#f, and then forms a trough &t=9%. These facts clearly let us study the quantitie®,(1) defined in Sec. Il. As Fig. 8
show that the microscopic structure of the collective rotatiorshows, the degree of structure change of the occupied orbits

3 T T T T T T T T

"NEAREST" —o—
"Others" -----

25

|J,um(1)|2 15
7]

0.5

0 4

I

FIG. 7. Particle-hole matrix elements of the total angular momertiyp(1)} within the negative parity neutron single-particle states.
Nearest(solid lines with diamondsdenotes the matrix element between two orbits having the same signature, which are located just above
and just below the Fermi surface for that signature. Matrix elements between other orbit$prstinell are denoted by othefisroken lines.
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FIG. 8. Degree of structure change in the occupied o@jt§l) along the yrast band. Om12 and Om32 are the same as in Fig. 5. Core
(broken line$ denotes the occupied orbits in the major shells Wth 1 or 2.

is almost constant up tb~67%. By contrast, the degree of the cranked HF state in th@y plane is mainly caused by
structure change fom*, given by O,«(l), begins to in- only one occupied orbiin*, and its importance is due to the
crease at~6f%, although that of its signature partner orbit large value ofO.«(1).

remains unchanged« (1) increases rapidly, showing a lo- Before we discuss the microscopic mechanism that cre-
cal maximum atl~12%, then decreases untik=144. In  ates the special occupied orlnit*, let us briefly consider
other words, the microscopic structure of the most high-lyingwhy all the components of,,(1) diverge in the high spin
occupied orbitm* changes most at~124. As we have regionl=14#, as is shown in Fig. 8, in which the occupied
pointed out in reference to Fig. 6, the contributionnaf to  orbits become completely aligned. Using the variational pa-
the total angular momentum changes from negateueti- rameterAf'Mm defined in Eq.(13) and the matrix element
aligning to positive(aligning as the alignment of the occu- J, (1), one may approximate the infinitesimal angular mo-
pied orbits originating from{)= £ 1/2% brings their expec- mentumAl as

tation values close to saturation. We have also discussed, in
reference to Fig. @), that the system starts to deform toward
the vy direction afterl~87%. From these numerical results,
one may extract the following microscopic dynamics: the

system has to change its shape self-consistently so as to Ciigjyiding both sides of Eq(26) by Al, one obtains
ate an occupied orbit, such as*, that is able to align to-

Al=Y (@, m(DATL +H.c). (26)
um

ward the direction of the total angular momentum after the I

. . . - m
simple ahgnm_ent mechanism due to the one-body Coriolis 1%2 ‘]Mm(I)A—T+H'C‘ ) (27)
term has terminated. mm

As we stated in the previous subsection, the angular fre-
quency w(l) is expressed by the derivative of the total Since allph components ol ,,,(1) vanish at the band ter-
Hamiltonian™, (1) with respect td given in Eq.(2). Since  minating point[16], the quantities‘lAfLm/AI}, i.e.,, On(),
the | dependence ofH,y(l) is coming from that of the diverge so as to satisfy EQ7).
cranked HF staté¢(1)), the property change ob(l) is Let us discuss now the microscopic mechanism of the
directly related to the first derivative of the cranked HF statebackbending phenomenon fiCr by exploiting numerical
with respect td. Comparing Figs. 4 and 8, one may easily results for the moment of inertia. According to E), one
find a similarl dependence betweef,«(1) and the first may explore the backbending phenomenon in detail through
derivatives of the shape parameteg/dl anddy/dl. The {Jn/(1)} "%, whose numerical values are shown in Fig. 9. By
latter quantities reach the local minimumlat12, reflecting comparing Figs. 8 and 9, one may recognize that the quantity
the large degree of structure change in the cranked HF stafe/ry(1)} 1, similar todg/dl anddy/dl, shows ar depen-
evaluated byd|¢(1))/dl. It should be pointed out that these dence that is similar to that aP« (1), which as we have
guantities express a net effect from various single-particleseen suggests the basic role of the occupied ariitin
states, wherea®,(1) represents an individual effect coming producing the backbending phenomenorfi@r. This coin-
from m. From Figs. 4 and 8, however, one may draw thecidence is not accidental, siné&.x (1) and{7n,(1)} ! are
important conclusion that the geometrical structure change aklated to each other through EQ2).
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FIG. 9. Inverse of the moment of inertia of the yrast band. Tsblid line with diamondsand Inglis(broken line with crosseglenote

{Trv(1)}~F and{Jing(1)} 1, respectively.

Figure 9 also depicts the numerical valuesfy(1). In

modates a special occupied orbit with a property such that

spite of their differences in absolute value, our numericait easily aligns toward the direction of the total angular

results for bothJr,(l) and Jing(1) show a very similan

dependence up tic=67%: in fact, they are almost constant up

to that point. Atl~8#, however{Jm/(1)} ! starts to de-
crease, reaching a minimum value bt124, whereas
Jing(1) remains almost unchanged up lte-124. Both di-
verge atl =16#%, where the band terminates.

momentum.

One may thus reach another important conclusion,
namely, that a self-consistent treatment of the two-body re-
sidual interaction alt is of special importance in reproducing
the backbending phenomena where no level crossing of the
single-particle orbits is observed. Thus, a theoretical analysis

Both Jry(1) and Jing(1) depend on the matrix elements that uses the Inglis formula or a nonfully self-consistent
of J,, as well as on the single-particle Routhians. Themean-field theory such as the cranked Nilsson-Strutinsky
form)ér however. further takes into account the two-Method is not sufficient for an understanding of backbending

body residual interaction, whereas the latter does not. FrorRh€nomena in general.
this, we can infer that the two-body residual interaction
plays a crucial role in reproducing the backbending phe-
nomenon in the yrast band 8fCr. The particle alignment

in this case is generated not by the one-body Coriolis We are grateful to Professor Marumori for valuable dis-
term alone, but also by the nonlinear effects from the recussions. One of the authdfB.T.) is also grateful to Profes-
sidual two-body interaction. This interaction contributessor Akaishi for his kind support, and to Professor Sawada
to the generation of a self-consistent mean field that accomand Dr. Sano for their hospitality.
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