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Abstract. We present shell model calculations for warm ro- 2 The model

tating nuclei, combining the cranked Nilsson mean field and a

residual surface-delta two-body interaction. The modelis usedVe consider deformed nuclei with stable prolate shape. The
to describe the transition from the region of well-defined rota-cranked shell model provides a convenient basis for a detailed
tional bands into the region dominated by rotational dampingdescription of nuclear rotations and of rotational damping.
and the results are in overall agreement with the experimentalve then formulate a shell model in which the single-particle

findings. basis is represented by the cranked Nilsson orbitals and the in-
_ trinsic configurations are represented by many-particle many-
PACS: 21.10.Re; 21.10.Tg; 23.20.En; 27.60.4j hole (up-nh) excitations [4]. An example is shown in Fig. 1,

where the proton single-particle levels are shown as a func-
tion of rotational frequency. The calculation is performed for
the case ot®®Yb, using the deformation parametees, ¢4)=

) (0.255,0.014). We adopt a diabatic basis, removing the in-
1 Introduction teractions at the sharp crossings occurring in the standard

] . ) . . ) cranked shell model, in a way similar to the method followed
There is evidence that in warm, rotating nuclei the rotauonalby Bengtsson [5] (for more details, cf. [6]). In this way the
degree of freedom is damped, in the sense that a given initgdroperties of the various configurations display a smooth de-
state can populate many final states. This is in contrast to thgendence on frequency. As an example, we select the (0,+)
region close to yrast, where the decay goes to one final statgonfiguration which is yrast at low frequencies. In Fig. 1 we
along a well defined rotational band [1, 2]. The mean fieldmari by circles the proton orbitals which are occupied in such
states, on which rotational bands are built, react in a different, configuration at the frequenciés,= 0.35 and 0.55 MeV.
way to the rotation, so that at a given spithey display adis-  The energy of a configuratiop > in the intrinsic frame is
tribution of transition energieg,, or frequencies) = E, /2, given by
whose width is denoted b¥,,. The phenomenon of rotational
damping takes place because, when the level density becomggp(w) = Z ef(w), 1)
sufficiently high, the mean field states are mixed by the resid- ien

ual interaction, and acquire a spreading wiflththe decay of . . . . .
each resulting compound state then can reflect the distributiofN€e the sum is restricted to the orbitals which are occupied

of frequencies of the admixed mean field states. If it can be the configuration. The frequencycorresponds to a value
assumed that the mixed states behave according to the genef|tN€ Projection of the angular momentum on the rotational
statistical theory of random matrices, it is possible to obtain®*iS given by

simple expressions for the strength function of the damped ro- _ .

tational motion and for its width, the rotational damping width Jopw) = Z Jai () 2)
I'.ot [3]. However, the most interesting region is the transition
region between the regime of discrete rotational bands and the In the diabatic basis, the energy of a given configuration
regime of compound states, and a detailed microscopic modalhanges smoothly as a function of frequency, and locally it
is required to study the subtle relation between the onset oifs possible to approximate the enetgy(/) in the laboratory
chaotic motion and the onset of rotational damping. More-frame by [4]

over, it has turned out that simulations of thedecay, based

on such a model, can be of considerable help in the diﬁicuItE
task of extracting and interpreting the rich amount of infor-
mation contained in the experimentakay spectra from the
region of the quasicontinuum. whereJ® = dJ, ,,/dw.
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Fig. 1. The cranked single-particle proton levels (routhians)3ivb are
shown as a function of rotational frequency. A circle put on the top of a
level atw = 0.35 and 0.55 MeV/ indicates that the level is occupied in the

particular configuration corresponding to the (0,+) band which is yrast at low

spin (cf. Fig. 2)
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Fig. 2.1n theupper panelwe show by small horizontal bars the unperturbed

The energies of the lowest (+,0) configurations are shown
in Fig. 2 (upper panel) as a function of spin. Each intrinsic
configuration produces a rotational band. We assume that a
state at spif is connected to a the state at spin2, based on
the same intrinsic configuratidp >, by a constant E2 tran-
sition probability proportional to the square of the quadrupole
momentq,,,

15
%Qgéuu/- (4)

We then introduce a two-body interactidryy.q,, mixing the
configurations of given parity and signature. Since the mean-
field potential is already included in the Nilsson deformed
potential, we subtract the mean field part associated with a
reference configuration, denoted by

BE2,ul — /I —-2)=

®)

For an even-even nucleus we choose as reference the config-
uration uyef in which the single-particle routhian orbitals are
filled up to the Fermi level at low rotational frequency (cf. Fig.
1).

We adopt the surface deltainteraction (SDI) [7] as effective
two-body force, given by

U(17 2) = _47TV05(T1 - Ro)é(rZ - Ro)
XY Y (021)Yau(622).

Ap
The strengthV/, is taken equal to the standard valug =
27.5/A [8]. The SDI has been used in the shell model de-
scriptions of nuclei in a wide mass range from light nuclei
to deformed rare-earth, providing a reasonable description of
the low-lying excitations. It contains the pairing force in the
particle-particle channel as well as the multipole-multipole
forces in the particle-hole channel.

The energy eigenstatis > are obtained by numerical di-
agonalization, and are superpositions of the unperturbed con-
figurations|y >, [a(l) >=3_ , X3 (D)|u(I) >.

The transition probability between mixed states is given
by

Vres = ‘/Zbody* < ,urefn/Zbody‘,uref >

(6)

B(E2,al — o'l —2)

2
(Z XX - 2))

A measure of the fragmentation of the decay from a given
inital state|« > is given by the branching number,

-1
nbranch(a) = (Z pi[(x’IZ) .
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If the decay populates in an uniform way final states, then
Nbranch = 1Nf-
We remark that the matrix elements of the residual in-

energy levels with (+,0) parity and signature at each even spin. Levels based agraction are calculated from the cranked orbitals at a given

the same intrinsic np-nh configuration are connectestiid lines producing

a set of unperturbed rotational bands. The intrinsic configuration of the yrasi

band at low spin, marked by the arrow, was shown in Fig. 1. Inidiaer

panel we show the levels obtained diagonalizing the residual interaction.

A level at spinI is connected to a level dt — 2 by asolid (dashedl line
only if the probabilityp,;./7_» of the transition, (cf. (7)), is larger than
0.707 (0.5)

frequency, chosen so that the valuegfaveraged over the
ntrinsic configurations is equal tb, while the energies of
the configurations are obtained by (3). In the diagonalization
process we consider the single-particle routhian orbitals lo-
cated within an intervat- 3 MeV around the Fermi surface.
This space corresponds to 20-30 orbitals for protons and for
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neutrons, which generate about 2000-3@@erh configura-

tions for eachi™, most of which have 1p1h to 4p4h character. L SIMULINT

—©— SIMULNOINT |

160+ Ridge %*Q EXPERIMENT

|
The dimension of the basis is still too large to carry out sys- ‘ —— NrDANDSINT |
tematic numerical diagonalizations. To avoid this difficulty, 1201 <L T **;’)’
the basis configurations are sorted according to the energ*}é | 4} | '
E,(I)+V(I),, containing the diagonal residual interaction, %7‘?“ 80 | % o #
and only the lowest T0basis states of a given spin and par- “ ¢ ‘

ity are included in the shell model diagonalization, covering a 401 ¢ )
region of about 2.3 MeV above yrast. mm ,

0
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As a first result of the model, we show in Fig. 2 (lower panel) Losk _& “@
the levels resulting from the diagonalization, as a function of < 4 ‘@QP
spin. Two level§a > and|a’ > at spin/ and/—2 are con- & 104} u‘m 0
nected by a solid line if the associated probabilityr. 2 Z 103: g Boo o 0 OO
is larger than ;[\/Z This assures thaty,.q,.» () < 2. For ;
low values ofU, the excitation above yrast, we see that there 102k
remain sequences of solid lines, building rotational bands as in | Valley
the unperturbed case. The transition from the region of well- 10800 800 1000 1200 1400
defined rotational bands to the strongly damped rotational mo- E, (keV)

tion starts at about 0.8 MeV above yrast and then takes plac,g 4Inth lthe effecti bers of paths® . extracted
rather gradually and irregularly, producing strength functions, 19 #. ' INEUPPEr paneiine eliective UMOETs of pats, ,, extracte

. . . ST . rom simulated ¢quare$ and experimentalffiled diamond} spectra for the
which Ca'_" dlf_fer greatly for neighboring initial St_ates' This can nucleus'®8Yb are shown, as a function of the transition energy along the
be seen in Fig. 3, where we show the branching number (Cfirst ridge. Also shown byirclesis the result obtained with non interacting
(8)) as a function ot/ for the states calculated at two spins bands. In the lower panel, the same is done along the valleysdlltlinein
and parity_ While the increase of the average valuey,of,.cn theupper paneshows the number of strong consecutive transitions at a given
is directly related to the increase in level density, one observegin extracted from Fig. dqwer pane)
the presence of states with branching numbers not much larger
than 2 even al/ ~ 1.5 MeV.

Similarly, one see from Fig. 2 (bottom) that with increasing damped rotational transitions. It has been shown [2, 10] that
values ofU there are less and less levels connected by linesthe experimental spectra contain rich quantitative information
however some can still be foundi@t~ 1.5 MeV. These short notonly in their intensities, but even more in their fluctuations.
sequences of strong transitions in a region where rotationah detailed test of the microscopic model can be performed
motion is mostly damped can be appropriately called "scars’'comparing intensities and fluctuations observed in experiment
of rotational bands [9]. with those produced by the calculated bands. Such properties,

The most specific experimental information concerninghowever, depend on the level density in the regions sampled
rotational correlations in warm nuclei is provided py- v by they—cascade in the deexcitation process, and one must
(and higher fold) coincidences. These spectra display a typicatombine the microscopically calculated levels and transition
valley-ridge structure, where the ridge is formed by sequencestrenghts with a good description of the-flow following
of y—rays which follow the energy correlations proper of dis- the fusion-evaporation reaction used to produce the high-spin
crete rotational bands, while the valley is filled mostly by nucleus. This has been achieved performing Montecarlo cal-
culations which take into account the competition of rotational
E2-decay with statistical E1-decay [11]. The region above 2.3
MeV from yrast is described in average, using level densities
and rotational damping widths extrapolated from the region
below, in which instead microscopically calculated levels and

103 IIII|III|;II1I||III
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L2 e transitions have been introduced in the simulations, producing
E & a finite number of deexcitation paths, which can be followed
= [ P o 07 0O by the simulated cascade. The fact that these paths are repeat-
edly followed in the decay process, produces fluctuations in

the number of counts in the simulated spectrum.

We have assumed that the strength function of E1-decay
is given by the tail of the Giant Dipole Resonance, multiplied

0 . — .
- N by a hindrance factof 1. We have adopetd the valuég;
0 05 1 15 > = 0.09, producing ridge and yrast intensities in overall agree-
U (MeV) ment with the data. This is an important constraint, because it

Fig. 3. The branching number of the mixed states> at spin and parity ~ d€termines to a large extent the regions in spin and excitation
I = 30" and 50 (multiplied by 10 in the latter case) is shown as a function €nergy sampled by the cascade. The effective number of paths

of U, the excitation energy above yrast N}f}i’th is obtained from the ratio between the first and second
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0.75

0.50 Fig. 5. The Brody parameter extracted from the NNLS dis-
tribution for energy bins containing the first to 5-th, 6-th to
10-th, 11-th to 20-th, 21-st to 30th, and 31-st to 40-th lev-
els for eachI™. The result is plotted as a function of av-
erage intrinsic excitation energy covered by the bins. The
solid, dotted and dot-dashed linesorrespond to different
spin intervalslp = 32 — 50,20 — 30,52 — 60 respectively.

B B In order to obtain sufficient statistics, these results have been
. Poisson B obtained from calculations performed over 40 nuclei around
0.00 e ] 168yh. We also plot the Brody parameter extracted for the
higher bins, containing the 51-st to 100-th, 101-st to 200-
1 ] T | T R l T l R th, and 201-st to 300-th levels, calculated onlyfi¥Yb

0.25

Brody parameter ®

moments of the count fluctuations, according to the equation In the calculations described here, the progressive evolu-
p2/ 1 = Neye /Npatn + 1, whereN,,. is the number of counts  tion from the region of rotational bands into the region of ro-
[2, 10]. The number of paths obtained from the simulated andational damping is accompanied by a transition from Poisson
experimental spectra along the first ridge and along the valle\NNLS statistics, typical of ordered motion, to Wigner NNLS
are compared in Fig. 4, where it is seen that good agreemerstatistics, which is a signhature of chaotic systems. This, how-
is found. If the residual interaction is switched off, the transi- ever, may not be necessarily the case. While the existence of a
tions take place along unperturbed rotational bands (cf. Fig. Zresidual interaction capable to mix the simple configurations
upper panel), producing fluctuations in strong disagreemenis needed to induce rotational damping, it is not sufficient, be-
with the data, as seen in Fig. 4. cause the mixed bands must also display a sufficient frequency
. spreadl,,. Strong mixing of configurations which react in un
The results are sensitive not only to the strength but aISQJniform way to rotation only gives back well-defined rota-
to other features of the residual interaction [12]. The damp+;onai bands. Furthermore evenlif, is appreciable, when
in_g of rotqtional_motion takes place essentially. throygh theFu is larger thanl,,, one er;ters the regime of motiénal nar-
high multlpola_mtles Q\_Z 4), and they are contqmed in t_h_e rowing and expects that,., = 2(I,,)2/I}, [3]. The regime of
surface-delta interaction adopted here. A force like the pa'”ng’compound” or "ergodic” rotational bands, in which levels are
plus quadrupole interaction wi'th similar values for the averagestrongly mixed, but in which ., is smalle} than the average
mean square root of the_matrlx elements produces muph lesgyel spacing, has been considered recently [15]. It has been
rotational damping, leading to a strong disagreement with the g ested that it could appear for nuclei different from those
experimental findings. considered here, based on simple estimates of the dependence

Until now we have only considered rotational correlations, of 17o: and I, on the mass of the nucleus and its deforma-
butthe model can also be used to Study the properties of energy)n. HOWeVer, no deta"ed mICI‘OSCOpIC Calculatlons ha.Ve been
levels at a given spin. We have found that in the casé®f  Performed so far.
and in the region wittk — E,,.,.; > 2 MeV one obtains good Another issue that has not yet been investigated is the
agreement with the nearest neighbour level spacing distribueffect of the residual interaction on the low-lying bands, which
tion (NNLS) and with theA; statistics predicted by random have been traditionally studied in the cranking model without
matrices theory (GOE) [2, 12]. In the region 0.8-2 MeV where introducing a residual interaction. In particular, it is an open
rotational dampmg sets in and then progressi\/e|y dominateguestion whether a model like the one reported here is able to
the NNLS is intermediate between Poisson and Wigner, graddescribe quantitatively the band-band interactions which are
ually approaching Wigner. An example is given in Fig. 4, being found in recent discrete spectroscopy experiments, for
where we have fitted the NNLS distributions obtained usingéxample in'”/Re and'®*Er in which more than 30 and 20
spacing calculated from 40 nuclei in the region arotfif4b, ~ bands have been resolved [16].
and fitting the resulting distribution with the so called Brody
distribution [13], characterized by a parametewhich is var-
ied to determine the best agreement with the calculated curvdReferences
The Brody distribution reduces to the Wigner (Poisson) limit
whenw is equal to 1 (0). A detailed comparison with available 1. B. Herskind et al.: Nucl. Phy5§57(1993) 191c
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