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Microscopic Simulations ofy Cascades in Warm Rotating Nuclei
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The y decay of the excited rotatingf®yb nucleus has been simulated considering the competition
betweenE1 and E2 transitions, using microscopically calculated rotational bands. The simulations
were made for two different cases: (i) pure rotating mean field bands and (ii) rotational bands mixed
by a residual interaction. Simulateg-y spectra were analyzed in the typical rotational ridge-valley
region. The fluctuation analysis method, sensitive to the effective numbgrdeicay paths, was also
applied. An overall agreement between experimental and simulated data is found for the case of mixed
rotational bands. [S0031-9007(96)00364-X]
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The interplay between rotational motion and intrinsicrotational energy correlations, while the valley is formed
excitations reveals fundamental properties of atomic nuby y rays from the region of damped rotational motion at
clei. The rotation is a collective motion of the deformed higher excitation energy.
shape, whereas intrinsic energy is mainly generated by the Information on the rotational damping width has been
excitation of individual nucleons. Descriptions of cold ro- obtained by analyzing the shape of the central valley [6,7].
tating nuclei have been mostly based on a rotating mealm addition, a fluctuation analysis of the counts in the
field, and are able to reproduce the overall systematics of,, X E,, spectrum has determined the number of paths
low-lying rotational bands. With increasing internal en-available to the nucleus in the decay [8,9]. The fluctu-
ergy, the bands come closer in energy, and will be mixedtion analysis of the ridges gives an effective number of
by a residual interaction, even of modest strength. Becauggaths of~30-40 while the valley yields=10*-10°. The
the bands display a distribution of rotational frequencies alatter, being larger than the value deduced from simple ar-
a given spin, this mixing leads to a fragmentation of the roguments based on level densities, supports the existence
tational decay from each state. For sufficiently high levelof the fragmentation of the rotational transition strength at
density it becomes possible to define a rotational strengtbach decay step.
function and a rotational damping width [1]. Recently,the- The present Letter describes the ingredients and the
oretical studies of hot rotating nuclei have addressed theesults of a simulation ofy cascades emitted by fast
transition between the region of regular rotational bandsotating nuclei, with emphasis on the important role of
and the region of rotational damping [2,3]. The studiesghe nuclear residual interaction. The simulations are
have focused on the distributions of level distances andhade for the first time using microscopically calculated
transition strengths of the mixed levels, and it has not beenuclear states. Since the simulations are based on a finite
possible to go beyond a schematic connection between thaumber of y-decay paths, they also allow us to perform
ory and experiment. a fluctuation analysis on simulated spectra. The aim is to

Experimentally, heavy ion fusion reactions are used tsharpen the comparison between experiment and theory
produce fast rotating, excited residual nuclei which decayy comparing experimental two-dimension&l, X E,,
towards the yrast line by emitting a cascadeyofays, spectra to two types of simulated spectra. One is based
passing through regions of different level densities [4,5].0n regular bands of a rotating mean field, while the second
In the cold region it is possible to resolve transitions  simulation is based on bands mixed by two-body residual
and to build up the level scheme. This becomes difficulinteractions, giving rise to a progressive fragmentation
going up in energy from the yrast line. To learn aboutof the rotational transitions with increasing excitation
the major part of they-decaying cascades from high energy.
spin states, one has rather to investigate the unresolved Single-particle levels of the cranked Nilsson Hamilton-
transitions forming the so-called quasicontinuum spectrégan with parameterg, = 0.255 ande4 = 0.014 are first
and, in particular, the valley and ridge structures observedbtained. The energy levels are then followed as a func-
in coincidenceE,, X E,, spectra. The ridges are formed tion of rotational frequency, eliminating sharp mean field
by transitions from states at low excitation energy obeyindevel crossings, by selecting a diabatic basis. At each

4484 0031-900796/ 76(24)/4484(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 24 PHYSICAL REVIEW LETTERS 10uNE 1996

frequency, the lowest 1000 excitaeparticle-n-hole (p- (A7 = 0, =1% and change of parity). ThE1-transition
nh) configurationgu) are generated on the basis of theseprobability from a state of initial excitation energy; is
single-particle states for each of the four parity-signaturegiven by

combinations. The energy is transformed to the labora- vl

tory frame. A Strutinsky correction is included to obtain 7(g1,y,) = HElf (U; — U)?

an average moment of inertia similar to the experimental 0

value. In this way, at each spin we have obtained a L

set of unperturbed rotational bandg,(/)). Mixed band X fopr(Ui = U) p(U;) v
eigenstatese (1)) = Y., cqn(l) | (1)) are then obtained 2)

by diagonalizing a surfacéresidual interaction in thiu)

basis. We have adopted the standard interaction strengtferefgpr is given by the tail of the giant dipole resonance
Vo = 27.5 MeV/A [2]. In accordance with the cranking (GDR), of Lorentzian shape with centroid) = 15 MeV
ansatz, the rotationa2 transition operator is taken to and widthI's; = 5 MeV. We have found that one has
be diagonal in théu) basis(a(I) [M(E2)|a’(I — 2)) = to reduce substantially the value ffpr, as compared to
Qo 2 cau(l)ca (I — 2), where a constant value for the the value deduced assuming that the GDR exhaust&lhe
quadrupole momenf, = 7.7 eb is assumed for all the sum rule, in order to reproduce the average experimental
bands. The transition probability f@2 decay from a state intensity of low-lying bands. This is in agreement with

pWU)

|a) to a statda’) is given by previous studies [10]. The associated hindrance factor is
D7 2 denotedHg; in Eq. (2). In the region of discrete levels,
To(E2) = 225 (hep E3Y Ka(DIM(E2)|a'(I — 2)P%,  the integral in expression (2) is replaced by a summation.
¢ a’ 1 Making use of Monte Carlo techniques, thelecay can
be followed along a path in thé/, I) plane. Each cascade
whereE, = E,(I) — Eq(I — 2). starts from initial values of energy and spin, randomly

The actual calculations have been performed for thehosen from a two-dimensional entry distribution of
nucleus 1%8b. It was found that the first 400 mixed Gaussian form, with centroids and FWHM taken to be
levels of each spin, parity, and signature are almost freéy = 554, I'y = 104, U,y = 5.5 MeV, I'y = 2 MeV.
of truncation problems with respect to the level density.The simulated spectra in the ridge-valley region figr =
These states cover a region extending up to an excitatiohl 00 keV were found to be insensitive to the parameters
energy above yras/ = 2.5 MeV. Although this basis of the entry distribution. In fact, the properties of the
is not large enough to take full account of pairingy decay, flow, and, in particular, the average intrinsic
correlations at low spins, the pairing effects are quencheg@Xxcitation energyU (1)) approach rather rapidly a general
at high spins and the present simulations are made t@symptotic behavior, determined by the level density and
cover only20% < I < 60% (corresponding to rotational by the deformation and the moment of inertia [11]. The
frequency300 < iw < 900 keV). We may emphasize average gamma multiplicity of the simulated cascades
that the aim of this work is the understanding of theis 18 and the statistical transitions represent about 10%
quasicontinuum, and therefore a very accurate descriptiodf the total, in good agreement with experiments. The
of the measured low-lying levels is not required. spectra have been obtained by updating all possible pairs

At higher excitation energies than covered by the seof gamma transitions of fcascades.
lected basiSU > 2.5 MeV) it is assumed that the ro- The most direct comparison between simulated and
tational decay proceeds through a continuum of stategXxperimental spectra is made by examininghe X E,,
governed by a rotational damping strength of GaussmﬁpeCtrum itself. Figure 1 shows a perpendicular cut at
shape, and a widtl',,; extrapolated from the region of 3 (E% + E,,) = 920 keV projected onto an axig,, —
the discrete, microscopically calculated levels. TypicalE,,. Such a cut shows the ridges flanking the valley in
values are af = 254, I';c = 110 (150) keV for U = the E,, X E,, spectrum. The strongest transitions were
1 (2.2) MeV, and atl = 604, ',y = 230 (290) keV for  subtracted from the right-hand side of the spectra. The
U =1 (2.2) MeV. For the calculation with noninteract- transitions populating the first order ridges must follow
ing bands, it is appropriate to adopt a much smaller dampthe rotational relatiort,, — E,, = *4/F, where F is
ing width, and a valud’,,;, = 10 keV is used. Also, the the band moment of inertia. The simulation based on
level density is extrapolated from the discrete region. Thisnixed rotational bands is fairly successful in reproducing
procedure may be adopted because the calculated levttle experimental shape of the ridge, and especially its
density follows rather closely the Fermi gas model expreswidth, related to the dispersion in the moment of inertia.
sion already fol > 1 MeV. Atypical value for the level The intensity of the lowest states of the fdut, 77) com-
density parameter is = 14.1 MeV~! at spinI = 504. binations and that of the ridges are displayed in Figs. 2(a)

At each decay step in tHé/, I) plane, the rotationdt2  and 2(b), respectively. These quantities are affected by the
decay (involving a change in spin &ff = 2z and con- competition between statistical and rotational transitions,
serving parity) competes with statistical dipole transitionswhich in turn also determine the asymptotic behavior of
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FIG. 1. Comparison between experimental data®¥b (top %0 25 30 835 40 45
row) and the simulated spectra for the same nucleus based on I

cranking plus band-mixing calculation (middle row) and with

noninteracting bands (bottom row). The associgigdspectra  FIG. 2. Comparison of the measured and calculated intensities

are also shown. In both the experimental and simulated spectief discretey transitions of'*®Yb as a function of spin relative

the separation of the first ridges 48120 keV = 8/F.;. The  to the strongest yrast transition (top part). In the bottom part,

most intense discrete transitions were subtracted from the righthe fraction of the total intensity at a given spin populating the

hand part of the spectra before applying the fluctuation analysidirst and second ridges is shown for the measured and simulated
spectra.

(U)). Inthe present simulation this competition is con- . . . .
trolled by the hindrance factdifz,, adjusted to have an petvyeen simulations and data on this quantity, as shown
overall agreement between the measured and simulated i Fig. 2(b). . I
tensities. For the mixed band calculatiéfs; = 0.06. In In or(_jer to estimate the number of b_ands_ contributing
the case of noninteracting bands a slightly different valué; the ridges, we analyze count fluctuations in tBg, x
Hg; = 0.09 was used in order to have the same asymp- v.) spectra [8,9]. In the course Of the dec;ay, the
totic behavior ofU (1)) for the two simulations and, con- nucleus clan d;elect among a finite pfal;]y)ft:ansmons
sequently, the same intensities for the low-lying bands. IS%EWEZI%'%:" '.r;g to a ?'V%n stectﬁ)r ? tt_e plage,, X d
is remarkable how well the ridge-valley structure reflect v.): This finiteness feads o fluctuations superpose
the different nature of the used rotational levels and transi>" ordinary statistical fluctuations in t_he ”“mb‘?r of
tion strengths. In fact, as shown in Fig. 1, the simulation®®UNts-. .If all the dec_ay paths consisting of pairs of
based on pure mean field bands displays ridges which aré transmon(sz)were equiprobable, their number would be
very different from the data and much stronger than thos8Ven bY Npin = Neve(i2/p1 — ™!, where u; and
obtained with interacting bands. uo are the first and second moment of the number of
Both simulated (with mixed bands) and experimentalCounts andN... is the number of events in the selected
intensities decrease exponentially with increasing angula¥€ctor (chosen to be a squaredgffer X 4/ Fere keV?)
momentum, as expected from the overall behavior of th@long the valley or along the ridges. The values of
decay flow [11]. These quantities depend strongly on theét1 and u, were obtained from the experimental and
level density, and the fact that the simulated intensitie§imulated spectra using the prograsmaTeiT [9]. In
decay more weakly than the data may be caused by tH¥actice, the decay _ paths have dlfferent' prot_)abllmes
low level density produced by the cranking caIcuIation.W&aths and the effective number of paths is defined by
In the rather wide region of excitation energy where theN,,, = (Xpath Wgath)*l, emphasizing the discrete bands
onset of damping takes place, rotational sequences onlyhich have escaped rotational damping; they lie mostly at
survive a few steps. The average length of rotationall < 1.5 MeV and are populated rather uniformly, with
bands is revealed by the ratio between the intensity ofhe exception of the yrast transitions, removed before
the first and second ridges. There is also good agreemepérforming the ridge analysis. In Fig. 3(a) we report the
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number of two consecutive transitions witly,.,., = 2.  with the experimental findings. For nonmixed rotational

This quantity gives a measure of the fr2agrr1entation Obands,NI(,?th is much larger and disagrees strongly with
the E2 strength defined agyancn (i) = (; Si;)~', where  the experiment. In addition, preliminary investigations of

Sij is the normalized strength from levelat spinl to thEN;(y?th dependence on the interaction strengghshow

level j at spin/ — 2. One can see that this number . @ .
. ) that, if vy goes from 27.5 to 15 MeXA, N, increases
is very close to the value oWN,,;, extracted from the by ~50%

simulated (ldge._ This re_sult dem_onstrate_s the validity The valley region collects mostly damped transitions,

of the heuristic interpretation, previously given, that the 2 .

application of the fluctuation analysis to the first ridge@nd the value oy, is much larger and depends on the

yields the number of regular rotational bands. damping properties as well as on the average properties

The number of paths deduced from the simulated ridgeSf the flow, which determines which regions are mostly

using mixed band calculations also agrees quite welPOPulated. Again, we find good agreement with the
experiment only for mixed bands, confirming the presence
of the rotational damping.

In conclusion, the present work shows that the residual

160} Ridge —@— EXPERIMENT interaction mixing rotational bands are indeed needed to
T T OIT obtain a satisfactory and consistent description of the
120l Nr BANDS INT quasicontinuum int®8yb, both with respect to the ridge
< % a) and valley structures. This was observed from both the
38 + % intensity and fluctuation spectra associated with the most
2 80t (# c# %) sensitive perpendicular cuts across e X E,, spectra.
So far, agreement is found within the sensitivity that can
40 t i;l}_ @ a § be obtained by studying two-dimensional spectra. The
o m new generation ofy-detector arrays, Gammasphere and
0 S S Euroball I, allowing for higher fold coincidences will
107 soon make it possible to test these concepts in greater
—@— EXPERIMENT b) detail. All together, the new simulation model gives a
106 || & SIMULINT . . .
—6— SIMUL NOINT more solid base for the study of the quasicontinuum of
1050 %} rotational nuclei, a good testing ground for non mean field
= &iﬁ? effects.
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