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Microscopic Simulations ofg Cascades in Warm Rotating Nuclei

A. Bracco, P. Bosetti, S. Frattini, and E. Vigezzi
Dipartimento di Fisica, Universitá di Milano, and INFN sez. Milano, via Celoria 16, 20133 Milano, I

S. Leoni, T. Døssing, and B. Herskind
The Niels Bohr Institute, Blegdamsvej 17, Copenhagen DK-2100 Ø, Denmark

M. Matsuo
Yukawa Institute for Theoretical Physics, Kyoto, 606-01 Japan

(Received 26 December 1995)

The g decay of the excited rotating168Yb nucleus has been simulated considering the competit
betweenE1 and E2 transitions, using microscopically calculated rotational bands. The simulat
were made for two different cases: (i) pure rotating mean field bands and (ii) rotational bands m
by a residual interaction. Simulatedg-g spectra were analyzed in the typical rotational ridge-vall
region. The fluctuation analysis method, sensitive to the effective number ofg-decay paths, was also
applied. An overall agreement between experimental and simulated data is found for the case of
rotational bands. [S0031-9007(96)00364-X]

PACS numbers: 23.20.Lv, 21.10.Re, 24.60.Uz, 27.70.–q
ic
nu
ed
th

o-
ea
s o
n-
ed
us

s a
ro
ve
gt
e-
th
d

ies
an
ee
th

to
a

5]

ul
ut
h
lve
tr

ve
d
ing

ed
at

en
,7].
he
ths

of

ar-
nce
at

the
t
of
re

ed
nite
m

to
ory

sed
nd

ual
ion
n

n-

nc-
ld
ch
The interplay between rotational motion and intrins
excitations reveals fundamental properties of atomic
clei. The rotation is a collective motion of the deform
shape, whereas intrinsic energy is mainly generated by
excitation of individual nucleons. Descriptions of cold r
tating nuclei have been mostly based on a rotating m
field, and are able to reproduce the overall systematic
low-lying rotational bands. With increasing internal e
ergy, the bands come closer in energy, and will be mix
by a residual interaction, even of modest strength. Beca
the bands display a distribution of rotational frequencie
a given spin, this mixing leads to a fragmentation of the
tational decay from each state. For sufficiently high le
density it becomes possible to define a rotational stren
function and a rotational damping width [1]. Recently, th
oretical studies of hot rotating nuclei have addressed
transition between the region of regular rotational ban
and the region of rotational damping [2,3]. The stud
have focused on the distributions of level distances
transition strengths of the mixed levels, and it has not b
possible to go beyond a schematic connection between
ory and experiment.

Experimentally, heavy ion fusion reactions are used
produce fast rotating, excited residual nuclei which dec
towards the yrast line by emitting a cascade ofg rays,
passing through regions of different level densities [4,
In the cold region it is possible to resolveg transitions
and to build up the level scheme. This becomes diffic
going up in energy from the yrast line. To learn abo
the major part of theg-decaying cascades from hig
spin states, one has rather to investigate the unreso
transitions forming the so-called quasicontinuum spec
and, in particular, the valley and ridge structures obser
in coincidenceEg1 3 Eg2 spectra. The ridges are forme
by transitions from states at low excitation energy obey
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rotational energy correlations, while the valley is form
by g rays from the region of damped rotational motion
higher excitation energy.

Information on the rotational damping width has be
obtained by analyzing the shape of the central valley [6
In addition, a fluctuation analysis of the counts in t
Eg1 3 Eg2 spectrum has determined the number of pa
available to the nucleus in theg decay [8,9]. The fluctu-
ation analysis of the ridges gives an effective number
paths ofø30 40 while the valley yieldsø104 105. The
latter, being larger than the value deduced from simple
guments based on level densities, supports the existe
of the fragmentation of the rotational transition strength
each decay step.

The present Letter describes the ingredients and
results of a simulation ofg cascades emitted by fas
rotating nuclei, with emphasis on the important role
the nuclear residual interaction. The simulations a
made for the first time using microscopically calculat
nuclear states. Since the simulations are based on a fi
number ofg-decay paths, they also allow us to perfor
a fluctuation analysis on simulated spectra. The aim is
sharpen the comparison between experiment and the
by comparing experimental two-dimensionalEg1 3 Eg2

spectra to two types of simulated spectra. One is ba
on regular bands of a rotating mean field, while the seco
simulation is based on bands mixed by two-body resid
interactions, giving rise to a progressive fragmentat
of the rotational transitions with increasing excitatio
energy.

Single-particle levels of the cranked Nilsson Hamilto
ian with parameterse2 ­ 0.255 ande4 ­ 0.014 are first
obtained. The energy levels are then followed as a fu
tion of rotational frequency, eliminating sharp mean fie
level crossings, by selecting a diabatic basis. At ea
© 1996 The American Physical Society
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(a)
the

ns,
of
frequency, the lowest 1000 excitedn-particle–n-hole (np-
nh) configurationsjml are generated on the basis of the
single-particle states for each of the four parity-signat
combinations. The energy is transformed to the labo
tory frame. A Strutinsky correction is included to obta
an average moment of inertia similar to the experimen
value. In this way, at each spinI, we have obtained a
set of unperturbed rotational bands,jmsIdl. Mixed band
eigenstatesjasIdl ­

P
m camsId jmsIdl are then obtained

by diagonalizing a surface-d residual interaction in thejml
basis. We have adopted the standard interaction stre
V0 ­ 27.5 MeVyA [2]. In accordance with the crankin
ansatz, the rotationalE2 transition operator is taken t
be diagonal in thejml basis,kasId jMsE2dja0sI 2 2dl ­
Q0

P
m camsIdca0msI 2 2d, where a constant value for th

quadrupole momentQ0 ­ 7.7 e b is assumed for all the
bands. The transition probability forE2 decay from a state
jal to a stateja0l is given by

TasE2d ­
12p

225
e2

shcd5
E5

g

X
a0

jkasIdjMsE2dja0sI 2 2dlj2,

(1)

whereEg ­ EasId 2 Ea0sI 2 2d.
The actual calculations have been performed for

nucleus 168Yb. It was found that the first 400 mixe
levels of each spin, parity, and signature are almost
of truncation problems with respect to the level dens
These states cover a region extending up to an excita
energy above yrastU ­ 2.5 MeV. Although this basis
is not large enough to take full account of pairin
correlations at low spins, the pairing effects are quenc
at high spins and the present simulations are made
cover only 20h̄ , I , 60h̄ (corresponding to rotationa
frequency300 , h̄v , 900 keV). We may emphasize
that the aim of this work is the understanding of t
quasicontinuum, and therefore a very accurate descrip
of the measured low-lying levels is not required.

At higher excitation energies than covered by the
lected basissU . 2.5 MeVd it is assumed that the ro
tational decay proceeds through a continuum of sta
governed by a rotational damping strength of Gauss
shape, and a widthGrot extrapolated from the region o
the discrete, microscopically calculated levels. Typi
values are atI ­ 25h̄, Grot ­ 110 s150d keV for U ­
1 s2.2d MeV, and atI ­ 60h̄, Grot ­ 230 s290d keV for
U ­ 1 s2.2d MeV. For the calculation with noninterac
ing bands, it is appropriate to adopt a much smaller dam
ing width, and a valueGrot ­ 10 keV is used. Also, the
level density is extrapolated from the discrete region. T
procedure may be adopted because the calculated
density follows rather closely the Fermi gas model expr
sion already forU . 1 MeV. A typical value for the level
density parameter isa ­ 14.1 MeV21 at spinI ­ 50h̄.

At each decay step in thesU, Id plane, the rotationalE2
decay (involving a change in spin ofDI ­ 2h̄ and con-
serving parity) competes with statistical dipole transitio
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(DI ­ 0, 61h̄ and change of parity). TheE1-transition
probability from a state of initial excitation energyUi is
given by

TsE1, Uid ­ HE1

Z Ui

0
sUi 2 Ud3

3 fGDRsUi 2 Ud
rsUd
rsUid

dU .

(2)

HerefGDR is given by the tail of the giant dipole resonan
(GDR), of Lorentzian shape with centroidE0 ­ 15 MeV
and widthGE1 ­ 5 MeV. We have found that one ha
to reduce substantially the value offGDR, as compared to
the value deduced assuming that the GDR exhausts thE1
sum rule, in order to reproduce the average experime
intensity of low-lying bands. This is in agreement wi
previous studies [10]. The associated hindrance facto
denotedHE1 in Eq. (2). In the region of discrete levels
the integral in expression (2) is replaced by a summati

Making use of Monte Carlo techniques, theg decay can
be followed along a path in thesU, Id plane. Each cascad
starts from initial values of energy and spin, random
chosen from a two-dimensional entry distribution
Gaussian form, with centroids and FWHM taken to
Iav ­ 55h̄, GI ­ 10h̄, Uav ­ 5.5 MeV, GU ­ 2 MeV.
The simulated spectra in the ridge-valley region forEg #

1100 keV were found to be insensitive to the paramet
of the entry distribution. In fact, the properties of th
g decay, flow, and, in particular, the average intrin
excitation energykUsIdl approach rather rapidly a gener
asymptotic behavior, determined by the level density a
by the deformation and the moment of inertia [11]. T
average gamma multiplicity of the simulated casca
is 18 and the statistical transitions represent about 1
of the total, in good agreement with experiments. T
spectra have been obtained by updating all possible p
of gamma transitions of 106 cascades.

The most direct comparison between simulated a
experimental spectra is made by examining theEg1 3 Eg2

spectrum itself. Figure 1 shows a perpendicular cut
1
2 sEg1 1 Eg2d ­ 920 keV projected onto an axisEg1 2

Eg2 . Such a cut shows the ridges flanking the valley
the Eg1 3 Eg2 spectrum. The strongest transitions we
subtracted from the right-hand side of the spectra. T
transitions populating the first order ridges must follo
the rotational relationEg1 2 Eg2 ­ 64yF , whereF is
the band moment of inertia. The simulation based
mixed rotational bands is fairly successful in reproduc
the experimental shape of the ridge, and especially
width, related to the dispersion in the moment of inertia

The intensity of the lowest states of the fourss, pd com-
binations and that of the ridges are displayed in Figs. 2
and 2(b), respectively. These quantities are affected by
competition between statistical and rotational transitio
which in turn also determine the asymptotic behavior
4485
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FIG. 1. Comparison between experimental data of168Yb (top
row) and the simulated spectra for the same nucleus base
cranking plus band-mixing calculation (middle row) and w
noninteracting bands (bottom row). The associatedm2 spectra
are also shown. In both the experimental and simulated sp
the separation of the first ridges isø120 keV ­ 8yFeff. The
most intense discrete transitions were subtracted from the r
hand part of the spectra before applying the fluctuation anal

kUsIdl. In the present simulation this competition is co
trolled by the hindrance factorHE1, adjusted to have a
overall agreement between the measured and simulate
tensities. For the mixed band calculation,HE1 ­ 0.06. In
the case of noninteracting bands a slightly different va
HE1 ­ 0.09 was used in order to have the same asym
totic behavior ofkUsIdl for the two simulations and, con
sequently, the same intensities for the low-lying bands
is remarkable how well the ridge-valley structure refle
the different nature of the used rotational levels and tra
tion strengths. In fact, as shown in Fig. 1, the simulat
based on pure mean field bands displays ridges which
very different from the data and much stronger than th
obtained with interacting bands.

Both simulated (with mixed bands) and experimen
intensities decrease exponentially with increasing ang
momentum, as expected from the overall behavior of
decay flow [11]. These quantities depend strongly on
level density, and the fact that the simulated intensi
decay more weakly than the data may be caused by
low level density produced by the cranking calculati
In the rather wide region of excitation energy where
onset of damping takes place, rotational sequences
survive a few steps. The average length of rotatio
bands is revealed by the ratio between the intensity
the first and second ridges. There is also good agree
4486
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FIG. 2. Comparison of the measured and calculated intens
of discreteg transitions of168Yb as a function of spin relative
to the strongest yrast transition (top part). In the bottom p
the fraction of the total intensity at a given spin populating t
first and second ridges is shown for the measured and simu
spectra.

between simulations and data on this quantity, as sh
in Fig. 2(b).

In order to estimate the number of bands contribut
to the ridges, we analyze count fluctuations in thesEg1 3

Eg2 d spectra [8,9]. In the course of the decay, t
nucleus can select among a finite pair ofg transitions
sEg1 , Eg2d leading to a given sector of the planesEg1 3

Eg2 d. This finiteness leads to fluctuations superpos
on ordinary statistical fluctuations in the number
counts. If all the decay paths consisting of pairs
g transitions were equiprobable, their number would
given by N

s2d
path ­ Nevesm2ym1 2 1d21, where m1 and

m2 are the first and second moment of the number
counts andNeve is the number of events in the select
sector (chosen to be a square of4yFeff 3 4yFeff keV2)
along the valley or along the ridges. The values
m1 and m2 were obtained from the experimental an
simulated spectra using the programSTATFIT [9]. In
practice, the decay paths have different probabilit
Wpath, and the effective number of paths is defined

N
s2d
path ­ s

P
path W2

pathd21, emphasizing the discrete band
which have escaped rotational damping; they lie mostly
U , 1.5 MeV and are populated rather uniformly, wit
the exception of the yrast transitions, removed bef
performing the ridge analysis. In Fig. 3(a) we report t
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number of two consecutive transitions withnbranch # 2.
This quantity gives a measure of the fragmentation
theE2 strength defined asnbranchsid ­ s

P
j S2

i,jd21, where
Si,j is the normalized strength from leveli at spin I to
level j at spin I 2 2. One can see that this numbe
is very close to the value ofN

s2d
path extracted from the

simulated ridge. This result demonstrates the valid
of the heuristic interpretation, previously given, that t
application of the fluctuation analysis to the first ridg
yields the number of regular rotational bands.

The number of paths deduced from the simulated rid
using mixed band calculations also agrees quite w
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FIG. 3. Top part, the effective number of pathsN
s2d
path ex-

tracted from the first ridge analysis of the measured and
culated spectra is shown. Filled diamonds correspond to
data, empty squares to simulations based on mixed bands
empty circles to simulations based on noninteracting ban
The full drawn line is the number of discrete bands calcula
by the conditionnbranch # 2. Bottom part, the quantityN

s2d
path

extracted from the valley analysis of the measured and ca
lated spectra is plotted with the same symbols used in the
part.
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with the experimental findings. For nonmixed rotation
bands,N

s2d
path is much larger and disagrees strongly wi

the experiment. In addition, preliminary investigations
the N

s2d
path dependence on the interaction strengthV0 show

that, if V0 goes from 27.5 to 15 MeVyA, N
s2d
path increases

by ø50%.
The valley region collects mostly damped transition

and the value ofN
s2d
path is much larger and depends on th

damping properties as well as on the average proper
of the flow, which determines which regions are mos
populated. Again, we find good agreement with t
experiment only for mixed bands, confirming the presen
of the rotational damping.

In conclusion, the present work shows that the resid
interaction mixing rotational bands are indeed needed
obtain a satisfactory and consistent description of
quasicontinuum in168Yb, both with respect to the ridge
and valley structures. This was observed from both
intensity and fluctuation spectra associated with the m
sensitive perpendicular cuts across theEg1 3 Eg2 spectra.
So far, agreement is found within the sensitivity that c
be obtained by studying two-dimensional spectra. T
new generation ofg-detector arrays, Gammasphere a
Euroball III, allowing for higher fold coincidences wil
soon make it possible to test these concepts in gre
detail. All together, the new simulation model gives
more solid base for the study of the quasicontinuum
rotational nuclei, a good testing ground for non mean fi
effects.
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