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Abstract. The analysis of the fluctuations of the counts of un- nuclei. The unresolved quasi-continuum forms ridge and val-
resolvedy-y energy spectra can extend our knowledge of theley structures in coincident-~y energy spectra [1]. The ridges
rotational motion at high angular momentum and excitationare formed by transitions from states at low excitation energy
energy above the yrast band. Detailed studies of the rotationalbeying rotational energy correlations, while the valley is pop-
guasi-continuum built on specific intrinsic nuclear configura- ulated byy-rays from the region of higher level density above
tions are here discussed. First, the validity of the K-selectioryrast.

rules in the quasi-continuum region is investigated in thg Case |nthe last few years, a fluctuation analysis of the counts in
of the normal deformed nucled®Er. They cascades feeding the~-v spectrum has been developed in order to extract infor-
into low-K and high-K bands are analyzed studying variancemation on the average properties of the rotational motion, even
and covariance of the spectrum quctua}tmns. Low-K bands ar¢om these unresolvegtspectra. In particular, the fluctuation
found to be fed by a much larger effective number of cascadegnalysis allows to determine the numbér,;, of paths avail-
than high-K bands, while the covarianC(_a be.tween pairs of gategdpjeto the nucleus in thedecay through different regions of
spectra shows that the cascades feeding into low-K bands afgye| density [1], [2], information which can in turn be related
different from those feeding into high-K bands. These findingsq the average properties of the rotational motion. The very ex-
suggest a persistence of K-selection rules in the region of exCistence of a finite number of paths leads, in fact, to enhanced
tation energy and angular momentum probed by the rOtatiO”aiuctuationsuz/ul, whose magnitude is fixed by the number
decay of'®Er. As a second case, the existence of a rotationajf paths through the simple relatign/ iy = Nove /Noarh + 1.
quasi-continuum in the super deformed well*6fEu is dis- , 112 and N, are the statistical moments and Zt)he number
cussed. An intense bump of rotationally correlated transitiongf counts in a 3,/% x 42/ sector, in which each rotational

is observed to develop as function of fold in the high spin re-ca5cade contributes on the average one count.

gion of gated spectra. Fold distribution, angular anisotropies, In the region of rare earth nuclei, this kind of analysis

moment of inertia and life time show that the bump consists,

of fully damped super deformed transitions. This gives exper-has allowed to obtain a rather consistent picture of the rota-

imental evidence of damped rotational motion up to severafional decay, even in the high level density region several MeV

o . ~_~above yrast [1]. Large fluctuations are observed in the ridge
MeV excitation energy above the super deformed yrast line. struciures, showing that only a rather low numberdo) of

discrete rotational bands exists up to excitation ener@p0

keV above yrast. In contrast, very weak fluctuations are found
along the central valley, revealing a number of coincidence
combinations4 10* — 10°) larger than what found assuming
that the rotational decay leads to a unique final state. These
studies have experimentally unambiguously shown that the
1 Introduction rotational transition strength gets progressively fragmented
with increasing excitation energy above yrast, a manifestation

In well deformed rare earth nuclei, up to about 20 individ- ©f the damping of rotational motion [3].

ual bands are now identified, yielding information on the in-  With the new generation of-detector arrays, extremely
terplay between rotation, superfluidity and quantum numbergntense high fold coincidence data sets can now be obtained,
of the intrinsic configurations. Along with the study of dis- making it possible to go beyond the analysis of the average
crete transitions, investigations of unresolvedpectra have properties of the nuclear rotational motion and to study in great
extended our knowledge of nuclear structure at thermal excidetail the quasi-continuum built on specific intrinsic nuclear
tation energy higher than that covered by the resolved bandsonfigurations. In the present paper we will consider two dif-
This field, named quasi-continuuyaray spectroscopy, allows ferent cases: i) the validity of the selection rules for unresolved
for a more complete analysis of thedecay of warm rotating rotational bands and foy-ray transitions in the damped re-
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gion of the normal deformed (ND) nuclet&Er, and ii) the 80?& r— | a)
possibility of excited rotational motion in the super deformed = | ™" | N Galo, 10
(SD) well of *3Eu. g-1:Y ~— Npo calc., r exp

2 The K-gquantum number in the excited rotating nucleus
163Er

In the compound nucleus regime, described by random com- low K iE )
bination of the available configurations, the selection rules < L =€ ABC |
associated with the quantum numbers of the intrinsic struc- 8 29 ‘ I
tures are expected to be completely lost. On the other hangsy %fg\é iy
the fragmentation of the rotational decay taking place aIready‘é iz 9?2) e
at energiesz1 MeV above the yrast line [1] may suggest a o NT>=12.5
weakening of the selection rules in this energy region. 40 . q

The validity of the selection rules for the K quantum num- high K o K o
ber in the rotational quasi-continuum region has beenrecently < 2 —&— K4
investigated in the case PEr [4]. In this nucleus two bands, *g 20/ | ¥ -
K1 and K2, with high values of the projection K of the angu- & “A;‘jﬁxg =
lar momentum (K=19/2) have been identified [5], [6]. The two ‘2 T Jave 4 (2)/(
bands lie at excitation energy 0.8 and 1.4 MeV above yrast, 0 _ <NTp>=15]
well into the region in which low K bands display rotational *ﬁ ' | d)
damping. This makes the nucletfSEr an attractive case to 1.2 9 fighklow K
study the interaction between high-K and low-K structures, 0.8 | 4 high K-high K
e_md the problem of rotational band mixing and its configura- « 04 mﬁ
tion dependence. NS

The experiment was performed using the GA.SP mul- 0.0 L S
tidetector system in the standard setup. The reaction used ‘ . |
was 20+%0Nd, with a beam energy E,,,,.=87 MeV, lead- 600 800 1000 1200
ing mainly to the population of2263Er. A total of 10 triple EY (keV)

and higher fold events were collected. The data were sorted

into a number ofy-y spectra gated by low lying transitions Fig. 1.a-d Summary of the results of the Fluctuation Analysis of the ridge

in bands of both low-K and high-K quantum numbers. Eachs”ulct“,resfitﬂmEr- At t(;’ta' t”_“mbﬁr ?,fz“t?] pf‘tthf"]f‘l i;%gai”ﬁ‘lj from the
nalysis of the ungated matrix collecting the total flo r, while average

spectrum was corrected for the background under the gat.%alugs of 12.5 an% 15 paths are foundgselecting specific |dwalid higr?—

SeIeCte_d peaks and the Compton events, before the fluctuathpc configurations, respectively. The chosen configurations are labeled in

analysis was performed [1], [4]. the legend. The total number of paths has been also estimated through (1),

The results obtained with the fluctuation analysis appliedassuming no common paths between different configuratitashed linen

to the study of the ridge structures are summarized in Fig. ]_a), or ponsidering t.he'ex'perimentally determined correlation coefficients

About 10 to 20 unresolved bands are found to feed into thedven in panet (solid linein a)

gate-selected transitions, regardless of the magnitude of the

K-guantum number (see Fig. 1b and c). In contrast, a total of

~ 40 paths is obtained from the ridge analysis of the ungated

matrix (scattered points in Fig. 1a), well in agreement with,.; 5y = 0, dashed line in Fig. 1a) the Va|UeS”‘5ﬁm o OVET-

the systematic results previously obtained for nuclei of thegstimate the experimental numbers. This clearly indicates that
same mass region [1]. On the basis of the experimental valuesome paths must be shared between different configurations,
N,ﬁ)t;,, ; obtained for each specific configuraticend shownin  which implies a correlation coefficientifferent from 0. Fig.

Fig. 1band c, one canindependently estimate the total numberrd shows the experimental estimate of the correlation coeffi-

of pathsNé?th’Tot through the additivity formula: cientr, obtained on basis of the newly developed analysis of
) o the covariance of the fluctuations between different pairs of
1 - fi r(i, ) fif gated spectra [4]. The extracted values-adre positive for
N®@ 2 N 7 2 @ NO W Gimi figurations (low-K with low-K, and high-K with
pathTot 1 Npathi iz /N2, N@, similar configurations (low-K with low-K, and high-K wi

high-K), and approximately zero for the combination low-K
and compare it to the experimental values of Fig. 1a [6]. Inwith high-K, showing that there are basically no cross tran-
Eq.(1) f; represents the relative intensity of configuratipas  sitions between the:12 bands feeding low-K bands and the
determined by discrete line spectroscopy, while j) is the  ~15 bands feeding high-K bands. This result has been inter-
correlation coefficient, which measures the fraction of com-preted as an effect of the persistence of a strong K selection
mon paths between the two configuratianand j, i.e. the  rule governing the rotational bands forming the ridges. These
similarity between cascades feeding into the two different sebands are characterized by energy up to the onset of damp-
lected bands andj. If »(i, 5) is 1, the two configurations  ing [1], [2] and by~y-transition energies corresponding to the
andj are identical. Ifr(i, j) is O the two configurations are angular momentum region 30-40 . Furthermore, inserting the
completely decoupled. If one assumes no common paths (i.experimental values of into (1), a much better estimate of
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N, 1, is also obtained (solid line in Fig. 1a), supporting -
the consistency of the results. =
In contrast to the results of the ridge analysis, the number of >,

paths obtained by analyzing the valley region has been found= Lool
to depend significantly on the nuclear configuration [4]. As in é
|

10% ¢

ol

152Dy 1a)
previous studies for the same region of mass and deformatiory Lo-1[
[1], a number of the order o£10* paths is found from the =
analysis of the valley of the total spectrum. This number is very— 19_2 [
02

ND
L1l 5D Il
similar to the values found for spectra gated by low-K bands.— E

On the contrary, the number of paths in the valley spectra gateilj’ 143y 1b )
by high-K bands is different than that of low-K bands and _ 10'¢
about 5 times smaller. This has suggested that high- and low=> i ]

I

K states do not mix together even in the region of unresolved ®2 100

damped transitions, at excitation energy higher ta800 keV Oyl N N

above yrast. A more stringent test of such hypothesis could= 10 sSD

be obtained by the covariance analysis of the valley spectra,E L0-2 il ‘ ]
which unfortunately could not be performed due to lack of 0 1000 2000 3000
statistics. In addition, since the number of paths in the valley Ey (keV)

is expected to be larger in the presence of rotational damping_ _ N .
[2], the smaller values found in the valley of the high-K bands19: 2 Spectra of the collective E2 transitions within SD and ND states
suggest a reduced mixing among high—K bands. as compare? 3tamed by s_|mp|e simulation ca_lculatlons [10], in t_he ca_sé5@ﬁ)y_ aand

! Eub nuclei. A stronger population of the SD quasi-continuum is observed
to that of low-K bands. in the case of*3Eu, mainly due to the lower crossing:40) between the SD

In conclusion, both ridge and valley analysis seem to indi-and ND yrast lines

cate a persistence of the K-quantum number in the spin region
30-40 and excitation energy probed by theotational decay
of 1% (< 2.5 MeV). These results can not be explained by m,ch better case to study experimentally the quasi-continuum
simply considering the Coriolis interaction (_affects that répro-in a SD nucleus [11, 12].
duceratherwell the low energy spectra. Similar conclusions on
K conservation at high excitation energies were obtained from
the analysis of neutron resonances [7, 8]. The conservation
K at high spins and internal energies is not yet understood, and . . . . )
this new covariance analysis may provide a general tool to adjunnga high fold £12) and high sum-energy cutin the BaF-

; . : nerball, 5006« 1P triple and higher fold coincidence events
g\r/z?lzte);;penmentally this question when many decay paths aIlﬁgave been stored into a high resolution matrix. A clear ridge-

valley structure with a spacing corresponding to the second
moment of inertia of the SD band has been observed in the
~-~v matrix. The relative intensities of the SD yrast and of the
3 The super-deformed quasi-continuum in**3u first and second ridge are given in Fig. 3, together with the
results of the analysis of the fluctuations along the ridges [11].
While a rather consistent picture of the rotational decay inAn average valu&V?,, ~20, about 2 times smaller than ob-
normally deformed nuclei starts to emerge, little is known served for ND nucfei, has been obtained from the analysis of
about the quasi-continuum in SD nuclei. Since the first SDthe first ridge, with a maximum of 40 bands around 1350 keV,

band was found, several SD excited bands have been identific@Irying~2% of the total decay flow. This implies that each
indifferent mass regions[9]. In afew cases a SD ridge structur@xcited band is on average populated by an intensity of 0.05
has been observediny spectra, over a narrow spin range and %. Such extremely small value may explain the difficulty in
with an intensity only 3 times bigger than the full SD yrast, finding even a single excited band'f¥Eu. The experimental
but little is known on the existence of a fully damped SD estimate of the number of paths can be compared to theoret-
continuum. ical cranked shell model calculation (solid curve in Fig. 3a)
Simulation calculations of the decay flow, based on the[13. 14]. The calculation well reproduces the data at the max-
coupling between states in the ND and SD potential [10], havémum of the distribution, while deviates strongly at lower and
indicated the possibility of populating SD states at severafigher transition energies, possibly due to the effect of barrier
MeV above the SD yrast line. However, the intensity of the Penetration to the first well and fission competition respec-
SD quasi-continuum is expected to be strongly influenced byiively, notincluded in the calculations. The onset of damping
the position of the crossing between the ND and SD yrast linesPredicted by the microscopic calculation is at 1.3-1.6 MeV
which determines the spin region for a favourable populatior@bove yrast, which is much higher than observed in ND nu-
of the SD well, before the fission cutoff at high spin. In this Clei, asaconsequence ofthe considerably smaller level density
respect the nucleu$3Eu represents a special case, since theeXpected in the SD well [15].
crossing between the ND and the SD yrast lines occurs already Inthe case of the valley analysis the results obtained for the
around~40 , compared to the more typical casexd§4 in number of paths< 10P) at rotational frequency 750 keV are
152Dy. A comparison between simulation calculation®fDy well reproduced assuming parameters for the level density and
and'*3*Eu nuclei (Fig. 2a and b) clearly indicat¥$Eu as a  onsetof damping relevantfor SD nuclei[1]. Thisrepresents the

The experiment was performed using the NORDBALL
tup. The nucleud**Eu was populated by the reaction
9PdE’Cl,4n\*3Eu, at a beam energy of 160 MeV. After re-
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Fig. 3. The upper partof the figure shows the relative intensities of the SD
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Fig. 4. Unfolded Ge energy spectra in coincidence with low-spin spherical
(ND) yrast transitions o¥*3Eu, for increasing values of fold F, as measured
by the Baf; scintillator ball

<F>=7 and B>21. This means that the main intensity of the
bump consists of transitions emitted from states in the warm
region of rotational damping, in good agreement with the pre-
dictions of the simulation calculations shown in Fig. 2.

In conclusion, a complete analysis of the SD quasi-con-
tinuum has been performed in the case of the nuciéiE..
Up to =40 excited bands extending up to 1.6 MeV above
yrast have been estimated by the fluctuation analysis of the
SD ridges. A strong fully damped rotational continuum has
been also observed, extending even higher up in excitation
energy, and collecting 50% of the total flow af E=1500
keV. Such a favourable population of the SD well is strongly
determined by the low crossing between the SD and ND yrast

respectively). The values Wﬁth deduced for the first and second superde-
formed ridge are shown in thmttom part for intervals of 60 keV width along
the ridges, in step of 30 keV. The solid curvebinepresents the prediction for

lines.

Further studies aiming at finding the value of the damping

the first ridge from cranked shell model calculations with residual interactionWidth I'.o; in the SD well should be made, in order to ob-

(23]

tain a more complete picture of the rotational decay in highly

deformed nuclei.

first experimental evidence of damping of rotational motion The support of I.N.F.N. and of the Danish Natural Science Research Council

in the SD well.

Further experimental evidence of damped rotational mo-
tion in the SD well of'*3Eu has been found by studying the

is acknowledged.
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