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The total ,/ray spectrum emitted by ~52Dy has been measured in two different reactions and decomposed into its constituent 
parts. From the measured decay times, multiplicities, multipolarities and spectral shapes, the average decay path has been recon- 
structed. The yrast single-particle structures have been shown to give way to highly collective bands at internal excitation energies 
> 1.5 MeV. A model, which takes into account the competition between statistical and collective decay at high spin and temper- 
ature, has been used to fit all features of the data, yielding Qt = 7.0 + 2:5 e b for the collective bands. 

The evolut ion o f  nuclear  proper t ies  with changing 
angular  m o m e n t u m  ( I )  and  internal  exci ta t ion 
energy (U),  i.e. energy above the yrast line, is a major  
theme in nuclear  research. Structural  changes due to 
al terat ions in the shell effects, brought  about  by the 
varying occupat ion  o f  the single-particle orbits,  can 
be p robed  by  tracing the 7 cascades in the spin ver- 
sus exci tat ion-energy plane and  by  measur ing the 
l i fet imes o f  the t ransi t ions  involved.  

The nucleus 152Dy is ideal  for such investigations.  
Its yrast  and  near-yrast  states are mainly  o f  single- 
par t ic le  nature  up to very high spins [ 1,2 ], whereas 
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above  the yrast  l ine there are discrete-l ine ro ta t ional  
bands  with fl = 0.15 and fl = 0.6 [ 3,4 ]. Fur thermore ,  
studies o f  the y-ray quas icont inuum [ 5 - 7 ]  suggest 
the existence o f  collective states at higher exci tat ion 
energy which give rise to the so-called E2 bump.  
These features imply  a major  change o f  nuclear  
structure with U. The discrete-l ine bands  account  for 
only a small  fract ion ( < 6%) of  the total  7-ray inten- 
sity and the bulk o f  the collective t ransi t ions  are in 
the strong E2 bump.  Clearly, it  is impor tan t  to ascer- 
ta in  i f  these collective t ransi t ions  are connected with 
the recently observed superdeformed f l = 0 . 6  band  
[4] .  The nature  o f  these transi t ions,  thei r  locat ion 
and extent  in spin and exci tat ion energy, and  the 
nature  o f  the evolut ion f rom the collective to the sin- 
gle-particle states remain  to be de termined.  

This letter reports on a comprehensive study o f  the 
quas icon t inuum 7 radia t ion.  We have measured  the 
total  7-ray spect rum from 152Dy and  decomposed  it 
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into its constituent parts [ 8 ]. For the first time life- 
time information on all parts has been obtained and 
their time sequence ascertained. Another new aspect 
of this work is that all observed features-lifetimes, 
spectral shapes, multipolarities and multiplicities- of 
different components of the quasicontinuum are 
treated simultaneously and can be quantitatively 
described in a simple 3,-cascade calculation. (A dis- 
cussion of E v - E v  correlations is deferred to a later 
publication.) Whereas only some isolated aspects of 
the quasicontinuum spectrum have been described 
in the l i terature- often in qualitative t e rms-we  now 
quantitatively describe the full deexcitation cascade. 
Thus, we can infer how the nuclear structure changes 
as a function of both I and U. 

To obtain such quantitative data on the quasicon- 
tinuum transitions it is imperative to disentangle 
their properties from those of the strong yrast tran- 
sitions. This is not possible using only NaI detectors 
- and hence was done only in a few cases in earlier 
work - but can be reliably done with the use of 
Compton-suppressed Ge (CSG) detectors, as has 
been argued in ref. [8]. 

We produced 152Dy using the 76Ge(8°Se, 4n) and 
~2°Sn ( 36S, 4n) reactions with beams provided by the 
Argonne superconducting finac, ATLAS. The effec- 
tive beam energies were 311 MeV for 8°Se and 157 
MeV for 36S, resulting in recoil velocities v/c= 0.047 
and 0.020, respectively, for the residual nuclei. In a 
first experiment prompt y rays were measured in four 
BGO CSG's of the Argonne-Notre Dame y-ray facil- 
ity, positioned at 0 °, 45 o, 90 ° and 147 ° with respect 
to the beam axis. An array of 14 NaI crystals pro- 
vided both enhancement of high-multiplicity events 
and clean selection of a single reaction channel, 
through tagging on the 152Dy 60 ns isomer [ 1 ]. In a 
second experiment, eight CSG's placed at 34 °, 90 ° 
and 146 ° were used together with an array of 14 hex- 
agonal BGO crystals. In order to extract lifetime 
information, data were accumulated for two differ- 
ent sets of thin ( ~ 0.5 mg/em 2 ) targets: (i) self-sup- 
porting foils where the residual nuclei recoiled into 
vacuum, yielding spectra which were fully Doppler- 
shifted and which could thus be decomposed into 
their constituent parts without complications from 
lifetime effects; (ii) foils evaporated on a 50 mg/cm 2 
thick backing material (Au in the first experiment 
and Pb in the second) which stopped the recoiling 

nuclei within ~ 1.6 ps, producing energy shifts 
dependent on the characteristic emission times of the 
different spectral components. 

Both data sets were analyzed identically. Contam- 
inant 7 rays from ~51Dy, present because of its 13 ns 
isomer, and random delayed coincidences were 
removed by subtracting spectra with appropriate time 
gates. A correction for coincidence-summing was 
applied and a measured neutron-induced back- 
ground was subtracted [ 9 ]. The resulting spectra were 
unfolded and corrected for the photopeak efficiency 
[ 10], yielding the prompt ],-ray spectrum emitted 
byl52Dy with no contributions from any other nuclei. 

Fig. la shows the spectrum for the 8°Se+76Ge 
reaction measured at 0 ° with the backed target. Fol- 
lowing the classification scheme proposed in ref. [ 8 ], 
the total spectrum has been decomposed into: (i) 
discrete lines corresponding to transitions assigned 
in the level scheme of 152Dy [ 1,3,4] (called "trees"); 
(ii) weak (I  v < 2%) unassigned peaks ("grass"); (iii) 
the underlying continuum ("soil"); and (iv) the sta- 
tistical 7 rays, fitted between 2.5 and 4.5 MeV with 
the usual expression E3exp(-Ev/T), with T=0.5 
MeV. The grass and soil components were further 
decomposed into dipole and quadrupole parts (see 
fig. lb) using the average A2 and A4 coefficients 
deduced from the measured angular distributions, 
under the assumption of stretched transitions. The 
A 2 value for  the dipole soil actually implies ~ 10% 
quadrupole admixture, suggesting a dominant M1 
multipole. 

The average multiplicity 37/v of each component 
was determined by integrating an appropriately nor- 
malized spectrum. The average removed spin, 
M=Mv.2, and energy, AE=My.E v, could then be 
computed. The results for the two reactions meas- 
ured are summarized in table 1 together with the 
deduced average entry spins and entry excitation 
energies. It is apparent that an increase in average 
entry spin from 47h to 55h results mainly in an 
increase of the E2 soil multiplicity, whereas the mul- 
tiplicity and spectral shape of the dipole soil are vir- 
tually unaffected (see also fig. lb).  

Emission times of the different spectral compo- 
nents were derived by comparing the Doppler shifts 
and yields (which reflect the aberration effect) 
measured with the backed and unbacked targets. A 
few results from this work is that the dipole soil com- 
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Fig. 1. Unfolded 7 spectra from the reaction 67Ge(S°Se, 4n) 152Dy 
at 311 MeV measured with a backed target. (a) Total spectrum 
measured at 0 °. The dashed line shows the statistical component, 
obtained by fitting the spectrum between between 2.5 and 4.5 
MeV with the expression Ev 3 exp(-EJT) .  (b) Dipole and quad- 
rupole soil components (full line) corrected for angular distri- 
butions and Doppler shifts; corresponding spectra from the 
12°Sn(36S, 4n) reaction are shown as dashed lines (c) Sum of soil 
and grass parts observed at 0 ° and 147 °. (d) Ratio of the spectra 
in (c) ( 14 7 °/0 ° ) compared with model calculations discussed in 
the text (dashed line). 

ponent,  like the trees and grass, does not show any 
energy shift, i.e. is mainly emit ted after the residual 
nucleus has s topped in the backing. In contrast, the 
upper  edge of  the E2 b u m p  (figs. lc  and ld )  and the 
statistical tail above 2 MeV are both  nearly fully 
shifted, providing that their decay t imes are much  
shorter than the stopping t ime and that  the quad- 
rupole soil precedes the dipole soil in the decay. Using 
the established t ime ordering, and also the feeding 
t imes of  the yrast states [ 1,2 ], the average decay path 
(fig. 2a) can be reconstructed f rom the values of  
AE and A/ l i s t ed  in table 1. The  ordering of  the E2 
soil and the statisticals is highly schematic and does 
not reflect the fact that  they are actually interleaved, 
as discussed below. It  is clear that  the dipole and the 
quadrupole parts of  the quasicontinuum display very 
different properties: the former  is slow and nearly 
independent  on the input spin l, whereas the latter 
is very fast, with a multiplicity increasing with l. 

The E2 and statistical; l ifetimes were determined 
by fitting the data with a simple model that takes into 
account the compet i t ion between in-band collective 
E2 transitions and out-of-band statistical E1 decay 
at high excitation energy and spin. Its basic ingre- 
dients are: (i) statistical E1 decay governed by the 
level densities [ 11 ] and the giant dipole resonance 
strength function based on the classical energy- 
weighted sum rule; and (ii) collective bands char- 
acterized by a transit ion quadrupole m o m e n t  Q ,  an 
effective momen t  of  inertia Jeff and a cut-off  energy 
Uo, which is required to account for our observat ion 
that  the single particle grass and dipole soil com- 
ponents  represent the last stages in the feeding of  the 
yrast line. A value of  Uo~ 1.5 MeV was determined 
f rom the internal excitation energy corresponding to 
the starting point  o f  the dipole soil " v e c t o r " -  see fig. 
2a. 7 cascades were generated in a Monte  Carlo pro- 
cedure based on this model,  starting f rom an entry 
region centered around the measured average entry 
points given in table 1. The initial (gaussian) spreads 
in spin [ a ( I ) =  5 h] and excitation energy [ a ( E ) =  2.5 
MeV] are taken in agreement  with typical spin-dis- 
t r ibution data [ 12 ]. Along the cascade, each level is 
allowed to decay either by an  in-band collective E2 
or an out-of-band statistical E1 transition. A spread- 
ing of  the rotational strength is included, with the 
spreading width [ 13 ] Fro t = 200 keV. Finally, the 
collective cascades are terminated when U drops 
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Table 1 

Average properties of the y-ray components feeding the 60 ns ( I=  17- ) isomer in ~ 5ZDy. 

10 September 1987 
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Fig. 2. (a) Schematic representation of the "/-decay path for the 
67Ge(S°Se, 4n)152Dy reaction, using ~r, and ~ ,  values from table 
1. Known yrast states (circles) and the extrapolated yrast line 
(long dashed) are shown. The collectivity is cut off at energies 
U< Uo0 as discussed in the text. (b) Same as (a), but with a sam- 
ple of simulated cascades, generated using Qt = 7 e b, Jeff = 76 h 2 
MeV-~ and a=A/7. The resulting average deexcitation flow is 
indicated in (a) by the short-dashed line. 

below Uo. A sample of simulated cascades is shown 
in fig. 2b and can be compared with the average 
measured decay path in fig. 2a. An important aspect 
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of this model is that it can simultaneously reproduce 
the experimentally measured Doppler shifts, multi- 
plicities, and spectral shapes for both E2 soil and sta- 
tistical components with a unique set of parameters: 
J~ff, Qt and a. Jeff is determined by the average rota- 
tional transition energy, i.e. the centroid of the E2 
bump, Qt by the Doppler shift of the bump in the 
backed targets, its multiplicity and spectral shape, 
and a the level density parameter, mainly by the 
shape of the statistical tail, its Doppler shift and mul- 
tiplicity. Fig. ld compares the experimental and sim- 
ulated ratios of the 147 ° and 0 ° E2 soil spectra for 
the 8°Se + 76Ge reaction. Fitting the model to the data 
for both reactions yields a=A/(7+l) MeV- ' ,  
Jeff= 76 h 2 MeV- 1 (with an assumed gaussian spread 
o f a = 5 )  and - +2.5 Q t -  7.0_ 1.5 e b, the last value in agree- 
ment with the findings by Hiibel et al. of  5.4 + 3.0 e b 
in 152.t53Er [6]. 

It has, for the first time, been possible to fully 
reconstruct and quantify the detailed gamma deex- 
citation process of a nucleus. After neutron evapo- 
ration, the residual nucleus decays by 3'-ray emission 
through a cascade of interleaved statistical E1 a n d  
fast collective E2 transitions. The former mainly cool 
the nucleus towards the yrast line and predominate 
at higher temperature, and the latter remove angular 
momentum with little cooling. If an axially sym- 
metric prolate rotor is assumed (although in prin- 
ciple non-axial shapes are allowed), the measured Qt 
values imply a deformation of fl=0.32. Thus, the 
bulk of these collective bands are not associated with 
superdeformed shapes (f l~0.6),  but have defor- 
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mat ion similar to those observed in neighboring pro- 
late nuclei. The collective cascades extend over a 
fairly large range in spin (at least from I =  35 to 55 h), 
and our model calculations suggest that they tend to 
be concentrated in a region 1.5-3.5 MeV above the 
yrast line (see fig. 2b); they are observed to be absent 
below U =  1-1.5 MeV, a feature correctly predicted 
by theory [ 7 ]. From that point, the decay continues 
predominant ly  through slow transitions between sin- 
gle-particle states, which generate the dipole soil. This 
is inferred f rom its long decay times and its invari- 
ance with the input spin, a behaviour in striking con- 
trast to that o f  the quadrupole soil. With decreasing 
level density, the continuum gives way to many sharp 
lines, represented by the grass component,  and finally 
the yrast transitions. The last, non-collective part of  
the decay into the yrast line is not  calculated here 
because it requires knowledge o f  all levels and tran- 
sition probabilities. However,  model calculations by 
]tberg et al. [ 14], who treat only transitions between 
single-particle states, yield spectra in reasonable 
agreement with the sum of  our grass and dipole soil 
components.  

Thus, in nuclei with aligned-particle states in the 
yrast region, the deexcitation flow is dominated by 
collective cascades similar to the decay in so-called 
"good"  rotors for U >  1.5 MeV. There may be a 
generic relationship between these bands and those 

in the more deformed neighboring nuclei, but  this 
possibility needs further examination. The proposed 
deexcitation picture can be generalized to nuclei with 
prolate yrast states by removing the collectivity cut- 
off  Uo; this results in a continuation of  the collective 
flow above the yrast line and a feeding into it at sig- 
nificantly lower s p i n s - i n  accord with observation 

[151. 
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