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The statistical y-ray decay of the GDR built on excited states in Dy nuclei has been investigated for selected domains of angular 
momentum up to about 7Ofi and temperattires in the range 1-2 MeV. The GDR strength distributions extracted from the data 
indicate large average nuclear deformations (P-0.35) at high angular momentum and average temperatures T> 1.5 MeV. This 
experimental observation is supported by results from calculations in which thermal shape fluctuations are taken into account 
around an oblate equilibrium deformation 8,. Although this equilibrium deformation increases with angular momentum, the 
calculations show rather large and constant average deformations (/3) - 0.35. 

The statistical y-ray decay of the giant dipole reso- 
nance built on excited states is an interesting probe 
to study the evolution of the nuclear shape at finite 
temperature ( T= l-2 MeV ) and large angular mo- 
mentum [ 11. In analogy to the GDR built on the 
ground state, the strength distribution of the GDR 
built on excited states is expected to reflect the defor- 
mation of the states upon which the GDR is built. 
However, the statistical y-ray decay of a compound 
nucleus formed in a fusion-evaporation reaction can 
occur at each decay step. The nuclear deformation is 
thus probed for an ensemble of nuclear states at dif- 
ferent excitation energies or temperature and a wide 
range in angular momentum. 

To restrict the range in angular momentum of the 
states upon which the GDR is built, the y-ray multi- 
plicity and the total summed energy of the y-rays 
emitted in the decay can be used [ l-3 1. In the study 
of the angular-momentum dependence of the GDR 
built on highly excited states in L56Dy by Bruce et al. 
[ 4 ] and Stolk et al. [ 51 this technique has also been 
employed. Both studies report large widths, 2-3 times 

the width for the GDR built on the ground state, and 
suggest a change of nuclear deformation with in- 
creasing angular momentum. 

Recently, a theoretical scheme has been developed 
in which shape transitions, and their effect on the 
spectral shapes of giant resonances, can be calculated 
[&lo]. In these calculations the thermal shape fluc- 
tuations are properly taken into account. Compari- 
son with experimental data for 16’Ep and ‘66Ef [ ll- 
131 and 90Zr* and 92M~* [ 14,151 have shown that 
these calculations can explain the data, which in- 
volve angular momenta up to an average value 
(J) = 33h, very well. 

In this letter we report on the results of a study of 
the GDR in the decay of ‘56Dy* in which a selection 
on angular momentum has been performed at high 
temperature (T- 1.5-2 MeV). Comparison of the 
experimental results with calculations, performed in 
the framework of Landau shape transitions and sta- 
tistical shape fluctuations, shows that the theory can 
account for the observed large widths well. It is fur- 
ther found that the equilibrium deformation, around 
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The statistical ),-ray decay of the GDR built on excited states in Dy nuclei has been investigated for selected domains of angular 
momentum up to about 70h and temperatures in the range 1-2 MeV. The GDR strength distributions extracted from the data 
indicate large average nuclear deformations (fl~ 0.35 ) at high angular momentum and average temperatures T~> 1.5 MeV. This 
experimental observation is supported by results from calculations in which thermal shape fluctuations are taken into account 
around an oblate equilibrium deformation fl~. Although this equilibrium deformation increases with angular momentum, the 
calculations show rather large and constant average deformations (fl) ~ 0.35. 

The stat ist ical  y-ray decay of  the giant  d ipole  reso- 
nance buil t  on exci ted states is an interest ing probe 
to s tudy the evolut ion of  the nuclear  shape at f inite 
t empera ture  ( T =  1-2 MeV)  and large angular  mo-  
men tum [ 1 ]. In analogy to the G D R  buil t  on the 
ground state, the strength d is t r ibu t ion  o f  the G D R  
buil t  on excited states is expected to reflect the defor-  
ma t ion  of  the states upon  which the G D R  is built .  
However ,  the stat ist ical  y-ray decay of  a compound  
nucleus formed in a fu s ion -evapora t ion  react ion can 
occur at each decay step. The nuclear  de format ion  is 
thus probed  for an ensemble  o f  nuclear  states at dif- 
ferent exci ta t ion energies or  t empera ture  and a wide 
range in angular  momen tum.  

To restrict  the range in angular  m o m e n t u m  of  the 
states upon which the G D R  is built ,  the y-ray mult i -  
pl ici ty and the total  summed  energy of  the y-rays 
emi t ted  in the decay can be used [ 1-3 ]. In the s tudy 
o f  the angu la r -momentum dependence  o f  the G D R  
bui l t  on highly exci ted states in 156Dy by Bruce et al. 
[4 ] and  Stolk et al. [ 5 ] this  technique has also been 
employed.  Both studies report  large widths, 2 -3  t imes 

the width for the G D R  buil t  on the ground state, and 
suggest a change of  nuclear  deformat ion  with in- 
creasing angular momentum.  

Recently,  a theoret ical  scheme has been developed 
in which shape transit ions,  and their  effect on the 
spectral shapes of  giant resonances, can be calculated 
[ 6 -10  ]. In these calculat ions the thermal  shape fluc- 
tuat ions  are proper ly  taken into account.  Compar i -  
son with exper imenta l  da ta  for 16°Er* and 166Er* [ 11- 
13 ] and  9°Zr* and 92Mo* [ 14,15 ] have shown that  
these calculat ions can explain the data,  which in- 
volve angular  mome n ta  up to an average value 
( J )  = 33h, very well. 

In this letter we report  on the results of  a s tudy of  
the G D R  in the decay o f  156Dy* in which a selection 
on angular  m o m e n t u m  has been per formed at high 
tempera ture  ( T ~  1.5-2 MeV) .  Compar i son  of  the 
exper imenta l  results with calculations,  per formed in 
the f ramework of  Landau  shape t ransi t ions  and sta- 
t istical shape fluctuations,  shows that  the theory can 
account  for the observed large widths well. It is fur- 
ther found that  the equi l ibr ium deformat ion,  a round  
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which the shape fluctuations are taken, increases sig- 
nificantly with increasing angular momentum (see 
table 2), but that this effect is largely masked by the 
shape fluctuations leading to a rather stable ( f l )  
which is consistent with the experimental data. 

The measurements were performed with the AVF 
cyclotron facility of the Kernfysisch Versneller Insti- 
tuut in Groningen. A 1.0 mg/cm 2 thick, 95% en- 
riched 116Cd target was bombarded with 200 MeV 
4°Ar8+ ions. The effective interaction energy was 196 
MeV. The 156Dy* compound nuclei were formed with 
E*--92.5 MeV and a range in angular momentum of 
up to 90h. The experimental set-up was the same as 
the one used in the study of ref. [ 3 ]. The high-energy 
7-rays from GDR decay were detected in a large 
l 0"X 14" NaI detector provided with a plastic anti- 
coincidence shield. The total 7-ray energy and the 7- 
ray multiplicity were measured with a sum spectro- 
meter consisting of six NaI segments and a multiplic- 
ity filter consisting of eight NaI detectors. This al- 
lowed the selection of GDR decay for angular-mo- 
mentum windows with different average angular 
momenta ( J ) .  Contrary to the experiment ofref. [ 5 ] 
the beam and the recoiling nuclei were stopped in a 
catcher foil 26 cm downstream of the target. The ex- 
perimental details are given elsewhere [ 16 ]. 

Three spectra measured for the statistical decay of 
the GDR in the compound nucleus 156Dy* are shown 
in fig. 1. The spectra correspond to three angular-mo- 
mentum windows with average angular momenta of  
( J ) = 3 2 h ,  46h and 62h. To determine the GDR 
strength distribution, spectra calculated within the 
statistical model using the modified computer code 
CASCADE [ 17 ] have been fitted to the experimen- 
tal data. The population cross sections as a function 
of J for the different angular-momentum windows in 
~56Dy* were deduced from the total fusion cross sec- 
tion taken in accordance with the systematics of ref. 
[ 18 ]. These cross sections were averaged over the 
beam energy across the target and folded with the an- 
gular-momentum acceptance of each window. The 
angular-momentum acceptances have been deter- 
mined from the fold distributions and the geometry 
of the setup in a Monte Carlo procedure [ 5,19 ]. More 
details on this procedure can be found in ref. [ 16 ]. 
The resulting full width at half maximum for each of 
the three angular-momentum windows is about 20h. 

The present data have been normalized to CAS- 
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Fig. 1. High-energy 7-ray spectra for different angular-momen- 
tum domains obtained by gating on different multiplicities and 
sum-energies. The curves through the data are discussed in the 
text. 

CADE calculations in a restricted region E~=2.5-6 
MeV. In the region the 7-ray yield is independent from 
the initially assumed GDR parameters. The GDR 
parameters of  the double-lorentzian strength distri- 
bution were then deduced from a fit of  the calculated 
spectra folded with the detector response function to 
the experimental data in the range Ey= 8.5-21 MeV. 
In total four parameters were fitted: the energies of  
both components E1 and E2, the strength in the first 
component S~ and the width parameter C assuming 
that the widths depend on the energy as/'~ = CE 2, in 
accordance with the systematics of  the experimental 
data for the ground-state GDR as evaluated by Car- 
los et al. [20]. The TRK sum rule was assumed to be 
exhausted, i.e. $1+$2=1.  The fits have been per- 
formed for two level-density parameters, a=A/8  
MeV-  ~ and a =A/9 MeV- 1. In both cases a good de- 
scription of the experimental data was obtained over 
the whole energy range but especially in the region of 
the GDR as can be seen from the solid curves through 
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Table 1 
The GDR parameters for 156Dy resulting from the best fits. The quoted errors have been obtained by adding the systematic and statistical 
errors. 

(J) EI/E2 S,/$2 (E) B C ( X 10 -2) )~2/N 
(h) (MeV) (MeV -t ) 

32 0.84 + 0.07 2.33 -+_ 0.05 15.2 + 0.3 - 0.20 a) __. 0.06 4.7 _+ 0.2 1.260 
46 0.75+0.06 0.82+0.03 15.0+ 1.0 +0.34 _+0.06 3.8_+0.7 1.272 
62 0.73_+0.07 1.00_+0.36 14.5+0.6 T0.35 -+0.06 4.2_+0.4 0.822 

a) For this angular-momentum window a slightly worse fit has been obtained with B= + 0.20. 

Table 2 
The temperature for GDR decay in the first step, the tempera- 
ture averaged over all decay steps and the angular frequency for 
each of the three angular-momentum windows. The resulting 
equilibrium deformation and the average deformation obtained 
from calculations as described in ref. [ 8 ] are listed. 

(J> T,= < T> ") hto p~q ( fl> 
(h) (MeV) (MeV) (MeV) 

32 1.89 1.64 0.45 -0.08 -0.32 
46 1.78 1.54 0.63 -0.13 -0.34 
62 1.60 1.35 0.80 -0.19 -0.37 

=) The yield of ~rays at 15 MeV in each step has been used as a 
weight factor. 

the data in fig. 1 for the case a=A/8 MeV - I .  The 

G D R  parameters deduced from the best fits for this 
level density parameter  are summarized in table 1. 
The results obtained with a=A/9 MeV -1 are com- 
parable, only the deduced widths are slightly larger. 
The value a=A/8 MeV -~ for the level density pa- 
rameter has also been used by Stolk et al. [ 5 ] who 
have studied the same system using a comparable set- 
up but  using instead a thick target in which all recoil- 
ing compound  nuclei were stopped. This may intro- 
duce some difference in the measured y-ray multi-  
plicity and as a consequence in the selected angular- 
m o m e n t u m  domains.  

The resulting parameters have been used to con- 
vert the data to absorption cross sections following 
the procedure described by Gundlach et al. [ 14 ]. The 

resulting spectra are shown in fig. 2. The most inter- 
esting results (cf. table 1 ) are the constant  centroid 
energy ( E )  and the large deformation parameter  fl, 
deduced following the procedure described by Danos 
[21].  The average of the centroid energy deduced 
from the fits, ( E >  = = 14.9 _+ 0.5 MeV, is in excellent 
agreement with the value EGDR= 14.7 MeV (average 

156 . Dy ; E* = 92.5 MeV;a = A/8 MeV 1 
200 . . . . . . . .  

100 

200 

~ loo 

100 ~ 

0 
2 6 10 14 18 22 

Er [MeV] 

Fig. 2. High-energy ;'-ray spectra converted to absorption cross 
sections. For each angular-momentum window also the result of 
the fit using CASCADE (solid curve), separated into its two 
components (long-dashed curve and dash-dotted curve), and the 
results of theoretical calculations (short-dashed curve) as dis- 
cussed in the text, are shown. 

for '4SSm and 15°Sm) obtained from the systematics 
of the G D R  built  on the ground state. This result is 
consistent with that of the study of Stolk et al. [ 5 ]. 
However, no clear indicat ion of a shape transi t ion 
from prolate to oblate, when the angular m o m e n t u m  
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increases from ( J )  = 32h to ( J )  = 62h, could be ob- 
tained as suggested in ref. [ 5 ]. 

Using the Landau theory of  shape transitions, the 

Landau free energies F (  T, 09, fl, 7) have been calcu- 
lated for the three angula r -momentum windows. The 
used temperatures  ( T ) ,  listed in table 2, were ob- 

(a) (b) 
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0.= flcos? 

" ~so ~"  
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Fig. 3. (a) The Landau free-energy surfaces F(  T, to, fl, 7) and (b)  the corresponding Boltzmann factors e x p ( - F / T )  for ( J )  = 32h 
(bottom), 46h (middle) and 62h (top).  For reasons of  presentation the graphs in (b) have been rotated by 180 ° around the z-axis. 
Notice that in order to evaluate ( f l ) ,  the metric f141 sin 371 has to be taken into account in addition to the Boltzmann factor• 
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tained by performing a weighted averaging over all 
decay steps. The angular frequencies co correspond- 
ing to the different values of  ( J ) ,  are also listed in 
table 2. The equipotential surfaces for F (  T, o9, fl, ~,) 
are shown in fig. 3a with the corresponding Boltz- 
mann weight factor e x p [ - F ( T ,  co,/3, y ) /T ]  shown 
in fig. 3b. The equilibrium deformations correspond- 
ing to the min imum in each of  the potential energy 
surfaces are fleq=0.08, 0.13 and 0.19 and all corre- 
spond to an oblate non-collective shape. 

The short-dashed curves shown in fig. 2 are the cal- 
culated G D R  absorption cross sections using the 
method described in ref. [ 8 ]. The centroid energy and 
width taken in the calculations are E o=  14.61 MeV 
and Fo=  3.96 MeV. These parameters are usually de- 
termined from the G D R  built on the ground state. 
Since no ground-state G D R  measurements exist for 
156Dy, these were obtained through interpolation o f  
the values of  neighbouring nuclei. The resulting G D R  
absorption cross section is obtained by averaging over 
the free-energy surfaces in fig. 3a using the unitary 
metric f141 sin 3yl dfl d7 dl2 and the Boltzmann factor 
e x p [ - F ( T ,  og, fl, 7 ) / T ] .  

Considering that the calculations have no free pa- 
rameters, the agreement between the data and these 
calculations is very good as can be seen from fig. 2, 
in which the calculations have been multiplied by a 
factor 0.8. The experimentally observed G D R  
strength distributions for the three angular-momen- 
tum domains are nicely reproduced by the calcula- 
tions. The weighted averages for the deformation (see 
table 2) ( f l )  =0.32, 0.34 and 0.37 for ( J )  =32h,  46h 
and 62h, respectively, also agree well with the defor- 
mations obtained from the statistical model fits. This 
result shows the dominant  role of  shape fluctuations 
causing much larger widths than those measured for 
the G D R  built on the ground state. The calculated 
widths only slightly underestimate the experimental 
widths (see fig. 2). The disagreement is a bit worse 
for the angular-momentum window with ( J )  = 32h. 
The agreement will certainly improve if  the calcula- 
tions, performed at one temperature and at one spe- 
cific value for the angular velocity for each angular- 
momen tum domain, were averaged over the actual 
distribution o f  temperatures and angular momenta.  
Although such a procedure is in principle possible, it 
can only be performed for spectra that correspond to 
a narrow range in angular momen tum and tempera- 

ture because many t ime-consuming microscopic cal- 
culations are required to determine the free-energy 
surfaces. 

It is of  interest to note that the data indicate large 
widths for the G D R  strength distribution and do not 
show any indication for motional narrowing. Due to 
these large widths, there are only small differences in 
the G D R  strength distributions for an oblate and a 
prolate nucleus at a given deformation parameter ft. 
Therefore the shape transitions suggested in refs. 
[4,5] have to be taken with some caution. For ex- 
ample, it appeared that even the data taken for the 
lowest angular-momentum window in the present 
study can be reasonably well fitted with a strength 
distribution for a prolate deformed nucleus with 
f l=0.20 (see table 1 ). 

In conclusion, the angular-momentum depen- 
dence of  the G D R  in 156Dy has been studied at three 
different angular-momentum domains and at finite 
intermediate temperatures. The observed G D R  
strength distributions are nicely reproduced by cal- 
culations in which statistical shape fluctuations 
around an oblate equilibrium shape, the deformation 
of  which increases with spin, are taken into account. 
Possible changes in the equilibrium deformation fleq 
are masked by the shape fluctuations leading to a 
much more constant and large average deformation 
( f l )  ~ 0.35 in good agreement with experiment. 
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