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Abstract 
Angular distributions of photons associated with the damping of excited-state giant dipole 

resonances (GDR) in hot and rotating *61*162Yb nuclei have been measured in exciusive 
experiments using the HECTOR array. In reactions with heavy ions t4*Ti) angular distributions 
are determined as a function of the angular momentum of the compound nuclei. In reactions 
with lighter ions (17*1sO) a difference method is applied to isolate GDR decays originating from 
specific excitation regions. The systematics of the measured angular distributions as a function of 
excitation energy and angular momentum are compared to theories taking into account fluctua- 
tions of the shape and orientation of the excited nuclei. 

Key words: NUCLEAR REACTIONS ‘?$rn(t70, xn), E = 74 MeV, “‘%m~‘*O, xnl, E = 85.5 
MeV; ii3Cd(@Ti. xn), E = 210 MeV; 114Cd(48Ti, xnl, E = 225 MeV, measured E,,, I,, y(B), 
u(E,,, 6). 161.*62Yb ded uced giant dipole resonance features BaF, detectors. HECTOR array, 
multiplicity filter, angular momentum selection, energy difference method 

1. Introduction 

Giant dipoie resonance (GDR) high-energy photon spectroscopy has in the 
course of the past decade estabIished itself as one of the principal tools to study 
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Fig. 1. Schematic diagram showing the decay of the compound nuclei discussed in this article. The used 
reactions, and in each case the initial excitation energy and calculated initial angular momentum 
distribution are indicated. The shown yrast line is calculated assuming the rigid-body moment of inertia 

for a nucleus with A = 160 and deformation p = 0.2. 

the properties of highly excited and rotating atomic nuclei [1,2] providing the 
means to explore the entire phase space available to their decay (see Fig. 1). The 
sensitivity arises from the fact that the properties of the giant dipole resonance are 
strongly modified by the quadrupole deformation of the nucleus, wherefore a 
mapping of the properties of the GDR as function of the excitation energy and 
angular momentum of the emitting nucleus yields info~ation on the changes of 
the nuclear properties as these conditions are varied. 

Of significant interest is the study of the region of excitation energies ranging 
from close to the yrast line, where quanta1 features dominate, to the liquid-drop 
region where nuclei to a large extent can be described with the use of classical and 
macroscopic concepts. The transition between these two regimes is thought on 
quite general grounds to be associated with a transition of the shapes of nuclei, 
from the shell structure driven ground-state shapes (for example prolate with 
significant defo~ation~ of strongly interacting many-body systems consisting of 
identica1 particles to the oblate shapes of deformable classical objects. 
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The task of tracing the gradual decline and fall of nuclear shell structure in hot 
nuclei, has however proven to be more complicated than first expected. The reason 
is that fluctuations play an important role in describing the properties of hot 
nuclei, due to the finite number of the constituent particles. Fluctuations lead to a 
smoothing of many features (for example of the sharp phase transition of the 
equilibrium deformation of nuclei which is predicted to occur as a function of 
temperature) and require the inte~retation of observables through comparison to 
model calculations properly averaged over the explored regions of phase space. 

The role of shape fluctuations in hot nuclei is strikingly demonstrated by the 
measured spectra of the GDR in excited and deformed nuclei, which turn out to 
be much more structureless than for the corresponding cold nuclei [3-91. The 
important role of orientation fluctuations is apparent in the measured angular 
distributions of the photons in the GDR region, which normally have small 
magnitudes (with the exception of the highest angular momenta as we will discuss 
in more detail in this article). The interplay between fluctuations of the shape and 
fluctuations of the orientation relative to the direction of the angular momentum 
vector will in general not be trivial. While for a rigid body the total angular 
momentum vector is always parallel to the rotational frequency vector, this is not 
the case for a deformable body or for a body with a complicated internal structure 
(gyroscope in classical physics). A further element involved in the understanding of 
the measured GDR angular distributions is the extent of the coupling of the GDR 
to the fluctuating atomic nucleus, as expressed through the relative time scales 
associated on the one hand with the fluctuations and on the other hand with 
adjusting the GDR properties to the fluctuating quantities. 

It is no simple experimental task to disentangle these various effects. The 
heavy-ion reactions that must be used to synthesise hot nuclei in the laboratory 
produce such nuclei with a wide distribution of angular momenta. Furthermore the 
GDR gamma rays of interest are emitted at all steps in the nuclear decay 
sequence, although with decreasing probabili~ the more the nucleus cools. Inclu- 
sive measurements lead to a further averaging over large areas of the (1, E *) 
space, reducing the experimental sensitivity to the changing nuclear properties. 

In this article we present exclusive measurements, using the HECTOR array, of 
the angular distribution of the GDR photons originating from the decay of hot and 
rotating 16***62Yb nuclei produced under various conditions using light and heavy 
ions (sects. 2 and 3). We discuss the results in the context of current theories of 
shape and o~entation fluctuations (sect. 4). The exclusive measurements are of 
two kinds: (i) as a function of the angular momentum in reactions leading to the 
formation of compound nuclei with angular momenta up to the fission limit and at 
various excitation energies and (ii> employing a difference method to isolate decays 
originating from selected regions of excitation energy. This paper represents part 
of a larger systematic program that we have undertaken to study the properties of 
hot nuclei in the A = 110 and A = 160-175 regions using exclusive experimental 
techniques. 
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2. Experimental method 

2.1. The HECTOR array 

The experiments discussed in this article were carried out with the HECTOR 
(High Energy deteCTOR) array which is shown in Fig. 2. This detector system is 
the result of a collaborative project between the University of Milan0 and the Niels 
Bohr Institute and is presently operating at the Tandem & Heavy Ion Booster 
accelerator of the Niels Bohr Institute. 

HECTOR consists primarily of eight large single scintillator crystals l of Bari- 
umdifluoride (BaF,) of 145 mm in diameter and 175 mm in length encased in a 
lightweight fiberglass housing. The crystals can contain a large fraction of the 
electromagnetic shower from photons with energies up to 100 MeV. Each crystal is 
coupled to a single fast photomultiplier tube (EM1 9823Q of diameter 125 mm 
with a quartz window and selected on stability, rise time and energy resolution) 
attached to an active voltage divider circuit [lo]. The detectors are operated at 
distance of 30 cm from the target to the front face of the scintillator crystal. This 
distance represents a compromise between the following requirements: largest 
possible solid angle for gamma-ray detection, ability to suppress particle induced 
events by a measurement of the time of flight from the target, and negligible 
summing (i.e. probability for 2 gamma rays or 1 gamma ray and 1 neutron from the 
same event to interact in the same detector within the pulse integration time). The 
detectors are normally equipped with 6 mm Pb absorbers in order to eliminate 
most of the low-energy gamma rays (EY < 1 MeV) from the target thereby further 
reducing summing effects. In the experiments discussed here the detectors were 
positioned mostly at angles (Y = + 160”, + 130”, f 90” and f 50” with respect to the 
beam direction, permitting to measure angular distributions. In a part of the 
experiments one detector was placed at 0”. The detectors are found to have 
identical response functions over the entire energy range of interest. The response 
is reflected in measured angular distribution patterns A,(E,,) (see sect. 3) almost 
only as 1 MeV rigid shift of the pattern down the energy axis. 

HECTOR is also equipped with a multiplicity array (see Fig. 2). In the case of 
the experiments reported here it consisted of 14 BaF, (50 mm diameter and 50 mm 
in length) located at approximately 5 cm from the target. This array has since been 
upgraded [ll] to a close-packed “castle” consisting of 38 hexagonal sticks of BaF,. 
The array serves as a time trigger for the time-of-flight measurements and allows 
to measure the average angular momentum of the residues from the reaction (see 
next section). The excellent time resolution of the set-up (At (FWHM) = 0.6 ns) is 
displayed in Fig. 3. It allows an essentially perfect separation of neutrons and 

l Produced and delivered by Karl Korth, Kiel, Germany. 
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,MultipLicity filter 

Fig. 2. The experimental configuration of the HECTOR array used in the experiments described in 
sect. 2. Photons in the energy range 5-40 MeV emitted at different angles are measured in the large 
BaF, scintillators located at 30 cm from the target. The multiplicity array, consisting of 14 smaller BaF, 
scintillators, is used to determine the angular momentum of the fusion residues and also serves as a fast 

time trigger. 

gamma rays. The contribution to the total spectrum from gamma rays, neutrons 
and background is shown in Fig. 4. 

The dependence of the relative intensities of the two scintillation components 
of BaF, (220 and 320 nm) on the type of interaction (electronic or heavy charged 
particle) permits a discrimination against charged particles (p, d, (u...) by an 
analysis of the pulse shape. In the present case the fast component was integrated 
using a 30 ns wide gate while the entire pulse was integrated using a gate with a 
width of 1 P.S. At the bombarding energies relevant here the contribution to 
charged particles was minimal. The pulse shape analysis is nevertheless still useful 
as an additional veto against pile up events as schematically illustrated in Fig. 5. 

The energy calibration of the BaF,-detectors was done by measuring the 6.13 
MeV y-rays from a Pu13C radioactive source in the low-energy range and the 15.1 
MeV y-rays produced in the 2H(“B, ny)12C reaction in the GDR region. The 
used charge sensitive ADC’s sense and correct for any charge presented to the 
device outside of the pulse duration thus ensuring zero offsets of the calibration. 
The energy resolution, for the typical bias voltage used (around 1400 VI, was 7-8% 
at 6.1 MeV. 
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Fig. 3. Two-dimensional time-of-flight versus energy spectrum in a large BaF, detector (in this case 

located 90” with respect to the beam direction at 30 cm from the target) measured relative to the time 
trigger provided by the BaF2 multiplicity array (operated in OR condition). In the inset a projection of 

this spectrum on the time axis is compared to the projection when the detector was moved to 0”. 

Gamma-ray (y) and neutron (n) events are clearly separated. The shoulder on the right side of the 

y-peak is due to imperfect electronics. The detection threshold for high-energy gamma rays was 

= 4 MeV. 

The gain stability of the detectors was monitored by feeding to the detectors a 
well-defined light pulse from a common temperature stabilised light emitting diode 
(LED) through optical fibres. The rate of the signal was kept at approximately 10 
Hz. The shape of the LED peak in the spectrum is shown in the left-hand side of 
Fig. 6. Any gain drifts were corrected in the off-line analysis on a 5-6 minute basis 
by comparing the centroid of the LED peak sampled over approximately 3000 
events to a reference position. Gain variations were corrected with an accuracy 
better than 0.15%. A typical behaviour of the detector gain is illustrated in the 
right-hand side of Fig. 6, where the position of the LED-peak is shown as a 
function of time. It is found that most of the short time gain variations can be 
correlated with variations in the beam intensity. Long term drift is mainly associ- 
ated with changes in ambient temperature. Due to the stable temperature of the 
target room long term drift is generally small. 

Fig. 7 shows the logic’s of the fast and slow electronics and of the data 
acquisition system. Events were defined by requiring a coincidence between a 
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Fig. 4. Shape and relative intensity of the contribution from gamma rays, neutrons and background 
events to the total gamma-ray spectrum as determined by setting gates of equal width on the 
appropriate parts of the time spectrum shown in Fig. 3. The two top panels correspond to a further 
requirement of detecting 1 and 3 low-energy gamma rays in the multiplicity array respectively. The 
lower panel shows a comparison between the gamma-ray spectra corresponding to folds 1 and 3 after 

subtracting a constant residuat background at high energies (mostly due to cosmic rays). 

pulse with E, > 4 MeV in any of the large BaF, detectors and a pulse with 
$, 3 150 keV in any of the detectors of the multiplicity array. The resdting logic 
signal is further OR’ed with a logic signal from the LED and with a signal from the 
OR of the multiplicity filter (with a downscaled rate). This trigger signal is used to 
gate the QDC’s and TDc’s (in CAMAC) and the computer system. The data 
acquisition system is based on a number of Motorola 68010 processors operating in 
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ood” events 

Fig. 5. ll~ust~tion of pulse-shape di~rimination obtained by applying two gates of different width to 
the energy pulse of a BaFz detector (in this case located at 0”) and integrating the charge in each 
window (see top inset). Since the detectors are operated in air the contribution from charged particles 
is normally modest and the main purpose of the pulse-shape discrimination is to reduce pile-up. The 

lower inset shows a projection of the three-dimensional distribution. 

parallel in a VME environment [12]. Formatted events are transmitted to the main 
VAX 8650 where on-line histogramming (1D and 2D), display, experiment control 
and storage on Exabyte magnetic tapes occurs. In the present experiments coinci- 
dence event rates of 1000 events/s were common, although the acquisition system 
can handle rates up to about 5000 events/s without significant deadtime. 

The downscaled rate of the BaF, multiplicity array (LE y-rays) is used to 
estimate the absolute number of high-energy gamma rays per energy bin that are 
emitted for each fusion reaction (multiplicity of HE y-rays). Indeed, the ratio of 
the rate of coincidence events and of the rate of singles events (LE events), 
corrected for the finite solid angle of the HE detectors (dw/dfl) and for the scale 
down factor F of the singles rate, is equal to the ratio of the cross section for HE 
gamma-ray emission divided by the fusion cross section, and thus also equal to the 
multiplicity of HE gamma rays in the considered interval of gamma-ray energies 
centered around E, 
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Fig. 6. Illustration of the gain monitoring and stabilisation procedure. The left side of the figure shows 

the peak appearing in the spectrum from a HECTOR BaF, detector arising from the light pulse from a 

common temperature stabilised LED. The contributions from reaction events and LED events can be 

separated by requiring coincidence and anti-coincidence with the LED signal respectively (middle and 

lower left panels). The right side of the figure shows the time dependence of the centroid position of 

the LED peak as a function of time for various detectors, and for comparison the corresponding 
fluctuations in beam intensity. 

We note that this procedure has the advantage of being independent of dead 
time and of variations in beam intensity, target thickness etc. It is a number that 
can be directly compared to the results of statistical model calculations. We 
remark that the assumption that the singles rate of the multiplicity array is 
proportional to the rate of fusion reactions may only be valid above a certain fold. 

2.2. Determination of angular momentum distributions 

With the used geometry the efficiency of the 14 element multiplicity array was 
experimentally determined be to be close to 19% and the scattering probability 
between neighbouring detectors to about 5%. The response, i.e. the conversion of 
measured fold to multiplicity was established using a method similar to that 
described by Jllskelainen et al. [13]. In brief, the method consists of recording 
gamma rays from a radioactive source emitting two gamma rays in cascade (e.g. 
6oCo *“Bi) and located at the target position. One of the large volume BaF, 
detectors is used as a trigger, and the events are considered only if the 1.33 MeV 
gamma-ray from the 6oCo source (1.06 MeV or 1.77 MeV in the case of *“Bi) 
results in a full energy peak, ensuring that exactly one gamma-ray (1.17 MeV for 
6oCo or 570 keV for *“Bi) is presented to the multiplicity filter. With this 
condition events consisting of the analogue signal from the Multiplicity Unit (see 
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Fig. 7) proportional to the number of firing detectors (i.e. fold), are stored on tape. 
The O-fold events, corresponding to situations where the gamma-ray exposed to 
the filter escape without interaction, are also included. Hence the measured fold 
spectrum is the response of the filter to gamma-ray multiplicity M = 1 (at the 
specific energy 1.17 MeV or 570 keV). The response to multiplicity M = k is 
generated, in the off-line analysis, by randomly selecting k events from the tape 
and summing up the amplitudes of the associated individual fold-signals. The 
response matrix obtained in this way for gamma rays with an average energy of 
1.17 MeV is shown in Fig. 8, ass~ing a production cross section for the various 
multiplicities with a triangular shape, as is the case for fusion reactions. 

The fold to multiplicity conversion can also be calculated using a simple 
recursive algorithm proposed by Holm [14] for the probability P(F, M) of trigger- 
ing F out of N detectors by a cascade of M y-rays using as input the experimen- 
tally determined total efficiency 0 and scattering probability E: 

P(F, M) =a,P(F, M- 1) +b,P(F- 1, M- 1) +c,P(F-2, M- 1) 

with 

a,=l-(N-F)o l+e 
( X%)7 

N-2F+l 
b,=(N-F+l)o N_l , 

N-F+1 
c,=(N-F+2)a 

N-l ’ 

P(F, M) = 0 for F < 0 or M < 0, PfO, 0) = 1 and P(F, 0) = 0. The detection 
efficiency of each detector is w, i.e. No = CL 

Fig. 9 shows the angular momentum distributions for different folds (assuming 
the relation Z = 2M). These distributions are practically identical to those that can 
be obtained from the “experimental” response matrix shown in Fig. 8. 

Apart from allowing a study of the angular momentum dependence of the 
GDR, the selection on different fold regions is important for discriminating 
against low multiplicity events associated with non-fusion or background events. 
The importance of the latter is exhibited in Fig. 4. It is apparent that the 
high-energy gamma-ray spectra gated by fold 1 contain a large background. The 
spectra associated with the higher folds are much cleaner. In the lower panel of 
Fig. 4 we compare spectra gated by folds 1 and 3 after subtraction of residual 
linear backgrounds. We find apart from the natural angular momentum depen- 
dence a somewhat anomalous behaviour of the spectrum corresponding to fold 1 
events (shoulder in spectrum at E, = 6-7 MeV and significant high energy 
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Fig. 8. Illustration of the fold to multiplicity response (i.e. the probability P(F, M) in arbitrary units of 
triggering F detectors by M gamma rays) of the used multiplicity array. The response matrix has been 
determined by constructing synthetic high multiplicity events using the measured response (analogue 
signal from the Multiplicity Unit) to 6oCo gamma rays. The multiplicity distribution has been assumed 

to have a triangular shape. 

background, see also Fig. 11). We associate these features with non-fusion events. 
We consequently consider fold 1 events only with some reserve in the following. 

3. Angular distribution of GDR photons from exclusive experiments 

Fig. 10 illustrates schematically how the angular distribution of the GDR 
photons depends on the nuclear properties, in particular the deformation and 
shape. The insets in the figure show the expected behaviour of the magnitude of 
the B[El](E,) matrix elements and of the A,&) coefficients (see definition in 
sect. 3.1) as a function of the gamma-ray energy in the transition-energy region of 
the GDR for 4 different shapes of the same deformation (here chosen to be 
p = 0.3). Th e d’ff 1 erent nuclear shapes are characterised by the elongation parame- 
ter p and the triaxiality parameter y. The grid shows calculated contours of the 
free energy as a function of these quantities. In the figure we have used the 
convention that y = 0” denotes a prolate nucleus rotating collectively (i.e. around 
an axis perpendicular to the symmetry axis), y = - 60” an oblate nucleus rotating 
non-collectively (i.e. around an axis parallel to the symmetry axis), y = 60” an 
oblate nucleus rotating collectively and finally y = 120” a prolate nucleus rotating 
non-collectively. 

The GDR strength functions calculated for these well-defined nuclear shapes 
have characteristic fine structures arising from the superposition of the contribu- 
tions from vibrations along each of the principal axes of the nucleus (with 
frequencies inversely proportional to the length of the axes). In addition, the 
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Fig. 9. Calculated multiplicity distributions for various folds for the oxygen and titanium induced 

reactions based on the experimentally determined efficiency of the multiplicity array. The curves have 
been folded with the cross section dependence of the input multiplicity distribution. 

angular distribution of gamma rays shows a characteristic pattern that contains 
information on the orientation of the nucleus with respect to a given axis, for 
example an axis parallel to the direction of the total angular momentum vector. 
This is due to the fact that the GDR components corresponding to vibrations 
along the principal axes of the nucleus have different angular distributions in the 
laboratory frame of reference, depending on whether the considered vibration is 
parallel or perpendicular to the direction of the total angular momentum vector. 

The magnitude of measured GDR angular distributions reflects not only one 
shape, but rather, in the case of significant shape fluctuations, the extent and form 
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Fig. 10. Schematic illustration of the GDR strength function and angular distribution as a function of 

gamma ray energy for nuclei of a fixed deformation (p = 0.3) but of various shapes. Shape and 

orientation fluctuations sampling all or part of the available phase space in the quadrupole deformation 

and orientation variables lead to much smoother effective strength functions and normally to reduced 

angular distributions. 

of the shape ensemble at the given E * and Z and to what extent the GDR couples 
to the different deformations. In the case of an adiabatic coupling of the GDR to 
the quadrupole degrees of freedom, the effective GDR angular distribution will 
reflect the ensemble of different shapes. Also, fluctuations in the angle between 
the symmetry axis of the nucleus and the direction of the total angular momentum 
affect the angular distribution by reducing its amplitude. We will discuss these 
issues in more detail in sect. 4. 

3.1. Angular distributions in 161,162Yb as a function of angular momentum 

Fig. 11 shows measured GDR gamma-ray spectra from the reaction 48Ti + ‘14Cd 
at E(beam) = 225 MeV leading to 162Yb nuclei at E * = 70 MeV. The spectra are 
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Fig. 11. Measured gamma-ray spectra from the reaction 48Ti+ 114Cd + 16*Yb gated by different folds. 
The spectra, normalised to fold > 6 at E, = 6 MeV, are shifted along the ordinate by a factor of 10 
relative to each other. The average angular momentum corresponding to each spectrum is listed in 
Table 2. The spectrum corresponding to fold 2 is compared to the spectrum for fold > 6 (dashed line). 

obtained by gating on different folds (l-7) measured in the multiplici~ array. 
Spectra corresponding to detectors located at different angles have been added. 
To be noted is the overall similarity of spectra corresponding to fold > 1. A closer 
inspection reveals, however, significant and systematic variations in the GDR 
region as a function of fold (see for example the comparison of spectra correspond- 
ing to folds 2 and > 6 in fig. 11 and of folds 1 and 3 in Fig. 4). As previously 
mentioned spectra corresponding to fold 1 deviate significantIy at E, > 15 MeV 
from the spectra corresponding to folds > 1. Table 1 lists information relevant to 
the reactions discussed in this article. Table 2 lists the average angular momentum 
associated with each fold gate obtained by the methods discussed in sect. 2. Also 
listed in Table 2 are the standard deviations and skewness coefficients of the 
multiplicity distributions (see also Fig. 9). 

Fig. 12 shows the distribution of the A,(E,) coefficients for 161Yb and 162Yb for 
the different spin regions, in the reactions using 48Ti beams. These distributions 
were obtained in the following way. For each of the 8 detectors two-dimensional 
spectra of gamma-ray energy as a function of fold were sorted, with appropriate 
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Table 1 
Summary of properties of the compound nuclei produced in the light- and heavy-ion-induced reactions 
discussed in this article. The table lists the beam energy, target thickness and isotopic purity, the 
maximum excitation energy, the calculated maximum transferred angular momentum and the fusion 
cross sections (see also Fig. 1). For the last reaction is indicated also the angular momentum lriss for 
which fission begins to dominate over the particle emission 

Reaction 

170 + ‘“Sm 

180 + ‘?jrn 

48Ti + t13Cd 

4*Ti + ‘14Cd 

E(beam) 
lMeV1 

74.0 

85.5 

210.0 

225.0 

Target 
lms/cm21 

F&5%) 

?9i.5%) 

;9:.4%) 

&.7%, 

E*(max) 
[MeVl 

38.8 

50.8 

62.8 

74.8 

1 
67 

20 

33 

54 

70 
(less = 60) 

offusion) 
[mbl 

270 

640 

400 

610 

gates on the gamma-ray peak of the TOF spectrum and on the main diagonal of 
the pulse shape spectrum. Energy spectra corresponding to specific fold intervals 
were projected (see Table 2). If necessary a constant background, determined as 
the average number of counts per channel in the energy region 25-30 MeV was 
subtracted. This background, mostly present in the spectra corresponding to low 

Table 2 
Correspondence between the measured fold of the low-energy gamma rays detected in the multiplicity 
array and the average multiplicity CM) of emitted gamma rays, for the studied reactions. Also listed are 
the estimated average angular momentum of the gamma-ray emitting nucleus, the standard deviation 
(a) and the skewness parameter (Y1) of the associated distribution (see also Fig. 9) 

Reaction 

“0 + “?jrn 
“0 + ‘+m 

48Ti + ‘13Cd 

48Ti + ‘t4Cd 

Fold 

>l 
>l 

1 
2 
3 
4 
5 
6 

>6 

1 
2 
3 
4 
5 
6 

>6 

(M) (1) * Yl 
lhl [hl 

8.4 16.8 4.8 0.00 
12.7 25.4 7.0 -0.14 

12.9 25.8 12.2 + 0.24 
16.2 32.4 11.8 0.00 
18.8 37.6 10.8 -0.16 
20.6 41.2 9.6 - 0.27 
22.0 44.0 8.6 - 0.42 
23.1 46.2 7.6 - 0.66 
24.3 48.6 6.8 - 0.98 

13.4 26.8 13.2 + 0.33 
17.2 34.4 13.0 + 0.04 
20.2 40.4 12.0 -0.14 
22.3 44.6 10.8 - 0.23 
24.0 48.0 9.2 - 0.38 
25.2 50.4 8.6 - 0.55 
26.5 53.0 7.2 - 0.72 



-03[.... 

50 75 100 12 5 150 175 200 225 

E, WV1 

<I>=27 (fold 1) 
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Fig. 12. Angular distribution coefficients as a function of the gamma-ray energy in the GDR region 

determined for the reactions 48Ti + ‘t3.1r4Cd + 161,162Yb for various fold gates. The curves are calcu- 
lated with a fluctuation theory (see sect. 4) and shifted along the abscissa by - 1 MeV in order to take 

on account the detector’s response. See also Figs. 19 and 20. 
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folds, is thought to originate mainly from random coincidences with cosmic rays. 
The eight spectra corresponding to different detection angles (Y with respect to the 
beam direction were subsequently normalised to each other in the region of 
statistical gamma-rays: between 5 and 6 MeV. This procedure is based on the 

60 

50 

40 

30 

20 

10 

0 

E+=50.8 MeV 

E+=38.8 MeV 

162Yb-16lyb 

100 ,N’,,,‘,,,,N,I , ,Jy$jj 

50 75 100 12.5 150 175 200 225 

E, WV1 

Fig. 13. (a) Schematic illustration of the E* and I regions populated by the Oxygen induced reactions 
discussed in this work. Each region is characterised by the cross section for gamma ray emission W, and 

the spectrum shape 5’. The subtraction method isolates the GDR decay from regions 1, 2 and 4. The 
contribution from region 4 depends on the degree of angular momentum matching obtained in the 
experiment. (b) Angle-integrated measured gamma-ray spectra from the decay of 16*Yb and 161Yb. (c) 

The difference of the two spectra contains most of the GDR gamma rays at E, = 15 MeV emitted 

directly from the 16’Yb compound nucleus. 
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results of earlier measurements finding that the gamma rays in this region are 
emitted almost isotropically [5,7]. One has to point out however that for more 
quantitative discussion one needs better measurements of the angular distribution 
of statistical tails. After such a normalisation the spectra were binned to approxi- 
mately 1 MeV per channel, and the A, coefficients for each channel (gamma-ray 
energy) were determined by a least-squares fit of the number of counts at the 
different angles to the expression N(cu) =A,(1 +A, * P,(cos a>), where (Y is the 
angle between the emitted gamma ray and the beam axis. 

The salient features that may be recognised in Fig. 12 are: (i) overall the 
amplitudes of the A, coefficients are small (< I -0.1 I, significantly less than the 
expected A, = -0.25 for a stretched dipole transition), (ii> the magnitude of the 
A, coefficients increases slowly with increasing angular momentum and (iii) the 
difference between the angular distributions at each fold (spin) measured for 161Yb 
(at E * = 63 MeV) and for 16*Yb (at E * = 75 MeV) is very small. 

Also shown in Fig. 12 are calculations of A,(E,) distributions for the relevant 
(E *, Z) conditions within the framework of fluctuation theories. We will discuss 
the comparison of experiments and model calculations in sect. 4. The calculated 
A,(E,) patterns were shifted by - 1 MeV along abscissa to account the detectors 
response. 

3.2. Angular distribution in 161~162Yb using an energy differential method 

In sect. 3.1 we have presented GDR spectra measured as a function of the 
angular momentum of the compound nucleus. It should be recognised, however, 
that although this type of experiment represents an improved sensitivity over 
inclusive measurements sampling the entire (E *, I) space available for the decay, 
the measured spectra still contain the sum of all gamma rays competing with 
particle evaporation and originating from emissions at all steps in the nuclear 
deexcitation sequence. The consequence is that the measured photon spectra 
contain information not only on the compound nucleus itself but also on the 
various daughter nuclei populated at different temperatures. Hence, comparison 
to model calculations requires an averaging over an ensemble of nuclei which may 
have quite different properties as a function of temperature. This obviously limits 
the sensitivity of such comparisons. 

In this section we discuss a method to isolate the high-energy gamma rays from 
the decay of the GDR from specific regions in the (E *, I) plane, by using an 
energy difference technique [15,16]. 

Fig. 13b shows the angle-integrated gamma-ray spectra measured in the two 
reactions and illustrates the idea of the differential technique. Spectra correspond- 
ing to fold > 1 from the decay of 16*Yb and 161Yb produced with 16,170 at different 
E * (see reaction details in Table 1) are compared. The excitation energy of 161Yb 
was chosen to be equal to that remaining after the evaporation of the first neutron 
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a) o.2 

b) o’2 
0.1 

-0.2 

d) *” 
0.1 

CORRECTED 

E, [MeVl 
Fig. 14. (a) Measured A, distribution for the inclusive decay of 162Yb. (b) Same for “‘Yb. (c) A, 
distribution for the difference spectrum obtained as described in the text. (d) Corrected A, distribution 
taking into account the different 1 regions populated in the reactions. Calculations: adiabatic average 
over all possible shapes and orientations (fult drawn line): equilibrium shape (dotted line); adiabatic 

average only over possible shapes (dashed line). 
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from 162Yb. In these nuclei particle evaporation is practically only by neutron 
emission. Thus, the gamma-ray emission from 16tYb represents the part of the 
gamma-ray decay which is common to the two reactions. Subtraction of the two 
spectra thus results in a spectrum of the gamma rays which compete with the first 
neutron evaporated from the compound nucleus nj2Yb. 

With this method, the temperature spread of states, on which the GDR is built, 
is reduced to the width of the GDR itself and to a broadening due to the energy 
loss of the beam in the target. It therefore becomes possible to isolate GDR 
gamma-ray emission originating from a specific region of excitation energy. 

For such a procedure to be well defined, the angular momentum corresponding 
to the spectra which are compared must be kept the same. If this is not the case, 
the difference spectrum will contain contributions from the region of Z not 
common to the two reactions. 

As discussed in sect. 2 we do not determine the absolute cross section for 
gamma-ray emission in the experiments since the fusion cross section is not 
directly measured. Therefore we have chosen to normalise the gamma-ray spectra 
from the two reactions to the multiplici~ of gamma rays per MeV in the interval 
E,, = 6.0-6.5 MeV, a quanti~ we can determine in the e~e~ments as discussed in 
sect. 2.1. The difference spectrum so constructed is shown in Fig. 13~. 

In Fig. 14a and 14b we display the A, coefficients as a function of E,. In Fig. 
14~ we show the A,(E;,) distribution for the difference spectrum. It is apparent 
that the A,(E,,) coefficients deduced for the difference spectrum are considerably 
larger than those obtained for either of the inclusive decays. A sizeable part of this 
is due to the fact that we cannot experimentally match the angular momentum 
input in these two low angular momentum reactions, as may be seen from the 
calculated fold to multipli~i~ response shown in the two top panels of Fig. 9. It is 
however worth noting that the increase in the size of the A,CE,) is in itself 
evidence for changing nuclear properties as a function of E * and 1. 

In the absence of a complete matching of the angular momentum regions 
covered by the two reactions the difference spectrum will, in addition to the first 
generation gamma-ray spectra (labelled S, and S, in Fig. 13a), also contain gamma 
rays emitted at lower temperature from the region not common to the two 
reactions (of spectrum shape labelled S, in Fig. 13a). Thus the method leads in 
general to the determination of the properties of S, + S, + S,. In the following, we 
present a general method to evaluate the real A, coefficients corresponding to 
such difference spectra. 

With the used normalisation procedure, the subtraction of a spectrum of the 
type measured for the reaction at lower energy, S,, implies that a fraction 
R = (T~~/(u~~ + a4,> of S, has been oversubtracted, instead of the (unknown) 
spectrum S,. Here Use and ads, refer to the cross sections for the emission of the 
low-energy statistical gamma rays (of identical spectrum shape, S) in the two 
different Z regions. This ratio is proportional to the ratio of the corres~nding 
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fusion cross sections. If both reactions populate the same Z interval, R = 0. In the 
limit of very different Z distributions, R + 1. If R # 0, the procedure will affect the 
deduced A, coefficients for the difference spectrum if the properties of the 
low-spin spectrum are changing with I, i.e. if S, f S,. We can express the apparent 
angular distribution coefficients of the difference spectrum, A;, in terms of the 
real A, of the difference and the measured coefficients for the low-energy 
spectrum, Ai, 

ND( 0”) - ND( 9P) 

A; = ND(90”) + OSP(O”) 

1 +A, - R(l +A$) - [ 1 - 0.54, - R(l - 0.5&)] 

= 1 - 0.54, - R(l - 0.5&) + 0.5[1 +A, - R(l +A$)] 

A,-RA$ 
= 

1-R 

where ND(~) is the number of counts measured in the difference spectrum at the 
different angles and where R can be calculated from a fusion cross section code. 

For the present reactions we calculate R = 0.66. This estimate is based on the 
cross sections associated with the actual Z distributions corresponding to the 
applied gates on the measured gamma-ray fold. According to equation above, this 
leads to an increase of A;, by a factor of approximately 2, as compared to A,. We 
remark that while a mismatch in Z between the two reactions reduces the 
sensitivity of the difference method, the contribution from gamma rays with 
E, = 15 MeV from the first step decay to the difference spectrum (regions 1 and 2) 
is about 77%. This is because “contaminating” gamma decays from region 4 are 
reduced due to the lower effective level density. In Fig. 14d we display the 
corrected A, distribution. In Fig. 14 we also compare the measured A,(E,,) to 
model calculations. This comparison will be discussed in sect. 4. 

The measurement of spectra at different angles also provides us with the 
possibility of analysing the GDR spectrum in a nearly model-independent way (see 
also ref. [5]). Since radiation of other multipolarities than El is expected to be 
unimportant between 10 and 20 MeV we can uniquely decompose the observed 
difference spectrum, corrected for the different populated Z regions, into the 
contributions from stretched and unstretched radiation according to 

S(a) = [l +vA y=OP,(cos a)] s”‘=O + [l +qAf1=*1P2(~~~ a)]SA’=*‘. 

In this analysis A, “=’ = 0 5 and A;‘= *’ = -0.25. The coefficient 17 has been . 
introduced to take into account the attenuation due to fluctuations of the orienta- 
tion of the nucleus with respect to the spin direction. We have used 77 = 0.25, 
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E, [MeV] 

Fig. 15. Decomposition of the gamma rays from the t6’Yb compound nucleus in the GDR region in 
terms of the AZ = 0 and AZ = I 1 components. Decomposed spectra have been multiplied by exponen- 
tial function with an effective temperature T, = 1.55 MeV to allow the representation on linear scale. 
Note that the AZ = 0 com~nent (top panel) is located in the upper half of the GDR distribution, 
excluding ablate nueiear shapes rotating collectively. Also shown (lines) is the shape of the A I = 0 and 
AI = i 1 components obtained in a fit to photo-absorption spectra from coid prolate Er nuclei, using 

two Iorentzians. 

deduced from the calculations shown in Fig. 14d and discussed in sect. 4. The main 
features, however, do not change appreciably as long as 77 is in the range 
0.15-0.45. The result of this procedure applied to the difference spectrum from 
the o~gen-induced reactions is displayed in Fig. 15. The upper panel shows that 
the contribution of Al = 0 gamma rays to the GDR is localised around E,, = 16 
MeV. No Al = 0 strength is found in the lower part of the GDR distribution as 
expected for prolate collective or oblate non-collective rotation, and thereby 
unambiguously excluding oblate collective rotation. The lower part of the figure 
shows that the Al = rt 1 strength is mostly localised around 13 MeV, although 
some strength cannot be excluded in the upper part of the GDR distribution. This 
pattern might suggest some oblate contribution to the effective shape. This is also 
indicated by the contrast to the shape of the stretched and unstretched compo- 
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nents (solid lines) deduced from the photo absorption measurements for cold and 
(mostly) prolate Er nuclei [17]. In that case, the high-energy GDR component is a 
mixture of AZ = 0 and AZ = 1 transitions. In figure 15 the strength ratio of the 
observed AZ = 0, + 1 components is different from the ratio for cold Er nuclei. 

We further note that it is also possible to obtain an estimate of the width of the 
individual components without any analysis of the spectrum shape with the 
statistical model. From Fig. 15, we deduce Z7AZ = 0) = 4.0 MeV and Z7AZ = f 1) 
= 3.0-4.0 MeV. Finally, we can obtain an estimate of the effective deformation 
from the energy difference of the two components. We find p = (E2-El)/(E) = 
0.20, in remarkable agreement with the predictions of the shape calculations for 
the equilibrium shape. 

We conclude this section by remarking that we have not applied this difference 
procedure to the high angular momentum reactions leading to the formation of 
161,162Yb discussed in sect. 3.1. Such doubly exclusive measurements (for 
160,161,162Yb) using a new high-efficiency multiplicity filter (total efficiency > 70%) 
consisting of 38 elements of BaF, arranged in a “castle” geometry will be 
discussed in a forthcoming publication [181. 

4. Comparison to fluctuation theory and interpretation 

4.1. Fluctuation theories for hot nuclei 

Fig. 16 shows calculated contours of the free energy in the rotating frame 
F = U - TS - I. o, for the nucleus 16’Yb at different temperatures (T) and rota- 
tional frequencies Co), in terms of the deformation parameters p and y described 
in sect. 3. The contours lines are spaced by 2 MeV, increasing radially outwards 
from the minimum. In the present case the calculations have been done within the 
framework of the Landau theory of shape transitions developed by Alhassid et al. 
[19]. In this approach the free energy may be written as 

F(P, Y, T, w) =F(P, Y, T, 6.~ = 0) - +J,w* 

= F,(T) +A(T)P* -B(T)P3 cos(3(u- 9) 

+ C( T)p4 - +Jp’, 

where J, is the moment of inertia about the z-axis (assumed to be the axis of 
rotation) 

J,=J,(T)-2R(T)Pcos + 2J,(W* 
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Fig. 16. Calculated contours of the free energy in the rotating frame for 16’Yb at different rotational 
frequencies and temperatures. Contours are spaced by 2 MeV. 

where the coefficients A, B, C, Jo, R, J, and D vary smoothly with temperature. 
These coefficients are determined from fits to microscopic calculations (for exam- 
ple of the Nilsson-Strutinsky type). The parameters have been supplied to us by 
Alhassid 1201. A compilation of the A, B, C parameters as a function of T for 
rare-earth nuclei parameters is given by Bush 1211. In many cases it may be 
reasonable to use the rigid-body moments of inertia (Jo = 2/5M(Ro>‘, R = 

(S/16~Jo)‘/2 and .I, = D = 0) at higher T. Note that we have rewritten the 
equations for F and J, in terms of the y parameter defined in the beginning of 
sect. 3 which differs from the convention of Alhassid by + frr. 

The figure illustrates the expected transition from well-deformed proIate shapes, 
near the ground state (panel at lower left), to oblate shapes of small defo~ation 
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at low rotational frequencies and of large deformation at higher w occurring 
already at T = 1 MeV for these N = 92 nuclei. The figure also shows the increasing 
shallowness of the free energy surfaces which develops with increasing tempera- 
ture suggesting that shape fluctuations will be important in these nuclei already at 
moderate T. 

Another source of fluctuations which affects GDR angular distributions is due 
to variations of the angles which describe the orientation of the nucleus with 
respect to a given axis (for example the rotation axis or the direction of the total 
angular momentum). While shape fluctuations can play a major role in modifying 
both the effective GDR strength function and the GDR angular distribution, 
orientation fluctuations mostly affect the angular distribution. 

In general we may consider the effect of fluctuations on the GDR properties in 
two extreme scenarios: the fully adiabatic model [22] and the extreme motional 
narrowing model [23]. The physical pictures underlying these two approaches are 
easy to understand. In the adiabatic model it is assumed that the nucleus spends 
sufficient time in each configuration (characterised by the deformation, shape and 
orientation variables) that the GDR sees that configuration as static for the time 
that it takes to damp the GDR into the compound nucleus states. As a conse- 
quence, the effective GDR strength function must be seen as an average, with a 
suitable statistical weight, over all the configurations that can be explored. In the 
motional narrowing scenario it is considered that the time scale for configuration 
changes may be short compared to the time needed for the GDR to adjust to a 
given configuration, As a consequence only part of the available phase space is 
explored. In the extreme motional narrowing model the GDR sees only the 
equilibrium configuration, thus effectively quenching all fluctuations. A determina- 
tion of which of these models (or what intermediate model) is appropriate for 
describing the experiments thus carries important information on the time scales 
of the rearrangement of nucleonic configurations in hot nuclei. We remark that 
earlier work has indicated the need for an intermediate model in the A = 100 
region [24,25] while data from the A = 90 region [261 and in the A = 165 [27,28] 
region at low T and Z are consistent with the adiabatic model. 

In Fig. 17 we illustrate the influence of fluctuations on the GDR strength 
function for various rotational frequencies and temperatures in the case of 16’Yb. 
In this figure the dotted line indicates the expected GDR strength function for the 
equilibrium deformation (this can then be associated with the extreme motional 
narrowing result). The dashed line show the strength function including only 
adiabatic shape fluctuations, while the solid line shows the result of considering 
adiabatic fluctuations of shape as well as orientation. Fig. 18 shows similar 
information for the GDR angular distribution. 

We note that the GDR strength functions are not affected by orientation 
fluctuations and that shape fluctuations play a major role in smoothing the 
distributions at higher T. As far as the angular distributions are concerned we 
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concentrate the discussion on the magnitude of the predicted negative anisotropies 
in the range E, = 11-13 MeV. It is apparent that large negative anisotropies 
(around A, = -0.15 to - 0.20) are predicted for all T and w when only shapes 
fluctuations are included. The anisotropies increase only slowly with increasing 
rotation and temperature. A noteworthy feature is that the magnitude of the 
anisotropies corresponding to the equilibrium deformation are much smaller than 
those corresponding to those where an averaging over shapes has been done, 
except at the highest rotation and for situations close to the ground state. This 
behaviour reflects the strong role of shape fluctuations admixing large deforma- 
tions into the effective shape. Orientation fluctuations obviously are very impor- 
tant, strongly attenuating the angular distribution at low rotational frequency. At 
high rotation, however, all curves converge suggesting that measurements of the 
angular distribution of GDR gamma rays at high angular momenta can give an 
almost model-independent picture of the shape of hot nuclei. 

In the following we briefly describe the formalism we have used to generate 
Figs. 17 and 18. 

At a given deformation and for a given shape we describe the GDR strength 
function as a superposition of three lorentzian functions each centred at a 
frequency given by the Hill-Wheeler formula 

where k = 1, 2, 3 labels the principal axes (x, y, z) in the intrinsic frame and 
E GDR is the average energy of the GDR determined from systematics. To each 
component we associate a width given by 

where r,,, = 5 MeV and [29] S = 1.9. We have in the present case neglected 
Coriolis splitting of the GDR components. This effect is however small (of order 
Aw = 0.5 MeV). 

The angular distribution of the individual GDR components in the laboratory 
frame of reference depends on the multipolarity of the considered transition. The 
multipolarity is determined by the orientation of the plane of the considered 
vibration relative to the direction of the rotation axis. In general 
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where CY is the angle of observation of the gamma ray with respect to the beam 
axis, P2 is the second Legendre polynomial and S, is the angle-independent part 
of the spectrum. 

Neglecting the effect of Coriolis splitting an analytical expression for the 
angular distribution, with respect to the beam axis has been derived [30] 

a (E ) = _ 1 (LW +W,))/2 -WY> 3 cos*fl- l 
2 Y 2 

[ fx(J%) +L(J%) +.LW Ii 2 i 

3 

[ 

L(4) -.WJ 
+ s f&q +f&E,) +f*(EY) 1 sin2e cos 247 

16zYb 

o o. _ AZ of low energy component 

F 
-0.05 - 

1 161Yb -0.10 

2 
-0.15 - 

-0.25 4 
0 10 20 

Z> 

40 50 60 

Fig. 19. Systematics of the magnitude of the GDR angular distribution coefficients (determined as the 
minimum value in the interval E, = 11-13 MeV) as a function of the angular momentum of the 

compound nucleus. Filled points refer to titanium induced reactions, open points to reactions with 

oxygen projectiles. Circles are for 16*Yb, triangles are for 161Erb a diamond is for the energy difference , 
method. The lines are calculations showing the predicted trend in the case of fully adiabatic fluctua- 

tions in the deformation and orientation degrees of freedom (full drawn) and fully motional narrowed 
(dashed). The thin solid line shows the results of adiabatic calculations evaluated in the same energy 

range as the data (see discussion in sect. 4.2). 
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where fk(k = X, y, z> are the GDR strength functions (assumed to be of lorentzian 
shape with centroid Ek) corresponding to vibrations along the principal axes while 
0 and 4 are the Euler angles describing the orientation of the rotational frequency 
vector with respect to the symmetry axis. 

In the case of adiabatic fluctuations the effective GDR strength function at 
each T and w can be estimated from 

In practice we calculate the weighted average numerically over a grid in the 
parameters /3, y, 8, #. 

The free energy must in general take into account the orientation angles, thus 

F(T, o, /3, y, 8,4) =F(T, w = 0, BP Y) 

-- :(J, sin28 cos*$ + J,, sin*8 sin24 + J, cos2C3)02 

and the volume element over which the integration is carried out is 

dr = /3”/sin(3y) (sin 8 dp dy d@ d?lr. 

This volume element follows from the calculation of the jacobian associated with 
the transformation of the generalised quadrupole coordinates (a’,* L* 2, to the set 
(p, y, 0, 4, !P). We remark that the averaging should be carried out over an 
interval of only Ay = 60” covering shapes ranging from prolate to oblate in order 
not to “double count” the averaging over orientations. 

4.2. I~t~~retation of experimental results 

In Fig, 19 we summarise the systematics of the A, coefficients obtained in the 
various experiments (see Figs. 12 and 14) as a function of the average angular 
momentum corresponding to the selected fold intervals. In preparing this figure we 
have chosen to display the minimum of the experimental A, distributions in the 
transition energy range E, = 11-44 MeV, dete~ined by fitting the e~erimental 
distributions to a high-order polynomial. Features to be noted in Fig. 19 are; (i) the 
increase of the I A, I values with increasing angular momentum and (ii) the 
similarity between the values obtained for 161Yb and for lC2Yb decays. In the case 
of 16*Yb we have also included the point associated with the energy differential 
measurement which has better defined excitation energy than the other points (see 
discussion in sect. 3.2). 
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In order to investigate the physical mechanisms underlying the trend of the 
data, we compare our measurements to calculated A&,) distributions for the 
equilibrium shape (dotted line), taking into account only shape fluctuations (dashed 
line) and taking into account both shape and orientation fluctuations (solid line). 
Such calculations are superimposed on the data presented in Figs. 12 and 14. 

These calculations including the effect of fluctuations have been done within 
the formalism described in sect. 4.1. In order to compare experiment and theory 
we have constructed weighted averages of calculations for different T and o in 
order to match the regions of phase space covered by the considered gamma-ray 
spectra. In doing this we have assumed the relations T = [(E * - E,,, - Eo,,u>/~]‘/~ 
and Z =XU, where a is the level density parameter (a =A/@ and y is the 
rigid-body moment of inertia. The weight factors were obtained from statistical- 
model calculations. 

It is apparent that an exact comparison of data and theory is difficult due to the 
different shapes of the calculated distributions and the fact that the theoretical 
distributions consistently fail to reproduce the data below E, = 8.5 MeV, in cases 
below 10 MeV. While we have no satisfactory explanation for this effect (which is 
seen in many other experiments) we note that this energy coincides with the 
neutron binding energy. Consequently gamma rays with transition energies below 
this energy are predominantly emitted at the end of the deexcitation sequence. 
However, the gamma-ray emitting nuclei should still have significant deformations 
and large alignment, and thus give rise to non-zero A, coefficients. More to the 
point is perhaps the fact that we are, at 8 MeV, far from the resonance peak 
(located at E, = 11-12 MeV for the lower GDR component). It is doubtful 
whether the vibration should be considered fully collective (and consequently well 
aligned) under these conditions. We remark that an isotropic low-energy part can 
be obtained by assuming (ad hoc) that the three GDR components are populated 
with unequal strengths, although we have no evidence for suggesting that is the 
case. We also note that the exact knowledge of the functional form of the El 
absorption cross section (lorentzian or other) is not important as long as the 
absorption cross sections along the main axes have the Same functional form. 

We compare in Fig. 19 the data points, obtained as described above, to the most 
negative value of the calculated A, distributions in the interval E, = 11-14 MeV. 
This yields the heavy solid curves displayed in Fig. 19. In order to take into account 
that the experimental and theoretical distributions behave differently, we also plot 
(for the calculations including shape and orientation fluctuations) the A, value of 
the theoretical distribution determined at the energy of the minimum of the 
experimental distribution. This is shown with the thin solid line. 

The main aspects of this comparison are the following. The calculations (dotted 
line) for the equilibrium deformation and equilibrium orientation (the one that 
minimises the free energy), show an increase as a function of angular momentum 
in qualitative (but not quantitative) agreement with the data. The calculations 
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including only shape fluctuations (dashed line) are much less sensitive to angular 
momentum, reflecting the dominant role of the p4 term in the averaging Sdimen- 
sional volume element when the free energy surfaces are very shallow. The curves 
including both shape and orientation fluctuations are however able to reproduce 
the data rather well (in particular the calculation shown with the thin solid line 
obtained as described above), both insofar as trend and magnitude is concerned. 
We thus find good agreement between calculations assuming fully adiabatic 
fluctuations and the data in this mass region. 

It is important to realise that the average excitation energies corresponding to 
the various selected angular momentum bins are different, due to the changing 
amount of energy bound in rotation (see Fig. 1). Consequently one should consider 
both angular momentum and excitation energy effects in interpreting the data 
shown in Figs. 12, 14 and 19. This can be done in a three-dimensional representa- 
tion as the one shown in the top panel of Fig. 20. Also indicated on the figure is 
the region where the expected shape phase transition is expected to occur. It 
suggests that with the exception of the low-energy 16’Yb reaction, most of the 
sampled nuclei are oblate. We reached a similar conclusion from the analysis of 
the decomposed spectrum shown in Fig. 15. The bottom part of the figure shows 
for comparison the corresponding calculated (minimal) A, as a function of T and 
o. The figure substantiates the surmise that, for nuclei in this mass and excitation 
energy range, the effects of temperature are small and that the changes seen in the 
angular distributions, reflecting the increase of the oblate deformation, are mostly 
due to angular momentum. The importance of the spin effects is shown also in 
another exclusive angular momentum gated data in this mass region 131-331. 

5. Summary and conclusions 

We have in this work studied with the use of angular momentum and 
excitation-energy selection methods in coincidence experiments how the angular 
distribution of the GDR photons from hot rotating nuclei depends on the angular 
momentum and excitation energy of the nucleus. We have investigated isotopes in 
the rare-earth region which are predicted to be “soft” against deformation changes, 
readily acquiring oblate shapes with increasing rotation and excitation energy. The 
data have been compared to model calculations describing shapes of hot and 
rotating nuclei and including the~ally induced ~uctuations of the shape and 
orientation of the nucleus within the scope of the fully adiabatic model and of the 
extreme motional narrowing model. These models represent opposite extremes in 
describing the coupling of the GDR to the quadrupole degrees of freedom of the 
atomic nucleus. 

The main conclusions from this analysis are the following. (i) The description of 
this coupling as fully adiabatic reproduces the data well in this mass region over a 
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Fig. 20. Top: Three-dimensional representation of the systematics of the measured magnitude of the 
GDR angular distribution coefficients as a function of the average angular momentum and temperature 
of the emitting nuclei. The shaded area indicates the location of the predicted shape phase transition. 
Around this line the largest fluctuations are expected and consequently the smallest A, values. Bottom: 
Calculated distribution of minimum A, values as a function of temperature and rotational frequency, 

in the range corresponding (using the Z = j’o relation, where x is the rigid-body moment of inertia) to 

the top part. The lines on the temperature-o plane connect the points with equal A, value and are 
spaced by 0.01. 

span of excitation energies in the region of the predicted shape phase transition 
and covering a large interval in angular momentum. This behaviour is at variance 
with the one observed in region of light Sn isotopes (around A = 110) using the 
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same experimental apparatus and identical analysis procedures, where neither type 
of model calculations can reproduce the trend of the data. (ii) The data presented 
here substantiate the dominant role of orientation fluctuations in determining the 
angular distribution of the GDR and the strong angular momentum dependence of 
orientation fluctuations. (iii) At temperatures in excess of the predicted shape 
phase transition the data indicate that the influence of temperature on the 
observed angular distributions is modest. This has implications for the ongoing 
debate regarding the role of collisional damping in very hot nuclei (i.e. with 
excitation energies of several hundred MeV, see the discussion in ref. [11X (iv> At 
large angular momenta the different fluctuation theories predict essentially the 
same angular distributions. This convergence suggests that the study of GDR 
angular distributions at very high rotation may provide a very direct view of the 
conditions prevailing in highly excited nuclear systems. 
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