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The title of my talk, which may sound too long could have been reduced dramatically 
and still carry the same information. Since the meeting is about nuclear physics it is 
obvious that every talk will deal with "nuclear structure" and/or "nuclear dynamics". 
Since I am coming from GANIL, for sure I shall focus on nuclear reactions in the 
"intermediate energy" range. It is clear also that if we detect -/-rays it is to "study" 
something . Thus, we are left with "7-rays". The title of my talk could have been : 

7 
The -/-rays are indeed the main ingredient of my talk and will hold together the 

various subject I am going to tackle. I shall show how useful 7-rays are in studying 
nuclear reactions and which unique piece of informations they can carry. This will 
make up the first part of my talk. In the second part I am going to show how they offer 
a new insight into the structure and damping of Giant Resonances, and how they can 
be used an an isospin filter. 

1 Nuclear Dynamics 
High energy 7-rays, (by high energy I mean those energies above 20 MeV), became 
of interest in heavy ion reaction studies, only recently. They have first been observed 
as a "background" in jr° production experiments [1], where the two disintegration 7 
are detected. Those 7-rays, which do not originate from the ff° decay, show up as an 
exponentially decaying energy spectrum and. are produced with a total cross-section 
of the order of the millibam. Their origin was puzzling enough to trigger a lot of 
experimental work by means of a wide variety of target-projectile combinations and a 
large range in bombarding energies. Typically, one measures the spectral distribution of 
the 7-rays, where a slope parameter can be deduced from, and their angular distribution 
which can be related to a source velocity. Such inclusive experiments already carry a 
lot of information about the dominant mechanism which produces the high energy 7-
rays. In order to gain a better understanding of the process, which as we shall see later 
depends strongly on the overlap of the colliding nuclei, it is crucial to proceed with 
exclusive experiments and study the production of high energy 7-rays as a function of 
the impact parameter for example. 
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Figure 1: Energy spectra of high energy photons for the s e A> + 1 9 r Aa reaction at 44 
MeV/A. 

In the following, I will present results obtained from an inclusive experiment per
formed at G ANIL [2] and discuss the possible origins of the high energy -y-rays in view of 
the available data [3]. Then I will discuss what we have learned from the first exclusive 
experiment which has been realized at G ANIL. 

1.1 An Inclusive Experiment 
The properties of high energy 7-rays (E, > 20 MeV) produced in the 8 e A'r+ {C, Ag, Ait) 
reactions, induced at a bombarding energy equal to 44 MeV/A, have been measured. 
The 7-rays were detected in two identical telescopes (0}ai = 90°; 30° < 0f„, < 154°) 
each consisting of one active 10 mm thick BaF, converter, three 2 mm thick' NE102 
plastic scintillators, which identified the electrons and positrons from the electromag
netic shower, and a large Nal crystal, 20 cm deep. In front of each telescope, a veto 
plastic scintillator allowed to suppress the charged particles entering the detector. The 
distance of 51 cm between the target and the front end of the telescope enabled proper 
n-7 discrimination by their time of flight difference. The energy calibration was deduced 
from the measured cosmic-ray energy loss in the Nal and a set of calibration points ob
tained for the telescope in a separate run using tagged photons (40 < E-, < 150 MeV). 
The absolute efficiency was obtained from EGS simulation code which gives response 
function identical to the empirical ones. The spectru have not been corrected for the 
response function of the detector. 

In figure 1, spectra from the reaction on Gold taken at three different angles can 
be seen. The slope is exponential with a slope parameter, JSo, equal to 12.1 ± 0.2 
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Figure 2: Plot of the laboratory angular distribution of the high energy photons for the 
reaction mKr + ™Au at 44 MeV/A. 

MeV (Ar

T = Nuexp—E-t/Ea). Similar slope parameters are obtained for the lighter 
targets. The next figure 2 shows an angular distribution in the laboratory frame. It is 
clearly forward peaked and indicates that the -y-rays may be emitted botropically from a 
recoiling source. The next quantity one wishes to determine is the velocity of the source. 
To do so, we have plotted in figure 3 the invariant cross-section (l/E^d1<r/dQdE^ sinS) 
as a function of the rapidity (Y = l/21n(l + cos#)/(l - cos0)) and the transverse 
energy (E± = E^sinO) which is also Lorentz invariant. For an isotropic emission, one 
expects a bell shape distribution, the centroid of which is displaced from 1* = 0 by a 
quantity equal to j3 (/3 = v/e) for small values of ft ,the velocity of the source. Indeed, 
such a behaviour is observed in figure 3, for the three targets. The measured velocity 
(j$ = 0.16 ±0.02) is very close to half the beam velocity (/3 = 0.153) which is equivalent 
to the nucleon-nucleon center of mass velocity. Transforming the angular distribution 
into the n-n CM, the distribution obtained displayed in figure 4 is generated. The 
distribution is mainly isotropic, but mixed with a non negligible dipole-like component 
which we deduced to amount to about 20%. 

From the analysis of this particular experiment, one may characterize the high-
energy 7-rays as follows : 

• they are emitted from a source with a velocity close to the one of the nucleon-
nucleon center of mass ; 

• their angular distribution reflects mainly an isotropic emission with a small dipole-
like component. 

1.2 A Possible Origin 

We know from the electromagnetism course, that a decelerating (or accelerating) charge 
emits a radiation whose pattern is purely dipole {da/dO ~ «n'S). Such a bremsstrahlung 

i . i 
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Figure 3: Contours of constant invariant photon cross section, in pbj\ItV*.ar versus 
the rapidity Y and the transverse photon energy EL. 

Figure 4: Angular distribution in the nucleon-nucleon CM for the w A' r + n7Au reaction 
at 44 MeV/A. 
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can also be produced in a p-n collision. The scattering process would then give rise to 
a more complex spatial distribution which can be decomposed into a dipolar and an 
isotropic part (dv/dfi ~ Q.iein*$+0.6) [5]. The bremsstrahlung produced in a p-p scat
tering can safely be neglected [5]. The p-N collisions should give rise to bremsstrahlung 
with a very similar pattern, since the elementary process is the p-n scattering. In
deed, the high energy 7-rays measured in p-N collisions induced at bombarding energy 
equal to 76 MeV on various targets behave almost as expected for p-n bremsstralilung 
: the energy spectrum varies as \/E^ and the angular distribution is a combination of 
a dipole-like and an isotropic component[6]. 

In the case of a Nucleus-Nucleus Collision, one needs tc consider three possible 
sources for the observed high energy 7-rays : 

• bremsstrahlung due to the collective deceleration of the projectiles, 

• bremsstrahlung due to the n-p collisions in a hot participant zone (fire ball) ; 

• bremsstrahlung due to the first chance n-p collisions. 

Based on the measured velocity and angular distribution, the two first hypothesis can 
be discarded as being the origin of the bulk of the observed 7-rays. In the first case, one 
would expect a velocity equal to the N-N CM velocity, and in the second one, a velocity 
intermediate between the N-N CM-and the nucleon-nucleon CM velocity. Furthermore, 
the angular distribution would contain a quadrupole-like component for a collective de
celeration in the entrance channel and would be purely isotrope for radiations emitted 
from a thermalizec" fire-ball. While radiations having their origin in the two first mech
anism may be emitted ^vith, so far, non observable intensities, the most efficient process 
to produce the observed high energy 7-rays are the first chance n-n collisions which take 
place at the very early stage of a heavy ion reaction. 

Most of the available data [3] are consistent with the results described previously 
and lead to similar conclusions. If the assumed hypothesis should be the one which 
describes best the data, the 7 production cross-section should only depend, for a fixed 
bombarding energy, on the number of elementary n-p colîisions (»V„_p). One can thus 
calculate the 7-rays cross-section (a.) in a heavy ion collision as follow : 

«7., = <rfl.iVn_p -R, 
where (TR is the reaction cross section and P , the probability to radiate a 7-ray in a 
single n-p collision. The number of n-p collisions can be calculated in a geometrical 
equal-participant model as described in reference[5]. In order to be able to compare 
all the data, one needs to take into account the variation of the 7-cross section with 
the beaui energy. To do so, we compare the differential 7 -cross sections dia^/dE^dU 
measured at different energies for th-3 same value of the ratio E-,/Eo- The figure 5 shows 
a plot grouping all the known data including p-N data where the entrance channel and 
energy variation have been removed as described. 

One observes only small relative variations with beam energies, but no systematic 
behaviour is seen. This result suggests that for a given system, the 7-cross section will 
be nearly constant with the beam energy, at least in the range where data are available 
(30 < J E B < 84 iWeVM). 
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Figure 5: Comparison of the 7-production at different beam energies where the .V„P<T£ 
scaling factor has been applied. 

1.3 An Exclusive Experiment 

The goal of the experiment was to achieve, in the reaction *°Ar + ltiGd at 44 MeV/A, 
a crude discrimination between peripheral and central collisions, by the study of the 
particle-7 correlations. Heavy fragments and light charged particles were registered 
in a detector array consisting of annular parallel-plate avalanche counters backed by 
plastic scintillators, subtending the angular range between 5" and 20° in the laboratory-
system. Thus, fragments scattered forward within the grazing angle of 5* were not 
registered. This kind of detector enables to measure the heavy fragments over a wide 
range in energy and at the same time the multiplicity for light charged particles. Unlike 
the experiment described earlier, the 7-rays were detected in single detectors made out 
of BaFt (<j> = 10cm, L = 14cm). The specificity of the scintillation properties enables 
rather easily to discriminate n and charged particles from 7 by the difference in their time 
of Sight thanks to its remarkable good timing (IFWHM — 0.7res) and by the difference 
in pulse shape for 7 and charged particles. Seven 7- detectors were set one at 90° and 
the remainders between 135° and 155°. Exclusive 7-spectra have been recorded under 
the following conditions : 

• in coincidence with a slow fragment emphasizing central collisions ; 

* in coincidence with a fast projectile-like fragment enhancing peripheral interac
tions ; 
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Figure 6: -[-ray spectra taken at 00° in the reaction *°Ar + 1S8G</ at 44 MeV/A ; in 
coincidence with a) a grazing trigger, b) a peripheral trigger c) a central trigger. 

• with the entire charged-particle detection system as a veto detector, selecting 
grazing collisions with low momentum and energy transfer. 

The shape and intensity of the inclusive 7-spectra above 30 MeV, measured in the 
present experiment are consistent with those shown earlier in this paragraph : an 
exponential slope (En = 12.6 ± 0.6 MeV) ; a source velocity (,3, = 0.24 ± 0.10) 
compatible with the nncleon-nucleon system (3 = 0.15) - the nucleus-nucleus cen
ter of mass system (/3 = 0.06) can be excluded as possible source ; an anisotropy 
W(SCP)/W(14S') = 1.3 ± 0.25 in the nucleon-nucleon center of mass frame. 

Figure 6 shows two exclusive 7 spectra for the two extreme cases, the upper one 
corresponds to a "central" trigger and the lower one to a "peripheral" trigger. Although 
they both exhibit qualitatively similar features, a decrease in the high energy 7-rays 
multiplicity as well as a small •variation of the spectral slope is observed with increasing 
impact parameter. 

These exclusive data are compared with a quantal phase space calculation. The 
results for complete geometrical overlap of the colliding nuclei, corresponding to the 
empirical "central" spectrum, and for grazing collisions are incorporated in figure 6. The 
number of collisions necessary to produce the observed 7-rays yield can be calculated. 
It is found to be equal to 9 p-n collisions for the "central" spectrum, and falls down to 
one p-n collision for the "peripheral" spectrum . These numbers should be compared 
to about 30 p-n collisions expected in a hot thermalized source. 

The results obtained in this exclusive experiment and their interpretation point 
firmly on the high energy 7-rays origin, which we have already guessed from inclusive 
experiment : the high energy 7-rays observed in heavy-ion reaction are most certainly 
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bremsstrahlung emitted in first chance proton-neutron collisions. 

1.4 What comes next ? 
Since -/-rays suffer only negligible reabsorption due to the weal electromagnetic inter
actions, they would thus be a probe, undisturbed by residual strong interactions, of 
the interaction zone. They would offer the only mean, available to today technique, to 
study this certainly interesting instant where a highly dense fermion system is formed. 

The second intcrferometry method, known also as the Hahnburry-Brown and Twiss 
(HBT) effect, could be applied in heavy-ion collisions to study the space-time extension 
of the participants zone. This technique has been already used at intermediate energies 
having light charged particles as a probe. The main drawback of such a kind of probe 
are the final state interactions which renders the extraction of the HBT effect rather 
tedious. Moreover it will certainly probe a later and more diluted stage of the collisions. 
There will be an attempt at GANIL to measure the HBT effect in high energy 7-rars 
correlations. A large array of about 100 BaFt detectors will be used to measure the 
spatial distribution of the coincidence pattern between high energy -(-rays. 

The search for coherent bremsstrahlung due to the collective deceleration of the 
heavy projectile should be part of a future program. • Such radiations could be distin
guished by their quadrupole-Iike spatial distributions and their properties would lead 
to a better understanding of the slowing down mechanism of nuclear matter. 

1.5 Conclusion 
Although the production of high energy 7-rays in heavy ion reaction between 30 MeV/A 
and 86 MeV/A is rather well understood qualitatively , most of the models fail in 
being more quantitative. Various models have been considered including nucleus-nucleus 
bremsstrahlung [9]. thermal emission [5.10] and nucleon-nucleon bremsstrahlnng. The 
later one has been considered in various approaches like the Boltzmann master equation 
one [llj, time dependent Hartree-Fock one [8,12] and the Boltzmann-UMing-Uhlenbeck 
one [13]. Since none could reproduce so far quantitatively the whole set of data, new 
development from theory is expected. 

2 Nuclear Structure 
-y-rays have been and still are the all class favoured tool of spectroscopists to study the 
behaviour of nuclear matter. The evolution of cold nuclei with increasing spin starts 
now to be well understood. By heating up the nucleus, structural effects may still be 
dominant and give rise to various collective excitations in the continuum region of the 
spectrum. Among these fundamental modes of excitation, the Giant Resonances (GR) 
are of special interest since they are common to all nuclei over a large range of nuclear 
masses and provide new insights into the dynamical properties of finite nuclear matter. 
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2.1 Giant Resonance in Highly Excited Nuclei 
The experiment presented in the latest section, provides a perfect transition to the 
present topic. Let's examine again the spectra in figure 6. Besides the high energy 
tail, the spectra exhibit for energies below 10 MeV an exponentially shaped component 
which can be ascribed to the statistical 7-rays emission from residual nuclei at low 
excitation energy. In the region between 10 and 25 MeV an excess yield is observed, 
equal to 9 ± 4 >nb in the inclusive spectrum. A similar observation has been made in 
7-ray spectra measured after heavy-ion fusion reactions [14]. It has been interpreted 
as the 7-dccay of the Giant Dipole Resonance (GDR) formed in highly excited nuclei. 
The structure observed in the present experiment is most likely of the same origin, sinre 
estimated cross sections for direct excitation and subsequent 7-decay of GR in elastic 
scattering are roughly two orders of magnitude smaller than observed. 

From figure 6 an obvious difference is seen in the resonance region between the pe
ripheral and the central collision. For small impact parameters, the resonance shows a 
broad distribution reflecting the broad fragment mass distribution, whereas for the graz
ing collision the resonance peaks at the energy where the GDR is expected, according 
to the A'1'' rule, in target-like fragments. 

Since the resonance is formed in a highly excited nucleus, studying its 7-decay may 
be an attractive method to gain quantitative informations about the temperature of 
that nucleus. Indeed, the GR 7-yield is a sensitive function of the fragment excitation 
energy. The 7-neutron competition in the statistical decay of the GDR can be written 
as follows : 

where T is the temperature of the fragment, E-, the 7-ray energy, B„ the neutron 
binding energy and foDR the strength distribution of the GDR. T 7 (r„) is the partial 
7 (neutron) width of the resonance. According to that description, it is found that 
the partial 7-width is very sensitive to the temperature for 1 < T < 2.5 MeV. An 
attempt to describe the measured peripheral spectrum has been made with use of the 
code CASCADE. It is found that the 7-rays in the low energy part of the spectrum 
are mainly emitted by projectile-like fragment (A = 40) with an excitation energy of 
50 MeV (T = 3.3 MeV). The GR part of the spectrum is dominated by the target-like 
fragment (A = 158) excited to 90 MeV (T = 2.2 MeV). In this calculation, a Lorentzian 
shaped 7-strength distribution (FFWSM = 6.0 MeV) exhausting 100% of the GDR 
energy-weighted-sum-rule has been assumed. The inferred temperatures imply that the 
equilibrium has not yet been reached, and indicate that the GR acts as a doorway state 
for thermalization. 

The knowledge we have gained about the 7-deexcitation of GR in highly excited 
nuclei demonstrates their importance in the study of nuclear dynamics, and one may 
tentatively assert that the 7-yield from GR may be the first model-free thermometer to 
measure the excitation energy of hot fragments produced in heavy-ion collisions. 
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2.2 Giant Resonance in Cold Nuclei 
We have emphasized in the previous section, the important role played by GR for the 
description of heavy ion reaction dynamics, as they act as doorway states for thennal-
ization. Such kind of study requires the knowledge a priori of the structure of these 
states, together with their mode of excitation and desexcitation. 

The GR,, which seem to be a general property of nuclear matter, can be described 
at the same time as simple and complex modes. Whereas, aiacrnsaipically. they can be 
simply understood as collective vibrations of the nucleus, their microscopic structure 
is more complex and can be described as coherent excitations of particle-hole (p-h) 
transitions in a shell model. A GR is characterized by the quantum numbers of orbitel 
angular momentum, spin angular momentum and isospin. Together with its strength 
function and width, these quantities are defined by the underlying p-h structure, and 
can be determined empirically by studying among other their -y-decay. 

Next I !,hall present results obtained in an experiment performed at GANIL whose 
goal was to study resonances in J 0 8 P6. 

2.2.1 Excitation of Giant Resonances in mPb 

One may wonder why use complex probes to excited simple collective modes. Indeed, 
inelastic scattering with energetic heavy ions presents decisive advantages : 

• the large Coulomb field will excite the GR with large cross sections, of the order of 
a few barns for the Isovector Giant Dipole Resonance (IVGDR) and the Isoscalar 
Giant Quadrupole Resonance (IVGQR) ; 

• the large Coulomb field will tend to weaken the isospin selectivity that is encoun
tered in light ion reactions, and make possible the excitation of new isovector 
modes; 

• part of the continuum due to quasi elastic scattering is expected to be small, so 
that the signal/noise ratio will be improved ; 

• the large angular momentum carried by the relative motion should enhance the 
excitation of high rmiltipolarity modes. 

Better than a lengthy argumentation, figure 7 proves the necessity to use high energy 
heavy ion beams. It represents the spectrum of 170 scattered from , < ! 8 P6, for two 
bombarding energies, 25 and 84 MeV/A. The two spectra are normalized to the high 
energy smooth background. The bump observed around 12 MeV contains essentially, 
as we shall see later, the strength of L = 1 and L = 2 resonances. The improvement in 
peak to background ratio with the higher energy in tremendous and is equal to 6:1, a 
value which has never been reached before in heavy ion inelastic scattering. 

The GR in "*Pb where excited by inelastic scattering of "O at 84 MeV/A [15]. The 
scattered 170 ions were dectected and identified in the energy-loss.magnetic spectrome
ter SPEG in which the momentum and scattering angle are obtained by reconstruction 
of the trajectories in the focal plane of the spectrometer. The overall energy resolution 
was of the order of 800 keV. The angular acceptance of the spectrometer covered simul
taneously angles between 1.5° and 5.0" in the center of mass. Figure 8 shows inelastic 
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Figure 7: Excitation function in M 8 P 6 from "O inelastic scattering at 22 and 84 MeV/A. 

spectra, measured at three different scattering angles. The discrete lines at low excita
tion energy are known bound states in the target and projectile. The huge resonance 
structure between 7 and 25 MeV has been decomposed into 6 peaks corresponding to 
observed structures or to known GR. Gaussian peaks at 10.6 MeV (r = 2.2 MeV) and 
13.9 MeV (r = 2.9 MeV) are assumed to describe the ISGQR and ISGMR respectively. 
The narrow peaks observed at 7.5 and 9.1 MeV may be associated with L = 2 doublets 
as observed in high resolution experiments [16]. The shape of the IVGDR has been 
obtained by folding a Lorentz curve centered at 13.5 MeV (T = 4.0 MeV) known from 
photonuclear reactions and the energy dependence of the cross section for Coulomb ex
citation of a dipole state. This dependence was obtained from calculations using optical 
model parameters determined from elasting scattering data [15]. The net effect of this 
procedure is to shift the peak of the dipole strength toward lower excitation energy by 
0.8 MeV relative to its position observed in photonuclear reactions. The analysis of 
the angular distribution for the IVGDR shows that its excitation is essentially a pure 
Coulomb one and it exhausts 110?5 of the energy weighted sum rule (EWSR). For the 
ISGQR, which exhausts 60% of EWSR, both Coulomb and nuclear excitations have to 
be considered. 

The important conclusion one can draw from this analysis is the ability of energetic 
heavy ions to excite GR modes with large cross sections (a few b/sr) and extraordinarily 
large peak to continuum ratios. This opens new possibilities for the study of both 
isovector and isoscalar modes. In particular, such reactions will allow the study of rare 
decay modes of GR, and provide a powerful tool with which to study the microscopic 
structure of GR. 

2.2.2 7-decay of the Giant Resonance 

Experiments as the one described in the previous section serve to establish the gross 
properties of the resonances mean energy, width and strength function. To gain an 
insight in the microscopic structure and damping of GR more detailed experiments are 
required. Studying the electromagnetic decay of inelastically excited GR will provide 
a new kind of information. First the angular distribution of the ground state photon 
decay gives access for the multipolarity of the excited mode. Moreover it offers the 
possibility of the determination of resonance strengths independent of those provided 
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Figure 8: Inelastic scattering spectra at three different angles from ! 0 s P6( i r O. 1 7 O' ) at 
84 MeV/A 

by analysis of inelastic scattering data. Next, the branching ratios to low lying excited 
states yield information on the underlying microscopic structure of the GR. 

The decay properties of the GR are reflected in the width I", as determined from an 
analysis of single scattering data. More information can be obtained though by studying 
the decay properties of these resonances. The total width can be decomposed into two 
terms : 

r r + r i 

T f , the escape width, is associated with the dinet decay by particle emission. It is 
relatively small in heavy nuclei and can be safely neglected in J 0 8 P 6 . T l , the spreading 
width, reflects the damping of the nuclear vibration. Microscopically, it results from 
the coupling of the simple lp-lh states, that make up the resonnace, to 2p-2h states 
which in turn may couple to states of increasing complexity, until the vibration is fully 
damped. The subsequent t or particle decay from this latest stage proceeds statistically. 
The details about the analysis of a f-experiment are described in reference [18], together 
with the results obtained for the ISGQRin ,mPb. The experiment performed at GANIL 
is identical to the one described in the previous section, with, in addition the -;-rays 
detected in coincidence with inelastically scattered " O . The BaFj detectors, grouped 
in clusters of 7, were disposed in and out the reaction plane. Neutrons were removed 
in the off line analysis based on their time of flight (l=25cm). The 7-decay following 
neutron emission can be easily removed. Single 7-rays, corresponding to the ground 
state decay, were identified by a cluster multiplicity equal to one, and their energy was 
obtained from the sum of the cluster elements. 
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Figure 9: Angular distribution of ground state 7 transition from the T= l GDR. The 
smooth line are calculations from a coupled channel direct reaction code. 

e • la 13 14 16 13 20 
ExciUH/in Fnegiy-taloV) 

Figure 10: Distribution of coincident ground state -/-transition strength in the vicinity 
ofthe T = l GDR showing calculations using the "direct" plus "compound" assumption 
for lOOÎb of the EWSR strength. 

We made use of the large cross section for excitation of the IVGDR, to study in 
details its 7-decay. To isolate this resonance, the excitation energy domain (9.5 < E' < 
25 MeV) and the scattering angle range (2° < 9 < 3.5°) where its cross section is maxi
mum is considered. Figure 9 shows the ground state 7-angular correlation measured in 
those conditions. The full (in plane) and the dotted (out of plane) line is an absolute 
calculation using a coupled-channel direct reaction code for an El 7-decay. The agree
ment is perfect and demonstrates that the ground state -/-decay in the chosen excitation 
energy range originates predominantly form the IVGDR. Figure 10 shows the distribu
tion of the coincidence ground state 7-decay strength in the vicinity of the IVGDR. 
The calculation, whose results is shown on the same figure has been made assuming two 
components only : 

• 7-decays which occur in the first step (lp-lh doorway state) ; 

• and 7-decays which come from the fully damped compound state. 

<r(' 70, 1 70'7o) = T^O,"tf- ) .{J? , ( 7 o) + f.SCNM} 
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Figure 11: Calculated 7 decay of the T=0 and T= l GQR in , 0 8 P 6 . 

The B's are groundstate 7 branches referring to the two components considered. The 
factor / represents the fraction of systems which survives to the damped stage without 
undergoing pre-equilibrium decay, and is close to one. 

T 7 0 is calculated by considering the doorway state to be a single sharp state which 
exhausts the relevant EWSR. Bex, which is a function of excitation energy, is calculated 
using Hauser-Feshbach theory [17]. The agreement again is perfect between experiment 
and calculation and gives a direct measurement of the strength function which exhausts 
in our case 100% of the EWSR which compares to the 110K obtained in the single 
spectrum. This latest results can be considered more accurate since it does not depend 
on how the background is estimated as it is the case in the inelastic spectrum. 

Next, I shall review how the 7-decay can be used as an isospin filter and demonstrates 
that, it effectively works. 

2.3 7-decay as an isospin filter 
The high energy aO beam should make possible the excitation with sufficient cross 
sections of modes at higher excitation, among which the T = l GQR. Indeed calculations, 
predict at 100 M,eV bombarding energy a cross-section as high as 600 mb/sr. Even 
though the cross section for the IVGQR will be very large, the cross sections for the L = 
3.4 and 5 isoscalar resonances which are expected around the same excitation energy will 
be high too and may thus prevent its clear observation. The observation of the 7-decay 
of the IVGQR can provide an unambiguous signature of the resonance. This statement 
is supported by the calculated [19j decay scheme, shown in figure 11 for the 7-decay 
of the T = 0 and T = 1 quadrupole resonances. Calculated widths are shown for the 
various 7-branches. The calculated results are in good agreement with measurements 
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Figure 12: Distribution of " O " , ^ , ^ coincidence strength. 

[18] performed at Oak Ridge at 22 MeV/A bombarding energy. It is interesting to note 
that while the decay to ghe first 3~ state is strongly enhanced. There are two major 
reasons [19,20] for the difference in the strength of the El operator for the decay branch 
from the isoscalar and isovector quadrupole resonances to the 2.6 MeV, 3~ state. First, 
the El transition amplitudes are dependent on terms that are determined by isospin. 
Because of this, the terms are very small for isoscalar resonance states and enhanced 
for isovector states as they decay to an isoscalar state. Secondly the El operator has an 
energy dependent dominator. if the decay energy of the El transition from the GQR is 
smaller than the energy of the GDR (13.6 MeV in KiPb) in the decaying nucleus the 
decay is greatly inhibited. On the other hand, if the decaying energy is larger than the 
GDR energy then the decay is enhanced. Since the T = 0 GQR lies at lower excitation 
energy than the GDR the decay should be inhibited by both of the above factors. This 
is borne out by the measurements of reference [18]. On the other hand, the energy of 
the T = 1 GQR is expected to be approximately 22 MeV and is thus enhanced by both 
of the factors discussed above. The coincidence with the miPb 2.6 MeV 7-radiation 
should thus serve as an effective filter for the study of the T = 1 GQR against various 
sources of background. It will filter out nearby states with higher multipolarities since 
their branching ratio to the 2.6 MeV 3~ is expected to be significantly less than the one 
expected for the rVGQR. On the other hand, it will uniquely identify the two-body final 
state, and therefore suppress the background due to complex reaction producing multi-
particle final states. In the 7 coincidence experiment described, earlier, we identified the 
7 decay through the 3~ state by requiring that two and only two 7 rays belonging to 

are detected (two clusters only fired), one leaving 2.6 MeV in the cluster. Figure 
12 represents the distribution of ( 1 7 0 , 7 1 ( 7J) triple coincidence strength. Even though 
the statistic is poor, the existence of an enhancement in the distribution around 26 
MeV cannot be ignored , close enough to the calculated centroid, when the strength 
function of the IVGQR is folded with its cross section distribution. Figure 13 confirms 
that we indeed observe some strength of the IVGQR. It represents the ground state 
7-transition anisotropy. The top line is a calculation for pure El transition, and the 
bottom one for a pure quadrupole transition. The dashed line in between is calculated 
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Figure 13: Anisotropy ratio W(V)/W(Wi°) of the ground state -y transition. The 
smooth liie are calculation as described in the text. 

using the strength function for the T = 1 GDR and GQR. The data follow the calculated 
trend and this is a strong evidence for the presence of quadrupole strength around 20 
MeV excitation energy in ,mPb. A forthcoming experiment should accumulate enough 
statistics to confirm the preliminary observation of the presence of the TVGQR and 
enable its full characterization. 

The 7-rays which have been too much neglected as a tool to study the behaviour of 
nuclear matter when using intermediate energy beams, proved only recently how useful 
the can be. The study of high energy 7-rays demonstrates that they originate from the 
very beginning of the collision when the maximum of nuclear matter density is reach. 
7-rays are a unique and unperturbed probe which may reveal the properties of this 
exciting moment in a nuclear collision. 

A thermometer to measure the excitation energy of fragments in peripheral collisions 
without the need of a model may have been found in the 7-yield from the deexcitation 
of the GDR excited in hot nuclei. 

7-rays give a new boost to the study of GR, they offer a different way to look at 
them and bear a richer deal of information : the strength function and multipolarity are 
deduced directly from the data ; the damping mechanism of the vibrations can now be 
approached empirically ; finally, the underlying microscopic structure is within reached. 

There are here enough arguments, I hope, to convince anybody about the necessity to 
equip accelerators operating in the intermediate energy range with suitable 7-detection 
systems. 
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