
Chapter 6

Summary and Outlook

In this thesis a study of the dissipationmechanism for the 36Ar + 159Tb reac-
tion at 44 MeV/nucleon is described. In previous work [Hin87, Rie92] the ba-
sis for this investigation was established, however, the lack of light-charged-
particle detection and the dependence on the equal participant model limits
the scope of those investigations.

To overcome these limitations a rather complete detector setup consist-
ing of a light-charged-particle detector, the KVI Forward Wall, the photon
spectrometer, TAPS, and the GANIL spectrograph, SPEG, was used. The
data from these detector systems were analyzed individually and the inclu-
sive photon data as well as the Forward-Wall data were compared with data
taken from the literature. Furthermore, the data from these three detector
systems were combined in order to study the dissipation mechanism.

For the inclusive photon spectrum a value of E0 = 13.4�0.1 MeV for the
inverse slope parameter is determined, which is in very good agreement with
the systematics as shown in �gure 1.3 and has an improved accuracy com-
pared to the value obtained in previous work by Riess et al. [Rie92] (13.3�3
MeV) for a very similar system. The source velocity of the hard photons was
found to be �s = 0.149�0.005. This value agrees with the nucleon-nucleon
center-of-mass velocity (�NN = 0.151), supporting the generally accepted
picture that the hard photons originate from incoherent nucleon-nucleon
collisions. The angular distribution of the hard photons shows no clear ev-
idence for a dipole radiation component, which was suggested in previous
work, but can be described in a satisfactory way with isotropic emission
only. Finally a value for the inclusive photon production probability per
proton-neutron collision has been extracted. The obtained value of Ppn =
5.20�0.05 agrees with the systematics, involving a large body of data, for
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the inclusive photon production probability.
From the velocity distribution of the light charged particles the exci-

tation energy of the projectile-like fragments can be determined, assuming
that the emission is isotropic and has a Maxwellian velocity distribution.
From this, an excitation energy of 69 MeV was found which is in agreement
with the values obtained by model calculations with the abrasion-ablation
model ABRABLA. The observed light-charged-particle multiplicity distri-
bution was compared to that obtained by Steckmeyer et al. [Ste89] who
performed a similar light-charged-particle analysis. The same dependence
on the charge of the projectile-like fragment is found, both for the shape
and for the absolute magnitude of the multiplicity.

The projectile-like fragment distribution has been measured for three
rigidity settings, 91%, 96% and 105% of the beam rigidity. Although in
the �rst setting proton-rich fragments are selected, the detected fragment
distribution is neutron rich. Due to the evaporation of light charged particles
from the primary fragment, the detected fragment distributions are centered
around the valley of stability with intensity peaks for the �-type nuclei.
Combining the spectrograph data with the Forward-Wall data and applying
our reconstruction method, the primary fragment distribution is obtained.
This primary projectile-like fragment distribution is much broader in (N�Z)
and does not show the nuclear structure e�ects.

For the hard-photon energy spectrum measured in coincidence with
projectile-like fragments and thus gated on peripheral reactions, an in-
verse slope parameter of E0 = 12.0�0.1 MeV and a source velocity �s =
0.150�0.005 is measured. For these peripheral reactions the energy avail-
able in the nucleon-nucleon center of mass is less since the Fermi velocity for
these nucleons is smaller. Therefore the average energy of the hard photons
is smaller which is reected in a smaller inverse slope parameter.

The measurement of the photon multiplicity distribution as a function of
the primary projectile-like fragment was the main result of this work. It was
found that the photon multiplicity scales linearly with the removed number
of nucleons. The slope of the multiplicity spectrum represents the photon

production probability per removed nucleon P
-
 . Besides P

-
 also the photon

production probability for primary projectile-like fragments heavier than

the projectile (P
+
 ) was measured. The value of P

+
 is more than 2 times

the value of P
-
 indicating that for transfer to the target and transfer to

the projectile (stripping and pick-up) two di�erent mechanisms play a role.
With the help of BUU calculations an interpretation of this result in terms
of one-and two-body dissipation is found. These calculations show that
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one-body dissipation causes a net drift of nucleons from projectile to target
while in the two-body dissipation process there is no preference. Therefore
the removal of nucleons from the projectile can be caused either by one-
body, or by two-body dissipation where only the latter one is associated with
bremsstrahlung. Adding nucleons to the projectile is mainly associated with
two-body dissipation and therefore it is clear that for the pick-up branch
the photon production probability should be larger than for the stripping
branch. In the literature the photon multiplicity is only measured as a
function of the detected projectile-like fragment [Rie92, Mar94a]. If we
analyse our data in the same way, the results of those measurements agree
also well with the data presented in this work.

Finally the isotope dependence of the ratio of P
+
 and P

-
 has been de-

duced. This analysis clearly indicates that the nuclear bremsstrahlung at
intermediate energies mainly originates from proton-neutron collisions. This
fact was generally assumed so far, but had never been really demonstrated.

6.1 Outlook

In this section suggestions will be made for possible forthcoming experi-
ments by �rst describing the current status and then discussing some im-
provements.

1. In subsection 3.2.1 the design of the ForwardWall is shown, including a
thick aluminum absorber (twice the range of the projectile) in front of
the small detectors to shield them from scattered beam particles. The
problem is that a thick absorber in front of the detectors introduces
a high energy threshold for the light charged particles. In this work
it is assumed that all the LCPs passing through this absorber origi-
nate from the projectile-like fragment. Pre-equilibrium and target-like
fragment contributions are assumed to be negligible. The advantage
of having a thin absorber is that the full energy spectrum of the LCPs
can be measured and therefore the relative contributions of target-like,
projectile-like and pre-equilibrium particles can be distinguished. It
needs to be noted, however, that the LCP analysis will become much
more complicated since the three contributions will mix. Furthermore,
the background from projectile-like fragments will increase.

Thus the absorber thickness should be chosen to su�ciently reduce
the background from projectile-like fragments and still measure small
LCP energies.
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2. During this experiment no true minimum-bias trigger was available.
The best approximation was the Forward-Wall trigger for which 3 or
more particles in the Forward Wall were demanded and therefore the
reaction type is biased. To make a good comparison with the sys-
tematics of the inclusive photon production probability, a minimum-
bias trigger is essential. Note that the minimum-bias-trigger method
used in the present experiment is independent of the reaction cross
section for determining the photon production probability (see sub-
section 5.1.3), in contrast to the typical approach in which the photon
production cross section is measured. Since the value for the reaction
cross section is model dependent it is clear that a measurementmaking
use of a minimum-bias trigger gives less ambiguous results.

3. From the angular distribution measurement no clear evidence for a
dipole component in the angular distribution was seen (�gure 5.14).
This is in contrast with the existing literature where one typically
reports a dipole component in the order of 20%. There are two ways
to verify the presence of a dipole component: one method is to measure
a wider angular range and preferentially the small angles for which the
sensitivity to a dipole component is largest (see the dashed and full
curves in �gure 5.14). In this case the large, backward angles will be
preferred despite of the lower cross section, since for large angles the
background caused by scattered beam particles will be much smaller.

Another method for determining the dipole component is the measure-
ment of proton-induced reactions. The photon can be produced on the
incoming and on the outgoing proton line. The �rst contribution will
be purely dipole, since there is no spreading due to the Fermi motion,
while the second component will be isotropic. Therefore, a clear dipole
contribution should be visible.

4. Figure 5.16 shows the photon multiplicity as a function of the mass of
the primary projectile-like fragment. A striking asymmetry is found
for the pick-up and stripping branches. This e�ect is explained by the
net drift of nucleons, due to the mean �eld, in the direction of the
target. This explanation can be con�rmed by studying a mass and
charge symmetric system for which the mean �eld would have no net
e�ect and therefore the photon production probability for pick-up and
stripping should be equal.

5. An extension of the previous point lies in the results shown in �g-
ure 5.23 where the ratio of the photon production probabilities for
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pick-up and stripping is shown as a function of (N�Z). The limited
statistics in this experiment only allows to draw restricted conclusions
from this �gure. The observed e�ect may originate from the di�erent
N/Z-ratios of projectile and target and, therefore, the hard photons
predominantly originate from proton-neutron collisions. This interpre-
tation can be thoroughly investigated by studying a system for which
projectile and target have the same N/Z-ratio.
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