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Chapter 1

Introduction

1.1 Preface

Already in 1949 it was suggested by Ashkin and Marshak [Ash49] that
in high-energy heavy-ion collisions, in addition to statistical photons and
photons originating from meson decay, a third source of photons might be
present associated with nucleon-nucleon collisions. Only in 1985 was nu-
clear bremsstrahlung in heavy-ion collisions actually observed by Grosse et
al. [Gro85]. From this experiment it was not yet clear whether the origin
of the bremsstrahlung was the nucleon-nucleon or the nucleus-nucleus sys-
tem. Since this �rst experiment many experiments have been performed
to determine the nature of the bremsstrahlung and it was found that the
bremsstrahlung originates from incoherent nucleon-nucleon collisions.

In the present work nuclear bremsstrahlung has been used as a probe
to study dissipation mechanisms in peripheral heavy-ion reactions at inter-
mediate energies, i.e. energies close to the Fermi energy (EF � 35 MeV).
For energies well below the Fermi energy it has been established that the
dissipation mechanism is governed by the nuclear mean �eld while at ener-
gies much higher than the Fermi energy individual nucleon-nucleon collisions
govern the dissipation mechanism. It has been shown (see e.g. [Gue85]) that
at intermediate energies both dissipation mechanisms, the mean �eld as well
as the individual nucleon-nucleon collisions, play an important role.

It is the aim of the present work to determine the relative importance of
both dissipation mechanisms by studying the reaction: 36Ar + 159Tb at a
beam energy of 44 MeV/nucleon, where the nuclear bremsstrahlung is used
as a signature for nucleon-nucleon collisions. In the following sections a brief
description of both dissipation mechanisms will be given and the nature of
the nuclear bremsstrahlung will be discussed.
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1.2 Dissipation mechanisms

To transfer nucleons from projectile to target or vice versa the relative mo-
tion of the transferred nucleon has to be converted to an intrinsic motion,
i.e. the energy di�erence with the receiving nucleus has to be dissipated. In
intermediate-energy heavy-ion collisions the energy can be dissipated in two
ways:

1. The transferred nucleon interacts with the mean �eld produced by the
sum of all nucleons in the system. This is referred to as one-body
dissipation.

2. The transferred nucleon interacts with one other nucleon in the system.
This process is denoted two-body dissipation.

Thus in the case of one-body dissipation the mean �eld is the driving force
for the nucleon transfer while in two-body dissipation incoherent nucleon-
nucleon collisions are assumed to be the origin of the dissipation mechanism.
In the next chapter both mechanismswill be explained more extensively with
the help of transport-model calculations using the BUU-code.

5 MeV/nucleon 44 MeV/nucleon 100 MeV/nucleon

Figure 1.1: Fermi spheres for three beam energies: 5 MeV/nucleon, 44
MeV/nucleon and 100 MeV/nucleon. The full circles correspond to the mo-
mentum space uniformly �lled up to the Fermi momentum and the dashed
circles show the highest bound states.

The inuence of both mechanisms can be qualitatively understood by
very simple pictures showing two Fermi spheres, i.e. spheres in momentum
space corresponding to the target and the projectile nucleons with radii equal
to the respective Fermi momenta, displaced by the Coulomb-corrected beam
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momentum. In �gure 1.1 the decreasing importance of one-body dissipation
is shown. The full circles in �gure 1.1 correspond to the momentum space of
projectile and target uniformly �lled up to the Fermi momentum while the
dashed circles show the highest bound states. A one-body transfer within
the hatched region is only possible if two nucleons in the same state are
exchanged which has no net e�ect. The only possible one-body transfer
that can take place, under the condition that the nucleons after the transfer
are bound, is into the grey region. It is clear from the �gure that this region
decreases with increasing beam energy going to zero for energies larger than
100 MeV/nucleon.

5 MeV/nucleon 44 MeV/nucleon 100 MeV/nucleon

Figure 1.2: Fermi spheres for three beam energies: 5 MeV/nucleon, 44
MeV/nucleon and 100 MeV/nucleon. The full circles correspond to the mo-
mentum space uniformly �lled up to the Fermi momentum, the dashed circles
show the highest bound states and the dotted circles show the maximum mo-
mentum a nucleon can obtain due to a collision.

Figure 1.2 shows the increasing e�ect of two-body dissipation. The full
and dashed circles have the same meaning as in �gure 1.1 and the dotted
circles correspond to the maximum momentum a nucleon can obtain due
to a nucleon-nucleon collision. For the two-body transfer again the hatched
area is forbidden, since Pauli blocking allows only a collision if the two
nucleons go back to their original state which has no net e�ect. Therefore,
with the same condition as for the one-body transfer, that the nucleons
after the collision have to be bound, the grey area is the only available
area for the nucleons to transfer to after the collision. Here, we �nd the
opposite behaviour as compared to the one-body case since for the two-
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body transfer the number of available states increases with increasing beam
energy. From �gure 1.2 it might seem that already at low energies the
two-body mechanism is dominant. Therefore, it needs to be noted that the
momenta of the two nucleons after the collision have to match precisely to
the momenta of the available states (the gray region); and although there are
already a large number of states available in low-energy collisions, there are
only few nucleon-nucleon collisions possible for which the relative momentum
matches to that of the available states. There are also many collisions leading
to unbound states. These collisions would lead to pre-equilibrium emission
if no further interaction of the collided nucleons with the projectile or the
target takes place.

Thus from this simple picture it is seen that both mechanisms play a role
at intermediate-energy heavy-ion collisions and that the relative importance
changes with bombarding energy.

1.3 Nuclear bremsstrahlung

As mentioned in the preface the �rst experiment studying nuclear brems-
strahlung in a heavy-ion reaction was performed by Grosse et al. in 1985
[Gro85]. Although from this measurement it was not clear whether these
hard photons originated from nucleon-nucleon collisions or nucleus-nucleus
collisions, the hard-photon measurement was assumed to give an undistorted
view of the early phase of the reaction in contrast to nucleons or nuclear
fragments which su�er from �nal-state interactions and for which it is not
clear whether they originate from the participant or the spectator part of
the colliding nuclei. After this pioneering work many hard-photon measure-
ments were performed [Bea85, Gro86, Ala86, Kwa86, Ste86, Ber87, Bre89,
Cla89, Mur89, Tam89, Cla90, Gos90, Hof91, May93] in which the inclusive
photon production cross section was measured as a function of energy and
angle. Two important characteristics of the hard photons were found in
these experiments:

1. The photon spectra showed an exponential behaviour (see 1.3.1).

2. The slopes of the photon spectra were found to depend on the angle
of observation (see 1.3.2).

The second characteristic suggests that the photons are emitted from a
moving source and on that basis a moving source �t to the angular distribu-
tion can be done as suggested by Bertholet et al. [Ber87]. By �tting with
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this parameterization the angular distributions from di�erent experiments
it was found that the velocity of the emitting source was approximately
half the beam velocity, which is equal to the nucleon-nucleon center-of-mass
velocity, suggesting that the origin of the hard photons is nucleon-nucleon
collisions.

After these �rst experiments, exclusive hard-photon measurements were
performed measuring the photon characteristics as a function of the mass
of the outgoing fragment [Hin87, Rie92, Mar94a, Pol95, Pol96] and as a
function of the charged-particle multiplicity [Her88, Kwa88, Rep92, Mig93].
The scaling of the hard photons with the projectile mass led to the conclu-
sion that the hard photons originate from incoherent, �rst-chance, nucleon-
nucleon collisions.

In the following the di�erent aspects of the hard-photon production will
be discussed and its systematics will be shown.

1.3.1 Energy spectra

As mentioned above the energy spectra of the hard photons in the nucleon-
nucleon center of mass exhibit an exponential shape which can be charac-
terized by an inverse slope parameter E0.

d�

dE
/ exp

��E

E0

�
(1.1)

Already after the �rst experiments a correlation between the inverse slope
parameter and the beam energy was suggested [Ber87]. This description
was modi�ed by Metag [Met91] correcting the beam energy for the Coulomb
repulsion between projectile and target ("Cc).

"Cc = Tbeam � "C (1.2)

where Tbeam is the kinetic beam energy per nucleon, "C =
ZpZte

2

�r , � =

ApAt

Ap + At
and Zp, Zt and Ap, At are the atomic numbers and masses of

projectile and target, respectively. In the following, when we refer to the
beam energy the Coulomb-corrected beam energy is meant. In �gure 1.3 the
systematic behaviour of the slope parameter as a function of beam energy
is shown. The curve drawn in the �gure is a �t to the data of the function

E0 = a � ("Cc)b (1.3)
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Figure 1.3: The inverse slope parameter E0 as a function of the Coulomb
corrected beam energy. The data point from the present work is indicated by
J.

where a = 0.48�0.06 and b = 0.91�0.03. From this behaviour one can
conclude that the slope of the photon spectrum mainly depends on the
beam energy and does not, in �rst order, depend on the speci�c projectile
and target combination.

1.3.2 Angular distribution

The angular distribution for nuclear bremsstrahlung can be explained by
looking at the bremsstrahlung amplitudes for the simplest two systems,
proton-neutron and proton-proton collisions (see e.g. [Nif85, Nif89]). We
will limit ourselves to the angular dependence of the bremsstrahlung ampli-
tudes since the full expression is very sensitive to the approximations (e.g.
the soft-photon approximation) made in the derivation. For the proton-
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neutron case the bremsstrahlung amplitude can be written as

jApn(�; !)j2 /
�
sin2� +

2

3

�
(1.4)

where ! is the photon energy and � is the photon angle. From this equation
it can be seen that the angular distribution consists of a dipole (sin2�) and
an isotropic part (23). This can be understood in terms of an oscillating

point charge: the proton suddenly slows down (�� � �r
vbeam � 1 fm/c,

where �r is the range of the nucleon-nucleon force) in the collision and
then accelerates again. The radiation pattern for such a point charge has
a dipole character. In the process of slowing down, the proton has a well
de�ned direction (beam direction) and thus this part of the bremsstrahlung
will exhibit a dipole nature in the laboratory frame. After the collision the
direction of the proton is isotropic and therefore the total bremsstrahlung
distribution will be a superposition of an isotropic and a dipole term.

For the proton-proton case the bremsstrahlung amplitude is

jApp(�; !)j2 /
�
sin2�cos2�+

2

15

�
(1.5)

In this case we �nd for the angular distribution a superposition of a quadru-
polar (sin2�cos2�) and an isotropic term 2

15 . Comparing both amplitudes
one �nds that the proton-proton bremsstrahlung is suppressed relative to
the proton-neutron bremsstrahlung by a factor [Nif89]

jApp(�; !)j2
jApn(�; !)j2

= �2 +

�
E

197

�2
�r2 (1.6)

where E is the photon energy and � is the velocity of the incoming nucleon.
For photon energies less than 100 MeV the dominating term is �2 which
is in the order of 0.1. This means that proton-proton bremsstrahlung is
suppressed by a factor 10 and therefore we will only consider proton-neutron
bremsstrahlung in this work.

In heavy-ion experiments the situation is more complex in the sense
that the motion of the nucleons of projectile and target is smeared out in all
directions due to the Fermi motion, which would suggest that the angular
distribution is more isotropic. This is indeed found in the experiments and it
was suggested [Ber87] to parametrize the angular distribution by an isotropic
term and an anisotropic dipole term. 

d2�

dEd


!
cm

= K
�
1� �+ � sin2�cm

�
e�Ecm=E0 (1.7)
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where Ecm and �cm are the photon energy and angle in the source frame,
� is a measure for the anisotropy and K a normalization constant. One
can, furthermore, use the angular distribution to extract the velocity of
the emitting source. For this a transformation to the laboratory system is
needed, resulting in equation 1.8.

0
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Figure 1.4: Systematics of the source velocities versus the beam velocity for

asymmetric systems (
���Ap�AtAp+At

��� � 1
2). For the drawn line the source velocity is

half the beam velocity i.e. the nucleon-nucleon center-of-mass velocity. The
data point from the present work is indicated by J.

 
d2�

dEd


!
lab

=
K

X

 
1� �+ �

sin2�lab

X2

!
e�XElab=E0 (1.8)

with X = (1� �s cos�lab) and �s is the source velocity. In �gure 1.4 the
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systematics of the source velocity versus the beam velocity are shown. The
line shown in the �gure is �s =

1
2�beam con�rming that the origin of the hard

photons is the nucleon-nucleon center of mass. The systematics hold over a
large range of beam energies and systems. However in recent work [Sch94]
the source velocity has been studied as a function of the system size, photon
energy and impact parameter. Two asymmetric systems were studied, 36Ar
+ 12C and 36Ar + 197Au, at a beam energy of 95 MeV/nucleon. For the
12C-target the source velocity was similar to the nucleon-nucleon center-of-
mass velocity. For the 197Au target, a clear deviation from the systematics
was found at small impact parameters showing that these hard photons
also reect the later, stopping-stage of the reaction. For the larger impact
parameters the source velocity still agrees with the systematics as shown in
�gure 1.4.

1.3.3 Inclusive photon production probability

Having established the origin of the hard photons it is of interest to compare
the photon production cross section (�) found in the di�erent experiments.
A commonly used variable to do this is the photon production probability
per proton-neutron collision (Ppn ), which is de�ned as follows:

Ppn
 =

�
�R� < Npn >b

(1.9)

where �R is the reaction cross section and < Npn >b is the number of pn-
collisions averaged over the impact parameter. The latter is calculated in
the framework of the equal participant model proposed by Nifenecker and
Pinston [Nif89]. In this model the geometrical overlap of the two collid-
ing nuclei (AF (b)) is calculated as a function of the impact parameter (b)
assuming hard sphere radii.

AF (b) =
1

2
Ap(2� 3 cos�p + cos3�p) +

1

2
At(2� 3 cos�t + cos3�t) (1.10)

with cos�p =
b2 + r2p � r2t

2brp
, cos�t =

b2 + r2t � r2p
2brt

and rp and rt are the

projectile and target radius, respectively. Furthermore, it is assumed that
all nucleons in the overlap zone collide only once. The impact parameter
averaged number of pn-collisions then becomes



10 Introduction

< Npn >b= Ap
5A

2=3
t � A

2=3
p

5(A
1=3
t +A

1=3
p )2

ZpNt + ZtNp

ApAt
(1.11)

The derivation of this expression is shown in Appendix B.1. The reac-
tion cross section used to calculate the systematics has been derived in
Appendix B.2. The resulting equation becomes

�R = �R2
�
1� "C

Tbeam

�
(1.12)

R(fm) = 1:16
�
A1=3
p +A

1=3
t + 2:0

�
(1.13)

For the radius (R) an expression suggested by Metag [Met89] has been used.
The systematics of the inclusive photon production probability are shown
in �gure 1.5 (in appendix E the values are listed in a table). The full line
�tted to the systematics assumes that the photon production probability
only depends on the inverse slope parameter and the threshold energy.

P pn
 = Ppn

0 � exp
�
�Et

E0

�
(1.14)

where Et is the lower energy threshold for integrating the photon spectrum
(Et = 30 MeV) and E0 is taken from equation 1.3. The �tted value for Ppn0
is 6.3�0.1�10�4.

It should be noted that this systematics is based on the assumption that
all participants collide at least once. We will show in this work that this
assumption is not correct.

1.3.4 Photon multiplicity

In the previous section the inclusive photon production probability was de-
�ned and compared to the systematics. More exclusively one can measure
the photon multiplicity (M) associated with a given reaction channel (R)
which is de�ned as the photon cross section (�) divided by the reaction
cross section (�R).

M(R) =
�(R)

�R(R)
(1.15)

The approach chosen in previous work is to correlate the photon multiplicity
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Figure 1.5: Systematics for the photon production probability. The full line
represents the �t as written in the �gure. The data points from the present
work are indicated by J.

with the impact parameter. This procedure is illustrated in �gure 1.6; the
data are taken from reference [Rie92]. The �rst step is to determine from the
photon multiplicity the number of pn-collisions. This is done by combining
equations 1.15 and 1.9 which results in

Npn(b) =
M(b)

Ppn


(1.16)
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where Ppn is the inclusive photon production probability per pn-collision
taken from the inclusive systematics shown in �gure 1.5. It should be noted
that the inclusive Ppn already relies on the validity of the geometrical overlap
model as described in the previous section.

The second step is to correlate the number of pn-collisions with the
impact parameter for which equation 1.10 is used. This is shown in the
right part of �gure 1.6. The result is a unique correlation between the photon
multiplicity and the impact parameter. However, this result depends very
strongly on the geometrical overlap model.

In the present work a di�erent approach will be chosen since we want
to measure the photon production probability per removed unit of mass
without relying on the geometrical overlap model. To do this the photon
multiplicity is measured as a function of the mass of the primary projectile-
like fragment (in chapter 4 it will be explained how the primary projectile-
like fragment mass is obtained). Now one can de�ne the exclusive photon
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production probability per removed nucleon as follows:

P excl;NN
 =

dM

dA
(1.17)

In chapter 5 the results of this new approach will be discussed and compared
to the previously used methods.

1.4 Motivation

It is the aim of this work to study the dissipation mechanism for peripheral
heavy-ion reactions at intermediate energies using the hard-photon probe.
The improvement compared to previous experiments performed along these
lines [Hin87, Rie92] is twofold.

1. Fragments are generally produced in a particle-unstable state and will
therefore subsequently decay via the evaporation of light particles.
This evaporation step washes out part of the dissipation mechanism
since the measurements do not allow to disentangle the actual reaction
from the evaporation stage.

2. To determine exclusive values for the photon production probability
(P) from the photon production cross section, which was measured
in these experiments, it is necessary to know the average number of
participants. To calculate this number the authors relied on the par-
ticipant spectator model which is based on the assumption that only
nucleons in the overlap region will contribute to the nucleon-nucleon
collisions, thus neglecting the role of the mean �eld.

In the experiment described in this thesis the evaporated light charged
particles are measured in addition to the projectile-like fragment making it
possible to determine the projectile-like fragment before particle evapora-
tion which is a more direct probe of the dissipation mechanism. Also the
participant spectator model is no longer needed because the fragment before
the evaporation stage is a direct measure for the mass di�erence between
projectile and projectile-like fragment. In this way the inuence of the N/Z
ratio of the target on the produced fragments can be measured, since the
evaporation will generally populate the strongest bound fragments.
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1.5 Outline

In chapter 2 the transport model, BUU, and the most important features of
both dissipation mechanisms will be discussed. In chapter 3 the experimen-
tal setup will be described and the performance of the individual detectors
will be shown. In chapter 4 the reconstruction method of the fragment be-
fore the evaporation stage will be examined in great detail. The results as
well as a comparison to previous work will be presented in chapter 5. Finally
in chapter 6 the main conclusions will be drawn and an outlook for future
work will be given.



Chapter 2

Model calculations

In the �rst section of this chapter the BUU model [Cas90] will be de-
scribed. In this framework also the di�erent types of dissipation mecha-
nisms will be explained. In the last two sections the abrasion-ablation code
ABRABLA [Gai91] and the statistical-decay code GEMINI [Cha88] will be
described briey. The latter two codes were used to perform acceptance cor-
rections to the data while the results of the BUU code helped to interpret
the experimental results.

2.1 BUU

It is the aim of this section to outline the BUU transport equation and in
particular focus on those aspects of the BUU-code that are important for
the interpretation of the experimental data as will be shown later in this
work. The BUU equation is based on the Boltzmann equation, a classical
kinetic equation for dilute gases �rst formulated by Boltzmann in 1872. It
describes the distribution function of a dilute gas under the assumption that
the particles move under the inuence of an external force, except when they
collide with each other in which case it is also assumed that only two particles
take part in the collision. In 1933 the Boltzmann equation was modi�ed by
Uehling and Uhlenbeck to include Pauli blocking. The resulting equation
therefore goes by the name BUU. For a more detailed description of the
BUU equation and code see e.g. [Ber88, Cas90].

The BUU transport equation is given by�
@

@t
+ ~v � ~rr � ~rrU � ~rp

�
f1 = Icol (2.1)
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Icol =
1

(2�)3

Z
d3~p2d

3~p4d

d�

d

v12�

3(~p1 + ~p2 � ~p3 � ~p4) (2.2)

� [f3f4(1� f1)(1� f2)� f1f2(1� f3)(1� f4)]

The left part of the BUU equation 2.1 describes the evolution of the phase-
space density distribution, f(~r; ~p; t). If there are no collisions between parti-
cles, the propagation in time of a given particle, de�ned as f1 = f(~r1; ~p1; t),
is described according to Hamilton's equations:

�

~pi = �~rU(�(~ri)) (2.3)
�

~ri = �~vi (2.4)

where U is an external potential.
In the collision term 2.2 individual nucleon-nucleon collisions are treated.

This term contains the di�erence in scattering rate into and out of a phase-
space element (~r; ~p), taking Pauli blocking into account via the factors (1�
fi). The �-term in the equation accounts for momentum conservation.

2.1.1 BUU code

The BUU transport equation cannot be solved analytically. Therefore, the
solution is simulated using the test-particle method, where each nucleon is
represented by N test particles, such that there are N parallel ensembles of
Np and Nt test particles (Np and Nt are the number of nucleons of projectile
and target). The density distribution is then calculated after each time step
�t as an average over all the test particles.

f(~r; ~p; t) =
1

N

N(Np+Nt)X
i=1

�(~r � ~ri(t))�(~p� ~pi(t)) (2.5)

The test particles can collide with a cross section �NN=N . For computational
reasons the collisions have been constrained to test particles in the same
ensemble and for the reaction cross section �NN is used. If the test particles
do not collide they propagate according to the Hamilton equations given
above.

For the mean �eld a Skyrme potential is taken which has the form

U(�) = A(�=�0) + B(�=�0)
� (2.6)
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where � >1, A is attractive and B is repulsive.
We have run the BUU code for the 36Ar + 159Tb case at 44 MeV/nucleon

for di�erent impact parameters with 1000 test particles per nucleon. For an
impact parameter of 8 fm the typical time behaviour is shown in �gure 2.1.

t=25 fm/c

z(fm)

x(
fm

)

t=50 fm/c

z(fm)

t=75 fm/c

z(fm)

t=100 fm/c

z(fm)
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-20

0

20

-20 0 20 -20 0 20 -20 0 20 -20 0 20

Figure 2.1: Time evolution in coordinate space of a collision of 36Ar +
159Tb at 44 MeV/nucleon at an impact parameter of 8 fm.

At a time of 100 fm/c after starting the code we will assume that projectile-
and target-like fragments have been formed and we will assign the test par-
ticles via a simple geometrical cut either to the projectile- or to the target-
like fragment. Furthermore, the assumption is made that the interaction
between projectile and target stops when the projectile has passed the tar-
get which is after 75 fm/c. The collisions taking place after this time will
be ignored. (If one would allow the calculation to go on, all test particles
will eventually collide and one will not be able to identify a projectile- and
a target-like fragment.)

2.1.2 Reaction mechanisms

The BUU transport equation consists of two terms, a mean �eld term (left
of equation 2.1) and a collision term (2.2). In the following we will refer to
the mechanisms described by these terms as one- and two-body dissipation,
respectively. Figure 2.2 gives a schematic representation of both mecha-
nisms. In the top (left) �gure a test particle moves from the projectile to
the target after having collided once with a target test particle. This type of
mechanism we refer to as two-body dissipation. In the top (right) �gure a
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projectile test particle is captured by the target without su�ering a collision.
The reaction mechanism associated with this will be referred to as one-body
dissipation. Both dissipation mechanisms can be distinguished by measur-
ing nuclear bremsstrahlung (see the previous chapter) which is known to
originate from nucleon-nucleon collisions and therefore is a probe for the
two-body dissipation mechanism (the collision term in the BUU equation).
The lower two pictures in �gure 2.2 show both dissipation mechanisms but
then for test particles going from target to projectile.

z(fm)

x(
fm

)

projectile to target (2 body) projectile to target (1 body)

target to projectile (2 body) target to projectile (1 body)

KVIHP101
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10

-10 0 10 -10 0 10

Figure 2.2: Trajectories of transferred nucleons. The upper two �gures
show a transfer from projectile to target via two-(left) and one-body (right)
dissipation. The lower two �gures show a transfer from target to projectile
via two-(left) and one-body (right) dissipation. The di�erent dashed circles
represent the position of the projectiles at times 25, 50, 75 and 100 fm/c.
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2.2 Abrasion-ablation model

The abrasion-ablation model (Abrabla) was used to generate a distribution
of projectile-like fragments with their momentum and excitation energy.
The ablation (evaporation) part of Abrabla was not used since it does not
keep track of the kinematics of the evaporated light particles. Instead the
statistical-decay code GEMINI was used which will be explained in the next
section.

The fraction (F) abraded from the projectile for a given impact parame-
ter is calculated by considering the volume of intersection of a sphere and a
cylinder (a cylindrical fraction of the projectile is removed). The expression
for F is shown in detail in the appendix of an article by Gosset et al. [Gos77].
The impact parameter is randomly sampled according to the cross section.
The mass of the projectile-like fragment is taken as the product of the re-
moved fraction F and the projectile mass Ap, thus assuming a constant
nuclear density.

APLF = F �Ap (2.7)

The next step is to determine the A/Z ratio of the projectile-like frag-
ment. For this the hypergeometric model is used [Mor78]. Essentially, this
model calculates the dispersion in the number of neutrons and protons re-
moved from the projectile as equivalent to the number of ways the nucleons
can be distributed in the projectile.

V (ZPLF ) =

 
ZP
ZPLF

! 
NP

NPLF

!
=

 
AP

APLF

!
(2.8)

V =
X
ZPLF

V (ZPLF ) (2.9)

The charge of the projectile-like fragment is calculated by taking a fraction
of V (determined in a random way) and then summing over V(Z) until the
fraction of V is reached. The Z for which this is the case is taken as the
charge of the projectile-like fragment.

After the mass and charge of the projectile-like fragment have been cal-
culated the excitation energy is calculated according to the statistical hole
model proposed by Gaimard and Schmidt [Gai91]. In this model the exci-
tation of the projectile-like fragment originates from the creation of a hole.
The excitation energy is proportional to the single-particle level density.
When more nucleons are removed the excitation energy is calculated as a
convolution of these single-particle energies (�gure 2.3).
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Figure 2.3: Excitation energy distributions as calculated with the statistical
hole model.

The distribution of the momentumwidth for the projectile-like fragment
is calculated using the Goldhaber approach [Gol74]. Here, the width of the
momentum distribution is a function of the projectile mass and the mass of
the projectile-like fragment.

�p = �0

�
APLF (AP �APLF )

(AP � 1)

�1=2
(2.10)

�0 is a constant related to the Fermi momentum and is taken as 118 MeV/c
in the model.

At this point the mass, charge, excitation energy and momenta are
known for a given projectile-like fragment and these data are inserted in
the statistical-decay code GEMINI.
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2.3 GEMINI

To calculate the light-charged-particle evaporation of the excited primary
projectile-like fragment the statistical decay code GEMINI [Cha88] was used.
GEMINI calculates the sequential decay of a compound nucleus via a Monte-
Carlo technique. The advantage of GEMINI compared to most statistical
decay codes is that it keeps track of the kinematics of the evaporated parti-
cles. In �gure 2.4 the structure of the code is schematically shown.

Compound Nucleus
(Zcn,Acn,Ecn

* ,pcn,Jcn)
→ →

n p d t 3He 4He 5He Zlp>2

Evaporated light particle
(Zlp,Alp,plp,Jlp)

→ →

new Compound Nucleus
(Zcn,Acn,Ecn

* ,pcn,Jcn)
→ →

1

2

3

4
5

Figure 2.4: Schematical diagram of the statistical-decay code GEMINI.

step 1. All possible binary decays of the compound nucleus are calculated.
GEMINI treats light-particle (Z�2) emission and intermediate-mass-
fragment production separately. In the present case only light-particle
evaporation was considered. The partial decay widths for the evapo-
ration are calculated using the Hauser-Feshbach formalism.
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step 2. A decay mode is randomly chosen from all the possible binary decays
weighted according to the partial decay widths.

step 3. The energy of the light particle is randomly sampled according to a
maxwellian distribution, the spin of the light particle is chosen in a
Monte-Carlo fashion from the partial decay widths.

step 4. After this evaporation step a new compound nucleus is calculated,
considering the decrease in excitation energy and angular momentum
and the recoil due to the light-particle evaporation.

step 5. This procedure is repeated until the excitation energy of the compound
nucleus is below the particle decay threshold.



Chapter 3

Experimental setup

In this chapter the setup used at the GANIL accelerator facility is described.
First the beam and target characteristics will be presented after which a
global description of the setup will be given. This is followed by a detailed
description of the individual detector systems.

3.1 Beam and target

The reaction studied was 36Ar + 159Tb at a beam energy of 44 MeV/nucleon.
The 36Ar beam was provided by the GANIL accelerators with an average
current of 27 nA and an instantaneous time resolution of 700 ps. The time-
averaged resolution of the beam was approximately 1 ns. A 159Tb target
was used with a thickness of 2 mg/cm2. This speci�c system was chosen to
facilitate a comparison with an earlier experiment by Riess et al. who studied
the reaction 40Ar + 158Gd at an energy of 44 MeV/nucleon as discussed in
the introduction of this thesis. The reason to use 36Ar instead of 40Ar is that
for peripheral reactions the projectile-like fragment in general will be excited
above particle threshold. In the case of 40Ar the deexcitation will mainly
take place by the evaporation of neutrons while in the 36Ar case it will go
via protons, �-particles and neutrons. Since our setup is not able to detect
neutrons but is very well suited to detect light charged particles the choice
of 36Ar is obvious. For the target the constraint was that it needed to be a
lanthanide close to 158Gd; 159Tb was then chosen because it is monoisotopic
and used since many years in heavy-ion experiments at the KVI.
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3.2 Setup

The setup used at the GANIL accelerator facility consisted of the following
detector systems: the KVI Forward Wall, the Two-Arm Photon Spectrom-
eter (TAPS) and the GANIL spectrograph (SPEG). The setup is schemati-
cally shown in �gure 3.1. The experiment was separated in three parts where
the di�erence is in the setting of the spectrograph. Three rigidity settings
were used: 0.91, 0.96 and 1.05 % of the beam rigidity. In the following the
individual detector systems will be described in detail.

AB
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E

beam PLF SPECTROGRAPH

Taps block Forward wall

64.6
o

106.9
o

48.9
o

100.8
o

146.7
o

Figure 3.1: Schematic experimental setup.

3.2.1 KVI Forward Wall

The Forward Wall is a detector system consisting of 60 phoswich detec-
tors [Lee92] covering an angular range between 4� and 24� and capable
of identifying light charged particles (LCPs) ranging from Z=1 to Z=6.
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A phoswich detector is made of two layers of plastic with di�erent decay
times. For the present experiments a 1 mm fast scintillator (NE102A) was
heat pressed onto a 50 mm slow scintillator (NE115). The light output of
the detectors is the sum of the fast and the slow component. By using two
integration times, a short one yielding �L and a long one giving the total
light output (L), it is possible to identify the di�erent types of particles.

t

V
(t

) p
α
Li

short gate (95 ns)

long gate (300 ns)

Figure 3.2: Pulse shapes for p, � and Li.

In �gure 3.2 the pulse shape is drawn for three di�erent particles with
the same energy. Plotting �L vs L (�gure 3.3) one can distinguish di�erent,
banana-shaped bands which correspond to the di�erent charges of the light
charged particles. The resolution of the detector does not allow isotope sep-
aration. Since the light-particle emission is kinematically focussed into for-
ward angles, two sizes of detectors were used, 32 small ones (32.5�32.5�50
mm3), which cover the area close to the beam, and 28 large ones (65�65�50
mm3) at larger angles. To shield against elastically scattered particles a 2
mm Al absorber was placed in front of the inner small detectors. The thick-
ness was chosen to be able to stop 36Ar with an energy of 44 MeV/nucleon.
The range for such a particle in Al is 1.0 mm. The outer detectors were
covered with a 100 �m Ni layer to reject �-electrons from the target. The
maximum energy for a �-electron is given by [Agu94]

Tmax = 2me�
22c2 �

0
@1 + 2

me

Mproj
+

 
me

Mproj

!21A � 2me�
22c2 (3.1)
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Figure 3.3: �L-L spectrum for the Forward Wall. The di�erent bands
correspond to di�erent light charged particles (the axis values are in arbitrary
units).

where � and  refer to the projectile velocity. This value is largest for the
case that the projectile (36Ar) knocks out an electron, which results in a
maximum energy of 98 keV for the electron. An electron with an energy
of 98 keV stops in 23 �m of Ni. To be on the safe side a 100 �m Ni
foil was used which does not modify the detection threshold for the light
charged particles signi�cantly. The modi�ed detection thresholds due to the
absorbers are listed in table 3.1.

3.2.1.1 Particle identi�cation

In this section the procedure for the light-charged-particle identi�cation will
be outlined. The �rst step is to distinguish between prompt particles and
random particles. This can be done via the time spectrum (�gure 3.4). One
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Table 3.1: Calculated energy thresholds for particle identi�cation and max-
imum detectable energy in the phoswich detectors

Particle Threshold (MeV/nucleon) Max. energy (MeV/nucleon)
no 2 mm 100 �m no 2 mm 100 �m

absorber Al Ni absorber Al Ni

p 9.0 21.7 11.5 77 80 78
d 6.2 14.9 7.9 53 56 54
t 4.9 11.8 6.5 42 44 42
He 9.1 22.1 11.6 80 84 81
Li 10.4 25.1 13.3 88 92 89
Be 11.8 29.7 15.4 105 110 106
B 13.4 33.9 17.5 119 124 120
C 15.5 39.4 20.4 139 145 140

can clearly separate the prompt time signal and two random peaks. The
random events appear in the spectrum since the time of ight is measured
relative to the radio frequency (RF) of the cyclotrons. The random-to-
prompt ratio is approximately 5%. The RF signal also gives a means to
calibrate the time spectrum since the inverse of the RF value (9.478 MHz)
gives the time interval (105.5 ns) between the prompt and the random events.
A gate is set on the prompt peak to select only those events with a prompt
coincidence. The prompt peak has also a random contribution but it has
been checked that the e�ect of these random events on the reconstruction
(see chapter 4) is negligible.

The particle identi�cation is done with the help of the �L-L spectrum.
To avoid the complicated determination of individual gates for all the dif-
ferent detectors two normalization procedures are applied to the spectra.
The detectors are calibrated in such a way that the �L-L band is the same
for all detectors and the �L-L plot is subsequently linearized (�gure 3.5).
This is done by �tting for each detector and each particle separately the
banana-shaped curve with the following expression:

�Lnew = aL�1 + b+ cL+ dL2 (3.2)

Knowing the shape and position of the banana-shaped curve for the
di�erent particles the curves can be linearized via a simple normalization
procedure. However, a linearization with one set of parameters only works
if all detectors have the same characteristics. In our case it has been found
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Figure 3.4: Time spectrum of the Forward Wall.

that two sets of calibration parameters are needed for the small and large
detectors separately. The di�erent particles are now identi�ed by putting a
gate on �Lnew as indicated by the horizontal lines in �gure 3.5.

3.2.1.2 Energy calibration

The energy of the light charged particles is determined in two steps, �rst
the signal of the detector is converted into energy and subsequently the
energy of the particle is corrected for the energy loss when passing through
the absorber. To calibrate the energy, the punch-through points are used.
These are the points for which a particle just passes through the �E layer
of the detector. For the punch-through points the energies are known (see
table 3.1) and a function is then �tted describing the relation between the
light output (L) and the energy (Ed).
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Figure 3.5: �Lnew-L spectrum for the Forward Wall. The di�erent parti-
cles can now be selected by horizontal lines as shown in the �gure (the axis
values are in arbitrary units).

Ed = a+ bLc (3.3)

The assumption used with this equation is that the constant c is a de-
tector characteristic and is common for all 64 detectors. So �rst the punch-
through points for all detectors are �tted and from this the value for c is
determined. In the next step each individual detector is calibrated where a
and b are the only two free parameters.

3.2.1.3 Forward-Wall electronics

The electronics diagram is shown in �gure 3.6. To identify the di�erent light
charged particles the method of pulse-shape discrimination is used. First the
analogue signal is split into two branches and then the signal is integrated
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over a short (95 ns) and a long time (300 ns), yielding �L and L signals,
respectively.
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Figure 3.6: Forward-Wall electronics.

For the trigger logic 2 separate signals were generated, one indicating
that at least one of the Forward-Wall detectors detected a particle. In this
case the Forward Wall is used in slave mode which means that if one of the
other systems (TAPS or SPEG) triggers the electronics the Forward Wall
is read out also. The second signal is generated if the multiplicity in the
Forward Wall is greater than 3. In that case the Forward Wall supplies the
trigger and is read out whether the other systems have detected a signal or
not (see also table 3.5).
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3.2.2 SPEG

To detect projectile-like fragments the GANIL spectrograph SPEG (Spectro-
m�etre �a Perte d'�Energie du GANIL) was used [Bia89]. SPEG was positioned

at 0� with an opening angle of � 35 mrad. The momentumacceptance (�pp )

is 4%.
The motion of a charged particle through a magnetic �eld can be de-

scribed as follows:

B� =
p

Q
(3.4)

where B is the magnetic �eld, � is the bending radius and p and Q are
respectively the momentum and charge of the particle. The product B� is
called the magnetic rigidity. During the experiment 3 rigidity settings were
used, 0.91, 0.96 and 1.05 % of the beam rigidity. In the following the SPEG
detectors will be described after which the method for particle identi�cation
will be explained.

3.2.2.1 The SPEG detectors

For these experiments 4 di�erent detector types were placed in the focal
plane of the spectrograph to identify the particles and determine their posi-
tion and angle (�gure 3.7, a more detailed description of the detectors can
be found in [Mar94b]).

� 4 drift chambers (DC1..4);
The drift chambers are used to reconstruct the trajectory of the parti-
cle. Each detector measures the (X,Y) position. Given the z-position
of the chamber the trajectory can be calculated.

� Parallel-plate detector (PP);
This was not used in the present experiment.

� Bragg chamber (BC);
This detector consists of three parts. A parallel-plate detector mea-
suring the energy loss (�Ew) and two anodes. The charge collected on
both anodes is proportional to the particles energy (E) and the �rst
anode is used as a second measure for the energy loss (�E).

� Plastic-scintillator detector (PS);
The plastic-scintillator is read out on both sides by a photomultiplier
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tube. For each side of the plastic a time and energy signal is read (Eps,
tps).

plastic

DC1 DC2 DC3 DC4PP BRAGG chamber

PP

A1 A2

C

Figure 3.7: Schematical view of the SPEG detectors showing the 4 drift
chambers (DC1..DC4), the parallel-plate detector (PP), the Bragg cham-
ber (consisting of a parallel-plate detector, two anodes A1 and A2 and one
cathode C) and the plastic-scintillator detector.

A summary of all the signals from the spectrograph is given in table 3.2.

Table 3.2: The SPEG detectors and their signals

Drift chambers X, Y
Parallel-plate detector tpp
Bragg chamber �Ew, �E, E
Plastic scintillator Epsl, Epsr, tpsl, tpsr (l=left, r=right)
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3.2.2.2 Reconstruction of the trajectories

For the particle identi�cation it is necessary to know the rigidity of the
detected particles which is a function of the focal-plane position (xfoc).

B� = B�speg (1� �(xm � xfoc)) (3.5)

where � is the dispersion and xm is the position in the focal plane of the
central ray. The values for � and xm can be determined by making use of
a particle for which the mass, charge and velocity is known. In our case
a di�erent charge state of the beam (36Ar16+, the beam is 36Ar17+) was
measured in the spectrograph for the rigidity settings of 0.91 and 0.96 % of
the beam rigidity (see table 3.3), respectively.

Table 3.3: B� value of the beam before and after the target.

before target after target
B� (Tm) B� (Tm)

17+Ar (beam) 2.0408 1.927
16+Ar 2.0408 1.814

From this calibration, values of � = 1.22 �10�5 and xm = 3543 (in channels)
have been obtained.

3.2.2.3 Particle identi�cation and momentum calculation

Particle identi�cation is done in two steps. In the �rst step the charge (Z)
can be calculated using the �E information from the Bragg chamber in
combination with the time of ight as measured by the plastic detector.
This is done by using an approximation to the Bethe-Bloch equation where
it is assumed that the ight path is constant for all particles.

�E / Z2

v2
/ Z2 � t2 (3.6)

Rewriting this formula now gives an expression for the charge as a function
of the measured energy loss and time.



34 Experimental setup

Zplf

yi
el

d 
(a

.u
.)

Z
=

5 Z
=

6
Z

=
7

Z
=

8
Z

=
9

Z
=

10
Z

=
11

Z
=

12
Z

=
13

Z
=

14
Z

=
15

Z
=

16
Z

=
17 Z
=

18
Z

=
19

KVIHP016

0

2

4

6

8

10

1000 2000 3000 4000 5000

Figure 3.8: Charge distribution of the fragments detected in the spectro-
graph.

Z /
p
�E

t
(3.7)

In �gure 3.8 the charge distribution as measured in the spectrograph is
shown. One can see a very good separation between the di�erent elements.

In the second step the mass (A) of the fragment can be calculated by
making use of equation 3.4

B� =
p

Q
=
AMNv

Ze
! A = Z

eB�

MNv
(3.8)

In �gure 3.9 the mass to charge ratio of the projectile-like fragment is plotted
versus the charge, for one rigidity setting. A clear distinction between the
di�erent isotopes can be observed. The isotopes are separated by setting
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Figure 3.9: Charge and mass distribution of the fragments detected in the
spectrograph.

software gates around each isotope. The results of this procedure will be
shown in chapter 5.

Finally one can calculate the momentum of the particle by combining
equations 3.4 and 3.5

p = ZeB� = 0:3ZB�speg (1� �(xm � xfoc)) (3.9)

where the momentum is expressed in units of GeV/c and the magnetic rigid-
ity in T/m.

3.2.3 TAPS

The Two-Arm Photon Spectrometer TAPS [Nov91, Gab94] was used to
measure the hard photons coming from the reaction zone. While TAPS was
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at GANIL it consisted of 5 blocks each containing 64 BaF2 detectors. The
blocks were positioned at a distance of 60 cm from the target and at angles
of -106.9�, -64.6�, 48.9�, 100.8� and 146.7� relative to the beam direction
(see �gure 3.1). In the following a brief description of the TAPS detector
will be given, after which the calibration of the detector will be explained
and �nally some remarks will be made concerning the TAPS electronics.

3.2.3.1 The TAPS detector

The basic element of the TAPS detectors is a hexagonally shaped BaF2
crystal with a length of 25 cm (12 radiation lengths) and a diameter of the
inscribed cone of 5.9 cm (�gure 3.10). The main reasons to use a BaF2
detector for photon detection are:

� The pulse shape of a BaF2 detector is a superposition of a fast (�f =
0.6 ns) and a slow component (�s = 620 ns). Making use of this pulse
shape one can distinguish baryons from photons.

� Due to the short rise time of the fast component the BaF2 has excel-
lent timing properties. This makes it possible to distinguish between
photons and neutrons via time of ight.

The main features of the detector are summarized in table 3.4.

Table 3.4: Properties of BaF2 scintillators

density 4.89 g/cm2

index of refraction 1.5 at 325 nm
wavelength a. 310 nm

b. 195;210 nm
decay time a. 620 ns

b. 0.6 ns
radiation length 2.05 cm
(dE/dx)MIP 6.6 MeV/cm
Moli�ere radius 3.39 cm
critical energy 12.7 MeV

Furthermore, a charged-particle veto detector (CPV, see �gure 3.10) has
been placed in front of the BaF2 crystal to discriminate neutral particles
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Figure 3.10: Schematic picture of a single BaF2 module (sizes in mm).
A is the crystal, B the photomultiplier tube (Hamamatsu R2059-01), C the
�-metal shielding, D the quartz �ber for the laser-system, E the front view
of the detector, F is the CPV detector (NE102A)and G the light guide for
the CPV detector.

from charged particles. The CPV detector is made of fast plastic scintilla-
tor material (NE102A) with a thickness of 5 mm and the same hexagonal
shape as the BaF2 crystal. The signal from the CPV is transported to the
photomultiplier via a light guide. In �gure 3.11 a schematic drawing of an
assembled block is shown with the CPV detectors and the light guides.

3.2.3.2 Photon identi�cation

There are three means to discriminate a photon signal from the signals of
other particles:

� The time-of-ight measurement (TOF).

� The pulse-shape discrimination (PSD).

� The charged-particle veto detector (CPV).

In �gure 3.12 a typical TOF spectrum is shown, summed for all detectors.
As indicated in the �gure, three distinct peaks can be seen in the spectrum.
The sharp peak is the photon peak. Its width is a measure for the time
resolution of the TAPS detector system since the photon velocity is well
de�ned. The FWHM of the photon peak is 1.5 ns and is mainly due to
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Figure 3.11: Schematic view of a BaF2 block with veto detectors.

the time resolution of the RF signal. The second bump is caused by fast
(projectile-like) neutrons and the last one by slow (target-like) neutrons.
The �rst selection is done by setting a gate over the photon peak.

After this selection most of the background has been removed except
for the tail of the fast neutrons. For this the PSD method is used which is
extensively discussed in the work of Mart��nez [Mar94b].

Finally the charged-particle veto detector is used to make sure that pro-
tons and fast electrons are not identi�ed as photons.

3.2.3.3 Energy calibration

The energy calibration is established by accurate pedestal determination,
measurements of cosmic muons and -rays from radioactive sources. The
problem of calibrating detectors up to energies of 200 MeV is that no ra-
dioactive sources produce photons with these energies. For this reason the
cosmic muons are used to yield a high-energy point. These cosmic muons
are minimum-ionizing particles which means that the energy they deposit
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Figure 3.12: Time-of-ight spectrum of TAPS.

per unit length in the detector is independent of their exact energy. In case
of the BaF2 detectors the muons deposit an average energy �E � 42 MeV
if all crystals are oriented horizontally.

The two sources used are 88Y and 241Am9Be. The 88Y source emits two
photons in coincidence having energies of 0.898 MeV and 1.836 MeV. The
AmBe source emits a photon with an energy of 4.43 MeV which comes from
the reaction
� +9 Be!13 C� !12 C� + n!12 C+ (4:43MeV)+ n.

3.2.3.4 TAPS electronics

Basically the TAPS electronics is not much di�erent from that of the For-
ward Wall. Also here the signal is integrated over a short and a long gate to
enable pulse-shape discrimination. Furthermore, the time of ight is mea-
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Figure 3.13: TAPS electronics.

In �gure 3.13 the electronics scheme is drawn. There are two important dif-
ferences, the use of a constant fraction discriminator (CFD) and a leading-
edge discriminator (LED) and the use of a multiplicity unit. The two dis-
criminators are operated at two thresholds. The threshold of the LED is
set to 15 MeV and this discriminator is used for the trigger logic. When a
photon enters the TAPS detector it will deposit most of its energy in the
central detector module but also part of the electromagnetic shower will en-
ter the neighboring modules. For this the CFD is used which operates at
a threshold of 1.5 MeV. If there was a detector which gave a signal above
the LED threshold all the detectors in the same block with a signal above
the CFD threshold are also read out. If any detector module gives a signal
above the LED threshold it is checked in the multiplicity unit whether the
corresponding CPV-module �red. If this is not the case the event is labeled
as a neutral hit and the detectors will be read out.
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3.3 Computer and trigger logic

The computer network for the data acquisition was built around a central
VAX3200 (TAPS VAX) running the acquisition program. The TAPS VAX
obtains the data via a direct memory link (DMA) from the central VME
crate. In this crate the main part of the acquisition is located consisting
of three FIC (Fast Intelligent Controller) modules and one VIC (Vme Inter
Connect) module. The FICs make the respective connections to the local
control branch, setting the RDVs, and the acquisition branch (VSB link),
reading out the signals from the electronic modules. The third FIC is used
for a fast online analysis. Since the spectrograph has its own acquisition
electronics located at a distance of 30 m from the TAPS acquisition it was not
possible to extend the VME bus over this distance. A special long distance
link (VMV) was used to connect the two acquisitions. The spectrograph
data as well as the Forward-Wall data are read out via an Eltec E6 processor
which then makes the data available to the remote VIC. The remote control
branch (in the SPEG cave) was connected via an ethernet connection to an
E6 processor setting the thresholds for the discriminators and setting the
high-voltage values.

Table 3.5: Trigger selections

bit description label downscale
0 EBaF2>1.5 MeV CFD 217

1 EBaF2>15 MeV LED 214

2 Spectrograph singles SPEG 29

3 Forward-Wall singles (Mfw �3) FW 213

4 2 s (LED AND VETO) in one block 2 215

5 laser LAS 20

6 diode DIO 20

7 laser and diode LAS 
 DIO 20

8  AND SPEG  
 SPEG 20

9  AND FW  
 FW 26

10 TAPS singles  215

11 2 s in one block and SPEG 2 
 SPEG 20

12 2 s in one block and FW 2 
 FW 22

13 2s in 2 blocks 2 20

14 2s in 2 blocks AND SPEG 2 
 SPEG 20

15 2s in 2 blocks AND FW 2 
 FW 23

Finally three workstations (GANTA2..4) were available to perform an
online data analysis. The whole setup is schematically shown in �gure 3.14.
The triggers that were selected for the experiment are listed in table 3.5.
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On average 350 events/s were recorded with an average length of 200 bytes.
This yields a data rate of 70 kilobytes/s. The computer dead time was
approximately 44%.
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Figure 3.14: Schematical overview of the data acquisition.



Chapter 4

Fragment reconstruction

One of the essential di�erences between this measurement and previous
measurements is that in previous measurements one was not able to dis-
tinguish the collision process from the evaporation process, i.e. the detected
projectile-like fragment (PLF) was used to determine the amount of mass
removed from the projectile neglecting the fact that in most cases the PLF
is excited above particle threshold and will evaporate light particles. As
already mentioned in the previous chapters, the KVI Forward Wall (FW)
was placed in front of the spectrograph to detect light charged particles. In
this chapter the procedures, used to correct for the limited Forward-Wall
acceptance, will be explained.

4.1 Forward-Wall acceptance and 0th order correc-

tion

To determine the acceptance of the ForwardWall, GEANT calculations were
done for the 36Ar + 159Tb system at 44 MeV/nucleon (�gure 4.1). In these
calculations it is assumed that the light particles are emitted isotropically by
a thermal source, moving with beam velocity. It can be seen from this �gure
that the acceptance for � and heavier particles is close to 100% while for
protons the acceptance varies with excitation energy from 80% to 50%. One
could ignore this e�ect and assume that the mass of the primary projectile-
like fragment (PPLF), i.e. the fragment before light-particle evaporation,
is equal to the sum of the masses of the projectile-like fragment detected
in the spectrograph and the light charged particles detected in the Forward
Wall (�gure 4.2b). A better 0th order estimate would be to assume that
for every emitted proton also a neutron was emitted which is not an unrea-
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sonable assumption since for a symmetric projectile one would expect that
the number of neutrons and protons evaporated is approximately equal. We
are neglecting here the fact that for protons the coverage is less than 100%.
The resulting distribution is shown in �gure 4.2c. For comparison also the
detected mass distribution is shown in the same �gure (4.2a).
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Figure 4.1: GEANT acceptance calculation for the KVI Forward Wall.

It is clear from the �gure that by adding the light charged particles
measured in the Forward Wall, in coincidence with the fragment, already
accounts for the largest fraction of the evaporated mass. Furthermore the
detected mass distribution (�gure 4.2a) shows very strong peaks for the �-
nuclei while after adding in the Forward-Wall information these structures
disappear (see �gure 4.2b) indicating that these structures are due to the
evaporation process. The correction for the missed neutrons changes the
distribution only very little but a clear odd-even staggering is found. This
can be easily understood since adding to the detected mass distribution,
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Figure 4.2: Mass distribution for the detected fragments (a), for recon-
structed fragments if only the mass detected in the forward wall is added (b)
and if it is assumed that for every emitted proton also a neutron is emitted
(c). The arrows give the centroids of the mass distributions.

which shows strong �-peaks (modulus 4), an even number (modulus 2), will
result in a spectrum with strong even peaks (modulus 2).

Although the method presented above already accounts for most of the
missing mass, as will be demonstrated in the following section, it is not a
satisfactory description since non-physical aspects are introduced due to this
reconstruction, e.g. the odd-even structure. In the following section a more
re�ned reconstruction method will be explained making use of advanced
model data and acceptance calculations.
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4.2 Advanced acceptance correction

For the more advanced reconstruction the following assumptions are made:

� A given reaction channel can be characterized by the mass of the
detected fragment and the number of protons and �- particles detected
in coincidence.

� The light-charged-particle multiplicity is representative for the excita-
tion energy of the PPLF.

A model which produces a primary-fragment mass distribution and ex-
citation-energy distribution close to the 'true' experimental one can then be
used to correct for the limited acceptance of the forward wall. In �gure 4.3
the reconstruction procedure is schematically shown.

DATA

PLF + LCP´s

PPLF + E*

MODEL

PPLF + E*

PLF + LP´s

Zmis (Aplf, Np, Nα)

Nmis (Aplf, Np, Nα)

Figure 4.3: Schematical view of the reconstruction procedure.

From the combination of the Abrasion-Ablation model (ABRABLA) and
the statistical decay code GEMINI (see chapter 2) a data set is produced
containing a PLF after particle emission and the evaporated light particles.
To make sure that the mass distributions are as close as possible to the
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data the model data are �rst �ltered through the spectrograph acceptance.
In the next step the light particles are �ltered through the Forward Wall
acceptance. To limit the computer time needed this is done in a geometrical
way. The method has been checked, however, using the GEANT code. Now,
a distribution of the missing number of protons (Zmis) and neutrons (Nmis)
is made as a function of the detected mass of the projectile-like fragment
and the number of detected protons and �-particles.

To reconstruct the primary projectile-like fragment the projectile-like
fragment and the light charged particles, detected in the Forward Wall,
are added. Furthermore, the missing number of protons and neutrons are
sampled from the distributions.

Zpplf = Zplf +Np + 2 �N� + Zmis(Aplf ; Np; N�) (4.1)

Applf = Aplf +Np + 4 �N� + Zmis(Aplf ; Np; N�) (4.2)

+Nmis(Aplf ; Np; N�)

It is important to note that Nmis and Zmis are distributions which means
that this method does not work event-wise. However, event-averaged the
method will provide the correct mass distributions. This method is con-
strained by the minimal requirement, that it should reproduce the original
fragment distribution when applied to model data, which provide the input
for the correction distributions.

In �gure 4.4a the original mass distribution of the fragments produced
by ABRABLA is shown, while �gure 4.4b shows the reconstructed mass
distribution using equation 4.2. It can be seen from these �gures that the
di�erence between the initial mass distribution and the reconstructed mass
distribution is at most 20%. For completeness, also the approach discussed in
the previous section, assuming for every detected proton that also a neutron
was emitted, has been applied to compare the e�ect of this procedure on
the model data (�gure 4.4c). From this it can be seen that already the
\simple" reconstruction method reproduces very well the shape of the mass
distribution but introduces an odd-even e�ect.

For the experimental data this will look di�erent since we do not know
the actual PPLF mass distribution and the model provides us only with
an initial guess. To avoid this problem an iterative approach is chosen
(�gure 4.3). The procedure will be sketched here stepwise:

1. From the model data the distribution functions for the reconstruction
are sampled,
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Figure 4.4: The mass distribution of the fragments produced by ABRABLA
(a), the mass distribution after reconstructing the model data with equa-
tion 4.2 (b) and the result of the \simple" reconstruction method where it is
assumed that for every detected proton also a neutron is emitted (c).

2. the charge and mass of the PPLF is calculated according to equa-
tions 4.1 and 4.2,

3. the resulting PPLF distribution is then used to generate the correction
functions, instead of the model data,

4. then steps 2 and 3 are repeated.

In �gure 4.5 the mass distribution of the PPLF is shown after every iteration
step. It is clear from the �gure that there is no dramatic change in the mass
distribution during the procedure.
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Figure 4.5: The mass distribution of the reconstructed fragments after each
iteration step.

4.2.1 E�ect of the acceptance correction on the photon mul-
tiplicity

After having established that the acceptance correction discussed in the
previous section gives good results for the mass distribution of the PPLF
we have to make sure that the photon multiplicity (M) does not depend
on the reconstruction method. We have tested this on the simulated data
by assuming a photon production probability per removed unit of mass P
= 1 and by checking whether, after the reconstruction, this value has been
modi�ed.

Figure 4.6a shows the photon multiplicity as programmed into the code.
The values for the photon production probability for transfer to the pro-
jectile and transfer to the target are both 1. After the advanced fragment
reconstruction (�gure 4.6b) the linear dependence of M on the mass dif-
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Figure 4.6: The photon multiplicity as programmed into the model-
calculation ABRABLA (a), the photon multiplicity after reconstructing the
model data with equation 4.2 (b) and the result of the \simple" reconstruc-
tion method where it is assumed that for every detected proton also a neutron
is emitted (c).

ference between projectile and PPLF is still present, however, the slopes
have changed by 25 and 12 %, respectively. These values are taken to repre-
sent the systematic error in calculating P , coming from the reconstruction
method, which is partly due to the �nite mass resolution of the method.
For comparison M has also been plotted for the \simple" reconstruction
method and, as can be seen in �gure 4.6c, the linear dependence of M on
the mass di�erence between projectile and PPLF is less strong. Also the
�tted values for P di�er much more.

The conclusions are that as well for the mass distribution as for the
photon-multiplicity the results obtained with the advanced reconstruction
method are closest to those initially generated by the model. Under the
assumption that the data do not behave di�erently, this method is also the
best to reconstruct the data.
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Results

In this chapter the results will be presented in three steps. First the in-
clusive data, i.e. the data for a given detector without any constraint from
the other detectors, will be presented for the TAPS detector system, the
KVI Forward Wall and the spectrograph. Then the primary projectile-like
fragment distributions will be presented which are reconstructed according
to the method described in the previous chapter. Finally, the reconstructed
mass distributions and the photon data will be combined in a correlated
study.

5.1 Inclusive data

5.1.1 Photon energy spectra

In subsection 1.3.1 it has been shown that the hard-photon energy spectrum
exhibits an exponential behaviour for energies larger than 30 MeV. One has
to note here that the slope of the energy spectrum as well as the threshold
energy are uniquely de�ned only in the source frame. It is therefore essential
to know the velocity of the source frame before one can determine the inverse
slope parameter E0. The velocity of the source frame is determined via a
source velocity �t of the angular distribution data (see subsection 1.3.2 and
the following section) after which the photon energy in the source frame is
calculated with this new value for the source velocity. As will be shown in
one of the following sections, the source frame is found to be the nucleon-
nucleon center of mass, in accordance with previous measurements.

In �gure 5.1 the inclusive photon spectrum (in the nucleon-nucleon cen-
ter of mass) is shown which is obtained with a minimum bias trigger. The
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Figure 5.1: Inclusive photon spectrum obtained with TAPS.

spectrum was �tted for energies larger than 30 MeV, assuming an expo-
nential shape. The drawn line is the result of this �t. An inverse slope
parameter of E0 = 11.7�0:1 MeV is found. To correct the measured photon
spectrum for the detector response, GEANT calculations for energy spec-
tra with di�erent inverse slope parameters were done. Assuming that this
response is only little energy dependent one can make a linear conversion
from the measured inverse slope parameter to the actual inverse slope pa-
rameter. In �gure 5.2 the slope parameter as originally inserted into the
calculation (Eactual0 ) is plotted versus the slope parameter determined from
an exponential �t to the photon energy spectrum calculated by GEANT
(Emeasured0 ).

From this �gure it can be seen that in the range of inverse slope param-
eters of interest, the dependence is linear, allowing for a simple conversion
from the measured inverse slope parameter to the actual value. For the slope
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Figure 5.2: Detector response simulated with a GEANT calculation.

parameters quoted in the following, this correction has been applied.
The corrected slope parameter for the spectrum shown in �gure 5.1 has a

value of E0 = 13:4� 0:1 MeV which is in good agreement with the previous
work of Riess et al. [Rie92] who found an inverse slope parameter E0 =
13:3�3:0MeV for a similar system, however, with a much larger uncertainty.
Furthermore, also a good agreement with the general systematics is found
(see �gure 1.3).

5.1.2 Photon angular distribution

As already discussed in subsection 1.3.2 the angular distribution of the hard
photons is expected to consist of an isotropic and a dipole term. In the
laboratory frame this can be parametrized by equation 1.8
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where X = (1� �s cos�lab), �s is the source velocity, E and �lab are the
energy and the laboratory angle of the photon, respectively, � is a measure
for the anisotropy and K is an overall constant.
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Figure 5.3: The photon angular distribution. The full curve represents a
source velocity �t to the data, for the dashed curve the anisotropy parameter
(�) has been �xed at 0.

In �gure 5.3 the photon angular distribution is shown. A �t of the an-
gular distribution with the parametrization described above yields a value
�s = 0.149�0.005 for the source velocity of the emitting frame and a value
of � = �0.26�0.06 for the anisotropy. The anisotropy parameter � is found
to be less than zero. This is an unexpected value, because the dipole and
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isotropic components of the angular distribution are believed to add inco-
herently. Therefore, a second �t has been applied to the data where the � =
0. The dashed curve represents this �t yielding a value of �s = 0.141�0.005.

The source velocity of the nucleon-nucleon center of mass for the 36Ar
+ 159Tb system at 44 MeV/nucleon is, �NN = 0.151. Note that the value
obtained for the source velocity is sensitive to the relativistic corrections
for these energies. The usual assumption that �NN = 1

2�beam can therefore
no longer be used (12�beam = 0.148). The fact that the source velocity
of the hard photon source is in agreement with that of the nucleon-nucleon
center of mass supports the generally accepted picture that the hard photons
originate from individual nucleon-nucleon collisions.

5.1.3 Photon production probability

The inclusive photon production probability (Ppn ) can be determined in two
ways. In the literature usually the photon production cross section (�) is
measured and then converted to a photon production probability making
use of the relation

Ppn
 =

�
�R < Npn >b

(5.2)

The disadvantage of this method is that it relies on the reaction cross section
(�R) and on the value taken for the impact parameter averaged number of
proton-neutron collisions (< Npn >b). The choice of the parametrization of
�R inuences the value of Ppn . This is discussed in appendix C.

A di�erent method to determine the photon production probability em-
ploys minimum bias data, i.e. data obtained with a trigger that occurs with
equal probability for each event. Ppn is then obtained from

Ppn
 =

M

< Npn >b
(5.3)

M =
N

Ntotal
(5.4)

where Ntotal is the number of minimum bias events and N is the number
of photons detected for these minimum-bias events. The advantage of this
method is that the photon production probability no longer depends on the
expression taken for the reaction cross section which makes it less model
dependent.
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Figure 5.4: Systematics for the photon production probability. The full line
represents the �t as written in the �gure.

In the experiment described in this thesis both methods were used. For
the minimum-bias trigger the \Forward-Wall" trigger was used, demanding
at least three light-charged particles in the Forward Wall. Therefore, it is
not a real minimum bias trigger since the demand for three particles in
the Forward Wall biases the reaction type. A good measure to determine
whether a trigger is minimum bias is to compare the cross sections. A true
minimum bias trigger has �(trigger)� �R. In the present case the trigger
cross section is 80% of the reaction cross section. The values obtained for
Ppn using the two methods are listed in table 5.1 and shown in �gure 5.4.

The fact that the two values obtained for the inclusive photon produc-
tion probability di�er has two reasons. First the minimum-bias trigger used
was a quasi-minimum bias trigger which therefore might underestimate the
actual inclusive probability. Based on the di�erence between the measured
reaction cross section for the minimum-bias trigger and the calculated re-
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Table 5.1: Values obtained for the inclusive photon production probability.
( a is a calculated reaction cross section and b is the reaction cross section
measured for the minimum-bias trigger.)

method � (mbarn) Ppn (10�5) �R (barn)

inclusive 2.17�0.34 7.8�1.2 4.3a

min.-bias trigger 1.17�0.12 5.2�0.1 3.5�0.5b

action cross section, and considering that the reaction cross section scales
with the impact parameter squared (�R / b2), one can estimate the cov-
erage in impact parameter assuming either central or peripheral collisions.
Furthermore, one can calculate the average number of pn-collisions for the
given impact-parameter range, making use of equation 1.10, and use this
value to calculate the photon production probability. The results are shown
in table 5.2

Table 5.2: Recalculated photon production probability per proton-neutron
collision corrected for the impact-parameter range (rp and rt are the radii of
projectile and target, respectively).

bmin (fm) bmax (fm) < Npn > Ppn (10�5)

peripheral 5.04 rp + rt=11.33 3.2 10.5
central 0 10.15 8.0 4.2

From the comparison of Ppn given in table 5.2 with the systematics one can
conclude that the value of Ppn for peripheral reactions is the closest to the
systematics. Therefore, the Forward-Wall trigger selects mainly peripheral
reactions.

Secondly it should be noted that the di�erence between the photon pro-
duction probabilities calculated via the minimum bias trigger and via the
measured -cross section may in part be due to the fact that the latter
depends on the prescription used for the reaction cross section (see ap-
pendix C).
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5.1.4 Light charged particles

In �gure 5.5 the light-charged-particle (LCP) multiplicity distribution for
masses up to Li is shown as a function of the charge of the detected projectile-
like fragment. This presentation is chosen to compare with the LCP data
available in the literature [Ste89]. From this �gure one can directly see that
the multiplicity for Li isotopes is already very small compared to that of H
and He isotopes and therefore the restriction to Z�3 is justi�ed.

Zlcp=1
Zlcp=2
Zlcp=3
total

Zplf

m
ul

tip
lic

ity
KVIHP041

0

0.5

1

1.5

2

2.5

3

5 10 15 20

Figure 5.5: The light-charged-particle multiplicity distribution as a function
of the charge of the detected projectile-like fragment.
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The shape of the total multiplicity distribution as well as the magnitude
of the multiplicity are in very good agreement with the fast LCP distribution
obtained by Steckmeyer et al. [Ste89]. In the work of Steckmeyer the LCPs
were separated into fast (projectile-like) and slow (target-like) particles. In
our experiment only fast LCPs were measured mainly as a consequence
of the aluminum absorber in front of the Forward Wall which stops slow
LCPs. Furthermore, the Forward Wall being positioned at forward angles
has a larger acceptance for projectile-like LCPs than for target-like LCPs.
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Figure 5.6: Velocity diagram for �-particles in coincidence with 32S
projectile-like fragments. The arrow indicates the dividing angle between
the small and big detectors.

In �gure 5.6 the parallel versus perpendicular component of the velocity
distribution for �-particles in coincidence with 32S projectile-like fragments
is shown (the �gure is shown two times, where the di�erence is that for
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the lower graph an upper and a lower limit have been set to the number of
counts in the spectrum). The arrow indicates the dividing angle between the
small, inner, detectors and the big, outer, detectors (see subsection 3.2.1).
From the �gure the two di�erent detection thresholds can be seen clearly
due to the di�erent absorbers placed in front of the small and big detectors.

N(E)=C*(E-VC)-0.5*exp(-(E-VC)/T)

VC=1.84±0.03MeV

T=4.18±0.02MeV (E*=69MeV)
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Figure 5.7: Kinetic energy of �-particles in coincidence with 32S projectile-
like fragments, plotted in the PLF center of mass. The dotted and dashed
spectra are the distributions for the small and big detectors, respectively. The
solid curve is a �t to the experimental data.

Assuming that the �-particles originate from the statistical decay of
a moving projectile-like fragment, the velocity distribution should have a
Maxwellian-shape independent of the emission angle in the center of mass
of the projectile-like fragment. In the two-dimensional picture this should
show up as a ring around the velocity of the projectile-like fragment which is
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estimated to be approximately 97% of the beam velocity [Blu86, Bor86]. In
the lower graph a clear ring can been seen around the projectile-like fragment
velocity (the circle is plotted to guide the eye). It should be noted that it is
important to select a speci�c projectile-like fragment since the di�erence in
Coulomb barrier and velocity for the di�erent PLFs would di�use the e�ect.

In �gure 5.7 the energy distribution of the light charged particles in the
PLF center of mass is plotted. The results of a Maxwellian-�t to the data are
shown in the �gure. The temperature (T) can be converted to the excitation

energy (E�) by the following expression: T =
r
8E�

Aplf
, where

Aplf
8 is the

value taken for the level-density parameter. The obtained excitation energy
of the system, E� = 69 MeV, is in good agreement with the expected values
around 60-70 MeV [Ste89]. The �tted Coulomb barrier, VC = 1.84 MeV,
is much smaller than the expected value (Vcalc

C = 5.57 MeV). However, it is
assumed that the PLF moves along the beam direction and deviations from
this due to recoils, resulting from the emission of light charged particles, are
ignored. This e�ect will cause a spread in the detection angle and therefore
introduce tails on the low and high energy side. Furthermore a dip can be
seen in the spectrum compared to the �t. An explanation for this can be
found when looking at the spectra for the small and big detectors separately
(the dotted and dashed spectra in the �gure). This \dip" region corresponds
to the transition region from the small to the big detectors. The acceptance
in this region is smaller and therefore the yield is underestimated.

5.1.5 Projectile-like fragments

Projectile-like fragments were measured with the GANIL spectrograph at
three rigidity settings: 91%, 96% and 105% of the beam rigidity, respectively.
In �gure 5.8 the fragment distributions are shown for all three rigidity set-
tings. Note that the most likely velocity of the projectile-like fragment is
approximately 97% of the beam velocity [Blu86, Bor86]. Thus, a rigidity
setting less than 97% will select proton-rich fragments while a rigidity set-
ting greater than 97% will select neutron-rich fragments. From these �gures
one can draw a number of conclusions:

1. Although the spectrograph was set to observe proton rich fragments
(N-Z<0) in the �rst setting, the actual fragment distribution is in fact
neutron rich. This is presumably a result of the isotope matching of
projectile and target. Since the projectile is symmetric and the target
has an N/Z ratio of 1.45 the produced fragments will be mainly neutron
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rich. In the last setting, where neutron rich fragments are selected,
indeed a clear neutron rich fragment distribution is measured.

2. The distributions are narrow in N-Z and broad in mass. Model calcu-
lations show that this is caused by the light particle evaporation which
tends to draw the nuclei to the valley of stability.

3. Finally one can also observe in this �gure (specially for the second
setting) that for the �-nuclei (28Si, 32S, 36Ar, etc...) peaks occur in the
fragment distribution. This is a consequence of the strongest binding
of the �-type nuclei (see also the previous point).
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Figure 5.8: Inclusive projectile-like fragment distribution for the three mea-
sured rigidity settings, 91%, 96% and 105% of the beam rigidity, respectively.
The spectra have been normalized with respect to the cross section.

The velocity distribution for all projectile-like fragments is shown in
�gure 5.11 for all three rigidity settings: 0.91% (dashed curve), 0.96% (full
curve) and 1.05% (dotted curve). Note that the proton rich fragments are
plotted on a much smaller scale. From these pictures one can conclude that
with the three measured rigidity settings most of the dynamic range of the
projectile-like fragments is covered. In �gure 5.9 the velocity distribution
for the 28Si projectile-like fragment is shown together with a Gaussian �t
of the distribution. A momentum width of �p = 250 MeV/c is obtained.
Assuming a Goldhaber momentumwidth, one can calculate the mean square
momentum �0 by making use of equation 2.10. The value thus obtained for
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Figure 5.9: Velocity distribution of the 28Si projectile-like fragment. The
data for all three rigidity settings has been combined. The curve represents
a Gaussian �t to the data.

�0 = 99 MeV/c comparing well to the value �calc0 = 118 MeV/c used for the
model calculations in section 2.2.
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Figure 5.10: Inclusive primary projectile-like fragment distribution for the
three measured rigidity settings, 91%, 96% and 105% of the beam rigidity,
respectively. The spectra have been normalized with respect to the cross sec-
tion.
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After the reconstruction procedure has been applied to the data (see the
previous chapter for details) one obtains the primary projectile-like fragment
distributions. These are shown in �gure 5.10, again for all three rigidity
settings. The most striking di�erence after the reconstruction is the large
spread in N�Z which is a result of the evaporation e�ect as explained above.
Also the �-nuclei can not be distinguished anymore in this plot. It is not
completely clear whether this is an e�ect of the resolution of the reconstruc-
tion method which might wash out these structure e�ects, or whether the
origin of this structure indeed lies in the light-particle evaporation.
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Figure 5.11: Velocity distribution for all detected projectile-like fragments.
The data for the three rigidity settings, 91%, 96% and 105%, are represented
by the full, dotted and dashed curve, respectively.
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5.2 Exclusive data

5.2.1 Photon energy spectra
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Figure 5.12: Photon spectrum for events in which a projectile-like fragment
is measured in coincidence.

The photon spectrum shown in �gure 5.12 was obtained by requiring a
projectile-like fragment in coincidence and it therefore selects peripheral re-
actions. For this spectrum a corrected (see subsection 5.1.1) inverse slope
parameter of E0 = 12.0�0.1MeV is found. The fact that this value is smaller
than the slope parameter from the inclusive data (13.4�0.1) can be under-
stood if one considers that the energy of the photon is directly correlated
to the energy available in the center of mass of the two colliding nucleons.
This center of mass energy consists of the beam energy and the respective
Fermi energies of both nucleons. For peripheral reactions the average Fermi
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energy of the nucleons is less than for central reactions. Therefore, on the
average the energy available in the center of mass is smaller for peripheral
reactions than for central reactions and thus the photon energy is smaller.
This dependence on impact parameter should appear also when plotting the
inverse slope parameter as a function of the mass of the primary projectile-
like fragment (�gure 5.13).
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Figure 5.13: Dependence of the inverse slope parameter (E0) on the mass
of the primary projectile-like fragment.

In �gure 5.13 an increase of the inverse slope parameter with a de-
creasing primary projectile-like fragment mass can be seen, which is in
agreement with the discussed behaviour and with results from previous
works [Rie92, Mar94a]. However, due to the limited range of fragments
measured (peripheral events were selected) and the lack of su�cient statis-
tics, no de�nite conclusion about the mass dependence can be drawn. A
constant value of E0 would also be in agreement with the data.
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5.2.2 Photon angular distribution

In �gure 5.14 the exclusive photon angular distribution is shown. A �t of the
angular distribution with the parametrization as given in subsection 5.1.2
yields a value �s = 0.150�0.005 for the source velocity of the emitting frame
and a value of � = �0.02�0.05 for the anisotropy. In subsection 5.1.2 the
source velocity of the nucleon-nucleon center of mass for the 36Ar + 159Tb
system at 44 MeV/nucleon is calculated to be �beam = 0.151. And also
for the exclusive data we �nd that the source velocity of the hard photon
source is equal to that of the nucleon-nucleon center of mass supporting the
generally accepted picture that the hard photons originate from individual
nucleon-nucleon collisions.
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Figure 5.14: The photon angular distribution. The full curve represents a
source velocity �t to the data, whereas the dashed curve is a �t through the
data with a �xed anisotropy parameter (this is explained in greater detail in
the text).
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The anisotropy parameter � is found to be consistent with zero. This
fact seems to contradict the picture described in subsection 1.3.2 where it
was assumed that the angular distribution consists of an isotropic and a
dipole component. However, it should be noted that the source velocity �t
is not sensitive to �. The dashed curve in �gure 5.14 shows a �t for which the
anisotropy parameter has been �xed at a value of 0.15, a typical value for �
quoted in previous works [Sch94, Mar94, Mar94a]. As can be seen from the
comparison between the full and the dashed curve, the angular distribution
is only at small angles sensitive to the anisotropy. Our observation therefore
relies on the validity of the �rst data point. More conclusive evidence for
the absence of a dipole component can be found when measuring at even
smaller angles.

5.2.3 Projectile-like fragments

In �gure 5.15 the velocity distribution of the 28Si projectile-like fragments
measured in coincidence with a photon is shown (lower �gure). For com-
parison also the velocity distribution for the inclusive data is plotted (upper
�gure). In this picture the data for all three spectrograph settings has been
combined.

From this �gure one can conclude that for the inclusive data (upper
�gure) as well as for the coincidence data all projectile-like fragments are
detected with an exception for those fragments that have a velocity equal
to the beam velocity (the gap in the velocity distributions). Therefore, the
ratio of the coincident and the inclusive yield, which will be calculated in
the following section, is not biased by the selection on the projectile-like
fragments.

Furthermore one can see that the velocity distribution for fragments
detected in coincidence with a photon peaks at a slightly lower velocity
compared to the inclusive velocity distribution. The di�erence in velocity is
�v = 0.13 cm/ns which corresponds to an energy di�erence of 36 MeV. This
is consistent with the fact that the produced photon takes away at least 30
MeV.

5.2.4 Photon multiplicity

In subsection 1.3.4 the de�nition of the photon multiplicity already has been
introduced. The photon multiplicity will be determined as a function of the
mass of the primary projectile-like fragment. It is de�ned by
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Figure 5.15: Velocity distribution of the 28Si projectile-like fragment. The
data for all three rigidity settings has been combined. The upper picture
shows the inclusive spectrum while the lower picture shows the coincidence
spectrum.

M(A) =

P
Z
N�coincidences(A;Z)P
Z
Nsingles(A;Z)

(5.5)

Note that the primary projectile-like-fragment reconstruction procedure for
the yield in equation 5.5 has been done independently for the nominator
and the denominator, so that the lower excitation energy expected when a
photon is emitted does not inuence the result.

The photon multiplicity for all rigidity settings is shown in �gure 5.16 as
a function of the mass of the primary projectile-like fragment. Two regions
can be distinguished in this �gure, the region to the left of the projectile mass
(Ap = 36) where the projectile has lost mass and the right region where the
projectile has gained mass. We will refer to these regions as stripping and
pick-up, respectively. The �rst point of interest in this �gure is the linear
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Figure 5.16: Photon multiplicity as a function of the mass of the primary
projectile-like fragment.

dependence of the photon multiplicity on the removed mass con�rming the
importance of two-body dissipation. The photon production probability per
removed (or added) nucleon is given by the slope of the photon multiplicity.

P = dM(A)

dA
(5.6)

Which gives a value for the photon production probability per removed

nucleon of P- = (1:08 � 0:03 � 0:27) � 10�5; the minus index stands for
stripping. The �rst error quoted is the statistical error and the second error
quoted is the systematic error due to the reconstruction procedure. For the
pick-up branch the photon production probability is much larger. A value of

P+
 = (2:85� 0:07� 0:34)� 10�5 has been obtained , where the plus stands

for pick-up. Before discussing the origin of the di�erence between the two
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photon production probabilities we can compare them to the systematics
by making the assumption that the number of nucleon-nucleon collisions is
equal to the transferred mass. In addition two modi�cations are needed:

1. The photon production probability per removed (added) nucleon has
to be converted to a probability per pn-collision. For this the conver-
sion as described in chapter 1 is used.

P pn
 =

ApAt

ZpNt + ZtNp
P = 2P (5.7)

2. To compare to the inclusive systematics the photon production prob-
ability has to be corrected for the E0 dependence. Making use of the
fact that P / exp(�Et=E0) one can derive the equivalent inclusive
photon production probability as (Et = 30 MeV)

Ppn;eq:in:
 =

exp(�Et
Einc
0

)

exp(�EtEex
0

)
Ppn
 = 1:30Ppn

 (5.8)

In the following we will omit the correction indices, so P
+
 and P

-
 refer

to the values that have been corrected in the above-mentioned way. These
values are shown in �gure 5.17 next to the inclusive data point (see insert).
The di�erence between the photon production probability for stripping and
pick-up can be explained in terms of the di�erent contributions of one- and
two-body dissipation to both processes. In section 5.3 it will be shown that
the mean �eld (one-body dissipation) causes a net drift of nucleons from
projectile to target i.e. on the average nucleons are removed from the pro-
jectile. For two-body dissipation there is no preference for the direction
where the nucleons go. Therefore adding nucleons to the projectile is always
associated with a two-body dissipation mechanism while removing nucleons
from the projectile can be attributed to one- and/or two-body dissipation.
Subsequently there will be more photons associated with the reaction chan-
nels contributing to the pick-up branch than to the stripping branch and
also the photon production probability for pick-up will be larger than that
for stripping.

In �gure 5.18 the results for all three spectrograph settings (B� = 91%,
96% and 105% of the beam rigidity) are shown separately. From this �gure
one can conclude that all three investigated settings exhibit the same de-
pendence of the multiplicity on the primary projectile-like fragment mass.
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Figure 5.17: Systematics of the photon production probability per pn-
collision, including the exclusive probabilities measured for stripping and
pick-up (see inset).

The values obtained for the photon production probabilities are listed in ta-

ble 5.3. From the values for P
-
 and P

+
 obtained from the �rst two settings,

one can conclude that these values are independent of the spectrograph
setting. The last setting gives lower values for both photon production
probabilities. But in this setting the spectrograph detectors could not be
completely shielded from the beam which means that the spectrograph data
were partly contaminated and therefore certain isotopes, mainly for Z>17,
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Figure 5.18: Photon multiplicity distributions for three di�erent settings
of the spectrograph.

could not be detected. Due to this de�ciency also the statistics is very poor
for the third setting and we will base our conclusions mainly on the �rst two
settings.

Table 5.3: Results for the photon production probabilities for all three rigid-
ity settings.

B� P
-
 (10�5) P

+
 (10�5)

all 2.82�0.07 7.40�0.19
0.91 2.76�0.16 7.16�0.34
0.96 2.73�0.19 6.57�0.43
1.05 2.08�0.21 5.06�0.75

At this point it is important to note that the reconstruction of the pri-
mary projectile-like fragment is essential in deriving the values for the pho-
ton production probability. This argument is supported by �gure 5.19 where
the photon multiplicity is plotted as a function of the mass of the detected
projectile-like fragment, i.e. the light-particle evaporation is ignored. Also

from these �gures values for P
-
 can be obtained as indicated by the solid

curve (the values are listed in table 5.4). However, two important aspects
need to be considered: the obtained photon production probability for strip-
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Figure 5.19: Photon multiplicity distributions for all three spectrograph
settings when no reconstruction of the primary projectile-like fragment is
done.

ping is 2.5 times smaller than the value obtained for the reconstructed, pri-
mary projectile-like fragment. Although for this method an almost linear
dependence of the photon multiplicity on the fragment mass is obtained,
the value for the photon production probability is severely underestimated
by relying only on the measured masses. Furthermore, it is not possible to

extract values for P
+
 as pick up does not survive the evaporation stage.

Table 5.4: Results for the photon production probabilities, when no recon-
struction is done, for all three rigidity settings. For completeness the values
for the photon production probability when the mass has been reconstructed
are added in the table.

without reconstruction with reconstruction

B� P
-
 (10�5) P

-
 (10�5)

all 1.09�0.02 2.82�0.07
0.91 1.12�0.15 2.76�0.16
0.96 1.07�0.16 2.73�0.19
1.05 1.14�0.16 2.08�0.21

Photon production probabilities in peripheral reactions can also be cal-
culated from data obtained in previous work. In �gure 5.20 the multiplicity
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Figure 5.20: Photon multiplicity distribution taken from previous work by
Riess et al. [Rie92] and Mart��nez et al. [Mar94a]. The dashed line is the
result of the �t to the data and the arrow indicates the mass of the projectile.

distributions are shown from two previous experiments [Rie92, Mar94a]. A

direct comparison of the absolute values for P
-
 is di�cult since the systems

and beam energies are di�erent. Therefore, we will compare for each experi-

ment the values for P
-
 and P

pn
 . In table 5.5 these values are listed, together

with the measured system. From this table one can see that the measured

value of P
-
 is always smaller than the inclusive photon production proba-

bility Ppn . For the last two experiments listed, the ratio is approximately
1.7. Considering the error bars, the �rst experiment does not contradict
this conclusion. The large di�erence between the results for the two Ar-
experiments, which are performed at the same beam energy per nucleon,
can be explained by considering that in the Ar + Gd experiment a photon
threshold of 25 MeV was used, while the threshold was 30 MeV in the Ar

+ Tb experiment. Furthermore, the value of P
-
 is scaled with the inclu-

sive inverse slope parameter E0 obtained from the inclusive data (see the
correction procedure above) in order to compare it with the inclusive value.
Therefore the result is very sensitive to E0 which in the Ar + Gd experiment
was determined with a large uncertainty.
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Table 5.5: Comparison of Ppn and P� for di�erent experiments.

system Ppn (10�5) P
-
(10

�5) ratio
40Ar + 158Gd (44 MeV/nucleon) 17.7 �7. 12.1 �4. 1.46�0.48
86Kr + natNi (60 MeV/nucleon) 12.0 �0.9 7.46�0.15 1.61�0.12
36Ar + 159Tb (44 MeV/nucleon) 5.20�0.05 2.82�0.07 1.88�0.19

5.2.5 Photon multiplicity for di�erent N�Z

In the previous subsection the photon multiplicity is shown as a function
of the primary projectile-like fragment mass averaged over all (N�Z). It is
very interesting to study the (N�Z)-dependence of the photon multiplicity
and production probability since this might be directly correlated to the
N/Z-ratio of projectile and target. It should be noted that the (N�Z)-
dependence is very sensitive to the reconstruction method since this method
has to fully correct for the neutron evaporation which directly inuences the
(N�Z) dependence.

Table 5.6: Results for the photon production probabilities for di�erent val-
ues of N�Z.

B�=0.91 B�=0.96

N�Z P
-
 (10�5) P

+
 (10�5) P

-
 (10�5) P

+
 (10�5)

-3 2.21�0.47 7.86�1.01 2.33�0.66 10.8�1.79
-2 2.51�0.32 9.31�0.96 2.37�0.40 7.56�1.29
-1 3.26�0.27 8.90�0.70 2.88�0.33 10.5�0.96
0 2.90�0.27 6.11�0.76 2.78�0.31 6.07�0.91
1 2.03�0.27 3.81�0.78 1.71�0.40 2.45�0.85
2 1.69�0.49 2.28�1.03 2.28�0.50 1.33�0.93
3 2.22�0.76 3.64�1.31 3.04�0.60 3.11�1.28

In �gures 5.21 and 5.22 the photon multiplicity is plotted for values

of N�Z ranging from �3 to 3. The �tted values for P
-
 and P

+
 are listed

in table 5.6. The data are shown for the �rst two rigidity settings (0.91%
and 0.96%) only, since the statistics of the last setting does not allow this
analysis. A clear dependence of the photon production probability on the
value of (N�Z) can be recognized. For the proton-rich isotopes (N�Z < 0)
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Figure 5.21: Photon multiplicity distribution for di�erent values of N�Z
for the �rst setting (B� = 0.91). The full lines are �ts to the data whereby
it is assumed that the minimum lies at A = 36.

a clear asymmetry is found between the photon production probability for
stripping and pick-up, while for the neutron-rich isotopes the behaviour is
symmetric and nearly at.

This is shown in greater detail in �gure 5.23 where the ratio of the photon
production probability for pick-up and stripping is plotted as a function of
(N�Z). The dotted curve is the ratio for the case when no isotope selection
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Figure 5.22: Same as �gure 5.21 but for the second rigidity setting (B� =
0.96)

has been made. In the following reasoning two assumptions are made which
will be justi�ed afterwards. It is assumed that the bremsstrahlung photons
originate from proton-neutron collisions (and not from neutron-neutron or
proton-proton collisions) and that there is a net drift due to the one-body
dissipation from projectile to target. Based on this, �gure 5.23 can be un-
derstood in the following way:

1. As has been argued in the previous section, the removal of nucleons
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from the projectile can be caused by a one-body and/or a two-body
mechanism while the pick-up of nucleons by the projectile is mainly
due to two-body dissipation. Consequently there will be more photons
associated with the pick-up channels than with stripping channels since
the photons originate from nucleon-nucleon collisions (two-body dissi-

pation). The result of this is that P
+
 will always be greater than or

almost equal to P
-
 .

2. Since the target (159Tb) is neutron rich and the projectile is symmetric
there will be relatively more pn-collisions in which the proton comes
from the projectile than from the target. Thus, there will be a larger
chance to add a neutron to the projectile than a proton. Turning the
argument around, in order to add a proton to the projectile more pn-
collisions are needed. This is indeed what is observed in �gure 5.23,

the proton-rich isotopes show a larger ratio of P
+
 to P

-
 than the

neutron-rich isotopes. If no isotope selection is done one would expect
an average behaviour as indicated by the dotted line. The value is

obtained from the ratio of P
+
 to P

-
 in �gure 5.16.
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Figure 5.23: Ratio of the photon production probability for pick-up and
stripping as a function of N�Z for two di�erent rigidity settings. The dashed
line represents the ratio when no selection is made on N�Z.

The second argument justi�es the assumption that hard photons origi-
nate from proton-neutron collisions. If this were not the case there would
have been no di�erence in the photon multiplicity between proton-rich and
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neutron-rich isotopes. Our data thus support the assumption that proton-
neutron collisions are, for these energies, the main source of the hard pho-
tons. The other assumption, the net drift to the target, will be discussed on
basis of model calculations in section 5.3.

5.3 BUU results

In this section the results of the performed BUU calculations will be pre-
sented and used to interpret the experimental results. However it is impor-
tant to note some limitations of the calculations �rst.

1 The BUU model is a deterministic model, i.e. given the initial phase
space density the model will produce one single trajectory. Thus, the
BUU calculations can not predict the pick-up branch as observed in the
photon multiplicity spectra, which can be viewed upon as uctuations
with respect to the average trajectory. Recently transport models are
under development that include these uctuations (see e.g. [Bur95,
Ran94, NPA545] and �gure 5.24).

2 Due to the semi-classical nature of the BUU model the nuclei will dis-
integrate, given su�cient time. Therefore we de�ned that the reaction
stops after 75 fm/c (the time at which the projectile has passed the
target).

3 The nature of the model does not allow the de�nition of a projectile-
and target-like fragment. For the present calculations a simple ge-
ometrical cut was used to identify those nucleons belonging to the
projectile-like fragment.

5.3.1 One-body dissipation

Nucleons that move from projectile to target or vice versa and do not collide
dissipate their energy via a one-body mechanism. In �gure 5.25a the number
of transferred nucleons from projectile to target and vice versa is plotted as
a function of impact parameter in the absence of collisions. This �gure
reveals a preference of mass transfer from the projectile to the target. The
transfer is shown separately for protons and neutrons in �gure 5.25b. This
�gure shows only a small di�erence in the number of transferred protons and
neutrons when going from projectile to target while for the other direction
the transfer of neutrons is preferred. This observation reects the fact that
the projectile has an equal number of protons and neutrons while the target
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Figure 5.24: Time evolution of the one-particle phase-space density f for
three di�erent treatments of the dynamics. The left �gure shows a pure one-
body model (there are no collisions), the middle �gure shows the treatment
of the BUU model (after every time step the ensemble averaged mean �eld is
calculated) and the right �gure shows a true dynamical treatment according
to the Boltzmann-Langevin theory. The �gure is taken from ref. [Ran94]

has many more neutrons (94) than protons (65). The explanation for the
preference of transfer to the target can be found in the driving force of
the mean �eld. In �gure 5.26 the average potential energy is plotted as a
function of time. The full line is the average over protons and neutrons, the
dashed and dotted line are the potential energies for protons and neutrons,
respectively.

It can be seen that the potential energy of the target nucleons is only very
little modi�ed due to the contact of projectile and target while the potential
energy of the projectile nucleons changes drastically. Furthermore, a nucleon
moving from target to projectile has to cross a high energy barrier while for
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Figure 5.25: The left �gure (a) shows the number of nucleons transferred
from target to projectile and vice versa without collisions (one-body dissipa-
tion) as a function of the impact parameter. In the right �gure (b) the mass
transfer has been drawn separately for protons and neutrons.

the nucleons moving from projectile to target this is much lower. The origin
of the di�erent potential barriers lies in the di�erent volume-to-surface ratios
of projectile and target and o�er an explanation for the net drift of nucleons
to the target: in the surface region nucleons feel a weaker potential.

5.3.2 Two-body dissipation

One can now consider only those nucleons that collided at least once and
see whether also these nucleons have a preference to go from projectile to
target. In �gure 5.27a the number of nucleons that have collided at least
once is shown as a function of impact parameter and for the transfer from
projectile to target and target to projectile separately. Again we observe a
clear preference for transfer to the target. However, one has to consider that
the drift of nucleons from projectile to target is larger than vice versa (see
previous subsection). Therefore, integrated over the collision time, there
will be more projectile nucleons in the overlap zone than there are target
nucleons. Assuming that after the collision both particles have a random
direction one would still observe a net preference for nucleons to go from
projectile to target. In �gure 5.27b the transferred nucleons have been sepa-
rated into protons and neutrons. As already seen in the previous subsection,
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Figure 5.26: The full line shows the average potential energy as a function
of time for nucleons that moved from projectile to target (top) or vice versa
(bottom) without collisions, the dashed and dotted lines show this dependence
for protons and neutrons, respectively.

also here the di�erence in N/Z-ratio of projectile and target can clearly be
seen.

5.3.3 Interpretation of the BUU results

As indicated in the beginning of this section BUU does not include uctua-
tions and, therefore, predicts only the trend of the processes playing a role.
The interpretation of the data in terms of the BUU results should thus be
treated with care. From the BUU calculations one can draw the following
conclusions:

1. BUU predicts a net drift of nucleons from the smaller projectile to
the heavier target. This is in agreement with models used at energies
much smaller than the Fermi energy, that predict a net drift caused
by the di�erent volume-to-surface ratios of projectile and target.

2. In �gure 5.27 a nearly linear dependence is shown of the number of
transferred nucleons that have collided on the impact parameter. This
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Figure 5.27: The left �gure (a) shows the number of nucleons transferred
from target to projectile and vice versa with collisions (two-body dissipation)
as a function of the impact parameter. In the right �gure (b) the mass
transfer has been drawn separately for protons and neutrons.

corresponds to a nearly linear dependence of the number of nucleon-
nucleon collisions on the net transferred mass. This is in agreement
with the experimental results where a linear dependence is observed
between the photon multiplicity and the mass di�erence between the
projectile and the primary projectile-like fragment (see �gure 5.16).

3. Considering the �rst point, BUU can only predict the \stripping"
branch of the measured data. The \pick-up" branch, therefore, is
a manifestation of statistical uctuations along the average trajectory.
This also supports the interpretation of the di�erence between the
photon production probabilities for pick-up and stripping as given in
subsection 5.2.4 where it was said that adding nucleons to the projec-
tile is associated with two-body dissipation (collisions) while removing
nucleons from the projectile can either be attributed to one- or to
two-body dissipation.
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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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Appendix A

Abbreviations

CFD Constant-Fraction Discriminator
CPV Charged-Particle Veto
DMA Direct Memory Access
FIC Fast Intelligent Controller
FW Forward Wall
GANIL Grand Accelerateur National d'Ions Lourds
GEANT GEometry ANd Tracking
HV High Voltage
LED Leading-Edge Discriminator
MCPU Master CPU
PLF Projectile-Like Fragment
PPLF Primary Projectile-Like Fragment
PSD Pulse-Shape Discrimination

SPEG Spectrom�etre �a Perte d'�Energie du GANIL
TAPS Two-Arm Photon Spectrometer
TFC Time to FERA converter
TOF Time Of Flight
VIC VME InterConnect
VSB VME Subsystem Bus
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Appendix B

Expressions

B.1 Equal participant model

In the equal participant model the geometrical overlap of the two collid-
ing nuclei (AF (b)) is calculated as a function of the impact parameter (b)
assuming hard sphere radii.

AF (b) =
1

2
Ap(2� 3 cos�p + cos3�p) +

1

2
At(2� 3 cos�t + cos3�t) (B.1)

with cos�p =
b2 + r2p � r2t

2brp
, cos�t =

b2 + r2t � r2p
2brt

and rp and rt are the

projectile and target radius respectively. Assuming, furthermore, that all
nucleons in the overlap zone collide only once the impact parameter averaged
number of nucleon-nucleon collisions is half of the integral of the participant
mass.

< NNN >b =
1

2

R
AF (b)bdbR

bdb
(B.2)

=
1

2

rt�rpR
0

2Apbdb+
rt+rpR
rt�rp

AF (b)bdb

rt+rpR
0

bdb

= Ap
5A

2=3
t � A

2=3
p

5(A
1=3
t +A

1=3
p )2

(B.3)
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Finally the expression for the number of proton-neutron collisions becomes

< Npn >b=
ZpNt + ZtNp

ApAt
< NNN >b (B.4)

B.2 Reaction cross section

The reaction cross section for high energies is simply given by 2�
R
bdb.

For low energies the projectile will move on a Coulomb trajectory and the
integral has to be modi�ed. Instead of using the impact parameter b we will
use the distance of closest approach d. The equation relating b to d is as
follows:

b =
q
d2 � dp (B.5)

where the distance of closest approach for b = 0 equals p = Z1Z2e
2

�Tbeam
. Z1 and

Z2 are the charges of projectile and target, Tbeam is the beam energy per

nucleon and � = A1A2
A1 +A2

is the reduced mass. The reaction cross section

now changes to

�R = 2�

r1+r2Z
p=2

(d� p=2)dd (B.6)

= �R2
�
1� p

r1 + r2

�
(B.7)

= �R2
�
1� "C

Tbeam

�
(B.8)

where "C = Z1Z2e
2

�(r1 + r2)
and the radius is taken according to an expression

suggested by Metag [Met89] R(fm) = 1:16(A
1=3
p + A

1=3
t + 2:0). Expres-

sion B.6 can also be used to obtain any other impact-parameter-averaged
value when the Coulomb trajectory is important.



Appendix C

Systematics of the photon

production probability

In this appendix the systematics of the photon production probability is
investigated for four di�erent parametrizations of the nuclear radius, which
is the main ingredient for the reaction cross section needed to calculate the
photon production probability (see equation 1.9). It should be noted that
measuring the reaction cross section introduces the same problems as select-
ing one of the following theoretical expressions since one needs to measure
the reaction cross section associated with the bremsstrahlung production
process which is not possible.

A typical �t to the systematics of the photon production probability is
already described in subsection 1.3.3 assuming only a dependence on the
inverse slope parameter (see equation 1.14). To enhance deviations from
the dependence on the inverse slope parameter the values of the photon
production probability plotted in �gure C.1 have been divided by the expo-
nential dependence on the inverse slope parameter as shown in equation C.1
Thus, if the photon production probability only depends on the inverse slope
parameter one would expect a constant value for P0.

P0 = Ppn
 = exp

��30
E0

�
(C.1)

From these �gures one can draw two conclusions:

1. For Coulomb corrected beam energies less than 20 MeV/nucleon the
photon production probability does not scale with the inverse slope
parameter.
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Figure C.1: Systematics for the photon production probability for four dif-
ferent parametrizations of the nuclear radius. The drawn curve is a �t to the
data with the expression given by equation C.1 (the symbols are the same as
in �gure 1.5).

2. The magnitude of P0 depends on the expression used for the nuclear
radius, which means that the trend of the systematics is correct but the
absolute value can not be de�ned uniquely. The comparison, therefore,
to exclusive data as measured in this work is model dependent.



Appendix D

Table of results

Table D.1: Summary of the inclusive and exclusive results of the present
work.

System 36Ar + 159Tb
Ebeam (MeV/nucleon) 44.0
"Cc (MeV/nucleon) 39.4
< Npn > 6.432

Inclusive results

E0 (MeV) 13.4 � 0.1
�s 0.149 � 0.005
Pinc
 (10�5) 7.8 � 1.2

�inc (mbarn) 2.2 � 0.3

Exclusive results

E0 (MeV) 12.0 � 0.1
�s 0.150 � 0.005
� -0.02 � 0.05
Ptrigger
 (10�5) 5.20 � 0.05

�trigger (mbarn) 1.17 � 0.12

�
trigger
R (barn) 3.5 � 0.5

P� (10
�5) 2.82 � 0.07

P+
 (10

�5) 7.40 � 0.19
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Appendix E

Systematics

Table E.1: Systematics (the energies are in MeV/nucleon).

system Eb Ec E0 (MeV) �s ref
14N+ 59Ni 35.0 32.4 14.5 ( 1.0) Ala86
12C+ 12C 48.0 46.9 19.0 ( 2.5) Gro86
12C+ 12C 60.0 58.9 19.5 ( 2.5) Gro86
12C+ 12C 74.0 72.9 23.0 ( 2.5) Gro86
12C+ 12C 84.0 82.9 27.0 ( 2.5) Gro86
40Ar+197Au 30.0 25.3 7.3 0.127 Kwa86
14N+208Pb 20.0 14.7 10.0 0.080 Ste86
14N+208Pb 30.0 24.7 12.0 0.110 Ste86
14N+208Pb 40.0 34.7 14.2 0.100 Ste86
14N+ 65Zn 20.0 17.3 8.3 0.050 Ste86
14N+ 65Zn 30.0 27.3 11.8 0.110 Ste86
14N+ 65Zn 40.0 37.3 13.7 0.100 Ste86
14N+ 12C 20.0 18.8 7.7 0.080 Ste86
14N+ 12C 30.0 28.8 11.1 0.100 Ste86
14N+ 12C 40.0 38.8 13.3 0.120 Ste86
86Kr+ 12C 44.0 41.1 11.5 ( 0.5) Ber87
86Kr+107Ag 44.0 40.1 12.5 ( 0.3) Ber87
85Kr+197Au 44.0 39.1 12.1 ( 0.2) Ber87
40Ar+158Gd 44.0 39.9 12.6 ( 0.6) Hin87
92Mo+ 92Mo 19.5 15.2 Her88
36Ar+ 12C 85.0 83.0 25.6 ( 0.6) Kwa88
36Ar+ 27Al 85.0 82.7 28.4 ( 0.8) Kwa88
36Ar+ 63Cu 85.0 82.0 29.9 ( 0.8) Kwa88
36Ar+107Ag 85.0 81.1 29.6 ( 0.6) Kwa88
36Ar+159Tb 85.0 80.4 29.8 ( 1.0) Kwa88
36Ar+197Au 85.0 79.8 28.3 ( 1.0) Kwa88
16O+ 184W 15.0 10.1 5.8 ( 0.5) 0.094 ( 0.020) Bre89

136Xe+ 120Sn 89.0 84.6 26.7 ( 3.0) Cla89
continued on next page
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system Eb Ec E0 (MeV) �s ref
86Kr+ 91Zr 15.0 11.3 4.0 Mur89
40Ar+ 91Zr 15.0 11.8 4.0 Mur89
40Ar+ 40Ca 15.0 12.5 4.0 Mur89
12C+ 12C 20.0 18.9 Mur89
7Li+ 7Li 30.0 29.5 9.0 ( 0.2) 0.120 ( 0.010) Tam89
7Li+ 208Pb 30.0 25.4 7.9 ( 0.2) 0.100 ( 0.010) Tam89

20Ne+ 24Mg 30.0 28.2 8.8 ( 0.2) 0.130 ( 0.010) Tam89
40Ar+ 40Ca 30.0 27.5 8.3 ( 0.2) 0.110 ( 0.010) Tam89
40Ar+ 208Pb 30.0 25.2 7.4 ( 0.2) 0.100 ( 0.010) Tam89
14N+ 65Zn 75.0 72.3 21.7 Cla90
12C+100Mo 9.0 5.7 Gos90
12C+100Mo 10.0 6.7 Gos90
12C+100Mo 11.0 7.7 Gos90
12C+100Mo 12.0 8.7 Gos90
12C+100Mo 13.5 10.2 Gos90
12C+ 92Mo 9.0 5.7 Gos90
12C+ 92Mo 10.0 6.7 Gos90
12C+ 92Mo 11.0 7.7 Gos90
12C+ 92Mo 12.0 8.7 Gos90
12C+ 92Mo 13.5 10.2 Gos90
16O+ 64Zn 17.5 14.8 Hof91
16O+ 118Sn 17.5 13.8 Hof91
16O+ 118Sn 12.5 8.8 Hof91
16O+197Au 17.5 12.4 Hof91
40Ar+ 51V 65.0 62.5 20.7 ( 0.4) Rep92
40Ar+ 51V 65.0 62.5 17.5 ( 0.3) Rep92
40Ar+158Gd 44.0 39.9 13.3 ( 3.0) 0.135 ( 0.040) Rie92

129Xe+179Au 44.0 38.4 0.150 ( 0.010) May93
129Xe+197Au 44.0 38.7 0.150 ( 0.030) Mig93
86Kr+ 59Ni 60.0 56.5 20.2 ( 0.3) 0.174 ( 0.009) Mar94

129Xe+197Au 44.0 38.7 14.5 ( 0.5) Mar94a
86Kr+ 59Ni 60.0 56.5 19.4 ( 0.4) 0.176 ( 0.007) Mar94a
36Ar+197Au 95.0 89.8 29.0 ( 1.4) 0.210 ( 0.010) Sch94
36Ar+ 12C 95.0 93.0 29.0 ( 1.4) 0.150 ( 0.010) Sch94
36Ar+ 159Tb 44.0 39.4 13.4 ( 0.1) 0.149 ( 0.005) Pol96
36Ar+ 159Tb 44.0 39.4 13.4 ( 0.1) 0.149 ( 0.005) Pol96

Table E.2: Systematics.

system � (�b) �R(mb) <Npn > P (10�5) ref
14N+ 59Ni 330.0 ( 83.0) 2698.8 2.466 4.96 ( 1.25) Ala86
12C+ 12C 100.0 ( 45.0) 1786.5 1.200 4.66 ( 2.10) Gro86
12C+ 12C 161.0 ( 40.0) 1795.1 1.200 7.47 ( 1.86) Gro86
12C+ 12C 225.0 ( 36.0) 1801.7 1.200 10.41 ( 1.67) Gro86
12C+ 12C 340.0 ( 70.0) 1805.0 1.200 15.70 ( 3.23) Gro86
40Ar+197Au 395.0 4498.6 7.239 1.21 Kwa86
14N+208Pb 100.0 ( 20.0) 3328.8 3.420 0.88 ( 0.18) Ste86
14N+208Pb 308.0 ( 62.0) 3724.3 3.420 2.42 ( 0.49) Ste86

continued on next page
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system � (�b) �R(mb) <Npn > P (10�5) ref
14N+ 208Pb 720.0 ( 144.0) 3922.1 3.420 5.37 ( 1.07) Ste86
14N+ 65Zn 2601.5 2.540 Ste86
14N+ 65Zn 2735.9 2.540 Ste86
14N+ 65Zn 2803.1 2.540 Ste86
14N+ 12C 15.0 ( 3.0) 1783.1 1.293 0.65 ( 0.13) Ste86
14N+ 12C 40.0 ( 8.0) 1821.2 1.293 1.70 ( 0.34) Ste86
14N+ 12C 84.0 ( 17.0) 1840.3 1.293 3.53 ( 0.71) Ste86
86Kr+ 12C 301.0 ( 60.0) 2989.3 1.287 7.82 ( 1.56) Ber87
86Kr+ 107Ag 2241.0 ( 280.0) 4793.9 9.362 4.99 ( 0.62) Ber87
85Kr+197Au 2290.0 ( 176.0) 5610.1 11.844 3.45 ( 0.26) Ber87
40Ar+158Gd 2000.0 ( 800.0) 4488.6 6.772 6.58 ( 2.63) Hin87
92Mo+ 92Mo 230.0 ( 100.0) 4003.7 9.130 0.63 ( 0.27) Her88
36Ar+ 12C 1000.0 ( 50.0) 2379.9 1.762 23.84 ( 1.19) Kwa88
36Ar+ 27Al 2540.0 ( 120.0) 2835.8 3.091 28.98 ( 1.37) Kwa88
36Ar+ 63Cu 4460.0 ( 270.0) 3510.7 4.636 27.41 ( 1.66) Kwa88
36Ar+ 107Ag 7010.0 ( 440.0) 4074.3 5.656 30.42 ( 1.91) Kwa88
36Ar+ 159Tb 8810.0 ( 670.0) 4593.7 6.432 29.82 ( 2.27) Kwa88
36Ar+197Au 10600.0 ( 1000.0) 4907.1 6.854 31.52 ( 2.97) Kwa88
16O+ 184W 10.5 ( 0.5) 2968.4 3.691 0.10 ( 0.00) Bre89

136Xe+ 120Sn 27700.0 ( 8200.0) 5862.1 12.317 38.36 (11.36) Cla89
86Kr+ 91Zr 44.0 ( 22.0) 3790.2 8.670 0.13 ( 0.07) Mur89
40Ar+ 91Zr 39.0 ( 20.0) 3259.1 5.639 0.21 ( 0.11) Mur89
40Ar+ 40Ca 35.0 ( 19.0) 2746.7 4.000 0.32 ( 0.17) Mur89
12C+ 12C 12.0 ( 7.0) 1726.1 1.200 0.58 ( 0.34) Mur89
7Li+ 7Li 47.0 ( 13.0) 1408.6 0.686 4.87 ( 1.35) Tam89
7Li+ 208Pb 186.0 ( 55.0) 3466.3 1.899 2.83 ( 0.84) Tam89

20Ne+ 24Mg 134.0 ( 39.0) 2294.8 2.184 2.67 ( 0.78) Tam89
40Ar+ 40Ca 457.0 ( 13.0) 3025.1 4.000 3.78 ( 0.11) Tam89
40Ar+ 208Pb 927.0 ( 31.0) 4567.8 7.345 2.76 ( 0.09) Tam89
14N+ 65Zn 980.0 ( 200.0) 2897.2 2.540 13.32 ( 2.72) Cla90
12C+100Mo 8.2 ( 1.0) 2147.0 2.560 0.15 ( 0.02) Gos90
12C+100Mo 11.3 ( 2.0) 2269.5 2.560 0.19 ( 0.03) Gos90
12C+100Mo 17.6 ( 3.0) 2369.7 2.560 0.29 ( 0.05) Gos90
12C+100Mo 35.2 ( 4.0) 2453.2 2.560 0.56 ( 0.06) Gos90
12C+100Mo 41.5 ( 6.0) 2555.3 2.560 0.63 ( 0.09) Gos90
12C+ 92Mo 4.2 ( 1.0) 2057.9 2.506 0.08 ( 0.02) Gos90
12C+ 92Mo 7.5 ( 1.0) 2179.7 2.506 0.14 ( 0.02) Gos90
12C+ 92Mo 9.7 ( 2.0) 2279.4 2.506 0.17 ( 0.04) Gos90
12C+ 92Mo 18.9 ( 3.0) 2362.5 2.506 0.32 ( 0.05) Gos90
12C+ 92Mo 31.4 ( 5.0) 2464.1 2.506 0.51 ( 0.08) Gos90
16O+ 64Zn 24.0 ( 1.0) 2589.5 2.772 0.33 ( 0.01) Hof91
16O+ 118Sn 77.0 ( 3.0) 2952.6 3.307 0.79 ( 0.03) Hof91
16O+ 118Sn 41.0 ( 2.0) 2631.6 3.307 0.47 ( 0.02) Hof91
16O+197Au 22.0 ( 1.0) 3194.3 3.749 0.18 ( 0.01) Hof91
40Ar+ 51V 3386.4 4.448 Rep92
40Ar+ 51V 3386.4 4.448 Rep92
40Ar+158Gd 5471.3 ( 2127.7) 4488.6 6.772 18.00 ( 7.00) Rie92

129Xe+179Au 5300.0 ( 1200.0) 5944.8 14.762 6.04 ( 1.37) May93
continued on next page
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system � (�b) �R(mb) <Npn > P (10�5) ref
129Xe+197Au 3800.0 ( 400.0) 6163.5 15.185 4.06 ( 0.43) Mig93
86Kr+ 59Ni 3810.0 ( 310.0) 4231.2 6.958 12.94 ( 1.05) Mar94

129Xe+197Au 4500.0 ( 900.0) 6163.5 15.185 4.81 ( 0.96) Mar94a
86Kr+ 59Ni 3600.0 ( 300.0) 4231.2 6.958 12.23 ( 1.02) Mar94a
36Ar+197Au 9500.0 ( 1000.0) 4940.8 6.854 28.05 ( 2.95) Sch94
36Ar+ 12C 860.0 ( 90.0) 2385.8 1.762 20.45 ( 2.14) Sch94
36Ar+159Tb 2170.0 ( 340.0) 4347.9 6.432 7.76 ( 1.22) Pol96
36Ar+159Tb 1170.0 ( 120.0) 3498.0 6.432 5.20 ( 0.05) Pol96
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Samenvatting

Fundamenteel kernfysisch onderzoek heeft tot doel het bestuderen van de
eigenschappen van kernen en kernmaterie onder speci�eke, in het laborato-
rium gecre�eerde omstandigheden. Het doen van kern-kern botsingen is een
methode om deze eigenschappen te bestuderen en proberen te begrijpen. De
interactie tussen twee kernen heeft verschillende facetten afhankelijk van bij-
voorbeeld het snelheidsverschil tussen beide kernen (twee auto's die botsen
zullen er na de botsing anders uitzien naarmate hun snelheidsverschil groter
was), de afmeting van beide kernen (neem bijvoorbeeld een vrachtwagen
en een auto) of de mate waarin de kernen elkaar raken (alleen de spiegels
worden eraf gereden). In dit proefschrift wordt �e�en facet bestudeerd.

Om nucleonen van een bewegende kern (het projectiel) te absorberen
in een stilstaande kern (target) zullen de nucleonen vertraagd moeten wor-
den totdat hun snelheid kleiner is dan de karakteristieke snelheid van de
nucleonen in de kern (de Fermi-snelheid). Dit gebeurt door het omzetten
van de bewegingsenergie van de projectielnucleonen in warmte in de ab-
sorberende targetkern. Dit proces heet dissipatie. Het dissipatiemecha-
nisme verschilt afhankelijk van de projectiel snelheid. Bij projectielsnelheden
lager dan de Fermi-snelheid kan het snelheidsverschil verdeeld worden over
alle nucleonen in de ontvangende kern, dit wordt in het algemeen one-body-
dissipatie genoemd. Bij projectielsnelheden hoger dan de Fermi-snelheid kan
het snelheidsverschil gedissipeerd worden door individuele nucleon-nucleon
botsingen; hieraan refereert men meestal als two-body-dissipatie.

Het doel van dit proefschrift is het bestuderen van de bijdrage van beide
dissipatiemechanismen bij projectielsnelheden ongeveer gelijk aan de Fermi-
snelheid. Daarbij wordt gebruik gemaakt van het feit dat bij een botsing
tussen twee nucleonen bremsstrahlung uitgezonden kan worden. Brems-
strahlung wordt geproduceerd bij de plotselinge afremming of versnelling
van een geladen deeltje zoals een proton. Bremsstrahlung kan alleen als
zodanig ge��denti�ceerd worden in het hoog energetisch gedeelte van het fo-
tonen spectrum (E >30 MeV). Deze hoog-energetische fotonen worden ook
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wel harde fotonen genoemd.
Hoewel het bestaan van harde fotonen al in 1949 door Ashkin en Mar-

shak [Ash49] is gesuggereerd, is pas in 1985 bremsstrahlung voor het eerst
in een zware-ionen botsing gemeten door Grosse et al. [Gro85]. In dit eerste
experiment was het niet duidelijk of de fotonen uitgezonden werden door het
kern-kern zwaartepuntsysteem1 of door het nucleon-nucleon zwaartepuntsys-
teem. In de zware-ionen-experimenten die hierna gedaan zijn, met als doel
het meten van harde fotonen, heeft men laten zien dat de harde fotonen
uitgezonden worden door een bron die de snelheid heeft van het nucleon-
nucleon zwaartepuntsysteem en dus dat deze fotonen door nucleon-nucleon
botsingen geproduceerd worden. Tevens is vastgesteld dat de energieverde-
ling van de harde fotonen een exponentieel gedrag vertoont.

De verschillende aspecten van de kern-kern botsing zijn hieronder sche-
matisch weergegeven:

36

Ar

159

Tb

De bestudeerde reactie is: 36Ar + 159Tb bij een bundelenergie van 44
MeV/nucleon, overeenkomstig met een snelheid van 30% van de lichtsnel-
heid. Het experiment werd uitgevoerd bij de GANIL versneller in Caen
(Frankrijk).

Tijdens de botsing tussen beide kernen kan een hard foton geproduceerd wor-
den. De fotonen worden gemeten in de fotonen-spectrometer TAPS (Two
Arm Photon Spectrometer). Deze spectrometer kan de fotonen onderschei-
den van eventueel andere deeltjes en meet de energie en de hoek waaronder
het foton is uitgezonden.

1Een zwaartepuntsysteem is een systeem waarin twee kernen of nucleonen met gelijke
impuls (massa � snelheid) naar elkaar toe bewegen.
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PLF

TLF

Omdat in het experiment voornamelijk scherende botsingen2 bestudeerd
worden, zal het uitkomende fragment nog steeds de eigenschappen van het
projectiel hebben wat betreft snelheid en massa. We noemen dit daarom
het projectiel-achtig fragment (PLF ). Dit projectiel-achtig fragment is in de
meeste gevallen na de botsing in een aangeslagen (verhitte) toestand en zal
vervolgens vervallen door lichte deeltjes uit te zenden. De geladen deeltjes
worden gemeten in de Forward Wall, een detector die voor dit doel op het
KVI ontworpen en gebouwd is. Met behulp van de Forward Wall is het
mogelijk het primaire projectiel-achtige fragment te berekenen.

PLF

TLF
n

n

n

n

Tenslotte wordt het afgekoelde fragment gedetecteerd in de GANIL spectro-
graaf SPEG. Met deze drie detectorsystemen was het daarom mogelijk om
alle aspecten van dit type reactie te meten.

Met de meetgegevens kunnen nu eerst de veronderstelde eigenschappen
van de harde fotonen worden getoetst. We vinden inderdaad dat de foto-
nen uitgezonden zijn door een bron die de helft van de snelheid van het
projectiel heeft, wat overeenkomt met de snelheid van het nucleon-nucleon
zwaartepuntsysteem. Verder kunnen we de helling van het exponenti�ele fo-
tonen spectrum vergelijken met de waarde verwacht op grond van eerder uit-
gevoerde experimenten. Ook hier is een goede overeenstemming. Tenslotte
kunnen we de waarschijnlijkheid voor het produceren van een foton bereke-
nen en deze vergelijken met de bestaande systematiek. Ook hier is een
uitstekende overeenstemming.

Nadat vastgesteld is dat de harde fotonen inderdaad geproduceerd zijn in
nucleon-nucleon botsingen kunnen de fotonen-gegevens gecombineerd wor-
den met de projectiel-achtige fragmenten. In de bijgaande �guur is de mul-
tipliciteit van fotonen als functie van de massa van het primaire projectiel-

2Botsingen waarbij de kernen elkaar maar net raken
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achtig fragment weergegeven (de fotonen-multipliciteit is het aantal projec-
tiel-achtige fragmenten van een bepaalde massa waarbij tegelijkertijd ook
een foton gemeten is, gedeeld door het aantal projectiel-achtige fragmenten
zonder dat een foton gedetekteerd is).

projectile
APPLF

M
γ (

x1
0-5

)

KVIHP007A

0

5

10

15

26 28 30 32 34 36 38 40 42

Deze �guur laat zien dat naarmate er meer massa van het projectiel
verwijderd wordt, de kans op het meten van een foton toeneemt. Dit geeft
duidelijk aan dat nucleon-nucleon botsingen in elk geval een belangrijke
rol spelen in het dissipatiemechanisme. Verder is duidelijk dat ook massa
toegevoegd kan worden aan het projectiel. Echter de multipliciteits-toename
per verwijderde of toegevoegde massa-eenheid is niet gelijk. Om nucleonen
(massa) toe te voegen aan het projectiel zijn blijkbaar meer nucleon-nucleon
botsingen nodig dan om nucleonen te verwijderen. Semi-klassieke model-
berekeningen laten zien dat onder invloed van all�e�en one-body-dissipatie
massa overdracht slechts van het projectiel naar het target kan plaatsvin-
den. De botsingen (two-body-dissipatie) maken het mogelijk om "tegen deze
stroom in te gaan". De massa toename van het projectiel vereist daarom re-
latief meer botsingen. De gemeten asymmetrie in de overdracht laat daarom
de gelijktijdige actie van one- en two-body-dissipatie zien.
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