
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.
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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.
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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]
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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.
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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.



3.3 Computer and trigger logic 41

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.


