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CHAPTER 4

EXPERIMENTAL SETUP

This Chapter presents the experimental setup. To perform the proton-deuteron
capture experiment, a deuteron beam is created in the ion source, and accelerated
to 180 MeV in the AGOR cyclotron. This accelerator is described in Section 4.1.
The deuterons are impinging at a liquid hydrogen target, the layout of which is
detailed in Section 4.2. The beam is stopped in a Faraday cup, where the charge is
collected and the current is measured. The 3He resulting from the fusion process
and the capture photon are detected in the Big Bite Spectrometer (BBS) and the
Plastic Ball, respectively (Sections 4.3 and 4.4). Fig. 4.1 shows the combined
setup of the BBS and the Plastic Ball. The target is placed in the center of the
Plastic Ball.

Fig. 4.2 presents the floor plan of the experimental area. One can see the
cyclotron at the bottom of the sketch, the different beam-lines, and our setup - the
Plastic Ball aligned with the BBS - on the top-right.

39



40 CHAPTER 4. EXPERIMENTAL SETUP

Figure 4.1: Scheme of the experiment showing the Plastic Ball, the target and the
BBS.

4.1 AGOR cyclotron and the ion sources

The cyclotron

The Accélérateur Groningen ORsay (AGOR) is a superconducting cyclotron, pro-
duced in a partnership between KVI and IPN Orsay. It has been operational since
1996. It is 3.6 m high and has a diameter of 4 m. Its superconducting coils allowed
the compact design for a maximum magnetic field of 4 T.

AGOR can accelerate both protons and heavy ions. The maximum energy of
the ions depends on their charge-to-mass ratio (Q/A). For example, for Q/A = 0.5,
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Figure 4.2: Scheme of the experimental hall.
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the maximum energy E/A is 95 MeV per nucleon, and the maximum energy for
protons is 190 MeV. This can be concluded from Fig. 4.3, which shows the op-
erating diagram of the cyclotron (full line). The dots present the beams produced
up to now.

The ion sources

The ions accelerated by AGOR are produced via one of the following three exter-
nal ion sources, according to the type of particles wanted:

• ECRIS (Electron Cyclotron Resonance Ion Source) for heavy ions,

• the CUSP source for unpolarized protons and deuterons and

• POLIS (POLarized Ion Source), for polarized particles (protons, deuterons).

For our experiment, the Cusp source was used. The current from the Cusp,
and therefore the accelerated beam current, has been chosen in order to keep the
dead-time of the acquisition system during the experiment at 33 %.
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Figure 4.3: Operating diagram of AGOR (discussed in the text).
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4.2 Liquid hydrogen target

Liquid hydrogen targets are more dense than gas ones and more pure than
solid ones. Therefore, a liquid hydrogen target has been used. The special shape
of the target cell was designed at the KVI in order to allow efficient cooling and
minimal material in the vicinity of the beam. The cell is first filled with gas. Then,
the temperature is decreased to 15 K so that the hydrogen liquefies. The pressure
is maintained at 190 mbar.

The target cell used for this experiment (Fig. 4.4) is a cylinder of 16 mm
diameter and 6 mm long. It is made of highly pure aluminum, and closed by two
4 µm thin Aramid foils. The beam heating induces an over-pressure in the target
which makes the elastic Aramid foils expand. This phenomenon is called bulging.
Taking the characteristics of the target into account, a bulging of 2 mm for the two
foils and the density of the liquid hydrogen ρ = 70.8 mg.cm−3, the thickness of
the target was found to be t = 56 mg.cm−2. To prevent too strong local heating
of the target, the liquid hydrogen cell was wobbling continuously perpendicularly
to the beam axis at low frequency.

The gas filling, the temperature and the pressure, as well as the flushing of the
target were controlled via a PLC program and sensors. For more details, see ref.
[Kal 98].

Moreover, we disposed of two other targets:

• a ZnS target, which was observed by an infra-red camera to align and opti-
mize the beam-spot. The beam-spot was about 2 mm in diameter.

• an empty cell, to check the background, and optimize the beam halo.

4.3 The Big Bite Spectrometer

To detect the 3He produced during this proton-deuteron capture experiment,
the Big-Bite Spectrometer (BBS) [Ber 95] was used with the EuroSuperNova
(ESN) focal-plane detection system. A drawing of the setup is shown on Fig. 4.5.
BBS is a QQD (quadrupole, quadrupole, dipole) type spectrometer. The quadrupo-
les focus the beam, whereas the dipole separates particles according to their mo-
menta and charge state.
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Figure 4.4: Drawing of the target cell (dimensions see text).

The BBS can be used in three modes, differing in the position of the quadrupoles
with respect to the target. Mode ’A’, the closest to the target, has the largest open-
ing angle. Mode ’C’, the farthest, has a large momentum bite. Mode ’B’, which
was used in this experiment, is the intermediate mode. The design parameters of
the BBS in mode ’B’ are shown on Table 4.1.

Maximum solid angle 9.2 msr
Maximum horizontal opening angle 66 mrad
Maximum vertical opening angle 140 mrad
Momentum bite ∆p/p 19 %
Horizontal Magnification Mx -0.45
Vertical Magnification My -10.1
Bending limit K 430 MeV
Optimum resolution ∆E/E 4 10−4

Radius of curvature 220 cm
Maximum dipole field 1.4 T
Distance target-entrance aperture 81.7 cm
Distance target-entrance Q1 114 cm

Table 4.1: Design parameters of the BBS in mode ’B’.
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2 VDC’s

4 MWPC’s (not used)

3 Scintillators (S1−S3−S2)

ESN

Figure 4.5: The BBS and the EuroSuperNova detection system, showing the two
VDC’s and the scintillator planes S1, S3 and S2 (from left to right).

4.3.1 EuroSuperNova

The EuroSuperNova (ESN) detection system was initially developed to measure
spin-transfer parameters for experiments involving a polarized proton beam be-
tween 100 and 200 MeV. Owing to its easily adaptable design, the ESN was later
used for other measurements: (α, α′+γ), (α, α′+n), (α, α′+p), (d,2 He), (t,3 He).

The ESN consists of three parts:

• FPDS: a focal-plane detection system (2 Vertical Drift Chambers),

• FPP: a focal-plane polarimeter (4 Multi Wire Proportional Chambers and a
carbon analyser) which was not used in this experiment, so it will not be
discussed further,

• a scintillator system made of three scintillator planes (’S1’, ’S3’ and ’S2’
from left to right on Fig. 4.5. In our setup, S2 was not used.).
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Focal Plane Detection System

The two Vertical Drift Chambers (VDC’s) [Ber 77], forming the focal plane de-
tection system, are placed parallel to the focal plane of the BBS and are separated
by 23 cm. They are filled with a gas composed out of 50 % of argon and 50 % of
isobutane. They have both a X- and a U-plane with wires running horizontally and
diagonally, respectively. Their wires act as anodes, and their foils as cathodes. A
particle going through the VDC’s ionizes the argon; the isobutane is only used to
prevent a discharge over the wire plane. These electrons drift to the closest wire
(connected to a positive high voltage), along the electric field supplied between
the cathode and the anode. Typically, seven to nine wires fire per plane. By know-
ing the time when each wire detects the electrons, one can reconstruct the track
of the particle. The VDC’s have alternating sense and guard wires. The latter are
field-shaping electrodes, so are not read out. The sense wire signals are first sent
to a preamplifier/discriminator card and then connected to Time to Digital Con-
verter (TDC’s, LeCroy 3377), with a time window of 480 ns and a resolution of 1
ns. The applied voltage is -5900 V for cathodes and +2000 V for anodes, forming
a 7900 V potential difference.

The characteristics of those two VDC’s are summarized in Table 4.2.

Active detection area 1030 x 367 mm2

Angle between VDC’s and BBS central ray 39◦

Number of wires in X plane 240
Number of wires in U plane 240
Tilt angle of U plane wires 32.9◦

Average cluster size for X planes 9
Average cluster size for U planes 7.5
Sense-wire spacing 4.2 mm
Guard-wire spacing 4.2 mm
Sense-wire thickness 20 µm
Guard-wire thickness 50 µm
Distance wire plane to cathode foil 150 mm

Table 4.2: Design parameters of the VDC’s.
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Scintillator plane

Downstream of the VDC’s, there are two scintillator planes (see Fig. 4.6). The
scintillator plane S1 consists of five vertical overlapping panels. S3 is a horizontal
panel. Each scintillator is made out of NE102A material and is read out at its two
ends by a photomultiplier (XP2262, Philips). The output of the photomultipliers
are discriminated by constant-fraction discriminators (CF8200, Ortec). This mod-
ule has two outputs: A and B. The logic signals from outputs A have a constant
width, and were used for triggers. The widths of signals from output B depend
on the time that the analogue signals exceed the threshold of the CFD. As conse-
quence, the time-over-threshold gives information on the energy deposited in the
scintillators.

Since all the 3He were expected to pass through the 2 mm thick S1, the trigger
was made by requiring coincidences between S1 and S3.

4.3.2 Electronics scheme

The electronics scheme of the BBS/ESN detection system, in single mode, is
shown on Fig. 4.6. The electronics of the BBS has been described above.

The signals of the five scintillator panels of S1 were ORed. This OR, as well
as the OR of the Plastic Ball (see Section 4.4.2), and the signal of S3 were then
ANDed, making the common trigger, used for the coincidence mode (see Section
4.5).

4.4 The Plastic Ball

The Plastic Ball [Bad 82] was initially built for heavy-ion collisions at the
Bevalac in Berkeley. It consisted out of 655 scintillators which will be described
in Section 4.4.1, and covered 91% of 4π. These detector modules were assembled
in two hemispheres, namely the forward and the backward hemispheres.

For our experiment, because of the arrangement in front of the BBS, a few
detectors were removed from the initial design, to leave access to the target, which
was placed in the center of the Plastic Ball. So only 552 detector modules were
used: 340 on the backward hemisphere and 212 (out of the initial 315) on the
forward hemisphere, i.e. 77% of 4π.
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Figure 4.6: Schematic view of the readout of the BBS, in single mode.

4.4.1 Scintillators

The detecting elements of the Plastic Ball are trapezoidal-shaped scintillators, as
shown in Fig. 4.7. They are organized in 11 rings, filling the ball structure and
covering a polar angle range of 60◦ < θγ < 160◦. Therefore, the Plastic Ball
surrounds the target almost completely. The average solid angle covered by one
scintillator is 17.45 msr. The outer and inner radii of the sphere are 614 mm and
254 mm, respectively.

The modules are ∆E-E phoswich detectors, from which particle identification
can be obtained. The detector component closer to the target provides the slow
signal component and is made from a 4 mm CaF2 slice which measures the en-
ergy loss signal (∆E). Its decay time is about 1 µs. The fast signal component is
provided by a 36 cm long plastic scintillator, with a decay time of 10 ns, optically
coupled to the CaF2. It measures the residual energy (E) deposited in the detector
module. The plastic can be considered as a light-guide for the CaF2. The scin-
tillator is coupled to a photomultiplier (2202 AMPEREX). The charge collected
at the anode of the phototube is integrated within two different time windows.
In our case, the gates of the short and long components are 250 ns and 1180 ns,
respectively.
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Figure 4.7: Drawing of a Plastic Ball scintillator.

The short gate integrates the fast component of the signals (E), whereas the
long gate integrates both components (∆E + E) (see Fig. 4.8). Neutral particles
have a low probability to leave energy in CaF2 due to the fact that the CaF2 layer
is very thin. However, charged particles interact with it. Consequently, while
plotting ∆E + E as a function of E, photons appear on a line at 45◦, while the
leptons appear on a line which is shifted relative to the diagonal (see Fig. 5.5 p.
61). Particle identification is thus possible.

The Plastic Ball is known for its good charged-particle identification [Dos 86],
so will be efficient in separating the events of the real-photon capture from the
virtual-photon capture ones.

4.4.2 Electronic scheme

The electronic scheme of the Plastic Ball is shown on Fig. 4.9. The trigger of the
BBS is added only while the two detectors run in coincidence mode.

The Plastic Ball data are read out by CAMAC electronics. The computer used
for initialization and acquisition is a VME AXP. The high voltage of the pho-
tomultipliers are supplied by three LeCroy HV 1440 mainframes, controlled by
software. The initial signal from these photomultipliers is split in two: One signal
goes to a second splitter box connected to the two charge-integrating QDC’s, used



50 CHAPTER 4. EXPERIMENTAL SETUP

0 250 ns 1180 ns

signal

short gate

long gate

time

(Ε)

(∆Ε + Ε)

Figure 4.8: Scheme of the charge integration of the Plastic Ball signals.

for particle identification, and the other signal is sent to the Ball Boxes.
The Ball Boxes consist out of six crates containing 18 modules of 8 entries

each. The output of every channel is sent to TDC’s. Moreover, every module
produces a multiplicity signal which is proportional to the number of scintillators
hit.

It has to be noted that the initial signals (out of the first splitter) are fed into
the Ball Box modules in clusters of three, five or six neighboring detectors (see
Fig. 4.10), in order to achieve sensitivity to hit-clusters on the trigger level. These
100 multiplicity signals are further discriminated and ORed to make the signal
”Plastic Ball OR”.

In the single mode of operating (Plastic Ball stand-alone) the ”Plastic Ball
OR” signal is used as gate (short and long) for the two QDC’s (LeCroy 2280) and
as common-stop for the TDC’s (LeCroy 4298). The TDC information is sent to
the data-acquisition system via a databus (Camac 4299).
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Figure 4.9: Electronic scheme of the experiment, Plastic Ball side.
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Figure 4.10: Two-dimensional projection of the Plastic Ball showing the clusters.
Scintillators are drawn as triangles: white ones were present in our setup, grey
ones were either not part of the original design or removed for our experiment in
order to leave space to access the target (around φ = 90◦). The thick line shows
how the scintillators were grouped in clusters of 3, 5 or 6 modules.



52 CHAPTER 4. EXPERIMENTAL SETUP

Plastic Ball OR

BBS trigger

common trigger

BBS

Plastic Ball

115 ns

85 ns

Figure 4.11: Timing scheme of the experiment in coincidence mode.

4.5 Coincidences between Plastic Ball and the BBS

In this experiment, the 3He nuclei are detected by the BBS, and the photons
and leptons by the Plastic Ball. Those two detectors are able to collect data inde-
pendently (single mode) or in coincidence. Triggers for single modes have been
explained in the previous pages, and a timing scheme of the coincidence mode is
shown on Fig. 4.11.

In coincidence, the two computers of the BBS and the Plastic Ball were con-
nected together via a VIC bus. The common trigger was made by ANDing the
trigger of the BBS and the ”Plastic Ball OR”. The busy signal of the system was
an OR of the busy signals of both detectors. Moreover, a special data acquisi-
tion software, written in C, was created to run the Plastic Ball and the BBS in
coincidence mode.
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4.6 Kinematics

As previously mentioned, the proton-deuteron capture was performed using a
180 MeV deuteron beam and a liquid hydrogen target. Briefly, the kinematical
limitations of our experiment, resulting from the BBS and Plastic Ball designs,
will be discussed.

Fig. 4.12 presents the locus of θHe versus θγ , i.e. the correlation between
the polar-angles of the 3He and the photon. The maximal angle reached by the
3He is 4.5◦. Since the BBS has an opening angle of 3.6◦ (see Table 4.1 p. 44),
data were taken at two positions of the spectrometer (θHe = 3.5◦ and 1.7◦), to
cover the largest possible phase-space. When BBS is positioned at θHe = 3.5◦,
the angle covered by the Plastic Ball is 55◦ < θγ < 150◦ and at θHe = 1.7◦,
110◦ < θγ < 157◦.

Fig. 4.13 shows the energy-angle locus of the helium. For θHe = 3.5◦, the
photon energy is 102 MeV < EHe < 135 MeV and for θHe = 1.7◦, 130 MeV <
EHe < 138 MeV .

Accordingly, Fig. 4.14 shows that for θHe = 3.5◦, the photon energy is
52 MeV < Eγ < 73 MeV and for θHe = 1.7◦, 48 MeV < Eγ < 56 MeV .

The total polar angle range covered by the Plastic Ball is thus 55◦ < θγ < 157◦.
Consequently, the total range of covered energies is 102-138 MeV for the helium
and 48-73 MeV for the photon.
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Figure 4.12: θHe versus θγ .
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