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3. Experimental setup

In this chapter the equipment (Fig. 3.1) exploited to perform the experiment
will be discussed. The first section will be devoted to the ion source, see the
lowest part of Fig. 3.1, where the polarized proton beam is produced and
then injected to the AGOR cyclotron. The protons are accelerated up to 190
MeV by the cyclotron, and extracted to the beam line. In the second section,
the AGOR cyclotron will be very briefly described. The beam leaving the
AGOR cyclotron hall enters the IBP hall, where the In-Beam Polarimeter
(IBP) is situated. The IBP is a beam polarimeter for medium-energy protons
and deuterons, used for on-line determination of the beam polarization [38].
Upon leaving the IBP hall, the beam finally arrives at the experimental hall,
where the main experimental setups are located. On the right side of the
experimental hall the BBS, Big-Bite Spectrometer, is located. This high-
resolution spectrometer was primarily designed for nuclear-structure studies
[39]. On the left, the detection system consisting of the Small-Angle Large-
Acceptance Detector (SALAD) and the Plastic Ball (PB), can be seen in
the figure. The beam, arriving at this site, will hit a liquid-hydrogen target
cell situated in the center of the Plastic Ball. The beam is then dumped in
the Farady cup at the end of the beam line, beyond the experimental wall
(not shown in the figure). This Farady cup is used to measure the beam
current. The Plastic Ball and SALAD, which are the main setups used in
this experiment, will be discussed in detail in sections 3 and 4, respectively.
The last section of this chapter is devoted to the description of the target
cell. In Fig. 3.2, the combined setup of SALAD and PB has been depicted.
As shown, the forward and the backward geometrical coverage are provided
by SALAD and Plastic Ball, respectively. SALAD is used to detect the
hadronic part of the bremsstrahlung reaction, while Plastic Ball detects the
photons.

3.1 Beam production and polarization

There are currently three different types of ion sources available to feed ions
to the cyclotron: the ECRIS-3 (Electron Cyclotron Resonance Ion Source)
for highly-charged heavy ions, the POLIS (POLarized Ion Source) for po-
larized protons and deuterons and the CUSP source for unpolarized light
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particles. Since POLIS was used in this experiment, the principle of its
operation will be explained in some detail.

POLIS is an atomic beam source capable of producing both polarized
protons and deuterons [40, 41]. Since a proton beam was used in this ex-
periment, a brief description of how the protons are polarized will be given.
The source has a dissociator where hydrogen molecules are dissociated into
atoms by an RF induced discharge. The atoms emerging from the discharge
tube can be either in hyperfine state F = 1 or 0; see Fig. 3.3. These atoms
are then fed through a set of two hexapoles, where the atoms with elec-
trons in the spin state with mj = −1/2 are defocused and eliminated from
the beam, while those whose electrons are in the mj = 1/2 substate are
focused. The hexapoles are followed by two radio-frequency (RF) transition
units, namely, with weak and strong fields. The transition units provide
an adiabatic passage where the atoms experience a slowly changing static
magnetic field along with an RF, while passing through the units. The
weak (strong) field unit actually consists of a static magnetic field of 10 G
(80 G), which is perpendicular to the direction of the beam, along with an
RF of 7 MHz (1440 MHz), where the magnetic component is parallel (per-
pendicular) to the beam direction. The weak (strong) field unit is used to
produce spin-down (spin-up) protons. The atoms passing through the weak
field unit are subjected to an adiabatic transition from (F = 1,mF = +1)
to (F = 1,mF = −1) via the (F = 1,mF = 0) hyperfine state, leaving all
protons in the mI = −1/2 substate. Those passing through the strong unit
undergo a transition from the (F = 1,mF = 0) to the (F = 0,mF = 0)
hyperfine state, resulting in a spin-up (mI = +1/2) polarization of the pro-
tons. The atoms coming out of the transition units go through an ECR unit
kicking off the electrons, thereby ionizing the atoms. The beam leaving the
ECR unit is longitudinally polarized. In fact, the spin of the protons will be
either parallel or antiparallel to the beam direction, depending on the beam
polarization when entering the unit. The polarized proton beam emerging
from the ECR unit is deflected by 90◦ by means of an electric field. Now, the
protons are transversely polarized in the horizontal plane. As the very last
stage before injecting the beam into the cyclotron, the beam goes through
a solenoid, where the proton spin will be rotated by 90◦ in the transverse
plane. Thus, the beam will be polarized transversely in the vertical plane
while being injected into the cyclotron.
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3.2 AGOR cyclotron

The superconducting cyclotron AGOR, Accélérateur Groningen ORsay, is
the product of a joint collaboration of IPN1 Orsay and KVI [42]. The
machine is a compact, three-sector cyclotron with K = 600 MeV. It is
capable of accelerating both light and heavy ions. The maximum energy
limitation of proton beams, 190 MeV, is imposed by the focusing properties
of AGOR. The maximum energy for heavy ions depends on their charge-
to-mass ratio Q/A, with a maximum energy of 95 MeV/nucleon for Q/A =
0.5. In Fig. 3.4 the operating diagram of the AGOR cyclotron is depicted.
In this figure, the solid line encloses the design operating region, and the
dots are the produced beams, to date. Due to some problem with the first
ElectroMagnetic Channel (EMC1), the operating region has been narrowed,
as illustrated by the dashed line.

1 Institut de Physique Nucléaire
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Figure 3.4: Operating diagram of the AGOR cyclotron.

3.3 Plastic Ball

The Plastic Ball was originally designed and built in order to study high
multiplicity events occurring in relativistic nuclear collisions in the early 80s
[43]. After the completion of the CERN-SPS heavy-ion experiment WA98,
the plastic ball and its electronics were made available to KVI. This de-
tector consists of two separable hemispheres namely, backward and forward
hemispheres which, together, cover up to 91% of 4π. The full version of the
Plastic Ball consists of 815 phoswich detector modules, which makes it a
highly granular detection system. In the experiment reported in this thesis
only the backward hemisphere was used to detect the photons coming from
the bremsstrahlung reaction.

3.3.1 Geometry and detection elements

The backward hemisphere consists of 340 trapezoidal-shape phoswich de-
tector modules; see Fig. 3.2. It covers a polar angular range of 90◦ − 160◦

and has full azimuthal coverage. Each 10 degrees in polar angle is almost
covered by a ring of detectors. The rings are named after their sequence
numbers. For instance, the first ring (θ > 90◦ and θ < 100◦) is called ring
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Figure 3.5: Schematic drawing of an individual Plastic-Ball detector.

number one, and in the same fashion, the last ring (θ > 150◦ and θ < 160◦)
is called ring number seven. The inner and outer radii of the hemisphere
are 25.4 and 61.4 cm, respectively. Each of the 340 modules represents a
particle-identifying detector consisting of a slow and a fast scintillator, read
out via one photomultiplier; see Fig. 3.5. The slow component is a thin
slice of 4 mm CaF2 with a decay time of ∼ 1 µs. The fast one is a 35.6 cm
plastic scintillator which is optically coupled to the CaF2. The plastic scin-
tillator is coupled to a conically-shaped light guide, which in turn couples to
a 2-inch, 10-stage (2202 AMPEREX) photomultiplier. Since the decay time
of CaF2 is approximately 100 times longer than that of the plastic, the CaF2

and plastic signals can be easily disentangled. In the present experiment,
two gates with widths of 240 ns and 1250 ns were applied to integrate the
read-out signal of each element. The shorter gate integrates all the charge
produced by the fast component, while the longer one integrates over both
the fast and the slow components; see Fig. 3.6. Since most of the charged
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Figure 3.6: Scheme of the charge integration of the Plastic-Ball signal.

particles interact with the CaF2 while the neutrals do not, the long- and
short-gate integrations will amount to more or less the same values for neu-
tral particles, while for charged ones the long gate results in a larger value.
Plotting the result of the charge integration for the short and the long gates
against each other, the neutral particles will end up on the 45◦ diagonal line
with the charged ones above it; see Fig. 3.7.

3.3.2 The Plastic-Ball electronics

For the sake of simplicity, one may divide the electronics into segments,
based on their location. Part of the electronics are placed in the experimental
area while other parts are situated in the counting room outside the radiation
zone; see Fig. 3.8. In the experimental hall, where the detectors stand, the
signals are produced, processed and then delivered to the counting room to
go through further processing. In case the event is found to be a potential
candidate, the trigger will be made and the whole electronics is read out.
Otherwise, it will be rejected.

As shown in Fig. 3.8, the analog signals coming out of the Plastic-Ball
elements are split into two. One stream is delivered to the counting room
and directly put into a second splitter, the other one is put into the Ball
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Boxes standing in the experimental hall.

These Ball Boxes are customized crates containing 18 8-input channel
modules each. In the Ball-Box modules, signals are first amplified and then
put into a CFD (Constant-Fraction Discriminator); not shown in the figure.
One output of the discriminators goes to a pulser to generate logic signals,
which are put out through ECL cables, and the second one is ANDed as
multiplicity signal. In this experiment every cluster of 2-6 neighboring el-
ements were connected to a Ball-Box module. Therefore, the multiplicity
outputs indicate the number of fired detectors per cluster. The multiplicity
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pulses are then put into the MLU (Multiplicity Logic Unit) where the mul-
tiplicity of fired clusters is determined. For this experiment the multiplicity
was required to be one, meaning the output of the MLU for this experiment
was an OR of all detectors, which had a hit in them. One copy of the MLU
output goes to the GSI box as the Plastic-Ball single trigger, and a sec-
ond one goes to the STM (SALAD Trigger Module), serving as the external
strobe for ppγ trigger. The ECL output of the Ball Boxes are used as the
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Figure 3.8: Schematic diagram showing the read-out electronics of the Plastic

Ball. See the text for a detailed explanation.

input for the CAMAC 32-channel Time-to-Digital Converter (TDC, LeCroy
4298). The TDCs were used in common-stop mode. The start and stop sig-
nals were the detector signal itself and the Master trigger, respectively. The
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TDC information is stored in CAMAC DATABUS interface (LeCroy 4299)
and read-out by the data-acquisition system. The signals coming out of
the counting room splitter go to two charge-to-digital (QCD, LeCroy 2280)
converters, where they are integrated using a short- and a long-time gate,
respectively.

3.4 SALAD

The Small-Angle Large-Acceptance Detector, SALAD, is a specially de-
signed detector to detect the hadroninc part of the proton-proton bremss-
trahlung (ppγ) reaction. It consists of a multi-wire chamber positioned at
a distance of 30 cm from the target to determine the coordinates of the
scattered protons, and two arrays of segmented plastic scintillators. The
first array is used to measure the energy of the scattered protons, while the
second one is used to identify the elastically-scattered protons in order to
veto them. SALAD is capable of detecting particles in the polar-angle (θ)
range of 10◦ to 28◦ with full azimuthal-angle coverage. With a more limited
azimuthal-angle coverage, it can detect particles up to 36◦ effectively in θ.
SALAD has been extensively described in Ref. [44].

3.4.1 The multi-wire proportional chamber

The multi-wire proportional chamber (MWPC) was used to measure the
scattering angles of the outgoing particles. The chamber consists of three
wire planes (x, y and u=45◦) sandwiched between two cathode frames, each.
The u-plane is exploited to remove ambiguities arising when two or more
particles hit the chamber. The frames of each plane are connected to in-
dividual high-voltage power supplies. The wire spacing for all planes is 2
mm; but in order to reduce the number of channels, two adjacent wires are
connected electrically to be read out through one channel. The resolution
of the chamber in measuring the scattering angles is approximately 0.7◦. A
mixture of 80% CF4 and 20% isobutane is used in the chamber. This high-
gain, fast gas mixture allows high counting rates and also has good aging
properties [45, 46, 47]. Two aluminum-mylar foils were installed on both
sides of the chamber, which act as a Faraday cage, to protect the chamber
and to reduce the rate of diffusion of gases into and out of the chamber.
The special feature of the chamber is its central hole in order to allow safe
beam passage. For a detailed description of the MWPC, see Ref. [48]. The
operational high voltage is 3250 V, and the pressure of the chamber ranges
between 2 to 3 mbar above atmospheric pressure, placing the efficiency of
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Figure 3.9: Typical MWPC efficiencies as a function of the polar scattering angle.

The efficiency is well above 90% over the entire active area, while it drops at small

angles, near the central hub, and at large angles close to the edges.

the detector at its plateau. The gas flow was set to 80 cc/min. The efficiency
varies from point to point, depending on the distance from the edges and the
central hub. Due to the electric field distortions at the fringes, the points
which are closer to the edges and the hub are less efficient; see Fig. 3.9.
Setting the definition of the active area as the region where the efficiency
is well above 90%, it turns out to be an area of 35.0 × 35.0 cm2. In the
data-analysis chapter it will be explained how this efficiency is obtained.

3.4.2 The Energy and Veto scintillators

As shown in Fig. 3.2, the Energy and Veto scintillators are two layers of scin-
tillators placed behind the MWPC. The Energy scintillators, the ones right
behind the MWPC, are made thick enough to stop all protons originating
from the bremsstrahlung reaction (Ep < 120 MeV), thereby measuring their
energy. The Veto elements are meant to detect protons punching through
the Energy layer, which are mainly elastically-scattered protons with ener-
gies above 135 MeV.

The Energy layer consists of two 12-scintillator arrays, one array on
top the other. Each element has a trapezoidal shape, with dimensions of
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Figure 3.10: A schematic top view of the SALAD scintillators, showing both En-

ergy and Veto layers.

(l × w × d) 436 × [61.2(front) 68.7 (back)] × 112.5 mm3. The elements are
put together in such a way that the resultant array looks like a slice of a
cylinder, and the target is on the concave side of the arrays. A schematic
top view of the Energy and Veto detectors is shown in Fig. 3.10.

The Veto is placed behind the Energy detector, at a distance of 1.5 cm
from it. Each Energy element overlaps two Veto elements, viewed from the
target spot. Like the Energy detector, the Veto detector also consists of two
arrays of scintillators with the same configuration. In this case each array
contains 13 scintillators, which are much thinner than the elements of the
Energy layer. Their dimensions are (l×w×d) 480×[71.2(front) 71.9(back)]×
10 mm3. Both Veto and Energy layers have a hole in the center enabling
the beam pipe to go through; see Fig 3.2.

The scintillator material used in SALAD is BC-408, a fast plastic scin-
tillator. This type of plastic scintillator has a rather short decay constant
of 2.1 ns and a large bulk light-attenuation length of 380 cm making it
very suitable for large and fast elements. The scintillators are wrapped with
aluminized mylar of 20 µm thickness preventing light leakage between neigh-
boring elements. Each element is connected to a 160 mm long light guide to
optimize the light collection on the phototubes. For the Energy detector, 2”
XP2282 and for the Veto detector, 1 1

8” R1355/R1398 photomultipliers were
used. These scintillators can cope with counting rates as high as 1 MHz.
The energy resolution of the energy scintillators is around 10% FWHM.

3.4.3 The SALAD electronics

The read-out scheme of SALAD is depicted in Fig. 3.11. As shown, an
active splitter is used to split the signal coming from the Energy and the
Veto scintillators. One branch goes directly to the counting room and is
put into a 16 channel Fast Encoding Readout Analog-to-digital converter
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(FERA, LeCroy 4300B). This module is capable of handling signals ranging
from 0 to −480 pC with a resolution of 230 fC (2048 channels). The FERA
integrates over the charge produced by the phototubes and thus provides
a measure of the energy deposited in the scintillator by a charged particle.
The other branch is fed to a programmable CAMAC 16 channel Constant
Fraction Discriminator (CFD, LeCroy 3420) in the experimental area. If the
signal exceeds a pre-set threshold value, a logic pulse is produced as output,
and sent to the counting room. This logic pulse is split into three in the
counting room, and fed to three CAMAC modules. One branch is used as
input for CAMAC 32 channel multi-hit Time-to-Digital Converters (TDC,
LeCroy 3377), the second is put into a CAMAC 24 bit scalers (LeCroy
4434), and the third one is used as input for a CAMAC trigger (STM, to be
described below). The TDC module has a range of 512 ns and a resolution
of 500 ps (1024 channels). The TDC has multi-hit capability, able to record
up to 16 hits in the time range of 512 ns. In this experiment the TDCs were
used in common-stop mode. The start for all TDCs is the detector itself,
and the master trigger is used as the stop signal for all channels. Since
the timing of the trigger is set by the Plastic Ball, the TDCs provide the
difference between the arrival time of a particle firing SALAD and that of a
particle hitting the Plastic Ball in case of a coincidence event.

The scalers provide the number of particles hitting the scintillator per
second. The outputs of the FERAs and TDCs are stored in a VME Dual-
Port Memory (LeCroy DPM 1190).

The STM, SALAD Trigger Module, is a specially-designed CAMAC
module for the SALAD data acquisition [49]. The primary task of this
programmable module is to recognize potential ppγ candidate events at 190
MeV incident beam energy. This way, the background is suppressed consid-
erably. The trigger module is capable of processing the 50 logic signals from
the scintillators and providing 4 different programmable logic signals on the
output. The module has to be strobed by the fastest ancillary trigger, in
this case, the logic OR of the 340 Plastic-Ball discriminated signals. As the
result, the time zero is set by the Plastic-Ball signal. For the experiment
of this thesis, the four outputs were programmed to require the difference
between number of hits in the Energy and those in the Veto, NE −NV , to
be larger than 4, 3, 2, and 1, respectively. The third one, NE − NV ≥ 2,
represents a potential ppγ candidate event.

The output of the STM along with the RF signal and the logic OR of
the Plastic-Ball singles are fed to a NIM down-scale unit (GSI8000). These
signals are, in fact, the triggers used in this experiment. The GSI box has
eight inputs and three outputs for each input: the raw output, which is
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Table 3.1: Triggers and their typical rates at a beam current of 2 nA; the live-time

of the data-acquisition system was ∼ 50%.

Trigger Description Downscale factor Raw rate ACQ rate
[2log] [kHz] [Hz]

RF RF cyclotron/1200 9 50 47
CFD OR of SALAD Sci. 15 2504 37
PBall Plasic-Ball single 9 9.213 8
ppγ main trigger 0 0.526 230

just a copy of the input, the inhibited output, which is equal to the input
if the data-acquisition system is not reading out the electronics, and the
down-scaled and inhibited output. The outputs of the GSI box are put into
the scaler CAMAC module, to be read by the data-acquisition system. The
master trigger is the OR of the individual down-scaled outputs. An overview
of all triggers used in this experiment is given in Table 3.1.

The master trigger is split into five; one is sent to the PCOS as a signal
to latch, encode and read out the MWPC data, another to the SALAD
TDCs as a common stop, the third one to a gate-and-delay generator to
send out a gate to the FERAs, the fourth to the Plastic-Ball electronics
(see Fig. 3.11), and the last one to the data-acquisition computer. Once the
data-acquisition system receives the master trigger signal, it sends an inhibit
signal to the GSI box, to ensure no new trigger comes in, and subsequently
reads out the electronics.

3.5 Liquid hydrogen target

The target cell, shown in Fig. 3.12, is a cylinder with a diameter of 16 mm
and thickness of 6 mm in a conical-shape cold head. The cold head is made
from highly pure (99.5%) aluminum in order to have a high conductivity
at low temperatures. Two synthetic Aramid foils of 4 µm thickness are
mounted on both sides of the cell within which hydrogen is enclosed. During
the experiment the target was constantly wobbling within a range of 4 mm
to avoid irradiating one single spot on the target foils thus reducing the local
heating and damage. The choice of the radius of the window, 16 mm, was
made considering the cross section of the beam spot, 2 × 2 mm2, range of
the wobbling, and allowing for the beam halo. The operational value of the
cold-head temperature and the hydrogen pressure are 15 K and 190 mbar,
respectively. A PLC program is used in order to 1) control the pressure and
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Target Cell

Figure 3.12: The aluminum cold head of the target. The foils would be glued on

both sides of the cell.

the temperature during filling up, evacuating or flushing the target, and 2)
maintain them during the experiment. To see a detailed explanation of the
procedure of choosing proper material for the target and obtaining optimum
operational values, see Ref. [50].
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