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3. Experimental setup

This chapter describes the most important instruments and facilities which have
been used to perform the proton-deuteron break-up experiment, such as the ion
source, the accelerator, the polarimeter and the detection system.

Figure 3.1 shows the experimental facility at KVI. The polarized (unpolar-
ized) particle beam is prepared with the atomic POLarized Ion Source (POLIS)
and transported to the superconducting cyclotron AGOR (Accélérateur Groningen
ORsay). Polarized proton and deuteron beams are accelerated up to a maximum
energy of 190 MeV and 180 MeV, respectively. Polarized (unpolarized) deuteron
or proton beams have been used primarily for few-body experiments at KVI. For
these two beams, the beam polarization can be measured in parallel with the actual
experiments by the In-Beam Polarimeter (IBP). The reaction of interest is studied
with the Big Instrument for Nuclear-polarization Analysis, BINA which inherits a
lot of its features from its predecessor, the Small-Angle Large-Acceptance Detector,
SALAD [20]. This detector is particularly suited to study the elastic and break-up
reactions at intermediate energies.

In this chapter, we start with describing the operation of the polarized ion source
and the cyclotron, followed by a description of the important features of IBP and
BINA.

3.1 POLarized Ion Source (POLIS)

POLIS is a polarized ion source of the atomic-beam type. Experimentally, the nom-
inal polarization values for proton and deuteron beams delivered to experimental
setups are between 60%-80% of the theoretical value [58]. Since we only used polar-
ized proton beams, we will only describe the procedure on how to polarize protons.
In the first stage, hydrogen gas is dissociated by means of an RF-discharge in a
Pyrex tube. After this stage, the atoms with the nucleon spin up (↑) or nucleon
spin down (↓) are selected depending on the polarization state requested.

The hyperfine structure comes from the interaction of the proton spin ~Sp, with

both the spin of the electron, ~Se, and its orbital angular momentum, ~L. In this case,
the total angular momentum is:

~F = ~L + ~Se + ~Sp, (3.1)

For an S-state, L = 0; with Se = 1/2, and Sp = 1/2, the eigenvalues of ~F are
F = 0, 1.

Figure 3.2 shows a Breit-Rabi diagram of the hydrogen atom in a magnetic field.
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28 Chapter 3: Experimental setup

Figure 3.1: A schematic top view of the KVI experimental facility in 2006. The AGOR
accelerator together with POLIS provides polarized (unpolarized) beams for the experiments.
The BINA detector is located in the experimental area depicted on top of the picture.
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Figure 3.2: Hyperfine states of the hydrogen atom and RF transitions used in POLIS. The
weak field is responsible for pZ = −1 and the strong field provides the pZ = 1 polarization.

Atoms leave the dissociator where the magnetic field is zero while they are in one
of the two hyperfine states F = 0, 1. The F = 1 state has a degeneracy of 3 for,
mF = 0,±1. By applying a magnetic field, this degeneracy is removed and the states
split into different energy levels for each mF . This is called the Zeeman effect and
the amount of energy separation is proportional to the magnetic field and the value
of the quantum number mF . For a strong magnetic field, the energy separation is
not linear any more (see Fig. 3.2 at the magnetic field larger than 10 G) and F
is not a good quantum number any more, but in this case (ml + 2ms) is a good
quantum number. Therefore, atoms with electron spin (↑) or (↓) will be separated
in the strong magnetic field.

Atoms leaving the dissociator pass through a hexapole magnet which separates
the beam according to the electron spin states, ms, and selects the states which have
ms =+1

2
(the Stern-Gerlach unit). For instance, in Fig. 3.2, atoms in states 1 and 2

are focused, and atoms in states 3 and 4 are defocused. After this stage, atoms with
an electron state (↑) pass through a tapered electromagnet which produces a static
magnetic field Bz(x) with the direction perpendicular to the beam path x̂ and with
a field gradient dBz/dx. As an example, for a weak-field transition, one commonly
uses Bx = 8.2 G at the center with a gradient of dBz/dx = ±1 G/cm. A 7.5 MHz
RF magnetic field of magnitude B1 cos(ωt)x̂ is superimposed on the static field to
induce a transition [59].

The static magnetic field with a gradient field is used to selectively populate
specific states via the method of adiabatic passage [60, 61]. Using the method of
adiabatic passage, the entire population of the (F = 1, mF = 1) state is transfered
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to the (F = 1, mF = −1) state, while the population of the (F = 1, mF = 0)
state remains the same. Similarly, for a strong-field transition, the population of
the (F = 1, mF = 0) state can be transfered to the (F = 0, mF = 0) state.

When atoms are leaving this cavity, the electrons are stripped off in an ECR 1

ionizer and the polarized beam is transported to the AGOR cyclotron for accelera-
tion. The polarization degree of the proton beam is defined as:

pZ =
N↑ −N↓

N↑ +N↓
, (3.2)

where N↑,↓ are the number of particles with a particular spin (up or down). There-
fore, for a proton beam, the maximum achievable polarization value is pZ = ±1.

3.2 AGOR and the beam lines

The beam lines, together with all the experimental setups used in this work, are
shown schematically in Figure 3.1. The Accélérateur Groningen ORsay (AGOR)
is an Azimuthally Varying Field (AVF) cyclotron with superconducting coils [62].
AGOR is capable of accelerating protons, deuterons and heavy ions. It is a com-
pact three-sector cyclotron with a pole diameter of 1.88 m, equipped with three
accelerating electrodes, located in the pole valleys. Figure 3.3 shows the operating
diagram of the AGOR cyclotron. This picture depicts the energy range which can
be obtained for a given Q/A-ratio. Protons can be accelerated up to 190 MeV and
deuterons or α beam with Q/A=0.5 to a maximum energy of 90 MeV/nucleon. Af-
ter acceleration, the beam is transported to the experimental areas and is used for
different nuclear physics experiments, atomic and nuclear physics studies with rare
isotopes, radio-biological studies and irradiation purposes. Beams of protons and
deuterons are used for the few-body experiments discussed here.

3.3 The In-Beam Polarimeter (IBP)

The KVI In-Beam Polarimeter (IBP) [63] is located halfway along the high-energy
beam-line, as can be seen in Figure. 3.1. The IBP is used to measure the polarization
degree of incoming protons or deuterons, via the H(~p, pp) or the H(~d, dp) reaction,
respectively. It is constructed in a way to measure both particles emerging from the
scattering reaction in coincidence. This is done for azimuthal scattering angles at
0◦, 45◦, 90◦, and 135◦. The setup of the IBP can be seen in Figure 3.4. It consists
of sixteen phoswich detectors arranged in four planes at 0◦, 45◦, 90◦, and 135◦. The
0◦ plane corresponds to the horizontal plane in the laboratory frame of reference.
Each plane contains four detectors. For a chosen center-of-mass scattering angle,

1 Electron Cyclotron Resonance
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Figure 3.3: The operating diagram of AGOR showing the energy of an ion in MeV/nucleon as
a function of the Q/A-ratio. Q and A stand for charge and atomic number of ions, respectively.
A proton beam with Q/A=1.0, can be accelerated up to 190 MeV and a deuteron or α beam
with Q/A=0.5 can be accelerated up to 90 MeV/nucleon. The black dots indicate beams
with Q/A that have been accelerated by AGOR.

two detectors in each plane measure the scattered particles in coincidence.

Table 3.1: Physical constants of BICRON scintillators used in IBP.

Name Type Thickness Diameter Decay time
(mm) (mm) (ns)

∆E NE102A 2 50 2.4
E NE115 100 50 320

Each phoswich detector consists of a thin plastic scintillator layer (∆E) with a
fast decay-time, and a thick layer (E) with a slow decay-time. Each detector is read
out by one photomultiplier tube (PMT). The characteristics of the scintillators are
given in Table 3.1. The signal from the PMT is integrated by two gates: a short
gate of about 40 ns to measure mainly the total charge of the ∆E signal, and a long
gate of about 400 ns, to measure the charge of both ∆E and E signals. For each
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Figure 3.4: Schematic setup of the IBP. The plane containing detectors 1 to 4 coincides with
the horizontal plane in the laboratory frame of reference. In this plane, detectors 1 and 2
measure in coincidence both outgoing particles of the scattering reaction of interest for φ=0◦.
Detectors 3 and 4 are mounted in the same way, but for φ=180◦. The difference of the number
of counts between these two detector pairs gives the left-right asymmetry. The detector pairs
of the other planes are mounted in the same manner.

plane, the left-right asymmetry between two detector pairs at azimuthal scattering
angles φ with a difference of 180◦,

ε =
N(φ) −N(φ+ 180◦)

N(φ) +N(φ+ 180◦)
, (3.3)

can be measured. For each plane, the polarization degree p can then be determined
via the relationship

p =
ε

Ay cosφ
, (3.4)

if the analyzing power, Ay, of the scattering reaction for the specific scattering
angle is known. In general, the beam current is not affected considerably when
measurements are performed at other setups downstream of the IBP while the IBP
target is in beam. However, the beam quality is reduced to some extent. This will
lead to a beam halo, which can, in principle, hinder the experiment with BINA.
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Therefore, measurements of the polarization with the IBP were done independently.
After a measurement with the IBP, its target was removed from the beam and the
experiment with BINA was continued. In our experiment we only used IBP for
online polarization monitoring.

3.4 Lamb-Shift Polarimeter (LSP)

Before 2003, the only method to determine the polarization degree was by using the
IBP and the accelerated beam. Although the IBP has worked reliably and routinely,
it still does have the following disadvantages:

1. Setting up and operating the IBP is time consuming especially when perform-
ing absolute polarization measurements;

2. Expensive cyclotron beam time has to be used for starting and tuning POLIS,
using the IBP;

3. The analyzing power of the ~d+p reaction is not known for all energies available
from AGOR.

These disadvantages led to the design of another facility, namely the Lamb-Shift
Polarimeter (LSP). This compact polarimeter was built for spin-polarized proton and
deuteron beams based upon the Lamb-shift principle [64, 65] and was implemented
at KVI in 2003 [66]. The LSP is able to determine the polarization degree of proton
and deuteron beams within one minute and with an accuracy better than 1%. The
measured polarization degree with the LSP shows a 10-15% higher value than that
measured by IBP. Up to now no sources of systematic errors have been found, which
indicates that some depolarization is taking place during transport and acceleration
of the beam.

3.5 BINA

The detector system BINA was assembled in 2004, and its commissioning experi-
ments were finished in 2005. Its new features enabled us to perform experiments
with hadrons at intermediate energies of up to ∼ 200 MeV/nucleon. As shown in
Fig. 3.5, BINA is composed of two main parts: the forward wall which can measure
the energy, the position, and the type of the particle at scattering angles between
10◦-35◦, and the backward ball which covers the rest of the polar angles up to 165◦.
The two parts together, therefore, cover almost the entire kinematical phase space
of the elastic and break-up reactions. In this section, the mechanical components,
the electronics and data-acquisition systems of BINA are explained.
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Figure 3.5: A side view of BINA. This picture shows the forward-wall components and the
backward ball with the beam direction and the target position.

3.5.1 Mechanical components of BINA

The forward part of BINA has been designed to detect particles at scattering angles
between 10◦-35◦. It has three main parts, Energy (E)-scintillators, ∆E-scintillators,
and a Multi-Wire Proportional Chamber (MWPC). Scattered particles traverse from
the target to the E-scintillators. They pass through the MWPC and as a result, their
coordinates are recorded. After that, particles pass through the ∆E-scintillators in
which a small fraction of their energy is deposited. Finally, the particle is stopped
(for protons with an energy less than 140 MeV) inside the E-scintillators and its
deposited energy is measured. A combination of E and ∆E allows us to identify
the type of particle detected, e.g. proton, deuteron, and so on.

Energy scintillators

The forward-wall E-detector of BINA is designed to measure the energy of the scat-
tered particles. It consists of a cylindrically-shaped array of plastic scintillators to
measure the energy of the particles and two arrays of scintillators, up and down
(wings), for detecting the secondary scattered particles for polarization-transfer ex-
periments (see Fig. 3.6). For the present experiments, these wings were not used.

The cylindrically-shaped array consists of 10 horizontal scintillator bars, as shown
in Fig. 3.7. Each scintillator with a trapezoidal cross section has dimensions of
((9 − 10) × 12 × 220 cm3) and is made of BICRON-408 plastic scintillators. The
physical constants of these plastic scintillators are listed in Table 3.2. The thickness
of the energy scintillators (12 cm) is enough to stop protons in the energy range of
up to 140 MeV. The details of the engineering design of the forward wall and the
distances are shown in Fig. 3.7. Two scintillator bars in the middle of the detector
have a hole in the middle for the passage of beam pipe. The scintillator bars at the
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Figure 3.6: Energy scintillators of the forward part of BINA. It consists of a cylindrically-shaped
array of plastic scintillators to measure the energy of the particles and two arrays of scintillators,
up and down (wings), for detecting the secondary scattered particles for polarization-transfer
experiments.

Table 3.2: Physical constants of BICRON scintillators. Here, Lt is the light attenuation
length, λmax is the peak wavelength of the generated light, H/C is the ratio of Hydrogen to
Carbon, ρ is the density of material, and nc gives the refractive index.

Type Decay λmax Lt H/C ratio ρ nc

(ns) (nm) (cm) (g/cm3)
BC-408 2.1 425 380 1.104 1.032 1.58
BC-444 180 428 180 1.109 1.032 1.58

interface of the cylinder and the wings have a different trapezoidal shape to match
the two connecting surfaces.

For every scintillator bar, two PMTs2 at both ends of the scintillator bar collect
the scintillation light. The signals from these PMTs are integrated using a QDC3 to
measure the energy deposited in the scintillator. The discriminated signals from the
Constant Fraction Discriminators (CFDs)4 are fed into the trigger system as well
as to Time-to-Digital Converters (TDCs)5. The time difference between the signals
from both ends of the scintillators allows one to determine the impact position of
the incoming particle. In addition, information about the Time-of-Flight (TOF) of
the particles can be extracted.

2 Photonis: XP4392/B

3 LeCroy 4300B ADC FERA (Fast Encoding and Readout ADC)

4 CAEN 16 channel CFD: Mod.C808, and LeCroy 16 channel CFD: 3420

5 LeCroy 3377 TDC
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Figure 3.7: Details of the engineering design of the forward part of BINA. Here, the E-
scintillators, ∆E-scintillators, and the MWPCs can be seen. Also, the distances between
components and their sizes are shown in mm.
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∆E Scintillators

The ∆E-scintillators are thin slabs of scintillator material made of BICRON plastic,
BC-408 (see Table 3.2), and are used in combination with the E-scintillators to iden-
tify the type of particle. They are installed vertically between the E-scintillators
and the target. The array of the scintillators is composed of 12 parallel vertical
scintillator bars and the dimensions of each bar are (0.1 × 3.616 × 43.4) cm3. Fig-
ure 3.8 shows the ∆E detector in BINA. Each bar is read-out by PMTs6 located

Figure 3.8: The ∆E detectors in the forward-wall of BINA. It is made of 12 parallel vertical
scintillator bars with PMTs at both ends to read the signals. The two scintillators in the middle
have a hole to allow for the beam-pipe.

at the bottom and at the top of the scintillator. Therefore, signals from these two
PMTs are correlated. Scintillator bars located at the position of the beam pipe are
disconnected. The signals from these PMTs are, consequently, independent of each
other.

Particles with the same energy and different atomic masses leave different amounts
of energy in the ∆E-scintillator bars. The deposited energy in the ∆E scintillator
is combined with the energy in the E-scintillator to identify the type of particles.
For the kinematics covered in the present measurements, it was not necessary to
use this feature. Furthermore, the vertical array structure of the ∆E bars can be
combined with the horizontal array structure of the energy scintillator to determine
the coordinates of particles in the scattering plane, albeit with a poor position res-
olution (± 1.8 cm). In this experiment a combination of these scintillators with the
E scintillators has been used to determine the Multi-Wire Proportional Chamber
efficiency (see Sect. 4.5).

6 Phillips: XP1911/20, and XP1911/08
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Multi-Wire Proportional Chambers (MWPC)

Multi-wire proportional chambers are used to measure the positions of charged parti-
cles and construct their trajectories in nuclear and high-energy physics experiments.
The size and the precision of the chambers make it possible to cover a wide range
of scattering angles.

Our BINA system has a MWPC to track the trajectory of the particles in the
scattering process (see Fig. 3.9). It is installed at a distance of 29.5 cm from the
target position and has an active area of 38×38 cm2. The MWPC of BINA consists
of 3 planes, X, Y, and U. These planes are parallel arrays of equally-spaced anode
wires to readout the positions of the scattered particles. The anode wire planes are
sandwiched between two parallel cathode plates that are connected to a high voltage
of −3250 V.

The X plane is made of 236 parallel vertical wires, the Y plane has 236 horizontal
wires, and the U plane has 296 parallel wires placed at an angle of 45◦ with respect
to the X or Y planes. The coordinates can, therefore, be calculated from the wire
numbers of the X and Y planes. In case more than one particle hits the chamber, the
U-plane is used to resolve the ambiguities in the determination of the coordinates [67,
68]. Every two wires are electrically connected and act as an individual counter.
Wires are made of gold-plated tungsten. They have a diameter of 20 µm and can
stand up to 100 g force.

The volume between two cathode planes is filled with electro-negative counting
gas. In our case, this gas consists of a mixture of CF4(80%)+isobutane(20%). Par-
ticles which pass through the MWPC ionize the gas, and the avalanche electrons are
collected on the wires. The gas inside the chamber is continuously refreshed with a
flow rate of 150 cc/min. The gas flow through the chamber helps the system to get
rid of possible dirt and dust which might exist in the system. These dust particles
usually collect a static charge and create sparks in the chamber resulting in a failure
of the system. In the present setup the chamber detects particles at angles between
9◦ and 32◦ with a resolution of better than 0.8◦.

Backward ball

The backward part of BINA is covered by a ball-shaped detector. The backward
ball is the scattering chamber and a detector at the same time. The incoming beam
hits the target which is placed at the center of the ball. The forward going particles
are detected by the forward wall, which is placed outside the vacuum, and particles
scattering to angles larger than 35◦ are detected by the ball.

The backward ball of BINA is made of 149 small cut pyramid-shaped scintillator
detectors. These detectors cover almost 80% of the full 4π solid angle, for θ =
32◦ − 160◦ and a complete azimuthal acceptance, φ, except in the corners of the
opening frame at θ = 37◦ and where the target enters the ball. Together with the
forward wall, BINA covers nearly the complete phase space, as shown in Fig. 3.10.
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MWPC

Figure 3.9: The multi-wire proportional chamber of BINA. It is installed between the target
and the E-scintillator at a distance of 29.5 cm from the target position and has an active area
of 38×38 cm2.

Figure 3.10: The geometry and coverage of BINA including the ball part.

Each detector of the backward ball is composed of a fast plastic scintillator,
BICRON BC-408, and a slow phoswich part which has the same cross section and
is glued to the fast component. The slow scintillator part, BICRON BC-444, has a
thickness of 1 mm and its physical constants are given in Table 3.2. Each plastic
scintillator is extended with a light guide and connected to a PMT7. Figure 3.11
shows a sketch of one element of the ball. The plastic scintillators in the ball come

7 Phillips: XP2282B, and XP2020
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with two different thicknesses. Since the energy of particles that scatter towards
forward angles are generally larger than those that scatter to larger angles, elements
with a thickness of 9 cm are placed at angles smaller than 100◦ and elements at
backward angles are built with a thickness of 3 cm.

Figure 3.11: The cut pyramid geometry of the scintillators in the backward ball and an
assembly of glued elements with light guide.

The BINA backward ball as a bulk consists of two building blocks: pentagons
and hexagons. The complete ball is made of these two main building blocks but
with different sizes and details. Figure 3.12 shows the inner part of the ball with
pentagons and hexagons which are built from cut pyramid-shaped scintillators.

In general, scattering chambers are separated from the detectors, imposing an
energy loss in the chamber wall and thereby increasing the energy threshold for
particle detection. For BINA, this problem has been solved by using the backward
ball as the scattering chamber. The BINA backward ball as a scattering chamber
consists of a beam pipe, glued scintillators, and the front flange which acts as a
thin window to the forward wall. The special design of the ball makes it possible to
evacuate the ball volume via the beam-pipe. Exploiting turbo pumps, the pressure
inside the ball reaches a value of 10−5 mbar, which is good enough to avoid the
collection of dirt on the foil of the liquid-deuterium target. The front exit window
is built from 250 µm thick Kevlar cloth and 50 µm thick Aramica foil [20] which
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Figure 3.12: Pentagons and hexagons which are the building blocks of the BINA backward
ball are made of cut pyramid-shaped scintillators shown in Fig. 3.11.

are glued to a metal frame and separates the vacuum, inside the chamber, from the
atmosphere outside. Figure 3.13 shows the front window.

Target

In experiments with BINA, different targets are exploited. Targets are mounted on a
separate unit which enables us to switch between them remotely. The target holder
unit is installed at θlab = 100◦ on top of the backward ball with a slight inclination
angle of 10◦ which brings the target into the center of the ball, as is illustrated in
Fig. 3.5. The target holder can carry different targets like: ZnS, empty cell or a solid
target, and liquid targets. The liquid-target setup has many different components,
such as cryogenic system connections, heaters, gas-flow system, temperature sensors,
and a target-moving mechanism. The complete system can move vertically via a
pneumatic system.

Two types of targets were used in our experiments with BINA: solid targets
and liquid targets. Solid targets are hydrocarbons such as CH2, CD2, and other
organic substances. In general, solid targets have the advantage that they are very
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Figure 3.13: The exit window of the backward-ball of BINA. This opening is covered by a
250 µm thick Kevlar cloth and 50 µm thick Aramica foil [20] which is glued to a metal frame
and separates the vacuum, inside the chamber from the atmosphere outside.

easy to operate, but the reaction of interest is always accompanied by background
originating from other reactions from the other components of the target material
such as carbon. In contrast, a liquid target is usually pure and, therefore, suffers
less from background reactions. However, liquid targets are more difficult to handle
during the experiments.

The target cell used in this experiment (see Fig. 3.14) is made of high purity
aluminum to optimize the thermal conductivity. The windows are covered by a
transparent foil of Aramid [20] with a thickness of ∼ 4 µm. During this experiment
a liquid-deuterium target cell with a diameter of 15 mm and a thickness of 3.2 mm
was used. Because of the pressure difference between the inside and the outside
of the target cell, one observes a bulging of the target, increasing the thickness to
3.85 mm for this particular cell. The target cell together with its gas lead were
mounted on the cold head of the target holder.

In a liquid-target system, the target gas, like D2, flows into the target cell. The
temperature of the target cell is reduced to a few degrees Kelvin by a cryogenic
system. As a consequence, for a certain temperature and pressure inside the cell
(around the triple point), the gas liquefies. The temperature and pressure should
be kept constant, otherwise the liquid inside the cell can freeze or evaporate which
might result in a target explosion. In the present setup, the system is constantly
monitored by a Programmable Logic Controller (PLC) system which measures the
temperature and the pressure. In this experiment, the operational region for the
liquid deuterium target was: T = 19 K, P = 258 mbar. The liquid-deuterium
density is ρD2

= 169 mg/cm3.
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Figure 3.14: Left panel: the target cell. Right panel: the target inside the BINA backward
ball with liquid deuterium inside it (the target is half filled with deuterium for demonstration).
The thin aluminum cylinder around the target cell (the 80 K shield) is used to isolate the cold
head from the surrounding environment.

3.5.2 Data acquisition of BINA

In experiments performed with BINA, the detector electronics provide raw signals
to the data-acquisition (DAQ) system. The BINA-DAQ consists of 4 parts: the
read-out electronics to digitize the information of the detectors, a trigger system, a
real-time computer to collect the selected data, and a mass storage system which
saves the data on disk via a connection to the real-time computer. Figure 3.15 shows
the block diagrams of the data-acquisition system of BINA, and the communication
between the blocks are shown by the arrows.

The detector electronics of BINA are divided into three parts:

1. Forward-wall electronics,

2. Backward-ball electronics,

3. MWPC electronics.

The forward-wall electronics digitizes the signals from 44 (E,∆E)-PMTs and
the backward-ball electronics supports all 149 detectors of the ball, as illustrated in
the right panel of Fig. 3.16. The MWPC signals are digitized by dedicated MWPC
electronics, as it shown in the left panel of Fig. 3.16. The rest of the used components
are also shown in this figure.

Forward-wall electronics

Figure 3.17 shows block-diagrams of the forward-wall electronics. In this part, sig-
nals from 20 E PMTs and 24 ∆E PMTs are split into two parts via an active
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Figure 3.15: The data acquisition of BINA consists of 4 parts: the read-out electronics to
digitize the information from detectors (MWPC, the wall and the ball scintillator signals), a
trigger system, a real-time computer to collect the selected data, and the storage unit which
saves the data on disk via a connection to the real-time computer.

splitter8. From the second output, the signal is sent to charge-integrating QDCs,
after a cable delay of ∼ 250 ns. The first output is sent to a CFD. The outputs of
the CFDs were used as the input to the trigger unit and as a start for the TDC.
Each CFD module has 16 input channels and provides individual logic signals, the
sum of all channels (SUM), and OR of all channels. The SUM and OR signals are
used to generate the appropriate trigger.

Backward-ball electronics

The backward-ball electronics is shown schematically in Fig. 3.18. First, signals
from 149 detectors are split into two. The same type of splitters were used as for
the forward-wall electronics. Since the ball detectors are composed of scintillators

8 Giessen Splitter box



3.5. BINA 45

CPU

Scaler Units Ball CFDs

Memory Unit

Trigger &
     gate

TDCsWall QCDs

Ball QCDs

PCOS III

Wall trigger

Splitter of FW
Wall CFDs

Figure 3.16: The electronics of BINA which reside predominantly in CAMAC crates and a
VME crate. The left panel shows the electronics parts of the backward-ball and part of the
forward-wall. The right panel depicts most of the electronics of the forward-wall and the
electronics of MWPC.

with slow and fast responses, the input signals are split once more to provide sig-
nals for the inputs of the QDCs with long and short integration times for particle
identification. For this, a passive home-made splitter box has been used.

MWPC electronics

The MWPC channels are read out by the PCOS-III9 electronic system. This sys-
tem consists of amplifiers, discriminators, delay and latch modules and can encode
the MWPC signals. The read-out signals from the wires are amplified and sent to
the discriminators. The logic signals are then delayed and registered with a pro-
grammable delay and a latch unit. A CAMAC PCOS controller unit collects the
information from the delay and latch units and sends the data to a VME mem-
ory unit via a hand-shaking protocol. The strobe signal for the PCOS controller
is received from a common trigger signal. As mentioned earlier, the MWPC has

9 LeCroy’s Proportional Chamber Operating System (PCOS-III)
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Figure 3.17: The general scheme of the forward-wall electronics of BINA. In this part, signals
from 44 (E,∆E) PMTs are split into two parts via an active splitter. From the second output,
the signal is sent to the FERA, after a cable delay of ∼250 ns. The first output is sent to a
CFD to be used as the input to the trigger unit.

Figure 3.18: The electronics of the backward ball of BINA. The splitting unit is of the same
type as used for the forward-wall electronics. In order to generate two copies of the output
signals of the active splitter, the signals are sent through a passive splitter before going to the
FERA.

three planes with the number of wires of 236(X), 236(Y) and 296(U) in each plane.
Since the MWPC has a hub in the middle, the wires in this region are disconnected.
Therefore, they are read out from both sides. So, we have 118 read-out channels for
the X and Y planes and 148 channels for the U plane. Altogether, 384 channels are
required to cover the read out of the MWPC, as shown in Fig. 3.19.
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Figure 3.19: A sketch of the electronics of the MWPC in BINA. MWPC has three planes
with the number of wires of 236(X), 236(Y) and 296(U) in each plane. The read-out is based
on a PCOS-III data-acquisition system. See the text for more details.

The trigger system

The trigger system is composed of logic units which combine information from the
backward-ball, forward-wall E, and ∆E. In the experiments with BINA, four dif-
ferent trigger conditions were made:

1. T1 = Wall E (Multiplicity10 > 3) OR Wall ∆E (Multiplicity>3). This trigger
consists of 20 CFD signals of E detectors and 24 CFD signals of the ∆E
detectors. After the linear addition of the 20 CFD signals from the E detector,
the corresponding SUM signal feeds a leading-edge discriminator. If at least
three CFD signals exist, the discriminator is allowed to generate an output
signal. It means that a signal was generated when the multiplicity of firing
E PMTs is larger than 2. The same scheme was applied for the 24 CFD
outputs of the ∆E detectors. The two multiplicity signals from the E and ∆E
detectors were ORed together which gave the so-called T1 trigger.

2. T2 = Coincidence between (Wall E OR) AND (Ball OR). This trigger is
made of a coincidence between an OR signal of all the CFD signals from the
forward scintillators and an OR of all the CFD signals from the backward ball
detectors.

3. T3 = Ball (Multiplicity > 2). This trigger is made of 149 CFD signals of the
backward ball detectors which are added to each other to make the SUM signal
as input to a leading-edge discriminator. The discriminator level was set to
generate an output signal if the multiplicity of firing PMTs of ball detectors
is larger than one.

4. T4 = OR of everything (OR of all detectors).

10 Multiplicity in this experiment is the number of firing PMTs in an event.
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All triggers coincide with the cyclotron radio-frequency signal. Usually, every trig-
ger condition is designed to detect a special reaction channel or phase space. For
example, in the ~p+d reaction, the T1 trigger (in this setup) is covering the break-up
channels with two hits in the forward wall. The T2 trigger is suitable for any reaction
in which one particle scatters to forward direction and the other one to backward di-
rection. This includes the elastic channel and part of the break-up channel. Trigger
T3 covers break-up events in which two particles scatter towards the backward ball.
The trigger, T4, covers any type of event and was, therefore, used as a minimum
bias trigger.

In general, the cross sections for the different reactions and phase spaces are
different. Those reactions or phase spaces that have a larger cross section dominate
the trigger rate. Some of the triggers were, therefore, down-scaled by a prescaler
trigger box11 to reduce the bias on triggers with the larger counting rate. The
typical downscaling factors were 20, 23, 26 and 210 for the T1, T2, T3 and T4
triggers, respectively.

The individual trigger signals were registered on an event-by-event basis by using
a TDC. They were used as a start of each TDC channel with a common stop derived
from a coincidence between the global trigger and the radio-frequency signal. This
information was further used to sort events off-line by their trigger type.

The read-out electronics and the real-time computing

The read-out electronics and real-time computing play a central role in the DAQ.
They select the incoming data from the electronics based on the trigger conditions
and communicate with the storage unit to send the data to be saved on the disk.
The building blocks of the read-out electronics and real-time computing system are
shown in Fig. 3.20. They start handling data by receiving a signal from the trigger
unit. For every trigger, a dedicated gate-generator unit provides the integration
signals for the FERAs, the common stop signal for the TDCs, and the strobes for
the PCOS-III system. At the same time, the FERAs receive data from the splitters,
with a proper delay of ∼250 ns. These data are integrated in the charge integrating
FERAs within the gate that was provided by the gate generator unit. For instance,
the long and short gates of the ball were intended to integrate different parts of the
incoming signal from the ball. The typical width for the gates are 100-150 ns for
the long gate and 40 ns for the short gate.

After the signals have been digitized in the FERA units, the data are subse-
quently sent to memory units. During this procedure, the triggers from new events
are not accepted, but are counted in scalers and used in the off-line analysis to
correct for dead-time losses.

When one memory is full, the data stream is switched to a second memory unit.
During this period triggers are blocked, which induces an additional dead-time.

11 TB8000, Trigger box.
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Figure 3.20: The building blocks of the DAQ system (Multi-Branch System of GSI) which
starts handling data by receiving a signal from the trigger unit. The memory unit buffers
digitized data from FERAs, TDCs and PCOS-III units. The data are transfered to a mass
storage device via an intermediate (VME) real-time computer.

Immediately after this action new triggers are allowed. When the second memory
accumulates the data, the data from the first memory are transfered to a remote
storage disk. The rate of data saving is limited due to several parameters such as:
the communication link between the memory units and the storage unit, the elapsed
time to write events on the disk, the response time of the electronics modules, and
the processing time by the CPU12. Altogether, they impose a typical data-taking
rate of 15 kHz with a dead-time of 70%.

Data storage

The experimental data are saved on a remote storage disk13 with an average data-
transfer rate of 3.0 Mbytes/s with an average size of an event of ∼200 bytes. Typical
rates are listed in Table 3.3.

12 Central Processing Unit

13 daq storage of University of Groningen
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Table 3.3: A summary of information about the data and some typical rates and experimental
parameters for this experiment:

data-taking rate 15 kHz
T1 rate 8 kHz
T2 rate 42 kHz
T3 rate 85 kHz
T4 rate 280 kHz
T1 downscaling 20

T2 downscaling 23

T3 downscaling 26

T4 downscaling 210

OR E detectors rate 55 kHz
OR ∆E detectors rate 9 kHz
OR wall detectors rate 230 kHz
OR ball detectors rate 380 kHz
live time 70%
data-transfer rate 3.0 Mbytes/s
size of an event 200 bytes
beam current 10-20 pA




