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Chapter 3

Experimental setup

In this chapter, various components of the experimental setup used for the present mea-
surements will be briefly discussed. The Polarized Ion Source (POLIS) at the Kernfysisch
Versneller Instituut (KVI) provided polarized beams of protons and deuterons for the few-
nucleon scattering experiments which are subject of this thesis. Protons and deuterons
were accelerated up to 135 and 65 MeV/nucleon, respectively, by the superconducting cy-
clotron AGOR (Acćelérateur Groningen ORsay). The accelerated beam was transported
to the experimental area via the beam line as illustrated in Fig. 3.1. The work presented
in this thesis was carried out using the Big Instrument for Nuclear-polarization Analysis,
BINA, which was located at the end of the beam line in the N-cell. The beam polariza-
tion was measured using a Lamb-Shift Polarimeter (LSB) [82] before acceleration and by
BINA after acceleration. In the following sections these parts are individually discussed.

3.1 The AGOR cyclotron

The superconducting cyclotron (AGOR) has been constructed and built in collaboration
with IPN (Institut de Physique Nucléaire) Orsay, France. The cyclotron magnet is built
with superconducting coils that can produce magnetic fieldswith values of up to 4 T.
It is a compact three-sector cyclotron with a pole diameter of 1.88 m, equipped with
three accelerating electrodes located in the pole valleys.Figure3.2 shows the operating
diagram of the AGOR cyclotron. Protons can be accelerated byAGOR up to 190 MeV
and deuterons up to a maximum of 90 MeV/nucleon. For the work presented here, we
made use of a 135 MeV proton beam in~pd scattering and a 65 MeV/nucleon deuteron
beam in~dp and~dd scattering experiments.

3.2 The polarized ion source

POLIS is an atomic beam source which can produce both polarized beams of protons
and deuterons [83, 84]. A brief description of how the protonand deuteron beams were
polarized is given.
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24 Chapter 3. Experimental setup

Figure 3.1: The top view of the KVI experimental facility in 2007. The AGOR accelerator
together with POLIS provide polarized beams for the experiments. The detector BINA
resides at the end of beam line in the N-cell.
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Figure 3.2: The maximum available energy for an ion with a givenQ/A-ratio in the
AGOR cyclotron (dots). A proton beam withQ/A=1.0, can be accelerated up to 190 MeV
and a deuteron orα beam withQ/A=0.5 can be accelerated up to 90 MeV/nucleon.

In the case of a proton beam, first, hydrogen molecules are dissociated into atoms by a
radio-frequency (RF) induced discharge. The atoms leaving the dissociator are in one of
the two hyperfine statesF = 0, 1 where~F = ~J + ~I with ~I the nuclear spin and~J the total
angular momentum of the electron. The hyperfine splitting originates from the interaction
of the magnetic dipole moment of the electron with the magnetic moment of the nucleus
(due to its spin). These atoms are subsequently fed through aset of two hexapoles, where
the atoms with electrons in spin-up state (mj = +1/2) are focused and atoms with elec-
trons in the spin-down state (mj = −1/2) are defocused. After the hexapoles, the atoms
are in principle 100% electronically polarized. As illustrated in Fig.3.3, protons with
a “down” or “up” polarization orientation are produced by populating the selected state
via the method of adiabatic transition [85]. By making use of aweak-field transition, the
entire population of the sub-state 1 is transfered to sub-state 3, while the population of
the sub-state 2 stays the same. With this adiabatic transition one can produce a beam of
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Figure 3.3: The polarization scheme for protons using an atomic-beam-type ion source.
Atoms with the electron spin up are focused towards the beam-line, whereas atoms with
the electron spin down are defocused. The nuclear spin is then aligned appropriately in a
radio-frequency transition unit.

protons with the spin in the “down” orientation. Similarly,a beam of protons with the
spin in the “up” orientation is produced by applying a strong-field RF transition which
transfers the population of sub-state 2 to sub-state 4 whilethe population of sub-state 1
stays the same. When leaving the two hexapoles, the atoms enter a dissociator where the
electrons are stripped off.

The polarization of a spin-1
2

particle like a proton is defined as:

pZ =
N+ −N−

N+ +N−
, (3.1)

whereN+,− is the population of particles in the sub-states withmI = +1
2

and−1
2
, re-

spectively. Using the above procedure, a polarization value of either−1 or +1 can be
theoretically achieved.

Polarized beams of deuterons are produced in a similar way. Since in the case of a
deuterium atom, the hyperfine states ofF = 1

2
andF = 3

2
are split up in a magnetic field
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Figure 3.4: The polarization scheme for deuterons using an atomic-beam-type ion source.
In contrast to the polarization of proton beams, theF = 3

2
andF = 1

2
states split up in

four and two sub-states in a magnetic field, respectively. Therefore, transitions induced
between hyperfine states lead to several polarized states.

into two and four sub-states, respectively, a third RF transition is necessary as shown in
Fig. 3.4. A specific combination of the different sub-states can be chosen by applying
either one or a combination of three possible RF transitions.

The vector,pz, and tensor,pzz, polarizations for a deuteron beam consisting of spin-1
particles, are defined as

pZ =
N+ −N−

N+ +N− +N0

, (3.2)

pZZ =
N+ +N− − 2N0

N+ +N− +N0

, (3.3)

whereN+,0,− is the population of particles in the sub-states withmI = +1, 0 and − 1,
respectively. A weak field of 7 MHz or two strong fields of 455 MHz and 331 MHz
(SFI and SFII) will produce beams of deuterons with a pure vector polarization. Apply-
ing a weak-field transition along with the strong-field transition, provides a pure tensor
polarization. The polarization scheme used in our experiment is summarized in Tab.3.1.
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Table 3.1: The polarization states for deuteron and proton beams which were used in the
present experiments were obtained using a combination of one weak-field (WF), and two
strong fields (SI, SII) radio-frequency transition units. The maximum theoretical values
of the vector polarization,pZ and tensor polarization,pZZ , are given in the table.

Deuteron beam polarization
Field(s) pZ pZZ

WF −2/3 0 pure vector down
SFI+SFII +2/3 0 pure vector up
WF+SFII 0 −2 pure tensor down
WF+SFI 0 +1 pure tensor up

Off 0 0 off
Proton beam polarization

Field(s) pz

WF −1 vector down
SF +1 vector up
Off 0 off

The values for the polarization in this table are maximum theoretical values. The actual
polarizations during the experiments were typically50% − 70% of these values.

3.3 The Lamb-Shift Polarimeter (LSP)

The Lamb-shift is a small difference in energy between 2s1/2 and 2p1/2 levels of the
hydrogen (or deuterium) atoms. The 2s-state atoms are metastable and the 2p-state atoms
have a short lifetime (1.6 ns). Figure3.5shows the Breit-Rabi diagram of the deuterium
atom in 2s1/2 and 2p1/2 states. The hydrogen atoms have a similar diagram, except that
the nuclear spin is1/2. The diagram represents the magnetic field dependence of thesub-
level energies of the deuterium atom. Atoms with electron inspin-up (spin-down) state
are labeled withα ande (β andf). In the presence of a magnetic field, the energies of the
α- ande-states atoms increase, whereas the energy of theβ- andf- state atoms decrease as
illustrated in Fig.3.5[86]. At a magnetic field of∼ 57.5 mT the hydrogen and deuterium
atoms have the same level crossing betweenβ ande states which are shown as the crossing
points and they have the same energy separation (1609 MHz) from theα-state having the
same nuclear spin orientation. The Lamb-Shift Polarimeteris based on the properties of
a three-level interaction betweenα, β ande states of the hydrogen (or deuterium) atoms.

The polarization of proton and deuteron beams could be measured before acceleration
in a very short time, (1-2 minutes) with an accuracy of a few percent with the Lamb-
shift polarimeter [82]. A schematic diagram of the LSP is depicted in Fig.3.6. The LSP
consists of five parts:
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Figure 3.5: The magnetic field dependency of the sub-level energies of the deuterium
atom. Atoms with electrons in a spin-up (spin-down) state are labeled withα ande (β
andf ). The Lamb-shift is the separation of the 2s1/2 and 2p1/2 states.

1. A deceleration lens systems;

2. A Cesium oven;

3. A radio-frequency (RF) cavity;

4. A metastable-atom detection system.

5. A long solenoid

The extracted protons or deuterons from POLIS with an energyof between 15 and 35
keV are decelerated down to∼ 1 keV with a two-element electrostatic lens system. The
deceleration procedure increases the neutralization efficiency into the metastable 2s1/2

state. In the second step, the ions are excited to the metastable state 2s1/2 via charge-
exchange collisions with cesium atoms in the cesium oven.

The neutralized atoms pass through the radio-frequency resonator which is oscillat-
ing at 1609 MHz. A longitudinal oscillation field couples the2s1/2 (α-state) and 2p1/2

(e-state). At the same time, an electrostatic field couples the2s1/2 (β-state) and 2p1/2

(e-state). The 2p1/2 is a short-lived state and decays by a single-photon emission to the
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Figure 3.6: Schematic drawing of the LSP, including the deceleration lens systems (1),
cesium oven (2), radio-frequency (RF) cavity (3), metastable-atom detection system (4)
and long solenoid (5).

ground state. The quenching effect can be prohibited at certain magnetic field values for
the atoms of the selected nuclear spin orientation. These three-stateα−β− e resonances
occur at different magnetic field values (produced by a long solenoid) for hydrogen and
deuterium atoms. Hydrogen atoms show two resonances corresponding to the two orien-
tations of the proton spin, i.e. at 53.3 mT for mI = 1/2 and at 60.5 mT for mI = −1/2.
The deuterium atoms show three resonances corresponding tothe three orientations of
the spin of the deuteron, i.e. at 56.6 mT for mI = 1, at 57.5 mT for mI = 0, and at
58.5 mT for mI = −1. The metastable atoms which survive the resonator are detected by
the metastable-atom detection system. Figure3.7 shows the spin sub-states distribution
for a beam of deuterons with the vector polarization. The number of atoms measured in
the different nuclear spin orientations are used to calculate the nuclear polarization. The
analysis procedure of the LSP data is given in chapter5.

3.4 BINA

The experimental setup carrying the name Big Instrument for Nuclear-polarization Anal-
ysis (BINA) was designed and manufactured in collaboration with the Free University of
Amsterdam. The characteristics of a large phase-space coverage, a moderate energy, and
a good angular and time-of-flight resolutions, and the capability of particle identification
(PID) make BINA suitable to study the~pd, ~dp and ~dd elastic and break-up scattering re-
actions. A complete description of BINA can be found in Ref. [30]. In this section a brief
description of BINA is given.
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Figure 3.7: The spin-state distribution for a beam of deuterons with a pure vector polar-
ization.

3.4.1 BINA detector system

BINA is composed of a forward wall and a backward ball as illustrated in Fig.3.8.
The forward part consists of a Multi-Wire Proportional Chamber (MWPC) and a seg-
mented hodoscope of vertically-placed thin scintillatorswith a thickness of 2 mm each
(∆E detectors) followed by ten horizontally-placed scintillators with a thickness of 12 cm
each (E detectors). Both E and∆E detectors are made out of BICRON plastic, BC-
408. The horizontally-placed thick scintillators were mounted in a cylindrical shape (ra-
dius=75.2 cm) with the center of the arc coinciding with the target center. The thickness
of these scintillators is sufficient to stop all the protons and deuterons originating from ex-
periments which are discussed in this thesis. The remainingten scintillators at the wings
are reserved for polarization-transfer measurements, andwere, therefore, not used during
the experiments presented here. All scintillators were readout by PMTs on both sides.
This combination of detectors provides a measurement of thescattering angles, particle
identification, and an energy determination for protons, deuterons and tritons. The detec-
tor covers scattering angles from 10◦ up to 32◦ with a full azimuthal coverage and up to
37◦ with a limited azimuthal acceptance. The information from the thin were used only
for the calibration of thick scintillators and for determination of MWPC efficiency. The
particle identification was solely based on the energy response of the thick scintillators in
combination with the expected kinematical behavior of the elastic reactions.

The MWPC of BINA consists of X, Y, and U planes [87]. These planesare parallel
arrays of equally-spaced anode wires to read out the interaction points of the scattered
protons and deuterons. The X plane has 118 output channels from vertically-oriented
wires, the Y plane has 118 output channels from horizontally-oriented wires, and the U
plane has 148 output channels from the wires which are placedat an angle of 45◦ with
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Figure 3.8: A side view of BINA. The left-hand side of the sketch shows the forward part,
which consists of a Multi-Wire Proportional Chamber (MWPC), anarray of thin plastic
scintillators (∆)E, followed by a wall of thick segmented scintillators (E).The backward
part of the detector, shown on the right-hand side, consistsof 149 phoswich scintillators
glued together. This ball also acts as the scattering chamber.
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respect to the X and Y planes. The MWPC has a central hole for a safe passage of the
incident beam through the beam pipe. The detection efficiency of the MWPC was about
92% and 98% for protons and deuterons, respectively. The backward part has 149 small
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Figure 3.9: The measured energy of elastically-scattered protons, Eball, versus the energy
of the corresponding deuterons, Ewall, in the2H(~p, pd) reaction at 135 MeV.

pyramid-shaped phoswich scintillator elements. Each scintillator element consists of a
pyramid-shaped fast plastic scintillator, BICRON BC-408, and glued to its face surface, a
1 mm thin slow scintillator BICRON BC-444. This allows for energydetermination and
particle identification. These pyramid-shaped scintillators elements are classified into
larger building block elements of pentagonal and hexagonalshapes. The complete ball-
shaped backward detector is made of these two main building blocks. The backward ball
acts as a detector and scattering chamber at the same time. The position and energy of the
particles scattering to 40◦-165◦ can be measured by the backward ball. In our analysis,
we have mainly used the backward ball for a coincidence requirement with the forward
wall of BINA. Figure 3.9 shows the correlation between the energy deposited in one of
the scintillators at forward angles and in one of the phoswich detectors of the backward
part of BINA whose centroid is located at an angle of 125◦. A clear correlation can be
seen, which corresponds to a background-free observation of the elastic channel in proton-
deuteron scattering experiment, with deuterons detected at forward angles in coincidence
with protons detected at backward angles. The tail on the left-hand side of a very dense
set of data points (“blob”) corresponds to deuterons which have undergone a hadronic
interaction inside the forward scintillators. The vertical tail corresponds to protons which
have undergone a hadronic interaction inside the backward scintillators.

3.4.2 Targets

A variety of targets were employed for the experiments discussed in this thesis, namely
a solid CH2, a Zinc Sulphide (ZnS), and a liquid deuterium (LD2) target. The ZnS target
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Figure 3.10: The left panel shows the target cell and right panel the target inside the
BINA backward ball. The cell is half filled with liquid deuterium. The thin Aluminum
cylinder around the target cell (the 80 K shield) is used to isolate the cold head from the
surrounding environment.

together with an empty cell were used to optimize the beam position and optics. All
targets were mounted vertically on a holder and were put in the center of the backward
ball. The target holder could be moved by a pneumatic system.Since the liquid target is
usually pure and, therefore, induces little background, weused mainly this kind of target
in the scattering experiments. Operating a liquid target requires additional equipments
including a cryogenic system, a heater, a gas-flow system, temperature sensors, and a
temperature controller unit.

The target cell used in the experiments (see Fig.3.10) is made of high purity Alu-
minum to optimize the thermal conductivity. The windows were covered by a transparent
foil of Aramid [88] with a thickness of 4µm. The typical operating temperature for deu-
terium was 17 K with a pressure of 256 mbar. The nominal thickness of the cell was
3.3 mm. In addition, the thickness of the target was increased by 0.65 mm due to bulging
of the cell which leads to a thickness,ρh, of 65.1±3.3 mg/cm2 whereρ is the density and
h is the length of the target. The size of bulging was first estimated via a measurement
of the target thickness as a function of pressure at room temperature. At the operational
pressure the target had a bulging of 1.3 mm. However, the foils become more rigid as they
cool down. So, the actual target thickness was obtained by comparing the cross section
measurements at KVI between solid and liquid targets. The bulging at the operational
temperature is found to be about 50% of the bulging at room temperature.

3.4.3 Beam luminosity monitor

The beam current was monitored during the experiments via a Faraday cup at the end
of the beam line. The Faraday cup is made of a copper block containing a heavy alloy
metal as the actual beam stopper. The current meter was connected to the Faraday cup
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with a short cable to avoid the voltage drop and pickup effect. The current meter was
calibrated using a precision current source (KEITHLEY 263 calibrator/source) with an
uncertainty of 2%. The beam current was typically 4 pA in the~dp and ~dd and 15 pA in
the~pd experiments. An offset of 0.24±0.07 pA in the beam current was observed in the
~dd experiment through a comparison ofT20 measured with BINA with the one measured
with BBS.

3.4.4 Electronics

The individual signals of all detectors were digitized and stored using the BINA acquisi-
tion system, BINA-DAQ. A trigger system was used to pre-select events and a real-time
computer (RIO3) was employed to collect and store the data to amass storage device
located at the computing center of the University of Groningen. The electronics of BINA
can be subdivided into the forward wall, the backward ball, and the MWPC electronics.
Here, a short description of each part is given.

The forward-wall electronics provides and discriminates signals for the BINA-DAQ
from 10 E-detectors and 12∆E-detectors. The block diagram of the forward wall elec-
tronics is shown in Fig.3.11. Analog signals from E and∆E detectors are split up into
two parts. One of the outputs was sent to a charge-integration QDC unit (LeCroy 4300B
FERA) after a cable delay of∼ 250 ns. The integration gate of the QDC was obtained
from the trigger signal. The second output was fed to a discriminator (C.A.E.N. 16 CH
C808 CFD). The logic output signals of the CFDs were used to generate the trigger.
The signals were also fed into CAMAC-based time-to-digital converter (LeCroy 3377
TDC) and into the VME-based scaler units (C.A.E.N. V830). The TDCs were used in a
common-stop mode and the start signal of the TDCs was made by the discriminator of the
individual PMT signals. The stop signal was produced by the trigger signal. The readout
of the signals from the backward ball followed a similar scheme as for the forward wall
and is depicted in Fig.3.12. In addition, the second output was fed to a passive splitter
box which splits up the signal for long-gate and short-gate integration.

The MWPC of BINA has three parallel planes with a total of 384 output channels. The
signals from the wires are read out by a PCOS-III electronics system (LeCroy’s Propor-
tional Chamber Operation System). A sketch of the electronics of the MWPC is shown
in Fig. 3.13. The read-out signals from the wires are amplified and sent toa discrimina-
tor. The logic signals are then delayed and registered usinga programmable delay and
latch unit (LeCroy 2731A). The information from the delay andlatch unit were collected
by a CAMAC PCOS controller unit and sent to a VME memory unit via ahand-shaking
protocol. The strobe signal for the PCOS controller is received from the common trigger
signal.

3.4.5 Trigger

The trigger conditions in our experiments were designed to pre-select specific reaction
channels. Three different triggers were used in the~pd, ~dp and ~dd scattering experiments
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Figure 3.11: The scheme of the forward-wall electronics of BINA. In this part, signals
from 44 E,∆E detectors are split into two parts via an active splitter. From the first
output, after a cable delay of∼250 ns, the signal is sent to the FERA. The second output
is sent to a CFD to be used as the input to a trigger unit.

Figure 3.12: The electronics of the BINA backward ball. The first splitting unit is of the
same type as used for the forward-wall electronics. In orderto generate two copies of the
output signal of the active splitter, the signal is sent to a passive splitter before sending it
to the FERA.

and were defined as follows:

1. T1: This trigger was constructed from the 20 CFD signals of the E detectors and
the 24 CFD signals of the∆E detectors. The 20 CFD signals were added linearly
and the corresponding SUM signal was fed into a leading-edgediscriminator. The
discriminator level was set such that an output signal was generated in the case that
at least three CFD signals were active. In other words, the multiplicity of firing
PMTs of the E detectors was selected to be larger than two to generate a signal.
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Figure 3.13: A sketch of the electronics of the MWPC in BINA. TheMWPC has three
planes with 118, 118, and 148 read out channels in the X, Y, andU planes, respectively.
The read-out is based on a PCOS-III acquisition system.

A similar multiplicity signal was produced from the 24 CFD outputs of the∆E
detectors. Also here, a multiplicity of more than two was demanded. The two
multiplicity signals from the E and∆E detectors were ORed together which gave
the so-called “T1” trigger. Note that this trigger enhancesevents in which at least
two particles impinged the forward wall of BINA.

2. T2 : This trigger was made from a coincidence between an OR signal of all the
CFD signals of the forward scintillators and an OR of all the CFDoutputs of the
backward ball detectors.

3. T3 : This trigger corresponds to an OR of all the CFD signals from all the scintilla-
tors in BINA.

The first trigger T1, has been applied to select the break-up reaction in which two particles
scatter towards the forward part of BINA. The T2 trigger is useful to study any reaction
in which one particle scatters to the forward wall and the second one to the backward
ball. Part of the phase space of elastic~pd, ~dp and ~dd scattering reactions as well as
transfer channels and break-up channels in the~dd scattering can be studied by imposing
T2 trigger condition. With the T3 trigger one can register any type of event and it was,
therefore, used as a minimum bias trigger to determine the T1and T2 trigger efficiencies.
A dedicated trigger box (TB8000) was used to combine the triggers and to produce a
common trigger output. The common trigger output was used togenerate the gates of
the QDCs, the strobe of the PCOS-III system, and the common stopsignal of the TDCs.
The trigger box allowed to pre-scale the individual triggers by a factor of 2n (n=1, 2,
3,....) or to disable the trigger completely. With such a setup, we were able to bias our
acquisition system to enhance a certain reaction or a part ofthe phase space. Table3.2
gives an overview of some of the counting rates which were obtained during the~pd, ~dp,
and~dd scattering experiments.
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Table 3.2: Typical counting rates for individual triggers and their scaling factors, count-
ing rates for the OR of the E-detectors, the OR of the∆E detectors, and the OR of the
Ball detectors. The numbers were obtained in three differentscattering experiments as
indicated for each column.

Reaction ~pd ~dp ~dd
T1 rate [kHz] 3.8 18 27
T1 downscaling 22 20 20

T2 rate [kHz] 21 27 36
T2 downscaling 21 21 21

T3 rate [kHz] 198 148 160
T3 downscaling 29 26 26

OR of E-detectors [kHz] 247 129 170
OR of∆E-detectors [kHz] 52 48 63
OR of ball detectors [kHz] 116 130 145
Beam current [pA] 15 40 5




