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Chapter 3

Experimental Setups

In this chapter, the experimental setups used for the measurement of the analysing powers and
cross sections of the reactions2H(~p, dp) andH(~d, dp) will be described. A schematic overview
of the experimental setups can be seen in figure 3.1.

First, a short overview will be given about the ion sources. These are explained in more
detail in [Fri96]. Since for both experiments a precise determination of the polarisation degree
of the ions is essential, the KVI In-Beam Polarimeter (IBP) will be described in some more
detail. In section 3.4, the EuroSuperNova (ESN) focal-plane detection system, which has been
used to measure the reaction2H(~p, dp) as a function of beam energy, will be explained. For the
measurement of the cross section and analysing powers of the reactionH(~d, dp), the Small-Angle
Large-Acceptance Detector (SALAD) has been used. This detector will be described in section
3.5.

3.1 The Ion Source

The polarised beams, used for the present experiments, were produced by the KVI atomic-beam-
type Polarised Ion Source (POLIS). In this ion source, the nucleons of hydrogen or deuterium
atoms are aligned by selecting some of the atomic hyperfine sub-states, as is shown in figures
3.2 and 3.3. In the case of hydrogen, molecules leaving the gas bottle are first dissociated into
atoms and cooled down. The atoms leaving the dissociator are in one of the two hyperfine
statesF = 0, 1. Atoms in theF = 1 state with the electron spin up are selected for further
polarisation. This is done by focusing these atoms using two magnetic hexapole fields. Atoms
with the electron in the spin-down state defocus while passing the hexapole fields. The hexapoles
are followed by two radio-frequency transition units, which are used to select a specific proton
spin by inducing a transition between two appropriate hyperfine sub-states. Each unit consists of
a cavity with a static magnetic field delivered by a permanent dipole magnet. In this magnetic
field, the atomic states will split into sub-states with the electron spin in the up state (↑) and the
nucleon spin either up or down. Protons polarised mainly in the up state can then be produced by
inducing a radio-frequency transition from the hyperfine sub-state2 (see figure 3.2) to sub-state
4, leaving the atoms in sub-state1 untouched. The frequency field used for this transition is also
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Figure 3.1: Schematic drawing of the experimental facility at KVI, including the ion sources and
the superconducting cyclotron AGOR (anno 2001).
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Figure 3.2: Polarisation scheme of 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 in a radio-frequency transition unit.

denoted as the strong field. Protons with down polarisation are produced by leaving the atoms
in sub-state2 untouched and inducing a radio-frequency transition from sub-state1 to sub-state
3, using a weak transition field. When leaving the two cavities, the atoms enter a dissociator,
where the electrons are stripped off. Using this procedure, polarisation values from−1 to 1 can
be theoretically achieved.

Polarised deuterons are produced in a similar way, as can be seen in figure 3.3. However,
theF = 1/2 andF = 3/2 hyperfine states of the deuterium atom split up in a homogeneous
magnetic field into two and four sub-states, respectively. Therefore, as is shown in figure 3.3,
a third radio-frequency transition has to be used. Specific combinations of the different sub-
states can then be chosen, by applying either one or a combination of the three possible radio-
frequency transitions. To understand the possible polarisation states, the following considerations
are necessary. The polarisation degrees of the deuteron are defined as

pZ = N↑ −N↓

pZZ = N↑ +N↓ − 2N0
(3.1)

whereN (↑↓0) give the population density in a specific polarisation sub-state, with the normalisa-
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Figure 3.3: Polarisation scheme of deuterons using an atomic-beam-type ion source. In contrast
to the polarisation of protons, 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 polarised states, as is explained in the text.

tion

N↑ +N↓ +N0 = 1. (3.2)

Thus, for a maximum vector polarisation withpZ = ±1, it follows from equation (3.1), that
the deuterons will also be tensor polarised withpZZ = 1. The maximum degree of polarisation
achievable for purely vector polarised deuterons ispZ = ±2/3. Deuterons with pure tensor
polarisation can, however, be obtained withpZZ = −2, 1 andpZ = 0 (see below).

As can be seen in figure 3.3, deuterons with pure vector polarisation can be obtained by
either applying the weak field, which givespZ = −2/3 andpZZ = 0, or by applying both strong
fields, leading topZ = 2/3, pZZ = 0. However, with this scheme, no deuterons with pure tensor
polarisation can be obtained. The possible combination of fields, together with the maximum
possible polarisation values, are given in table 3.1. To obtain polarised deuterons with pure
tensor polarisation, a weak field, which resides between the two magnetic hexapole fields, has
to be used instead of the weak field following them. Since this weak field offers a lot more
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Table 3.1:The possible polarisation degrees of deuterons which can be obtained using a combi-
nation of one weak-field and two strong-field radio-frequency transition units is shown in the left
table. When the weak field is replaced by a medium field between the magnetic hexapole fields,
the polarisations given in the right table can be obtained. These are theoretical values. The
fields are denoted by: WF= weak field, SI= strong field I, SII= strong field II, MF= medium
field.

Field(s) pZ pZZ
WF −2/3 0
SI +1/3 1
SII +1/3 −1

WF SI −1/3 1
WF SII −1/3 −1
SI SII 2/3 0

WF SI SII 0 0

Field(s) pZ pZZ
MF −1/2 −1/2
SI +1/3 1
SII +1/3 −1

MF SI 0 +1
MF SII 0 −2
SI SII 2/3 0

MF SI SII +1/2 −1/2

capabilities for the polarisation extraction, it is denoted as a medium field. The transition scheme
of figure 3.3 stays the same. However, deuterons residing in state4 after passing the medium field
are defocused in the second hexapole field. According to equation (3.1), the remaining deuterons
will now have a mixed vector- and tensor polarisation, withpZ = −1/2 and pZZ = −1/2.
Applying now the transition with the second strong field will lead to a population of the sub-
states2 and5, as can be seen in figure 3.3. The deuterons will have pure tensor polarisation with
pZ = 0 andpZZ = −2. A complete overview of the possible polarisation states, using a medium
field instead of the weak field following the hexapole magnets, are given in table 3.1.

As a last remark, it should be noted that all polarisation degrees mentioned here are the-
oretical, which are hard to obtain in practice. This is due to several experimental factors and
uncertainties. The polarisation degrees, which were obtained during the experiments described
in this thesis, are typically60− 70% of the theoretical values and will be given in section 4.1.

During the measurements of the scattering observables of the reaction2H(~p, dp), measure-
ments with POLIS were done in the sequencestrong field- weak field- no field. For part of the
measurements of the spin-averaged cross sections, in which the polarisation played no role, an-
other ion source was used. Unpolarised ions were obtained from the CUSP source, in which only
the electrons are stripped off the atoms. During the measurement of the scattering observables
of the reactionH(~d, dp), all fields given in table 3.1 were used in a mixed sequence.

3.2 AGOR and the Beam Lines

The beam lines, together with all the experimental setups used in this work, are drawn schemati-
cally in figure 3.1. The ions are injected from either of the two sources described in the previous
section into the low-energy beam line with kinetic energies up to a few tens of keV. From the
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Figure 3.4: Operation diagram of AGOR. The black curve constitutes the limit, within which
possible combinations of energies per nucleon and corresponding charge-to-mass ratio (Q/A)
must lie. Note, however, that the kinetic energy of 120 MeV/A for a proton beam (Q/A = 1) lies
outside this curve.

low-energy beam line, the ions are injected into the superconducting cyclotron AGOR and accel-
erated to the desired kinetic energy. AGOR was built specifically for the purpose of accelerating
particles of different masses and to different kinetic energies. In figure 3.4, the possible kinetic
energies per nucleon, which can be achieved, are shown. For the measurements of the analysing
power and the differential cross section at 120 MeV, the protons were accelerated to an energy
outside the operation diagram. The accelerated ions are extracted in a multi-turn extraction
scheme and injected into the high-energy beam line. Protons with a kinetic energy of 108 MeV
were obtained by degradation of protons accelerated to 120 MeV.

3.3 The In-Beam Polarimeter

The KVI In-Beam Polarimeter (IBP) [Bie01] is set up halfway up the high-energy beam-line, as
can be seen in figure 3.1. The IBP is used to measure the polarisation degree of incoming protons
or deuterons, via the H(~p, pp) or the H(~d, dp) reaction, respectively. It is constructed in a way
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Figure 3.5: A cross-section drawing of the In-Beam Polarimeter (IBP) at KVI.

to measure both particles emerging from the scattering reaction in coincidence. This is done for
azimuthal scattering angles at0◦, 45◦, 90◦ and135◦. The setup of the IBP can be seen in figures
3.5 and 3.6. It consists of sixteen phoswich detectors arranged in four planes at0◦, 45◦, 90◦ and
135◦. The0◦ plane corresponds to the horizontal plane in the laboratory frame of reference. Each
plane consists of four detectors. For a chosen centre-of-mass scattering angle, two detectors in
each plane measure the scattered particles in coincidence.

Each phoswich detector consists of a thin plastic scintillator layer with a slow decay-time,
and a thick layer with a large decay time. The energy signals of each phoswich detector are
recorded in two CAMAC-based Fast-Encoding Readout ADCs (LeCroy 4300B FERA). One
FERA channel is gated with a short time gate (about 40 ns), to measure mainly the∆E signal,
the other channel is gated with a long time gate (about 400 ns), to measure both, the∆E and
E signals. The output signal of each detector is also fed into a constant-fraction discriminator
(LeCroy 3420 CFD). The logic signal from this CFD is splitted. One signal is fed directly to a
CAMAC-based scaler unit, to measure the singles rates. The other logic signal goes to a scaler
unit via a Memory-Lookup Unit (MLU). This way, the coincidence rates of the detector pairs
can be measured directly. For each plane, the left-right asymmetry between two detector pairs
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Figure 3.6: 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 forφ = 0◦. Detectors
3 and 4 are mounted in the same way, but forφ = 180◦. The difference of the counts between
these two detector pairs gives the left-right asymmetry. The detector pairs of the other planes
are mounted in the same manner.

at azimuthal scattering anglesφ with a difference of180◦,

A =
N(φ)−N(φ+ 180◦)

N(φ) +N(φ+ 180◦),
(3.3)

can be measured, as is explained in the caption of figure 3.6. For each plane, the polarisation
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degreep can then be determined via the relationship

A = Ayp, (3.4)

if the analysing powerAy of the scattering reaction for the specific scattering angle is known.
For the measurement of the asymmetry and the determination of the polarisation, the coincidence
events recorded by the scaler units were used in the analysis, after checks were made to make
sure that the coincidences were clean.

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 beam halo, which is, in principle, also seen
by the detector in the experimental hall. Therefore, measurements of the polarisation with the
IBP should be done separately from the actual experiment to avoid influencing the experimen-
tal results. However, for measurements with the BBS/ESN detector, as described in this thesis,
background reactions due to the beam halo were not seen by the magnetic spectrometer. There-
fore, during the measurements of the analysing power and the cross sections of the2H(~p, dp)
reaction, the polarisation could be measured simultaneously with the IBP. For the measurement
of theH(~d, dp) reaction with SALAD, however, the polarisation degree was measured about ev-
ery two hours, when the measurements with SALAD were paused. In principle, the polarisation
could also be measured with SALAD, and the measurements with the IBP therefore make up an
additional, redundant check of the polarisation. However, the goal of the measurement of the
reactionH(~d, dp) was to determine the vector- and tensor-analysing powers at 130 MeV. There-
fore, the determination of the polarisation had to be done with a different setup, to avoid biased
results.

3.4 The Big-Bite Spectrometer

For the measurement of the2H(~p, dp) reaction, the magnetic Big-Bite spectrometer (BBS) [Ber95]
was used together with the EuroSuperNova (ESN) focal-plane detection-system [Wör01]. Since,
due to the mass-ratio of protons and deuterons, a large amount of recoil-momentum is trans-
ferred to the deuteron during the reaction, both particles emerge from the target after the scat-
tering process. This made it possible at some kinematics to detect both outgoing particles in
coincidence, one with the BBS/ESN focal-plane detection system and the other one with a co-
incidence scintillator mounted inside the scattering chamber. A schematic drawing of the setup
of the experiment is shown in figure 3.7. In this section, the setup of the parts of this detector
used during the experiment will be described. First, the scattering chamber will be described in
some detail. The setup of the BBS and the ESN detector have been described in detail in ref-
erences [Ber95, Ẅor01, Mol99, Zeg99, Han01, Hag97] and therefore will be discussed here only
briefly.

The Scattering Chamber

The scattering chamber of the BBS is mounted at the end of the S-line (see figure 3.1) and is
connected via two valves directly to the beamline on one side and to the spectrograph on the
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Figure 3.7: Scheme of the setup of scattering chamber, BBS and ESN. Of the ESN detection
system, only those parts are shown which were used during the experiment.

other side. Since the BBS can be rotated between−10◦ and 55◦, the scattering chamber is
constructed in a way to be able to follow these rotations. The beam line, which is fixed in the
laboratory, is therefore connected to the scattering chamber via a sliding seal. The cover can be
rotated independently of the rest of the scattering chamber.

Inside the scattering chamber, several targets were mounted on a target ladder. This target
ladder could hold up to five targets. Two of the target positions were occupied by a ZnS target,
used for focusing the beam, and an empty-frame target for monitoring the beam halo. The other
target positions were occupied by CD2 targets of different thicknesses. These targets were used
for the measurement of the2H(~p, dp) reaction. More details on the targets will be given in section
3.6.1. The target ladder could be rotated, to allow for low-energy particles emerging from the
scattering process and crossing the target.

A 2 mm thick scintillator was mounted inside the scattering chamber to measure the corre-
sponding outgoing particle (proton or deuteron) in coincidence with the particle detected by the
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BBS/ESN detector. This scintillator was connected via a light guide of20 mm thickness and
60 × 60 mm2 area to a PhilipsXP2020photomultiplier. While scintillator, light-guide and pho-
totube were mounted inside the scattering chamber vacuum, the base of the photomultiplier was
connected from the outside to the phototube. For the measurement of the analysing powers at
120, 135, 150 and170 MeV, a CERN-developed base was used. With this base, the photomulti-
plier was operated at high voltages of−1.9 and−2.0 kV. For the measurement of the analysing
power at190 MeV and the cross sections at all energies, a transistorised base developed by
Philips was used. Here, the photomultiplier was operated at a high-voltage of−1770 V.

For laboratory scattering angles8.5◦ ≤ θlab ≤ 14◦, a Faraday cup was used which was fixed
in the BBS between the quadrupole magnetsQ1 andQ2 (see next subsection). Atθlab = 5◦, a
Faraday cup inside the BBS was used. The position of this Faraday cup had to be adjusted for
the magnetic setting of the dipole (see next subsection). For laboratory scattering angles larger
than 14◦, a Faraday cup was installed inside the scattering chamber to stop the beam and to
measure the beam current. This Faraday cup consists of a copper block containing a heavy metal
alloy as the actual beam stopper. During the measurement both the copper block and the heavy
metal become highly radioactive and emit a large amount of neutron andγ-radiation. Therefore,
the singles count rate of the coincidence detector inside the scattering chamber was in the order
of 106, although the highest count rate expected due to the2H(~p, dp) reaction should be in the
order of103. This high background count rate led to a loss in the coincidence count rate of the
good events, which has not been understood completely but has been investigated and will be
explained in more detail in section 5.1.1.

The BBS/ESN Focal-Plane Detection System

The BBS consists of two quadrupoles for focusing the particles which enter the spectrometer, and
a dipole for selecting the particles according to their momentum. These magnets are positioned
in the order QQD. For each angular setting of the BBS/ESN detector, the fields of the magnets
had to be adjusted for the selected kinematics of the scattering process of interest.

The ESN detection system consists of two vertical drift chambers (VDCs) and two scintillator
planesS1andS2 for the focal-plane detection. Each VDC contains anx- and au-plane. Both
planes are filled with a gas-mixture consisting of 50% argon and 50% iso-butane. The wires of
the VDCs act as anodes, whereas the VDC foils act as cathodes. When a particle traverses the
drift-chambers, it ionises the gas molecules contained in the chambers. The electrons then drift to
the wires closest to the point of traversal. The drift times of the electrons are measured by TDCs
with respect to a common time signal. From this drift time, the track of the particle through
the wire chambers can be reconstructed. Since the particles are separated by the dipole magnet
of the BBS according to their momentum, particles with different momenta will be separated in
thex-direction in the VDCs. From the information of thex- andu-planes, the deviations of the
particle track from the central ray can be determined. To generate a trigger for the readout of
the VDCs, the two scintillator planesS1andS2are used. Each plane consists of five vertical
scintillators, positioned next to each other. Each scintillator is read out by two photomultipliers,
one at the bottom and one at the top.

During the experiment, measurements were made with the BBS/ESN detection system at
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angles between5◦ and 53◦. At angles above11◦, measurements were made with the dipole
magnetic field of the BBS adjusted alternately to select the outgoing proton or the outgoing
deuteron. At angles below11◦, measurements were done only with the dipole field adjusted for
selecting the deuteron. The proton detection with the BBS at small angles in coincidence with the
outgoing deuteron was not possible, because the kinetic energy of the corresponding deuteron is
too low to traverse the target and reach the coincidence detector. When measuring protons with
the BBS at these small angles using onlyS1andS2for the trigger generation, protons from the
12C(p, p′)12C reaction entering the BBS have a similar momentum as protons emerging from the
2H(~p, dp) reaction due to very small momentum transfers. These processes could, therefore, not
be distinguished at angles below11◦ and no measurements with protons entering the BBS were
done.

The Electronics Scheme

The electronics readout of the BBS/ESN detection system, shown in figure 3.8, corresponds
completely to the electronics setup used by the ESN collaboration [Wör01] for those parts of
the detectors, that were used during this experiment. The electronics readout will, therefore, be
described only briefly.

The VDC signals were amplified and discriminated in preamplifier/discriminator cards moun-
ted directly on the drift chambers. The signals were read out by CAMAC-based time-to-digital
converters, TDC 3377 of LeCroy. The analogue signals of the photomultipliers were fed into
buffers, to shape and amplify the signal. These amplified signals were then fed into constant-
fraction discriminators (CFDs), CCF8200 of Ortec. These CFD units have two output channels
for the logic signals. The logic signals from channel A have a constant width and were used for
the trigger generation. These signals were also recorded by the scaler units. The output width
of the signals emerging from channel B, however, corresponds to the time that the analogue sig-
nal exceeded the threshold of the CFD. This time-over-threshold corresponds to the height and
the shape of the analogue pulse. If the identity of the measured particle is known, the time-
over-threshold signal is a measure of the energy deposited in the scintillator. To measure the
time-over-threshold, the rising and falling flanks of the logic signals from channel B of the CFDs
were also recorded by TDC 3377. However, due to time-jitters, the correspondence between the
time-over-threshold signal and the energy-loss gets smeared out. Furthermore, for some kine-
matics, protons and deuterons emerging from the reaction2H(~p, dp) have similar momenta and
overlap in the focal plane. For other kinematics, deuterons emerging from the2H(~p, dp) reac-
tion overlap with protons emerging from the reaction12C(p, p′)12C or with deuterons from the
reaction12C(p, d)11C. Examples for these kinematics will be shown in section 4.2.

The logic signals of the photomultipliers ofS1andS2, see figure 3.7, were ORed separately
for each scintillator plane. An AND of these ORs was made to generate the trigger. If all events
in the BBS/ESN detector above a chosen threshold were to be acquired, this so-called singles-
trigger was used. The analogue signal of the photomultiplier of the coincidence detector inside
the scattering chamber was also amplified and fed through a CFD channel of the ESN electronics,
and treated in the same way as the ESN photomultipliers. The logic signal generated was also
recorded in a scaler and the time-over-threshold was measured in two TDC channels. To generate
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Figure 3.8: Diagram of the electronic readout system of the BBS/ESN focal-plane detection
system.

a coincidence trigger, an AND was made of this signal together with the BBS/ESN trigger as
discussed above (see figure 3.7). When a trigger was generated, the electronic systems were
read out by a VME-based AXP. This computer was operated with the real-time operating system
VxWorks. For the signal processing, the KVI data-acquisition softwarecdaq[Zwa96] was used.
The event buffer was sent via a network cable to a unix-computer. There, the data stream was
written to tape. Part of the data stream was used for the online analysis. The number of various
triggers were also written to CAMAC scaler units (LeCroy 4434). In one of the scaler channels,
the information about the beam-polarisation was stored. This information was given as a number
(3, 5 and 7) or (15, 29 and 31 for a few measurements), corresponding to the polarisation of the
proton beam (down, up or off) and will be referred to further as thepolarisation bit. Further,
the collected charge from the Faraday cup, the number of the acquired events and the global
time were stored in the scaler units. The scaler units were read out about every ten seconds
independent of the real event triggers.

3.5 The Small-Angle Large-Acceptance Detector

The experiment for the measurement of the differential cross section and the deuteron vector-
and tensor-analysing powersiT11, T20 and T22 of the reactionH(~d, dp), which was done in
combination with a proton-deuteron break-up measurement, was performed using the Small-
Angle Large-Acceptance Detector (SALAD) at KVI. This detector is positioned in the p-line
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Figure 3.9: The Small-Angle Large-Acceptance Detector (SALAD). Depicted are the MWPC in
the front, the∆E detector (thin horizontal strips) and the energy detector in the back. In the
centre of SALAD there is a hole, to leave space for the beam pipe, also shown in this figure.

(see figure 3.1) and was built primarily for the measurement of thepp-bremsstrahlung [Hui99]
and thepp-e+e− [Mes99] processes. The setup of SALAD is, therefore, described in detail
in [Kal00,Kal98a,Hui99,Mes99]. For the present experiment described here, a number of mod-
ifications were made, which will be described in some more detail. In the setup used for this
experiment [Erm98], SALAD consisted of a multi-wire proportional chamber (MWPC), a plane
of 24 thin scintillators, and a plane of 24 thick scintillators, as is shown in figure 3.9. The MWPC
was built at the Indiana University Cyclotron Facility (IUCF) [Vol99]. It consists of anx, ay and
a u plane. Thex andy planes consist each of 192 wires, theu plane of 256 wires. Every two
wires are connected together to form one electrical signal. Due to the construction with three
planes, it is possible to track several particles simultaneously through the MWPC. In the middle
of the MWPC there is a hole, through which the beam pipe passes.

The first scintillator plane consists of 2 mm thick scintillators. These are positioned in two
columns, each containing 12 scintillator strips placed horizontally and next to each other, as can
be seen in figure 3.9. Each scintillator stripe was read out by a two-inch 12-stage PhilipsXP2020
phototube, coupled via a light-guide to the scintillator. Apart from the central four scintillator
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strips, each scintillator has a length of 630 mm and a width of 62 mm. The four central strips
have a length of 450 mm, to leave room for the beam pipe. This scintillator plane was used as a
∆E detector. The∆E detector was added to SALAD specifically for the present experiment.

The scintillators of the second plane are aligned in two rows, each containing also 12 scin-
tillators. These scintillators have a thickness of 112.5 mm. The scintillators are aligned in such
a way, that they form part of a cylinder with a radius of 915 mm around the target cell. Each
scintillator stripe was read out via an 8-stage PhilipsXP2282/Bphototube, connected via a light-
guide to the scintillator bar. These thick scintillators stop protons with a kinetic energy of up to
135 MeV and deuterons up to200 MeV, thus forming an energy detector. As can be seen in figure
3.9, the two scintillator planes, forming a∆E-E telescope, were mounted in such a way that the
∆E strips formed a grid with the scintillators of the energy detector acting as a hodoscope.

3.5.1 The Electronics Readout

A schematic overview of the electronics readout for SALAD is given in figure 3.10. It is based
on CAMAC electronics which are read out by a VME-based alpha processor.

To accommodate high count rates, the scintillators were read out by transistorised voltage
dividers capable of handling large currents. For the energy detectors, these wereVD182K/B02
and for the∆E detectorsVD124K/05, both manufactured by a daughter-company of Philips
now called Photonis1. The analogue signals of the photomultipliers were fed into an active
splitter box. One output of this box was fed into CAMAC-based constant-fraction discrimi-
nators (LeCroy 3420 CFD). The logic output signals of the CFDs were used to generate the
trigger. These signals were also fed into CAMAC-based time-to-digital converters (LeCroy
3377 TDC) and into CAMAC-based scaler units (LeCroy 4434). The TDCs were capable of
recording multiple hits in each channel and were used in a common-stop mode. The second ana-
logue output of the active splitter box was fed into a CAMAC-based charge-to-digital converter
(LeCroy 4300B FERA) to measure the energy. The MWPC was read out via preamplifier and
discriminator cards (LeCroy 2735PC), mounted directly onto the wire chamber. Each card had
16 channels, with each channel connected to two wires. The cards were connected via flat cables
to CAMAC-based PCOS delay-and-latch modules (LeCroy 2731A). These were read out by a
LeCroy 2738PC PCOS controller. From the PCOS system, wire clusters were read out, giving
the central wire of a cluster and its width, i.e., the number of wires that fired.

The trigger of SALAD was generated using the KVI-built SALAD trigger module (STM)
[Sch99]. This is a CAMAC-based programmable module consisting of five memory look-up
units. With this module, the information given by 48 scintillators could be transformed into up to
four possible pre-programmed trigger signals. These trigger signals were given to a GSIGS6000
trigger unit. This unit can receive up to eight trigger signals. The trigger signals can be scaled
down, and a logical OR of all the down-scaled inputs is generated. The output of the different
signals are, apart from the actual trigger pulse, all eight input pulses before and after dead-time
and after down-scaling.

The read-out of the CAMAC systems was done by a VME-based alpha workstation run-
ning VxWorks. When a trigger was generated, the FERA and TDC units were read out from a

1Photonis Imaging Sensors
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Figure 3.10: Electronics readout system of SALAD. This is only a simplified scheme to show the
general setup.

CAMAC-based FERA driver over the front end to a VME-based dual-port memory (DPM 1190).
The PCOS signals were read out via a CAMAC branch controller. The trigger signals themselves
were given into a CAMAC-based bit register, which was also read out via the CAMAC data way.
Also, the polarisation bit was recorded from a CAMAC-based input unit and read out via this
data way.
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3.6 Targets

In this section the targets used during the experiments will be described. In subsection 3.6.1, an
overview of the solid targets used for the measurement of the2H(~p, dp) reaction will be given.
In subsection 3.6.2, the liquid-hydrogen target used with the detector SALAD will be described
briefly. More details on the liquid-hydrogen target can be found in reference [Kal98b].

3.6.1 Targets used with BBS/ESN

For the measurement of the analysing power of the2H(~p, dp) reaction with the BBS/ESN detec-
tion system, solid C2D4 targets of various thicknesses were used. For the measurement of the
differential cross section, mixed C2D4-C2H4 targets were used. The use of a liquid hydrogen
target posed severe limits on the possible kinematical regime. Furthermore, the thickness of the
liquid hydrogen target cannot be determined accurately enough. Therefore, the use of a liquid
hydrogen target was discarded for this experiment.

To determine the thickness of the C2D4 targets, three methods could be used. The first method
is via the direct measurement of the thickness inµm and the calculation of the thickness in
mg/cm2 using the density of the C2D4 material (further denoted asmethod a). The second
method is by weighing of the target, measuring its area and calculating its weight/area ratio
(further denoted asmethod b). Methodb is, in principle, a rather exact method to determine the
target thickness. However, this method assumes a uniform flatness of the target, which does not
exist, as can be seen when using methoda. Using methoda and measuring directly the target
thickness at several places of the target can give a good estimate of the flatness of the target,
like the example which is depicted in figure 3.11. However, the method in itself is not as exact
as methodb. Furthermore, the density of the C2D4 material used was not known a priori and
had to be determined. C2H4 is a polyethylene and its density can be taken from the literature,
e.g. reference [PDG00], to lie between0.92 and0.95 g/cm3. To obtain the density of the C2D4

material, a thin uniform C2D4 target was produced. The uniformity of this target was confirmed
by several direct measurements of its thickness at several different places of its surface. The
thickness of this target could be determined from the weight/area method. Measuring then the
thickness inµm, the density was obtained,

ρC2D4 = (1.159± 0.005)
g

cm3
. (3.5)

When measuring the differential cross section, the relative uncertainty of the target thickness
enters directly in the uncertainty of the cross section. The determination of the target thickness
should therefore be very accurate. For this, another method was employed (denoted further as
method c). The C2D4 material was mixed with C2H4 material in a ratio of

C2D4 : C2H4 = 9 : 1

in weight. The ratio of this mixture can be determined with rather high precision. Since the
C2D4 material contains a C2H4 impurity of 1.7%, which could be determined with the elastic
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Figure 3.11: Schematic drawing of the thickness variation of target number 522. This is a target
with a nominal thickness of20 mg/cm2. The numbers give the measured target thickness inµm.
As can be seen, the target is not uniform, and the average measured thickness inµm yields a
thickness of24.8(2) mg/cm2, a difference of almost25% from the nominal target thickness.

proton-proton scattering cross section, the atomic ratio of the two compounds in the target is

C2D4 : C2H4 = 87% : 13%. (3.6)

After the measurements, this ratio was determined again using mass-spectroscopy techniques
[Kui02,Mei02], leading to the same result.

During the measurements of the differential cross section of the2H(~p, dp) reaction, several
measurements of the differential cross section of elastic proton-proton scattering were done.
This cross section can also be calculated with high accuracy [nno] using modern NN potentials.
Therefore, the measured proton-proton cross section could be normalised to the calculated cross
section, calibrating this way the target thickness. However, apart from the target thickness, fur-
ther properties like the the efficiency of the Faraday cup and the detector efficiency were also a
priori unknown and calibrated using the proton-proton cross section. Methodc therefore does
not give a target thickness, but an overall normalisation factor. The analysis of the1H(p, p)1H
measurements will be explained in more detail in section 4.2.4. In the present section, only the
normalisation factors obtained will be given. The target thickness does not enter in the calcu-
lation of the analysing power and therefore, the actual target thickness is of minor importance.
In table 3.2, the results of the different measurements for each target are given together with the
corresponding energies and observables where these targets have been used. During one exper-
iment, usually two or three C2D4 or C2D4-C2H4 targets of different thicknesses were mounted
on a KVI target ladder. This target ladder further contained a ZnS target, to determine the beam
position, an empty-frame target to monitor the beam halo and, during the measurements of the
differential cross sections at135, 170 and190 MeV, a 12C target. During the measurements of
the differential cross sections at108, 120 and150 MeV, a new target ladder was used, to make
sure that particles emerging from the scattering process and going to the coincidence detector are
not intercepted by the frame of the target ladder.
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Table 3.2:Results of the different measurements of the target thicknesses. See text for information
about the different methods used. All thicknesses in columns 3 and 4 are given in mg/cm2. The
values given in column 5 are the used normalisation factors needed to fit the measured cross
sections to those calculated from the NN potentials.

Target Nominal
Value

Method a Method b Method c Energies Observable

522 20 25.9±1.0 24.8± 0.2 – 135, 150 Ay

936 10 13.7±0.5 13.6± 0.1 – 135, 150 Ay

408 20 30.9±0.8 33.3± 0.1 – 150 Ay

516 50 56.0±1.5 52.9± 0.4 – 120, 170 Ay

829 2 2.2±0.1 2.11±0.03 – 120, 170 Ay

332 20 23.5±0.5 23.5± 0.1 – 120 Ay

538 20 22.0±2.0 22.1± 0.7 – 170 Ay

110 10 – – 0.83±0.01 108 dσ,Ay

911 20 – – 1.00±0.05 108 dσ,Ay

110 10 – – 0.80±0.01 120 dσ,Ay

911 20 – – 0.95±0.01 120 dσ,Ay

879 20 – – 0.79±0.01 135 dσ
812 50 – – 0.82±0.01 135 dσ
110 10 – – 0.86±0.01 150 dσ,Ay

911 20 – – 0.96±0.02 150 dσ,Ay

879 20 – – 0.86±0.01 170 dσ
812 50 – – 0.81±0.02 170 dσ
879 20 – – 0.72±0.01 190 dσ, Ay

911 20 – – 0.96±0.01 190 dσ, Ay

812 50 – – 0.76±0.02 190 dσ, Ay

812 50 – – 0.92±0.01 190 dσ, Ay

3.6.2 The Liquid-Hydrogen Target

For the feasibility test to measure the analysing powers and the differential cross sections of the
reactionH(~d, dp), a target containing hydrogen was needed. A polyethylene target, as it was
used with the BBS/ESN detection system, contains carbon. Due to the large cross section of the
12C(d, d′)12C as compared to theH(~d, dp) reaction at small angles, this would lead to a significant
amount of background. Therefore, a liquid-hydrogen target was used during the experiment with
SALAD.

The frame of the target cell is made of aluminium of high purity, to optimise the thermal
conductivity. The gas lead is situated in the middle of a cold head. The frame is mounted on
a cryogenic cold head, which can cool the target cell down to temperatures of around 12 K.
The operational target pressure and target temperature for hydrogen were chosen to be 140 mbar
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and 15 K. The oval-shaped target cell had diameters of15 mm in the horizontal and11 mm in
the vertical direction. The thickness of the frame itself was3.5 mm and the actual thickness
due to bulging of the foils was4.5 mm, corresponding to a target thickness of 31.5 mg/cm2.
To decrease the local heating due to the energy loss of beam particles traversing the target foil,
the target was mechanically kept in a constant wobbling motion around its centre. To minimise
the stopping power of the target as well as contribution to the background due to scattering of
the beam from the target window, very thin target windows of synthetic Aramid foils of4 µm
thickness were used [Kal98b]. Further details about the liquid-hydrogen target can be found in
references [Mes99,Vol01,Kal98b].




