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Abstract

The present theses discusses the development, technical design and realization as
well as the read-out electronics of a detection system for the identification and
tracking of low energy spectator protons.

With the knowledge of the four-momentum of such spectator protons it will be
possible to use deuterium as an effective neutron target. Previous measurements
with an early version of the detection system have already shown that this method
works quite well to investigate for instance the w or n-meson production in proton-
neutron collisions. Moreover, after the completion and installation of the polarized
internal target (PIT) at ANKE, it will be even possible to engage in that field
with double polarized experiments. To increase the luminosity the polarized target
is equipped with an extended target cell. The described detection-system will
provide the vertex reconstruction for this extended interaction region. In addition,
it will act as an independent beam polarimeter at ANKE.

The detection system consists of three layers of double-sided silicon strip de-
tectors which are arranged in a telescope structure and placed inside the accelera-
tor vacuum as close as 2 cm to the interaction region. The modular design of the
electronics and the support structures for the detectors allows one to exchange
detectors and electronics in a maximum flexible way. In a minimum configura-
tion the telescope is equipped with two detectors, a thin (& 69 um) double-sided
Silicon strip detector as a first layer and a very thick (> 5mm) double-sided
micro-structured Lithium-drifted Silicon detector as a second layer. With this
arrangement it is possible to track and identify protons in a kinetic energy range
from 2.5 MeV to 25 MeV. For deuterons this range for such a telescope config-
uration is from 4 MeV to 34 MeV.

The performance concerning the energy determination and tracking is shown
based on data taken during a beam-time in November of 2003. With the existing
setup an energy resolution of 120 keV for the 69 um thick first detection layer
could be achieved. The proton-deuteron separation was in the order of 3.8¢.
First results of the measurements of the analyzing powers A, and A,, for the
reaction ch — dp as well as A, for the reactions ch — (pp)nspectator and
ch — (Np)pspectator are presented to demonstrate the possible applications of
the detection-system.






Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde ein Detektionssystem zur Identifika-
tion und Spurrekonstruktion von niederenergetischen " Spektator”-Protonen ent-
wickelt. Die technische Realisierung des Detektorsystems und der speziell dafiir
entwickelten Ausleseelektronik wird im Folgenden dargestellt.

Unter Zuhilfenahme des Viererimpulses eines solchen Spektator-Protons ist
es moglich, Deuterium als effektives Neutronentarget zu nutzen. Dies konnte
bereits durch Messungen mit einer ersten Version des Detektors zur w und n
Meson Produktion in Proton-Neutron StéBen gezeigt werden. Die Fertigstel-
lung und Installation des Polarisierten Internen Targets (PIT) an ANKE wird
es des weiteren ermoglichen, Messungen am Neutron mit polarisiertem Strahl
und Target durchzufiihren. Zur Erhohung der Luminositat ist das polarisierte
Target mit einer ausgedehnten Speicherzelle ausgestattet, was zudem bedeutet,
dass die Reaktionsvertizes entlang der Zelle verteilt sind und nur durch den hier
beschriebenen Detektor eindeutig rekonstruiert werden konnen. AuBerdem kann
das Detektionssystem als unabhangiges Strahlpolarimeter genutzt werden.

Das Detektorsystem besteht aus drei doppelseitigen Silizium-Streifen-
Detektoren, die in einer Teleskopstruktur angeordnet sind und bis auf 2cm Ab-
stand zur Targetregion im Beschleunigervakuum plaziert werden. Durch den
modularen Aufbau der Elektronik und des Teleskops ist es mdglich, Detektoren
und Ausleseelektronik abhangig von den Anforderungen auszutauschen. In einer
minimalen Konfiguration wird das Teleskop mit zwei Silizium-Detektoren ausge-
stattet sein. Als erste Lage dient ein diinner (69 um) doppelseitiger Silizium-
Streifen-Detektor gefolgt von einem dicken (> 5mm) Lithium gedrifteten
Silizium-Detektor. Diese Anordnung erlaubt die Identifikation und Spur-
rekonstruktion von Protonen in einem Energiebereich von 2.5 MeV bis 25 MeV.
Fiir Deuteronen wird ein Energiebereich von 4 MeV bis 34 MeV abgedeckt.

Die Leistungsfahigkeit in Bezug auf die Energiemessung und Spurrekonstruk-
tion wird anhand von Daten, die wahrend einer Strahlzeit im November 2003
aufgezeichnet wurden, dargestellt. Fir die 69 um diinne erste Detektorlage
konnte mit dem existierenden Teleskop eine Energieauflosung von 120 keV er-
reicht werden. Die Qualitat der Proton-Deuteron Trennung lag hierbei bei 3.8 .
Die ersten Ergebnisse fur die Messung der Analysierstarken A, und A,, fir
die Reaktion ch — dp sowie A, fiir die Reaktionen ch — (pP)Nspektator Und
dp — (nP)Pspektator Werden im Folgenden préasentiert.
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Chapter 1

Introduction

A major part of the intended future physics program for the ANKE spectrometer [1] at
the cooler synchrotron COSY [2, 3, 4] of the Research Centre Jiilich will concentrate on
experiments with polarized beams and targets with special interest on proton-neutron
spin physics [5]. Here, the detection setup described in this work serves as a spectator
detector which allows the use of polarized and unpolarized deuterons as an effective
neutron target. The polarized internal target PIT [6] of ANKE with an extended storage
cell in combination with the polarized COSY beam will allow one to perform single and
double polarized measurements in proton and deuteron induced reactions. Exploiting
such an extended cell, requires however tracking detectors placed close to the target
that provide the reaction vertex on an event-by-event basis. In addition to that, the
polarization of deuteron beams at COSY is currently determined by polarization export
of the measurements at low beam momenta. It would be desirable to also have an
independent beam polarimeter at the ANKE spectrometer and this will also be provided
by the tracking device described in this work.

All activities within the proton-neutron spin physics program can also be seen as
first important steps towards the Polarised Antiproton eXperiments (PAX) [7] at the
future Facility for Antiproton and lon Research FAIR [8] at GSI.

1.1 Physics Motivation

The deuteron, with a binding energy of roughly 2 MeV compared to the masses of its
constituent nucleons of about 939 MeV, is a very loosely bound object. This becomes
also apparent from the diameter of the deuteron of roughly 4 fm [9] while the proton
and neutron have a diameter of only 1.3 fm. At typical COSY momenta of for instance
2 GeV/c, the DeBroglie wave length of a proton is

h 4136-10 eV-s
p  2-10%eV/c

which is below the diameter of the deuteron. This simple estimate indicates, that at
COSY energies it is possible to not only initiate the reactions on the deuteron itself,

A= ~ 0.6 fm (1.1)
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Figure 1.1: Simple sketch of the spec-
tator model. A beam pro-
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neutron.

but to also probe its constituent protons and neutrons.

A very naive sketch of the spectator model [10] is shown in figure 1.1 in which a
beam proton impinges on the target deuteron and reacts with the constituent neutron
leaving the proton untouched. By identifying the proton, precisely measure its energy
and direction, its four-momentum? is known. With the knowledge of the spectator
four-momentum also the momentum of the neutron is known and it becomes possible
to tag the reaction to the neutron and enable the use of deuterons as an effective
neutron target. In a most general form such reactions can be expressed by

p+ d— X+ Pspectator (1-2)

in which X are the particles in the final state and pspectator 1S the spectator proton.
In the spectator model, the neutron on which the reaction occured has the opposite
momentum of the detected spectator proton, which follows the Fermi momentum
distribution shown in figure 1.2(a). With this assumption equation 1.2 can be rewritten
as

p+n—X (1.3)

with the four-momentum vector of the target neutron being

nt = d" — pgpectator (1-4)

From equation 1.4 it is apparent that the mass of the target neutron strongly depends
on the kinetic energy of the detected spectator proton. The effective mass of the
target neutron is the given by

mp = \/mfj + mg - de(mp + Tspectator) (1-5)

in which Tspecrator 1S the kinetic energy of the spectator proton. With mg being the
neutron mass for Tspecraror = 0 equation 1.5 becomes

'from here on, four-momentum vectors will be denoted by a superscript u.
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Figure 1.2: (a) Fermi distribution of kinetic energies of the nucleons within a deuteron. (b)
Mass of the target neutron as a function of kinetic energy of the spectator proton.
The detection threshold of the presented detection system is indicated by arrows.

2m
mp = mg\/l - ﬁ ' Tspectator (16)
n

with mg ~ 937 MeV. From equation 1.6 it is evident, that in the spectator model the
neutron in the initial state never has the mass of the free neutron. The neutron mass
as a function of the kinetic energy of the spectator is shown in figure 1.2(b).

With the knowledge of the four-momentum of the spectator proton one can cal-
culate the center-of-mass energy +/s in the pn-system

2

\/gpn = \/(pgeam + d#arget - pgpectator) (1'7)

on an event-by-event basis.

A special case of the reaction shown in equation 1.3 is the meson production on
the neutron with a deuteron and one or several mesons in the final state. In this case
the excess energy @ is given by

Q=55 — > m (1.8)
k

in which my are the masses of the particles in the final state. By selecting the spectator
proton at certain angles it is possible to scan @ at fixed beam energies. It is therefore
for instance possible to measure below and above the production threshold of a certain
meson.

Previous measurements with a test version of the detection setup [11] at ANKE
have shown that the described method may very well be used to investigate the meson
production in proton-neutron collisions. A dedicated test of this method has been
performed at a proton beam momentum of 1.2 GeV/c with the reaction pn — d=° [11].
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The total cross-section of the reaction pn — dw has been determined in two @ bins
from 8—44 MeV and 42—78 MeV [12, 13], while the 1 production has been investigated
at beam momenta of 2.055 GeV/c and 2.095 GeV/c [14].

1.2 Vertex Reconstruction

Up to now all experiments at ANKE have been conducted with either heavy strip targets
or a hydrogen or deuterium cluster jet target. In both cases the center target region
is well defined by the geometry of the setup and has an extension of about 10 mm. In
the analysis the center of the region is used as a start point of the tracks in the ANKE
detection systems and is essential to the momentum reconstruction.

With the installation of the polarized internal target at ANKE the situation has,
however, become more difficult. The storage cell of the PIT is basically an about 40 cm
long tube with a rectangular shape with an edge length of 20 mm, that is filled with
polarized protons or deuterons by the atomic beam source ABS [15]. The ABS can
produce beams with an intensity of up to 5- 10! particles per cm?. Compared with
the cluster target that has an intensity of 10 particles per cm?, the intensity of the
ABS is about 200 times smaller. Although measurements with the atomic beam are
possible, it is preferable to use an extended target storage cell to increase the effective
intensity and thus the luminosity by about a factor 100. This means that also the
reaction vertices are distributed non-uniformly over the full length of the cell along the
beam axis. Moreover with the storage cell being open on both ends, it is even possible
to have reactions on the residual target gas at distances of up to several meters up
and downstream from the storage cell. This has been shown from first cell tests, in
which the count rate when the beam has been directed through the filled storage cell
has been compared with the count rate when the beam has been directed aside the
cell. The count rate on the residual gas is only four times less than the one obtained
when the beam goes through the cell [16]. Moreover, measurements at the electron
cooler that is located at a distance of 8 m upstream from ANKE have shown residual
gas even there [17].

Under such conditions, the existing ANKE tracking detectors are not capable of
reconstructing the true vertex of a reaction. Additional near target tracking detectors,
which should be as close as possible to the storage cell, are required. Each track in
such a vertex detector defines a line on which the vertex lies. In the energy range in
which the tracking detector will be mostly used, the precision with which one is able to
obtain this line is dominated by the angular straggling of the particles in the detector
and in the order of 1 mm. With a second track in the same or additional detectors it
should be possible to determine the vertex in all three coordinates with a resolution of
1mm.

In section 7.4 on page 95 a first attempt to obtain a vertex in all three coordinates
is presented. There, a particle track in the described tracking telescope, which is
only sensitive to the y and z-coordinates of the vertex, is intersected with a track in
the ANKE forward detection system (x) to obtain a vertex. It will be shown that the
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position resolution in the coordinate perpendicular to the beam (x), which is determined
by the ANKE forward detector, is only in the order of 9 mm for this reconstruction
method. With the dimension of the used storage cell it is apparent that it is nearly
impossible to distinguish between hits of the beam on the wall of the cell and hits on
the actual target gas.

For maximum efficiency the tracking devices also need to provide a trigger signal
which allows in coincidence with the trigger signal from the other ANKE detection
systems the significant reduction of the number of background events originating from
outside the target cell (up and down-stream of the beam). Moreover, depending
on the investigated physics, the device must be capable of generating triggers even
for minimum ionizing particles. The self-triggering option is thus indispensable for
measurements that only involve these near target tracking telescopes such as the
beam polarization measurements.

1.3 Polarimetry

With the start of the single and double polarized experimental program at ANKE the
beam and target polarizations have to be measured. For the measurement of the
target polarization a dedicated Lamb-shift polarimeter [18, 19] has been built and will
be installed underneath the target storage cell. For the determination of the beam
polarization the EDDA experiment [20, 21] and a dedicated Low Energy Polarimeter
(LEP) [22, 23] are available. Both EDDA and the LEP however measure the beam
polarization on a CH,-foil target which essentially heats the beam and deteriorates its
properties. Moreover, the EDDA polarimeter, which is also capable of determining the
tensor polarization of a deuteron beam, is limited to beam intensities of < 10° particles
in the ring. An independent and parasitic measurement of the beam polarization at
ANKE is therefore desirable. With the use of several tracking telescopes, like the one
presented in this work, dedicated coincidence triggers from these telescopes and a large
coverage of the storage cell to the side and the forward direction, it will be possible
to identify the polarimetry reactions and determine the beam polarization without
disturbing any ongoing measurements.

With the data obtained during a beam-time in November of 2003 it was possible to
use a prototype of the described setup to extract the analyzing powers for dp-elastic
and quasi-free pp and np elastic scattering. The results are shown in chapter 7.
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Chapter 2

Experimental Setup

The presented detection system has been developed for the ANKE magnetic spectrom-
eter at the COoler SYnchrotron COSY of the Research Centre Jiilich. As an extension
of ANKE it will serve as a low energy spectator proton and vertex detector as well as
an independent beam polarimeter.

In this chapter, COSY and the ANKE spectrometer are outlined. Later, an overview
of how a possible extensions of ANKE by near target tracking detectors could look like.

2.1 COSY

COSY is a so called COoler SYnchrotron that provides unpolarized and transversely
polarized proton and deuteron beams in a momentum range from 300 MeV/c to
3.7GeV/c. Electron cooling is available up to a momentum of 600 MeV/c while for
high momentum beams in the range from 1.5 GeV/c to 3.7 GeV/c stochastic cooling
is possible. Figure 2.1 shows COSY and the injector cyclotron JULIC together with
some of the internal and external experiments. The polarized or unpolarized beam
particles originating from a particle source underneath the cyclotron are injected into
the cyclotron where they are accelerated up to the COSY injection energy of 45 MeV.
From there the particles are transported into COSY. Table 2.1 shows the maximum
and typically achieved fillings of the COSY ring and where applicable the maximum and

Beam | Maximum Filling | Typical Filling Maximum Typical
[particles] [particles] Polarization [%] | Polarization [%]
p 1.4-10 1.4-10%t - -
p 1.0-10%0 1.0-10%0 85 70 — 80
d 1.3-10% 1.3-10% - —
d 6.0-10° 6.0-10° 75 70

Table 2.1: Maximum and typically achieved fillings (number of particles stored in the ring) and

degrees of polarization of COSY for different beam types.
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Figure 2.1: Floor plan of the COoler SYnchrotron COSY-Jiilich with some of the internal and
external experiments and the JULIC cyclotron.
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Figure 2.2: Drawing of the ANKE spectrometer with its three magnets and the side (positive
and negative), forward and backward detection systems.

typical degrees of polarization for the different types of beams [24]. For unpolarized
beams the maximum number of particles in the ring is in the order of 1.3 —1.4- 1011
The polarized beams have roughly 15 times less intensity for protons, and 20 times
less particles for deuterons. The circulating beam can be used in internal experiments
such as ANKE, WASA, COSY-11, PISA and EDDA, or extracted and delivered to the
external target locations (TOF, MOMO, GEM, NESSY and JESSICA).

2.2 ANKE Spectrometer

The ANKE spectrometer is located at one of the internal target positions of COSY.
It consists mainly of three dipole magnets (D1 - D3) that introduce a closed orbit
bump of the circulating beam. The use of three magnets and the fact that the main
spectrometer magnet D2 is movable perpendicular to the beam axis allows one to
vary the momentum range covered by the ANKE detection systems independent on
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Figure 2.3: Expanded view of the target region and the forward detection system.

the beam energy. Figure 2.2 shows ANKE with its magnets D1, D2 and D3. The
detection systems of ANKE comprise tracking detectors and scintillator hodoscopes in
forward direction and both to the left (negatively charged reaction products) and to
the right (positive particles) of the beam. In addition dedicated range telescopes and
Cerenkov counters are installed in order to identify rare events involving particles such
as the K.

With the data obtained by the multi-wire proportional chambers and the scintillation
counters a track can be reconstructed back to the vertex, which in case of a strip or
cluster jet target is a fixed point and well known. For an extended target such as the
PIT the vertex has to be determined with the help of near-target tracking detectors.
The track information and the knowledge of the magnetic field in D2 can be used
to reconstruct the momentum of the particle. For the positive and negative side
detectors additional time of flight information is available that allows the distinction
between different types of particles. An expanded view of the target and forward region
of ANKE is shown in figure 2.3. The tracking telescope presented in this work is shown
at its mounting position in the target chamber.

2.3 Tracking Detectors for ANKE

Figure 2.4 shows the artist view of a possible extension of the ANKE spectrometer
by near target tracking detectors. Three layers of double-sided silicon strip detectors,
arranged in a telescope structure, are placed around the storage cell. In the figure,
four of those telescopes, two to each side of the cell, are shown. The modular design
allows one to change the placement of these telescopes depending on the requirements
without having to redesign the whole detection system. Moreover, the modular design
of the telescopes itself gives also the possibility to change the detector configuration
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Figure 2.4: Artist view of a possible arrangement of four silicon tracking telescopes around the
ANKE storage cell.

within a telescope. For the beam polarimetry for instance, one would place additional
telescopes in the forward direction of the storage cell in order to identify the ejectiles
of the chosen polarimetry reaction solely in the telescopes.

In the following chapters, the design of one telescope, its dedicated read-out elec-
tronics and the energy measurement and tracking are described. The work concludes
with the first results obtained from data taken with one telescope, and an outlook on
the possible improvements of the detection system.
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Chapter 3

Silicon Tracking Telescope

The requirements of having particle identification together with a precise energy de-
termination and tracking with a vertex resolution of 1 mm suggests the use of several
layers of double-sided silicon detectors installed inside the accelerator vacuum and ar-
ranged in a telescope structure. In general, the Silicon Tracking Telescope has to
provide

e particle identification for protons and deuterons
Protons and deuterons have to be identified via the AE/E-method over an energy
range from 2.5 MeV to > 40 MeV with a resolution of 150 — 250 keV.

¢ tracking of particles
Tracking of particles must be provided with an angular resolution in the range
from 1° to 6° (FWHM). For stopped protons and deuterons the resolution
depends on the angular straggling and therefore the particle energy while for
minimum ionizing particles the resolution is determined by the strip pitch of the
used detectors and the distance between them.

e a trigger signal within 100 ns of the particle passage

This allows one to use the detection system stand-alone and to set timing coin-
cidences with other ANKE detector components. The self-triggering capabilities
of the telescope are essential for the polarimetry studies, where two or more
telescopes will be placed close to the side and the forward direction of the target
and used to identify the polarimetry reaction. Moreover, the trigger signal in co-
incidence with the triggers from other ANKE detection system will significantly
reduce the amount of background events.

e maximum possible modularity
Depending on the field of operation and the range of kinetic energy the telescope
has to cover, it is desirable to have a modular system that allows an easy exchange
of detectors and electronics. In addition this will make the maintenance of the
telescope less difficult.
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3.1 Silicon Detectors

To fulfil these requirements, the telescope will be equipped with three layers of double-
sided silicon detectors, a thin 69 um first layer, a 300 wm or 500 um intermediate layer
and a thick (> 5mm) last layer. The detection threshold is set by the thickness of the
first layer. For a 69 um detector it is in the order of 2.5 MeV for protons and 4 MeV
for deuterons. Since the particle has to be stopped in one of the rear detection layers
to enable the AE/E-method, the maximum energy for protons that can be identified
is then in the order of > 32 MeV. For deuterons it is > 43 MeV.

For the inner detectors of the telescope an effective strip pitch of =~ 400 um has
been chosen for optimized tracking resolution while for the last layer the pitch is
666 um. For two low energy protons detected in the same or different telescopes,
the vertex resolution is then about 1 mm.

Due to a vacuum break at the beginning of the data taking period the bonds
connecting the strips of the available 300 um detectors to the read-out electronics
were damaged. The data presented in this work have therefore been taken with just a
69 um silicon detector and a 5.1 mm Si(Li) detector.

3.1 Silicon Detectors

The silicon detectors that are used in the tracking telescope can be logically split into
two groups. For the inner two layers (69 um to 500 um) the pitch of the detectors has
been chosen to be in the order of 400 um in order to fulfill the tracking requirements.
In standard configuration, the outermost detector (> 5mm) is used to stop particles,
precisely measure their energy loss and validate the tracks determined for the position
information from the two inner layers.

3.1.1 The BaBar IV Detectors

The BaBar IV detector, which will be used for the first two layers of the tracking
telescope, has been originally designed for the BaBar experiment [25, 26, 27] at the
SLAC PEP-II B factory [28] by the British company Micron Ltd. [29]. The size of
the active area of this so called BaBar IV detector makes it however also suitable for
the telescope. In addition the reuse of already existing masks and production facilities
makes the choice of the BaBar IV detector cost efficient. To provide AC-coupling for
each strip already on the detector, an additional mask is vacuum metallized onto both
sides. The detector can be produced in thicknesses from 69 um to 500 um. On the
p-doped side the detector has 1023 strips and on the N side it has 631 strips!, all of
which are capacitively coupled to the bond pads that are used to connect the strips to
the electronics.

To increase the effective strip pitch to about 400 um a rather complicated connec-
tion scheme is required. Figure 3.1(a) shows this scheme for the P side of the BaBar

'Positive charge signals are obtained from the p-doped side of a silicon detector, whereas negative
charge signals are obtained from the n-doped side [30]. From here on, when referring to polarities,
always the signal polarity is meant and not the doping of the detector.
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3.1 Silicon Detectors

Kapton foils

AN

ceramic frame

BBIV detector

front-end
electronics

Figure 3.2: Photograph of the BaBar IV detector in its ceramic frame on top of stack of two
front-end electronics boards. The detector is connected to the electronics via the
Kapton foils.

IV detector. On the detector the strips are combined to groups of four strips with the
first group consisting of three strips. On the Kapton [31] foil that is used to connect
the detector to the front-end electronics these 256 groups are again combined to 128
segments by bonding two groups to one segment on the Kapton foil. On the N side of
the detector the strips are combined in groups of two strips with the first strip being a
single group resulting in 316 groups of strips. On the Kapton foil the first 10 groups
are combined to the first segment, followed by 149 segments made up of two groups.
The last segment (151) is a combination of the last 8 groups (309 through 316). The
detailed scheme is shown in figure 3.1(b). A picture of the BaBar IV detector in its
ceramic frame is shown in figure 3.2.

3.1.2 The thick Lithium drifted Detector

The thick Lithium drifted Silicon detector (Si(Li))? is a development of the detector
laboratory of the Nuclear Physics Institute (IKP) of the Research Centre Jiilich (FZJ).
The available detector has a thickness of approximately 5.1 mm, 64 by 64 mm active
area and 96 strips on both detector sides with a pitch of 666 um [32]. Figure 3.3 shows

20n the Lithium side of a Si(Li) detector negative charge signals are obtained, while the positive
charge is collected on the Boron implanted side.
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Figure 3.3: Geometry and connection scheme for both sides of the Lithium drifted Silicon Si(Li)
detector.

the layout of one side of the detector. Compared to the thin BaBar IV detector the
connection of the 96 strips to the inputs of the front-end board is straight forward and
also shown in the figure. Although the voltage to achieve full depletion of the detector
is in the order of 300V, bias voltages of up to 1kV are preferable to minimize the
charge collection time. Even with the large input range of the front-end amplifier chips
an in-vacuum capacitive divider board is necessary to match the detector signal to the
input range of the electronics. In addition the board decouples the signals from the
high voltage side of the detector. Figure 3.4 displays a picture of the Aluminum frame
holding the thick detector. The detector is fixed to the frame by holding brackets
made of Vespel.

Recent investigations at the detector laboratory have shown that the Si(Li) de-
tectors can be produced with thicknesses of 10 mm and more [33]. The use of these

detectors as a last detection layer in the tracking telescope extends the range of oper-
ation to 46 MeV for protons and 62 MeV for deuterons.

3.2 Front-end Electronics

With the maximum number of channels for a single detector side of 151 and a total
number of 471 channels for a telescope equipped with one BaBar IV and one Si(Li)
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3.2 Front-end Electronics

holding brackets Si(L) detector

T Kapton

Aluminum frame flat cable

Figure 3.4: Picture of the Si(Li) detector mounted in an aluminum frame.

detector it becomes apparent, that an integrated read-out system is required to min-
imize the number of vacuum feed-throughs and the number of amplifiers. For this
purpose a vacuum compatible front-end board has been developed. On the input side
it is equipped with three 51 pin Hirose connectors [34]. Two of the 153 possible inputs
are used for the bias and ground connection leaving 151 inputs that may be connected
to the strips or segments of a detector.

To meet the requirement of having a single type of electronics board handle the
signals from a variety of detectors ranging from 4 MeV for protons in a 69 um Silicon
detector to about 40MeV for deuterons in a 5mm thick Si(Li) detector together
with a low trigger threshold of 100keV, the VA32TA2 [35] front-end chip has been
developed together with the Norwegian company IDE AS. The chip is an enhancement
of the VA32HDR [36, 30, 37] preamplifier chip and the TA32cg [38, 30, 37] trigger
chip combined on a single die which eliminates the bond connections between the two
chips. A block scheme of the VA32TA?2 is shown in figure 3.5. A photograph of the
front-end board equipped with five chips is shown in figure 3.6.

The VA32TA2 has 32 identical channels which can be logically split into an am-
plitude and a trigger part. A charge signal provided on the input pad of a channel is
amplified in the preamplifier stage. After the preamplifier the signal is split into two
branches, an amplitude part and a trigger part.

In the slow branch, the amplitude part of the chip, the signal is fed to the slow
shaper. Once a readout cycle is started by applying the "hold” signal (time line D in
figure 3.7), the output of each of the 32 slow shapers is stored in the sample and hold
facility. With both the "shift_in” (time line E) and the "clk” (time line F) signal active
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Figure 3.5: Block scheme of the VA32TA?2 front-end amplifier chip.

VA32TAZ2 chips

input connectors

output connector

Figure 3.6: Picture of the in-vacuum front-end electronics board showing the three input con-
nectors, the five VA32TA2 front-end chips as well as the output connector.
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Die size 6300 um x 3310 um
Channels 32
Power Supply 2V
Power Dissipation || 96 mW (3 mW/channel) (quiescent)
Linear Range 139 MIPs (1 MIP = 3.6 fC)
Peaking Time VA | 2 us
TA | 75ns
Gain ~ 0.8mV/fC
Noise 710 4 3electrons/pF

Table 3.1: Summary of the features and specifications of the VA32TA2 front-end amplifier
chip.

one bit is inserted into the read-out register which switches the first channel of the
output multiplexer to the output bond pads. By clocking the "clk™ control signal the
bit is moved through the register switching the channels step by step to the output.
According to the specifications, the maximum clock frequency is 10 MHz, although
only 5 MHz have been confirmed by the measurements. Each channel is therefore for
a minimum time of 100 ns® applied to the output of the chip. The output of the shift
register is in addition provided on a "shift_out” bond pad allowing to build a daisy-
chain of chips. Up to ten chips can be connected to a daisy chain allowing a maximum
number of 320 inputs to be read out. To build a chain of chips, the control signals
have to be provided to all chips simultaneously and the output of the shift register of
a chip has to be connected to the "shift_in” input of the next chip in the chain.

In the trigger part of the chip, the fast branch, the signal from the preamplifier stage
is shaped with a peaking time of 75ns. The output of this fast shaper is compared
with a threshold giving the opportunity to obtain a trigger signal from the chip. The
individual threshold for each channel is made up of an external voltage, a per chip offset
voltage and a per channel offset. Both the per chip and per channel offset voltages
can be controlled by an additional slow control shift register. It is also possible to mask
out certain channels from the trigger pattern. The shift register is controlled by two
signals similar to the control lines of the read-out shift registers inside the amplitude
part of the chip. These signals are the "clk_TA" and "shift_in_TA".

When used in a daisy chain it is likely that the average output level of the chips
varies over a wide range. In order to minimize that range each chip has an additional
7 bit DAC that allows the shift of the average output level of each chip individually.
The DAC is an extension of the slow control shift register and is also controlled by
the "clk_TA" and "shift_in_TA" signals. Table 3.1 summarizes the main features and
specifications of the VA32TA2 and figure 3.7 shows the timing diagram of a read-out
sequence.

Each of the front-end boards is equipped with 5 VA32TA?2 chips in a daisy chain. Since

3Throughout all the measurements a frequency of 5 MHz (200 ns active phase) has been used.
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3.3 Interface

the board only allows the connection of 151 detector segments, 9 of the 160 available
chip inputs are not used and left floating.

3.3 Interface

A second front-end board serves as an interface between the in-vacuum electronics and
the data acquisition system. lts main purpose is to optically decouple the in-vacuum
electronics, which might be on high voltage*, from the read-out electronics. The board
receives the digital slow control and read-out signals via a common bus from the DAQ
and provides them to the VA32TA2 chips on the front-end boards. It is also equipped
with an eight channel 12 bit DAC which is used to generate the bias voltages for
the chips as well as the common threshold for one detector side. In order to allow
individual trigger mask and voltage settings each interface board is addressable via the
control bus. A second stage adjustable amplifier provides the amplitude signals as a
differential signal on two LEMO connectors. The trigger output of the chips can be
taken from a LEMO connector as well. In order to allow one to set an individual delay
between the trigger and the generation of the "hold” signal a voltage input is provided
on each interface board. It permits to add a precisely adjustable delay between the
incoming "hold” from the DAQ and the outgoing "hold"” signal to the VA32TA2 chips.
A simplified connection scheme of the front-end electronics is shown in figure 3.8.

3.4 Assembly

On the front-end side the whole detection system is designed in such a way that all
components of the telescope are mounted on a single CF160 flange. Inside the vacuum
a stainless steel pole is used as support for both the detectors and the read-out boards.
At the end of the pole, where the detector frames are mounted, special positioning
holes have been drilled. The holes have a distance of 20 mm to each other and allow
the placement of the detectors at different, but precisely reproducible positions. The
in-vacuum electronics boards are mounted behind the detectors. Each board is shielded
by a copper plate to minimize distortions and is thermally connected to a cooling head
via copper foils. The cooling is required since the total power consumption of the
electronics for the telescope equipped with two detectors is about 1800 mW and a
constant temperature of the equipment is desirable for stable operation. In addition
cooling is required for the thick detector because the leakage current of the detector
and thus its power consumption increases exponentially with temperature. This positive
feedback would lead to severe damage of the detector if used without cooling. For this
purpose copper foils have also been used to thermally connect the frame of the thick
detector to the cooling head. For temperature monitoring a Pt100 sensor has been
mounted on the mounting pole close to the electronics.

“The front-end electronics lies on the same potential as the connected detector side which means
that for each detector one board is on high voltage.
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Figure 3.8: A simplified connection scheme of the tracking telescope equipped with two double-

sided detectors. On the interface boards the digital control signals are optically
decoupled from the high voltage level inside the vacuum. Due to lack of adequate
analog opto-couplers, the analog detector signals are AC coupled from the vacuum
side to the outside with an additional base line restorer.
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3.4 Assembly
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electronics BaBar |V detector

Figure 3.9: Photograph of the telescope equipped with a 69 um BaBar IV detector and a thick
Si(Li) detector. The electronics is mounted behind the last detection layer.

The electronics feed-through have been realized by seven 50 pin Sub-D vacuum
connectors [39] which are integrated into the flange. They allow the connection of
one front-end board to one Sub-D connector via a Kapton foil and a special designed
vacuum compatible Kapton to Sub-D adapter. A picture of the flange mounted on
a holding device is shown in figure 3.9. The seven connectors allow an extension of
the telescope by an additional double-sided detector leaving one connector in spare for
additional temperature monitoring of the electronics and detectors.

QOutside the vacuum the interface boards which are also equipped with Sub-D con-
nectors are simply plugged to the flange. A box made of copper sheet metal is placed
around the interface boards to shield them.

Figure 3.10 shows a sketch of the detector positions for a telescope equipped with
three detectors in side and top-view. In the axis along the beam (z) the telescope
is shifted by 12.5 mm with respect to the nominal target point which is indicated by
a filled circle. The configuration shown in the drawing has been optimized for the
measurement of the reaction pd — dwps, [40]. Here the forward hemisphere of the
acceptance is used to detect pd-elastic events for luminosity determination and the
backward hemisphere for the detection of the slow spectator proton. By shifting the
whole setup backwards, the acceptance for the spectator protons is increased leaving
still some coverage of the forward hemisphere. The overall coverage in the horizontal
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Figure 3.10: Sketch of the detector positions for a telescope equipped with three detectors in
side (a) and top (b) view.

angle is thus in a range from 75.6° to 116.4°. Although in the design of the telescope
it has been foreseen to position the detectors symmetric around the middle plane, a
shift of 2.5 mm to negative y values has been measured and is visible in the side view of
the drawing. The reason for this is a bending of the mounting pole due to the weight
of the detectors, frames and the electronics. The range in vertical angles covered by
the telescope is then between —21.8° and 19.4°.

As already mentioned before, all data presented in this work have been taken with
a telescope with just two detectors. In the used configuration, the thick detector has
been installed at its nominal distance of 82.4mm to the beam, while the first layer
(69 um) has been moved to the position of the second layer at 50 mm.

With a telescope in full configuration with three detectors, the first two thin layers
are mainly used for the tracking of particles, while the last layer with its large strip
pitch is used to validate the track and measure the energy of the particle. When only
using one thin and the thick Si(Li) detector, the position information from the thick
detector is directly used in the track determination. Even though the segments of the
thick detector are 666 um wide, the number of segments that collect charge increases
with the total energy deposit and is in the order of 5 segments for the highest energy
deposits. As it will be shown in chapter 6, the position of the particle passage is then
calculated as the energy weighted center of gravity over the segments collecting the
charge. It is however possible that particles exit the detector to the side of the thick
detector which essentially cuts off parts of the distribution of collected charge over the
segments leading to a shift in the calculated position. To overcome this problem, the
segments located at the edge of the detector have not been considered in the analysis.
The regions which have been neglected in the analysis are indicated by the shaded
areas in figure 3.10.
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3.5 Telescope Trigger

3.5 Telescope Trigger

In standard configuration with three detectors, the trigger signal from the telescope is
the coincidence of the individual signals from the two sides of the intermediate 300 um
or 500 um detector. The detection threshold is thus the energy loss in the first layer
plus the trigger threshold of the second layer, since the particle has to pass the first
layer before it can even generate a trigger signal. For protons the detection threshold
is then about 2.5MeV + 0.15MeV = 2.65MeV, for deuterons it is in the order of
4 MeV + 0.15MeV = 4.15 MeV.

Without the intermediate layer, the telescope trigger is the coincidence of the
trigger signals from both sides of the 69 um detector. With a trigger threshold of
about 150 keV and the fact that only particles which pass the first detector and deposit
enough energy in the second layer can be considered in the track determination, it is
apparent that the used trigger is not very efficient. The reason for this is the fact that
particles that are stopped in the first detector generate a trigger signal even though
those events can not be used in the analysis. However, the used trigger scheme is the
only possible scheme in this configuration since the timing of the trigger signals from
the thick detector strongly depends on the deposited energy, which essentially disables
the use of these signals in a telescope coincidence and especially in a coincidence
with other ANKE detection systems. A detailed discussion of the used trigger scheme
follows in chapter 4.



Chapter 4

Data Acquisition

For one fully equipped telescope the number of read-out channels is already 750. A
dedicated read-out system based on commercially available VME modules that also
fits into the ANKE DAQ [41, 42, 43] had to be developed. In order to meet the
requirement of an energy determination with a precision of better than 1%, special
modes of operation have also been implemented. They allow the monitoring of the
pedestal as well as an individual calibration of each channel. Moreover, the used front-
end electronics made it necessary to develop a special trigger and dead-time logic.

In addition a client side software framework has been developed for the DAQ sys-
tem that provides an easy to use interface to all the configuration parameters of the
front-end boards and the VA32TA2 chips. It also allows one to switch the DAQ into
different operation modes and run automatic diagnostics routines, which is essential
when operating a detection system with that amount of channels.

4.1 Readout Electronics

The read-out system is basically made up of a VME crate holding the digitalization
units and a PC running netBSD. The used interface between the VME bus and the
PC is a SIS3100 VME to PCl interface [44, 45] with a one unit wide VME controller
and a single PCI card. The connection between the controller and the PCI card is
accomplished via an optical link. The key feature of the VME controller is an on-
board digital signal processor (DSP) which allows the read-out of the VME units into
an internal buffer without any traffic over the optical link. The advantage of this
controller based read-out is that the modules can be read out with their maximum
speed without the necessity of VME calls from the PC. Once each module has been
read out and the buffer is filled a fast DMA transfer is initialized to copy the data in
the buffer of the controller to the PC memory. When the buffer in the netBSD PC [46]
is full, the buffered events are transfered via fast Ethernet to a so called Event-builder
that manages the incoming event packages from all the ANKE read-out systems and
distributes the data to the permanent data storage and online analysis workstations.
A read-out cycle is initiated by a trigger signal on one of the four inputs of a PCl
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4.1 Readout Electronics
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Figure 4.1: Simplified scheme of the telescope data acquisition system. The front-end elec-
tronics is connected to a VME control unit via a flat cable bus. The analog signals
are digitized by VME ADCs. A detailed connection scheme of the VME part of
the DAQ system is given in figure 4.2. The telescope trigger logic is described in
section 4.5.

synchronization unit [47] which is also placed inside the PC. Once an incoming trigger
is accepted by the synchronization unit it switches into a busy state and generates a
signal on an output connector which is used to start the read-out sequence. \When
the read-out is completed, the synchronization unit leaves the busy state and accepts
further incoming triggers. A scheme of the tracking telescope read-out system is shown
in 4.1. The block-scheme of the VME part of the DAQ system is displayed in figure 4.2
with a detailed description following in the next sections.

4.1.1 Control

The key component of the read-out system for the tracking telescope is a 16 channel
programmable clock pattern generator. This VME sequencer, a VPG517 [48] produced
by Kramert GmbH, is used to generate all digital control signals for the read-out
sequence as well as the slow control setup of the chips and the interface boards. The
maximum clock frequency is 25 MHz and can be programmed to be either from an
external source or from the VME bus clock with the option of a dividing factor. Its 16
outputs are available on a flat cable connector on the front panel with the first four
channels being also available on LEMO connectors. Besides allowing a read-out with
the maximum possible frequency of 5 MHz!, the high maximum clock frequency of the
sequencer gives the opportunity to shift control signals relative to each other in steps

!Although the chips allow 10 MHz as the maximum read-out frequency, the ADC with 5MHz
maximum conversion frequency is the limiting factor.



b 24Ny Ul

UMOUS SWSYDS UOIFIBUUOD B Y}IM G {7 UOIDSS Ul SMOJ|04 J160| 4obb113 9d0dsa|a] ay3
40 u01ldiosap v WalsAs InO-peay ayl jo ued JNA 2yl JO SWaYdS uoI3D[UU0Y) g'{ 24nbiy

Telescope Trigger Logic

DTbyShaper
> Trigger
. V 513
- V 550 V 550 sync unit /0 Register
L & ADC ADC input [} ) EN_TRG
— chO chO output [] € EN_PED
_,_ﬁ O + Q + _‘ ——< 10 kHz € EN_FOR
E & - & - H®) EN_CAL
SIS 3800 Necoide ! 4
g Scaler 2 C 2 ® = & 100 Hs
ES | 11 (A CNC, CNC, veto
; 75, T2 C; :lopto infout force (9 R ¢
33 wai epeater
238 AC ch1 ch1 st © I—Ip
&@ - o7 o sisaw0 || |l ||
g o T - T - EE— digital to front-end
S nowes 2 © : © P control electronics
3 @__I S ®
) DThyVPG I e I B = e =l
) 5 C,
i Ik e PClbus $t& &/ =
E 10 MHz 'E u
5 )M
L 1] ° )
L (
X analog detector response
X from front-end electronics

SOIU0J109|F 1nopeay T'¥

6¢



30

4.1 Readout Electronics

# | Name Description Time
line
0 | VETO a copy of the "HOLD" signal D
(taken from front panel LEMO connector)
1 | A3 address lines for slow control setup
2 | A2 of the chips and the bias voltage DACs
3 | Al
4 | AO
5 | SHIFT_IN_TA | shift in signal for the slow control shift register
6 | CLK_TA clock signal for the slow control shift register
7 | TEST_ON switches the front-end chips into test mode
and selects the DACs on the interface board
for slow control set up.
8 | CLEAR clears the ADCs
9 | TEST_PULSE | sends a test charge to the front-end chips
10 | SHIFT_IN shift in signal for the read-out shift register E
11 | CLK clock signal for the read-out shift register F
12 | DRESET reset signal for the front-end chips
13 | CONV conversion signal for the ADC
14 | HOLD signal to freeze the current VA amplitudes D

Table 4.1: Summary of digital control signal provided by the VME control unit.

of 40 ns. Smaller steps have to be accomplished by additional cable delays. Table 4.1
describes the digital control signals.

41.2 ADC

The differential analog signals from the chips are digitized by CAEN V550 [49] C-RAMS
modules. The V550 is a single slot wide VME ADC module that has been specially
designed for the read-out of multiplexed analog signals. Each module houses two sep-
arate 10bit ADC channels which are multiplexed to allow the digitalization of up to
2016 segments per input. A pedestal and threshold memory is provided for every chan-
nel, which gives the possibility to have a zero suppression done by the module. Both
the pedestal and threshold values can be set with an accuracy of 12 bit?>. The maxi-
mum conversion rate is 5 MHz which corresponds to a conversion time of 200 ns. The
digitized analog value, if above threshold, is together with the strip number and status
information stored in a 32 bit wide and 2047 word deep FIFO that can be accessed via
the VME-Bus. Although only two ADC units are displayed in the connection scheme in

2The reason for the 12 bit pedestal and threshold memory is the fact that the 10 bit V550 ADC is
upgradeable to a 12 bit version.
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figure 4.2 the DAQ system is designed to be easily extendible by a user-defined number
of ADC units.

4.1.3 Scaler

For count rate monitoring and an off-line dead-time correction a 32 channel SIS3800
VME scaler unit [50] has also been integrated into the read-out system. Table 4.2
gives an overview of the counted signals. Due to the fact that the trigger part of
the VA32TA2 front-end chips generated random triggers during the period of clocking
(time lines F, H and | in figure 3.7) the scaling for the "DThbyShaper” and telescope
trigger signals needs to be blocked during that time by the "VETQ" signal. The active
time of the "VETOQO" signal is however measured (DTbyVPG) and allows together with
the reference clock (TRef) an extrapolation of the measured " DTbyShaper” and trig-
ger counts to the real numbers. The actual counts for the trigger and " DTbyShaper”
are essential for a dead-time correction which is described in detail in section 4.6.

Name Description Time
line

DTbyShaper | 10 MHz reference clock representing
the dead time introduced by trigger signal shaping C
(counting blocked by VETO signal)

T1 ... trigger signals from telescope trigger logic
(counting blocked by VETO signal)
DTbyVPG | 10 MHz reference clock L
(counting enabled by VETO signal)
TRef 10 MHz reference clock K

Table 4.2: Overview of the signals counted by the dedicated VME scaler unit.

4.1.4 1/0 Register

One drawback of the used sequencer is the fact, that only one programmed sequence
can run at a time. This means that the DAQ has to be stopped in a defined state in
order to perform the slow control setup and vice versa. To ensure stable operation a
CAEN V513 VME digital 1/O unit [51] has been introduce to the DAQ system. The
unit allows to block certain signals and therefore to switch the read-out system into
different modes of operation. Table 4.3 describes how the output channels are used.

4.2 DAQ modes

To ensure the performance of the silicon tracking telescope and for commissioning
and maintenance purposes the developed DAQ system may be switched into different
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4.2 DAQ modes

‘ Bit ‘ Name ‘ Description ‘
0 | EN_TRG | enables the trigger signal to reach the synchronization unit
1 | EN_FOR | enables the accepted trigger signal to reach the

"FORCE" input of the control unit

2 | EN_PED | switches a 10 kHz signal to the input

of the synchronization unit

3 | EN_CAL | switches a 100 Hz signal to the "WAIT"

input of the control unit

Table 4.3: Description of the I/O register bits used to control the DAQ operation mode.

| Operation Mode | EN_-TRG | EN_FOR | EN_PED | EN_CAL |

Data taking 1 1 0 0
Pedestal 0 1 1 0
Calibration 1 1 0 1
Slow control 0 0 0 0

Table 4.4: Summary of the I/O register bit pattern setting for the different DAQ operation
modes.

modes of operation. This is achieved via the VME |/O register described in the previous
section. Table 4.4 summarizes the implemented modes. It is obvious that the "data
taking” mode is the most important one. However in chapter 5, that is concerned with
energy measurement, it will be shown how important the calibration and the monitoring
of the pedestals is for a precise energy determination and thus the performance of the
detection system.

4.2.1 Data taking mode

A physical trigger is either accepted or rejected by the synchronization unit (time
line A in figure 3.7). The accepted trigger (B) is available on the output of the
synchronization unit and connected to the "FORCE" input of the VPG517. It is used
to start the programmed read-out sequence in the VPG517 control module. The
running sequence generates all the necessary control signals for the read-out of the
front-end chips (D, E and F) as well as the conversion signal for the ADC (" CONV").
It is available on a LEMO connector on the front panel of the repeater board. A copy
of the hold signal is taken from the front panel of the VPGb517 and is used to delay
the read-out of the VME digitalization modules by the DSP in the VME controller.
At the end of the read-out cycle, when the hold signal and its copy become inactive
and all modules have been filled, the VME controller triggers the DSP read-out of the
modules. On acceptance of the trigger the synchronization unit has already triggered
a software routine via an interrupt. Once the data is processed by the software the
synchronization unit leaves its busy state and accepts new incoming trigger signals.
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4.2.2 Pedestal mode

Especially when running with zero suppression in the ADCs it is essential to monitor the
behavior of the pedestals. For this purpose the " pedestal” mode has been implemented
into the DAQ system. In pedestal mode a 10 kHz generator signal is fed to the input of
the synchronization unit. The incoming physical triggers are blocked from the trigger
input in order not to distort the pedestal measurement. Besides the rare case, when the
constant frequency trigger occurs in coincidence with a physical trigger, the measured
data for a strip corresponds to the pedestal of this channel since no energy has been
deposited in that strip by a particle passing through the detector.

4.2.3 Calibration mode

A correct energy calibration of the setup requires that the calibration has been per-
formed under the same experimental conditions as the data taking with the telescope.
In " calibration” mode a second sequence is stored in the VPG517 in parallel to the
regular read-out sequence. A 100 Hz generator signal is fed to the "WAIT" input of the
VPG517. When the signal arrives, the second sequence is triggered which generates a
test pulse. At the end of the sequence the control unit sleeps in an endless loop and
waits for a trigger from the front-end chips. The signal path for the trigger is the same
as for regular data taking which ensures similar experimental conditions when running
in calibration mode. Typical calibration spectra are shown in chapter 5.

4.3 Integration into the ANKE DAQ

Each of the ANKE detection systems is equipped with a synchronization unit that is
interconnected via a ring bus. One of the synchronization units on the bus is the
master which receives the triggers, all other units are configured as slaves. A trigger,
accepted by the master, is passed to the slaves on over the ring bus and starts the
read-out sequence in each slave. When all slave systems have finished the read-out
cycle and processed the data, the master synchronization unit is ready to accept new
incoming triggers. The read-out system of the tracking telescope is equipped with
a master synchronization unit which also allows the use of the setup either in stand
alone mode at ANKE or in the lab. In this configuration the synchronization ring
bus is basically a closed loop with only one unit. For the integration into ANKE the
existing synchronization ring is opened and the tracking telescope synchronization unit,
configured as a slave, is connected to the ANKE synchronization ring. In addition the
trigger signals connected to the inputs of the tracking telescope synchronization unit
in stand alone operation have to be connected to the inputs of the ANKE master
synchronization module.
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Figure 4.3: Distribution of times between two consecutive events for data taken with (a) and
without (b) zero suppression. Both plots represent an equal measurement time of
180s.

4.4 Readout Performance

With an accepted trigger the read-out procedure for all configured ANKE detection
systems is started. For the tracking telescope read-out electronics the time of a full
read-out sequence strongly depends on the mode of operation. Figure 4.3 shows
the distribution of times between two consecutive events for data taken with (a) and
without (b) zero suppression. In both cases the displayed statistics represents a single
accelerator spill of 180s duration. The edges on the left of each plot correspond to
the minimum time that is required to process one event. For the data taken with zero
suppression the minimum time is 160 us while it is 360 us for the none zero suppressed
data and fixed. This minimum time can be expressed by

treadout = tfront—end T Ndata - Liransfer (4-1)

in which tfont_end 1S the time from the acceptance of the trigger to the start of
the data transfer from the VME digitalization modules to the DSP buffer. It includes
the delay between the trigger and the hold signal as well as the actual clocking of
the front-end chips and was in the order of 140 us. Ngata represents the number of
data words that have been digitized, without zero suppression it is 471 while with zero
suppression it is between 30 and 55. tiansfer IS the average time for a single data
word transfer. Since the DSP issues a block transfer to copy the data from the VME
modules to its buffer, tiansfer also contains the time to set up such a block transfer.
With tiransfer being in the order of 450 ns the difference in the minimum time required
for the read-out of a single event becomes obvious. Both histograms also show a bump
at approximately 550 us which correspond to the average input trigger rate of roughly
1800 triggers per second. The second bump at 1.8 ms without zero suppression and
at 1.6 ms with zero suppression originates from the increased time it takes to process
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Figure 4.4. Connection scheme of the telescope trigger logic.

10 MHz

the event when the data buffered in the netBSD PC is transfered from the read-out
system to the Event-builder via Ethernet.

4.5 Trigger Scheme

The VA32TA2 front-end chips allow the tracking telescope to generate a trigger for the
data acquisition. Due to the fact, that the front-end electronics, with the chip settings
used during the data taking, produced after pulses for each true trigger (time line B
in figure 3.7 on page 20) a dedicated trigger and coincidence scheme had to be set
up. Figure 4.4 shows the trigger scheme for the tracking telescope using the individual
triggers from both sides of the first (69 um) detector. In order to remove the secondary
pulses the trigger signal is fed to a discriminator which produces a single pulse with a
fixed width of 1.8 us. In case of an after-pulse within this 1.8 us window the output
pulse of the discriminator is prolongated by another 1.8 us with respect to the second
incoming double pulse. The secondary triggers and the prolongation of the pulse are
indicated by dotted lines in the figure. In a second stage the leading edge of the
inverted signal from the discriminator is used by a dual timer unit to generate a single
pulse. The falling edge of the discriminator signal clears the dual timer and enables it
to generate new pulses. This means that new output pulses are only generated after
at least 1.8 us. The shaped and original trigger signals from both sides of the detector
are used by a four-fold coincidence unit to generate the final telescope trigger. It
may be used directly or in coincidence with the trigger from another ANKE detection
system (i.e. the ANKE forward detector [52, 53]) to start the data acquisition. For
monitoring purposes the signals generated by the discriminators as well as the final
triggers are counted by the ANKE system scalers. To measure the trigger dead-time
introduced by the discriminators a dedicated scaler unit has been implemented in the
telescope read-out system. The so called " DTbyShaper” (dead-time by shaper) signal
is the coincidence of both discriminator outputs and a 10 MHz reference clock which
allows the determination of the introduced dead-time with a resolution of 100 ns (time
line C).
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4.6 Dead-Time correction

As shown in the previous sections the data acquisition takes between 160 us and 360 us
to digitize and process a single event. Any trigger arriving during that time is lost but
counted in the ANKE system scalers. For any physics analysis it is essential to correct
the observed counts and rates for this dead-time via the following equation

tm
Nieat = N . 42
real measured t Nmeasured T ( )

in which Nmeasured IS the measured trigger rate or counts for a certain reaction
channel, Ny is the real rate or real number of counts, T is the dead-time and ty, is
the measurement time. In a simple dead-time correction one would use the number of
accepted triggers and the total number of incoming trigger for a certain trigger type
and calculate the dead-time as

Nreal - Nacc
T =ty 4.3
" Nreal ' Nacc ( )

where Ny is the number of accepted triggers and N,eq is the number of triggers
counted by the ANKE system scalers. Due to the random triggers generated by the
telescope front-end chips during the read-out sequence the number of incoming triggers
for a trigger involving the tracking telescope trigger is contaminated and essentially
higher than the real number. With the information counted by the dedicated VME
scaler it is possible to extrapolate to the real number of incoming triggers via the
following equation

tm

Nrear = Mymie tm — (toTbyvPG + tDTbyShaper) (44)

In equation 4.4 Nyme is the number of triggers counted by the VME scaler, t, is
the time of the measurement and tpThyvpc Is the time during which the counting by the
VME scaler is blocked whereas tpTpyshaper 1S the time the telescope trigger scheme is
blocked and trigger generation is disabled. Figure 4.5 shows the typical distribution of
tpTbyShaper- Each trigger arriving at the discriminator opens a 1.8 us long time window
during which the 10 MHz reference clock is scaled. In addition, the counting is also
blocked during the read-out sequence while tpTpyvpg IS only measured during the read-
out sequence. Hence tpTpyshaper and tpTpyvpg do not overlap and may be simply added
to form the full dead-time introduced by the trigger logic. The peaks in the histogram
at multiples of 1.8 us correspond to the number of windows between two consecutive
events. The tails to larger values are due to the possible prolongation of the window by
a second incoming trigger. With each accepted trigger also a 1.8 us window is opened.
The peak on the far left of the histogram represents the delay between the accepted
trigger and the actual start of the read-out sequence when no additional windows
have been opened since the previous accepted event. By analyzing the tpTpyshaper
distribution it is possible to extract the number of windows between two events. This
is especially important for the dead-time correction of a trigger that is the coincidence
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Figure 4.5: Distribution of the dead time introduced to the telescope trigger by the shaping
of the trigger signals from the individual detector sides ("DTbyShaper”). Each
peak corresponds to a 1.8 us wide time window that is started by the incoming
trigger from the VATA chips. The tails to higher times originate from the possible
prolongation of the window. Analyzing the value for "DTbyShaper” on an event
by event basis allows to extract the number of windows and hence the number of
coincidence opportunities between two events.

of the telescope trigger and the trigger of another ANKE detection system. In case of
the forward-telescope coincidence trigger, a 400 ns wide coincidence window is opened
with each start of a "DTbyShaper” window. This means that the trigger scheme is
not blocked for the full 1.8 us plus prolongation for each " DTbyShaper” window but
only for 1.4 us plus prolongation. Applying this modification to equation 4.4 results in
an equation for the real number of incoming coincidence triggers (equation 4.5).

tm
tm — (tDTbyvPG + tDTbyShaper — Nw - 400 ns)

Nreal = Nyme - (4.5)

~ NymEe * tm — Nace * {tm — (tDTbyvPG + tDTbyShaper[— Nw - 400 ns]) }
T = (4.6)
NVME . Nacc

Combining equations 4.3 and 4.5 yields an equation (4.6) for the dead-time of
the read-out system for a trigger that involves the telescope trigger. In equations 4.5
and 4.6 N, represents the number of "DTbyShaper” windows. The modification for
the coincidence trigger is indicated in squared brackets in equation 4.6.

Unfortunately only after the period of data taking a discrepancy between the num-
ber of incoming triggers counted by the ANKE system scalers and the VME scaler
had been discovered. In the data the number measured by the ANKE scalers is about
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Figure 4.6: (a) ratios of the prescaled trigger rate of the forward detection system (Ratery) to
the forward - telescope coincidence trigger rate (Rategyg 7e/) as a function of time
for six consecutive accelerator spills. As a reference the shaded histogram shows
the ratio of the prescaled forward trigger to the forward trigger with an additional
cut on the energy loss in the forward hodoscope (Rategyin:). (b) development of
the average ratio of the prescaled forward trigger to the coincidence trigger for
each beam spin-mode.

5% less than the number given by the VME scaler. However, due to the fact that
the ANKE scaler counts the contaminated trigger signal, the number obtained by the
ANKE scaler must be larger than the number measured by the VME scaler. From the
available data it was not possible to specify the reason for this discrepancy which might
have been double pulses in the VME scaler channel or missed pulses in the ANKE scaler
channel.

Although the available data did not allow the determination of absolute values for
the dead-time, it was possible to perform a relative dead-time from accelerator spill to
accelerator spill. Figure 4.6(a) shows the time flow of the ratio of the prescaled trigger
rate of the forward detection system (rategrq) to the rate of the forward - telescope
coincidence trigger (raterqg Tel) for six consecutive complete accelerator spills. The
shaded histogram shows the ratio of rates for the prescaled forward trigger to the
forward trigger with an additional cut on the energy loss in the forward scintillation
hodoscope (ratepqint) as a reference. The average fluctuation within one spill is in the
order of 14 % for the ratio involving the telescope trigger and 11 % for the reference plot
which does not include the telescope trigger. The rather larger jumps in the ratio rategq
to raterqg Tel from spill to spill are caused by the different beam polarization modes
for two consecutive spills. Figure 4.6(b) displays the average ratio of the prescaled
forward trigger rate to the coincidence rate for each of the available beam spin modes
for the complete data set. For each of the spin-modes the ratio is constant over the
time of data taking. The jump at approximately spill 280 is caused by a change in
the prescaling factor for the forward trigger from 10 to 15. The jump in the graphs
reflect this change in the prescaling factor. Both the fact that the ratio of ratepq to
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raterq & Tel 1S Cconstant over the duration of a spill and that the average of this ratio
over one spill is constant over the full data set allows to perform a relative dead-time
correction from spill to spill even if Ny and the extrapolated number of incoming
triggers are not absolutely correct numbers. This is of special importance for the
polarimetry investigations in which one is only interested in relative counts for the
different beam polarization states. Details on the polarization measurements are given
in chapter 7.
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Chapter 5

Energy Measurement

The main field of application of the Silicon Tracking Telescope is to identify and
measure the energy of low energy spectator protons with a precision better than 1%.
Knowing the four-momentum of this spectator proton it is possible to identify a proton-
neutron reaction and to also determine the four-momentum of the neutron in the initial
state on an event by event basis.

Special attention has to be drawn to the configuration parameters of the front-
end electronics and the read-out system in order to achieve the desired precision.
In addition, the calibration coefficients that map the ADC value to an energy loss
information have to be determined for each individual read-out channel.

Moreover, changes in the working environment, such as the temperature and the
low voltage power supply of the chips, result in an effect called common-mode, which
is a common shift of the base-line of the front-end electronics that can be corrected
in an off-line analysis. Without correction the shift would essentially lead to a false
measurement of the energy loss.

5.1 Tuning

The tuning of the read-out system for best performance can be logically split into two
independent parts. First the correct chip bias voltage and control register settings
have to be found for the different front-end - detector combinations. In a later stage,
the DAQ has to be tuned which basically means optimizing the timings of the digital
control signals.

5.1.1 Chip tuning

In section 3.2 it was demonstrated that the used front-end chip with its eight bias
voltages and the different possible control register settings is on one side very flexible
but also rather complicated to setup for best performance. By switching the front-
end chips into test mode and shifting one bit in both the test and read-out shift
registers to one of the channels, this channel becomes transparent. This means that
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Figure 5.1: (a) Pulse shape for test pulse amplitudes of 500 fC, 1000 fC and 1500 fC. (b) Pulse
shape for a test charge of 1500 fC with the "hold" signal applied at 0.8 us, 1.2 us,
1.6 us, 2.0 us and 3.2 us after injecting the test charge.

a charge applied to the input of the selected channel is amplified by the slow shaper
of that channel and directly available on the output of the chip. After sending a test
pulse to this selected channel the pulse shape can be observed with an oscilloscope
or sampled by an ADC. Figure 5.1(a) shows the pulse shape for several different test
pulse amplitudes. The variation in peaking times (the time until the pulse has reached
its peak amplitude) is of the order of 400 ns.

In an ideal case the peaking time should not depend on the amplitude of the test
pulse. By setting the bias voltage of the front-end chips appropriately it is possible to
minimize this dependence. However, connecting a different detector to the front-end
board or connecting the other side of a detector may change the optimum bias voltage
settings. Therefore the tuning of the chip parameters has to be repeated after such
changes.

5.1.2 Read-Out tuning

The tuning of the read-out system is mainly finding the correct timing for all the
digital control signals. The timing of the hold signal is one of the most important
ones, since it determines how well the peak amplitude of a signal is sampled by the
ADC. Figure 5.1(b) shows the pulse shape for a fixed test pulse amplitude and a variety
of different hold delays. Goal of the tuning is to find the hold delay in such a way that
the hold signal is applied to the sample and hold facility of the chip when the analog
signal in the slow shaper has reached its maximum. Since the hold delay is fixed by the
sequence running in the control unit it becomes obvious, how important a minimum
peaking time variation and therefore the chip tuning is for a good performance of the
energy measurement. In practice, the hold delay is adjusted by triggering the DAQ with
test-pulses of the most probable expected amplitude and varying the hold delay with
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Figure 5.2: Output amplitude distribution of a front-end board with 5 chips. The plots in the
right column (b, d and f) show a sequence with a test pulse injected into the third
channel of the first chip in the chain. Sub-figures c and d show a zoom onto the
first chip and e and f display a zoom onto the region in which the test pulse was
been applied.
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respect to the incoming trigger until a maximum chip response is reached. Since the
determined hold delay depends on the trigger delay, the time between the generation of
trigger in the front-end and the actual start of the DAQ), it is obvious that special care
has to be taken in order to have equal trigger delays during tuning and data taking.

The second delay that has to be tuned in the read-out system is the delay between
the clock and the conversion signal. Consecutive pulses to the "clk” input of the
front-end chips switch the output of the slow shaper to the output multiplexer. There
has to be a corresponding conversion signal to each " clk” pulse in order to sample the
multiplexed data synchronously. A rough estimate for the delay between both signals
is the time the "clk” travels from the read-out control unit generating the signals to
the front-end chips plus the time the analog signal travels back to the ADC. Figure 5.2
shows the distribution of the output signals of a front-end board with five chips. In
Figures 5.2(a) and (b) all five chips are visible, (c) and (d) show a zoom onto the first
chip and (e) and (f) display the first 8 channels of the first chip. In the plots on the
right side (a,c and e) also a test pulse has been introduced to the third channel of the
first chip. With a clock frequency of 5 MHz each channel is only for 200 ns available at
the input of the ADC. In addition to that, the settling time of the analog signal has to
be taken into account. From 5.2(f) it is obvious that the full amplitude of the analog
signal is only available at the very end of the 200 ns active time of each channel. For
best performance the conversion pulse has to be shifted to the end of this active cycle.
A trivial check, whether the delay of the "conv” to the "clk” signal is set correctly, is
to look at the channel adjacent to a channel with a high amplitude test pulse because
the settling time does not only apply to a rising signal but also to a falling one. If
the timing is set correctly the amplitude in the adjacent channel must correspond to
the pedestal of that channel. In case the "conv” signal is applied too early, a channel
adjacent to a channel with a test pulse will show some remaining amplitude of the test
pulse.

5.2 Calibration

Once the front-end electronics and the read-out system are tuned for a certain experi-
mental setup, a calibration that maps the chip response in ADC channels to an energy
loss of a particle passing through the detector needs to be obtained. In practice, the
calibration procedure is split into three stages. In the first stage, the test-pulse capa-
bilities of the VA32TA2 chips is exploited to determine the response function of the
chips. In later steps real data is used to obtain an absolute energy calibration.

5.2.1 Test Pulse measurements

The VA chips test pulse capabilities allow one to calibrate each VA channel individually.
The test charge is generated by a voltage step over a test capacitance of 1 pF on the
front-end electronics board which is generated by one of the digital control signals. The
amplitude of the voltage step is determined by one channel of the DAC integrated on
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figure c shows the chip response as a function of the applied test charge for both
positive and negative test charges.
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Figure 5.4: Distribution of the calibration coefficient P; over one side.

the interface board with an addition dividing factor of three. The applied test charge
is then given by

1
Qtest = 51 PF - Utest (5-1)

With the knowledge, that an energy deposit of 3.6eV creates one electron-hole

pair [54], the energy equivalent Eiest to the applied test charge can be expressed
by

3.6eV
1.602-10-19fC
Typical test pulse histograms are shown in figure 5.3. In the histograms the test pulse
peaks are 50 fC apart from each other with 100 entries in each peak. The peaks on
the far left of the histograms are the pedestals.

By measuring the chip response for several different test charges a preliminary
calibration is obtained. Figure 5.3(c) shows the test amplitudes in MeV as a function
of the chip response in ADC channels for positive and negative amplitudes. A fit
by a 4th degree polynomial to the test pulse plots results in a calibration function
for each channel. On the front-end board each of the five chips has its own test
capacitance which means that the effective test pulse amplitude may vary from chip
to chip due to production tolerance of the capacitance and the placement of the
capacity on the printed circuit board. With the existing front-end board chip number
5 always shows lower test pulse amplitudes. The reason for this behavior is a change
in the effective capacitance due to the placement of the components on the board.
Figure 5.4 shows the distribution of the calibration coefficient P; over all strips of

_ keV
Etest = 1-1071°. Qrest = 22,472 = - Quest (5.2)
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Figure 5.5: Energy loss of the negative side versus the energy loss of the positive side before
(a) and after adjusting the calibration (b). Before the adjustment the band is
slightly rotated to the axis of the negative side.

the negative side of the first detector. The strips connected to chip 5 (starting from
strip 125) show a significant difference to the rest of the strips. To overcome this
behavior an additional calibration factor has been introduced which lets one equalize
the effective test capacitance. The energy loss information for a segment can thus be
calculated with

Eioss = Cap-(Py+ Py - ch+ Py - ch?> + P3- ch® 4+ P4 - ch*) (5.3)

in which ch is the chip response in ADC channels, Py through P, are the calibration
coefficients and Cap is the capacitance coefficient. By definition Py is forced to zero
since a chip response of zero must give a energy loss of zero.

5.2.2 Equalizing the Calibration for both sides of a detector

The charge collected from both sides of a detector must be the same. The energy
deposit for a hit is given by

Esum = Z Esegment (5-4)
segments
and
Enit = S1 - Esum + S2* Esum® + S3+ Esum® + Sa + Esum” (5.5)

in which Esegment Is the energy deposit for a segment which is given by equation 5.3
and Egqym is the sum of energy losses over all segments that comprise the hit. S;
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Figure 5.6: Energy loss of a hit in the thin detector versus the energy loss of a hit in the
thick detector for the same track for the preliminary (a) and the final energy
calibration (b). The black curves indicate the SRIM calculation. Both plots show
the integral data for the whole telescope with 128 segments by 151 segments in
the first detection layer and 96 segments by 96 segments in the second detector.

through S4 are additional per side calibration coefficients. The left plot in figure 5.5
shows the energy loss of the negative side versus the energy loss of the positive side
of the thick detector. The black line indicates equal energy losses from both sides. In
the figure the band is rotated to the y-axis which means that either the negative side
gives too high energy losses or the positive side gives too low energy losses. Adjusting
S1 through S4 for both sides leads to equal energy losses over the full range. The
energy loss from the negative side versus the energy loss from the positive side after
the adjustment of the coefficients is displayed in the right plot of figure 5.5.

5.2.3 Finalizing the Calibration

With the energy calibration obtained up to this point it is already possible to identify
particles by exploiting the AE vs. E method. The plot in figure 5.6(a) shows the
energy loss of a hit in the thin detector versus the energy loss of a hit in the thick
detector for the same track. A band of protons is clearly visible but does not coincide
with the expected curve indicated by a solid line. To finalize the calibration it is possible
to adjust the coefficients S; through S, for all four sides by fitting a sample of selected
protons to the calculated curve. The result of the fit is shown in figure 5.6(b). With
the final calibration the band coincides very well with the calculation.
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5.3 Common Mode and its Correction

In an ideal situation a segment that has not collected any charge gives an ADC value
that is equal to the channels pedestal value. Depending on the read-out frequency
and various other reasons it is possible that the baseline of the read-out electronics
shifts from event to event. This results in a common shift of the pedestals for all
channels which essentially leads to an offset in the calculation of the energy loss for
one segment. The behavior is known as common mode and can be corrected in the
off-line analysis.

Figure 5.7(a) shows the event by event jump of the pedestal of one channel of the
negative side of the thin detector for 25 consecutive events. Without common mode
the data points would be located at zero. The plot shows that the pedestal oscillates in
the range of —6 to +6 ADC channels around zero. The energy equivalent of this range
is approximately =50 keV. A similar picture for the negative side of the thick detector is
displayed in figure 5.7(b). In case of the thick detector the range in which the average
pedestal oscillates around zero is from —3 to +3 ADC channels or —120 to +120 keV
in energy equivalent. Taking into account that the charge generated by a particle in
the thick detector is in average collected by about five segments the maximum error in
energy loss determination introduced by the common mode is = 5-120 keV = 600 keV.

The following is a description of the two in the analysis software available correction
methods as well as a comparison in correction quality and performance of the two
methods.

5.3.1 Mean value correction

The "Mean value” correction algorithm calculates the common mode for each event
as the mean value of each segments ADC value minus the channels nominal pedestal.
In particular, a segment is only used in the calculation of the common mode when
its ADC value is below a certain threshold. For the N-side of the thin detector for
instance, where the maximum positive swing of the common mode is 6 ADC channels,
a value of 7 or 8 ADC channels as a threshold is a good choice. The threshold for the
common mode correction must in any case be higher than the maximum positive swing
of the common mode. If it is set below the maximum positive swing it is possible that
for certain events the common mode is so high that no segment is used to calculate
the common mode. As a mathematical formula the "Mean value” algorithm can be
expressed by

CM = Z (rawl[i] — pedestal[i]) /n with raw[i] < thrl[i] (5.6)

0<i<n

in which CM is the common mode for the event, n is the number of segments with
an ADC value below threshold, raw][i] is the actual ADC value for segment / and
pedestal[i] and thr[i] are the nominal pedestal and threshold of channel i respec-
tively. Figure 5.8 shows the uncorrected and corrected pedestal of an arbitrarily se-
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Figure 5.7: Event by event jump of the pedestal of one channel of the negative side of the
thin detector (a) and the negative side of the thick detector (b) for 25 consecutive
events. The circles represent the raw data, the squares the data after the common
mode correction.
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lected segment of the N-Side of the thin detector for data taken with and without
zero suppression. Without correction the pedestal peak has a width of 69keV or 8.1
ADC channels (FWHM) for the full data and a width of 71keV or 8.4 ADC channels
(FWHM) for the zero suppressed data. After the "mean value” common mode cor-
rection the peak width is significantly reduced. For the unsuppressed data the width is
24 keV or 2.8 ADC channels (FWHM) and for the data taken with zero suppression it
is 22 keV or 2.6 ADC channels (FWHM).
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Figure 5.8: Raw (uncorrected) and common mode corrected pedestal of an arbitrarily selected
segment of the negative side of the thin detector for data taken without zero
suppression (a) and with zero suppression (b). The common mode correction
was performed using the "mean value” method in both cases. Without correction
(transparent histogram) the pedestals are 69 keV (a) and 71keV (b) wide. After
the correction the pedestals (filled histogram) have a width of 24keV (a) and
22keV (b).

5.3.2 Qsort correction

The second algorithm available for the off-line common mode correction is the " Qsort”
method. The ADC value minus the nominal pedestal for each segment is added to
a list and sorted. If the list has n elements then the common mode for the current
event is the value at index n/2 of the list. Figure 5.9 shows the uncorrected and
corrected pedestal of an arbitrarily selected segment of the N-Side of the thin detector
for data taken with and without zero suppression. Before the correction the pedestal
has a width of 69keV or 8.1 ADC channels for the unsuppressed data and a width
of 71keV or 8.3 ADC channels (FWHM) for the reduced data. After applying the
"Qsort” correction algorithm the width of the peak for both cases is 23keV or 2.7
ADC channels (FWHM).
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Figure 5.9: Raw (uncorrected) and common mode corrected pedestal (" Qsort” method) of
an arbitrarily selected segment of the negative side of the thin detector for data
taken without zero suppression (a) and with zero suppression (b). Before applying
common mode correction (transparent histogram) the pedestals are 69 keV (a)
and 71keV (b) wide. After the correction the pedestals (filled histogram) have a
width of 23 keV.
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Figure 5.10: Time to perform the common mode correction as a function of segment number
for both introduced correction methods. The data points at 10 segments repre-
sent the processing of data taken with zero suppression. The data points at 96
segments represent both sides of the thick detector and the points at 128 and
151 the positive and negative sides of the thin detector respectively.
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5.3.3 Comparison

Both methods show an equal correction quality independent on the type of data (with
or without zero suppression). However, when comparing the performance of both
methods then the "mean value” correction method has a clear advantage over the
"Qsort” algorithm. Figure 5.10 shows the time needed to correct the common mode
of 1000 events as a function of the number of segments. The data points at 10
segments represent data taken with zero suppression, the points at 96 segments both
sides of the thick detector without zero suppression and the data points at 128 and 151
segments the P and N side of the thin detector respectively. For all chosen segment
numbers the "mean value” algorithm is significantly faster which is a clear advantage.
Even for data taken with zero suppression, which is the preferred mode, the "mean
value” method is roughly two times faster than the "Qsort” method. However, the
"mean value” algorithm requires a per segment threshold which has to be set in a
correct way. In case the threshold is set too high, also segments with a real signal are
considered in the calculation of the common mode which results in false values. On
the other hand, a too low threshold may cause the algorithm to fail because for large
values of the common-mode all segments might have ADC values that are above the
threshold.

The calculations have been conducted on a PC with a 1.3 GHz Intel Celeron M
Processor running Ubuntu-Linux [55] with version 3.3.5 of the GNU C/C++ compiler
family [56].

5.4 Detection Resolution

By exploiting the AE/E method it is possible to identify and distinguish between
stopped protons and deuterons. To give an estimate on how well the separation of
both particle works, it is reasonable to give the detection resolution as a number for
the combination of two detectors. Figure 5.11(b) shows a projection of the AE vs. E
plot along the solid line in figure 5.11(a). In figure 5.11(a) the calculated bands for
protons and deuterons are indicated by dashed lines. The line marking the projection
axis is perpendicular to the proton band at 5 MeV energy loss in the thick detector.
However, due to the different axis scales for the energy losses in the thick and thin
detectors the projection axis does not seem to be perpendicular to the proton curve. A
fit by a combination of two gaussians to the resolution plot yields the band separation
which is roughly 3.8 0.

Due to the absence of an absolute energy reference! the quality of the obtained
energy calibration can only be given by the distance between the proton and deuteron
bands in figure 5.11(b). In the figure the distance is 499 keV while a value of 527 keV is
expected from the calculations. The reason for the deviation of =~ 6 % to the expected

Yrradiating each detector with an « source would provide an absolute energy reference, to which
the calibration can be adjusted.
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Figure 5.11: (a) Energy loss of a hit in the thin detector versus the energy loss of a hit in
the thick detector. The calculated proton and deuteron curves are indicated as
dashed lines. The projection axis for the resolution plot is shown as a solid line.
The axis is perpendicular to the proton band at 5MeV energy loss in the thick
detector. (b) Projection along the solid line shown in the AE vs. E plot.
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Figure 5.12: (a) Energy loss of a hit in a 65 um thick detector versus the energy loss of a hit
in 300 um detector. The data has been taken with a first version of the tracking
telescope. As in figure 5.11(a) the calculated proton and deuteron curves are
indicated as dashed lines and the projection axis for the resolution plot is shown
as a solid line. (b) Projection along the axis indicated in the AE vs. E plot. The
expected projection of the deuteron band is indicated by a dashed line assuming
that the resolutions for protons and deuterons are equal.
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value is a remaining non-linearity from the test-pulse measurements, that can not be
corrected for by the two subsequent fits to real data.

For comparison, figure 5.12 shows the same two plots for data taken with a first
version of the tracking telescope [37]. It was equipped with a 69 um thick double-sided
Silicon detector as a first layer and a 300 um detector as a second layer. The front-
end electronics utilized the VA32HDR [36] amplifier and TA32cg [38] trigger chips.
The projection axis for the resolution plot has been chosen to be perpendicular to the
proton band at 2.5MeV energy loss in the 300 um detector. Due to the absence of
deuterons in the data, the expected deuteron peak in the resolution plot is indicated
by a dashed gaussian assuming equal resolutions for both protons and deuterons. The
separation of the two bands is approximately 7 o.
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Chapter 6

Track reconstruction with the
Telescope

In order to fix the momentum of the initial neutron in a proton-neutron reaction within
the spectator model, the precise knowledge of the four-momentum of the detected
spectator proton is required. In case one investigates inelastic proton-neutron inter-
actions with additional particles in the final state this gives also the opportunity the
measure at different excitation energies by selecting certain ranges of the polar angle
6 of the detected spectator proton.

Moreover, the knowledge of the track of a particle will allow to reconstruct the
vertex of the reaction in two dimensions on an event by event basis. For an identified
reaction with known kinematics it is also possible to precisely align the silicon tracking
telescope and with respect to D2 and other ANKE detection systems.

In a first approximation the reconstructed tracks are assumed to be straight lines
between the hits in the detectors. Later, corrections due to the magnetic field of the
D2 spectrometer magnet are applied to the track parameterization.

6.1 Detector Hits

A track is defined as a straight line between two correlated hits, in the thin and in the
thick detector. Each hit contains the information about the energy loss of the particle
and its position in the detector. In a first stage each side is analyzed separately resulting
in hits that carry the position information only in dimension, in the analysis these hits
are called "one-dimensional” hits. Later the 1D hits are combined to form " two-
dimensional” hits with the full position information. Besides the position in the detector
frame itself, the hit carries its position in the telescope and the ANKE reference frames.
The detector reference frame is defined as x and y being the coordinates in the detector
plain and z being the coordinate along the thickness of the detector with the origin
being in the center of the detector. In particular, x is measured by the positive pulsing
side and y is measured by the negative pulsing side. The telescope coordinate system
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is a copy of the ANKE system rotated by the D1 deflection angle around the y axis
and shifted to the nominal target position.

6.1.1 One-dimensional Hits

In a first stage of the hit generation each detector side is analyzed separately in order
to get a list of one dimensional hits. The hit finding algorithm is best explained by
figures 6.1(b) and (c) in which the energy loss distribution of a single event is shown.
The algorithm loops over the list of segments of a side and checks if the energy loss of
a segment is above the primary threshold of that segment. For the event displayed in
the figure this condition is met by segment 74. Once a segment is found to be above
its primary threshold the algorithm goes back and forward in the list and adds the
energy losses of all segments that have an energy loss above the secondary threshold.
In the example segment 73 meets the condition when the algorithm is going backwards
and segments 75, 76, 77 and 78 have the required energy loss when going forward in
the list. The secondary threshold is chosen in such a way that the size of the hit (the
number of segments comprising the hit) is reasonable (depending on the type of the
detector) and to reduce the errors introduced by the energy loss summation. A low
secondary threshold increases the size of the hit, which in an extreme case might lead to
a combination of two physical hits to one hit. A high secondary threshold decreases the
size but increases the error in the energy loss determination because not all segments
are taken into account. The position of the hit in the detector reference frame is
defined by the weighted energy loss center of all segments in the hit. Figure 6.1(a)
shows a typical energy loss histogram for the negative pulsing side of the thick detector.

6.1.2 Two-dimensional Hits

In the second stage of the hit determination the one dimensional hits from both sides
are combined. The criteria to decide whether two 1D hits belong to the same 2D hit
is that both energy losses may only differ by a certain percentage, that depends on the
detector type. Figure 6.2 shows the energy loss for a hit on the negative pulsing side
versus the energy loss for a hit on the positive pulsing side. When the two dimensional
hits are generated, the third coordinate (z) of the hit is set to zero. For the first
detector this approach is reasonable because the thin detector works as a transmission
detector, which means that the energy is deposited homogeneously along the path of
the particle. Figure 6.3 shows a sketch of a hit in the thin detector. For particles that
are stopped in the thick detector the situation becomes more complicated because the
z coordinate of the hit can no longer be assumed to be in the middle of the detector.

6.1.3 Particle identification

With the energy loss information for the hits in both detectors it is possible to identify
the particle by the AE/E and PID [57, 58] methods. On the left side of figure 6.4 the
AE/E plot is shown. On the right side the PID versus the total energy loss is plotted.
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Figure 6.1: Typical energy loss histogram for a segment of the negative pulsing side of the
thick detector (a). The primary threshold is located at 50 of the pedestal width
which corresponds to ~ 550keV. The secondary threshold is set to 3o of the
pedestal width or = 330keV. In (b) the distribution of energy losses for a single
event over all segments of the negative pulsing side of the thick detector is shown.
The individual primary thresholds are indicated by circles. (c) displays a zoom on
the region of the detector which was struck by a particle. The secondary thresholds
are indicated by boxes.
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Figure 6.4: (a) AE-E and (b) PID plots for data from the beam-time in November 2003.

The PID is defined by equation 6.1 in which AE is the energy loss of the particle in
the thin detector and E is the energy loss in the thick detector. In the PID vs. total
energy loss plot each particle type contributes to a horizontal band.

1
—=(AE+ BT - BN (6.1)

A cut around the bands in both plots allows the selection of certain particles for further
analysis.

6.1.4 3D position information from the thick detector

Figure 6.5 shows the track of a stopped particle in the thick detector. Most of the
energy is deposited at the end of the track. With the measured energy in the thick
detector and the knowledge of the particle type it is possible to calculate the penetration
length in the silicon detector. Figure 6.6 shows the range of protons and deuterons as
a function of the initial kinetic energy.

By this method the z position of a hit in the coordinate system of the thick detector
can only be extracted for identified and stopped particles (in our case protons and
deuterons). Figure 6.7 shows a sketch of the principle of the reconstruction method.
t is the thickness of the detector, d is the calculated penetration length and a and b
are the coordinates of a hit in the thin detector in the reference frame of the thick
detector.

a-z
X =

b+ z
d?>=x%2+2° (6.3)

(6.2)
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Figure 6.5: Sketch of the track of a stopped particle in the thick detector. The amount of
deposited energy along the path is illustrated by the thickness of the arrows.
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Figure 6.7: Determination of the z-coordinate of a hit in the thick detector.

2 2

22+ 2
(b+ z)?
Equations 6.2 and 6.3 result from geometrical considerations. The missing z coordinate

of the hit in the thick detector is obtained by finding a z € [0, t] that solves equation 6.4
which is the combination of equations 6.2 and 6.3.

~d?*=0 (6.4)

6.2 Track Reconstruction

The track of a particle is parameterized by its vertex and a direction (6 and ¢ with
respect to the nominal beam axis), and in a first approximation defined by a straight line
between the 2D hits in the detection layers. Since a valid track has to originate from
the target, a cut on the target region can be made by cutting on the strip-strip bands
for the hits in the thin and the thick detector. Figure 6.8 shows the two correlation
plots which are used to make a cut on the target region.

6.2.1 Determination of the y and z coordinates of the target

With knowledge of the track parameters it is possible to reconstruct the position
and extension of the target. Figure 6.9 gives a sketch of how the reconstruction is
performed. The straight line track is defined by the two hits (red dots in the figure).
The intersection of the track with a y — z plane at the x coordinate of the target
results in the green dot in the figure. The histogram of the y and z coordinates of
this intersection point over a sample of tracks gives the mean position as well as the
extension of the target in y and z direction. Figure 6.10 shows the y and z target
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Figure 6.8: Strip-strip correlation plots for hits in the thin and thick detectors.

position and extension for data from the beam-time in November 2003. The given
coordinates are with respect to the telescope reference frame.

6.2.2 Determination of the x coordinate

The performance of the reconstruction of the y and z coordinate of the target point
strongly depends on the correct knowledge of the x coordinate of the intersection plane
(x coordinate of the target). The x coordinate of the target can be determined by min-
imizing the width of the y and z target distributions. If the position of the intersection
plane has been chosen correctly the y and z distributions must have minimum width.
Figure 6.11(a) shows the projection of a sample of proton tracks from the November
2003 data onto the x — y plane. The width of the projection in y direction strongly
depends on the x coordinate. A distribution of the sigma of a Gauss fit over a y slice
of the projection as a function of x is shown in figure 6.11(b). The x coordinate at
which the distribution has its minimum is the position of the target and the intersection
plane. For correct operation of the method it is however necessary to have the tracks
over a wide range of 8 and ¢ angles. In the above example in which the y coordinate
of the intersection point was used to reconstruct x all possible ¢ angles where avail-
able. Due to this, the track projection onto the x — y plane shows good sensitivity
to the x coordinate. For a cross check it is also possible to use the z coordinate of
the intersection point in order to reconstruct the x position of the target. For the
November 2003 data in which the 8 track angles were only in a limited range this was
not possible. Figure 6.11(c) shows the track projection onto the x — z plane. From
the figure it can be seen that the x — z projection is not sensitive to the x coordinate
of the target.
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Figure 6.9: Sketch of the vertex/target reconstruction with a straight line track through the
hits in the thin and thick detector.
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Figure 6.10: Position and extension of the target for the November 2003 charge exchange
beam-time.
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Figure 6.11: Projection of a sample of proton tracks from the data taken in November 2003

onto the x — y plane (a). Distribution of the sigma of a Gaussian fit over a y slice
of the projection in the x — y plane as a function of x (b). In (c) the projection
onto the x — z plane is shown. Since the 8 angles of the tracks in the sample were
limited to a small angular range it is not possible to reconstruct the x position of
the target from the x — z projection plot.
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Figure 6.12: Exaggerated sketch of the influence of the magnetic field on the track parameters.
zr and O are the track parameters obtained by the straight line approach. z,
and 0y are the true z-coordinate and 8-angle at the vertex. zg and 6\, are both
positions given with respect to the nominal target point.

6.3 Magnetic field correction

The tracking telescope is located inside the target chamber in which the influence
of the D2 magnetic field to the track parameters can not be neglected. In order to
check this influence and if necessary introduce corrections to the track parameters
obtained by the straight line approach a Geant4 simulation has been used [59, 60]. In
the simulation a point like target at x = y = z = 0.0 mm (in the telescope reference
frame) was chosen, multiple scattering was switched off and protons and deuterons
were generated into the full acceptance of the tracking telescope. In the analysis of
the simulated data only stopped particles were taken into account. In the following
Or. ®r. Xr. Yr and zg shall be the track parameters reconstructed by the straight line
method and 6y, ¢v. xv. yv and z, are the true parameters at the vertex.

Figure 6.12 shows an exaggerated sketch of the influence of the magnetic field
on the above mentioned track parameters. The lower the momentum of the stopped
particle is, the further the reconstructed z coordinate is shifted to negative values. A
similar dependence is visible for the track 6 angle. zg and 8, are both positions given
with respect to the nominal target point.

6.3.1 The x coordinate of the target

To determine the x coordinate of the target (which must be at 0.0 mm) the method
described in section 6.2.2 has been used. Since the generated events covered the
whole telescope acceptance it was possible to reconstruct xg both via the y and the
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particle XR Via y Xp Via Z
proton —0.012mm | —0.026 mm
deuteron | +0.018 mm | +0.011 mm

Table 6.1: Reconstructed xg coordinate of the target for the simulated data.

z coordinates of the intersection point. The results are summarized in table 6.1. A
dependence of the reconstructed target x coordinate on the particle momentum could
not be seen.

6.3.2 The z coordinate of the target and the track 6 angle

The major component of the D2 magnetic field in the target region is in y direction.
Thus a strong dependence of the reconstructed z coordinate of the target and the 6
angle of the track on the particle momentum is expected.

A magnetic field correction can be expressed by the following equations:

6y = 6r — A6(p) (6.5)
zy = zr — Az(p) (6.6)

in which AB(p) and Az(p) are offsets due to the magnetic field and depend only on
the particle type and momentum. The difference of 6 and zr to the nominal values
given by the Geant4 event generator are displayed in figures 6.13(a) and (c) for protons
and 6.14(a) and (c) for deuterons. For both particles a clear shift and a tail to negative
A6g and negative Azg values is visible. Figures 6.13(b) and (d) and 6.14(b) and (d)
show ABr and Azgr as a function of the particle momentum. In all four plots a clear
dependence on the particle momentum is visible. To correct the effects shown in
figures 6.13(a) through (d) and 6.14(a) through (d) a fit by a function

C3
Cs-p+Cs

can be made for all four cases. Figures (e) through (h) of 6.13 and 6.14 display
ABy and Az, as well as their dependence on the particle momentum for both particle
types. The shift and the tail to negative angles and negative z values is removed. The
dependence on the particle momentum is removed in all four cases.

f(p) = Co-ecrPca 4 +Ce-p>+Cy-p+ Cg (6.7)

6.3.3 The y coordinate of the target and the track ¢ angle

In the x — z plane the magnetic field has a significant influence on the track parameters.
Figure 6.15 shows A¢r and Ayg as a function of the particle momentum for protons
and deuterons. In the x — y plane the magnetic field has hardly any influence on the
track parameters which makes a correction unnecessary.
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Figure 6.13: ABg = Or — Ogenerator and Azr = Zr — Zgenerator for protons without ((a)-(d))
and with ((e)-(h)) the magnetic field correction. A constant shift and a tail to
negative angles and negative Az values is visible in the uncorrected plots.
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Figure 6.14: ABr and Azg for deuterons without ((a)-(d)) and with ((e)-(h)) the magnetic
field correction.
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Figure 6.15: Influence of the momentum and the track 6 and ¢ angles on the track parameters
in the x — y plane for (a,c) protons and (b, d) deuterons.

6.3.4 Cross-Check of the magnetic field correction

To get an estimate of the errors introduced by the reconstruction a second simulation
has been done. In this simulation run an extended target with a spherical shape with
a radius of 2.5mm has been chosen. In addition multiple scattering has been switched
on. In the reconstruction code 8 and ¢ are directly extracted from the information
from the detectors while y, and z, depend on the position of the intersection plane.
It is therefore reasonable to split the track parameters into two categories. One for
the directly measured and one for the indirectly measured parameters.

9\/ and ¢\/

Figure 6.16 shows the differences A6y, and A¢, of the measured parameters to the
nominal values given by the Geant4 event generator. For A6 the values after the
magnetic field correction are plotted. In both cases the peak is centered around 0 deg
which means that the reconstruction method does not introduce any offsets. This is
especially crucial for 8 which already includes the magnetic field correction. For 6y the
standard deviation is 0.46 deg for ¢y it is 0.48 deg.

Xy, yv and zy

The major drawback of having mostly single track events in the telescope is that one
is insensitive to xiy on an event by event basis. In the reconstruction xy/ is assumed to
be equal to xg which is the x coordinate of the center of the target. Thus the real
Xy can be anywhere between xg — 0.5 Axy and xg + 0.5 - Axy with Axy being the
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Figure 6.16: Af, (a) and A¢y (b) for the simulated data with extended target and multiple
scattering switched on.

size of the target in x direction. Figures 6.17(a) and (b) display Ay, the difference
of yy to the nominal values, and Ay, versus xg, the x position of the origin of the
simulated particle. The plot in 6.17(a) is the projection of plot 6.17(b) to the y axis.
For Ay, the standard deviation is 0.62 mm. Figures 6.17(c) and (d) show similar plots
for the z coordinate at the target. Az, strongly depends on xg due to the influence
of the magnetic field. Since the 1D plot is again the projection of Az, versus xg the
standard deviation for Az, is larger than in case of Ay, . For Az, it is 0.65mm.

6.3.5 Application to real data

Up to this point all plots and data concerning the magnetic field correction have
been based upon Monte-Carlo simulations. A next step to check the magnetic field
correction is to apply it to real data. In an ideal case the correction should eliminate
the dependency of the track parameter on the momentum of the particle. For the
reconstruction of the z position of the target the check is straight forward because
the target z position is independent on the investigated physics. The histogram in
figure 6.18(a) shows this behavior for protons. The data points indicated by solid
triangles represent the mean z position with magnetic field correction, the z position
without magnetic field correction is indicated by squares. In addition the correction
function is drawn as a solid line. The uncorrected data points match the development
of the correction function. For the 8 angle however, the situation is more complicated
since the physics itself introduces a correlation between 8 and the momentum. To
perform the check also for 6 it is necessary to identify a single reaction channel and
compare the experimental 8 vs. momentum correlation with the theoretically calculated
one. Figure 6.18(b) displays 6 as a function of the deuteron momentum for dd-
elastic events. Again, the corrected data points are indicated by solid triangles and the
uncorrected points by squares. The solid line represents the correction function and
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Figure 6.17: Ay, (a), Ayy vs. xg (b), Az, (c) and Az, vs. xg (d) for the simulated data with
extended target and multiple scattering switched on.

the dashed line the kinematically calculated correlation.

6.4 Alignment

To get the correct position of the detectors with respect to each other and the target
chamber, the tracking telescope has been measured by the Central Department of
Technology of the research center. The measurements comprised the determination
of the positions of the center of each detector with a precision of better than 10 um
as well as the rotation around all three axes with a precision of better than 10 mrad.
The most powerful tool to check the measurements and the correct alignment of
the detectors are the correlations between the y and z coordinates of the target and
the track angles ¢ and 6. In all cases the reconstructed target coordinate must be
independent on the track angles. Figures 6.19(a) through (d) show the target y and
z coordinates versus the track ¢ and 6 angles with the inclination of the bands printed
in each plot. For each case the inclination is below 0.005mm/deg. Figures 6.19(a)
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Figure 6.18: Reconstructed target z position (a) and 6 (b) as a function of the particle mo-
mentum with and without the magnetic field correction for dd-elastic events.
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Figure 6.19: yrarger vs. ¢ (a) and 6 (b) and ztarger vs. @ (c) and 6 (d) for protons.

and (d) also show the acceptance of the telescope arrangement. For large ¢ angles for
instance, only the lower part of the target is imaged while for small ¢ angles the upper
part is visible. Another tool to check the alignment is the 8 vs. ¢ plot which must
also show no dependence. Figure 6.20 shows the 6 vs. ¢ distribution of deuterons
for different momentum ranges (figures (a)-(c)) and all momenta (figure (d)). The
inclination of each of the bands is printed in the plots. The maximum inclination
is ~ 0.0138degy/deg,. For a check of the absolute alignment and positioning an
identified reaction has to be consulted. Figure 6.21(a) shows the 6 angle of the
deuteron in the tracking telescope versus 6 of the forward going deuteron for dd-
elastic at a beam momentum of 2.40 GeV/c. The solid line indicates the kinematical
calculation for this reaction and it is seen that the experimental data points agree very
well with the calculation. The difference in the ¢ angles for both detected deuterons
is displayed in Figure 6.21(b). A peak very close to 180° is visible in the plot which
must be the case since for any two-body elastic reaction the two outgoing particles
and the incoming beam particle lie in the same plane.

A further possibility to check the validity of the reconstructed tracks as well as
the energy calibration is to plot 6 of a particle detected in the telescope against its



6.4 Alignment

D172 0 s e e e B L s B s S B By e B S 120

-0.013735 deg / deg -0.011273 deg / deg

110 110

10

=]

=]
L L L L A BRI B

10

=]

=]
L L L L A BRI B

9 9

8r [deg]
8r [deg]

80 80

70 70

80 80

70 70

6050 10 0 10 20 30 609 20 10 0 10 20" 30
9., [deg] 9., [deg]

(a) 120 MeV < p < 200 MeV (b) 200 MeV < p < 280 MeV
120 ] 120+ -
110; -0.008168 deg / deg , 110; -0.013062 deg / deg ,
100; é 100; é

=R ] = L ]
= 90— - = 90— -
s ] d ]

K3
o2
S
N
S}
N
5]
=
5]
N
S}
w
S
@
o2
S
N
S}
N
5]

0
¢ [deg]

0
@, [deg] )

Tel

(c) p> 280 MeV (d) p> 120 MeV

Figure 6.20: 6 vs. ¢ for deuterons for different momentum ranges ((a)-(c)) and for all mo-
menta (d).

momentum for a known elastic reaction. Such a plot is shown in figure 6.18(b) which
has originally been used to demonstrate the magnetic field correction. In the plot the
band is slightly inclined with respect to the kinematical calculation. Since the plots in
figures 6.19, 6.20 and 6.21 show that the alignment of the detectors is correct the
inclination in 6.18(b) originates from a remaining inaccuracy in the energy calibration.

The alignment has been checked for data taken with 2.40 GeV/c and 2.46 GeV/c
deuteron beams on a deuteron cluster target as well as a polarized deuteron beam of
2.40 GeV/c momentum on a proton target. For all three data sets, which used the same
geometrical setup of the telescope, the data analysis reproduced the kinematics of the
reaction that has been used to check the alignment. With the used tracking telescope
an angular resolution (FWHM) of 1.6° for protons and 2.2° for deuterons for the
lowest particle momenta could be achieved. This essentially shows, that the presented
track reconstruction method and the magnetic field correction work as expected. A
full collection of alignment reference plots is presented in appendix A.
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Chapter 7

Application

To show the capabilities of the silicon tracking telescope, the polarization observables
A, and Ay, for dp-elastic and pp and np-quasi elastic have been extracted from
data taken during a test beam-time for Charge-Exchange experiments [61]. In the
experiment a polarized deuteron beam of 2.40 GeV/c momentum with eight different
polarization states impinged on an unpolarized hydrogen cluster jet target. Later in
the chapter a first attempt to obtain a three-dimensional target image by fitting is
presented.

For the analysis dedicated software has been developed around the Root-based [62]
analysis framework RootSorter [63] which was also used in the tuning and commis-
sioning phase of the tracking telescope.

7.1 Data Taking

A first test beam-time for the Charge-Exchange experiments with a polarized deuteron
beam of 2.40 GeV/c momentum and an unpolarized hydrogen cluster jet target was
exploited in November 2003. The presented data has been taken with the forward-
coincidence trigger described in section 4.5. In the experiment eight different beam
polarization states have been used. One unpolarized mixture and seven combinations
of different vector and tensor polarizations. The states are summarized in table 7.1.
At the end of each accelerator cycle, the polarized ion source was switched to the next
polarization state. After the seventh state the source was reset and the polarization
state set to the first spin mode. In order to allow the analysis of the different spin
modes additional data-words that encoded the spin mode have been integrated into
the data stream.

In the experiment the slow recoil proton from Jp — pd, ch — (pp)Nspectator and
oTp — (np)Pspectator Nas been detected in the silicon tracking telescope, whereas the
fast forward-going deuteron for dp — pd, the fast proton from dp — (PP)Nspectator
and the spectator proton in dp — (np)pspectator have been detected in the ANKE
forward detector.
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Spin | Relative Vector Tensor
Mode | Intensity Polarization P, Polarization P,,
[1o] ideal EDDA ideal EDDA

0 1 0 0 0 0
1 1 —2/3 | —0.499 £+ 0.021 0 +0.057 £ 0.051
2 1 +1/3 | 40290+ 0.023 | +1 +0.594 + 0.050
3 1 —1/3 | —0.248+0.021 -1 —0.6344+0.051
4 2/3 +1/2 | 40381 +£0.022 | —1/2 | —0.282+ 0.052
5 2/3 -1 —0.682+0.022 | +1 +0.537 £ 0.052
6 2/3 +1 +0.764+0.022 | +1 +0.545 + 0.050
7 2/3 —-1/2 | —=0.349+0.022 | —1/2 | —0.404+0.053

Table 7.1: Vector and tensor polarizations measured by EDDA for the different spin modes used
in the charge-exchange test beam-time. /y is the maximum number of deuterons
stored in the COSY ring. In the experiment /o was in the order of 3-10° with spin

modes 4 through 7 having 2/3 of that value.
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forward-spectator coincidence trigger. (b) Distribution of A¢ (the difference in ¢
angles for both particles) for dp — pd.
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7.2 Analyzing Powers from ap — pd

Due to the limited ¢ acceptance of the ANKE forward detection system and the used
tracking telescope for dp-elastic at this energy it was not possible to determine the
beam polarization for each spin mode individually. With the knowledge of the beam
vector and tensor polarizations obtained by simultaneous measurements by EDDA [24]
it was, however, possible to extract the analyzing powers A, and A, for dp — pd.

7.2.1 Event Selection

Figure 7.1(a) shows the momentum distribution of particles in the forward detection
system for the forward-telescope coincidence trigger. A cut around the dp-elastic
peak as well as a cut on the coplanarity, the difference in the ¢ angle of both detected
particles, is enough to clearly identify the dp — pd elastic reaction channel with hardly
any background events. The A¢ distribution for the identified dp — pd reaction
channel together with the applied cut is shown in figure 7.1(b).

7.2.2 Determination of A, and A,

The differential cross section for polarized deuteron - proton scattering [64] can be
expressed by

do dog 3
E(e’ ¢) = E(G) {1 + EPZAy(G) cos ¢

+%PZZ [Ay,(0)(1 4 cos2¢) + Axx(8)(1 — cos 2(1))]} (7.1)

in which %(9) is the cross section for the unpolarized case, P, and P, are the beam

vector and tensor polarizationsand A,, A,, and A, are the vector and tensor analyzing
powers. Rewritten in terms of counts for certain beam polarization states equation 7.1
becomes

N(8) = No(6) [1 + B, P, + B,.P..] (7.2)

in which N(6) are the counts for a certain spin-mode, Ng(8) are the counts for the
unpolarized beam and

B :gAy(G)(cosdb) and (7.32)

Br = [Ayy (6)(1 + (c0526)) + A (O)(1 — (cos26))] (7.3b)

are asymmetries integrated over the full acceptance. To obtain these asymmetries
from the experimental data, the number of identified dp elastic events for each spin-
mode normalized to the number of events for the unpolarized beam (spin-mode 0) are
plotted in a three-dimensional graph with the x and y axes being the beam vector (P;)
and tensor (P,) polarizations determined by EDDA. The plots are shown in figure 7.2.
The counts for each accelerator spill have also been corrected using the COSY beam
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Figure 7.2: Counts of identified dp-elastic events for the eight available beam polarization

states normalized to the counts for the unpolarized beam as a function of the

beam polarizations p, and p,, measured by EDDA for the different 8., ranges of

the forward-going deuteron.

The data points are indicated by circles, the results

of a fit by equation 7.2 to the data points are shown as planes in the plots and

summarized in table 7.2.
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‘ zone ‘ Ocm [deg] ‘ <ecm> [deg] ‘ NS/NO ‘ B~ ‘ Bz ‘
1 15 - 18 16.2 0.998 | —0.527+0.020 | 0.101 +0.021
2 18 - 21 19.0 1.007 | —=0.587+0.025 | 0.1194+0.026

Table 7.2: Results of the fit of equation 7.2 to the three-dimensional asymmetry plots

| zone | (6cm) [deg] | (cos ¢o) | (cos 2¢p) | A, ‘ A, ‘
1 16.2 —0.991 0.965 0.3544+0.014 | 0.209+ 0.044
2 19.0 —0.991 0.963 0.3954+0.017 | 0.248 £ 0.054

Table 7.3: Average of the cosine of the azimuthal angle and twice the azimuthal angle of the
deuteron together with the results for the A, and A,, measurement for the two
angular ranges.

current signal (BCT) which is a measure of the beam intensity, and the dead-time as
described in section 4.6. In addition, the whole statistics have been subdivided into two
ranges of 6., angles of the forward-going deuteron. Figure 7.3 shows the distribution
of the 6 angle of the deuteron in the center of mass system together with the two
angular subdivisions. A fit by equation 7.2 yields the asymmetries B, and B,,. The fit
results are indicated by planes in figure 7.2 and summarized in table 7.2 in which (6¢m)
is the mean 6 angle of the forward-going deuteron and Ng/Np is a fit offset.

With B, obtained from the fit and the mean value of cos¢ of the forward going
deuteron for spin-mode 0 it is possible to calculate A, for each 6 bin via equation 7.3a.
The results for A, are summarized in table 7.3 and shown in figure 7.4(a) together
with experimental data points from Argonne [65, 66] and Saturne [67, 68]. At Argonne
A, and A,, were investigated with a deuteron beam momentum of py = 2.43 GeV/c
for center of mass theta angles up to 61°, whereas for Ay the angular range went
up to 84 °. The Saturne measurement, carried out at a deuteron beam momentum of
pg = 2.435GeV/c, investigated A, and Ay, in a 6., range from 32° to 94°.

For the determination of A,, the situation is more complicated because even at a
small acceptance away from ¢ = 180° of the forward-going deuteron the influence of
Axx to the asymmetry has to be taken into account. To do so, equation 7.3b can be
rewritten as

Ayy(6)
2-CF

Bzz = (7.4)

with
Ayy(0)
A, (0) - (14 (cos 2¢0)) + A (8) - (1 — (cos 2¢))

being a correction factor which is basically a ratio between A,, and A,, that can be
estimated from the Argonne results. The Argonne results for A,, and Ay, were ob-

CF=2

(7.5)
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Figure 7.4: Experimental values for A, (a), Ay, (b) and A (c) from measurements at Argonne
and Saturne. The results of the fits to the data points (equations 7.6) are drawn
as solid lines.

tained from the same data set which means that the influence of the beam polarization
on the ration cancels out. This feature essentially allows the use of the results from
this independent measurement for the calculation of the correction factor. The results
of the fits to the Argonne A,, and A,, data points [69, 70] (figures 7.4(b) and 7.4(c))
are shown in the following equations

A,, = —50.51 4+ 178.6 cos 0., — 203.1 cos? O.m + 75.09 cos® O m
Ayx = 77.19 — 282.7 €0S O.m + 331.5 c0S? B — 126.1 €OS® O

(7.6a)
(7.6b)

With the use of the correction factor and the value for B,, obtained by the fit to
the three-dimensional asymmetry plots, the tensor analyzing power A, is obtained via
equation 7.4. The results for Ay, are also summarized in table 7.3, the data points
are plotted in figure 7.4(b).

Within the error bars the results for A, and A,, are compatible with the Argonne
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‘ zone ‘ Ocm [deg] ‘ (6cm) [ded] ‘ Ay Ayy
1 15 - 18 16.8 0.362 +£0.008 | 0.212 +0.025
2 18- 21 19.6 0.394 £0.012 | 0.289£0.039
2 21 -24 22.6 0.410+0.011 | 0.337+0.034

Table 7.4: Vector and tensor analyzing powers for the analysis without the use of the tracking
telescope.

and Saturne data as well as with the results from an alternative analysis that did not
make use of the tracking telescope data [69, 71]. The results of this analysis are
summarized in table 7.4. The good agreement with the values of A, and A, from the
literature and the alternative analysis prove the capabilities of the tracking telescope.

7.3 Analyzing Powers for quasi-free pp and np scattering

The real advantage of the tracking telescope becomes obvious in the pn case in which
a slow proton is detected in the tracking telescope and a second proton with half the
beam momentum in the forward detector of ANKE. Here it is possible to determine
the analyzing power A, in pp and np-quasi elastic scattering via the reaction ch —
(PP)Nspectator and dp — (np)Pspectator respectively. In the first reaction, both elastic
reaction partners are directly measured in the ANKE detection system, while in the
latter reaction the spectator proton is detected in the forward detection system. In
both cases the four-momentum of the missing neutron is given by

W v " "
n== dBeam + pTarget pTeIescope pForward (7'7)

in which p#elescope and pg,,.arg are the four-momenta of the protons detected in the
tracking telescope and the forward detector.

7.3.1 Identifying the reactions

The subset of the data is selected by a cut on the momentum of the forward-going
proton as indicated in figure 7.1(a), and a narrow cut around the neutron mass in
the missing mass distribution of the two detected protons. The missing mass of both
protons together with the applied cut is shown in figure 7.5(a).

In case of pure quasi-elastic pp and np scattering no influence of the beam tensor
polarization on the extracted analyzing powers should be seen. For low momentum
transfer to the fast proton in the pp case and the neutron in the np case, a strong
contribution from final state interaction however introduces this dependence. This is
best seen from the results shown in table 7.5 in which, similar to the analysis for dp
elastic, a fit by a plane with equation 7.2 has been made to the three-dimensional plot
of the corrected counts for the eight different spin modes. The binning has however
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Figure 7.5: (a) Missing mass of the two detected protons. A peak at the neutron mass with
hardly any background is visible. (b) Distribution of the momentum of the proton
detected in the tracking telescope. (c) Distribution of the 8 angle in the center of
mass system for the proton detected in the telescope in which this proton has a
momentum of pre > 160 MeV/c.

been done by the momentum of the proton detected in the tracking telescope, which
is a direct measure of the momentum transfer. The distribution of momenta is shown
in figure 7.5(b). In case of pure quasi-elastic pp or np scattering the fit parameter
B>, which is sensitive to the influence of the beam tensor polarization, must be zero,
the results in the table show however that (3, is significantly different from zero for
low momenta and develops towards zero with increasing momentum.

For larger momentum transfers, the influence of the final state interaction de-
creases, which also means that for the last momentum bin (ptei > 160 MeV/c) the
selected events are mostly due to pure pp and np quasi-elastic scattering. These events
have been used to determine the analyzing power A, for the combined and separated
pp and np reaction channels.
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the results of a fit of equation 7.2 are shown as planes in the plots and

summarized in table 7.6.

circles

7.3.2 Determination of A,

In both the pp and np case, the polarized differential cross-section is given by

(7.8)

(0) {1+ P,A,(8)cos¢}

_ do
- dQ

(6.¢)

o
dQ2

In terms of counts equation 7.8 can again be written as

(7.9)

with B, = A, (6)(cos ¢)

N(8) = No(6) [1 + B, F]
in which 3, is the asymmetry with which the analyzing power A, may be determined.

Already without a separation into pp and np events the analyzing power may be deter-
mined for the combination of both reaction channels. To obtain the asymmetry B2°/"°
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‘ zone ‘ Ocm [deg] ‘ (Ocm) [deg] ‘ Ng /No ‘ B ‘ Bzz
1 157.0 - 160.5 159.6 0.977 | —0.298+0.032 | 0.007+0.033
2 160.5 - 162.5 161.7 0.983 | —0.260+0.013 | —0.040 £ 0.013

Table 7.6: Results of the fit of equation 7.2 to the two-dimensional asymmetry plots for the
unseparated pp and np data (pre; > 160 MeV/c).

‘ zone ‘ (Bcm) [ded] ‘ (cos ¢o) ‘ Ay
1 159.6 0.979 | —0.304+10.033
2 161.7 0.978 —0.266 + 0.013

Table 7.7: Vector analyzing power A, for the combined pp and np data binned into angular
ranges of 6., of the proton detected in the telescope (pre; > 160 MeV/c).

the whole statistics has again been subdivided into ranges of the 6., angle of the pro-
ton detected in the tracking telescope and the normalized counts for each spin-mode
plotted versus the beam polarizations measured by EDDA in a two-dimensional graph?.
The distributions of 6 angles in the center of mass system is shown in figure 7.5(c)
together with the subdivisions. The two-dimensional graphs are shown in figure 7.6.
A fit by equation 7.2 yields the asymmetries B, and (,, which are summarized in
table 7.6.

From the fit results for B, the analyzing power A, can be calculated via equa-
tion 7.9. The results are summarized in table 7.7.

The only available possibility to separate both reaction channel to some extent
from one another are the cuts indicated in figure 7.7 in which the correlation of 61, to
6 of the forward-going proton is shown. Figures 7.7(a) and (b) display the correlation
for the results of a Geant4 simulation of dp — (pP)Nspectator aNd dp — (NP)Pspectator
respectively. A combination of both simulated reaction channels is displayed in fig-
ure 7.7(c), while the distribution for the real data is shown in figure 7.7(d).

For both pp and np, the difference of the ¢ angles of both ejectiles must peak at
Ap =180°. In pp A¢ is the difference of ¢ of both detected protons, while in np it is
the difference of ¢ of the proton detected in the tracking telescope and the neutron.
This behavior is shown in the histograms in figures 7.8(a) and (b). The data points
indicate the real data, the histograms show the results from the Geant4 simulation. For
both reaction channels the simulation reproduces the real data quite well. Moreover,
with knowledge of the four-momentum vector of the spectator particle, in np this is just
the forward-going proton, in the pp case it is the neutron, it is possible to reconstruct
the Fermi momentum distribution. This is accomplished by a Lorentz transformation
of this four-momentum into the rest frame of the beam deuteron via

LA one-dimensional graph is basically sufficient since there is no influence of P,, on the asymmetry
for the investigated reactions. In order to be sensitive on any residual effects from background reactions
that depend on P,, a two-dimensional graph has however been chosen.
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Figure 7.9: Fermi momentum distribution for (a) dp — (pp)nspectator and (b) dp —
(nP)pspectator (POINts) together with the results from the simulation indicated by
histograms. Distribution of the cosine of the spectator particle in the rest frame
Of the beam deUteron fOI’ (C) dp - (pp)nSpectator and (d) dP — (np)pSpectator
(points) together with the results from the simulation indicated by histograms.

pgeam = pfab
pgeam = p7vab
pgeam = (plZab — Ejap 'Bbeam) * Ybeam
Epeam = (Elab - p/Zab '5beam) * Ybeam

(7.10)

in which p denote the spacial momentum components and E the energy of the specta-
tor particle in the beam and lab frames. The momentum magnitude of the spectator
particle after the transformation is then the intrinsic Fermi momentum of the con-
stituent nucleons of the deuteron. The distributions together with the simulation
results indicated by histograms, are shown in figures 7.9(a) and (b). Due to the lim-
ited acceptance, especially in the pp case, the distribution does however not look like
the one shown in figure 1.2(a) of the introductory chapter. The distributions of cosé
of the spectator particle in the beam rest frame are shown in figures 7.9(c) and (d),
again the simulation reproduces the data quite well.

The good agreement of the simulation with the real data allows the use of the
simulation to estimate the amount of background, that remains for the 8 vs. 6 cuts.
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Figure 7.10: Center of mass energy for (a) dp — (pp)nspectator and (b) dp — (np)Pspectator-

‘ Zone ‘ Ocm [deg] ‘ (Bcm) [deg] ‘ Ng /No ‘ B ‘ Bz ‘
1 157.0 - 160.5 159.6 0.940 | —0.385+£0.050 | 0.010£0.051
2 160.5 - 162.5 161.7 0.984 | —0.370£0.018 | —0.0314+0.018

(a) dp — (pp)nSpectator

‘ zone ‘ Bcm [deg] ‘ (Bcm) [ded] ‘ Ng /No ‘ B ‘ B>
1 157.0 - 160.5 159.7 0.983 | —0.199 £+ 0.030 0.007 £0.031
2 160.5-162.5 161.7 0.977 | —0.145+0.015 | —0.049 £0.016

(b) dp - (np)pSpectator

Table 7.8: Results of the fit of equation 7.2 to the two-dimensional asymmetry plots for the
selected (a) pp and (b) np-quasi elastic events (pre > 160 MeV/c).

Taking the cross-sections for both reactions into account, at these angles the pp cross-
section is about a factor of two higher than the np cross-section, about 32 % of the
events selected with the pp cut actually arise from np-quasi elastic. This is already
qualitatively seen from figure 7.7(b). For the selected np events the simulation shows
2% background from dp — (pp)nspectator-

Figure 7.9(c) displays that the direction of the spectator neutron in the pp case is
going backwards with respect to the beam. In the spectator model this means that the
beam proton is going into forward direction, which leads to a shift in the center of mass
energy. Figures 7.10(a) and (b) show the center of mass energies for both selections
calculated with equation 1.7. The center of mass energy in the pp case is roughly
10 MeV higher than in the np case due to the different momentum distributions of the
spectator particle.

With the separated data the analyzing power A, may be determined in the same
way as with the full data sample. The plotsin figure 7.11 display the normalized counts
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Figure 7.11: Counts for pp and np-quasi elastic for the eight available beam polarization states
normalized to the counts for the unpolarized beam as a function of the beam
polarizations p, and p,, measured by EDDA for the different 6., ranges of the
proton detected in the telescope. The data points are indicated by circles, the
results of a fit of equation 7.2 to the points are shown as planes in the plots and
summarized in table 7.8.
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Figure 7.12: Distribution of the 8 angle in the center of mass system for the proton de-
tected in the telescope for the selected (a) dp — (pp)nspectator and (b)
dp — (np)pSpeCtator events.

‘ Zone ‘ <66m> [deg] ‘ <COS ¢0> ‘ Ay
1 159.6 0.978 —0.393 £ 0.051
2 161.7 0.977 —0.379+£0.018

(a) dp — (pp)nSpectator

[zone [ (o) [deg] [ (cos do) | A, |
1 159.7 0.981 —0.203£0.031
2 161.7 0.979 —0.148+0.016

(b) dp — (np)pSpectator

Table 7.9: Vector analyzing power A, for the selected (a) pp and (b) np-quasi elastic events
binned into angular ranges of 6., of the proton detected in the telescope (pre >
160 MeV/c).
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Figure 7.13: Experimental values for the analyzing power A, for pp and np-quasi elastic. The
lines in the plot represent the SAID prediction for pp and np-elastic scattering.

for the selected pp and np-quasi elastic events for two angular ranges of the proton
detected in the telescope. The selected ranges indicated in figures 7.12(a) and (b)
have been chosen to be the same as in the combined analysis. A fit by equation 7.9 to
the data points yields the asymmetry B, and the analyzing power A,. A summary of
the obtained fit coefficients is given in table 7.8. The results for A, are summarized
in table 7.9 and also shown in figure 7.13.

Although the np reaction channel seem to be identified quite well, the obtained
A, does not coincide with the SAID prediction whereas in the pp case, in which a
strong influence of the miss-identified np events on the asymmetry is expected, the
experimental data points are within the errors compatible with the SAID prediction.
However, also here a shift to lower values for A, is clearly seen in figure 7.13.

Up to this point, this feature has not been fully understood. Further investigations
are therefore required in order to improve the separation of both reaction channels.
Furthermore, the contribution of the miss-identified background on the asymmetry has
to be analyzed in order to fully understand the presented results.

One potential reason for the effect seen in the results is the remaining disagreement
between data and the simulation. As the simulation was used to determine the cuts to
separate both reaction channels, it is clear that any disagreement might easily have an
effect on the event selection. In addition, in the pp elastic case, the proton in forward
direction is detected at the edge of the acceptance of the forward detection system
where it is known that significant uncertainties in the momentum reconstruction may
appear [72].



7.4 Reconstruction of a 3D Target Image

95

O e o e e e L

XTarget [mm]

\\\\‘\\\\‘\\\\‘\l\\‘\\\\\

Figure 7.14: Possible Target x coordinates as a function of the particle momentum for fixed
hit positions in the forward wire chambers.

7.4 Reconstruction of a 3D Target Image

Even with only one particle in the tracking telescope it is possible, as shown in sec-
tion 6.2.1, to reconstruct a two-dimensional target image. To obtain a 3D target
image a second track, preferably in a second or the same tracking telescope, is nec-
essary. The following will show the principle reconstruction method when this second
track is in the forward detection system of ANKE.

A track in the forward detection system is described by its hits in the forward
multi-wire proportional chambers and the hits in the scintillation counters. In the
standard momentum reconstruction a particle is tracked through the D2 magnetic
field by minimizing the distance of the track to the hits in the wire chambers with
the origin of the track being the nominal target point and the free parameters of the
minimization being the three-momentum of the particle (p, Onorizontar and Byerticar.
For the reconstruction of the x coordinate of the vertex on an event by event basis
a fourth minimization parameter which specifies the origin of the track has to be
introduced. The origin of the track is a point on the track of the particle in the
tracking telescope but with a variable x coordinate.

Since the wire chambers of the forward detection system are located outside the
field of the D2 spectrometer magnet the tracks described by the hits in the chambers
are basically straight lines. Figure 7.14 shows the possible x coordinates of the start
point of the track versus the particle momentum for fixed hit positions in the wire
chambers. The data for this plot have been simulated by sending particles with different
momenta from behind the third forward multi-wire proportional chamber through the
inverted magnetic field of D2 back to the target region. The plot shows a strong
correlation between the momentum and the x coordinate of the origin even though
the track parameters from the analysis point of view are identical (hit positions). This
means that a minimization with all four parameters is not possible.
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7.4 Reconstruction of a 3D Target Image
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Figure 7.15: Distribution of vertex x coordinates after intersecting the track in the tracking
telescope with the track in the forward detection system.

With the knowledge of the four-momentum of the particle detected in the tracking
telescope and the reaction kinematics it is however possible to fix the magnitude of the
momentum of the forward-going particle. For the available data the possible reactions
are the elastic reactions dp — pd and dd — dd for which the momentum of the
particle in the forward detector can be expressed by

— 2 2
Ecm= \/mbeam + Migrger + 2+ Epeam * Mrarget

Pbeam
B = Eream - Mearget
eam " 'lltarget
) (7.11)
’Y = —
cm 1 - grn

PFd = \/(’ch - Ecm — Eel)? — m2,

in which pgq is the momentum of the forward-going particle and Etg is the Energy of
the particle detected in the tracking telescope. With the momentum of the forward-
going particle being fixed by kinematical constraints the number of free parameters is
reduced to three (x, Bgq and @gq) which allows one to perform the minimization. The
result of the minimization is shown in figure 7.15 which displays the vertex x coordinate
distribution for the dp — pd elastic scattering.

As shown previously in section 6.2.1 on page 63, the target extension in y and z
determined by the tracking telescope alone is in the order of 6.3 mm in y and 6.5 mm
in z (both FWHM) with a resolution of approximately 1 mm. With the assumption
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that the distribution of vertexes in the x coordinate is in the same order as for y and z
one can conclude that the resolution in x is much worse and is of the order of 9 mm.
With this result it is apparent, that the vertex resolution with just one track in the
tracking telescope is not sufficient to unambiguously distinguish between beam hits on
the actual target gas from hits on the storage cell wall when working with the polarized
internal target at ANKE.

An increased coverage of the target cell by additional tracking telescopes and thus
at least two tracks in the telescopes will make it possible to overcome this problem.
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Chapter 8

Conclusions and Improvements

It had been planned to use two fully equipped telescopes for the measurement of
pn — dw during a beam-time in August 2003. Due to an incident with a vacuum
break, the bond connections to one 69 um detector, both 300 um detectors and one
Si(Li) were, however, destroyed prior to the measurements which made the existing
setup useless. Only due to the modular design of the setup it has been possible to
configure one of the telescopes with the remaining two detectors prior to the next
scheduled beam-time in November 2003. The alignment plots based on the available
data demonstrate the good performance of the tracking telescope even though it has
not been used in its optimal configuration.

Nevertheless, there is room for improvements, especially in the energy measurement
and the read-out performance.

8.1 Energy Calibration

The procedure to obtain the energy calibration for each individual segment, detector
side and the whole telescope has been primarily based on the test-pulse calibration with
additional adjustments by fitting real data to the expected values. Due to the absence
of an absolute energy reference, the quality of the calibration can only be given by
the distance between the proton and deuteron bands. For the calibration obtained by
the fitting method it was only in the order of 6 %. With the used telescope and this
calibration, a proton-deuteron separation of 3.8 ¢ could still be achieved.

In the future it is therefore desirable to have at least one energy reference point
in order to obtain an absolute calibration with just a test-pulse measurement, that
basically determines the non-linearity of the preamplifier, and then scaling to that
reference energy. In practice such an energy reference point could be given by irradiating
each detector with a mono-energetic a-source with known energy. When working with
an a-source, the dead-layers have to, however, be taken into account. Moreover, the
proposed procedure will be significantly faster than the method described in this work,
which would also allow to monitor the stability of the calibration during data taking at
COSY by permanently placing a-sources at the telescopes.
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8.2 Tracking

8.2 Tracking

The data presented in this work has solely been taken with a telescope equipped with
just one thin silicon and one thick Si(Li) detector. Even without the intermediate
tracking layer it was possible to reconstruct three-dimensional hit position information
from that last detection layer. Moreover, the kinematics of all reactions that have
been used to check the alignment of the setup could be reproduced by the analysis.
This shows that the presented track reconstruction method and the magnetic field
corrections work as expected. The achieved angular resolution for the lowest detected
momenta was in the order of 1.6° for protons and 2.2 ° for deuterons.

With the poor position resolution of the thick detector, it is evident that the tracking
performance can only be improved by an intermediate detection layer of 300 um or
500 um thickness with the same pitch as the first detector. With a total of three
detectors, the track reconstruction will rely only on the position information of the hits
in the first two detectors and use the third layer only to check the validity of the track
and determine the efficiency of the telescope. It will then be possible to increase the
pitch of the third layer to about 2 mm which will also improve the error in the energy
loss determination because the number of segments that collect the generated charge
is decreased.

8.3 Read-Out Performance

With zero suppression, the time needed to read out on event is in the order of 160 us
while it is 360 us when the DAQ is running without data reduction. These numbers
are for the telescope equipped with two detectors and will increase for a fully equipped
telescope and once several telescope will become available for data taking. At the
moment, the slowest other sub-system at ANKE requires approximately 150 us to
handle one event. It should therefore be the goal to increase the read-out performance
of the tracking telescope DAQ system or keep it at least at the current value of 160 us
even when increasing the number of channels.

To achieve this, a dedicated read-out system is under development at the Central
Institute for Electronics (ZEL) of the research center which will be compatible with
the developed in-vacuum front-end electronics. One unit of this new electronics will
handle both sides of one detector by a flat-cable connection to both interface boards
on the flange. In addition, each unit will be equipped with two ADC, one for each
detector side, and two Xilinx Spartan-11 [73] field programmable gate arrays (FPGA)
that replaces the VPGb517 control unit of the existing DAQ and allow an individual per
side read-out sequence. Furthermore, the use of the FPGA will give the opportunity
to implement one of the presented common-mode correction methods and the zero
suppression already on hardware level.
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8.4 Time of Flight Measurement

To distinguish between protons and deuterons detected in the forward detection system
by the time of flight method the time resolution of 10 ns of the VA32TA2 chip is not
sufficient. At a beam momentum of for instance 3 GeV/c the time of flight difference
between protons and deuterons is only 3ns. Currently a different front-end chip with
significantly better time resolution is under investigation at the IKP that could be used
as an alternative for the VA32TA. The MATE3 [74] front-end chip has been developed
at the CEA Saclay and the University of Orsay for the MUST?2 [75] detection system.
For the investigation a second in-vacuum front-end board similar to the on developed
for the VA32TA2 chip has been designed. It is compatible with the existing interface
board which allows the integration of the MATE3 chip into the DAQ.

Although the MATE3 chip has also a better energy resolution, it is not a replace-
ment for the VA32TA2 because it has a significantly higher threshold. It is planned
to equip one side of the first two detection layers (300 um and 300/500 um) with
the MATE3 chip for good time resolution and the other side with the VA32TA2 for
low trigger thresholds. This way it will be possible to precisely measure the energy
loss, have a low trigger threshold and be able to use the time information from the
silicon telescope in combination with the time information from other ANKE detection
systems to perform a particle identification via the time-of-flight method.

The latest results from these investigations look already promising. It could be
shown that the time resolution is below 1 ns (FWHM) for energy deposits of > 1.2 MeV
which results in a time of flight separation of protons and deuterons detected in the
ANKE forward detector of approximately 7 o.
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Chapter 9

Outlook

The results and data presented in this work have shown that the developed detection
system, consisting of the telescope itself, the dedicated front-end electronics and the
data acquisition, together with the developed software algorithms are powerful tools
for the future physics program at ANKE.

For a final check of the calibration procedure, a beam-time is under preparation at
the Tandem accelerator of the University of Cologne. It is planned to directly irradiate
one telescope at fixed angles with low intensity proton and deuteron beams of well
defined energy provided by the accelerator. Besides the benefit of an absolute energy
calibration this method will also allow the measurement of the thicknesses of the dead
layers of each detector and a first determination of the efficiency.

A first set of 300 um thick detectors has been delivered by Micron and we are wait-
ing for the ordered 69 um and 500 um detectors. The serial production and laboratory
tests of the front-end electronics for these detectors is under way. The unsuccess-
ful beam-time for the measurement of pn — dw in August of 2003 will be repeated
with two telescopes equipped with these new detectors in the second half of 2006.
The telescopes will then also contain most of the proposed improvements. For this
experiment three weeks of beam-time at COSY will be needed.

In 2007, when the final check of the front-end and read-out electronics is com-
pleted, ANKE will be extended with eight tracking telescopes placed around the storage
cell. This will ultimately mark the start of the double polarized proton neutron physics
program at ANKE.
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Appendix A

Alignment Reference Plots

The following is a collection of alignment reference plots obtained from data taken
during the beam-times in November 2003 with polarized and unpolarized deuteron
beams on proton and deuterium targets. In all cases the same geometrical setup of
the tracking telescope has been used.

Each section starts with reaction independent alignment plots which are the re-
constructed target positions versus the track angles (yiarget VS. @, Ztarget VS. @, Vrarget
vs. 6 and Ziarget vs. 6) and the 6 - ¢ correlation. All plots are selected in such a way
that the value plotted on the ordinate must be independent on the value drawn on the
abscissa. Each plot also includes the inclination of the displayed band. Were applicable
the plots are divided in different momentum ranges.

For completeness each section also contains the alignment plots for the correspond-
ing elastic reaction. In case of the proton target this is dp — pd, for the deuteron
target it is dd — dd. The plots are the difference between the ¢ angles of both
particles (A@), O1er vsS. Bry, O1er vS. prer and Bgy4 vs. pre;. The later two plots
strongly depend on the correctness of the energy calibration.



106

dp-Elastic at 2.40GeV/c
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Figure A.1: 8 vs. @, Yrarget VS. @ and Ziarger VS. @ for protons split into different momentum
ranges.
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dd-Elastic at 2.40GeV/c
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Figure A.4: 6 vs. ¢ for both protons and deuterons separated in different momentum ranges.



109

Proton Deuteron
n T T ] C T T ]
20:, -0.000723 mm / deg { 20} 0.001326 mm / deg {
r 1 [e 1
r 1 - 1
10? ] 10? ]
E I 1 T I 1
E ] E f ]
3 O | g 0o —
e 1 g r 1
S r ] = I ]
10 b 1o ¥ o 5
r 1 r < 1
20 4 20F B
B T L | L Ll =) Eevv v b v b b v L
0 -20 20 -30 -20 -10 10 20 3

0 0
¢, [deg] 9, [deg]

(a) 80 MeV/c — 140 MeV/ 120 MeV/c — 200 MeV/c

T T T T
0.009742 mm / deg

@]
—~~

O
~

0.012377 mm / deg

20? | ZUj ]
[y | = T ] (i ]

L | e g - 1 L ™ ]

10? * ] 10? | 3 ]

T L ] T oL ]
E T ] E I ]
3 O | g 0o -
5T ] 5T 1
> L i > L 4
r = ] L 1

top- st L S 10~ 7
20~ - 20 .

=l I | Ll L Ll | S I I T I A |

0 -20 10 0 20 -30 -20 -10 0 10 20 3

¢, [deg] 9, [deg]

~~
@]
~—

140 MeV/c — 200 MeV/c | (d) 200 MeV/c — 280 MeV/c

T T T T
0.041114 mm / deg 0.021558 mm / deg

20 - 200~ B
[ e = mumh o ™k "5 ] L - - ]
10— - = - 10~ = -
E I 1 T I 1
E ] E f ]
3 O | g 0o —
e 1 g r 1
. ] = [ ]
r 1 r . A ! 1
-0 . - 10— "o - | -
20 4 20F B
B T L L L Ll =) Evvv v b b b v v L S
0 -20 0 20 -30 -20 -10 0 10 20 3

¢, [deg] 9, [deg]

(e) > 200MeV/c (f) > 280MeV/c

L T T T ] n T T T ]
o[- 0.003340 mm / deg o[- 0.004807 mm / deg
r 1 r i 1
10? ] le ]
T F ] T F 1
E T 1 E T 1
5 o = R =
oL ] S ]
10 — -10F —
o . o .
= L L Il L L 4 = L Il Il L L |
-30 -20 0 20 30 -30 -20 -10 0 10 20 30

o, [deg] o, [deg]

(g) > 80MeV/c (h) > 120 MeV/c

Figure A.5: yrarger VS. ¢ for both protons and deuterons separated in different momentum
ranges.



110

Figure A.6:
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