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Abstra
tThe present theses dis
usses the development, te
hni
al design and realization aswell as the read-out ele
troni
s of a dete
tion system for the identi�
ation andtra
king of low energy spe
tator protons.With the knowledge of the four-momentum of su
h spe
tator protons it will bepossible to use deuterium as an e�e
tive neutron target. Previous measurementswith an early version of the dete
tion system have already shown that this methodworks quite well to investigate for instan
e the ! or �-meson produ
tion in proton-neutron 
ollisions. Moreover, after the 
ompletion and installation of the polarizedinternal target (PIT) at ANKE, it will be even possible to engage in that �eldwith double polarized experiments. To in
rease the luminosity the polarized targetis equipped with an extended target 
ell. The des
ribed dete
tion-system willprovide the vertex re
onstru
tion for this extended intera
tion region. In addition,it will a
t as an independent beam polarimeter at ANKE.The dete
tion system 
onsists of three layers of double-sided sili
on strip de-te
tors whi
h are arranged in a teles
ope stru
ture and pla
ed inside the a

elera-tor va
uum as 
lose as 2 
m to the intera
tion region. The modular design of theele
troni
s and the support stru
tures for the dete
tors allows one to ex
hangedete
tors and ele
troni
s in a maximum 
exible way. In a minimum 
on�gura-tion the teles
ope is equipped with two dete
tors, a thin (� 69�m) double-sidedSili
on strip dete
tor as a �rst layer and a very thi
k (� 5mm) double-sidedmi
ro-stru
tured Lithium-drifted Sili
on dete
tor as a se
ond layer. With thisarrangement it is possible to tra
k and identify protons in a kineti
 energy rangefrom 2:5MeV to 25MeV. For deuterons this range for su
h a teles
ope 
on�g-uration is from 4MeV to 34MeV.The performan
e 
on
erning the energy determination and tra
king is shownbased on data taken during a beam-time in November of 2003. With the existingsetup an energy resolution of 120 keV for the 69�m thi
k �rst dete
tion layer
ould be a
hieved. The proton-deuteron separation was in the order of 3:8�.First results of the measurements of the analyzing powers Ay and Ayy for therea
tion ~dp ! dp as well as Ay for the rea
tions ~dp ! (pp)nSpe
tator and~dp ! (np)pSpe
tator are presented to demonstrate the possible appli
ations ofthe dete
tion-system.
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ZusammenfassungIm Rahmen der vorliegenden Arbeit wurde ein Detektionssystem zur Identi�ka-tion und Spurrekonstruktion von niederenergetis
hen "Spektator"-Protonen ent-wi
kelt. Die te
hnis
he Realisierung des Detektorsystems und der speziell daf�urentwi
kelten Ausleseelektronik wird im Folgenden dargestellt.Unter Zuhilfenahme des Viererimpulses eines sol
hen Spektator-Protons istes m�ogli
h, Deuterium als e�ektives Neutronentarget zu nutzen. Dies konntebereits dur
h Messungen mit einer ersten Version des Detektors zur ! und �Meson Produktion in Proton-Neutron St�o�en gezeigt werden. Die Fertigstel-lung und Installation des Polarisierten Internen Targets (PIT) an ANKE wirdes des weiteren erm�ogli
hen, Messungen am Neutron mit polarisiertem Strahlund Target dur
hzuf�uhren. Zur Erh�ohung der Luminosit�at ist das polarisierteTarget mit einer ausgedehnten Spei
herzelle ausgestattet, was zudem bedeutet,dass die Reaktionsvertizes entlang der Zelle verteilt sind und nur dur
h den hierbes
hriebenen Detektor eindeutig rekonstruiert werden k�onnen. Au�erdem kanndas Detektionssystem als unabh�angiges Strahlpolarimeter genutzt werden.Das Detektorsystem besteht aus drei doppelseitigen Silizium-Streifen-Detektoren, die in einer Teleskopstruktur angeordnet sind und bis auf 2 
m Ab-stand zur Targetregion im Bes
hleunigervakuum plaziert werden. Dur
h denmodularen Aufbau der Elektronik und des Teleskops ist es m�ogli
h, Detektorenund Ausleseelektronik abh�angig von den Anforderungen auszutaus
hen. In einerminimalen Kon�guration wird das Teleskop mit zwei Silizium-Detektoren ausge-stattet sein. Als erste Lage dient ein d�unner (69�m) doppelseitiger Silizium-Streifen-Detektor gefolgt von einem di
ken (� 5mm) Lithium gedriftetenSilizium-Detektor. Diese Anordnung erlaubt die Identi�kation und Spur-rekonstruktion von Protonen in einem Energieberei
h von 2:5MeV bis 25MeV.F�ur Deuteronen wird ein Energieberei
h von 4MeV bis 34MeV abgede
kt.Die Leistungsf�ahigkeit in Bezug auf die Energiemessung und Spurrekonstruk-tion wird anhand von Daten, die w�ahrend einer Strahlzeit im November 2003aufgezei
hnet wurden, dargestellt. F�ur die 69�m d�unne erste Detektorlagekonnte mit dem existierenden Teleskop eine Energieau
�osung von 120 keV er-rei
ht werden. Die Qualit�at der Proton-Deuteron Trennung lag hierbei bei 3:8�.Die ersten Ergebnisse f�ur die Messung der Analysierst�arken Ay und Ayy f�urdie Reaktion ~dp ! dp sowie Ay f�ur die Reaktionen ~dp ! (pp)nSpektator und~dp ! (np)pSpektator werden im Folgenden pr�asentiert.
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Chapter 1Introdu
tionA major part of the intended future physi
s program for the ANKE spe
trometer [1℄ atthe 
ooler syn
hrotron COSY [2, 3, 4℄ of the Resear
h Centre J�uli
h will 
on
entrate onexperiments with polarized beams and targets with spe
ial interest on proton-neutronspin physi
s [5℄. Here, the dete
tion setup des
ribed in this work serves as a spe
tatordete
tor whi
h allows the use of polarized and unpolarized deuterons as an e�e
tiveneutron target. The polarized internal target PIT [6℄ of ANKE with an extended storage
ell in 
ombination with the polarized COSY beam will allow one to perform single anddouble polarized measurements in proton and deuteron indu
ed rea
tions. Exploitingsu
h an extended 
ell, requires however tra
king dete
tors pla
ed 
lose to the targetthat provide the rea
tion vertex on an event-by-event basis. In addition to that, thepolarization of deuteron beams at COSY is 
urrently determined by polarization exportof the measurements at low beam momenta. It would be desirable to also have anindependent beam polarimeter at the ANKE spe
trometer and this will also be providedby the tra
king devi
e des
ribed in this work.All a
tivities within the proton-neutron spin physi
s program 
an also be seen as�rst important steps towards the Polarised Antiproton eXperiments (PAX) [7℄ at thefuture Fa
ility for Antiproton and Ion Resear
h FAIR [8℄ at GSI.1.1 Physi
s MotivationThe deuteron, with a binding energy of roughly 2MeV 
ompared to the masses of its
onstituent nu
leons of about 939MeV, is a very loosely bound obje
t. This be
omesalso apparent from the diameter of the deuteron of roughly 4 fm [9℄ while the protonand neutron have a diameter of only 1:3 fm. At typi
al COSY momenta of for instan
e2GeV=
, the DeBroglie wave length of a proton is� = hp = 4:136 � 10�15 eV � s2 � 109 eV=
 � 0:6 fm (1.1)whi
h is below the diameter of the deuteron. This simple estimate indi
ates, that atCOSY energies it is possible to not only initiate the rea
tions on the deuteron itself,



2 1.1 Physi
s Motivation
Figure 1.1: Simple sket
h of the spe
-tator model. A beam pro-ton impings on the the tar-get neutron. The protonwithin the deuteron be
omesthe spe
tator whi
h has theopposite momentum of theneutron. n

d

p

p

but to also probe its 
onstituent protons and neutrons.A very naive sket
h of the spe
tator model [10℄ is shown in �gure 1.1 in whi
h abeam proton impinges on the target deuteron and rea
ts with the 
onstituent neutronleaving the proton untou
hed. By identifying the proton, pre
isely measure its energyand dire
tion, its four-momentum1 is known. With the knowledge of the spe
tatorfour-momentum also the momentum of the neutron is known and it be
omes possibleto tag the rea
tion to the neutron and enable the use of deuterons as an e�e
tiveneutron target. In a most general form su
h rea
tions 
an be expressed byp + d ! X + pspe
tator (1.2)in whi
h X are the parti
les in the �nal state and pspe
tator is the spe
tator proton.In the spe
tator model, the neutron on whi
h the rea
tion o

ured has the oppositemomentum of the dete
ted spe
tator proton, whi
h follows the Fermi momentumdistribution shown in �gure 1.2(a). With this assumption equation 1.2 
an be rewrittenas p + n ! X (1.3)with the four-momentum ve
tor of the target neutron beingn� = d� � p�spe
tator (1.4)From equation 1.4 it is apparent that the mass of the target neutron strongly dependson the kineti
 energy of the dete
ted spe
tator proton. The e�e
tive mass of thetarget neutron is the given bymn = √m2d +m2p � 2md(mp + Tspe
tator ) (1.5)in whi
h Tspe
tator is the kineti
 energy of the spe
tator proton. With m0n being theneutron mass for Tspe
tator = 0 equation 1.5 be
omes1from here on, four-momentum ve
tors will be denoted by a supers
ript �.
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(b)Figure 1.2: (a) Fermi distribution of kineti
 energies of the nu
leons within a deuteron. (b)Mass of the target neutron as a fun
tion of kineti
 energy of the spe
tator proton.The dete
tion threshold of the presented dete
tion system is indi
ated by arrows.
mn = m0n√1� 2md(m0n)2 � Tspe
tator (1.6)with m0n � 937MeV. From equation 1.6 it is evident, that in the spe
tator model theneutron in the initial state never has the mass of the free neutron. The neutron massas a fun
tion of the kineti
 energy of the spe
tator is shown in �gure 1.2(b).With the knowledge of the four-momentum of the spe
tator proton one 
an 
al-
ulate the 
enter-of-mass energy ps in the pn-systempspn = √

(p�beam + d�target � p�spe
tator)2 (1.7)on an event-by-event basis.A spe
ial 
ase of the rea
tion shown in equation 1.3 is the meson produ
tion onthe neutron with a deuteron and one or several mesons in the �nal state. In this 
asethe ex
ess energy Q is given by Q = pspn �∑k mk (1.8)in whi
h mk are the masses of the parti
les in the �nal state. By sele
ting the spe
tatorproton at 
ertain angles it is possible to s
an Q at �xed beam energies. It is thereforefor instan
e possible to measure below and above the produ
tion threshold of a 
ertainmeson.Previous measurements with a test version of the dete
tion setup [11℄ at ANKEhave shown that the des
ribed method may very well be used to investigate the mesonprodu
tion in proton-neutron 
ollisions. A dedi
ated test of this method has beenperformed at a proton beam momentum of 1:2GeV=
 with the rea
tion pn! d�0 [11℄.



4 1.2 Vertex Re
onstru
tionThe total 
ross-se
tion of the rea
tion pn ! d! has been determined in two Q binsfrom 8�44MeV and 42�78MeV [12, 13℄, while the � produ
tion has been investigatedat beam momenta of 2:055GeV=
 and 2:095GeV=
 [14℄.1.2 Vertex Re
onstru
tionUp to now all experiments at ANKE have been 
ondu
ted with either heavy strip targetsor a hydrogen or deuterium 
luster jet target. In both 
ases the 
enter target regionis well de�ned by the geometry of the setup and has an extension of about 10mm. Inthe analysis the 
enter of the region is used as a start point of the tra
ks in the ANKEdete
tion systems and is essential to the momentum re
onstru
tion.With the installation of the polarized internal target at ANKE the situation has,however, be
ome more diÆ
ult. The storage 
ell of the PIT is basi
ally an about 40 
mlong tube with a re
tangular shape with an edge length of 20mm, that is �lled withpolarized protons or deuterons by the atomi
 beam sour
e ABS [15℄. The ABS 
anprodu
e beams with an intensity of up to 5 � 1011 parti
les per 
m2. Compared withthe 
luster target that has an intensity of 1014 parti
les per 
m2, the intensity of theABS is about 200 times smaller. Although measurements with the atomi
 beam arepossible, it is preferable to use an extended target storage 
ell to in
rease the e�e
tiveintensity and thus the luminosity by about a fa
tor 100. This means that also therea
tion verti
es are distributed non-uniformly over the full length of the 
ell along thebeam axis. Moreover with the storage 
ell being open on both ends, it is even possibleto have rea
tions on the residual target gas at distan
es of up to several meters upand downstream from the storage 
ell. This has been shown from �rst 
ell tests, inwhi
h the 
ount rate when the beam has been dire
ted through the �lled storage 
ellhas been 
ompared with the 
ount rate when the beam has been dire
ted aside the
ell. The 
ount rate on the residual gas is only four times less than the one obtainedwhen the beam goes through the 
ell [16℄. Moreover, measurements at the ele
tron
ooler that is lo
ated at a distan
e of 8m upstream from ANKE have shown residualgas even there [17℄.Under su
h 
onditions, the existing ANKE tra
king dete
tors are not 
apable ofre
onstru
ting the true vertex of a rea
tion. Additional near target tra
king dete
tors,whi
h should be as 
lose as possible to the storage 
ell, are required. Ea
h tra
k insu
h a vertex dete
tor de�nes a line on whi
h the vertex lies. In the energy range inwhi
h the tra
king dete
tor will be mostly used, the pre
ision with whi
h one is able toobtain this line is dominated by the angular straggling of the parti
les in the dete
torand in the order of 1mm. With a se
ond tra
k in the same or additional dete
tors itshould be possible to determine the vertex in all three 
oordinates with a resolution of1mm.In se
tion 7.4 on page 95 a �rst attempt to obtain a vertex in all three 
oordinatesis presented. There, a parti
le tra
k in the des
ribed tra
king teles
ope, whi
h isonly sensitive to the y and z-
oordinates of the vertex, is interse
ted with a tra
k inthe ANKE forward dete
tion system (x) to obtain a vertex. It will be shown that the



1.3 Polarimetry 5position resolution in the 
oordinate perpendi
ular to the beam (x), whi
h is determinedby the ANKE forward dete
tor, is only in the order of 9mm for this re
onstru
tionmethod. With the dimension of the used storage 
ell it is apparent that it is nearlyimpossible to distinguish between hits of the beam on the wall of the 
ell and hits onthe a
tual target gas.For maximum eÆ
ien
y the tra
king devi
es also need to provide a trigger signalwhi
h allows in 
oin
iden
e with the trigger signal from the other ANKE dete
tionsystems the signi�
ant redu
tion of the number of ba
kground events originating fromoutside the target 
ell (up and down-stream of the beam). Moreover, dependingon the investigated physi
s, the devi
e must be 
apable of generating triggers evenfor minimum ionizing parti
les. The self-triggering option is thus indispensable formeasurements that only involve these near target tra
king teles
opes su
h as thebeam polarization measurements.1.3 PolarimetryWith the start of the single and double polarized experimental program at ANKE thebeam and target polarizations have to be measured. For the measurement of thetarget polarization a dedi
ated Lamb-shift polarimeter [18, 19℄ has been built and willbe installed underneath the target storage 
ell. For the determination of the beampolarization the EDDA experiment [20, 21℄ and a dedi
ated Low Energy Polarimeter(LEP) [22, 23℄ are available. Both EDDA and the LEP however measure the beampolarization on a CH2-foil target whi
h essentially heats the beam and deteriorates itsproperties. Moreover, the EDDA polarimeter, whi
h is also 
apable of determining thetensor polarization of a deuteron beam, is limited to beam intensities of < 109 parti
lesin the ring. An independent and parasiti
 measurement of the beam polarization atANKE is therefore desirable. With the use of several tra
king teles
opes, like the onepresented in this work, dedi
ated 
oin
iden
e triggers from these teles
opes and a large
overage of the storage 
ell to the side and the forward dire
tion, it will be possibleto identify the polarimetry rea
tions and determine the beam polarization withoutdisturbing any ongoing measurements.With the data obtained during a beam-time in November of 2003 it was possible touse a prototype of the des
ribed setup to extra
t the analyzing powers for dp-elasti
and quasi-free pp and np elasti
 s
attering. The results are shown in 
hapter 7.



6 1.3 Polarimetry



Chapter 2Experimental SetupThe presented dete
tion system has been developed for the ANKE magneti
 spe
trom-eter at the COoler SYn
hrotron COSY of the Resear
h Centre J�uli
h. As an extensionof ANKE it will serve as a low energy spe
tator proton and vertex dete
tor as well asan independent beam polarimeter.In this 
hapter, COSY and the ANKE spe
trometer are outlined. Later, an overviewof how a possible extensions of ANKE by near target tra
king dete
tors 
ould look like.2.1 COSYCOSY is a so 
alled COoler SYn
hrotron that provides unpolarized and transverselypolarized proton and deuteron beams in a momentum range from 300MeV=
 to3:7GeV=
. Ele
tron 
ooling is available up to a momentum of 600MeV=
 while forhigh momentum beams in the range from 1:5GeV=
 to 3:7GeV=
 sto
hasti
 
oolingis possible. Figure 2.1 shows COSY and the inje
tor 
y
lotron JULIC together withsome of the internal and external experiments. The polarized or unpolarized beamparti
les originating from a parti
le sour
e underneath the 
y
lotron are inje
ted intothe 
y
lotron where they are a

elerated up to the COSY inje
tion energy of 45MeV.From there the parti
les are transported into COSY. Table 2.1 shows the maximumand typi
ally a
hieved �llings of the COSY ring and where appli
able the maximum andBeam Maximum Filling Typi
al Filling Maximum Typi
al[parti
les℄ [parti
les℄ Polarization [%℄ Polarization [%℄p 1:4 � 1011 1:4 � 1011 � �~p 1:0 � 1010 1:0 � 1010 85 70� 80d 1:3 � 1011 1:3 � 1011 � �~d 6:0 � 109 6:0 � 109 75 70Table 2.1: Maximum and typi
ally a
hieved �llings (number of parti
les stored in the ring) anddegrees of polarization of COSY for di�erent beam types.



8 2.1 COSY

Figure 2.1: Floor plan of the COoler SYn
hrotron COSY-J�uli
h with some of the internal andexternal experiments and the JULIC 
y
lotron.



2.2 ANKE Spe
trometer 9

Figure 2.2: Drawing of the ANKE spe
trometer with its three magnets and the side (positiveand negative), forward and ba
kward dete
tion systems.typi
al degrees of polarization for the di�erent types of beams [24℄. For unpolarizedbeams the maximum number of parti
les 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 timesless parti
les for deuterons. The 
ir
ulating beam 
an be used in internal experimentssu
h as ANKE, WASA, COSY-11, PISA and EDDA, or extra
ted and delivered to theexternal target lo
ations (TOF, MOMO, GEM, NESSY and JESSICA).2.2 ANKE Spe
trometerThe ANKE spe
trometer is lo
ated at one of the internal target positions of COSY.It 
onsists mainly of three dipole magnets (D1 - D3) that introdu
e a 
losed orbitbump of the 
ir
ulating beam. The use of three magnets and the fa
t that the mainspe
trometer magnet D2 is movable perpendi
ular to the beam axis allows one tovary the momentum range 
overed by the ANKE dete
tion systems independent on
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king Dete
tors for ANKE

Figure 2.3: Expanded view of the target region and the forward dete
tion system.the beam energy. Figure 2.2 shows ANKE with its magnets D1, D2 and D3. Thedete
tion systems of ANKE 
omprise tra
king dete
tors and s
intillator hodos
opes inforward dire
tion and both to the left (negatively 
harged rea
tion produ
ts) and tothe right (positive parti
les) of the beam. In addition dedi
ated range teles
opes andCerenkov 
ounters are installed in order to identify rare events involving parti
les su
has the K+.With the data obtained by the multi-wire proportional 
hambers and the s
intillation
ounters a tra
k 
an be re
onstru
ted ba
k to the vertex, whi
h in 
ase of a strip or
luster jet target is a �xed point and well known. For an extended target su
h as thePIT the vertex has to be determined with the help of near-target tra
king dete
tors.The tra
k information and the knowledge of the magneti
 �eld in D2 
an be usedto re
onstru
t the momentum of the parti
le. For the positive and negative sidedete
tors additional time of 
ight information is available that allows the distin
tionbetween di�erent types of parti
les. An expanded view of the target and forward regionof ANKE is shown in �gure 2.3. The tra
king teles
ope presented in this work is shownat its mounting position in the target 
hamber.2.3 Tra
king Dete
tors for ANKEFigure 2.4 shows the artist view of a possible extension of the ANKE spe
trometerby near target tra
king dete
tors. Three layers of double-sided sili
on strip dete
tors,arranged in a teles
ope stru
ture, are pla
ed around the storage 
ell. In the �gure,four of those teles
opes, two to ea
h side of the 
ell, are shown. The modular designallows one to 
hange the pla
ement of these teles
opes depending on the requirementswithout having to redesign the whole dete
tion system. Moreover, the modular designof the teles
opes itself gives also the possibility to 
hange the dete
tor 
on�guration
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Silicon Tracking Telescopes

Storage Cell

Figure 2.4: Artist view of a possible arrangement of four sili
on tra
king teles
opes around theANKE storage 
ell.within a teles
ope. For the beam polarimetry for instan
e, one would pla
e additionalteles
opes in the forward dire
tion of the storage 
ell in order to identify the eje
tilesof the 
hosen polarimetry rea
tion solely in the teles
opes.In the following 
hapters, the design of one teles
ope, its dedi
ated read-out ele
-troni
s and the energy measurement and tra
king are des
ribed. The work 
on
ludeswith the �rst results obtained from data taken with one teles
ope, and an outlook onthe possible improvements of the dete
tion system.
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Chapter 3Sili
on Tra
king Teles
opeThe requirements of having parti
le identi�
ation together with a pre
ise energy de-termination and tra
king with a vertex resolution of 1mm suggests the use of severallayers of double-sided sili
on dete
tors installed inside the a

elerator va
uum and ar-ranged in a teles
ope stru
ture. In general, the Sili
on Tra
king Teles
ope has toprovide� parti
le identi�
ation for protons and deuteronsProtons and deuterons have to be identi�ed via the �E=E-method over an energyrange from 2:5MeV to � 40MeV with a resolution of 150� 250 keV.� tra
king of parti
lesTra
king of parti
les must be provided with an angular resolution in the rangefrom 1 Æ to 6 Æ (FWHM). For stopped protons and deuterons the resolutiondepends on the angular straggling and therefore the parti
le energy while forminimum ionizing parti
les the resolution is determined by the strip pit
h of theused dete
tors and the distan
e between them.� a trigger signal within 100ns of the parti
le passageThis allows one to use the dete
tion system stand-alone and to set timing 
oin-
iden
es with other ANKE dete
tor 
omponents. The self-triggering 
apabilitiesof the teles
ope are essential for the polarimetry studies, where two or moreteles
opes will be pla
ed 
lose to the side and the forward dire
tion of the targetand used to identify the polarimetry rea
tion. Moreover, the trigger signal in 
o-in
iden
e with the triggers from other ANKE dete
tion system will signi�
antlyredu
e the amount of ba
kground events.� maximum possible modularityDepending on the �eld of operation and the range of kineti
 energy the teles
opehas to 
over, it is desirable to have a modular system that allows an easy ex
hangeof dete
tors and ele
troni
s. In addition this will make the maintenan
e of theteles
ope less diÆ
ult.



14 3.1 Sili
on Dete
torsTo ful�l these requirements, the teles
ope will be equipped with three layers of double-sided sili
on dete
tors, a thin 69�m �rst layer, a 300�m or 500�m intermediate layerand a thi
k (� 5mm) last layer. The dete
tion threshold is set by the thi
kness of the�rst layer. For a 69�m dete
tor it is in the order of 2:5MeV for protons and 4MeVfor deuterons. Sin
e the parti
le has to be stopped in one of the rear dete
tion layersto enable the �E=E-method, the maximum energy for protons that 
an be identi�edis then in the order of � 32MeV. For deuterons it is � 43MeV.For the inner dete
tors of the teles
ope an e�e
tive strip pit
h of � 400�m hasbeen 
hosen for optimized tra
king resolution while for the last layer the pit
h is666�m. For two low energy protons dete
ted in the same or di�erent teles
opes,the vertex resolution is then about 1mm.Due to a va
uum break at the beginning of the data taking period the bonds
onne
ting the strips of the available 300�m dete
tors to the read-out ele
troni
swere damaged. The data presented in this work have therefore been taken with just a69�m sili
on dete
tor and a 5:1mm Si(Li) dete
tor.3.1 Sili
on Dete
torsThe sili
on dete
tors that are used in the tra
king teles
ope 
an be logi
ally split intotwo groups. For the inner two layers (69�m to 500�m) the pit
h of the dete
tors hasbeen 
hosen to be in the order of 400�m in order to ful�ll the tra
king requirements.In standard 
on�guration, the outermost dete
tor (� 5mm) is used to stop parti
les,pre
isely measure their energy loss and validate the tra
ks determined for the positioninformation from the two inner layers.3.1.1 The BaBar IV Dete
torsThe BaBar IV dete
tor, whi
h will be used for the �rst two layers of the tra
kingteles
ope, has been originally designed for the BaBar experiment [25, 26, 27℄ at theSLAC PEP-II B fa
tory [28℄ by the British 
ompany Mi
ron Ltd. [29℄. The size ofthe a
tive area of this so 
alled BaBar IV dete
tor makes it however also suitable forthe teles
ope. In addition the reuse of already existing masks and produ
tion fa
ilitiesmakes the 
hoi
e of the BaBar IV dete
tor 
ost eÆ
ient. To provide AC-
oupling forea
h strip already on the dete
tor, an additional mask is va
uum metallized onto bothsides. The dete
tor 
an be produ
ed in thi
knesses from 69�m to 500�m. On thep-doped side the dete
tor has 1023 strips and on the N side it has 631 strips1, all ofwhi
h are 
apa
itively 
oupled to the bond pads that are used to 
onne
t the strips tothe ele
troni
s.To in
rease the e�e
tive strip pit
h to about 400�m a rather 
ompli
ated 
onne
-tion s
heme is required. Figure 3.1(a) shows this s
heme for the P side of the BaBar1Positive 
harge signals are obtained from the p-doped side of a sili
on dete
tor, whereas negative
harge 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 dete
tor.
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Figure3.1:Geometryand
onne
tions
hemeoftheP(a)andN(b)sidesoftheBaBarIV

dete
tor.
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Kapton foils

ceramic frame

BBIV detector

front-end
electronicsFigure 3.2: Photograph of the BaBar IV dete
tor in its 
erami
 frame on top of sta
k of twofront-end ele
troni
s boards. The dete
tor is 
onne
ted to the ele
troni
s via theKapton foils.IV dete
tor. On the dete
tor the strips are 
ombined to groups of four strips with the�rst group 
onsisting of three strips. On the Kapton [31℄ foil that is used to 
onne
tthe dete
tor to the front-end ele
troni
s these 256 groups are again 
ombined to 128segments by bonding two groups to one segment on the Kapton foil. On the N side ofthe dete
tor the strips are 
ombined in groups of two strips with the �rst strip being asingle group resulting in 316 groups of strips. On the Kapton foil the �rst 10 groupsare 
ombined to the �rst segment, followed by 149 segments made up of two groups.The last segment (151) is a 
ombination of the last 8 groups (309 through 316). Thedetailed s
heme is shown in �gure 3.1(b). A pi
ture of the BaBar IV dete
tor in its
erami
 frame is shown in �gure 3.2.3.1.2 The thi
k Lithium drifted Dete
torThe thi
k Lithium drifted Sili
on dete
tor (Si(Li))2 is a development of the dete
torlaboratory of the Nu
lear Physi
s Institute (IKP) of the Resear
h Centre J�uli
h (FZJ).The available dete
tor has a thi
kness of approximately 5:1mm, 64 by 64mm a
tivearea and 96 strips on both dete
tor sides with a pit
h of 666�m [32℄. Figure 3.3 shows2On the Lithium side of a Si(Li) dete
tor negative 
harge signals are obtained, while the positive
harge is 
olle
ted on the Boron implanted side.
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Figure 3.3: Geometry and 
onne
tion s
heme for both sides of the Lithium drifted Sili
on Si(Li)dete
tor.the layout of one side of the dete
tor. Compared to the thin BaBar IV dete
tor the
onne
tion of the 96 strips to the inputs of the front-end board is straight forward andalso shown in the �gure. Although the voltage to a
hieve full depletion of the dete
toris in the order of 300V, bias voltages of up to 1 kV are preferable to minimize the
harge 
olle
tion time. Even with the large input range of the front-end ampli�er 
hipsan in-va
uum 
apa
itive divider board is ne
essary to mat
h the dete
tor signal to theinput range of the ele
troni
s. In addition the board de
ouples the signals from thehigh voltage side of the dete
tor. Figure 3.4 displays a pi
ture of the Aluminum frameholding the thi
k dete
tor. The dete
tor is �xed to the frame by holding bra
ketsmade of Vespel.Re
ent investigations at the dete
tor laboratory have shown that the Si(Li) de-te
tors 
an be produ
ed with thi
knesses of 10mm and more [33℄. The use of thesedete
tors as a last dete
tion layer in the tra
king teles
ope extends the range of oper-ation to 46MeV for protons and 62MeV for deuterons.3.2 Front-end Ele
troni
sWith the maximum number of 
hannels for a single dete
tor side of 151 and a totalnumber of 471 
hannels for a teles
ope equipped with one BaBar IV and one Si(Li)



18 3.2 Front-end Ele
troni
s

Kapton 
flat cableAluminum frame

Si(Li) detector
holding brackets

Figure 3.4: Pi
ture of the Si(Li) dete
tor mounted in an aluminum frame.dete
tor it be
omes apparent, that an integrated read-out system is required to min-imize the number of va
uum feed-throughs and the number of ampli�ers. For thispurpose a va
uum 
ompatible front-end board has been developed. On the input sideit is equipped with three 51 pin Hirose 
onne
tors [34℄. Two of the 153 possible inputsare used for the bias and ground 
onne
tion leaving 151 inputs that may be 
onne
tedto the strips or segments of a dete
tor.To meet the requirement of having a single type of ele
troni
s board handle thesignals from a variety of dete
tors ranging from 4MeV for protons in a 69�m Sili
ondete
tor to about 40MeV for deuterons in a 5mm thi
k Si(Li) dete
tor togetherwith a low trigger threshold of 100 keV, the VA32TA2 [35℄ front-end 
hip has beendeveloped together with the Norwegian 
ompany IDE AS. The 
hip is an enhan
ementof the VA32HDR [36, 30, 37℄ preampli�er 
hip and the TA32
g [38, 30, 37℄ trigger
hip 
ombined on a single die whi
h eliminates the bond 
onne
tions between the two
hips. A blo
k s
heme of the VA32TA2 is shown in �gure 3.5. A photograph of thefront-end board equipped with �ve 
hips is shown in �gure 3.6.The VA32TA2 has 32 identi
al 
hannels whi
h 
an be logi
ally split into an am-plitude and a trigger part. A 
harge signal provided on the input pad of a 
hannel isampli�ed in the preampli�er stage. After the preampli�er the signal is split into twobran
hes, an amplitude part and a trigger part.In the slow bran
h, the amplitude part of the 
hip, the signal is fed to the slowshaper. On
e a readout 
y
le is started by applying the "hold" signal (time line D in�gure 3.7), the output of ea
h of the 32 slow shapers is stored in the sample and holdfa
ility. With both the "shift in" (time line E) and the "
lk" (time line F) signal a
tive
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Figure 3.5: Blo
k s
heme of the VA32TA2 front-end ampli�er 
hip.

90 mm

VA32TA2 chips

input connectors

output connector

90 mm

Figure 3.6: Pi
ture of the in-va
uum front-end ele
troni
s board showing the three input 
on-ne
tors, the �ve VA32TA2 front-end 
hips as well as the output 
onne
tor.
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Figure3.7:Timingdiagramofthedigitalsignalsofthefront-endele
troni
sandthedata
a
quisitionsystem.



3.2 Front-end Ele
troni
s 21Die size 6300�m x 3310�mChannels 32Power Supply 2VPower Dissipation 96mW (3mW=
hannel) (quies
ent)Linear Range 139MIPs (1MIP = 3:6 fC)Peaking Time VA 2�sTA 75 nsGain � 0:8mV=fCNoise 710 + 3 ele
trons=pFTable 3.1: Summary of the features and spe
i�
ations of the VA32TA2 front-end ampli�er
hip.one bit is inserted into the read-out register whi
h swit
hes the �rst 
hannel of theoutput multiplexer to the output bond pads. By 
lo
king the "
lk" 
ontrol signal thebit is moved through the register swit
hing the 
hannels step by step to the output.A

ording to the spe
i�
ations, the maximum 
lo
k frequen
y is 10MHz, althoughonly 5MHz have been 
on�rmed by the measurements. Ea
h 
hannel is therefore fora minimum time of 100 ns3 applied to the output of the 
hip. The output of the shiftregister is in addition provided on a "shift out" bond pad allowing to build a daisy-
hain of 
hips. Up to ten 
hips 
an be 
onne
ted to a daisy 
hain allowing a maximumnumber of 320 inputs to be read out. To build a 
hain of 
hips, the 
ontrol signalshave to be provided to all 
hips simultaneously and the output of the shift register ofa 
hip has to be 
onne
ted to the "shift in" input of the next 
hip in the 
hain.In the trigger part of the 
hip, the fast bran
h, the signal from the preampli�er stageis shaped with a peaking time of 75 ns. The output of this fast shaper is 
omparedwith a threshold giving the opportunity to obtain a trigger signal from the 
hip. Theindividual threshold for ea
h 
hannel is made up of an external voltage, a per 
hip o�setvoltage and a per 
hannel o�set. Both the per 
hip and per 
hannel o�set voltages
an be 
ontrolled by an additional slow 
ontrol shift register. It is also possible to maskout 
ertain 
hannels from the trigger pattern. The shift register is 
ontrolled by twosignals similar to the 
ontrol lines of the read-out shift registers inside the amplitudepart of the 
hip. These signals are the "
lk TA" and "shift in TA".When used in a daisy 
hain it is likely that the average output level of the 
hipsvaries over a wide range. In order to minimize that range ea
h 
hip has an additional7 bit DAC that allows the shift of the average output level of ea
h 
hip individually.The DAC is an extension of the slow 
ontrol shift register and is also 
ontrolled bythe "
lk TA" and "shift in TA" signals. Table 3.1 summarizes the main features andspe
i�
ations of the VA32TA2 and �gure 3.7 shows the timing diagram of a read-outsequen
e.Ea
h of the front-end boards is equipped with 5 VA32TA2 
hips in a daisy 
hain. Sin
e3Throughout all the measurements a frequen
y of 5MHz (200 ns a
tive phase) has been used.
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ethe board only allows the 
onne
tion of 151 dete
tor segments, 9 of the 160 available
hip inputs are not used and left 
oating.3.3 Interfa
eA se
ond front-end board serves as an interfa
e between the in-va
uum ele
troni
s andthe data a
quisition system. Its main purpose is to opti
ally de
ouple the in-va
uumele
troni
s, whi
h might be on high voltage4, from the read-out ele
troni
s. The boardre
eives the digital slow 
ontrol and read-out signals via a 
ommon bus from the DAQand provides them to the VA32TA2 
hips on the front-end boards. It is also equippedwith an eight 
hannel 12 bit DAC whi
h is used to generate the bias voltages forthe 
hips as well as the 
ommon threshold for one dete
tor side. In order to allowindividual trigger mask and voltage settings ea
h interfa
e board is addressable via the
ontrol bus. A se
ond stage adjustable ampli�er provides the amplitude signals as adi�erential signal on two LEMO 
onne
tors. The trigger output of the 
hips 
an betaken from a LEMO 
onne
tor as well. In order to allow one to set an individual delaybetween the trigger and the generation of the "hold" signal a voltage input is providedon ea
h interfa
e board. It permits to add a pre
isely adjustable delay between thein
oming "hold" from the DAQ and the outgoing "hold" signal to the VA32TA2 
hips.A simpli�ed 
onne
tion s
heme of the front-end ele
troni
s is shown in �gure 3.8.3.4 AssemblyOn the front-end side the whole dete
tion system is designed in su
h a way that all
omponents of the teles
ope are mounted on a single CF160 
ange. Inside the va
uuma stainless steel pole is used as support for both the dete
tors and the read-out boards.At the end of the pole, where the dete
tor frames are mounted, spe
ial positioningholes have been drilled. The holes have a distan
e of 20mm to ea
h other and allowthe pla
ement of the dete
tors at di�erent, but pre
isely reprodu
ible positions. Thein-va
uum ele
troni
s boards are mounted behind the dete
tors. Ea
h board is shieldedby a 
opper plate to minimize distortions and is thermally 
onne
ted to a 
ooling headvia 
opper foils. The 
ooling is required sin
e the total power 
onsumption of theele
troni
s for the teles
ope equipped with two dete
tors is about 1800mW and a
onstant temperature of the equipment is desirable for stable operation. In addition
ooling is required for the thi
k dete
tor be
ause the leakage 
urrent of the dete
torand thus its power 
onsumption in
reases exponentially with temperature. This positivefeedba
k would lead to severe damage of the dete
tor if used without 
ooling. For thispurpose 
opper foils have also been used to thermally 
onne
t the frame of the thi
kdete
tor to the 
ooling head. For temperature monitoring a Pt100 sensor has beenmounted on the mounting pole 
lose to the ele
troni
s.4The front-end ele
troni
s lies on the same potential as the 
onne
ted dete
tor side whi
h meansthat for ea
h dete
tor one board is on high voltage.
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flange

BaBar IV detector
Si(Li) detector

mounting pole

electronics

50 mmFigure 3.9: Photograph of the teles
ope equipped with a 69�m BaBar IV dete
tor and a thi
kSi(Li) dete
tor. The ele
troni
s is mounted behind the last dete
tion layer.The ele
troni
s feed-through have been realized by seven 50 pin Sub-D va
uum
onne
tors [39℄ whi
h are integrated into the 
ange. They allow the 
onne
tion ofone front-end board to one Sub-D 
onne
tor via a Kapton foil and a spe
ial designedva
uum 
ompatible Kapton to Sub-D adapter. A pi
ture of the 
ange mounted ona holding devi
e is shown in �gure 3.9. The seven 
onne
tors allow an extension ofthe teles
ope by an additional double-sided dete
tor leaving one 
onne
tor in spare foradditional temperature monitoring of the ele
troni
s and dete
tors.Outside the va
uum the interfa
e boards whi
h are also equipped with Sub-D 
on-ne
tors are simply plugged to the 
ange. A box made of 
opper sheet metal is pla
edaround the interfa
e boards to shield them.Figure 3.10 shows a sket
h of the dete
tor positions for a teles
ope equipped withthree dete
tors in side and top-view. In the axis along the beam (z) the teles
opeis shifted by 12:5mm with respe
t to the nominal target point whi
h is indi
ated bya �lled 
ir
le. The 
on�guration shown in the drawing has been optimized for themeasurement of the rea
tion pd ! d!psp [40℄. Here the forward hemisphere of thea

eptan
e is used to dete
t pd-elasti
 events for luminosity determination and theba
kward hemisphere for the dete
tion of the slow spe
tator proton. By shifting thewhole setup ba
kwards, the a

eptan
e for the spe
tator protons is in
reased leavingstill some 
overage of the forward hemisphere. The overall 
overage in the horizontal
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(b)Figure 3.10: Sket
h of the dete
tor positions for a teles
ope equipped with three dete
tors inside (a) and top (b) view.angle is thus in a range from 75:6Æ to 116:4Æ. Although in the design of the teles
opeit has been foreseen to position the dete
tors symmetri
 around the middle plane, ashift of 2:5mm to negative y values has been measured and is visible in the side view ofthe drawing. The reason for this is a bending of the mounting pole due to the weightof the dete
tors, frames and the ele
troni
s. The range in verti
al angles 
overed bythe teles
ope is then between �21:8Æ and 19:4Æ.As already mentioned before, all data presented in this work have been taken witha teles
ope with just two dete
tors. In the used 
on�guration, the thi
k dete
tor hasbeen installed at its nominal distan
e of 82:4mm to the beam, while the �rst layer(69�m) has been moved to the position of the se
ond layer at 50mm.With a teles
ope in full 
on�guration with three dete
tors, the �rst two thin layersare mainly used for the tra
king of parti
les, while the last layer with its large strippit
h is used to validate the tra
k and measure the energy of the parti
le. When onlyusing one thin and the thi
k Si(Li) dete
tor, the position information from the thi
kdete
tor is dire
tly used in the tra
k determination. Even though the segments of thethi
k dete
tor are 666�m wide, the number of segments that 
olle
t 
harge in
reaseswith the total energy deposit and is in the order of 5 segments for the highest energydeposits. As it will be shown in 
hapter 6, the position of the parti
le passage is then
al
ulated as the energy weighted 
enter of gravity over the segments 
olle
ting the
harge. It is however possible that parti
les exit the dete
tor to the side of the thi
kdete
tor whi
h essentially 
uts o� parts of the distribution of 
olle
ted 
harge over thesegments leading to a shift in the 
al
ulated position. To over
ome this problem, thesegments lo
ated at the edge of the dete
tor have not been 
onsidered in the analysis.The regions whi
h have been negle
ted in the analysis are indi
ated by the shadedareas in �gure 3.10.



26 3.5 Teles
ope Trigger3.5 Teles
ope TriggerIn standard 
on�guration with three dete
tors, the trigger signal from the teles
ope isthe 
oin
iden
e of the individual signals from the two sides of the intermediate 300�mor 500�m dete
tor. The dete
tion threshold is thus the energy loss in the �rst layerplus the trigger threshold of the se
ond layer, sin
e the parti
le has to pass the �rstlayer before it 
an even generate a trigger signal. For protons the dete
tion thresholdis then about 2:5MeV + 0:15MeV = 2:65MeV, for deuterons it is in the order of4MeV + 0:15MeV = 4:15MeV.Without the intermediate layer, the teles
ope trigger is the 
oin
iden
e of thetrigger signals from both sides of the 69�m dete
tor. With a trigger threshold ofabout 150 keV and the fa
t that only parti
les whi
h pass the �rst dete
tor and depositenough energy in the se
ond layer 
an be 
onsidered in the tra
k determination, it isapparent that the used trigger is not very eÆ
ient. The reason for this is the fa
t thatparti
les that are stopped in the �rst dete
tor generate a trigger signal even thoughthose events 
an not be used in the analysis. However, the used trigger s
heme is theonly possible s
heme in this 
on�guration sin
e the timing of the trigger signals fromthe thi
k dete
tor strongly depends on the deposited energy, whi
h essentially disablesthe use of these signals in a teles
ope 
oin
iden
e and espe
ially in a 
oin
iden
ewith other ANKE dete
tion systems. A detailed dis
ussion of the used trigger s
hemefollows in 
hapter 4.



Chapter 4Data A
quisitionFor one fully equipped teles
ope the number of read-out 
hannels is already 750. Adedi
ated read-out system based on 
ommer
ially available VME modules that also�ts into the ANKE DAQ [41, 42, 43℄ had to be developed. In order to meet therequirement of an energy determination with a pre
ision of better than 1%, spe
ialmodes of operation have also been implemented. They allow the monitoring of thepedestal as well as an individual 
alibration of ea
h 
hannel. Moreover, the used front-end ele
troni
s made it ne
essary to develop a spe
ial trigger and dead-time logi
.In addition a 
lient side software framework has been developed for the DAQ sys-tem that provides an easy to use interfa
e to all the 
on�guration parameters of thefront-end boards and the VA32TA2 
hips. It also allows one to swit
h the DAQ intodi�erent operation modes and run automati
 diagnosti
s routines, whi
h is essentialwhen operating a dete
tion system with that amount of 
hannels.4.1 Readout Ele
troni
sThe read-out system is basi
ally made up of a VME 
rate holding the digitalizationunits and a PC running netBSD. The used interfa
e between the VME bus and thePC is a SIS3100 VME to PCI interfa
e [44, 45℄ with a one unit wide VME 
ontrollerand a single PCI 
ard. The 
onne
tion between the 
ontroller and the PCI 
ard isa

omplished via an opti
al link. The key feature of the VME 
ontroller is an on-board digital signal pro
essor (DSP) whi
h allows the read-out of the VME units intoan internal bu�er without any traÆ
 over the opti
al link. The advantage of this
ontroller based read-out is that the modules 
an be read out with their maximumspeed without the ne
essity of VME 
alls from the PC. On
e ea
h module has beenread out and the bu�er is �lled a fast DMA transfer is initialized to 
opy the data inthe bu�er of the 
ontroller to the PC memory. When the bu�er in the netBSD PC [46℄is full, the bu�ered events are transfered via fast Ethernet to a so 
alled Event-builderthat manages the in
oming event pa
kages from all the ANKE read-out systems anddistributes the data to the permanent data storage and online analysis workstations.A read-out 
y
le is initiated by a trigger signal on one of the four inputs of a PCI
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Figure 4.1: Simpli�ed s
heme of the teles
ope data a
quisition system. The front-end ele
-troni
s is 
onne
ted to a VME 
ontrol unit via a 
at 
able bus. The analog signalsare digitized by VME ADCs. A detailed 
onne
tion s
heme of the VME part ofthe DAQ system is given in �gure 4.2. The teles
ope trigger logi
 is des
ribed inse
tion 4.5.syn
hronization unit [47℄ whi
h is also pla
ed inside the PC. On
e an in
oming triggeris a

epted by the syn
hronization unit it swit
hes into a busy state and generates asignal on an output 
onne
tor whi
h is used to start the read-out sequen
e. Whenthe read-out is 
ompleted, the syn
hronization unit leaves the busy state and a

eptsfurther in
oming triggers. A s
heme of the tra
king teles
ope read-out system is shownin 4.1. The blo
k-s
heme of the VME part of the DAQ system is displayed in �gure 4.2with a detailed des
ription following in the next se
tions.4.1.1 ControlThe key 
omponent of the read-out system for the tra
king teles
ope is a 16 
hannelprogrammable 
lo
k pattern generator. This VME sequen
er, a VPG517 [48℄ produ
edby Kramert GmbH, is used to generate all digital 
ontrol signals for the read-outsequen
e as well as the slow 
ontrol setup of the 
hips and the interfa
e boards. Themaximum 
lo
k frequen
y is 25MHz and 
an be programmed to be either from anexternal sour
e or from the VME bus 
lo
k with the option of a dividing fa
tor. Its 16outputs are available on a 
at 
able 
onne
tor on the front panel with the �rst four
hannels being also available on LEMO 
onne
tors. Besides allowing a read-out withthe maximum possible frequen
y of 5MHz1, the high maximum 
lo
k frequen
y of thesequen
er gives the opportunity to shift 
ontrol signals relative to ea
h other in steps1Although the 
hips allow 10MHz as the maximum read-out frequen
y, the ADC with 5MHzmaximum 
onversion frequen
y is the limiting fa
tor.
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30 4.1 Readout Ele
troni
s# Name Des
ription Timeline0 VETO a 
opy of the "HOLD" signal D(taken from front panel LEMO 
onne
tor)1 A3 address lines for slow 
ontrol setup2 A2 of the 
hips and the bias voltage DACs3 A14 A05 SHIFT IN TA shift in signal for the slow 
ontrol shift register6 CLK TA 
lo
k signal for the slow 
ontrol shift register7 TEST ON swit
hes the front-end 
hips into test modeand sele
ts the DACs on the interfa
e boardfor slow 
ontrol set up.8 CLEAR 
lears the ADCs9 TEST PULSE sends a test 
harge to the front-end 
hips10 SHIFT IN shift in signal for the read-out shift register E11 CLK 
lo
k signal for the read-out shift register F12 DRESET reset signal for the front-end 
hips13 CONV 
onversion signal for the ADC14 HOLD signal to freeze the 
urrent VA amplitudes DTable 4.1: Summary of digital 
ontrol signal provided by the VME 
ontrol unit.of 40 ns. Smaller steps have to be a

omplished by additional 
able delays. Table 4.1des
ribes the digital 
ontrol signals.4.1.2 ADCThe di�erential analog signals from the 
hips are digitized by CAEN V550 [49℄ C-RAMSmodules. The V550 is a single slot wide VME ADC module that has been spe
iallydesigned for the read-out of multiplexed analog signals. Ea
h module houses two sep-arate 10 bit ADC 
hannels whi
h are multiplexed to allow the digitalization of up to2016 segments per input. A pedestal and threshold memory is provided for every 
han-nel, whi
h gives the possibility to have a zero suppression done by the module. Boththe pedestal and threshold values 
an be set with an a

ura
y of 12 bit2. The maxi-mum 
onversion rate is 5MHz whi
h 
orresponds to a 
onversion time of 200 ns. Thedigitized analog value, if above threshold, is together with the strip number and statusinformation stored in a 32 bit wide and 2047 word deep FIFO that 
an be a

essed viathe VME-Bus. Although only two ADC units are displayed in the 
onne
tion s
heme in2The reason for the 12 bit pedestal and threshold memory is the fa
t that the 10 bit V550 ADC isupgradeable to a 12 bit version.



4.2 DAQ modes 31�gure 4.2 the DAQ system is designed to be easily extendible by a user-de�ned numberof ADC units.4.1.3 S
alerFor 
ount rate monitoring and an o�-line dead-time 
orre
tion a 32 
hannel SIS3800VME s
aler unit [50℄ has also been integrated into the read-out system. Table 4.2gives an overview of the 
ounted signals. Due to the fa
t that the trigger part ofthe VA32TA2 front-end 
hips generated random triggers during the period of 
lo
king(time lines F, H and I in �gure 3.7) the s
aling for the "DTbyShaper" and teles
opetrigger signals needs to be blo
ked during that time by the "VETO" signal. The a
tivetime of the "VETO" signal is however measured (DTbyVPG) and allows together withthe referen
e 
lo
k (TRef) an extrapolation of the measured "DTbyShaper" and trig-ger 
ounts to the real numbers. The a
tual 
ounts for the trigger and "DTbyShaper"are essential for a dead-time 
orre
tion whi
h is des
ribed in detail in se
tion 4.6.Name Des
ription TimelineDTbyShaper 10MHz referen
e 
lo
k representingthe dead time introdu
ed by trigger signal shaping C(
ounting blo
ked by VETO signal)T1 ... trigger signals from teles
ope trigger logi
(
ounting blo
ked by VETO signal)DTbyVPG 10MHz referen
e 
lo
k L(
ounting enabled by VETO signal)TRef 10MHz referen
e 
lo
k KTable 4.2: Overview of the signals 
ounted by the dedi
ated VME s
aler unit.4.1.4 I/O RegisterOne drawba
k of the used sequen
er is the fa
t, that only one programmed sequen
e
an run at a time. This means that the DAQ has to be stopped in a de�ned state inorder to perform the slow 
ontrol setup and vi
e versa. To ensure stable operation aCAEN V513 VME digital I/O unit [51℄ has been introdu
e to the DAQ system. Theunit allows to blo
k 
ertain signals and therefore to swit
h the read-out system intodi�erent modes of operation. Table 4.3 des
ribes how the output 
hannels are used.4.2 DAQ modesTo ensure the performan
e of the sili
on tra
king teles
ope and for 
ommissioningand maintenan
e purposes the developed DAQ system may be swit
hed into di�erent



32 4.2 DAQ modesBit Name Des
ription0 EN TRG enables the trigger signal to rea
h the syn
hronization unit1 EN FOR enables the a

epted trigger signal to rea
h the"FORCE" input of the 
ontrol unit2 EN PED swit
hes a 10 kHz signal to the inputof the syn
hronization unit3 EN CAL swit
hes a 100Hz signal to the "WAIT"input of the 
ontrol unitTable 4.3: Des
ription of the I/O register bits used to 
ontrol the DAQ operation mode.Operation Mode EN TRG EN FOR EN PED EN CALData taking 1 1 0 0Pedestal 0 1 1 0Calibration 1 1 0 1Slow 
ontrol 0 0 0 0Table 4.4: Summary of the I/O register bit pattern setting for the di�erent DAQ operationmodes.modes of operation. This is a
hieved via the VME I/O register des
ribed in the previousse
tion. Table 4.4 summarizes the implemented modes. It is obvious that the "datataking" mode is the most important one. However in 
hapter 5, that is 
on
erned withenergy measurement, it will be shown how important the 
alibration and the monitoringof the pedestals is for a pre
ise energy determination and thus the performan
e of thedete
tion system.4.2.1 Data taking modeA physi
al trigger is either a

epted or reje
ted by the syn
hronization unit (timeline A in �gure 3.7). The a

epted trigger (B) is available on the output of thesyn
hronization unit and 
onne
ted to the "FORCE" input of the VPG517. It is usedto start the programmed read-out sequen
e in the VPG517 
ontrol module. Therunning sequen
e generates all the ne
essary 
ontrol signals for the read-out of thefront-end 
hips (D, E and F) as well as the 
onversion signal for the ADC ("CONV").It is available on a LEMO 
onne
tor on the front panel of the repeater board. A 
opyof the hold signal is taken from the front panel of the VPG517 and is used to delaythe read-out of the VME digitalization modules by the DSP in the VME 
ontroller.At the end of the read-out 
y
le, when the hold signal and its 
opy be
ome ina
tiveand all modules have been �lled, the VME 
ontroller triggers the DSP read-out of themodules. On a

eptan
e of the trigger the syn
hronization unit has already triggereda software routine via an interrupt. On
e the data is pro
essed by the software thesyn
hronization unit leaves its busy state and a

epts new in
oming trigger signals.



4.3 Integration into the ANKE DAQ 334.2.2 Pedestal modeEspe
ially when running with zero suppression in the ADCs it is essential to monitor thebehavior of the pedestals. For this purpose the "pedestal" mode has been implementedinto the DAQ system. In pedestal mode a 10 kHz generator signal is fed to the input ofthe syn
hronization unit. The in
oming physi
al triggers are blo
ked from the triggerinput in order not to distort the pedestal measurement. Besides the rare 
ase, when the
onstant frequen
y trigger o

urs in 
oin
iden
e with a physi
al trigger, the measureddata for a strip 
orresponds to the pedestal of this 
hannel sin
e no energy has beendeposited in that strip by a parti
le passing through the dete
tor.4.2.3 Calibration modeA 
orre
t energy 
alibration of the setup requires that the 
alibration has been per-formed under the same experimental 
onditions as the data taking with the teles
ope.In "
alibration" mode a se
ond sequen
e is stored in the VPG517 in parallel to theregular read-out sequen
e. A 100Hz generator signal is fed to the "WAIT" input of theVPG517. When the signal arrives, the se
ond sequen
e is triggered whi
h generates atest pulse. At the end of the sequen
e the 
ontrol unit sleeps in an endless loop andwaits for a trigger from the front-end 
hips. The signal path for the trigger is the sameas for regular data taking whi
h ensures similar experimental 
onditions when runningin 
alibration mode. Typi
al 
alibration spe
tra are shown in 
hapter 5.4.3 Integration into the ANKE DAQEa
h of the ANKE dete
tion systems is equipped with a syn
hronization unit that isinter
onne
ted via a ring bus. One of the syn
hronization units on the bus is themaster whi
h re
eives the triggers, all other units are 
on�gured as slaves. A trigger,a

epted by the master, is passed to the slaves on over the ring bus and starts theread-out sequen
e in ea
h slave. When all slave systems have �nished the read-out
y
le and pro
essed the data, the master syn
hronization unit is ready to a

ept newin
oming triggers. The read-out system of the tra
king teles
ope is equipped witha master syn
hronization unit whi
h also allows the use of the setup either in standalone mode at ANKE or in the lab. In this 
on�guration the syn
hronization ringbus is basi
ally a 
losed loop with only one unit. For the integration into ANKE theexisting syn
hronization ring is opened and the tra
king teles
ope syn
hronization unit,
on�gured as a slave, is 
onne
ted to the ANKE syn
hronization ring. In addition thetrigger signals 
onne
ted to the inputs of the tra
king teles
ope syn
hronization unitin stand alone operation have to be 
onne
ted to the inputs of the ANKE mastersyn
hronization module.
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(b)Figure 4.3: Distribution of times between two 
onse
utive events for data taken with (a) andwithout (b) zero suppression. Both plots represent an equal measurement time of180 s.4.4 Readout Performan
eWith an a

epted trigger the read-out pro
edure for all 
on�gured ANKE dete
tionsystems is started. For the tra
king teles
ope read-out ele
troni
s the time of a fullread-out sequen
e strongly depends on the mode of operation. Figure 4.3 showsthe distribution of times between two 
onse
utive events for data taken with (a) andwithout (b) zero suppression. In both 
ases the displayed statisti
s represents a singlea

elerator spill of 180 s duration. The edges on the left of ea
h plot 
orrespond tothe minimum time that is required to pro
ess one event. For the data taken with zerosuppression the minimum time is 160�s while it is 360�s for the none zero suppresseddata and �xed. This minimum time 
an be expressed bytreadout = tfront�end + Ndata � ttransfer (4.1)in whi
h tfront�end is the time from the a

eptan
e of the trigger to the start ofthe data transfer from the VME digitalization modules to the DSP bu�er. It in
ludesthe delay between the trigger and the hold signal as well as the a
tual 
lo
king ofthe front-end 
hips and was in the order of 140�s. Ndata represents the number ofdata words that have been digitized, without zero suppression it is 471 while with zerosuppression it is between 30 and 55. ttransfer is the average time for a single dataword transfer. Sin
e the DSP issues a blo
k transfer to 
opy the data from the VMEmodules to its bu�er, ttransfer also 
ontains the time to set up su
h a blo
k transfer.With ttransfer being in the order of 450 ns the di�eren
e in the minimum time requiredfor the read-out of a single event be
omes obvious. Both histograms also show a bumpat approximately 550�s whi
h 
orrespond to the average input trigger rate of roughly1800 triggers per se
ond. The se
ond bump at 1:8ms without zero suppression andat 1:6ms with zero suppression originates from the in
reased time it takes to pro
ess
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Figure 4.4: Conne
tion s
heme of the teles
ope trigger logi
.the event when the data bu�ered in the netBSD PC is transfered from the read-outsystem to the Event-builder via Ethernet.4.5 Trigger S
hemeThe VA32TA2 front-end 
hips allow the tra
king teles
ope to generate a trigger for thedata a
quisition. Due to the fa
t, that the front-end ele
troni
s, with the 
hip settingsused during the data taking, produ
ed after pulses for ea
h true trigger (time line Bin �gure 3.7 on page 20) a dedi
ated trigger and 
oin
iden
e s
heme had to be setup. Figure 4.4 shows the trigger s
heme for the tra
king teles
ope using the individualtriggers from both sides of the �rst (69�m) dete
tor. In order to remove the se
ondarypulses the trigger signal is fed to a dis
riminator whi
h produ
es a single pulse with a�xed width of 1:8�s. In 
ase of an after-pulse within this 1:8�s window the outputpulse of the dis
riminator is prolongated by another 1:8�s with respe
t to the se
ondin
oming double pulse. The se
ondary triggers and the prolongation of the pulse areindi
ated by dotted lines in the �gure. In a se
ond stage the leading edge of theinverted signal from the dis
riminator is used by a dual timer unit to generate a singlepulse. The falling edge of the dis
riminator signal 
lears the dual timer and enables itto generate new pulses. This means that new output pulses are only generated afterat least 1:8�s. The shaped and original trigger signals from both sides of the dete
torare used by a four-fold 
oin
iden
e unit to generate the �nal teles
ope trigger. Itmay be used dire
tly or in 
oin
iden
e with the trigger from another ANKE dete
tionsystem (i.e. the ANKE forward dete
tor [52, 53℄) to start the data a
quisition. Formonitoring purposes the signals generated by the dis
riminators as well as the �naltriggers are 
ounted by the ANKE system s
alers. To measure the trigger dead-timeintrodu
ed by the dis
riminators a dedi
ated s
aler unit has been implemented in theteles
ope read-out system. The so 
alled "DTbyShaper" (dead-time by shaper) signalis the 
oin
iden
e of both dis
riminator outputs and a 10MHz referen
e 
lo
k whi
hallows the determination of the introdu
ed dead-time with a resolution of 100 ns (timeline C).
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orre
tion4.6 Dead-Time 
orre
tionAs shown in the previous se
tions the data a
quisition takes between 160�s and 360�sto digitize and pro
ess a single event. Any trigger arriving during that time is lost but
ounted in the ANKE system s
alers. For any physi
s analysis it is essential to 
orre
tthe observed 
ounts and rates for this dead-time via the following equationNreal = Nmeasured � tmtm � Nmeasured � � (4.2)in whi
h Nmeasured is the measured trigger rate or 
ounts for a 
ertain rea
tion
hannel, Nreal is the real rate or real number of 
ounts, � is the dead-time and tm isthe measurement time. In a simple dead-time 
orre
tion one would use the number ofa

epted triggers and the total number of in
oming trigger for a 
ertain trigger typeand 
al
ulate the dead-time as � = tm � Nreal � Na

Nreal � Na

 (4.3)where Na

 is the number of a

epted triggers and Nreal is the number of triggers
ounted by the ANKE system s
alers. Due to the random triggers generated by theteles
ope front-end 
hips during the read-out sequen
e the number of in
oming triggersfor a trigger involving the tra
king teles
ope trigger is 
ontaminated and essentiallyhigher than the real number. With the information 
ounted by the dedi
ated VMEs
aler it is possible to extrapolate to the real number of in
oming triggers via thefollowing equation Nreal = NVME � tmtm � (tDTbyVPG + tDTbyShaper) (4.4)In equation 4.4 NVME is the number of triggers 
ounted by the VME s
aler, tm isthe time of the measurement and tDTbyVPG is the time during whi
h the 
ounting by theVME s
aler is blo
ked whereas tDTbyShaper is the time the teles
ope trigger s
heme isblo
ked and trigger generation is disabled. Figure 4.5 shows the typi
al distribution oftDTbyShaper. Ea
h trigger arriving at the dis
riminator opens a 1:8�s long time windowduring whi
h the 10MHz referen
e 
lo
k is s
aled. In addition, the 
ounting is alsoblo
ked during the read-out sequen
e while tDTbyVPG is only measured during the read-out sequen
e. Hen
e tDTbyShaper and tDTbyVPG do not overlap and may be simply addedto form the full dead-time introdu
ed by the trigger logi
. The peaks in the histogramat multiples of 1:8�s 
orrespond to the number of windows between two 
onse
utiveevents. The tails to larger values are due to the possible prolongation of the window bya se
ond in
oming trigger. With ea
h a

epted trigger also a 1:8�s window is opened.The peak on the far left of the histogram represents the delay between the a

eptedtrigger and the a
tual start of the read-out sequen
e when no additional windowshave been opened sin
e the previous a

epted event. By analyzing the tDTbyShaperdistribution it is possible to extra
t the number of windows between two events. Thisis espe
ially important for the dead-time 
orre
tion of a trigger that is the 
oin
iden
e
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Figure 4.5: Distribution of the dead time introdu
ed to the teles
ope trigger by the shapingof the trigger signals from the individual dete
tor sides ("DTbyShaper"). Ea
hpeak 
orresponds to a 1:8�s wide time window that is started by the in
omingtrigger from the VATA 
hips. The tails to higher times originate from the possibleprolongation of the window. Analyzing the value for "DTbyShaper" on an eventby event basis allows to extra
t the number of windows and hen
e the number of
oin
iden
e opportunities between two events.of the teles
ope trigger and the trigger of another ANKE dete
tion system. In 
ase ofthe forward-teles
ope 
oin
iden
e trigger, a 400 ns wide 
oin
iden
e window is openedwith ea
h start of a "DTbyShaper" window. This means that the trigger s
heme isnot blo
ked for the full 1:8�s plus prolongation for ea
h "DTbyShaper" window butonly for 1:4�s plus prolongation. Applying this modi�
ation to equation 4.4 results inan equation for the real number of in
oming 
oin
iden
e triggers (equation 4.5).Nreal = NVME � tmtm � (tDTbyVPG + tDTbyShaper �Nw � 400 ns) (4.5)� = NVME � tm � Na

 � ftm � (tDTbyVPG + tDTbyShaper[�Nw � 400 ns℄)gNVME � Na

 (4.6)Combining equations 4.3 and 4.5 yields an equation (4.6) for the dead-time ofthe read-out system for a trigger that involves the teles
ope trigger. In equations 4.5and 4.6 Nw represents the number of "DTbyShaper" windows. The modi�
ation forthe 
oin
iden
e trigger is indi
ated in squared bra
kets in equation 4.6.Unfortunately only after the period of data taking a dis
repan
y between the num-ber of in
oming triggers 
ounted by the ANKE system s
alers and the VME s
alerhad been dis
overed. In the data the number measured by the ANKE s
alers is about
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(b)Figure 4.6: (a) ratios of the pres
aled trigger rate of the forward dete
tion system (RateFd) tothe forward - teles
ope 
oin
iden
e trigger rate (RateFd &Tel) as a fun
tion of timefor six 
onse
utive a

elerator spills. As a referen
e the shaded histogram showsthe ratio of the pres
aled forward trigger to the forward trigger with an additional
ut on the energy loss in the forward hodos
ope (RateFd int). (b) development ofthe average ratio of the pres
aled forward trigger to the 
oin
iden
e trigger forea
h beam spin-mode.5% less than the number given by the VME s
aler. However, due to the fa
t thatthe ANKE s
aler 
ounts the 
ontaminated trigger signal, the number obtained by theANKE s
aler must be larger than the number measured by the VME s
aler. From theavailable data it was not possible to spe
ify the reason for this dis
repan
y whi
h mighthave been double pulses in the VME s
aler 
hannel or missed pulses in the ANKE s
aler
hannel.Although the available data did not allow the determination of absolute values forthe dead-time, it was possible to perform a relative dead-time from a

elerator spill toa

elerator spill. Figure 4.6(a) shows the time 
ow of the ratio of the pres
aled triggerrate of the forward dete
tion system (rateFd) to the rate of the forward - teles
ope
oin
iden
e trigger (rateFd&Tel) for six 
onse
utive 
omplete a

elerator spills. Theshaded histogram shows the ratio of rates for the pres
aled forward trigger to theforward trigger with an additional 
ut on the energy loss in the forward s
intillationhodos
ope (rateFd int) as a referen
e. The average 
u
tuation within one spill is in theorder of 14% for the ratio involving the teles
ope trigger and 11% for the referen
e plotwhi
h does not in
lude the teles
ope trigger. The rather larger jumps in the ratio rateFdto rateFd&Tel from spill to spill are 
aused by the di�erent beam polarization modesfor two 
onse
utive spills. Figure 4.6(b) displays the average ratio of the pres
aledforward trigger rate to the 
oin
iden
e rate for ea
h of the available beam spin modesfor the 
omplete data set. For ea
h of the spin-modes the ratio is 
onstant over thetime of data taking. The jump at approximately spill 280 is 
aused by a 
hange inthe pres
aling fa
tor for the forward trigger from 10 to 15. The jump in the graphsre
e
t this 
hange in the pres
aling fa
tor. Both the fa
t that the ratio of rateFd to
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tion 39rateFd&Tel is 
onstant over the duration of a spill and that the average of this ratioover one spill is 
onstant over the full data set allows to perform a relative dead-time
orre
tion from spill to spill even if NVME and the extrapolated number of in
omingtriggers are not absolutely 
orre
t numbers. This is of spe
ial importan
e for thepolarimetry investigations in whi
h one is only interested in relative 
ounts for thedi�erent beam polarization states. Details on the polarization measurements are givenin 
hapter 7.
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Chapter 5Energy MeasurementThe main �eld of appli
ation of the Sili
on Tra
king Teles
ope is to identify andmeasure the energy of low energy spe
tator protons with a pre
ision better than 1%.Knowing the four-momentum of this spe
tator proton it is possible to identify a proton-neutron rea
tion and to also determine the four-momentum of the neutron in the initialstate on an event by event basis.Spe
ial attention has to be drawn to the 
on�guration parameters of the front-end ele
troni
s and the read-out system in order to a
hieve the desired pre
ision.In addition, the 
alibration 
oeÆ
ients that map the ADC value to an energy lossinformation have to be determined for ea
h individual read-out 
hannel.Moreover, 
hanges in the working environment, su
h as the temperature and thelow voltage power supply of the 
hips, result in an e�e
t 
alled 
ommon-mode, whi
his a 
ommon shift of the base-line of the front-end ele
troni
s that 
an be 
orre
tedin an o�-line analysis. Without 
orre
tion the shift would essentially lead to a falsemeasurement of the energy loss.5.1 TuningThe tuning of the read-out system for best performan
e 
an be logi
ally split into twoindependent parts. First the 
orre
t 
hip bias voltage and 
ontrol register settingshave to be found for the di�erent front-end - dete
tor 
ombinations. In a later stage,the DAQ has to be tuned whi
h basi
ally means optimizing the timings of the digital
ontrol signals.5.1.1 Chip tuningIn se
tion 3.2 it was demonstrated that the used front-end 
hip with its eight biasvoltages and the di�erent possible 
ontrol register settings is on one side very 
exiblebut also rather 
ompli
ated to setup for best performan
e. By swit
hing the front-end 
hips into test mode and shifting one bit in both the test and read-out shiftregisters to one of the 
hannels, this 
hannel be
omes transparent. This means that
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(b)Figure 5.1: (a) Pulse shape for test pulse amplitudes of 500 fC, 1000 fC and 1500 fC. (b) Pulseshape for a test 
harge of 1500 fC with the "hold" signal applied at 0:8�s, 1:2�s,1:6�s, 2:0�s and 3:2�s after inje
ting the test 
harge.a 
harge applied to the input of the sele
ted 
hannel is ampli�ed by the slow shaperof that 
hannel and dire
tly available on the output of the 
hip. After sending a testpulse to this sele
ted 
hannel the pulse shape 
an be observed with an os
illos
opeor sampled by an ADC. Figure 5.1(a) shows the pulse shape for several di�erent testpulse amplitudes. The variation in peaking times (the time until the pulse has rea
hedits peak amplitude) is of the order of 400 ns.In an ideal 
ase the peaking time should not depend on the amplitude of the testpulse. By setting the bias voltage of the front-end 
hips appropriately it is possible tominimize this dependen
e. However, 
onne
ting a di�erent dete
tor to the front-endboard or 
onne
ting the other side of a dete
tor may 
hange the optimum bias voltagesettings. Therefore the tuning of the 
hip parameters has to be repeated after su
h
hanges.5.1.2 Read-Out tuningThe tuning of the read-out system is mainly �nding the 
orre
t timing for all thedigital 
ontrol signals. The timing of the hold signal is one of the most importantones, sin
e it determines how well the peak amplitude of a signal is sampled by theADC. Figure 5.1(b) shows the pulse shape for a �xed test pulse amplitude and a varietyof di�erent hold delays. Goal of the tuning is to �nd the hold delay in su
h a way thatthe hold signal is applied to the sample and hold fa
ility of the 
hip when the analogsignal in the slow shaper has rea
hed its maximum. Sin
e the hold delay is �xed by thesequen
e running in the 
ontrol unit it be
omes obvious, how important a minimumpeaking time variation and therefore the 
hip tuning is for a good performan
e of theenergy measurement. In pra
ti
e, the hold delay is adjusted by triggering the DAQ withtest-pulses of the most probable expe
ted amplitude and varying the hold delay with
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(f)Figure 5.2: Output amplitude distribution of a front-end board with 5 
hips. The plots in theright 
olumn (b, d and f) show a sequen
e with a test pulse inje
ted into the third
hannel of the �rst 
hip in the 
hain. Sub-�gures 
 and d show a zoom onto the�rst 
hip and e and f display a zoom onto the region in whi
h the test pulse wasbeen applied.
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t to the in
oming trigger until a maximum 
hip response is rea
hed. Sin
e thedetermined hold delay depends on the trigger delay, the time between the generation oftrigger in the front-end and the a
tual start of the DAQ, it is obvious that spe
ial 
arehas to be taken in order to have equal trigger delays during tuning and data taking.The se
ond delay that has to be tuned in the read-out system is the delay betweenthe 
lo
k and the 
onversion signal. Conse
utive pulses to the "
lk" input of thefront-end 
hips swit
h the output of the slow shaper to the output multiplexer. Therehas to be a 
orresponding 
onversion signal to ea
h "
lk" pulse in order to sample themultiplexed data syn
hronously. A rough estimate for the delay between both signalsis the time the "
lk" travels from the read-out 
ontrol unit generating the signals tothe front-end 
hips plus the time the analog signal travels ba
k to the ADC. Figure 5.2shows the distribution of the output signals of a front-end board with �ve 
hips. InFigures 5.2(a) and (b) all �ve 
hips are visible, (
) and (d) show a zoom onto the �rst
hip and (e) and (f) display the �rst 8 
hannels of the �rst 
hip. In the plots on theright side (a,
 and e) also a test pulse has been introdu
ed to the third 
hannel of the�rst 
hip. With a 
lo
k frequen
y of 5MHz ea
h 
hannel is only for 200 ns available atthe input of the ADC. In addition to that, the settling time of the analog signal has tobe taken into a

ount. From 5.2(f) it is obvious that the full amplitude of the analogsignal is only available at the very end of the 200 ns a
tive time of ea
h 
hannel. Forbest performan
e the 
onversion pulse has to be shifted to the end of this a
tive 
y
le.A trivial 
he
k, whether the delay of the "
onv" to the "
lk" signal is set 
orre
tly, isto look at the 
hannel adja
ent to a 
hannel with a high amplitude test pulse be
ausethe settling time does not only apply to a rising signal but also to a falling one. Ifthe timing is set 
orre
tly the amplitude in the adja
ent 
hannel must 
orrespond tothe pedestal of that 
hannel. In 
ase the "
onv" signal is applied too early, a 
hanneladja
ent to a 
hannel with a test pulse will show some remaining amplitude of the testpulse.5.2 CalibrationOn
e the front-end ele
troni
s and the read-out system are tuned for a 
ertain experi-mental setup, a 
alibration that maps the 
hip response in ADC 
hannels to an energyloss of a parti
le passing through the dete
tor needs to be obtained. In pra
ti
e, the
alibration pro
edure is split into three stages. In the �rst stage, the test-pulse 
apa-bilities of the VA32TA2 
hips is exploited to determine the response fun
tion of the
hips. In later steps real data is used to obtain an absolute energy 
alibration.5.2.1 Test Pulse measurementsThe VA 
hips test pulse 
apabilities allow one to 
alibrate ea
h VA 
hannel individually.The test 
harge is generated by a voltage step over a test 
apa
itan
e of 1 pF on thefront-end ele
troni
s board whi
h is generated by one of the digital 
ontrol signals. Theamplitude of the voltage step is determined by one 
hannel of the DAC integrated on
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(
)Figure 5.3: Typi
al test pulse histograms for positive (a) and negative (b) test 
harges. Sub-�gure 
 shows the 
hip response as a fun
tion of the applied test 
harge for bothpositive and negative test 
harges.
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Figure 5.4: Distribution of the 
alibration 
oeÆ
ient P1 over one side.the interfa
e board with an addition dividing fa
tor of three. The applied test 
hargeis then given by Qtest = 131 pF � Utest (5.1)With the knowledge, that an energy deposit of 3:6 eV 
reates one ele
tron-holepair [54℄, the energy equivalent Etest to the applied test 
harge 
an be expressedby Etest = 1 � 10�15 � 3:6 eV1:602 � 10�19 fC �Qtest = 22:472 keVfC �Qtest (5.2)Typi
al test pulse histograms are shown in �gure 5.3. In the histograms the test pulsepeaks are 50 fC apart from ea
h other with 100 entries in ea
h peak. The peaks onthe far left of the histograms are the pedestals.By measuring the 
hip response for several di�erent test 
harges a preliminary
alibration is obtained. Figure 5.3(
) shows the test amplitudes in MeV as a fun
tionof the 
hip response in ADC 
hannels for positive and negative amplitudes. A �tby a 4th degree polynomial to the test pulse plots results in a 
alibration fun
tionfor ea
h 
hannel. On the front-end board ea
h of the �ve 
hips has its own test
apa
itan
e whi
h means that the e�e
tive test pulse amplitude may vary from 
hipto 
hip due to produ
tion toleran
e of the 
apa
itan
e and the pla
ement of the
apa
ity on the printed 
ir
uit board. With the existing front-end board 
hip number5 always shows lower test pulse amplitudes. The reason for this behavior is a 
hangein the e�e
tive 
apa
itan
e due to the pla
ement of the 
omponents on the board.Figure 5.4 shows the distribution of the 
alibration 
oeÆ
ient P1 over all strips of
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(b)Figure 5.5: Energy loss of the negative side versus the energy loss of the positive side before(a) and after adjusting the 
alibration (b). Before the adjustment the band isslightly rotated to the axis of the negative side.the negative side of the �rst dete
tor. The strips 
onne
ted to 
hip 5 (starting fromstrip 125) show a signi�
ant di�eren
e to the rest of the strips. To over
ome thisbehavior an additional 
alibration fa
tor has been introdu
ed whi
h lets one equalizethe e�e
tive test 
apa
itan
e. The energy loss information for a segment 
an thus be
al
ulated withEloss = Cap � (P0 + P1 � 
h + P2 � 
h2 + P3 � 
h3 + P4 � 
h4) (5.3)in whi
h 
h is the 
hip response in ADC 
hannels, P0 through P4 are the 
alibration
oeÆ
ients and Cap is the 
apa
itan
e 
oeÆ
ient. By de�nition P0 is for
ed to zerosin
e a 
hip response of zero must give a energy loss of zero.5.2.2 Equalizing the Calibration for both sides of a dete
torThe 
harge 
olle
ted from both sides of a dete
tor must be the same. The energydeposit for a hit is given by Esum = ∑segmentsEsegment (5.4)and Ehit = S1 � Esum + S2 � Esum2 + S3 � Esum3 + S4 � Esum4 (5.5)in whi
h Esegment is the energy deposit for a segment whi
h is given by equation 5.3and Esum is the sum of energy losses over all segments that 
omprise the hit. S1
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(b)Figure 5.6: Energy loss of a hit in the thin dete
tor versus the energy loss of a hit in thethi
k dete
tor for the same tra
k for the preliminary (a) and the �nal energy
alibration (b). The bla
k 
urves indi
ate the SRIM 
al
ulation. Both plots showthe integral data for the whole teles
ope with 128 segments by 151 segments inthe �rst dete
tion layer and 96 segments by 96 segments in the se
ond dete
tor.through S4 are additional per side 
alibration 
oeÆ
ients. The left plot in �gure 5.5shows the energy loss of the negative side versus the energy loss of the positive sideof the thi
k dete
tor. The bla
k line indi
ates equal energy losses from both sides. Inthe �gure the band is rotated to the y -axis whi
h means that either the negative sidegives too high energy losses or the positive side gives too low energy losses. AdjustingS1 through S4 for both sides leads to equal energy losses over the full range. Theenergy loss from the negative side versus the energy loss from the positive side afterthe adjustment of the 
oeÆ
ients is displayed in the right plot of �gure 5.5.5.2.3 Finalizing the CalibrationWith the energy 
alibration obtained up to this point it is already possible to identifyparti
les by exploiting the �E vs. E method. The plot in �gure 5.6(a) shows theenergy loss of a hit in the thin dete
tor versus the energy loss of a hit in the thi
kdete
tor for the same tra
k. A band of protons is 
learly visible but does not 
oin
idewith the expe
ted 
urve indi
ated by a solid line. To �nalize the 
alibration it is possibleto adjust the 
oeÆ
ients S1 through S4 for all four sides by �tting a sample of sele
tedprotons to the 
al
ulated 
urve. The result of the �t is shown in �gure 5.6(b). Withthe �nal 
alibration the band 
oin
ides very well with the 
al
ulation.



5.3 Common Mode and its Corre
tion 495.3 Common Mode and its Corre
tionIn an ideal situation a segment that has not 
olle
ted any 
harge gives an ADC valuethat is equal to the 
hannels pedestal value. Depending on the read-out frequen
yand various other reasons it is possible that the baseline of the read-out ele
troni
sshifts from event to event. This results in a 
ommon shift of the pedestals for all
hannels whi
h essentially leads to an o�set in the 
al
ulation of the energy loss forone segment. The behavior is known as 
ommon mode and 
an be 
orre
ted in theo�-line analysis.Figure 5.7(a) shows the event by event jump of the pedestal of one 
hannel of thenegative side of the thin dete
tor for 25 
onse
utive events. Without 
ommon modethe data points would be lo
ated at zero. The plot shows that the pedestal os
illates inthe range of �6 to +6 ADC 
hannels around zero. The energy equivalent of this rangeis approximately �50 keV. A similar pi
ture for the negative side of the thi
k dete
tor isdisplayed in �gure 5.7(b). In 
ase of the thi
k dete
tor the range in whi
h the averagepedestal os
illates around zero is from �3 to +3 ADC 
hannels or �120 to +120 keVin energy equivalent. Taking into a

ount that the 
harge generated by a parti
le inthe thi
k dete
tor is in average 
olle
ted by about �ve segments the maximum error inenergy loss determination introdu
ed by the 
ommon mode is � 5 �120 keV = 600 keV.The following is a des
ription of the two in the analysis software available 
orre
tionmethods as well as a 
omparison in 
orre
tion quality and performan
e of the twomethods.5.3.1 Mean value 
orre
tionThe "Mean value" 
orre
tion algorithm 
al
ulates the 
ommon mode for ea
h eventas the mean value of ea
h segments ADC value minus the 
hannels nominal pedestal.In parti
ular, a segment is only used in the 
al
ulation of the 
ommon mode whenits ADC value is below a 
ertain threshold. For the N-side of the thin dete
tor forinstan
e, where the maximum positive swing of the 
ommon mode is 6 ADC 
hannels,a value of 7 or 8 ADC 
hannels as a threshold is a good 
hoi
e. The threshold for the
ommon mode 
orre
tion must in any 
ase be higher than the maximum positive swingof the 
ommon mode. If it is set below the maximum positive swing it is possible thatfor 
ertain events the 
ommon mode is so high that no segment is used to 
al
ulatethe 
ommon mode. As a mathemati
al formula the "Mean value" algorithm 
an beexpressed byCM = ∑0�i<n (raw [i ℄� pedestal [i ℄)=n with raw [i ℄ < thr [i ℄ (5.6)in whi
h CM is the 
ommon mode for the event, n is the number of segments withan ADC value below threshold, raw [i ℄ is the a
tual ADC value for segment i andpedestal [i ℄ and thr [i ℄ are the nominal pedestal and threshold of 
hannel i respe
-tively. Figure 5.8 shows the un
orre
ted and 
orre
ted pedestal of an arbitrarily se-
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(b)Figure 5.7: Event by event jump of the pedestal of one 
hannel of the negative side of thethin dete
tor (a) and the negative side of the thi
k dete
tor (b) for 25 
onse
utiveevents. The 
ir
les represent the raw data, the squares the data after the 
ommonmode 
orre
tion.



5.3 Common Mode and its Corre
tion 51le
ted segment of the N-Side of the thin dete
tor for data taken with and withoutzero suppression. Without 
orre
tion the pedestal peak has a width of 69 keV or 8:1ADC 
hannels (FWHM) for the full data and a width of 71 keV or 8:4 ADC 
hannels(FWHM) for the zero suppressed data. After the "mean value" 
ommon mode 
or-re
tion the peak width is signi�
antly redu
ed. For the unsuppressed data the width is24 keV or 2:8 ADC 
hannels (FWHM) and for the data taken with zero suppression itis 22 keV or 2:6 ADC 
hannels (FWHM).
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(b)Figure 5.8: Raw (un
orre
ted) and 
ommon mode 
orre
ted pedestal of an arbitrarily sele
tedsegment of the negative side of the thin dete
tor for data taken without zerosuppression (a) and with zero suppression (b). The 
ommon mode 
orre
tionwas performed using the "mean value" method in both 
ases. Without 
orre
tion(transparent histogram) the pedestals are 69 keV (a) and 71 keV (b) wide. Afterthe 
orre
tion the pedestals (�lled histogram) have a width of 24 keV (a) and22 keV (b).
5.3.2 Qsort 
orre
tionThe se
ond algorithm available for the o�-line 
ommon mode 
orre
tion is the "Qsort"method. The ADC value minus the nominal pedestal for ea
h segment is added toa list and sorted. If the list has n elements then the 
ommon mode for the 
urrentevent is the value at index n=2 of the list. Figure 5.9 shows the un
orre
ted and
orre
ted pedestal of an arbitrarily sele
ted segment of the N-Side of the thin dete
torfor data taken with and without zero suppression. Before the 
orre
tion the pedestalhas a width of 69 keV or 8:1 ADC 
hannels for the unsuppressed data and a widthof 71 keV or 8:3 ADC 
hannels (FWHM) for the redu
ed data. After applying the"Qsort" 
orre
tion algorithm the width of the peak for both 
ases is 23 keV or 2:7ADC 
hannels (FWHM).
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(b)Figure 5.9: Raw (un
orre
ted) and 
ommon mode 
orre
ted pedestal ("Qsort" method) ofan arbitrarily sele
ted segment of the negative side of the thin dete
tor for datataken without zero suppression (a) and with zero suppression (b). Before applying
ommon mode 
orre
tion (transparent histogram) the pedestals are 69 keV (a)and 71 keV (b) wide. After the 
orre
tion the pedestals (�lled histogram) have awidth of 23 keV.
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ed 
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tion methods. The data points at 10 segments repre-sent the pro
essing of data taken with zero suppression. The data points at 96segments represent both sides of the thi
k dete
tor and the points at 128 and151 the positive and negative sides of the thin dete
tor respe
tively.



5.4 Dete
tion Resolution 535.3.3 ComparisonBoth methods show an equal 
orre
tion quality independent on the type of data (withor without zero suppression). However, when 
omparing the performan
e of bothmethods then the "mean value" 
orre
tion method has a 
lear advantage over the"Qsort" algorithm. Figure 5.10 shows the time needed to 
orre
t the 
ommon modeof 1000 events as a fun
tion of the number of segments. The data points at 10segments represent data taken with zero suppression, the points at 96 segments bothsides of the thi
k dete
tor without zero suppression and the data points at 128 and 151segments the P and N side of the thin dete
tor respe
tively. For all 
hosen segmentnumbers the "mean value" algorithm is signi�
antly faster whi
h is a 
lear advantage.Even for data taken with zero suppression, whi
h is the preferred mode, the "meanvalue" method is roughly two times faster than the "Qsort" method. However, the"mean value" algorithm requires a per segment threshold whi
h has to be set in a
orre
t way. In 
ase the threshold is set too high, also segments with a real signal are
onsidered in the 
al
ulation of the 
ommon mode whi
h results in false values. Onthe other hand, a too low threshold may 
ause the algorithm to fail be
ause for largevalues of the 
ommon-mode all segments might have ADC values that are above thethreshold.The 
al
ulations have been 
ondu
ted on a PC with a 1:3GHz Intel Celeron MPro
essor running Ubuntu-Linux [55℄ with version 3.3.5 of the GNU C/C++ 
ompilerfamily [56℄.5.4 Dete
tion ResolutionBy exploiting the �E=E method it is possible to identify and distinguish betweenstopped protons and deuterons. To give an estimate on how well the separation ofboth parti
le works, it is reasonable to give the dete
tion resolution as a number forthe 
ombination of two dete
tors. Figure 5.11(b) shows a proje
tion of the �E vs. Eplot along the solid line in �gure 5.11(a). In �gure 5.11(a) the 
al
ulated bands forprotons and deuterons are indi
ated by dashed lines. The line marking the proje
tionaxis is perpendi
ular to the proton band at 5MeV energy loss in the thi
k dete
tor.However, due to the di�erent axis s
ales for the energy losses in the thi
k and thindete
tors the proje
tion axis does not seem to be perpendi
ular to the proton 
urve. A�t by a 
ombination of two gaussians to the resolution plot yields the band separationwhi
h is roughly 3:8�.Due to the absen
e of an absolute energy referen
e1 the quality of the obtainedenergy 
alibration 
an only be given by the distan
e between the proton and deuteronbands in �gure 5.11(b). In the �gure the distan
e is 499 keV while a value of 527 keV isexpe
ted from the 
al
ulations. The reason for the deviation of � 6% to the expe
ted1Irradiating ea
h dete
tor with an � sour
e would provide an absolute energy referen
e, to whi
hthe 
alibration 
an be adjusted.
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(b)Figure 5.11: (a) Energy loss of a hit in the thin dete
tor versus the energy loss of a hit inthe thi
k dete
tor. The 
al
ulated proton and deuteron 
urves are indi
ated asdashed lines. The proje
tion axis for the resolution plot is shown as a solid line.The axis is perpendi
ular to the proton band at 5MeV energy loss in the thi
kdete
tor. (b) Proje
tion along the solid line shown in the �E vs. E plot.
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(b)Figure 5.12: (a) Energy loss of a hit in a 65�m thi
k dete
tor versus the energy loss of a hitin 300�m dete
tor. The data has been taken with a �rst version of the tra
kingteles
ope. As in �gure 5.11(a) the 
al
ulated proton and deuteron 
urves areindi
ated as dashed lines and the proje
tion axis for the resolution plot is shownas a solid line. (b) Proje
tion along the axis indi
ated in the �E vs. E plot. Theexpe
ted proje
tion of the deuteron band is indi
ated by a dashed line assumingthat the resolutions for protons and deuterons are equal.



5.4 Dete
tion Resolution 55value is a remaining non-linearity from the test-pulse measurements, that 
an not be
orre
ted for by the two subsequent �ts to real data.For 
omparison, �gure 5.12 shows the same two plots for data taken with a �rstversion of the tra
king teles
ope [37℄. It was equipped with a 69�m thi
k double-sidedSili
on dete
tor as a �rst layer and a 300�m dete
tor as a se
ond layer. The front-end ele
troni
s utilized the VA32HDR [36℄ ampli�er and TA32
g [38℄ trigger 
hips.The proje
tion axis for the resolution plot has been 
hosen to be perpendi
ular to theproton band at 2:5MeV energy loss in the 300�m dete
tor. Due to the absen
e ofdeuterons in the data, the expe
ted deuteron peak in the resolution plot is indi
atedby a dashed gaussian assuming equal resolutions for both protons and deuterons. Theseparation of the two bands is approximately 7�.
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Chapter 6Tra
k re
onstru
tion with theTeles
opeIn order to �x the momentum of the initial neutron in a proton-neutron rea
tion withinthe spe
tator model, the pre
ise knowledge of the four-momentum of the dete
tedspe
tator proton is required. In 
ase one investigates inelasti
 proton-neutron inter-a
tions with additional parti
les in the �nal state this gives also the opportunity themeasure at di�erent ex
itation energies by sele
ting 
ertain ranges of the polar angle� of the dete
ted spe
tator proton.Moreover, the knowledge of the tra
k of a parti
le will allow to re
onstru
t thevertex of the rea
tion in two dimensions on an event by event basis. For an identi�edrea
tion with known kinemati
s it is also possible to pre
isely align the sili
on tra
kingteles
ope and with respe
t to D2 and other ANKE dete
tion systems.In a �rst approximation the re
onstru
ted tra
ks are assumed to be straight linesbetween the hits in the dete
tors. Later, 
orre
tions due to the magneti
 �eld of theD2 spe
trometer magnet are applied to the tra
k parameterization.6.1 Dete
tor HitsA tra
k is de�ned as a straight line between two 
orrelated hits, in the thin and in thethi
k dete
tor. Ea
h hit 
ontains the information about the energy loss of the parti
leand its position in the dete
tor. In a �rst stage ea
h side is analyzed separately resultingin hits that 
arry the position information only in dimension, in the analysis these hitsare 
alled "one-dimensional" hits. Later the 1D hits are 
ombined to form "two-dimensional" hits with the full position information. Besides the position in the dete
torframe itself, the hit 
arries its position in the teles
ope and the ANKE referen
e frames.The dete
tor referen
e frame is de�ned as x and y being the 
oordinates in the dete
torplain and z being the 
oordinate along the thi
kness of the dete
tor with the originbeing in the 
enter of the dete
tor. In parti
ular, x is measured by the positive pulsingside and y is measured by the negative pulsing side. The teles
ope 
oordinate system



58 6.1 Dete
tor Hitsis a 
opy of the ANKE system rotated by the D1 de
e
tion angle around the y axisand shifted to the nominal target position.6.1.1 One-dimensional HitsIn a �rst stage of the hit generation ea
h dete
tor side is analyzed separately in orderto get a list of one dimensional hits. The hit �nding algorithm is best explained by�gures 6.1(b) and (
) in whi
h the energy loss distribution of a single event is shown.The algorithm loops over the list of segments of a side and 
he
ks if the energy loss ofa segment is above the primary threshold of that segment. For the event displayed inthe �gure this 
ondition is met by segment 74. On
e a segment is found to be aboveits primary threshold the algorithm goes ba
k and forward in the list and adds theenergy losses of all segments that have an energy loss above the se
ondary threshold.In the example segment 73 meets the 
ondition when the algorithm is going ba
kwardsand segments 75, 76, 77 and 78 have the required energy loss when going forward inthe list. The se
ondary threshold is 
hosen in su
h a way that the size of the hit (thenumber of segments 
omprising the hit) is reasonable (depending on the type of thedete
tor) and to redu
e the errors introdu
ed by the energy loss summation. A lowse
ondary threshold in
reases the size of the hit, whi
h in an extreme 
ase might lead toa 
ombination of two physi
al hits to one hit. A high se
ondary threshold de
reases thesize but in
reases the error in the energy loss determination be
ause not all segmentsare taken into a

ount. The position of the hit in the dete
tor referen
e frame isde�ned by the weighted energy loss 
enter of all segments in the hit. Figure 6.1(a)shows a typi
al energy loss histogram for the negative pulsing side of the thi
k dete
tor.6.1.2 Two-dimensional HitsIn the se
ond stage of the hit determination the one dimensional hits from both sidesare 
ombined. The 
riteria to de
ide whether two 1D hits belong to the same 2D hitis that both energy losses may only di�er by a 
ertain per
entage, that depends on thedete
tor type. Figure 6.2 shows the energy loss for a hit on the negative pulsing sideversus the energy loss for a hit on the positive pulsing side. When the two dimensionalhits are generated, the third 
oordinate (z) of the hit is set to zero. For the �rstdete
tor this approa
h is reasonable be
ause the thin dete
tor works as a transmissiondete
tor, whi
h means that the energy is deposited homogeneously along the path ofthe parti
le. Figure 6.3 shows a sket
h of a hit in the thin dete
tor. For parti
les thatare stopped in the thi
k dete
tor the situation be
omes more 
ompli
ated be
ause thez 
oordinate of the hit 
an no longer be assumed to be in the middle of the dete
tor.6.1.3 Parti
le identi�
ationWith the energy loss information for the hits in both dete
tors it is possible to identifythe parti
le by the �E/E and PID [57, 58℄ methods. On the left side of �gure 6.4 the�E/E plot is shown. On the right side the PID versus the total energy loss is plotted.
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(
)Figure 6.1: Typi
al energy loss histogram for a segment of the negative pulsing side of thethi
k dete
tor (a). The primary threshold is lo
ated at 5� of the pedestal widthwhi
h 
orresponds to � 550 keV. The se
ondary threshold is set to 3� of thepedestal width or � 330 keV. In (b) the distribution of energy losses for a singleevent over all segments of the negative pulsing side of the thi
k dete
tor is shown.The individual primary thresholds are indi
ated by 
ir
les. (
) displays a zoom onthe region of the dete
tor whi
h was stru
k by a parti
le. The se
ondary thresholdsare indi
ated by boxes.
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(b)Figure 6.2: Energy loss of a hit in the negative pulsing side vs. the energy loss of a hit in thepositive pulsing side for the thin (a) and the thi
k (b) dete
tor.
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(b)Figure 6.4: (a) �E-E and (b) PID plots for data from the beam-time in November 2003.The PID is de�ned by equation 6.1 in whi
h �E is the energy loss of the parti
le inthe thin dete
tor and E is the energy loss in the thi
k dete
tor. In the PID vs. totalenergy loss plot ea
h parti
le type 
ontributes to a horizontal band.1� = (�E + E)1:71 � E1:71 (6.1)A 
ut around the bands in both plots allows the sele
tion of 
ertain parti
les for furtheranalysis.6.1.4 3D position information from the thi
k dete
torFigure 6.5 shows the tra
k of a stopped parti
le in the thi
k dete
tor. Most of theenergy is deposited at the end of the tra
k. With the measured energy in the thi
kdete
tor and the knowledge of the parti
le type it is possible to 
al
ulate the penetrationlength in the sili
on dete
tor. Figure 6.6 shows the range of protons and deuterons asa fun
tion of the initial kineti
 energy.By this method the z position of a hit in the 
oordinate system of the thi
k dete
tor
an only be extra
ted for identi�ed and stopped parti
les (in our 
ase protons anddeuterons). Figure 6.7 shows a sket
h of the prin
iple of the re
onstru
tion method.t is the thi
kness of the dete
tor, d is the 
al
ulated penetration length and a and bare the 
oordinates of a hit in the thin dete
tor in the referen
e frame of the thi
kdete
tor. x = a � zb + z (6.2)d2 = x2 + z2 (6.3)
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h of the tra
k of a stopped parti
le in the thi
k dete
tor. The amount ofdeposited energy along the path is illustrated by the thi
kness of the arrows.

Energy [MeV]
0 10 20 30 40 50 60

R
an

ge
 [m

m
]

0

1

2

3

4

5

6

7

8

9

10

Proton

DeuteronFigure 6.6: Range of protons and deuterons in sili
on as a fun
tion of the initial kineti
 energy.The error bars show the longitudinal straggling.



6.2 Tra
k Re
onstru
tion 63
b
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dt

thick detector

thin
detectorFigure 6.7: Determination of the z-
oordinate of a hit in the thi
k dete
tor.z2 + a2 � z2(b + z)2 � d2 = 0 (6.4)Equations 6.2 and 6.3 result from geometri
al 
onsiderations. The missing z 
oordinateof the hit in the thi
k dete
tor is obtained by �nding a z 2 [0; t℄ that solves equation 6.4whi
h is the 
ombination of equations 6.2 and 6.3.6.2 Tra
k Re
onstru
tionThe tra
k of a parti
le is parameterized by its vertex and a dire
tion (� and � withrespe
t to the nominal beam axis), and in a �rst approximation de�ned by a straight linebetween the 2D hits in the dete
tion layers. Sin
e a valid tra
k has to originate fromthe target, a 
ut on the target region 
an be made by 
utting on the strip-strip bandsfor the hits in the thin and the thi
k dete
tor. Figure 6.8 shows the two 
orrelationplots whi
h are used to make a 
ut on the target region.6.2.1 Determination of the y and z 
oordinates of the targetWith knowledge of the tra
k parameters it is possible to re
onstru
t the positionand extension of the target. Figure 6.9 gives a sket
h of how the re
onstru
tion isperformed. The straight line tra
k is de�ned by the two hits (red dots in the �gure).The interse
tion of the tra
k with a y � z plane at the x 
oordinate of the targetresults in the green dot in the �gure. The histogram of the y and z 
oordinates ofthis interse
tion point over a sample of tra
ks gives the mean position as well as theextension of the target in y and z dire
tion. Figure 6.10 shows the y and z target
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(b)Figure 6.8: Strip-strip 
orrelation plots for hits in the thin and thi
k dete
tors.position and extension for data from the beam-time in November 2003. The given
oordinates are with respe
t to the teles
ope referen
e frame.6.2.2 Determination of the x 
oordinateThe performan
e of the re
onstru
tion of the y and z 
oordinate of the target pointstrongly depends on the 
orre
t knowledge of the x 
oordinate of the interse
tion plane(x 
oordinate of the target). The x 
oordinate of the target 
an be determined by min-imizing the width of the y and z target distributions. If the position of the interse
tionplane has been 
hosen 
orre
tly the y and z distributions must have minimum width.Figure 6.11(a) shows the proje
tion of a sample of proton tra
ks from the November2003 data onto the x � y plane. The width of the proje
tion in y dire
tion stronglydepends on the x 
oordinate. A distribution of the sigma of a Gauss �t over a y sli
eof the proje
tion as a fun
tion of x is shown in �gure 6.11(b). The x 
oordinate atwhi
h the distribution has its minimum is the position of the target and the interse
tionplane. For 
orre
t operation of the method it is however ne
essary to have the tra
ksover a wide range of � and � angles. In the above example in whi
h the y 
oordinateof the interse
tion point was used to re
onstru
t x all possible � angles where avail-able. Due to this, the tra
k proje
tion onto the x � y plane shows good sensitivityto the x 
oordinate. For a 
ross 
he
k it is also possible to use the z 
oordinate ofthe interse
tion point in order to re
onstru
t the x position of the target. For theNovember 2003 data in whi
h the � tra
k angles were only in a limited range this wasnot possible. Figure 6.11(
) shows the tra
k proje
tion onto the x � z plane. Fromthe �gure it 
an be seen that the x � z proje
tion is not sensitive to the x 
oordinateof the target.
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Figure 6.9: Sket
h of the vertex/target re
onstru
tion with a straight line tra
k through thehits in the thin and thi
k dete
tor.
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(b)Figure 6.10: Position and extension of the target for the November 2003 
harge ex
hangebeam-time.
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(
)Figure 6.11: Proje
tion of a sample of proton tra
ks from the data taken in November 2003onto the x�y plane (a). Distribution of the sigma of a Gaussian �t over a y sli
eof the proje
tion in the x � y plane as a fun
tion of x (b). In (
) the proje
tiononto the x�z plane is shown. Sin
e the � angles of the tra
ks in the sample werelimited to a small angular range it is not possible to re
onstru
t the x position ofthe target from the x � z proje
tion plot.
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Figure 6.12: Exaggerated sket
h of the in
uen
e of the magneti
 �eld on the tra
k parameters.zR and �R are the tra
k parameters obtained by the straight line approa
h. zVand �V are the true z-
oordinate and �-angle at the vertex. zR and �V are bothpositions given with respe
t to the nominal target point.6.3 Magneti
 �eld 
orre
tionThe tra
king teles
ope is lo
ated inside the target 
hamber in whi
h the in
uen
eof the D2 magneti
 �eld to the tra
k parameters 
an not be negle
ted. In order to
he
k this in
uen
e and if ne
essary introdu
e 
orre
tions to the tra
k parametersobtained by the straight line approa
h a Geant4 simulation has been used [59, 60℄. Inthe simulation a point like target at x = y = z = 0:0mm (in the teles
ope referen
eframe) was 
hosen, multiple s
attering was swit
hed o� and protons and deuteronswere generated into the full a

eptan
e of the tra
king teles
ope. In the analysis ofthe simulated data only stopped parti
les were taken into a

ount. In the following�R, �R, xR, yR and zR shall be the tra
k parameters re
onstru
ted by the straight linemethod and �V , �V , xV , yV and zV are the true parameters at the vertex.Figure 6.12 shows an exaggerated sket
h of the in
uen
e of the magneti
 �eldon the above mentioned tra
k parameters. The lower the momentum of the stoppedparti
le is, the further the re
onstru
ted z 
oordinate is shifted to negative values. Asimilar dependen
e is visible for the tra
k � angle. zR and �V are both positions givenwith respe
t to the nominal target point.6.3.1 The x 
oordinate of the targetTo determine the x 
oordinate of the target (whi
h must be at 0:0mm) the methoddes
ribed in se
tion 6.2.2 has been used. Sin
e the generated events 
overed thewhole teles
ope a

eptan
e it was possible to re
onstru
t xR both via the y and the
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tionparti
le xR via y xR via zproton �0:012mm �0:026mmdeuteron +0:018mm +0:011mmTable 6.1: Re
onstru
ted xR 
oordinate of the target for the simulated data.z 
oordinates of the interse
tion point. The results are summarized in table 6.1. Adependen
e of the re
onstru
ted target x 
oordinate on the parti
le momentum 
ouldnot be seen.6.3.2 The z 
oordinate of the target and the tra
k ��� angleThe major 
omponent of the D2 magneti
 �eld in the target region is in y dire
tion.Thus a strong dependen
e of the re
onstru
ted z 
oordinate of the target and the �angle of the tra
k on the parti
le momentum is expe
ted.A magneti
 �eld 
orre
tion 
an be expressed by the following equations:�V = �R � ��(p) (6.5)zV = zR � �z(p) (6.6)in whi
h ��(p) and �z(p) are o�sets due to the magneti
 �eld and depend only onthe parti
le type and momentum. The di�eren
e of �R and zR to the nominal valuesgiven by the Geant4 event generator are displayed in �gures 6.13(a) and (
) for protonsand 6.14(a) and (
) for deuterons. For both parti
les a 
lear shift and a tail to negative��R and negative �zR values is visible. Figures 6.13(b) and (d) and 6.14(b) and (d)show ��R and �zR as a fun
tion of the parti
le momentum. In all four plots a 
leardependen
e on the parti
le momentum is visible. To 
orre
t the e�e
ts shown in�gures 6.13(a) through (d) and 6.14(a) through (d) a �t by a fun
tionf (p) = C0 � eC1�p+C2 + C3C4 � p + C5 + C6 � p2 + C7 � p + C8 (6.7)
an be made for all four 
ases. Figures (e) through (h) of 6.13 and 6.14 display��V and �zV as well as their dependen
e on the parti
le momentum for both parti
letypes. The shift and the tail to negative angles and negative z values is removed. Thedependen
e on the parti
le momentum is removed in all four 
ases.6.3.3 The y 
oordinate of the target and the tra
k ��� angleIn the x�z plane the magneti
 �eld has a signi�
ant in
uen
e on the tra
k parameters.Figure 6.15 shows ��R and �yR as a fun
tion of the parti
le momentum for protonsand deuterons. In the x � y plane the magneti
 �eld has hardly any in
uen
e on thetra
k parameters whi
h makes a 
orre
tion unne
essary.
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(h)Figure 6.13: ��R = �R � �generator and �zR = zR � zgenerator for protons without ((a)-(d))and with ((e)-(h)) the magneti
 �eld 
orre
tion. A 
onstant shift and a tail tonegative angles and negative �z values is visible in the un
orre
ted plots.
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(h)Figure 6.14: ��R and �zR for deuterons without ((a)-(d)) and with ((e)-(h)) the magneti
�eld 
orre
tion.
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(d)Figure 6.15: In
uen
e of the momentum and the tra
k � and � angles on the tra
k parametersin the x � y plane for (a,
) protons and (b, d) deuterons.6.3.4 Cross-Che
k of the magneti
 �eld 
orre
tionTo get an estimate of the errors introdu
ed by the re
onstru
tion a se
ond simulationhas been done. In this simulation run an extended target with a spheri
al shape witha radius of 2:5mm has been 
hosen. In addition multiple s
attering has been swit
hedon. In the re
onstru
tion 
ode � and � are dire
tly extra
ted from the informationfrom the dete
tors while yV and zV depend on the position of the interse
tion plane.It is therefore reasonable to split the tra
k parameters into two 
ategories. One forthe dire
tly measured and one for the indire
tly measured parameters.���V and ���VFigure 6.16 shows the di�eren
es ��V and ��V of the measured parameters to thenominal values given by the Geant4 event generator. For �� the values after themagneti
 �eld 
orre
tion are plotted. In both 
ases the peak is 
entered around 0 degwhi
h means that the re
onstru
tion method does not introdu
e any o�sets. This isespe
ially 
ru
ial for � whi
h already in
ludes the magneti
 �eld 
orre
tion. For �V thestandard deviation is 0:46 deg for �V it is 0:48 deg.xV, yV and zVThe major drawba
k of having mostly single tra
k events in the teles
ope is that oneis insensitive to xV on an event by event basis. In the re
onstru
tion xV is assumed tobe equal to xR whi
h is the x 
oordinate of the 
enter of the target. Thus the realxV 
an be anywhere between xR � 0:5 � �xT and xR + 0:5 � �xT with �xT being the
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(b)Figure 6.16: ��V (a) and ��V (b) for the simulated data with extended target and multiples
attering swit
hed on.size of the target in x dire
tion. Figures 6.17(a) and (b) display �yV , the di�eren
eof yV to the nominal values, and �yV versus xG, the x position of the origin of thesimulated parti
le. The plot in 6.17(a) is the proje
tion of plot 6.17(b) to the y axis.For �yV the standard deviation is 0:62mm. Figures 6.17(
) and (d) show similar plotsfor the z 
oordinate at the target. �zV strongly depends on xG due to the in
uen
eof the magneti
 �eld. Sin
e the 1D plot is again the proje
tion of �zV versus xG thestandard deviation for �zV is larger than in 
ase of �yV . For �zV it is 0:65mm.6.3.5 Appli
ation to real dataUp to this point all plots and data 
on
erning the magneti
 �eld 
orre
tion havebeen based upon Monte-Carlo simulations. A next step to 
he
k the magneti
 �eld
orre
tion is to apply it to real data. In an ideal 
ase the 
orre
tion should eliminatethe dependen
y of the tra
k parameter on the momentum of the parti
le. For there
onstru
tion of the z position of the target the 
he
k is straight forward be
ausethe target z position is independent on the investigated physi
s. The histogram in�gure 6.18(a) shows this behavior for protons. The data points indi
ated by solidtriangles represent the mean z position with magneti
 �eld 
orre
tion, the z positionwithout magneti
 �eld 
orre
tion is indi
ated by squares. In addition the 
orre
tionfun
tion is drawn as a solid line. The un
orre
ted data points mat
h the developmentof the 
orre
tion fun
tion. For the � angle however, the situation is more 
ompli
atedsin
e the physi
s itself introdu
es a 
orrelation between � and the momentum. Toperform the 
he
k also for � it is ne
essary to identify a single rea
tion 
hannel and
ompare the experimental � vs. momentum 
orrelation with the theoreti
ally 
al
ulatedone. Figure 6.18(b) displays � as a fun
tion of the deuteron momentum for dd-elasti
 events. Again, the 
orre
ted data points are indi
ated by solid triangles and theun
orre
ted points by squares. The solid line represents the 
orre
tion fun
tion and
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(d)Figure 6.17: �yV (a), �yV vs. xG (b), �zV (
) and �zV vs. xG (d) for the simulated data withextended target and multiple s
attering swit
hed on.the dashed line the kinemati
ally 
al
ulated 
orrelation.6.4 AlignmentTo get the 
orre
t position of the dete
tors with respe
t to ea
h other and the target
hamber, the tra
king teles
ope has been measured by the Central Department ofTe
hnology of the resear
h 
enter. The measurements 
omprised the determinationof the positions of the 
enter of ea
h dete
tor with a pre
ision of better than 10�mas well as the rotation around all three axes with a pre
ision of better than 10mrad.The most powerful tool to 
he
k the measurements and the 
orre
t alignment ofthe dete
tors are the 
orrelations between the y and z 
oordinates of the target andthe tra
k angles � and �. In all 
ases the re
onstru
ted target 
oordinate must beindependent on the tra
k angles. Figures 6.19(a) through (d) show the target y andz 
oordinates versus the tra
k � and � angles with the in
lination of the bands printedin ea
h plot. For ea
h 
ase the in
lination is below 0:005mm=deg. Figures 6.19(a)
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(b)Figure 6.18: Re
onstru
ted target z position (a) and � (b) as a fun
tion of the parti
le mo-mentum with and without the magneti
 �eld 
orre
tion for dd-elasti
 events.
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(d)Figure 6.19: ytarget vs. � (a) and � (b) and ztarget vs. � (
) and � (d) for protons.and (d) also show the a

eptan
e of the teles
ope arrangement. For large � angles forinstan
e, only the lower part of the target is imaged while for small � angles the upperpart is visible. Another tool to 
he
k the alignment is the � vs. � plot whi
h mustalso show no dependen
e. Figure 6.20 shows the � vs. � distribution of deuteronsfor di�erent momentum ranges (�gures (a)-(
)) and all momenta (�gure (d)). Thein
lination of ea
h of the bands is printed in the plots. The maximum in
linationis � 0:0138 deg�=deg�. For a 
he
k of the absolute alignment and positioning anidenti�ed rea
tion has to be 
onsulted. Figure 6.21(a) shows the � angle of thedeuteron in the tra
king teles
ope versus � of the forward going deuteron for dd-elasti
 at a beam momentum of 2:40GeV=
. The solid line indi
ates the kinemati
al
al
ulation for this rea
tion and it is seen that the experimental data points agree verywell with the 
al
ulation. The di�eren
e in the � angles for both dete
ted deuteronsis displayed in Figure 6.21(b). A peak very 
lose to 180 Æ is visible in the plot whi
hmust be the 
ase sin
e for any two-body elasti
 rea
tion the two outgoing parti
lesand the in
oming beam parti
le lie in the same plane.A further possibility to 
he
k the validity of the re
onstru
ted tra
ks as well asthe energy 
alibration is to plot � of a parti
le dete
ted in the teles
ope against its
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(d) p > 120MeVFigure 6.20: � vs. � for deuterons for di�erent momentum ranges ((a)-(
)) and for all mo-menta (d).momentum for a known elasti
 rea
tion. Su
h a plot is shown in �gure 6.18(b) whi
hhas originally been used to demonstrate the magneti
 �eld 
orre
tion. In the plot theband is slightly in
lined with respe
t to the kinemati
al 
al
ulation. Sin
e the plots in�gures 6.19, 6.20 and 6.21 show that the alignment of the dete
tors is 
orre
t thein
lination in 6.18(b) originates from a remaining ina

ura
y in the energy 
alibration.The alignment has been 
he
ked for data taken with 2:40GeV=
 and 2:46GeV=
deuteron beams on a deuteron 
luster target as well as a polarized deuteron beam of2:40GeV=
 momentum on a proton target. For all three data sets, whi
h used the samegeometri
al setup of the teles
ope, the data analysis reprodu
ed the kinemati
s of therea
tion that has been used to 
he
k the alignment. With the used tra
king teles
opean angular resolution (FWHM) of 1:6 Æ for protons and 2:2 Æ for deuterons for thelowest parti
le momenta 
ould be a
hieved. This essentially shows, that the presentedtra
k re
onstru
tion method and the magneti
 �eld 
orre
tion work as expe
ted. Afull 
olle
tion of alignment referen
e plots is presented in appendix A.
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(b)Figure 6.21: (a) �Tel vs. �Fd for dd-elasti
 at a beam momentum of 2:40GeV=
. (b) �� ofthe two dete
ted deuterons for the same rea
tion.
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Chapter 7Appli
ationTo show the 
apabilities of the sili
on tra
king teles
ope, the polarization observablesAy and Ayy for dp-elasti
 and pp and np-quasi elasti
 have been extra
ted fromdata taken during a test beam-time for Charge-Ex
hange experiments [61℄. In theexperiment a polarized deuteron beam of 2:40GeV=
 momentum with eight di�erentpolarization states impinged on an unpolarized hydrogen 
luster jet target. Later inthe 
hapter a �rst attempt to obtain a three-dimensional target image by �tting ispresented.For the analysis dedi
ated software has been developed around the Root-based [62℄analysis framework RootSorter [63℄ whi
h was also used in the tuning and 
ommis-sioning phase of the tra
king teles
ope.7.1 Data TakingA �rst test beam-time for the Charge-Ex
hange experiments with a polarized deuteronbeam of 2:40GeV=
 momentum and an unpolarized hydrogen 
luster jet target wasexploited in November 2003. The presented data has been taken with the forward-
oin
iden
e trigger des
ribed in se
tion 4.5. In the experiment eight di�erent beampolarization states have been used. One unpolarized mixture and seven 
ombinationsof di�erent ve
tor and tensor polarizations. The states are summarized in table 7.1.At the end of ea
h a

elerator 
y
le, the polarized ion sour
e was swit
hed to the nextpolarization state. After the seventh state the sour
e was reset and the polarizationstate set to the �rst spin mode. In order to allow the analysis of the di�erent spinmodes additional data-words that en
oded the spin mode have been integrated intothe data stream.In the experiment the slow re
oil proton from ~dp ! pd , ~dp ! (pp)nSpe
tator and~dp ! (np)pSpe
tator has been dete
ted in the sili
on tra
king teles
ope, whereas thefast forward-going deuteron for ~dp ! pd , the fast proton from ~dp ! (pp)nSpe
tatorand the spe
tator proton in ~dp ! (np)pSpe
tator have been dete
ted in the ANKEforward dete
tor.



80 7.1 Data Taking
Spin Relative Ve
tor TensorMode Intensity Polarization Pz Polarization Pzz[I0℄ ideal EDDA ideal EDDA0 1 0 0 0 01 1 �2=3 �0:499� 0:021 0 +0:057� 0:0512 1 +1=3 +0:290� 0:023 +1 +0:594� 0:0503 1 �1=3 �0:248� 0:021 �1 �0:634� 0:0514 2=3 +1=2 +0:381� 0:022 �1=2 �0:282� 0:0525 2=3 �1 �0:682� 0:022 +1 +0:537� 0:0526 2=3 +1 +0:764� 0:022 +1 +0:545� 0:0507 2=3 �1=2 �0:349� 0:022 �1=2 �0:404� 0:053Table 7.1: Ve
tor and tensor polarizations measured by EDDA for the di�erent spin modes usedin the 
harge-ex
hange test beam-time. I0 is the maximum number of deuteronsstored in the COSY ring. In the experiment I0 was in the order of 3 � 109 with spinmodes 4 through 7 having 2=3 of that value.
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les) for dp ! pd .



7.2 Analyzing Powers from ~dp! pd 817.2 Analyzing Powers from ~dp!!! pdDue to the limited � a

eptan
e of the ANKE forward dete
tion system and the usedtra
king teles
ope for dp-elasti
 at this energy it was not possible to determine thebeam polarization for ea
h spin mode individually. With the knowledge of the beamve
tor and tensor polarizations obtained by simultaneous measurements by EDDA [24℄it was, however, possible to extra
t the analyzing powers Ay and Ayy for ~dp! pd.7.2.1 Event Sele
tionFigure 7.1(a) shows the momentum distribution of parti
les in the forward dete
tionsystem for the forward-teles
ope 
oin
iden
e trigger. A 
ut around the dp-elasti
peak as well as a 
ut on the 
oplanarity, the di�eren
e in the � angle of both dete
tedparti
les, is enough to 
learly identify the dp ! pd elasti
 rea
tion 
hannel with hardlyany ba
kground events. The �� distribution for the identi�ed dp ! pd rea
tion
hannel together with the applied 
ut is shown in �gure 7.1(b).7.2.2 Determination of Ay and AyyThe di�erential 
ross se
tion for polarized deuteron - proton s
attering [64℄ 
an beexpressed byd�d
(�; �) = d�0d
 (�){1 + 32PzAy (�) 
os�+14Pzz [Ayy (�)(1 + 
os 2�) + Axx (�)(1� 
os 2�)℄} (7.1)in whi
h d�0d
 (�) is the 
ross se
tion for the unpolarized 
ase, Pz and Pzz are the beamve
tor and tensor polarizations and Ay , Ayy and Axx are the ve
tor and tensor analyzingpowers. Rewritten in terms of 
ounts for 
ertain beam polarization states equation 7.1be
omes N(�) = N0(�) [1 + �zPz + �zzPzz ℄ (7.2)in whi
h N(�) are the 
ounts for a 
ertain spin-mode, N0(�) are the 
ounts for theunpolarized beam and�z =32Ay (�)h
os�i and (7.3a)�zz =14 [Ayy (�)(1 + h
os 2�i) + Axx (�)(1� h
os 2�i)℄ (7.3b)are asymmetries integrated over the full a

eptan
e. To obtain these asymmetriesfrom the experimental data, the number of identi�ed dp elasti
 events for ea
h spin-mode normalized to the number of events for the unpolarized beam (spin-mode 0) areplotted in a three-dimensional graph with the x and y axes being the beam ve
tor (Pz)and tensor (Pzz) polarizations determined by EDDA. The plots are shown in �gure 7.2.The 
ounts for ea
h a

elerator spill have also been 
orre
ted using the COSY beam
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(b) 18Æ < �
m < 21ÆFigure 7.2: Counts of identi�ed dp-elasti
 events for the eight available beam polarizationstates normalized to the 
ounts for the unpolarized beam as a fun
tion of thebeam polarizations pz and pzz measured by EDDA for the di�erent �
m ranges ofthe forward-going deuteron. The data points are indi
ated by 
ir
les, the resultsof a �t by equation 7.2 to the data points are shown as planes in the plots andsummarized in table 7.2.
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7.2 Analyzing Powers from ~dp! pd 83zone �
m [deg℄ h�
mi [deg℄ N�0=N0 �z �zz1 15 - 18 16:2 0:998 �0:527� 0:020 0:101� 0:0212 18 - 21 19:0 1:007 �0:587� 0:025 0:119� 0:026Table 7.2: Results of the �t of equation 7.2 to the three-dimensional asymmetry plotszone h�
mi [deg℄ h
os �0i h
os 2�0i Ay Ayy1 16:2 �0:991 0:965 0:354� 0:014 0:209� 0:0442 19:0 �0:991 0:963 0:395� 0:017 0:248� 0:054Table 7.3: Average of the 
osine of the azimuthal angle and twi
e the azimuthal angle of thedeuteron together with the results for the Ay and Ayy measurement for the twoangular ranges.
urrent signal (BCT) whi
h is a measure of the beam intensity, and the dead-time asdes
ribed in se
tion 4.6. In addition, the whole statisti
s have been subdivided into tworanges of �
m angles of the forward-going deuteron. Figure 7.3 shows the distributionof the � angle of the deuteron in the 
enter of mass system together with the twoangular subdivisions. A �t by equation 7.2 yields the asymmetries �z and �zz . The �tresults are indi
ated by planes in �gure 7.2 and summarized in table 7.2 in whi
h h�
miis the mean � angle of the forward-going deuteron and N�0=N0 is a �t o�set.With �z obtained from the �t and the mean value of 
os� of the forward goingdeuteron for spin-mode 0 it is possible to 
al
ulate Ay for ea
h � bin via equation 7.3a.The results for Ay are summarized in table 7.3 and shown in �gure 7.4(a) togetherwith experimental data points from Argonne [65, 66℄ and Saturne [67, 68℄. At ArgonneAy and Ayy were investigated with a deuteron beam momentum of pd = 2:43GeV=
for 
enter of mass theta angles up to 61 Æ, whereas for Axx the angular range wentup to 84 Æ. The Saturne measurement, 
arried out at a deuteron beam momentum ofpd = 2:435GeV=
, investigated Ay and Ayy in a �
m range from 32 Æ to 94 Æ.For the determination of Ayy the situation is more 
ompli
ated be
ause even at asmall a

eptan
e away from � = 180Æ of the forward-going deuteron the in
uen
e ofAxx to the asymmetry has to be taken into a

ount. To do so, equation 7.3b 
an berewritten as �zz = Ayy (�)2 � CF (7.4)with CF = 2 � Ayy (�)Ayy (�) � (1 + h
os 2�0i) + Axx (�) � (1� h
os 2�0i) (7.5)being a 
orre
tion fa
tor whi
h is basi
ally a ratio between Ayy and Axx that 
an beestimated from the Argonne results. The Argonne results for Ayy and Axx were ob-
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) from measurements at Argonneand Saturne. The results of the �ts to the data points (equations 7.6) are drawnas solid lines.tained from the same data set whi
h means that the in
uen
e of the beam polarizationon the ration 
an
els out. This feature essentially allows the use of the results fromthis independent measurement for the 
al
ulation of the 
orre
tion fa
tor. The resultsof the �ts to the Argonne Ayy and Axx data points [69, 70℄ (�gures 7.4(b) and 7.4(
))are shown in the following equationsAyy = �50:51+ 178:6 
os �
m � 203:1 
os2 �
m + 75:09 
os3 �
m (7.6a)Axx = 77:19� 282:7 
os �
m + 331:5 
os2 �
m � 126:1 
os3 �
m (7.6b)With the use of the 
orre
tion fa
tor and the value for �zz obtained by the �t tothe three-dimensional asymmetry plots, the tensor analyzing power Ayy is obtained viaequation 7.4. The results for Ayy are also summarized in table 7.3, the data pointsare plotted in �gure 7.4(b).Within the error bars the results for Ay and Ayy are 
ompatible with the Argonne
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m [deg℄ h�
mi [deg℄ Ay Ayy1 15 - 18 16:8 0:362� 0:008 0:212� 0:0252 18 - 21 19:6 0:394� 0:012 0:289� 0:0392 21 - 24 22:6 0:410� 0:011 0:337� 0:034Table 7.4: Ve
tor and tensor analyzing powers for the analysis without the use of the tra
kingteles
ope.and Saturne data as well as with the results from an alternative analysis that did notmake use of the tra
king teles
ope data [69, 71℄. The results of this analysis aresummarized in table 7.4. The good agreement with the values of Ay and Ayy from theliterature and the alternative analysis prove the 
apabilities of the tra
king teles
ope.7.3 Analyzing Powers for quasi-free pp and np s
atteringThe real advantage of the tra
king teles
ope be
omes obvious in the pn 
ase in whi
ha slow proton is dete
ted in the tra
king teles
ope and a se
ond proton with half thebeam momentum in the forward dete
tor of ANKE. Here it is possible to determinethe analyzing power Ay in pp and np-quasi elasti
 s
attering via the rea
tion ~dp !(pp)nSpe
tator and ~dp ! (np)pSpe
tator respe
tively. In the �rst rea
tion, both elasti
rea
tion partners are dire
tly measured in the ANKE dete
tion system, while in thelatter rea
tion the spe
tator proton is dete
ted in the forward dete
tion system. Inboth 
ases the four-momentum of the missing neutron is given byn� = d�Beam + p�Target � p�Teles
ope � p�Forward (7.7)in whi
h p�Teles
ope and p�Forward are the four-momenta of the protons dete
ted in thetra
king teles
ope and the forward dete
tor.7.3.1 Identifying the rea
tionsThe subset of the data is sele
ted by a 
ut on the momentum of the forward-goingproton as indi
ated in �gure 7.1(a), and a narrow 
ut around the neutron mass inthe missing mass distribution of the two dete
ted protons. The missing mass of bothprotons together with the applied 
ut is shown in �gure 7.5(a).In 
ase of pure quasi-elasti
 pp and np s
attering no in
uen
e of the beam tensorpolarization on the extra
ted analyzing powers should be seen. For low momentumtransfer to the fast proton in the pp 
ase and the neutron in the np 
ase, a strong
ontribution from �nal state intera
tion however introdu
es this dependen
e. This isbest seen from the results shown in table 7.5 in whi
h, similar to the analysis for dpelasti
, a �t by a plane with equation 7.2 has been made to the three-dimensional plotof the 
orre
ted 
ounts for the eight di�erent spin modes. The binning has however
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(
)Figure 7.5: (a) Missing mass of the two dete
ted protons. A peak at the neutron mass withhardly any ba
kground is visible. (b) Distribution of the momentum of the protondete
ted in the tra
king teles
ope. (
) Distribution of the � angle in the 
enter ofmass system for the proton dete
ted in the teles
ope in whi
h this proton has amomentum of pTel > 160MeV=
.
been done by the momentum of the proton dete
ted in the tra
king teles
ope, whi
his a dire
t measure of the momentum transfer. The distribution of momenta is shownin �gure 7.5(b). In 
ase of pure quasi-elasti
 pp or np s
attering the �t parameter�zz , whi
h is sensitive to the in
uen
e of the beam tensor polarization, must be zero,the results in the table show however that �zz is signi�
antly di�erent from zero forlow momenta and develops towards zero with in
reasing momentum.For larger momentum transfers, the in
uen
e of the �nal state intera
tion de-
reases, whi
h also means that for the last momentum bin (pTel > 160MeV=
) thesele
ted events are mostly due to pure pp and np quasi-elasti
 s
attering. These eventshave been used to determine the analyzing power Ay for the 
ombined and separatedpp and np rea
tion 
hannels.
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attering 87zone pTel [MeV/
℄ �z �zz1 70 - 90 �0:093� 0:054 �0:200� 0:0562 90 - 110 �0:159� 0:031 �0:154� 0:0323 110 - 130 �0:199� 0:012 �0:098� 0:0124 130 - 160 �0:241� 0:020 �0:067� 0:0215 160 - 250 �0:269� 0:013 �0:030� 0:013Table 7.5: Results of a �t of equation 7.2 to the three-dimensional plot of normalized 
ounts forea
h spin-mode versus the Pz and Pzz measured by EDDA binned by the momentumtransfer to the proton dete
ted in the tra
king teles
ope.
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(b) 160:5 Æ < �pTel
m < 162:5ÆFigure 7.6: Counts for the 
ombination of pp and np-quasi elasti
 for the eight available beampolarization states normalized to the 
ounts for the unpolarized beam as a fun
tionof the beam polarizations pz and pzz measured by EDDA for the di�erent �
mranges of the proton dete
ted in the teles
ope. The data points are indi
ated by
ir
les, the results of a �t of equation 7.2 are shown as planes in the plots andsummarized in table 7.6.7.3.2 Determination of AyIn both the pp and np 
ase, the polarized di�erential 
ross-se
tion is given byd�d
(�; �) = d�0d
 (�) f1 + PzAy (�) 
os�g (7.8)In terms of 
ounts equation 7.8 
an again be written asN(�) = N0(�) [1 + �zPz ℄ with �z = Ay (�)h
os�i (7.9)in whi
h �z is the asymmetry with whi
h the analyzing power Ay may be determined.Already without a separation into pp and np events the analyzing power may be deter-mined for the 
ombination of both rea
tion 
hannels. To obtain the asymmetry �pp=npz
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atteringzone �
m [deg℄ h�
mi [deg℄ N�0=N0 �z �zz1 157:0 - 160:5 159:6 0:977 �0:298� 0:032 0:007� 0:0332 160:5 - 162:5 161:7 0:983 �0:260� 0:013 �0:040� 0:013Table 7.6: Results of the �t of equation 7.2 to the two-dimensional asymmetry plots for theunseparated pp and np data (pTel > 160MeV=
).zone h�
mi [deg℄ h
os �0i Ay1 159:6 0:979 �0:304� 0:0332 161:7 0:978 �0:266� 0:013Table 7.7: Ve
tor analyzing power Ay for the 
ombined pp and np data binned into angularranges of �
m of the proton dete
ted in the teles
ope (pTel > 160MeV=
).the whole statisti
s has again been subdivided into ranges of the �
m angle of the pro-ton dete
ted in the tra
king teles
ope and the normalized 
ounts for ea
h spin-modeplotted versus the beam polarizations measured by EDDA in a two-dimensional graph1.The distributions of � angles in the 
enter of mass system is shown in �gure 7.5(
)together with the subdivisions. The two-dimensional graphs are shown in �gure 7.6.A �t by equation 7.2 yields the asymmetries �z and �zz whi
h are summarized intable 7.6.From the �t results for �z the analyzing power Ay 
an be 
al
ulated via equa-tion 7.9. The results are summarized in table 7.7.The only available possibility to separate both rea
tion 
hannel to some extentfrom one another are the 
uts indi
ated in �gure 7.7 in whi
h the 
orrelation of �Tel to� of the forward-going proton is shown. Figures 7.7(a) and (b) display the 
orrelationfor the results of a Geant4 simulation of dp ! (pp)nSpe
tator and dp ! (np)pSpe
tatorrespe
tively. A 
ombination of both simulated rea
tion 
hannels is displayed in �g-ure 7.7(
), while the distribution for the real data is shown in �gure 7.7(d).For both pp and np, the di�eren
e of the � angles of both eje
tiles must peak at�� = 180 Æ. In pp �� is the di�eren
e of � of both dete
ted protons, while in np it isthe di�eren
e of � of the proton dete
ted in the tra
king teles
ope and the neutron.This behavior is shown in the histograms in �gures 7.8(a) and (b). The data pointsindi
ate the real data, the histograms show the results from the Geant4 simulation. Forboth rea
tion 
hannels the simulation reprodu
es the real data quite well. Moreover,with knowledge of the four-momentum ve
tor of the spe
tator parti
le, in np this is justthe forward-going proton, in the pp 
ase it is the neutron, it is possible to re
onstru
tthe Fermi momentum distribution. This is a

omplished by a Lorentz transformationof this four-momentum into the rest frame of the beam deuteron via1A one-dimensional graph is basi
ally suÆ
ient sin
e there is no in
uen
e of Pzz on the asymmetryfor the investigated rea
tions. In order to be sensitive on any residual e�e
ts from ba
kground rea
tionsthat depend on Pzz a two-dimensional graph has however been 
hosen.
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(d)Figure 7.7: � of the proton in the tra
king teles
ope (�Tel) vs. � of the proton in the forwarddete
tion system (�Fd) for (a) simulated pp events, (b) simulated np events, (
)both simulated pp and np and (d) the real data. In all 
ases the momentum of theproton in the teles
ope has been restri
ted to pTel > 160MeV=
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(b) dp ! (np)pSpe
tatorFigure 7.8: (a) Di�eren
e in � (��) of the protons dete
ted in the sili
on tra
king teles
opeand the forward dete
tion system for the sele
ted dp ! (pp)nSpe
tator events.(b) Di�eren
e of �Tel to � of the re
onstru
ted neutron for the sele
ted dp !(np)pSpe
tator events. In both plots the histogram represent the simulated data,the points the real data.
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(d) dp ! (np)pSpe
tatorFigure 7.9: Fermi momentum distribution for (a) dp ! (pp)nSpe
tator and (b) dp !(np)pSpe
tator (points) together with the results from the simulation indi
ated byhistograms. Distribution of the 
osine of the spe
tator parti
le in the rest frameof the beam deuteron for (
) dp ! (pp)nSpe
tator and (d) dp ! (np)pSpe
tator(points) together with the results from the simulation indi
ated by histograms.
pxbeam = pxlabpybeam = pylabpzbeam = (pzlab � Elab � �beam) � 
beamEbeam = (Elab � pzlab � �beam) � 
beam (7.10)in whi
h p denote the spa
ial momentum 
omponents and E the energy of the spe
ta-tor parti
le in the beam and lab frames. The momentum magnitude of the spe
tatorparti
le after the transformation is then the intrinsi
 Fermi momentum of the 
on-stituent nu
leons of the deuteron. The distributions together with the simulationresults indi
ated by histograms, are shown in �gures 7.9(a) and (b). Due to the lim-ited a

eptan
e, espe
ially in the pp 
ase, the distribution does however not look likethe one shown in �gure 1.2(a) of the introdu
tory 
hapter. The distributions of 
os �of the spe
tator parti
le in the beam rest frame are shown in �gures 7.9(
) and (d),again the simulation reprodu
es the data quite well.The good agreement of the simulation with the real data allows the use of thesimulation to estimate the amount of ba
kground, that remains for the � vs. � 
uts.
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tatorFigure 7.10: Center of mass energy for (a) dp ! (pp)nSpe
tator and (b) dp ! (np)pSpe
tator.zone �
m [deg℄ h�
mi [deg℄ N�0=N0 �z �zz1 157:0 - 160:5 159:6 0:940 �0:385� 0:050 0:010� 0:0512 160:5 - 162:5 161:7 0:984 �0:370� 0:018 �0:031� 0:018(a) dp ! (pp)nSpe
tatorzone �
m [deg℄ h�
mi [deg℄ N�0=N0 �z �zz1 157:0 - 160:5 159:7 0:983 �0:199� 0:030 0:007� 0:0312 160:5 - 162:5 161:7 0:977 �0:145� 0:015 �0:049� 0:016(b) dp ! (np)pSpe
tatorTable 7.8: Results of the �t of equation 7.2 to the two-dimensional asymmetry plots for thesele
ted (a) pp and (b) np-quasi elasti
 events (pTel > 160MeV=
).Taking the 
ross-se
tions for both rea
tions into a

ount, at these angles the pp 
ross-se
tion is about a fa
tor of two higher than the np 
ross-se
tion, about 32% of theevents sele
ted with the pp 
ut a
tually arise from np-quasi elasti
. This is alreadyqualitatively seen from �gure 7.7(b). For the sele
ted np events the simulation shows2% ba
kground from dp ! (pp)nSpe
tator .Figure 7.9(
) displays that the dire
tion of the spe
tator neutron in the pp 
ase isgoing ba
kwards with respe
t to the beam. In the spe
tator model this means that thebeam proton is going into forward dire
tion, whi
h leads to a shift in the 
enter of massenergy. Figures 7.10(a) and (b) show the 
enter of mass energies for both sele
tions
al
ulated with equation 1.7. The 
enter of mass energy in the pp 
ase is roughly10MeV higher than in the np 
ase due to the di�erent momentum distributions of thespe
tator parti
le.With the separated data the analyzing power Ay may be determined in the sameway as with the full data sample. The plots in �gure 7.11 display the normalized 
ounts
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m < 162:5 ÆFigure 7.11: Counts for pp and np-quasi elasti
 for the eight available beam polarization statesnormalized to the 
ounts for the unpolarized beam as a fun
tion of the beampolarizations pz and pzz measured by EDDA for the di�erent �
m ranges of theproton dete
ted in the teles
ope. The data points are indi
ated by 
ir
les, theresults of a �t of equation 7.2 to the points are shown as planes in the plots andsummarized in table 7.8.
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(b) dp! (np)pSpe
tatorFigure 7.12: Distribution of the � angle in the 
enter of mass system for the proton de-te
ted in the teles
ope for the sele
ted (a) dp ! (pp)nSpe
tator and (b)dp ! (np)pSpe
tator events.
zone h�
mi [deg℄ h
os �0i Ay1 159:6 0:978 �0:393� 0:0512 161:7 0:977 �0:379� 0:018(a) dp ! (pp)nSpe
tatorzone h�
mi [deg℄ h
os �0i Ay1 159:7 0:981 �0:203� 0:0312 161:7 0:979 �0:148� 0:016(b) dp ! (np)pSpe
tatorTable 7.9: Ve
tor analyzing power Ay for the sele
ted (a) pp and (b) np-quasi elasti
 eventsbinned into angular ranges of �
m of the proton dete
ted in the teles
ope (pTel >160MeV=
).
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Figure 7.13: Experimental values for the analyzing power Ay for pp and np-quasi elasti
. Thelines in the plot represent the SAID predi
tion for pp and np-elasti
 s
attering.
for the sele
ted pp and np-quasi elasti
 events for two angular ranges of the protondete
ted in the teles
ope. The sele
ted ranges indi
ated in �gures 7.12(a) and (b)have been 
hosen to be the same as in the 
ombined analysis. A �t by equation 7.9 tothe data points yields the asymmetry �z and the analyzing power Ay . A summary ofthe obtained �t 
oeÆ
ients is given in table 7.8. The results for Ay are summarizedin table 7.9 and also shown in �gure 7.13.Although the np rea
tion 
hannel seem to be identi�ed quite well, the obtainedAy does not 
oin
ide with the SAID predi
tion whereas in the pp 
ase, in whi
h astrong in
uen
e of the miss-identi�ed np events on the asymmetry is expe
ted, theexperimental data points are within the errors 
ompatible with the SAID predi
tion.However, also here a shift to lower values for Ay is 
learly seen in �gure 7.13.Up to this point, this feature has not been fully understood. Further investigationsare therefore required in order to improve the separation of both rea
tion 
hannels.Furthermore, the 
ontribution of the miss-identi�ed ba
kground on the asymmetry hasto be analyzed in order to fully understand the presented results.One potential reason for the e�e
t seen in the results is the remaining disagreementbetween data and the simulation. As the simulation was used to determine the 
uts toseparate both rea
tion 
hannels, it is 
lear that any disagreement might easily have ane�e
t on the event sele
tion. In addition, in the pp elasti
 
ase, the proton in forwarddire
tion is dete
ted at the edge of the a

eptan
e of the forward dete
tion systemwhere it is known that signi�
ant un
ertainties in the momentum re
onstru
tion mayappear [72℄.
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Figure 7.14: Possible Target x 
oordinates as a fun
tion of the parti
le momentum for �xedhit positions in the forward wire 
hambers.7.4 Re
onstru
tion of a 3D Target ImageEven with only one parti
le in the tra
king teles
ope it is possible, as shown in se
-tion 6.2.1, to re
onstru
t a two-dimensional target image. To obtain a 3D targetimage a se
ond tra
k, preferably in a se
ond or the same tra
king teles
ope, is ne
-essary. The following will show the prin
iple re
onstru
tion method when this se
ondtra
k is in the forward dete
tion system of ANKE.A tra
k in the forward dete
tion system is des
ribed by its hits in the forwardmulti-wire proportional 
hambers and the hits in the s
intillation 
ounters. In thestandard momentum re
onstru
tion a parti
le is tra
ked through the D2 magneti
�eld by minimizing the distan
e of the tra
k to the hits in the wire 
hambers withthe origin of the tra
k being the nominal target point and the free parameters of theminimization being the three-momentum of the parti
le (p, �hor izontal and �verti
al .For the re
onstru
tion of the x 
oordinate of the vertex on an event by event basisa fourth minimization parameter whi
h spe
i�es the origin of the tra
k has to beintrodu
ed. The origin of the tra
k is a point on the tra
k of the parti
le in thetra
king teles
ope but with a variable x 
oordinate.Sin
e the wire 
hambers of the forward dete
tion system are lo
ated outside the�eld of the D2 spe
trometer magnet the tra
ks des
ribed by the hits in the 
hambersare basi
ally straight lines. Figure 7.14 shows the possible x 
oordinates of the startpoint of the tra
k versus the parti
le momentum for �xed hit positions in the wire
hambers. The data for this plot have been simulated by sending parti
les with di�erentmomenta from behind the third forward multi-wire proportional 
hamber through theinverted magneti
 �eld of D2 ba
k to the target region. The plot shows a strong
orrelation between the momentum and the x 
oordinate of the origin even thoughthe tra
k parameters from the analysis point of view are identi
al (hit positions). Thismeans that a minimization with all four parameters is not possible.
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Figure 7.15: Distribution of vertex x 
oordinates after interse
ting the tra
k in the tra
kingteles
ope with the tra
k in the forward dete
tion system.With the knowledge of the four-momentum of the parti
le dete
ted in the tra
kingteles
ope and the rea
tion kinemati
s it is however possible to �x the magnitude of themomentum of the forward-going parti
le. For the available data the possible rea
tionsare the elasti
 rea
tions dp ! pd and dd ! dd for whi
h the momentum of theparti
le in the forward dete
tor 
an be expressed byE
m = √m2beam +m2target + 2 � Ebeam �mtarget�
m = pbeamEbeam �mtarget

m = 11� �2
mpFd = √(

m � E
m � ETel)2 �m2Fd (7.11)
in whi
h pFd is the momentum of the forward-going parti
le and ETel is the Energy ofthe parti
le dete
ted in the tra
king teles
ope. With the momentum of the forward-going parti
le being �xed by kinemati
al 
onstraints the number of free parameters isredu
ed to three (x , �Fd and �Fd) whi
h allows one to perform the minimization. Theresult of the minimization is shown in �gure 7.15 whi
h displays the vertex x 
oordinatedistribution for the dp! pd elasti
 s
attering.As shown previously in se
tion 6.2.1 on page 63, the target extension in y and zdetermined by the tra
king teles
ope alone is in the order of 6:3mm in y and 6:5mmin z (both FWHM) with a resolution of approximately 1mm. With the assumption
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tion of a 3D Target Image 97that the distribution of vertexes in the x 
oordinate is in the same order as for y and zone 
an 
on
lude that the resolution in x is mu
h worse and is of the order of 9mm.With this result it is apparent, that the vertex resolution with just one tra
k in thetra
king teles
ope is not suÆ
ient to unambiguously distinguish between beam hits onthe a
tual target gas from hits on the storage 
ell wall when working with the polarizedinternal target at ANKE.An in
reased 
overage of the target 
ell by additional tra
king teles
opes and thusat least two tra
ks in the teles
opes will make it possible to over
ome this problem.
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Chapter 8Con
lusions and ImprovementsIt had been planned to use two fully equipped teles
opes for the measurement ofpn ! d! during a beam-time in August 2003. Due to an in
ident with a va
uumbreak, the bond 
onne
tions to one 69�m dete
tor, both 300�m dete
tors and oneSi(Li) were, however, destroyed prior to the measurements whi
h made the existingsetup useless. Only due to the modular design of the setup it has been possible to
on�gure one of the teles
opes with the remaining two dete
tors prior to the nexts
heduled beam-time in November 2003. The alignment plots based on the availabledata demonstrate the good performan
e of the tra
king teles
ope even though it hasnot been used in its optimal 
on�guration.Nevertheless, there is room for improvements, espe
ially in the energy measurementand the read-out performan
e.8.1 Energy CalibrationThe pro
edure to obtain the energy 
alibration for ea
h individual segment, dete
torside and the whole teles
ope has been primarily based on the test-pulse 
alibration withadditional adjustments by �tting real data to the expe
ted values. Due to the absen
eof an absolute energy referen
e, the quality of the 
alibration 
an only be given bythe distan
e between the proton and deuteron bands. For the 
alibration obtained bythe �tting method it was only in the order of 6%. With the used teles
ope and this
alibration, a proton-deuteron separation of 3:8� 
ould still be a
hieved.In the future it is therefore desirable to have at least one energy referen
e pointin order to obtain an absolute 
alibration with just a test-pulse measurement, thatbasi
ally determines the non-linearity of the preampli�er, and then s
aling to thatreferen
e energy. In pra
ti
e su
h an energy referen
e point 
ould be given by irradiatingea
h dete
tor with a mono-energeti
 �-sour
e with known energy. When working withan �-sour
e, the dead-layers have to, however, be taken into a

ount. Moreover, theproposed pro
edure will be signi�
antly faster than the method des
ribed in this work,whi
h would also allow to monitor the stability of the 
alibration during data taking atCOSY by permanently pla
ing �-sour
es at the teles
opes.



100 8.2 Tra
king8.2 Tra
kingThe data presented in this work has solely been taken with a teles
ope equipped withjust one thin sili
on and one thi
k Si(Li) dete
tor. Even without the intermediatetra
king layer it was possible to re
onstru
t three-dimensional hit position informationfrom that last dete
tion layer. Moreover, the kinemati
s of all rea
tions that havebeen used to 
he
k the alignment of the setup 
ould be reprodu
ed by the analysis.This shows that the presented tra
k re
onstru
tion method and the magneti
 �eld
orre
tions work as expe
ted. The a
hieved angular resolution for the lowest dete
tedmomenta was in the order of 1:6 Æ for protons and 2:2 Æ for deuterons.With the poor position resolution of the thi
k dete
tor, it is evident that the tra
kingperforman
e 
an only be improved by an intermediate dete
tion layer of 300�m or500�m thi
kness with the same pit
h as the �rst dete
tor. With a total of threedete
tors, the tra
k re
onstru
tion will rely only on the position information of the hitsin the �rst two dete
tors and use the third layer only to 
he
k the validity of the tra
kand determine the eÆ
ien
y of the teles
ope. It will then be possible to in
rease thepit
h of the third layer to about 2mm whi
h will also improve the error in the energyloss determination be
ause the number of segments that 
olle
t the generated 
hargeis de
reased.8.3 Read-Out Performan
eWith zero suppression, the time needed to read out on event is in the order of 160�swhile it is 360�s when the DAQ is running without data redu
tion. These numbersare for the teles
ope equipped with two dete
tors and will in
rease for a fully equippedteles
ope and on
e several teles
ope will be
ome available for data taking. At themoment, the slowest other sub-system at ANKE requires approximately 150�s tohandle one event. It should therefore be the goal to in
rease the read-out performan
eof the tra
king teles
ope DAQ system or keep it at least at the 
urrent value of 160�seven when in
reasing the number of 
hannels.To a
hieve this, a dedi
ated read-out system is under development at the CentralInstitute for Ele
troni
s (ZEL) of the resear
h 
enter whi
h will be 
ompatible withthe developed in-va
uum front-end ele
troni
s. One unit of this new ele
troni
s willhandle both sides of one dete
tor by a 
at-
able 
onne
tion to both interfa
e boardson the 
ange. In addition, ea
h unit will be equipped with two ADC, one for ea
hdete
tor side, and two Xilinx Spartan-II [73℄ �eld programmable gate arrays (FPGA)that repla
es the VPG517 
ontrol unit of the existing DAQ and allow an individual perside read-out sequen
e. Furthermore, the use of the FPGA will give the opportunityto implement one of the presented 
ommon-mode 
orre
tion methods and the zerosuppression already on hardware level.



8.4 Time of Flight Measurement 1018.4 Time of Flight MeasurementTo distinguish between protons and deuterons dete
ted in the forward dete
tion systemby the time of 
ight method the time resolution of 10 ns of the VA32TA2 
hip is notsuÆ
ient. At a beam momentum of for instan
e 3GeV=
 the time of 
ight di�eren
ebetween protons and deuterons is only 3 ns. Currently a di�erent front-end 
hip withsigni�
antly better time resolution is under investigation at the IKP that 
ould be usedas an alternative for the VA32TA. The MATE3 [74℄ front-end 
hip has been developedat the CEA Sa
lay and the University of Orsay for the MUST2 [75℄ dete
tion system.For the investigation a se
ond in-va
uum front-end board similar to the on developedfor the VA32TA2 
hip has been designed. It is 
ompatible with the existing interfa
eboard whi
h allows the integration of the MATE3 
hip into the DAQ.Although the MATE3 
hip has also a better energy resolution, it is not a repla
e-ment for the VA32TA2 be
ause it has a signi�
antly higher threshold. It is plannedto equip one side of the �rst two dete
tion layers (300�m and 300=500�m) withthe MATE3 
hip for good time resolution and the other side with the VA32TA2 forlow trigger thresholds. This way it will be possible to pre
isely measure the energyloss, have a low trigger threshold and be able to use the time information from thesili
on teles
ope in 
ombination with the time information from other ANKE dete
tionsystems to perform a parti
le identi�
ation via the time-of-
ight method.The latest results from these investigations look already promising. It 
ould beshown that the time resolution is below 1 ns (FWHM) for energy deposits of � 1:2MeVwhi
h results in a time of 
ight separation of protons and deuterons dete
ted in theANKE forward dete
tor of approximately 7�.
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Chapter 9OutlookThe results and data presented in this work have shown that the developed dete
tionsystem, 
onsisting of the teles
ope itself, the dedi
ated front-end ele
troni
s and thedata a
quisition, together with the developed software algorithms are powerful toolsfor the future physi
s program at ANKE.For a �nal 
he
k of the 
alibration pro
edure, a beam-time is under preparation atthe Tandem a

elerator of the University of Cologne. It is planned to dire
tly irradiateone teles
ope at �xed angles with low intensity proton and deuteron beams of wellde�ned energy provided by the a

elerator. Besides the bene�t of an absolute energy
alibration this method will also allow the measurement of the thi
knesses of the deadlayers of ea
h dete
tor and a �rst determination of the eÆ
ien
y.A �rst set of 300�m thi
k dete
tors has been delivered by Mi
ron and we are wait-ing for the ordered 69�m and 500�m dete
tors. The serial produ
tion and laboratorytests of the front-end ele
troni
s for these dete
tors is under way. The unsu

ess-ful beam-time for the measurement of pn ! d! in August of 2003 will be repeatedwith two teles
opes equipped with these new dete
tors in the se
ond half of 2006.The teles
opes will then also 
ontain most of the proposed improvements. For thisexperiment three weeks of beam-time at COSY will be needed.In 2007, when the �nal 
he
k of the front-end and read-out ele
troni
s is 
om-pleted, ANKE will be extended with eight tra
king teles
opes pla
ed around the storage
ell. This will ultimately mark the start of the double polarized proton neutron physi
sprogram at ANKE.
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Appendix AAlignment Referen
e PlotsThe following is a 
olle
tion of alignment referen
e plots obtained from data takenduring the beam-times in November 2003 with polarized and unpolarized deuteronbeams on proton and deuterium targets. In all 
ases the same geometri
al setup ofthe tra
king teles
ope has been used.Ea
h se
tion starts with rea
tion independent alignment plots whi
h are the re-
onstru
ted target positions versus the tra
k angles (ytarget vs. �, ztarget vs. �, ytargetvs. � and ztarget vs. �) and the � - � 
orrelation. All plots are sele
ted in su
h a waythat the value plotted on the ordinate must be independent on the value drawn on theabs
issa. Ea
h plot also in
ludes the in
lination of the displayed band. Were appli
ablethe plots are divided in di�erent momentum ranges.For 
ompleteness ea
h se
tion also 
ontains the alignment plots for the 
orrespond-ing elasti
 rea
tion. In 
ase of the proton target this is dp ! pd , for the deuterontarget it is dd ! dd . The plots are the di�eren
e between the � angles of bothparti
les (��), �Tel vs. �Fd , �Tel vs. pTel and �Fd vs. pTel . The later two plotsstrongly depend on the 
orre
tness of the energy 
alibration.
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Figure A.1: � vs. �, ytarget vs. � and ztarget vs. � for protons split into di�erent momentumranges.
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Figure A.3: Alignment plots for dp ! pd . The lower two plots strongly depend on the 
or-re
tness of the energy 
alibration.



108 dd-Elasti
 at 2:40GeV=
Proton Deuteron
 [deg]

Tel
φ

-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

0.007449 deg / deg

 [deg]
Tel

φ
-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

-0.013735 deg / deg

(a) 80MeV=
 � 140MeV=
 (b) 120MeV=
 � 200MeV=

 [deg]

Tel
φ

-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

0.007253 deg / deg

 [deg]
Tel

φ
-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

-0.011273 deg / deg

(
) 140MeV=
 � 200MeV=
 (d) 200MeV=
 � 280MeV=

 [deg]

Tel
φ

-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

-0.028050 deg / deg

 [deg]
Tel

φ
-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

-0.008168 deg / deg

(e) > 200MeV=
 (f) > 280MeV=

 [deg]

Tel
φ

-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

0.005385 deg / deg

 [deg]
Tel

φ
-30 -20 -10 0 10 20 30

 [d
eg

]
T

el
θ

60

70

80

90

100

110

120

-0.013062 deg / deg

(g) > 80MeV=
 (h) > 120MeV=
Figure A.4: � vs. � for both protons and deuterons separated in di�erent momentum ranges.
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Figure A.5: ytarget vs. � for both protons and deuterons separated in di�erent momentumranges.
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Figure A.7: ztarget vs. � for protons and deuterons split into di�erent momentum ranges.
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Figure A.8: ytarget vs. � for protons and deuterons.
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Figure A.9: Alignment plots for dd-elasti
 at 2:40GeV=
 beam momentum.
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Figure A.10: � vs. � for protons as well as deuterons separated into di�erent momentumranges.
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Figure A.11: ytarget vs. � for both protons and deuterons and di�erent momentum ranges.
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Figure A.12: ztarget vs. � for protons and deuterons. For deuterons the plots are not split intodi�erent momentum ranges.
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Figure A.13: ztarget vs. � for protons and deuterons.
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Figure A.14: ytarget vs. � for protons as well as deuterons.
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Figure A.15: Alignment plots for dd-elasti
 at 2:46GeV=
 beam momentum.
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