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Abstract

In the framework of this thesis a first measurement of the pn — dw total cross
section has been performed at mean excess energies of Q) =~ 26 and 60 MeV. The
motivation, apparatus, analysis, results and their tentative interpretation are
discussed in the following.

The comparison of the cross sections for meson production in proton-proton
and proton-neutron collisions close to threshold, constrain theoretical models
describing the production mechanisms. For 7 production the observed cross
section ratio R = oot (pn — pnn) /oot (pp — ppn) = 6.5 is generally attributed
to isovector dominance in model calculations based on meson exchange. It is
therefore interesting to investigate whether a similar isospin dependence is found
also for the w, the next heavier isoscalar meson. Relatively few experiments were
performed for the pp — ppw reaction, but in proton-neutron collisions no data
whatsoever are available.

The pn — dw reaction was studied in the pd — pspdw reaction at four pro-
ton beam momenta between 2.6 and 2.9 GeV/c at the ANKE spectrometer of
COSY-Jiilich. A deuterium cluster-jet target was used as an effective neutron
target, detecting the low momentum recoil protons (psp), which have momenta
of about 80 MeV /¢, in a silicon telescope placed close to the target. These recoil
protons can be treated as “spectators” that influence the reaction only through
their modification of the kinematics. By variation of angle and momentum of
the spectator protons, a certain range in excess energy () is selected experimen-
tally. This range is used to extract results in pn collisions for the corresponding
Q@ values. The deuterons emitted at angles below 8° with a momenta around
2GeV/c were detected in the forward system of the ANKE spectrometer. In-
clined Cerenkov counters in combination with two layers of scintillation counters
enabled us to identify these deuterons despite a two orders of magnitude higher
proton background. Their momenta were reconstructed using the information
from two multi-wire proportional chambers. The pn — dw reaction was then
identified via the missing mass technique. In order to normalise the data, first
the efficiencies of all detectors were evaluated. Secondly the absolute luminosity
was determined by the pd elastic scattering reaction, employing the possibility
to identify slow deuterons simultaneously in the silicon telescope.

Measurements in pp — ppw at SATURNE show there to be a strong con-
tribution from multi-pion production below the w peak in the missing mass
spectrum. This can only be reliably estimated by comparing data above and
below the w threshold. Used are the experimental data at 2.6, 2.7, 2.8 and
2.9 GeV/c beam momentum, which correspond to mean @ values in pn — dw
of -40, -5, 26 and 60 MeV respectively. At the highest energy, there is clear evi-
dence for an w peak, whereas at 2.8 GeV /c the residual w signal depends much
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more sensitively upon the background description. The cross sections extracted
for pn — dw at Q ~ 26 MeV and 60 MeV are significantly smaller than theoret-
ical predictions. This suggests that the reaction mechanism for w production
differs from the one for the 7, possibly implying a relatively larger contribution
from isoscalar meson exchange. Measurements with higher precision in both
Q@ and in cross section are scheduled already for August 2003. The results are
expected to shed even further light on the basic production mechanisms.



Zusammenfassung

Im Rahmen dieser Arbeit wurde eine erste Messung des Wirkungsquerschnittes
der Reaktion pn — dw bei UberschuBenergien Q ~ 26 bzw. 60 MeV durch-
gefiihrt. Motivation, experimenteller Aufbau, Analyse der Daten, Ergebnisse
und deren Interpretationsmdoglichkeiten werden im folgenden dargelegt.

Der Vergleich der Wirkungsquerschnitte schwellennaher Meson-Produktions-
Reaktionen in Proton-Proton und Proton-Neutron Stéflen 148t in theoretischen
Modellen Riickschliisse auf Produktionsmechanismen zu. So wird das in der 7-
Produktion gefundene Verhiltnis R = oot (pn — pnn) /oot (pp — ppn) ~ 6.5 in
auf Meson-Austausch basierenden Modellrechnungen gewthnlich einer Isovek-
tordominanz in dieser Reaktion zugeschrieben. Es ist deshalb von hohem theore-
tischen Interesse, herauszufinden, ob sich fiir das w-Meson, das nichstschwerere
isoskalare Meson, eine &hnliche Isospinabhéngigkeit ergibt. In der Reaktion
pp — ppw wurden bisher relativ wenige Experimente durchgefiihrt, fiir Proton-
Neutron-Stofle existieren sogar gar keine Daten.

Die Reaktion pn — dw wurde durch den Nachweis der Reaktion pd — pspdw
bei vier Strahlimpulsen zwischen 2.6 und 2.9 GeV/c am ANKE-Spektrometer
am Beschleuniger COSY in Jiilich untersucht. Als effektives Neutronen-Target
diente ein sogenanntes Deuterium-Cluster-Jet-Target, unter Nachweis der lang-
samen RiickstoBprotonen (ps,) mit Impulsen um die 80MeV/c in einem
Silizium-Teleskop in Targetndhe. Diese Protonen kénnen als sogenannte ,,Spek-
tatoren“ — also nicht am Prozess der Meson-Produktion beteiligte Zuschauer
— einzig durch ihren Einflufl auf die Reaktionskinematik beriicksichtigt wer-
den. Experimentell wird durch deren Verteilung ein gewisser Bereich in der
UberschuBenergie Q festgelegt, der genutzt werden kann, um Wirkungsquer-
schnitte in pn-Reaktionen zu bestimmen. Deuteronen, welche unter kleinen
Winkeln mit ca. 2 GeV/c Impuls emittiert werden, wurden im Vorwérts-System
des ANKE-Spektrometers nachgewiesen. Trotz eines um zwei Gréflenordnungen
hoheren Proton-Untergrundes wurde die Identifikation dieser Deuteronen durch
geneigte Cerenkov-Zihler in Kombination mit zwei Lagen von Szintillations-
Zdhlern ermoglicht. Die Impulse wurden durch die Informationen aus zwei
Vieldraht-Proportionalkammern rekonstruiert. Damit konnten Ereignisse aus
der Reaktion pn — dw mit Hilfe der fehlenden Masse (,,Missing Mass“) be-
stimmt werden. Um die Daten zu normieren, wurden einerseits die Effizien-
zen aller Detektoren bestimmt. Andererseits wurden Ereignisse aus elastischer
Proton-Deuteron-Streuung unter dem Nachweifl von langsamen Deuteronen im
Silizium-Teleskop genutzt, um die absolute Luminositét zu ermitteln.

Messungen im pp — ppw Kanal an SATURNE haben gezeigt, dafl un-
ter dem w-Peak im ,Missing-Mass“-Spektrum ein betréchtlicher Beitrag der
Viel-Pionen-Produktion vorliegt. Die Stirke dieses Untergrundes kann nur zu-
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verldssig abgeschétzt werden, indem Ergebnisse oberhalb und unterhalb der
w-Schwelle miteinander verglichen werden. Hierzu wurden die Daten bei 2.6,
2.7, 2.8 und 2.9 GeV Strahlimpuls, die mittleren J-Werten von -40, -5, 26 bzw.
60 MeV in pn — dw entsprechen, genutzt. Bei der hochsten Energie besteht ein
eindeutiges Signal fiir die Produktion von w-Mesonen, wogegen der Beitrag bei
2.8 GeV/c viel stirker von der Beschreibung des Untergrundes abhiingt. Die er-
mittelten Wirkungsquerschnitte fiir pn — dw bei @ ~ 26 MeV bzw. 60 MeV sind
bedeutend niedriger als theoretischen Voraussagen. Dies legt den Schlufl nahe,
daf} der Reaktionsmechanismus in w- und n-Produktion unterschiedlich ist, was
eventuell einen stirkeren Beitrag isoskalaren Mesonaustausches vermuten 148t.
Messungen mit hoherer Genauigkeit, sowohl in ) als auch im Wirkungsquer-
schnitt, sind fiir August 2003 geplant. Es wird erwartet, dafl deren Ergebnisse
noch genauere Aufschliisse iiber die grundlegenden Produktionsmechanismen
liefern.
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Chapter 1

Physics Case and
Motivation

The use of hadronic probes to study meson production reactions and their theo-
retical interpretations are briefly reviewed. In the case of  production, a strong
enhancement of the pn-channels is observed compared to the pp-channels. Most
theoretical models also predict such a behaviour for the w-production. How-
ever, up to now, the only channel, where data are present for w-production
is pp — ppw. The possibility of using deuterium as an effective neutron tar-
get to study the pn — dw reaction at ANKE is introduced. It is shown that
the spectator model is well understood within our experimental requirements.
Furthermore, the method to tag pn-reactions by detecting slow spectator pro-
tons is described. The goal of the presented experiment is to extend the data
to the isospin-zero channel by measuring the pn — dw reaction in quasi-free
kinematics.

1.1 Meson Production in Nucleon-Nucleon
Collisions

The existence of the nucleon substructure in terms of quarks and gluons has
been first established using electromagnetic probes. Nevertheless, deep inelastic
scattering with hadronic probes presents a complementary approach, due to the
interaction via the strong force. In Quantum Chromo Dynamics (QCD) the
interaction of coloured quarks is described via the exchange of massless gluons.
Apart from the fact that the gluons carry colour charge, this is in direct analogy
to the coupling of charged leptons via photons in the electromagnetic interaction
described in the theory of Quantum Electro Dynamics (QED). However, there
is a major difference for coloured objects, namely the confinement. In contrast
to the small electromagnetic coupling constant a ~ 1/137 which varies only
weakly with energy!, the coupling constant of the strong interaction o is about
0.1 at high energies and even approaches 1 at lower energies. Thus, especially
at medium energies, which is the region of the experiments discussed in this

LA variation with time is disputed currently due to some cosmological arguments [1].
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document, the summation over higher order diagrams in perturbative models
will not converge.

Despite the underlying QCD basis, over larger ranges (on the order of fermis),
only colourless objects can be exchanged. Nuclear forces at medium energies
are quantitatively described by these quark-antiquark pairs — the mesons — as
virtual particles with a finite mass. In this picture, originally proposed in 1935
by Yukawa, the range of the strong interaction naturally comes in through the
uncertainty principle AE As > hic/2 ~ 100 MeV fm, where As = At/c. The
mass of the lightest meson, the pion, was thus predicted to be about 100 MeV /c?
from the range of the nucleon-nucleon force alone. Only in 1947, was the pion
observed, with a mass of about 140 MeV, and the nuclear forces were attributed
to it. Meson exchange is also the basis of the model calculations, which are
performed to describe reactions in “medium energy physics” such as the n and
w-production reactions at threshold.
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Figure 1.1: A few graphs illustrating meson production in NN collisions by the
exchange of isovector or isoscalar mesons. Initial and final state interactions
are not shown. Note that depending on the meson M in the final state or
the intermediate resonance N*, selection rules restrict the meson types to be
exchanged in the mesonic or resonance currents respectively.

In Fig. 1.1 several graphs illustrate how a meson is believed to be produced
in NN collisions via meson exchange. Shown are examples for mesonic and
nucleonic currents, where the final state meson is produced either in a vertex
with the exchange mesons or in the latter case via a nucleonic state. In the
rightmost sketch the final state meson is produced via a baryonic resonance.
For example the N(1535) S;; is believed to dominate for n production e.g. in
Refs. [2,3], whereas in the pp — ppw reaction e.g. the N(1710) P;; together
with the N(1700) D,3 are assumed to play significant roles in Ref. [4,5]. It
will be shown later, that the assumption of either pure isovector or isoscalar
meson exchange, like 7, p or o, w respectively?, alters the results significantly,

2The ¢ is a I = 0 resonance, which is either attributed to wm or fq states, or could be due
to uncorrelated two pion exchange.
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and thus gives a handle on the production mechanisms. Experimentally this
can be observed in the ratio of the pn to pp cross sections.

A general goal of the model calculations is to determine the coupling con-
stants for the vertices in such graphs. Especially pion induced reactions and
photon induced reactions (assuming vector dominance) are used to fix M N and
MM coupling constants. This knowledge can be used to compute the total
strength in NN collisions summing over all contributing graphs. However, the
interference of several exchange channels has to be taken into account. Fur-
thermore, initial (ISI) and final state interactions (FSI) play significant roles in
many model calculations®. Thus data from several reaction channels are neces-
sary to constrain the models. Especially the simultaneous knowledge of different
isospin channels in meson production are an essential input. In the following
an example illustrates how quantitative predictions can be made for the ratio
of experimental cross section, if simplifying assumptions are made.

The relation between different charge channels can be fixed by isospin factors,
if the exchange currents, the interferences, the ISI, and the FSI are assumed to
be identical for both channels. Consider the production of an isoscalar meson
M like the 5 or w in pp and pn collisions and the ratio of their cross sections.
The reactions pp — ppM and pn — dM are pure isospin channels with I = 1
and I = 0 respectively, whereas the reaction pn — pnM is a mixture of both.
Isospin considerations alone imply that the ratio of o;—g to ;-1 is 9 or 1 for pure
isovector or isoscalar exchange respectively*. However, this can not be directly
identified with the ratio Rq/p, := oot (pn — dM) /040t (pp — ppM) as the first
is a two-body final state including d formation, whereas the latter three-body
final state is convoluted with pp FSI. It is straightforward, though, to compute
the ratio

R

(1.1)

Otot (pn — pnM) 5 for isovector exchange, e.g. 7, p
pn/pp *=

oot (pp = ppM) |1 for isoscalar exchange, e.g. o, w

using (07=0/2 + 01=1/2)/01=1 being equal to (3 + 1) or (3 + 1) respectively.
As soon as this ratio is fixed, it is claimed that it is possible to extract as well
the ratio R4/p, in a rather model-independent way, by computing phase-space
and isospin and using the relation between bound and scattering state wave
functions [8].

Let us compare now these considerations with the available experimental
data. For n-production experimental total cross sections in all isospin con-
figurations are available, as shown in Fig. 1.2. Note, that the experimental
techniques to explore the pn-reactions in quasi free kinematics and its validity
will be described in the following section. The data from PINOT and SPESIII
at SATURNE [10,11], WASA at CELSIUS [12-15] and COSY11 [16] cover ex-
cess energies Q down to a few MeV. Moreover, there are results expected from
COSY11 [17] filling the gap at @ < 20MeV for pn — pnn. The excess energy
Q = /s — Y_my is the energy avaliable as kinetic energy in the final state of a

3There is a large variety of different approaches. An analytical approach keeping the
transition matrix fixed is presented in Ref. [6] and microscopic calculations including FSI are
shown e.g. in Refs. [7,8]. In the latter case the coupling of the NN FSI to the production
operator is vigorously discussed [9].

4In this case any differences in IST and FSIT are neglected. Tn App. A.4 the values are
derived from the transition amplitudes.
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reaction. It can be defined as the centre-of-mass energy /s minus the sum of
the masses of the particles in the final state my.
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Figure 1.2: A compilation of experimentally obtained total cross sections for
n-production [18]

From Fig. 1.2 the ratio R, /p, is deduced to be 6.5 in the n-case over a wide
range of excess energies, exceeding even the value of 5 from the naive estimation
for isovector exchange. Nevertheless, most of the effect is generally attributed
to the dominance of isovector exchange. The data on pn — dn [13] show an
enhancement compared to the pn-final state at low excess energies. This is
generally attributed to the two-body phase space and the reader is advised to
consult Refs. [2,3] for a survey of the field, as the details are clearly beyond the

scope of the current discussion.
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The reaction 7~ p — wN, measured almost 30 years ago [19-21] was a chal-
lenge to theoreticians for a very long time. At present only one group managed
to describe the energy dependence of these data [22,23]. Thus, the credibility of
the experimental data is vigorously disputed in Refs. [24-26]. The theoretical ex-
planation required a rather strong influence of a Pi1(1710) as well as D;3(1950)
already rather close to the production threshold. As most models assume pion
exchange to play the dominant role in the production amplitude [27], one should
expect both resonances to have significant influence also on the pn — dw cross
section. This would imply the population of higher w partial waves already at
rather low excess energy. Another question of high theoretical interest is the
wNN scattering length. A possibility to get a handle on the real part would be
through a study of the energy dependence of the reaction pn — dw for low
excess energies. In the 7 case an enhancement of the cross section was ob-
served [15] at excess energies below 10 MeV, which can be related to the nd
scattering length [28]. Both questions will not be solved within this work but
are to be addressed experimentally in the upcoming experiments at ANKE.

1.2 Spectator Model

The deuteron is a remark-
able nucleus, because of its
small binding energy =~ 2MeV.
Though the wave function of
the two nucleons is about @—,
95% in a relative s-wave, the
deuteron diameter is about 4 fm

[20]. This is in the very tail ®
of the nuclear force. At such
distances most of the reactions

on this nucleus take place on
one of the nucleons, whereas
the other remains largely undis-
turbed. Taking only energy
and momentum conservation
into account, certain conclu-
sions can already be drawn. If the target nucleus is at rest, the nucleon which
takes part in the reaction must carry the inverse momentum of the residual
“spectator” nucleon. Moreover, as this recoil nucleon can be observed, it must
be real and thus the struck nucleon is off its mass shell. It will be shown in
the following that at energies high enough to probe the constituent nucleons of
the deuteron, these simple kinematical considerations in fact are sufficient to
describe experimental data.

Figure 1.3: Naive sketch of a deuteron and an
impinging proton in the Spectator Model

The pn cross section in the deuteron is generally less than that in free pn
collisions due to the shadow effect [30]. Consider a geometrical arrangement
where the neutron inside the deuteron is hidden from the incident beam particles
by the proton. This situation would appear statistically and change the effective
luminosity for the the reaction on the neutron. It is estimated to decrease the
value by about 5% in the deuteron [31].
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1.2.1 Test of the Model

Even though the picture presented seems simplistic, several experiments have
shown that it can describe the situation at COSY energies quite well. In the
reaction pd — pppr— at TRIUMF [32] the spectator proton has been recon-
structed by fixing a pp-pair in a 'Sy state together with a pion. From the
tagged reaction pn — pp(1Sp)m~ the momentum of the spectator proton was
reconstructed as shown in Fig. 1.4(a). For comparison, results from Monte Carlo
simulations assuming the spectator model (solid line) and four body phase space
(dashed line) are added in Fig. 1.4(a). Another approach has been performed
at WASA /CELSIUS. n-production in pp — ppn has been measured both on a
hydrogen target and quasi free on a deuterium target [14] (see Fig. 1.4(b)).
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Figure 1.4: Two results showing the agreement of the spectator model predic-
tions with experimental results

Both results show a striking agreement with the naive model predictions.
The correspondence of the model to the experimental distribution up to spec-
tator momenta of about 150 MeV/c is observed in Fig. 1.4(a). In the case of
pn — dw it is generally assumed that the model holds for spectator momenta up
to about 200 MeV /c [34,35]. This value is of course strongly dependent on any
assumption on the final state interactions involved. Furthermore, Fig. 1.4(b)
illustrates for the pp — ppn channel that the observable aimed at, namely the
total cross section, is largely independent whether free or quasi free kinematics
are studied.

1.2.2 Experimental Applications

As neutrons are unstable particles, one approach is to perform experiments with
neutrons from heavy nuclei, like "Li [36,37]. However, it is difficult to disentangle
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the various contributions in such large nuclei. Neutrons from reactors are limited
in momentum and the tail to lower momenta prevents any precise determination
of reaction kinematics. Even for stripped deuteron beams [38] the intrinsic
momentum spread is typically about 7% FWHM. Studies on the weakly bound
neutron inside the deuteron hence present an attractive alternative approach.
The results discussed in the last section showed the feasibility of the ap-
proach assuming quasi-free kinematics. The Fermi motion of the nucleons of
course imposes a smearing of the experimental observables. On the other hand,
in the experiment this can even be used to scan a range of excess energies with a
single beam setting, if the resolution of the apparatus allows a kinematical recon-
struction of the momentum of the quasi-free nucleon. Two different approaches
to study pn-reactions in quasi-free kinematics are currently being employed:

Tagging by Kinematical Constraints has e.g. been used to obtain the
already mentioned 7-production cross sections measured at WASA in pn — dn
[13] and pn — pnn [14] (see Fig. 1.2). In order to identify the reaction channel
one has to determine all pn-reaction products. Alternatively, as was done in the
latter case, the kinematical variables must be determined to such a level that
the separation can be obtained using kinematical considerations on a statistical
basis. Nevertheless, the Fermi motion of the nucleons imposes a smearing of the
centre of mass energy /s in the pn system, which results in an uncertainty in
the excess energy @ for the production.

Neutron Tagging by Spectator Detection is a technique, where the kine-
matical variables of the pn-entrance channel can be determined directly.> Thus
not only /s is fixed but also the transverse momentum and off-shellness of the
neutron is, apart from rescattering®, fully determined by the measurement of
the spectator proton. The excess energy of a reaction channel can then be cal-
culated up to the intrinsic width of the produced particle. See App. A for a
more detailed discussion of the kinematics. Experimentally two approaches are
feasible and are being explored:

e Deuteron beams were used already in the 70s in bubble chamber exper-
iments [39]. Such a beam, in conjunction with a liquid hydrogen target, is
proposed for studying the np — ppr~ reaction at COSY-TOF [40]. Then
the spectator protons are boosted with half the beam momentum and can
be detected easily even with a rather thick target. However, only half
of the beam momentum is transfered to the pn-reaction, imposing limits
on the reactions possible at a given beam momentum. At COSY even 7
production is practically excluded with this technique. Furthermore, the
kinematical observables of the fast spectator proton relative to its labora-
tory momentum have to determined precisely. Additionally these protons
are emitted at angles very close to 0°.

e Another technique, introduced for the first time at PROMICE/WASA in
the reaction pn — dn°, is the detection of slow spectator protons from

5Tn general, the detection of a slow proton alone does not uniquely identify the reaction to
having taken place on the neutron, but almost any additional information helps to eliminate
quasi free reactions on the proton or coherent interactions with the deuteron.

6Experimental results shown before prove this effect to be small at psp < 200 MeV /c.
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a deuterium target with silicon detectors and proton beam [41]. The
same method is being applied to study pn — dM with M = w,n,7° at
ANKE [42,43] and for pn — pnn at COSY11 [17]. Furthermore, studies on
n'-production at COSY11 [44] and the mesons ¢, ad/ fo [45,46] at ANKE
are planned. However, the requirements for spectator tagging are the
use of a thin windowless target and the precise measurement of the slow
spectator protons, which is by no means trivial.

1.3 Measurement of the pn — dw Reaction

The latter technique is the one applied to study the reaction pn — dw at ANKE.
In order to do that the slow “spectator” proton (psp) from the pd — pspdw
reaction was detected with 70 < p < 200MeV/c in a telescope of three silicon
detectors close to the target. The coincident detection of the fast deuteron in
the ANKE forward system enables us to identify the reaction via the missing
mass technique. The spectator model is used to perform the transition into the
neutron system, which is moving with respect to the laboratory system. Due to
the acceptance of the silicon telescope, the kinematics is restricted to a certain
range and hence a range in excess energy () is defined. It is the goal of this work
to extract cross sections for certain () ranges. In order to do the normalisation,
the luminosity is determined simultaneously with the same set-up using elastic
pd — pd scattering.

As in the 1 case, measurements of the isospin channels of a certain reaction
shed light on the production mechanisms in NN collisions and thus severely
constrain any model calculation. In the case of w production only data for
pp — ppw have been published by SPESIII [47] and COSY-TOF [48]. The
other channels were expected to be enhanced in cross section compared to the
existing pp-data in a similar manner to the n-production. Thus, the experiment
on pn — dw was considered as an “ideal early experiment for the ANKE facility”
[49].

The results of the week of beam time in August 2001 have shown that these
estimates were in fact far too optimistic. In this thesis a detailed discussion
of the work done for the identification of the reaction and the analysis of the
data is presented. Previously unknown cross sections on the w-production in
pn — dw have been extracted at two excess energy ranges and lie well below
all current theoretical predictions. In the outlook, the goal to improve these
data already within 2003 will be discussed. Furthermore, other complementary
experiments will be outlined.



Chapter 2

Experimental Set-Up

The experiment has been performed at the magnetic spectrometer ANKE at the
COoler SYnchrotron COSY-Jilich. The detection systems used to study w pro-
duction in pn reactions are the silicon telescope and the ANKE forward system.
The telescope of three silicon detectors covers angles around 90° and serves two
purposes: firstly to tag reactions on the neutron by the detection of slow spec-
tator protons and secondly to perform an absolute luminosity determination.
With the ANKE Forward Detection System the tracking and momentum recon-
struction of fast ejectiles emitted at angles close to 0° is performed. Moreover
the separation of deuterons from a 100 times higher proton background is, in
particular, feasible due to the installation of inclined Cerenkov counters.

In this chapter, the technical aspects of the detectors are discussed, conclud-
ing with a description of the data acquisition and an overview of the experiment
performed in August 2001. The actual method to identify and measure a spec-
tator proton and a fast deuteron in w-production reactions is described in the
subsequent Chapters 3 and 4 respectively.

2.1 The ANKE Spectrometer at COSY-Jiilich

The Cooler Syncrotron COSY (see Fig. 2.1) at the Research-Centre Jiilich [50]
provides stochastically and electron-cooled proton and deuteron beams in a
momentum range from 300 MeV /c up to 3.65 GeV/c. The circulating beam can
be used for internal experiments (EDDA, COSY11, ANKE and PISA), with thin
gas or foil targets, or extracted to external experiments (TOF, MOMO/GEM
at BIG KARL, NESSI & JESSICA). Furthermore, polarised proton beams have
been provided for internal as well as external experiments.

The Apparatus for Nuclear and Kaon Ejectiles ANKE [51] is a magnetic
spectrometer placed at an internal target position of the storage ring COSY.
The overlap with the COSY beam is used for experiments on thin solid targets
or a jet target providing hydrogen or deuterium clusters with densities of about
10"atoms/cm? in an overlap region of about 1 cm3. An order of magnitude
higher luminosity is expected from a target in preparation yielding frozen pel-
lets with typical diameters of 50 um [52]. Furthermore a polarised gas target,
together with a storage cell of 40 cm length, will yield a similar beam target over-
lap as the cluster target with densities of about 10'3atoms/cm? [53]. After the
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commissioning of this set-up, double polarisation measurements will be feasible
at COSY. For this purpose a completely redesigned target chamber has already
been installed. This will also allow us to improve significantly the upcoming
studies on w-production in 2003, due to additional space for the placement of
silicon counters.

COSY-ring
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Figure 2.1: The Cooler Synchrotron COSY at the Forschungszentrum Jiilich

Si-telescope

Psp ANKE D2

D,-target

MWPC's 2
scintillator ~ et
hodoscope

Figure 2.2: Part of the ANKE set-up used for w-measurements: sketched are
the circulating COSY beam, the target chamber with the telescope for spectator
proton detection, the spectrometer dipole D2 and the forward detection system
used to track and identify fast deuterons.

The spectrometer is designed as a zero degree facility to study meson pro-
duction close to threshold. Charged ejectiles emitted at small forward angles
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can be traced through the magnetic field of the main spectrometer magnet D2
by the detection in one of the various sensitive elements of ANKE. The reader
is advised to consult Ref. [51] for an overview. The following description will
be limited to the components used for this specific analysis, namely the forward
detection system and the silicon telescope close to the target (see Fig. 2.2).

2.2 Silicon Telescope

As discussed before, it is necessary to detect protons of a few MeV kinetic energy
to study the pn — dM reactions. The set-up presented in this section provides
all the information needed and serves as a tool to determine simultaneously the
luminosity. Here, only the set-up will be described; the experimental results
will be discussed in Chap. 3 and 6.

1w

5mm 200-
strip detector

(g S— P O ||

300um 32-
strip detector
e
(8]
™
-
g c 60um surface-
©| © barrier detector
proton
beam

cluster target

Figure 2.3: Silicon telescope in the ANKE target chamber: shown is the COSY
beam, the cluster target and the telescope structure consisting of three silicon
detectors. A kinetic energy range for protons of 2.5—30 MeV is covered providing
identification and full momentum reconstruction.

To achieve tracking, energy determination and particle identification within
the boundary conditions of restricted space inside the vacuum chamber of
ANKE, a telescope structure of three layers of silicon detectors has been cho-
sen. For particle identification via the AE/E-method, the particle has to be
stopped after traversing a preceding detector and depositing part of its energy
in it. (See Chap. 3 for a detailed discussion.) A 5 mm thick lithium-drifted strip
detector [54] stops protons with up to 30 MeV kinetic energy (p, = 250 MeV/c).
In combination with a 300 um thick detector, protons with 7}, > 6 MeV can be
identified. In order to extend this range down to kinetic energies of 2 MeV —
note, that the Fermi distribution of the deuteron reaches its maximum value
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at T = 1MeV (p = 50MeV/c) — a 60 um thick surface barrier detector was
chosen as the first layer. The choice combines small stopping power, thus a
low threshold for protons, with energy deposits sufficient to distinguish protons
from deuterons in view of the resolution decreasing with thickness!. A 18 ym
thick detector has been tested, but was not used due to its resolution of 130keV
FWHM comparable to the band separation of 150keV [55].

The set-up shown in a top view in Fig. 2.3 has been positioned such, that
in the horizontal plane, angles from 83 to 104° are covered (See Fig. B.1 in
App. B.1 for precise dimensions). In the vertical direction +10° and +7° are
covered for the second and third layers respectively. We will see in Chap. 6,
that the coverage of the forward angles allows us to determine the luminosity
simultaneously to the w-measurement. However, to determine the kinematics of
the neutron, and thus the excess energy in the pn-reaction, not only the energy
of the recoil proton is required but also its polar angle. We will see in Chap. 7
that the missing mass determination is much more sensitive to a variation in
the polar angle than in the energy of the recoil proton. The second and third
layers are composed of strips arranged perpendicular to the beam such that an
angular resolution of 0.4° can be obtained in the horizontal plane neglecting
angular straggling?. For particles stopped in the second layer, neglecting a
small background not originating at the target, the finite target size leads to a
determination of this angle within £5°.

The first generation telescope, in use initially in September 1999, has since
seen only two small modifications. The first detector, originally only 18 yum
thick, was replaced by a larger 60 um thick surface barrier detector. Secondly
two weak a-sources (50 and 500 Bq) were mounted in order to monitor contin-
uously the calibration of the 300 yum and the 5mm thick detectors. The count
rates are chosen such, that within two hours (typical time for a run) for each
read-out channel, more than 300 events are collected yielding clean peaks on
the experimental distributions.

| 1% layer 29 layer 34 layer
sensitive thickness | 60.9 ym 300 pm 5.1mm
active area | 450mm? 32 x 15mm? 46.8 x 23 mm?
segmentation none 32 4 x 50
pitch — 1mm 235 pm

Table 2.1: Basic properties of the detectors used in the ANKE experiment in
August 2001: the first layer is circular and not segmented whereas, for the other
layers, the number of strips and their width — the so called “pitch” — is given.

The basic features of the detectors used are listed in Table 2.1 and a more
detailed description can be found in Appendix B.2. The surface barrier detector
and all 32 strips of the 300 um detector are read out individually. The 5mm
thick detector is read out in four divisions of 50 strips connected by a resistor
chain. Please refer to App. B.3 for more details on the read-out.

LOscillations and noise increase with capacitance, being itself proportional to the area of
the detector and inversely proportional to its thickness.
2The contribution from angular straggling will be discussed in Chap. 3
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2.3 Forward Detection System

The forward detection system [56,57] consists of three multi-wire proportional
chambers (MWPCs) for tracking, a scintillator hodoscope with two planes, and
inclined Cerenkov Counters for particle identification. The subsequent arrange-
ment behind the forward exit window of the main spectrometer magnet D2 al-
lows one to detect nearly all the charged particles exiting through this window.
In the following the components and their operation are described, whereas all
the data analysis is described in Chap. 4 on page 25 et seq.

Multi-Wire Proportional Chambers (MWPCs)

Each of the three wire chambers [58] comprises two sensitive planes, which are
rotated by 90° with respect to each other, but are identical in design. Each
plane consists of 300 to 400 signal wires of 30 um thickness with 1 mm spacing
and a gap of 1.5mm to the cathode plane. A dielectric foil of 100 um on the
opposite side separates wires from cathode strips. These strips, which are also
read out by the data acquisition, have a pitch of 3.5mm and are inclined by
18° with respect to the wires. The basic principle is sketched in Fig. 2.4 and a
detailed description can be found in Ref. [56].

frame
cathode
Lemm - wires 3 = &
7N — = -
e e 0 0 o ® ©
dielectric foil |
cathode strips

Figure 2.4: Sketch of the arrangement in one sensitive plane of the MWPCs.
Shown is a cut through a plane and a schematic top view of the by 18° inclined
arrangement of anode wires and cathode strips.

The analysis of the so called X (vertical wires providing the X-coordinate)
and Y-plane (horizontal wires) enables the reconstruction of a point in space
with a resolution of approximately 1 mm on a single event basis. Moreover the
additional information from the inclined strips provides another less sensitive
criterion to determine the coordinate. This is applied for efficiency determina-
tion in Sec. 5.3. In this case a track is formed with the information of three
sensitive planes only. The actual cluster analysis leading to a full track recon-
struction is discussed in Sec. 4.1.

Scintillator Hodoscope

Two sets of 8 and 9 vertical scintillators are arranged in two layers respectively.
Their width decreases from 80 to 40 mm to account for the increase in count
rates close to the beam pipe. The timing and amplitude signals are read out via
photomultipliers placed on both ends of each scintillator; and a hardware mean
timer is used to form the trigger for the data acquisition [59]. The obtained
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individual amplitudes have been calibrated to provide the energy loss per cen-
timetre and this information can be used for particle identification, as described
in Sec. 4.2.2.

Inclined Cerenkov Counters

The deuterons from pn — dw with momenta around 2 GeV /¢ are accompanied
by a two-orders-of-magnitude higher proton background in the same momentum
range. In order to distinguish between these two types of particles, inclined
Cerenkov counters [57] have been installed behind the hodoscope. They enable
us to suppress the proton contribution such that an identification by the energy
loss in the hodoscope counters becomes feasible. The light yield in the Cerenkov
material is a function of the particle velocity 8. Together with the reconstructed
momentum in the magnetic field a criterion for identity of the particle can be
obtained.®> Above 1.7 GeV/c, protons as well as deuterons produce Cerenkov
light. Nevertheless the opening angle of the Cerenkov light cone is very sensitive
to the velocity of the particle (see Fig. 2.5(b)). This fact can be exploited for
particle identification using the counters as threshold detectors.

Consider the detector response to a proton and a deuteron with the same
momentum, as illustrated in Fig. 2.5(a). Since the proton is faster, its Cerenkov
light cone has a larger opening angle. The inclination angle of the panel can then
be adjusted such that part of the light cone of the proton is totally reflected
at its back surface and reaches finally the photomultiplier at the end of the
counter. On the other hand all the light produced by the deuteron leaves the
counter as the counters are wrapped in non-reflecting foil.

signal 507 ~——experimental range——
total reflection, 0° inclinatijon i
404 ‘
(%] o
§ 10° inclination
= —30-
> ; proton cone i
g 20+ |
c
g deuteron cone
R ) ]
scintillation 10
hodoscope
0 ‘ ‘
o 0.9 1.3 1.7 2.1 2.5
signal p [GeVic]
(a) Schematic side view (b) Opening angle of the Cerenkov-light cones for
of the hodoscope and protons and deuterons including smearing due to
Cerenkov counters the angular distribution of the particles

Figure 2.5: Side view of the forward set-up (partially), illustrating the detection
principle of the Cerenkov counters and the opening angles of the light cones for
protons and deuterons over the experimental momentum range of interest.

3The reconstruction is in principle sensitive only to the rigidity, but particles having more
than one elementary charge are easily distinguished by their energy losses.
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The adjustment for this angle between +15° to —5°, was obtained from
Fig. 2.5(b) and cross-checked experimentally. Here the opening angle of the
Cerenkov-light cones of protons and deuterons versus their momenta are plot-
ted as bands. The width of the bands stems from the vertical angle distribution
of the particles in the region of the counters (0 — 3°). Furthermore, the ex-
perimental momentum range in which deuterons have to be identified and the
total reflection angle with and without inclination are indicated. From these
considerations and experimental studies an angle of —10° was chosen to achieve
a high proton suppression without significant losses of deuterons. Though the
deuteron cone already exceeds the total reflection angle in the high momentum
range, no significant signal from these particles was observed. This can be un-
derstood qualitatively due to the amplitude dependence on the fraction of the
cone reflected into the photo-multiplier.

2.4 Trigger and Data Acquisition

The main trigger for the experiment is a coincidence of the forward hodoscope
and the second layer of the silicon telescope. In order to achieve this, an OR
of the mean timer signals of all forward hodoscope counters has been prepared.
Additionally, an OR of the 32 individually discriminated amplifier signals from
the 300 pm thick strip detector is used. The thresholds have been set at a level,
that corresponds to below 300keV energy deposit in this second layer of the
telescope. In parallel the trigger from the silicon telescope alone has been used,
pre-scaled by a factor of 999, such that the dead time of the data acquisition
was not significantly increased. This trigger is useful for recording data with the
online calibration sources of the set-up and as a cross check for the operation of
the system, e.g. to check the trigger efficiency as discussed in Chap. 5.

| trigger read out  mean rate [1/s]
1 | telescope & forward all detectors 2000
2 telescope/999 all detectors 15
3 parasitic tests all detectors 10
4 10Hz scalers 10

Table 2.2: Trigger setting during the data taking for the beam time in August
2001: the coincidence of the telescope and forward T1 has been used as the
main trigger.

In Table 2.2 the settings are summarised, showing also that for each trigger
(except trigger #4) all sub-systems of ANKE have been read out. Clearly,
this includes the full forward system and the silicon telescope. Moreover, the
detection systems of the positive side and negative side have been included in
the readout to have access to charged pion detection, efficiency determination
and further cross-checks. Trigger number 4 is used to read out the scalers
periodically (ten times per second). Furthermore typical rates obtained during
the beam time are included.

By the use of single board PCs, connected via a synchronisation bus, one
achieves read-out times of about 100 us. This is due to the fact that the data are
labelled event-by-event but transferred as separate clusters of one sub-system to
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the central data acquisition and written to DLT tape. Only thereafter, dedicated
software disentangles the sub-events and combines them to a full event [60]. For
the online analysis, part of the events can be distributed to several streams in
order to run several analysis programs simultaneously.

2.5 Data Taking in August 2001

The above described set-up has been used to study w production during cal-
endar week 33 (August 11*" to 19t") in 2001. The machine development week
before (week 32) had already been used to develop the beam for our purposes.
Furthermore detectors and electronics were checked and adjusted during this
phase. The nights of this machine week could be used to collect statistics with
a hydrogen target and two beam momenta: 1.219 and 2.806 GeV/c. The data
were taken with the trigger set as a coincidence of the two layers of the forward
hodoscope and an additional signal from the fast trigger chamber. This allowed
off-line alignment of the exact MWPC geometry, calibration of the hodoscope,
and efficiency calibration of the inclined Cerenkov counters.

For the following production runs the cluster-jet target was operated with
deuterium and four different proton beam momenta listed in Table 2.3 were used
to gather statistics in the reaction pd — ps,dX below and above the threshold
for w production. As we will see later, only the full set of data enables us
to disentangle the w signal from the large multi-pion background. The excess
energy ranges (FWHM) for pn — dw production are shown for the two spectator
energy ranges SP1: 2.6 < T, < 4.4 and SP2: 8 < T}, < 22MeV, which will be
introduced in the next chapter.

The data taking was performed with 2 to 4 x 10'° protons in the COSY ring
with typical luminosities of 5 x 103° /(cm?s) (see Table C.1 on page 99 for a run
by run listing). Coincidence trigger rates were on average about 2000/s, where
the individual rates were about 60 x 103/s for the forward hodoscope and about
15x 103 /s for the silicon telescope (see Fig. C.1 on page 101 for the development
over the beam time).

Pbeam [GeV/c] 1.219 2.600 2.700 2.807 2.900
OANKE [o] 7.3 7.3 7.3 7.3 7.0
Bmax [T] 0.6679  1.4454 1.5050 1.5701 1.5548
D2 position [mm] | 255.5 255.5 255.5 255.5 247.0
Q5P [MeV] —  -58t0-22 -23to+13 +8to +44 +42to +78
Q52 [MeV] —  -87to-27 -55to+5 -22to +38 +13to +73
L [1/pb] 0.93 0.49 0.97 0.49

Table 2.3: Beam time in August 2001: Beam momenta ppeam, experimental
settings, resulting excess energy range for pn — dw for the low Q5F! and high
energy spectator protons @Q5F2 (see Chap. 3 on page 19) and the integrated
luminosity £ recorded are shown.

In Table 2.3 several important features are listed for all beam momenta.
ANKE was used in the so called “Kaon Mode”, where the main spectrometer
magnet D2 is shifted by 24.6 mm to the outer side of the ring fixing simultane-
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ously the target in its nominal position for a given deflection angle aankr (see
Ref. [51] for a closer description). Thus the forward detection systems get closer
to the beam covering a larger acceptance for ejectiles emitted at small angles.
The maximum magnetic field Bmax in the D2-magnet is given. Integrated lumi-
nosities L of &~ 1/pb and = 0.5/pb were recorded for the two lower and upper
beam momenta respectively.
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Chapter 3

Spectator Proton Detection

The silicon telescope described in Sec. 2.2 is capable of detecting slow charged
particles in three layers of silicon. The present aim is to identify protons and to
determine their kinetic energy and azimuthal angle in an energy range from 2.5
to 30 MeV. Thus, within the spectator model, the proton-neutron reaction can
be tagged and all the kinematical variables of the neutron in the initial state
can be fixed. Consequently, the centre-of-mass energy is also defined event by
event for the pn system.

Due to the requirement of particle identification, the natural subdivision is
into two groups, namely particles stopped in the second layer and those which
penetrated this layer and have been stopped in the last layer. The second
subdivision is into protons and deuterons selected by the AE/E-method. For
these events the polar angle at the target can be reconstructed using magnetic
field corrections. For the particles stopped in the second layer one has to assume
their origin to be at the centre of the beam-target overlap region, whereas for
the ones stopped in the last layer the coordinate along the beam axis can be
reconstructed.

3.1 Energy Calibration

For each readout channel the amplitudes were calibrated individually. In order
to do this an « source was used in combination with an electronic pulser de-
signed to deliver precise attenuation factors. Thus the exact input-to-amplitude
dependence of the whole electronic chain can be determined in the laboratory.
Taken together with the known energy deposit from the a particles, an absolute
calibration is obtained in the laboratory. For example in Fig. 3.1(a) the am-
plitude spectrum(a) obtained with 5 different attenuation settings of the pulser
(narrow peaks) and the a energy is shown. However, the amplitudes may well
change for the measurement in the COSY-ring. As the system was found to be
linear, within 1% accuracy, a first order polynomial was fitted and the pulser
was calibrated in terms of energy loss. After the installation of the set-up inside
the accelerator ring, the calibrated pulser! can be used at any time to perform
an in situ calibration. Furthermore, two permanently mounted a-sources could
be used to obtain an independent absolute calibration and hence to check the

L Attenuations in the cables have been measured and were found to be negligible.
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calibration. As an example, the upper and lower distributions in Fig. 3.1(b)
show the energy loss in the second layer for particles emitted at forward and
backward angles respectively. As the detector response was required for the
trigger, the events from the mounted on-line o source were recorded together
with particles from the target. Sharp a peaks reproducing the tabulated energy
of 5.48 MeV within < 1% are visible on broad distributions from protons and
deuterons. The upper edge of these distributions reflect the stopping power for
protons and deuterons in this layer. Including energy straggling this corresponds
to approximately 6 and 8 MeV, respectively.

N a-source
Ar o peak T=5.48MeV

/ 1000-
proton limit
BOOLI‘M (6.08+/-0.7) MeV
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(a) Pulser and « lines (b) On-line check of the calibration

Figure 3.1: Calibration of the 300 pm thick second detector. The pulser signals
and a peak position allow an absolute calibration (a), which can be checked
by the permanently mounted « source (narrow peaks in (b)) and the stopping
power for protons and deuterons in the upper and lower curve at respectively
forward and backward angles.
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3.2 Hit Selection

10°F
Given the segmentation in one coordi- 7
nate only for the second and third layers,
no multiple-track analysis can be per- N |
formed in the set-up. Thus events with
a signal in several segments of one de-
tector had to be rejected. As a com-
promise between having a small fraction
rejected and a low threshold in energy
deposit, a software threshold was set in -
the segmented second and third layer de- I i -
tectors. Using the calibrated energy de- o
posit a common threshold of 600 keV has I i
been set for the 32 channels of the sec- i i
ond layer. Nevertheless in 6% of the '
events, a signal has been obtained from 4
more than one strip. These we call mul-
tiple hits. Possible reasons for this are
charge splitting, the presence of several
tracks through the detector, or noise. I

single hits

fffff

As the sources cannot be reliably distin- 1 T s T s 0 i

guished, these events have been dropped position in 2" layer [mm]

from the later analysis. From the largely

unchanged shape of distributions of sin- Figure 3.2: Spatial event distribution

gle and multiple hits (see e.g. Fig. 3.2), in the second layer of the silicon tele-

one concludes that the loss in events can scope for a single (sohd) and several

be overall corrected. signals (dashed line) in the 2"¢ layer.
In the 5 mm-thick last detector, with

its resistor-chain readout (see App. B.3.2), the hardware threshold was already

high enough to reduce the amount of multiple hits to a level of about 1%.

Therefore, after checking also here the distributions, no additional threshold

was set. For both detectors the ratio of multiple to single hits has been recorded

for each run to be used as a correction factor (see Sec. 5.2).

3.3 Particle Identification and Energy
Determination

The energy range of the set-up is naturally divided into two subsets. Protons
with kinetic energies between 2.3 and 6.7 MeV traverse the 60 um thick surface
barrier detector and are stopped in the second layer. However, protons penetrat-
ing the 300 um detector and being stopped in the 5 mm thick last detector, cover
energies up to 31 MeV (250 MeV/c). Nevertheless, the identification of protons
by the AE/E-method is spoiled below that upper limit, because the band from
deuterons traversing the corresponding detector overlaps the band from stopped
protons (see overlap region of the particle bands in Fig. 3.3). Furthermore, the
finite energy resolution does not allow a distinction from not-stopped protons
even slightly above this limit.
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Figure 3.3: Particle identification by plotting energy deposits in two detectors of
the telescope versus each other: Boxes correspond to experimental data. Lines
are Monte-Carlo simulations [61] for energy losses of protons and deuterons in
silicon.
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Figure 3.4: Slices of the AE/E spectra in Fig. 3.3 obtained by applying a narrow
AE-cut in another layer show the separation of the proton and deuteron bands
in the three layers (solid distributions). The dashed distributions are obtained
after rejecting elastic events by the forward system. For the first layer a fit of
two Gaussians (dotted) plus a straight line (dashed) is drawn as a solid curve.
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The observed agreement of the simulations and experimental data in Fig. 3.3
can be described more quantitatively by comparing the experimental mean en-
ergy losses with simulations. Monte Carlo simulations [61] (curves in Fig. 3.3)
and the experimental data coincide within 1%. Thus the systematic error of the
absolute kinetic energy determination can be estimated to be below 1%.

A clear separation of protons and deuterons for the high energy range can
already be observed in Fig. 3.3(b). For the lower momenta in Fig. 3.3(a), the
separation is poorer, due to a combination of worse resolution and smaller energy
losses in the 60 pm thick first layer. Slices of the distributions for each layer are
plotted in Fig. 3.4. Note that, using slices, the obtained resolution is worsened
by the change of energy loss within the slices. Nevertheless, due to rather narrow
cuts, this effect is small. For simplicity the peaks are approximated by Gaussian
distributions. The experimental resolutions are deduced to be 150keV, 100 keV
and approximately 700keV for the first, second and third layers, respectively.
The distinction between protons and deuterons depends on the ratio of the band
separation (0.6, 2.7 and 11 MeV respectively) to the resolution. A 2¢ separation
for protons and deuterons is deduced in the first layer. In the second and third
layers the separation is well above 50. By the selection of inelastic particles in
the forward detection system (see following Chap. 4) the deuteron contribution
decreases dramatically, as indicated by the dashed distributions in Fig. 3.4.

3.4 Tracking

The 300 um and 5mm thick detectors have strips perpendicular to the beam
direction on one side, whereas the 60 um has no spatial resolution. Thus the
angular resolution, neglecting angular straggling, is in principle about 0.4° in
the horizontal plane, but this value can only be reached for very fast particles.
For protons stopped in the set-up, straggling in fact dominates the resolution.
For T, > 8 MeV it is found to be between 1 and 3° . This value was obtained
in a dedicated experiment using beam protons at the Tandem accelerator at
the Institute of Nuclear Physics of the University of Cologne. In Fig. 3.5 the
experimental results (points with error bars) and the calculation of small angle
scattering (lines) are compared. Please refer to Ref. [55] for the details of the
measurements and calculations.

For low energy protons (T, < 6 MeV) only a single position information is
obtained, namely the strip number in the second layer. Thus the experimentally
determined centre of the target was assumed as being the point of origin for these
particles. Given the target length, the uncertainty in the angular determination
is £5°2. This results in a background contribution not originating from the
target of the order of a few per cent. Similarly the vertical angle is determined
only by target and detector sizes. Within the range of ~ £10° the latter angle
corresponds to the azimuthal angle acceptance, whereas the horizontal angle
can be approximated well by the polar angle.

Magnetic field corrections have been introduced to compensate for the cur-
vature of the particle tracks in the magnetic field. The field values in the target
region where the telescope is situated are, with B 5 0.1 T, much smaller than
the maximum values in the spectrometer B = 1.6 T. Nevertheless, due to the
low momenta (70 to 200 MeV/c) of the spectator protons detected, a significant

2In this case angular straggling is a minor contribution.
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deflection had to be corrected for. A function relating the kinetic energy of
the protons to an angular shift has been included (see App. B.1). The correc-
tions from 0.6 to 1.8° from the straight line approach have been obtained using
Monte Carlo simulations [62]. In Table 3.1 the two energy (i.e. momentum)

ranges which have been selected to identify protons with the deduced angular
resolution ¢ (6) are shown.

combination | 1%t & 2nd 2nd & grd
Tp-range | 2.6 — 4.4MeV 8 — 22MeV
pp-range | 70 —91MeV/c 123 - 204MeV/c
o(0sp) ~ 5° <3°

Table 3.1: Ranges of detection and angular resolution in the silicon telescope

in 300um Si

o(0) [degree]

} in 18um Si
T I i
0 1 1 1 1 1 1 1 1 1
2 6 10 14 18
T, [MeV]

Figure 3.5: Angular straggling in 18 ym and 300 ym silicon measured at the
Tandem accelerator in Cologne (points with error-bars) and multiple scattering
calculations (solid and dashed lines respectively).



Chapter 4

Fast Deuteron Detection

In addition to the spectator protons, fast deuterons have also to be detected at
forward scattering angles in order to identify the reaction pd — pspdw. However,
a huge number of charged particles are scattered through small angles into the
acceptance of the forward detection system. With a deuterium target and a
proton beam, most charged projectiles are elastically and quasi-free scattered
protons. Furthermore, protons and pions from deuteron break-up reactions are
strongly represented. The first goal of the analysis discussed here is to extract
the deuteron contribution, which is two orders of magnitude smaller. Their
momenta and angles at the interaction point have also to be determined.

The latter point is discussed first in this chapter, since the tracking is the
basis for all further selections. A dedicated single cluster analysis has been cho-
sen to obtain unambiguous information from the wire chambers. The tracking
method implemented [63] allows us to suppress scattered background and to
determine all the kinematic variables. Cross checks with known reaction kine-
matics and independently determined angles using coincident elastic deuterons
in the silicon telescope show good agreement.

Subsequently the reconstructed tracks and momenta can be used for a dedi-
cated analysis of the Cerenkov and hodoscope responses. As a result, deuterons
in the momentum range from 1.5 GeV/c to 2.4GeV/c can be identified on a
single event basis with a residual background smaller than 10%.

4.1 Tracking and Momentum Reconstruction

A dedicated analysis using the whole information from the forward system to
reconstruct tracks through ANKE has been developed by S. Dymov [63]. In
this section the basic steps are sketched but the special selections applied for the
data analysis from the beam time in August 2001 are described in detail. These
considerations are made in view of electronic oscillations and an extremely low
and inhomogeneous wire chamber efficiencies, whose determination is described
in the following section.
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4.1.1 Cluster Analysis

As described in Sec. 2.3, the two multi-wire proportional chambers (MWPCs),
consisting of two sensitive wire planes each, provide information of responding
wires and strips for each event. Due to resolution, the wire information alone is
used for the data analysis. Thus a track is defined by two X and Y coordinates
and is not over-constrained. In this case any additional signal from another
particle or from oscillations leads to ambiguities. A procedure to obtain a se-
lection of track candidates from up to 9 clusters per plane has been developed
and used in deuteron break-up experiments at ANKE [64]. This so called “mul-
tiple cluster analysis” is indispensable for the analysis of multi-track events in
reactions such as pd — ppn or pp — drt. In our case, however, only events
with a single track in the forward system were analysed. We could simplify thus
the situation considerably by allowing only one cluster per plane. As we will
see in the following, this reduces systematic effects considerably and the loss of
statistics is below 20%.

Only events were considered in which a single cluster of only one or at
most two wires width was obtained in each of the two X and two Y planes.
This allows us to reconstruct a track without ambiguities and will be called
“single-cluster analysis”. A drawback of this approach is, of course, the loss in
statistics. Nevertheless only 10 to 20% of the data, which had been accepted
using the multiple-cluster approach, had to be rejected'. Moreover the following
advantages of the single-cluster analysis in comparison to the analysis of all
events have been found:

o The efficiency determination of the tracking relies on the assumption that
it is the product of all individual plane efficiencies. As will be described in
Sec. 5.3, the systematic uncertainty in the efficiency determination for the
whole tracking method is strongly reduced by the single cluster selection.

e Experimental distributions of physical observables are smooth and cor-
respond to their expected shape. For example the unphysical structures
above the elastic peak in the momentum distribution vanish and the inte-
gral tail is suppressed by more than an order of magnitude (from originally
1.8% to 0.16% of the entries in the elastic peak, as shown in Fig. 4.1).

e The anticoincidence required with the signal from the Cerenkov counters
is very likely to enhance the known 1 to 2% contribution of artefacts in
the multiple-cluster analysis even further. This is due to the fact that any
track reconstructed with a certain momentum inside the counter borders,
but missing in reality the counter or being of lower momentum, is identified
as a deuteron candidate. (Please refer to Sec. 4.2 for a description of the
method.)?2

IThe loss is about 10% and 20% for the first and second part of the beam time respectively,
due to the changing MWPC efficiency (This division will be discussed in Sec. 5.3)

2This is, in fact, consistent with a statistical evaluation, giving a hint on a contamination
with 10 to 20% artefacts after applying 92% Cerenkov proton suppression in the multiple-
cluster analysis.
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Figure 4.1: Reconstructed momentum distribution for 2.7 GeV/c: In the upper
histogram up to 9 clusters per plane were considered for tracking, whereas the
lower line shows the distribution for single cluster events selected in every plane.

4.1.2 Track Reconstruction

With the two points determined from the MWPC information described above,
a straight line is defined. Using polynomials this line can be traced through the
magnetic field to the known target position. The polynomial method used is
described in Ref. [65,66] and has been implemented at ANKE and tested by S.
Dymov [63]. Thus, the following description is very brief.

The polynomial approach comprises reasonable computing time and accu-
racy in reconstruction. The information gathered from the wire chambers is
used to obtain parameters for a straight line (e.g. @¢,d2). The bending of the
track in the magnetic field from the spectrometer is approximated by a third
order polynomial. In order to obtain a relation between the straight line param-
eters and the initial three momentum of the particle at the target, the ANKE
system has been implemented in Monte Carlo simulations [62]. The parame-
ters describing this relation have been determined individually for every beam
momentum and ANKE setting.

Two major assumptions have to be made. The first is that the starting point
of the particle is indeed the target position. Several studies have been made on
background not originating at the target or being scattered by large angles on
their way [63]. Geometrical cuts on the scintillators and the exit window of the
D2-vacuum chamber to exclude background tracks have been included in the
analysis. The limits are set such that the acceptance for direct tracks is not
reduced. It is estimated that the remaining background contribution is below
1% [63]. The second assumption is that, within the experimental uncertainties,
one can describe the track of a particle through the chambers as a straight
line. The chambers are positioned in a region where the stray field of the
magnet is still significant. Nevertheless the parametrisation takes this effect into
account at least up to first order. This is due to the fact that the parameters
are determined with simulations including the stray field. Further tests with
different reconstruction methods show agreement within a maximum deviation
of 0.2% [63].
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Figure 4.2: Polar angle versus momentum at p, = 1.1 GeV/c for a Hy-target [67].
The borders of the distribution are determined by the acceptance of the system.
Shown as curves are the kinematics for pp-elastic scattering and pp — dnt (see
text).

Comparing the experimental data with kinematics from expected contribut-
ing reactions, one finds good agreement. In Fig. 4.2 the experimental distribu-
tion of the polar angle versus the momentum using a hydrogen target is plotted
at a beam momentum of 1.1 GeV/c. Within the acceptance of the system one
clearly observes the bands from pp-elastic scattering and pp — drt without
applying any further cuts.

A completely independent check of the reconstruction can be carried out
using the detection of deuterons in the silicon telescope. This allows us to
check the reconstructed polar angle in the forward system in a restricted area.
The principle is as follows. The kinematics in elastic two-body reactions is
fully determined if one detects just one of the particles. In our case, beam
protons are elastically and coherently scattered on a deuteron from the D-
target. pd — pd is unambiguously tagged by selecting deuterons with kinetic
energies above 8 MeV at 2.6 < Pheam < 2.9 GeV/c in the silicon telescope.
This is due to the fact that particles have to emerge from the target with
angles larger than 80° to be detected in the silicon telescope. There is no other
reaction providing deuterons in this angular range. This fact will also be used
for luminosity determination (see Chap. 6). The measurement of the energy of
these deuterons (8 < Ty < 35MeV) with a 1% accuracy (see Sec. 3.3) yields
an angular accuracy for the coincident protons in the forward system of about
0.03°, which is comparable with the contribution from angular straggling in the
exit window of the spectrometer magnet D2. Comparing the experimental result
with the kinematical calculation in Fig. 4.3 for a beam momentum of 2.7 GeV /c,
agreement within a few tenths of a degree is found. Note that the statistics in
the part with large deviation is small and the events are perhaps only accepted
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due to re-scattering. Nevertheless this approach cannot be used for an overall
calibration of the forward system, as the coincident protons only cover a narrow
band (vertically a few centimetres) and include horizontally only the half of the
chamber close to the beam pipe.
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Figure 4.3: Polar angle reconstructed from the forward information alone versus
the kinetic energy of elastically scattered deuterons identified by the silicon
telescope alone (logarithmic scale in number of entries). The line indicates the
result from kinematics for pd-elastic scattering (calculation in App. A.2).

4.2 Identification of Fast Deuterons

Using the knowledge of the track and momentum for each event, selection cri-
teria can now be defined to identify deuterons with momenta of about 2 GeV/c.
The first criterion is the Cerenkov counter response. A momentum-dependent
threshold is used for each counter to match the proton suppression factors within
the momentum range of interest [68]. Secondly, the energy losses in the two lay-
ers of the hodoscope provide two independent distinction criteria.

4.2.1 Cerenkov Proton Suppression

As discussed in Sec. 2.3 on page 13, the response of the inclined Cerenkov coun-
ters is f-dependent and thus particles with the same momentum but different
mass and hence velocity can be distinguished from each other. Unfortunately for
the selection of deuterons, this is not an active criterion but an anti-coincidence
with a signal in the counter (which is believed to be passed by the particle).
Thus it is clear that any inefficiency or assumption that the particle crossed the
counter, where in fact it did not, will lead to a misinterpretation of the particle
as a deuteron candidate. Moreover, due to the small Cerenkov light yield and
high noise level, the peak from protons is not well separated from the noise. In
Fig. 4.4 the amplitude spectra for protons with momenta around 1.1, 1.7 and
2.8 GeV/c are plotted as dotted, solid and dashed line respectively. The first
one corresponds in 3 to deuterons with 2.2 GeV/c. Thus the amplitude distri-
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bution can be taken as an approximation for the response of deuterons with
this momentum. The latter two distributions show how the amplitudes evolve
with particle momentum. As we want to distinguish deuterons from protons in
the momentum range from 1.5 to 2.4 GeV /c, a fixed cut level would result in a
momentum dependent p suppression efficiency.

B deuteron
equivalent
100 _protons
") p, =11 GeVic
g protons
S i p, =1.7 GeV/c
S,
protons
p, =2.8 GeV/c

0
0

100 200
amplitude [channels]

Figure 4.4: Amplitude distributions in a Cerenkov counter depending on the
incident proton momenta. Assuming a pure 3 dependence this can be used to
simulate also the response from deuterons.

The strategy of the analysis is as follows: After selecting cleanly recon-
structed tracks by the single cluster method (see Sec. 4.1.1) the counter which
was crossed by the track is selected. In order to achieve this, a track passing the
counter not closer than 5mm to the counter horizontal borders was required.
In the vertical direction even 2cm were required, because of the counter incli-
nation. These geometrical cuts have been checked using tracks, which provided
a signal in the counters.

A calibration was done by selecting protons from data obtained at two beam
momenta (1.219 and 2.806 GeV respectively) with a hydrogen target [63,69].
The small deuteron contribution can easily be suppressed by setting a restrictive
upper limit for energy losses in the hodoscope. The protons can be used over a
large momentum range to determine the detection efficiency. In the setting used
to select deuterons, namely an anti-coincidence, this value corresponds to the
proton suppression efficiency and is plotted in Fig. 4.5 versus the reconstructed
momentum for a fixed threshold. Assuming the Cerenkov response to depend
only on f3, it is possible to simulate deuterons using protons with lower momenta.
This can be extended to the consideration of opening angles (Fig. 2.5(b) on
page 14 in Sec. 2.3) without changes. In Fig. 4.5 this region is shaded, as well
as the momentum region in which protons have to be suppressed.



4.2 Identification of Fast Deuterons

31

11—
At
= - A
p-suppression T +++_|.|_.|++H-++++'|'H
efficiency Theam= 2GeV
L . Ft,'_++t
+ +
08— _:++
L - §
> | -+
o -4
s | f
Q0 F
Qo6— K
5 | #
g L
5 | Toeam= 1GeV
L .
© 04 resulting
T | R d-inefficiency -
L 1__.,:::..——..#
02— -
i Tyean= 500M
H bean™ S00MeV corresponding d-range of
L p-momenta interest
oL T R
0 05 1 15 2 25
proton momentum  [GeV/c]

Figure 4.5: Detection efficiency for selected protons over a large momentum
range with a fixed threshold [69]. Shaded areas are the corresponding momen-
tum ranges for deuterons and protons (see text).

The detection efficiency in Fig. 4.5 varies strongly with momentum. In the
momentum range from 1.5 to 2.4 GeV/c, which has been covered by deuterons
from the pn — dw reaction and thus selected, the proton efficiency changes from
85% at 1.5GeV/c to about 95% at 2.4 GeV/c. Thus, the proton background,
after a selection of deuterons with this threshold level, would differ by a factor
of three depending on the momentum. Clearly this would lead to a major
distortion of all distributions. In order to avoid this, the detection efficiency
versus threshold has been calibrated for every 50 MeV/c bin in the momentum
range. The result is used to obtain a momentum-dependent threshold which
guarantees a constant suppression factor over the whole range.

Finally the goal has been to set the maximum proton suppression efficiency
where, for all counters, a constant value at all momenta can be guaranteed. For
the analysis of the data from August 2001, a value of 92% has been obtained for
the lower counters, whereas only 82% could be achieved for the upper counters®.

4.2.2 Energy Loss in the Hodoscope

For the obtained events the still dominant proton contribution can be further
suppressed by the energy losses in the two layers of the forward hodoscope. Due
to the low statistics the information has to be summed from all counters in one
plane and over large time intervals of beam time. Thus all the photomultipliers
must be calibrated beforehand.

3This was due to a bad optical contact between counter and photo-multiplier, which has
been fixed subsequently.
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Calibration of Energy Losses

Data with a hydrogen target and different beam momenta have again been
used. At low beam momenta (around 1.1GeV/c) the reactions: pp — pp,
pp — dnT and pp — pX can be easily distinguished using the energy loss in
the counters of the hodoscope and the reconstructed momentum (see Fig. 4.6).
The two branches from pp — dnt and pp-elastic already provide three points
for calibration. At high beam momenta (around 2.8 GeV/c), where the channel
pp — dnt cannot be distinguished, the pp-elastic channel and the proton band
itself can be used to provide further calibration points.
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Figure 4.6: Energy loss in the first hodoscope layer versus momentum at a
beam momentum of 1.1 GeV/c [67]. Visible are protons and deuterons from the
indicated reactions.

The program GEANT3 [62] provides the most probable deposited energy
AE.;, as a function of 87, and this was used to fit the following function for
each individual photomultiplier:

f(q) p1g° + p2g + p3
AEmp(/BrY) = = 3 2 1
9(y)  pay® + psy® + pey +

(4.1)

The fitted form can be factorised into a quadratic function f(q) of the pho-
tomultiplier response ¢ and a cubic function g(y) of the vertical coordinate y
in the scintillator panel. The latter y-value is determined by the vertical in-
tersection point of the reconstructed track with the scintillator plane. Up to
60 experimental points for each readout channel are used to fit the parameters
p1 to pg. Finally the arithmetic mean of the upper and lower signal from one
counter is used as the calibrated energy loss in this detector?.

4Nevertheless a small correction had to be introduced for a change in amplitudes, which
occurred between runs 3643 and 3646.
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Deuteron Selection

Deuterons with momenta from 1.5 to 2.4 GeV/c on average deposit only about
1 MeV more energy in the scintillators than the corresponding background pro-
tons. Nevertheless, applying a 92% proton suppression by Cerenkov counters
(see Sec. 4.2.1) and plotting the calibrated energy loss versus the reconstructed
particle momentum, one can observe a deuteron band (see Fig. 4.7). Further-
more the dependence of the energy loss, approximated by 1/3?, can describe
both particle bands (solid lines in Fig. 4.7).
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Figure 4.7: Calibrated energy loss in the first layer of the hodoscope versus the
reconstructed momentum after 92% proton suppression by Cerenkov counters
at Ppheam = 2.806 GeV/c. The expected energy loss dependencies for protons
and deuterons are approximated by 1/3% and plotted as curves.

In a projection of this figure along the line for deuterons (1/3%), shown in
Fig. 4.8 (dotted line), a deuteron shoulder is observed on a dominating proton
background. The same sort of result is obtained for the second layer of the
hodoscope. Thus one can apply a cut level indicated as vertical line in Fig. 4.8
also in the second layer. Doing so, the solid line remains, showing a clear
deuteron peak with a remaining proton contribution below 10%. This is deduced
actively, selecting protons by a signal in the Cerenkov counters and scaling the
distribution to the background shoulder (dashed line).

In summary, one can state that deuterons in a momentum range from 1.5
to 2.4GeV/c can be identified and tracked in the forward detection system.
The remaining background (mostly protons) of about 10% does not affect the
overall result, as its shape in missing mass is shown to resemble the multi-pion
background in pn — dX which is interpolated semi-phenomenologically. The
approach to subtract the proton contribution integrally has been considered
but has not been applied in order to keep systematic uncertainties as small as
possible.
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Figure 4.8: Energy loss in the first layer of the forward hodoscope scaled with
By o< AE(deuteron) at ppeam = 2.806 GeV/c: Shown are distributions using
C-suppression only (dotted) and using an energy-loss cut in the 274 layer in
addition (solid). The proton contribution has been extrapolated by an active
selection of these particles and scaled (dashed).



Chapter 5

Efficiency Determination

Having found a method how to detect a spectator proton and fast deuteron from
pd — pspdw, the efficiency has to be studied in order to normalise the data. As
the luminosity will be obtained by the detection of pd-elastic scattering, the
efficiencies for the identification of both reactions have to be controlled. For
the latter reaction, only a slow deuteron is required, which can be detected
with high efficiency in the silicon telescope. All the factors contributing in this
case are discussed in Chapter 6 “Luminosity Determination”. However, for w-
production, the detection of a slow proton in the silicon telescope in coincidence
with a fast deuteron in the forward system is required. The low, inhomogeneous
and non-constant efficiency of the wire chambers in the forward system turned
out to be a challenge for the analysis. Furthermore, the identification efficiency
of the fast deuterons by means of Cerenkov counters and double energy loss cut
in the hodoscope has to be taken into account.

5.1 Trigger and Data Acquisition

The trigger formed by a coincidence of the forward hodoscope and the telescope
(described in Sec. 2.4) is used for both the luminosity determination as well as
the measurement of pd = pspdw. The intrinsic efficiency of the detectors and
dead-time corrections of the order of 1% cancel out in the normalisation. Thus,
only large or differing contributions for both processes are considered here. The
charge efficiency in silicon is assumed to be 100%. The energy-loss distribu-
tions presented in Chap. 3 show that this is a reasonable assumption. Several
approaches show that the triggering efficiency in the scintillator hodoscope is
well above 95%. Furthermore, the mean energy loss for both spectator protons
and deuterons used for normalisation is on average the same in the second layer
of the telescope used for triggering. The gate of the forward hodoscope is sta-
ble within a few nanoseconds for any particle type. However, the timing from
the silicon detector in the telescope changes with deposited energy, as shown
in Fig. 5.2. This is due to the amplitude dependence of the fast shaper output
signal (10 ns integration and 1 us differentiation time constant).

The trigger gates of both the forward system and the telescope are about
200 ns wide and have been adjusted such that the telescope gate is on average
80 ns before the forward gate (see Fig. 5.1 for illustration). Thus, the coincidence



36

Efficiency Determination

timing is determined by the forward hodoscope. This ensures that the narrow
gate for the chamber read-out to be always correct, allowing a shift in timing
for the silicon read-out. Nevertheless this does not disturb the amplitudes read
out for the telescope, because of its long shaping times (1 — 3 us).

time

Figure 5.1: Sketch of the coincidence timing. The time axis shows the sequence
of the gates. The trigger set as a coincidence only starts if both gates are
present, but is fixed to 200 ns length.

The timing for the coincidence trigger relative to the forward system starts
to shift only if the silicon trigger signal is late by more than 80ns. In this case
the gate from the silicon telescope in Fig. 5.1 would start after the forward gate.
As the gate for the wire chamber read-out electronics should be correct within
20 ns, a maximum shift of 100 ns can be accepted without efficiency losses. From
Fig. 5.2 one can see that in fact almost all the events within the correlation band
fulfil this requirement. The tail of the band reaches only below 500keV energy
deposit, a mean time delay of 40ns. At a delay of 70 ns only few percent of the
events remain. Thus the trigger efficiency has not been corrected for and the
uncertainty due to this is estimated to be well below 1%.

However, the dead-time of the data acquisition presents a strong correc-
tion for the luminosity determination. This value has been corrected for, even
though effectively the correction cancels out in the normalised w cross sections.
The dead time is determined by the time interval during which the data ac-
quisition is busy processing the previous event and cannot yet accept another
event (about 180 us). Comparing this to typical trigger rates of a few 1000/s
a considerable fraction of events statistically fall into this interval and are thus
excluded from further analysis. Neglecting the trigger dead-time (about 200ns),
the correction factor is the ratio of triggers (so called “trigger-in” events Tj,) to
the accepted events by the data acquisition (T,y)!'. As the trigger rates during
the experiment were not stable, ranging from a few hundred to several thousand
events per second, the dead-time was accounted for on a run-by-run basis. The
obtained correction factors far = Tout/Tin, reaching from close to unity up to
2.2, are listed in the run list in Table C.1 on page 99.

!n principle, the dead-time for each trigger can differ. Nevertheless, no significant differ-
ences for the individual Tj;, to Tout rates in comparison with the integral rates were observed.
Thus, summed rates of all triggers were used for the analysis.
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Figure 5.2: Deposited energy in the second layer of the telescope versus the time
relatively to the mean value of the distribution.

5.2 Detection in the Silicon Telescope

Since the energy range for the particle identification is divided into two groups,
this is also the natural separation for the efficiency determination. For the low
energy spectator protons the inefficiency is dominated by the uncertainty in
energy loss in the first layer and the rejection of multiple hits in the second
layer. To deduce the first layer efficiency, particles identified and tracked with
the second and third layer only, have been analysed. About 10% of the protons
selected as being in the first layer acceptance are not observed within a range
around the expected energy loss in this layer. The detection efficiency in the
second layer has already been discussed in the previous Section, and affects
the luminosity determination as well as the w analysis. Thus, these corrections
effectively cancel out. The ratio of rejected events due to multiple hits in the
second layer (see Sec. 3.2) was recorded run-by-run. This factor fn2 (listed in
Table C.1 < fn2 >~ 1.06) is used as an efficiency correction factor for each run2.
Thus the value of 90%/ fm2 has been taken with an estimated systematic error of
3% as efficiency for the detection of spectator protons with 2.6 < Ty, < 4.4 MeV.

For the higher energy protons and deuterons the same multiplicity factor
can be used for the second layer together with the corresponding value for the
third layer fms (< fms>= 1.01). As the normalisation is done with deuterons
with kinetic energies between 17 and 18 MeV the efficiency for these can be set

2This implies that the rejected events contained a track, which could otherwise be analysed.
To extract the ratio of “good” to pure noise events rejected by this method, the ratios of single
to multiple hits has been analysed for several common thresholds. The difference from the
simple assumption made before was found to be negligible. Please note, that the corrections
are of the order of a few per cent and thus systematic errors are negligible.
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arbitrarily to 100% divided by the multiplicity factors given above.

In the 5mm thick third layer another effect arises due to the read-out of
the 200 strips in four resistor chains with two-read out channels each (refer to
App. B.3.2). For an analysis of the output in terms of position, the threshold for
each channel translates into a floating threshold over the length of the detector.
The acceptance obtained is shown in Fig. 5.3 for stopped protons and deuterons.
The latter are seen as a triangular enhancement between -14 and -22 mm. For
the luminosity determination deuterons are selected in the indicated range (17 <
T3 < 18 MeV) on the right hand side of Fig. 5.3. The small acceptance correction
will be taken into account in Chap. 6. However, as the rather small number of
spectator protons in this range has not been analysed for w production for
several reasons, a tricky acceptance correction has been omitted in favour of the
following simple approximation. From the area of the inefficient regions and the
slope of the spectator proton distribution with kinetic energy, the overall effect
was estimated to correspond to an efficiency of (65 £ 10)% for the total range.

chain 1 chain 2 chain 3 chain 4

40

kin. energy [MeV]

pd-elastic

10

L T
10 0 -10
position in 3" layer [mm]

Figure 5.3: Total kinetic energy of protons and deuterons wversus the position
perpendicular to the strips (i.e. -Z coordinate beam up stream) in the 5mm
thick 3" layer of the telescope. The dependence of the acceptance on the energy
loss and position is clearly visible by the rounded lower borders.

The Overall Results for the deuterons selected to determine the luminosity
(next chapter) and the two ranges for spectator protons are given in Table 5.1.
Arbitrarily, the detection efficiency for the deuterons with 17 to 18 MeV kinetic
energy is set to 100%, apart from the multiple-hit correction. As the detection
of these particles determines the normalisation, any inefficiency affects protons
and deuterons in the same way and will finally cancel out.
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particle | kinetic energy overall efficiency
deuteron | 17— 18 MeV  100%/(fm2 fm3)
proton 2.6 —4.4MeV (90 £ 3)%/ fm2
proton 8 —22MeV (65 =+ 10)%/(fm2 fm3)

Table 5.1: Resulting efficiencies for the detection of protons and deuterons in
the silicon telescope. The multiplicity correction factors are taken into account
run by run (values listed in Table C.1).

5.3 Tracking in the Forward System

As discussed in Sec. 4.1, a track is formed using the two X and two Y-wire
planes from the multi-wire proportional chambers with the requirement of a
single cluster in each plane and scintillator response. Due to this unambiguous
track reconstruction, the tracking efficiency is identified with the product of the
efficiencies from the chamber planes. It will be shown later that this approach
allows us to correct for the total tracking efficiency within a few per cent. In
this section it will be shown how these efficiencies can be obtained and how their
development in time and distribution over the planes behave. Furthermore, a
method to correct for the strongly inhomogeneous and varying efficiencies is
presented, concluding with two cross-checks. First, data taken at the same
beam energy but with strongly different efficiencies have been compared and
a systematic error of 5% deduced. Secondly, the approach has been tested
by a completely independent measurement. Protons from pd-elastic scattering,
identified by a deuteron in the silicon telescope alone, have been used to scan
a small region of the chamber. Adding a 5% correction for the hodoscope
efficiency, the efficiency-corrected spectra from the forward system correspond
to the spectra obtained by the detection of a deuteron in the telescope.

5.3.1 Method of Efficiency Determination

To determine the efficiency of the two X and two Y wire planes used for the
tracking, the following procedure has been developed [63]. Consider e.g. the
X wire plane in the second chamber (X2W). A sample of events has first to
be found, in which an unambiguously defined track crosses the plane under
consideration. Of course, this plane itself has to be excluded from the method
used to find this track. In order to obtain a track under such conditions the strip
information from the other plane of the same chamber —i.e. the Y strip plane in
the second chamber (Y2S) — has been used, together with the remaining three
wire planes (X1W, Y1IW, Y2W). Due to the inclination of the strip plane to
the wire plane by 18° (see Sec. 2.3), a second X coordinate is obtained within
a 0 = bmm accuracy by the combination of wires and strips in the same plane
(Y2W and Y2S). In Fig. 5.4 the procedure is sketched for illustration. To use the
tracks for the efficiency determination, ambiguous tracks have to be excluded
reliably. Thus, only events with a single cluster per plane have been accepted
and conditions for crossed counters and exit window were required as for regular
tracking?®.

3This is a prerequisite for the efficiency determination. Nevertheless, the same condition
is applied also in the further data analysis as discussed in Sec. 4.1.1.
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part. track

chamber 1 Q 0

chamber2 hodoscope 00

Figure 5.4: Schematic drawing of the efficiency determination in the X plane of
chamber 2 (X2W) by a track reconstructed with the wire planes of chamber 1
(X1W and Y1W) and the Y wire and strip plane in chamber 2 (Y2W and Y2S).
Wire and strip planes are sketched as dotted and dashed lines respectively.

Subsequently, the intersection point of the determined track with the inves-
tigated plane is determined. In a region of 30 around this point a cluster is
expected to appear in case of an efficient detection. The value e€p determined is
then just the ratio of events where a cluster was found Np to the total number
of tracks N having passed the considered cell. However, in the case of several
clusters in the investigated plane € cannot easily be attributed to an efficiency
factor in the tracking procedure. At first an oscillation — appearing quite often
during the measurements — can fake an efficient event. Secondly, the “multi-
cluster analysis” (which was considered in Sec. 4.1.1 but rejected for several
reasons) might well reject the considered cluster in favour of another track and
hence make the determined efficiency difficult to interpret. This is just another
reason to use the “single cluster analysis” introduced in Sec. 4.1 for the data
analysis. Thus, identical conditions were required for this &~ £15mm region
around the track intersection point as for the w analysis. An event was deter-
mined to be efficient, if a single cluster in the investigated plane with a width of
one or two wires was found this region. To calculate the statistical error of the
ratio (ep) to the total number of tracks (N), the number of inefficient events
Npr = N — Np has been introduced. The result from the binomial approach,
described in App. A.3, is:

_Np Np
PTN T Np+Nu

1 / N .

(5.1)
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5.3.2 Global Plane Efficiency
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Figure 5.5: Average efficiency in each plane developing over the complete beam
time (run numbers)

The efficiencies obtained separately for each run during the beam time in August
2001 are shown in Fig. 5.5. The observations are the following:

e In a few runs some plane efficiencies are lower by large factors. This
may be explained by oscillations that are taken as inefficiencies due to
the single cluster requirement?. These few runs were excluded from the

4Accepting also multiple clusters these single deviations disappear, but the average effi-
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analysis, accepting a loss of 7% in statistics (see Table C.2).

e The X-plane of chamber 1 and the Y-plane of chamber 2 provide an effi-
ciency of around 95% in the beginning of the beam time. The latter drops
a few per cent around run 3638 but stabilises above 90%.

e The X-plane of chamber 2 shows an unstable and rather low efficiency of
about 75%, stabilising at an even slightly higher level after run 3640.

e The Y-plane of chamber 1 starts with an efficiency above 95%, which drops
dramatically after run 3633. The change is steady, but seems to ease out
after run 3662. By the end of the beam time more or less stable conditions
(within 5%) are reached at an efficiency level of only about 65%.

Multiplying these numbers, the average overall efficiency changes from about
63% to 42% in the course of the beam time. From the location of the four sets
of beam momenta (see Fig. 5.5) it is clear, that no global factor can be used to
correct the data. One could of course use the efficiency values obtained for each
run to correct the data, but, as we will see in the following, the efficiency dis-
tributions are very inhomogeneous too. Thus such an approach would even fail
integrally as the distributions differ strongly for protons from elastic scattering
and deuterons from the reaction pn — dw.

5.3.3 Spatial Distributions

In order to study these effects, each plane was artificially subdivided into 20 by
20 cells, each corresponding to an area of roughly 2 x 2cm?. For each of these
cells the efficiency was obtained. As an example the efficiency distribution over
the Y plane of chamber-1 is shown for a run at the beginning and at the end
of the beam time in Fig. 5.6 (a) and (b) respectively. Dramatic changes in the
efficiency were observed from run to run and from cell to cell within the later
run itself. Large variations between cells at the border might be explained by
statistical fluctuations. However, also in regions where high statistics has been
gathered, the efficiencies vary from 20 to 95%. The distortion of the experimen-
tal distributions can already be observed from the experimental data. From this
observation and the considerations on the averaging effects done before, and it
is obvious that no averaging over the full plane is feasible.

It has been suggested that one could determine the efficiency individually for
each track by the product of the efficiencies of the cells in the four planes, which
contain the track coordinates. However, the approach to use the individual
maps obtained for each run is not feasible because the statistics is very low
for some cells (few events). Nevertheless, the time development of individual
cells seems to follow certain systematics, as shown for example for a few cells in
Fig. 5.7. It is observed, that the time development in the individual cells follows
qualitatively the development of the average efficiency (see Fig. 5.5). This has
been observed in other cells and planes too, even though it was not possible to
check all 1.6 x 10® values and additional errors individually.

ciency is only improved by 10% or 20% for the beginning and end of the beam time respectively.
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efficiency efficiency

° % 16 y ° % 16 12 y
(a) run 3625 (b) run 3694
Figure 5.6: Spatial efficiency distribution (2 x 2cm? cells) in the Y plane of

chamber 1 for a run in the beginning and end of the beam time. The horizontal
(x) and vertical (y) axis are plotted in units of cells.
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Figure 5.7: Efficiency of some selected cells in the Y plane of chamber 1 as
development over run numbers. Please note, that in these cells rather high
statistics is gathered and thus the statistical errors shown are small compared
to cells at the border regions.
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5.3.4 Chosen Procedure

The final procedure to determine efficiency maps has been chosen, combining the
maximum reduction of uncertainties with a reasonable loss in statistics due to
rejected data. At first, files which showed a strong decrease in average efficiency,
as observed in Fig. 5.5 were excluded. Furthermore, all runs under doubt for
other reasons were rejected as well from the analysis at this stage. In table C.2
on page 100 all these runs are listed marked with the reason for exclusion. Two
time periods where the average efficiencies stayed within £2% constant have
been identified, i.e.:

e the beginning of the beam time from run 3577 to run 3625,
e and the end of the beam time for the runs 3663 to 3746.

However, the structure of the maps with the 20 x 20 cells has been preserved.
As mentioned before, the behaviour of the average is reflected generally also in
the individual cells, as shown for example in Fig. 5.7. Subsequently, two sets of
maps are produced merging the individual cells over the accepted runs:

Cells with low total statistics (< 100events) or very low efficiency (< 25%)
have been identified in both of the two sets. Any cell which fulfils this condition
in either one or both of the sets has been removed thereafter and consequently
excluded from the acceptance for the detection of particles in this system.

5.3.5 Cross-Checks of the Method

The data have been corrected with the provided maps. The efficiency with
which a track is reconstructed is thus determined by the product of the four
individual efficiencies in the cells lying on the particle trajectory. This value
can either be introduced in the simulations (as done later) or the inverse value
can be used to weight the reconstructed tracks in the data analysis®. The latter
approach is used for the two cross-checks presented in this section.

Consistency Check

Please recall the strongly changing efficiency in Fig. 5.5 on page 41. For one
beam momentum — namely 2.6 GeV/c — data were taken for the two strongly
differing efficiency regimes in which the two sets of efficiency maps were pro-
duced. The fact, that the conditions in terms of efficiency changed completely
but the beam settings were unchanged from one to the other regime, can be
used as a check of the correction method. Thus, in Fig. 5.8 the distribution of
the tracks on the exit window of D2 is shown for the first and second part of
the data at 2.6 GeV/c with high and low efficiency respectively. The solid lines
are uncorrected distributions, showing a significantly different shape, whereas
the corrected values (points with statistical error-bars) follow a similar shape
for both data sets.

5Both approaches have been compared to show that they produce identical results within
the statistical errors of the measurement.



5.3 Tracking in the Forward System

45

10

o

events [10%]

=
o

0 oo b e
-35 -30 -25 -20 -15 -10 -5

Xwin [m m]

A
S

Figure 5.8: Comparison of distributions for two sets of data with different cham-
ber efficiencies at 2.6 GeV/c. The uncorrected spectra (lines) differ significantly,
whereas the efficiency-corrected distributions (points with error bars) are similar
in shape to within +£5%.

For all track parameters and physical observables, such as angles and mo-
menta, the ratios of the two data sets were obtained. Even though, large changes
were observed without correction in the distributions, they become flat within
+5% after applying the efficiency corrections. Thus, this value has been taken
as the estimate for the systematic error in the distributions.

Independent Check by pd Elastic Scattering

Another way to check the efficiency correction is to take the pd-elastic events
selected by the silicon telescope. As described at the end of Sec. 4.1 on page 25,
this method covers a very restricted area of the forward system. However, as
was done for the tracking, it enables us to do a completely independent check
of the efficiency in this region. As shown before, the kinetic energy of deuterons
in the silicon telescope corresponds to a fixed angle for forward emitted pro-
tons. As these protons also have a fixed momentum, the position in the wire
chambers is determined within 2mm. Thus, the distribution in kinetic energy
of these deuterons shown in Fig. 5.9 is a very sensitive tool for the wire cham-
ber efficiency. Moreover, the detected deuterons with Ty > 8 MeV guarantee



46

Efficiency Determination

the coincident protons to be fully in the acceptance of the forward systemS.
Hence, the distribution obtained only from the telescope information and the
trigger (solid line in Fig. 5.9) can be compared with distribution requiring a
reconstructed track in the forward system additionally (dashed line). Points
with error bars in Fig. 5.9 show the same events including the event-by-event
efficiency correction.
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Figure 5.9: Kinetic energy distribution of deuterons from pd elastic scattering
in the silicon telescope in the beginning and end of the beam time: selected by
the telescope alone (solid line), with a coincident track reconstructed in forward
(dashed line), and weighted by efficiency (points with error bars)

One observes the reproduction of the spectra within a few per cent. It is clear
from the method that structures which are smaller than the cell size cannot be
corrected for. Nevertheless, irregularities in the efficiency-corrected spectra can
be understood. Note that a change in 1 MeV kinetic energy here corresponds to
roughly a 1 mm shift in the wire chamber. Another effect can be attributed to
the inefficiency of the scintillation counters. Though the trigger only requires
an OR of both layers, a track is, however, only reconstructed if a signal in both
layers has been present for the appropriate counters. This criterion is weak,
as tracks reconstructed missing the fired counter by up to 1cm, were accepted.

6 At ppeam > 2.8 GeV/c the forward acceptance starts to cut in at Ty < 10 MeV.
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Only in the elastic channel, shown here, is such a kinematic correlation valid,
whereas the deuterons from w production are distributed very broadly across
the chamber. Thus the shape on a larger scale and the integral reproduction is
more important. It is observed that the overall shape is reproduced well but the
integral values are slightly under-predicted by the method. Thus, the overall
efficiency for the tracking together with the proposed event-by-event efficiency
is deduced to be (95 £ 3)%.

5.4 Fast Deuteron Identification

Please recall that the fast deuteron identification is done in three steps, namely
the anti-coincidence with a signal in the corresponding Cerenkov counter and
the selection of a range of energy losses subsequently in both layers of the
hodoscope. In order to obtain the efficiency for deuterons resulting from these
selections, an independent criterion for the deuteron selection was chosen. The
identification of a 7 meson in the positive side detection system (PD) enables
us to determine the type of the coincident particle in the forward detection
system (FD) via time-of-flight (TOF)”.

PD start

positive
detectors (PD)

Figure 5.10: Sketch of the D2 vacuum chamber and the forward (FD) and
positive side (PD) detection system. The time information from the PD start
and stop counters together with the FD hodoscope provides a criterion to select
coincident 7+-d events in the set-up.

"Note that this criterion does not imply a single specific reaction channel, but comprises
various reactions with a deuteron and pion in the final state. The analysis of pn — dw is not
feasible with this selection due to the small acceptance.
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The procedure is as follows: Pions are identified via TOF between the start
and stop counters of the PD system®. Using correlated protons with a fixed
momentum in the FD system, the timing signals in the stop counters could be
adjusted for each start-stop combination in the PD system. The time difference
to the forward hodoscope provides a measure for the time-of-flight of particles
from the target to the hodoscope. This value is plotted in Fig. 5.11 versus the
reconstructed momenta, of the particles. Bands from protons and deuterons are
clearly seen.

Projecting these events along the indicated deuteron line and requiring the
tracks to be accepted geometrically, one obtains the solid line in Fig. 5.12.
Applying subsequently the 92% Cerenkov suppression one obtains the dashed
line. The additional energy loss cuts in the hodoscope lead to the dotted line
in this figure. The total selection is identical to the selection applied for the
deuteron identification in the analysis of the pn — dw reaction. As expected,
the cuts suppress the protons by orders of magnitude, whereas the number of
deuterons is only slightly reduced.
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Figure 5.11: Time difference between the forward hodoscope and the adjusted
PD stop counters versus the reconstructed momentum in the FD system. The
line indicates the shape of the deuteron band.

8This technique is a general application of this detection system and is described in detail
in Ref. [51].
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Figure 5.12: Projection of Fig. 5.11 along the deuteron line (solid line). Subse-
quent application of the cuts used for the pn — dw analysis lead finally to the
dotted line.
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Figure 5.13: Efficiency of the deuteron selection with statistical errors versus
momentum for 2.8 and 2.9 GeV/c beam momentum (closed squares and open
circles respectively). Note that both sets are obtained within the same bins, but
their markers are shifted for better illustration. The averages are shown with
their statistical errors as left and right hatched areas respectively.
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To study any possible systematic dependence, the efficiency of the deuteron
selection is plotted for 8 bins in momentum for the two beam momenta in
Fig. 5.13. This efficiency is calculated from the ratio of deuterons after ap-
plying all cuts to the initial amount in the peak. The statistical errors shown
are calculated by the binomial approach as in Eq. 5.2. One observes, that all
values and their averages of (79 + 2)% and (76 + 3)% for 2.8 and 2.9GeV/c
respectively (hatched areas in Fig. 5.13) coincide within statistical errors. The
presented statistics comprises all available results for these considerations. Thus
the overall efficiency for the deuteron identification is estimated to be 78% with
a systematic error not larger than 5%. Note that the coincident selection of
protons in the silicon telescope does not change the obtained ratio within the
statistical errors. The proton contribution remaining after all cuts, (11 + 5)%,
is compatible with the 10% deduced before (see Sec. 4.2.2).

5.5 Overall Result for the pd — p,,dw Reaction

All the contributions to the overall efficiency for detecting the spectator proton
Dsp and deuteron from the reaction pd — pspdw, the obtained efficiencies and
correction factors are listed in Table 5.2. Due to the normalisation procedure,
the global efficiencies of the trigger and the second layer in the silicon telescope
could be set to 100%. The dead-time of the data acquisition and the multiple
hits in the silicon counters are corrected for run-by-run with the factors fg; and
Jm2/3 respectively?. The efficiency of the forward tracking is taken into account
by the “track-weight” individually for each event. The resulting values for the
two ranges of spectator energies, displayed in the last two rows, reflect the total
correction factors for the data analysis. The acceptance will be introduced by
simulations, and the normalisation with pd elastic scattering is discussed in the
next Chapter.

global efficiency correction factor
run-by-run  event-by-event
trigger 100% — —
data acquisition — fat —
psp in layer 1 90+ 3)% — —
psp in layer 2 100% Jm2 —
psp in layer 3 (65 +10)% fms3 —
d tracking 95+ 3)% — track-weight
d identification (78 £ 5)% — —
overall result

2.6 < psp <4.4MeV 677% fat fm2 track-weight
8 < pyp < 22MeV (8+£12)%  fay fmz fms  track-weight

Table 5.2: Global efficiencies, used as reciprocal value for weighting, together
with the correction factors applied individually for each run (see Table C.1) and
the event-by-event determined track weight in the MWPCs.

9 fma /3 corresponds t0 fm2 or fm2 fm3 depending on whether the protons are stopped in
the second or third layer.
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Due to low statistics, the large uncertainty in geometrical acceptance, and
uncertainties in the extraction of the cross section, the spectator energy range
8 < Tip < 22 MeV has not been further considered in the analysis of the pn — dw
data.
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Chapter 6

Luminosity Determination

In order to be able to scale the spectra between different beam energies and
extract an w cross section, the absolute luminosity has been determined for
each run. For this purpose proton-deuteron elastic scattering, tagged by a recoil
deuteron with 17 to 18 MeV kinetic energy in the silicon telescope, has been
chosen. The reasons for this choice and the experimental implications in terms
of acceptance and systematic uncertainties will be discussed in this chapter.
The most prominent uncertainty arises from the fact that only a fraction of the
target could be used for the analysis of pd — pd, due to geometrical restrictions
in the existing target chamber. Thus the shape of the beam-target overlap plays
an important role. The silicon telescope has been used parasitically to obtain
the target density distribution, which was found to vary significantly with time.
Nevertheless, a method to correct for the changes could be found, leading to
an absolute cross section normalisation with a total systematic uncertainty of
15% [70]. Calculations of the differential cross section of pd — pd at our energies
have been performed within the Glauber model [71]. Such estimates agree with
the available experimental data at 2.78 GeV/c [72] within the quoted error of
about 10%. Hence, the luminosity could be calculated for each run individually
with an absolute systematic error of 20%.

6.1 Normalisation Concept

Count rates resulting from the combination of several stop counters of the tele-
scopes installed at ANKE provide a means to monitor the interaction rates
during an experiment. These can be used for relative normalisation at ANKE.
However, this method does not enable us to make comparisons if experimen-
tal conditions — such as beam momentum and geometrical settings — change.
In order to compare spectra obtained below and above the threshold for w-
production and to extract cross sections, it is finally necessary to normalise the
data absolutely. Now the cross section is the rate dN/dt of a reaction taking
place divided by the luminosity L. Consider now Ngy, to be the number of
reactions experimentally identified, e the efficiency and €, the acceptance
for this measurement, then

1 dN 1 dNeyp
- _

— = .1
L dt Leeg€aee  dt (6.1)
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is the experimentally accessible cross section for this reaction. For the determi-
nation of the values ecg and €,cc in pn — dw, please refer to Chaps. 5 and 7.
The luminosity L is an observable, which is defined by the intensity of the beam
and the overlap with the target at a mean area density of pa:

dNbeam
L:=—F"—
dt

At a storage ring this can be expressed in terms of the number of circulating
particles in the ring Npeam and their revolution frequency v. However, the value
of pa cannot be determined very accurately. Thus it is more convenient to invert
Eq. 6.1 and determine the luminosity via the measurement of a reaction with

well known cross section. As mentioned before, typically only a fraction of the

do
reactions can be identified in the detection system. Consider Ao = d_QdQ
acc

to be the integrated differential cross section in the acceptance of the system
and e the average efficiency of the detection!, then the luminosity can be
expressed as:

4 = Nbeam ¥ pA (6.2)

1 dNey

 Aceg dt
Having obtained this value from any known reaction, another process can be
normalised using Eq. 6.1. In quasi-free pn reactions the Fermi momentum allows
us to select a certain range in centre-of-mass energy. This, however, reduces
the available luminosity correspondingly in addition to the shadowing effect
discussed in Sec. 1.2. The principle will be presented in the end of this Chapter,
whereas the description how this factor, convoluted with the acceptance, can be
extracted from phase-space simulations will follow in the next Chapter.

In the following it will be shown why pd-elastic scattering is a suitable re-
action to determine the absolute luminosity. Furthermore, the selections to
obtain Ny, are listed and the method to extract Ac at our experiment from
differential cross sections and acceptance considerations is discussed. Finally
some experimental correction factors (which can be ascribed to the detection
efficiency eo) are applied to obtain integral luminosities for each run.

(6.3)

6.2 Selection of pd Elastic Scattering

The silicon telescope allows one to trace deuterons with kinetic energies above
8.5 MeV originating from the target at angles larger than 80°. Purely kinemati-
cal arguments show that these particles can only stem from pd-elastic scattering.
Thus the identification and energy determination of a deuteron in this range is
sufficient to tag the reaction. Moreover, the corresponding protons for this range
are fully covered by the acceptance of the forward hodoscope and are therefore
triggered with the same coincidence trigger as the pn — dw candidates. This
reduces systematic uncertainties for the normalisation (see Sec. 5.2). Neverthe-
less, to minimise uncertainties, the following two selections have been made in
the silicon-telescope:

e Deuterons were restricted to an energy range of 17 < Ty, < 18 MeV
leading to:

!Tn general the efficiency e.g should also be integrated over dQ but we will see later that
for the consideration on luminosity the efficiency can be assumed to be homogeneous.
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— 100% acceptance of coincident protons in the forward hodoscope in

order to be able to use the same trigger as for the experiment,

angular straggling below 2° in o and thus low uncertainty for the last
layer acceptance (see Sec. 6.4.2),

small acceptance corrections from the resistor chain read-out gaps,
as these gaps decrease with deposited energy in the detector (see
Sec. 5.2),

a maximised visible part of the target (to be discussed in Sec. 6.4.3),

and a count rate, where statistical errors for each run are small in
comparison to systematic uncertainties.

e The central area of the second layer (strips 7 to 32) was selected to:

reduce background from rescattered particles in the frame of the first
layer surface barrier detector,

and to further decrease the uncertainty for the last layer acceptance
(see also Sec. 6.4.2).

The total number Ny of events fulfilling these criteria has been recorded for
each run and will be used to determine the integrated luminosity as in Eq. 6.6
on page 62.

6.3 pd Elastic Cross Section
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Figure 6.1: Experimental differential cross section at 2.78 GeV/c [72] and cal-
culations at 2.8 GeV/c [71] versus the polar angle in the centre-of-mass system.
Shaded is the range used for the normalisation.
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For the beam momenta used at the experiment, 2.6, 2.7, 2.807 and 2.9 GeV/c,
Yu. Uzikov [71] calculated the dependence on the polar angle of the proton
emitted at small angles. The calculated behaviour at 2.807 GeV/c is shown as
the solid line in Fig. 6.1 in the centre-of-mass system. The differential cross
section has been measured at a beam momentum of 2.78 GeV/c [72], which is
in the middle of the momentum range used for the w-experiment at ANKE.
These experimental values are plotted for comparison in Fig. 6.1. The selected
range (17 < Ty < 18 MeV) for the detected deuterons translates into the ranges
of centre-of-mass angles for protons listed in Table 6.1 and is indicated for
2.807 GeV/c as shaded area in Fig. 6.1(b).

P [GeV/c] | 6057 [°] (do/dQ)*™ [mb/st]
2.600 11.42 to 11.75 25.8 to 23.1
2.700 11.13 to 11.45 27.0 to 24.2
2.807 10.84 to 11.16 28.2 to 25.2
2.900 10.60 to 10.90 28.6 to 25.6

Table 6.1: Proton range corresponding to the selected deuterons with 17 <
T'ab < 18 MeV and differential cross section for the beam momenta in August
2001.

In order to obtain the luminosity from Eq. 6.3, the differential cross sec-
tion has to be integrated over the experimental acceptance, which has been
approximated as follows:

do pd

Ao = | @

A = < (dopa/d)™ > [cos (B5™)]," Adeace  (6.4)

The mean differential cross section < (dopq/dQ)™ > has been determined
taking the arithmetical average from the calculated values in Table 6.1. Simi-
larly, the polar angles O, and O,ax are identified with the angles corresponding
to 17 and 18 MeV protons shown in the same table. The azimuthal angular range
A¢ and further acceptance factors gathered in the value €, will be discussed
in the next sections. From these considerations it will also become clear, why
these factors can be treated independently of the integration in Eq. 6.4.

To estimate the systematic error of this method the following contributions
have been considered. The overall uncertainty of the calculation of the differ-
ential cross section is stated to be 10% [71]. Note, that the systematic error of
the experimental points in Fig. 6.1 is claimed to be 7% [72]. Two additional un-
certainties arise from the determination of the deuteron energy. From Table 6.1
one obtains the differential relation of this energy T1P to the differential cross
section (dopq/dQ)™:

A (dopa/d)™  11%
AT> ™ MeV

The first error corresponds to the uncertainty of the mean cross section
arising from the systematic uncertainty of 1% in the determination of Ty. This
translates into a 2% error in the mean cross section. Additionally the error in
the event by event determination of the kinetic energy leads to a systematic

(dorpa/d2)™ (6.5)
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uncertainty. This is due to the fact that the cross section is not constant. Thus
events gained from the higher o-side by statistical fluctuations outnumber the
events lost due to the same reasons on the lower o-side. To account for that a
systematic error of 1.5% has been introduced.

6.4 Acceptance Determination

The acceptance is already strongly restricted by the selection of the deuteron
energy; the deuterons fall within a cone with a polar angle of 83.12° + 0.10°.
At the location of the telescope, the smearing of this cone due to the angular
resolution (< 2° i.e. < 2mm in the last detector) is still small in comparison
to the effect coming from the finite target extension. Hence, let us separate the
considerations in two tasks:

e the determination of the angular acceptance for a point of the target which
is in the visible region of the target,

e and the extrapolation of the visible fraction of the target to the whole
density distribution of the beam-target overlap.

In order to obtain this, the target dimensions and its position relative to the
detectors have first to be determined, and only thereafter the two items will be
discussed.

6.4.1 Target Geometry

experiment m
image | 3 layer T imulation
‘:, 8
-,_ . 2"layer % 6
g
32 strip 0 [
1% layer N
2
target position 2" layer [strip #]
(a) Sketch of the principle (b) Target image in the 279 layer

Figure 6.2: The target is projected onto a plane in the telescope by the selection
of a fixed angle. The image (squares) is compared with the distribution from
Monte Carlo simulations (line) [62] assuming a rectangular shaped target with
a length of 9.5 mm.
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A measurement of the target position and dimensions was performed by the
Miinster group [73] after the installation of the target in September 2000. Rods
which were inserted about 25cm above and below the beam overlap region were
moved while monitoring the vacuum conditions in the region just below the
target. From the obtained vacuum changes, the target sizes were estimated by
linear interpolation or extrapolation to the nozzle. Unfortunately this measure-
ment could only be done at target densities which are orders of magnitude lower
than the ones used in the experiment. The results are listed in Table 6.2 in com-
parison with those obtained from the analysis described in the following. All
values except the width AX can also be obtained directly from the experimental
data using the silicon telescope, and thus under the conditions during the mea-
surements. The kinematic relations in pd-elastic scattering provided accurately
the relative positions of the second and third layer.

An effective tool to study the geometry is the production of so-called tar-
get images in the detectors. One selects identified protons with low angular
straggling (Tyi, > 16 MeV) and fixed reconstructed angle. This is schematically
sketched in Fig. 6.2(a). The resulting distribution in the second detector plane
is shown in Fig. 6.2(b). The latter is simply the projection of the beam target
overlap along the given angle, folded by a contribution from angular straggling.
This is due to the fact that, no matter which reactions contribute, their cross
section for a fixed angle does not depend upon the interaction point.

The dip around strip 15 in Fig. 6.2(b) can be explained by a known accep-
tance gap due to the resistor chain read-out2. The acceptance loss is determined
to be 10 to 15%. Though it will be discussed later, note already here that signif-
icant changes in these images have been observed not only in position but also
in shape. The following tasks have been addressed by the use of such images:

e The relative luminosity has been monitored just by the count rate within
this distribution. This has been cross-checked with other relative lumi-
nosity monitors, such as a coincidence rate of the stop counters in the
telescopes and the bare forward trigger rate (see Fig. C.1). Their ratios
are stable within a few per cent for all runs finally analysed.

e The density distribution of the beam target overlap has been monitored
along the beam axis (Z) by selecting angles as close to 90° as possible. A
range of 93.5° to 95.5° was chosen® such that the effect from straggling
in the frame of the first layer detector could be neglected. Monte Carlo
simulations [62] show that a target with 9.5 mm length and a rectangular
shape reproduces the observed image integrated over the whole beam time
very well (see Fig. 6.2(b)).

e As will be shown later, the density distribution and its variations can
be used to extract, not only a single correction factor for the absolute
luminosity determination, but also a correction for the distribution run
by run. Furthermore, the method even allows us to find the cut level from
the data, not having to rely on geometry.

2The correspondence of this effect to the gap from the resistor chain was verified by chang-
ing the angular range.

3This corresponds to a change in 7 of 0.3 mm within the target region from the ideal
perpendicular cut.
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e The mean position of the beam-target overlap perpendicular to the beam
in the horizontal plane (X) can be determined from the variation of the
selected angular range. The dependence of the middle of the images on
the X-coordinate has been studied using Monte Carlo simulations [62] and
the experimentally obtained values. A shift of the overlap region to the
outer side of the ring by 4.7 mm has been found consistently for all beam

momenta.
| X [mm] AX [mm] Z [mm] AZ [mm]
Miinster [73] | 2.4+1 4.9%5 -1.0+1 1279
telescope 4.7+1.0 — —0.8+0.5 95+0.5

Table 6.2: Target geometry determined by the Miinster group [73] and the
analysis performed with the silicon telescope described in this chapter.

Our results, labelled by “telescope”, are compared with the specifications
given by the Miinster group in Table 6.2. Significant deviations are found for the
horizontal coordinate X and the length of the target along the beam AZ. These
might be explained by the fact that the values are based on measurements under
quite different conditions. The latter measurements were done simultaneously
with the experimental data used for the w analysis. Thus the values reflect
the experimental conditions rather than a determination done a year before at
orders of magnitude lower target densities. It is for this reason that the telescope
values are used in the further analysis.

6.4.2 Transverse Slice of the Target

Consider an infinitesimally thin slice perpendicular to the beam axis. From the
choice of deuterons with 17 < Ty < 18 MeV a cone with an opening angle of
83.02 to 83.22° is selected. Due to the transverse width of the target (AX), a
length of 0.6 mm (AZ) is scanned. Together with the opening angle, the arc of
the cone has a spread of about 1 mm in the last layer neglecting straggling. The
contribution to the acceptance from the angular straggling and the restriction
in azimuth are the effects considered to be significant for the analysis:

e The angular straggling in the first two layers of the detector alter the
acceptance of the third layer. For the azimuthal angle this has no quanti-
tative effect, as the number of particles scattered out of the acceptance is
roughly the same as the amount scattered into the acceptance. Further-
more, this effect is included in the Monte Carlo simulations [62]. However,
for the polar angle* the angular straggling in the second layer of the sili-
con telescope will scatter particles out of the acceptance of the third layer,
but not into it. This effect can be illustrated in the distribution of the
last layer, selecting a single strip in the second layer additionally to the
narrow energy interval already selected. Consequently the initial scatter-
ing angle is fixed to be 83° and the width of the distribution in the last
layer is dominantly determined by angular straggling. This distribution

4The acceptance for the selected energy range has been included by the “cos#”-term in
Eq. 6.4 already.
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is presented in Fig. 6.3 for the two strips closest to the counter border
(number 7 and 8). From the distributions of the strips used (number 7
and higher numbers) the loss due to scattering out of the acceptance can
easily be estimated to be (10 £ 2)%.

e A restricted angular range in azimuth is accepted from the cone in the
telescope. Both geometrical considerations and Monte Carlo simulations
[62] lead to an angular range of A¢ = 12° accepted in the telescope. This
is of course the same for the laboratory as for the centre-of-mass system
and can thus be used directly in Eq. 6.4. The largest uncertainty is due
to that in the distance of the beam-target overlap region to the detectors.
The sensitivity to such a shift is 0.8% per 1 mm transverse beam shift. The
previous analysis shows that a deviation by more than 1mm is unlikely
and thus the uncertainty for the acceptance calculation is below 1%.

w

arb. units
N

5 10
position in 3" layer [mm]

Figure 6.3: Spatial distribution in the 3" layer for the strips number 7 and 8
in the 2°¢ layer and deuterons with 17 < Ty < 18 MeV selected.

6.4.3 Fraction Observed Along the Beam

A large correction factor arises from the fact that, for geometrical reasons, only
part of the target can be observed by this method. (It will be denoted by e,
in the following.) This restriction is only related to the limited space inside
the target chamber and will be overcome already for the next experiment in
August 2003 with the chamber installed in December 2002. However, for the
described experiment the observed fraction of the target had to be determined,
thus imposing an additional significant uncertainty to the normalisation. More-
over, the density distribution of the target is a priori not known and — as the
following analysis shows — even changes with time. Thus, from the simultaneous
monitoring of the target image presented in Sec. 6.4.1, the fraction of the target
observed with pd — pd run by run has been derived.

A first indication that the fraction of the target seen indeed varies was found
in the comparison with relative luminosity monitors. Even though the ratios of



6.4 Acceptance Determination 61

the relative monitors to each other are stable within a few per cent, the ratio
of the counts in the target image to the pd-elastic events revealed changes by
factors of up to 3. The clear correlation of this ratio to the average position
determined by the target image confirms this assumption (see Fig.6.4).
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Figure 6.4: Ratio of events recorded at 2.8 GeV/c by pd-elastic Npq and counts
inside the target image iz versus the average target position
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(a) Sketch on the correspon- (b) Target image of runs 3580 (dashed)
dence of the visible part to a and 3623 (solid line) at 2.8 GeV/c

cut in the image

Figure 6.5: Within the changing target image the part visible for absolute nor-
malisation can be determined with a fixed cut level. This region is the one to
the left of the vertical line in (b)
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The observed correlation can be understood from Fig. 6.5(a). Despite a shift
of the target image along the detector, which reflects a change of the target
density along the beam direction, the elastically scattered deuterons can only
be detected being emitted from the same space volume. The boundary of the
volume is determined by the the edge of 7*" strip in the second layer and the
selected energy (i.e., angular) range and can be considered as a cut on the target
image. Note, that the position of the cut is the same for all runs at one beam
energy and changes only very slightly for different beam energies. Moreover,
the proximity to 90° of both the tracks from pd — pd (83° £ 0.2°) and from
the target image (94.5° = 1.0°) allows us to translate the cut on the deuterons
to a cut in the target image (see Fig. 6.5(a)). Once the position of the cut in
the second layer of the detector is fixed, one can correct for the fraction of the
target observed by the elastic reaction run by run. Comparing the corrected
numbers with other relative monitors, such as the combination of stop counters
in the telescopes, their ratios are constant within +5%.5

Runs with extreme shifts of the target have been used to calibrate the cut
level from the obtained data. As an example, the target images of two runs at
2.8 GeV/c are shown in Fig. 6.5(b). For the two selected runs the change in
the ratio of the absolute to relative luminosity monitor should correspond to
the change in the fraction of the target seen. Varying the cut level for both
runs simultaneously in the target image until the ratio of the target fractions
coincides with the ratio of luminosity monitors defines the cut level indicated in
Fig. 6.5(b) by a vertical line.

This procedure has been repeated with several sets of runs and the maximum
deviation found was 0.3 mm. This translates into a change of the visible fraction
of the target or luminosity of about 15%, which should be considered as the best
estimate for the systematic error. Note that the average fraction of the target
seen is about 20%, but the correction factor e;;, was determined individually for
each run by the previously mentioned method.

6.5 Luminosity in August 2001

From Eqg. 6.3 the integrated luminosity during a certain measurement period is:

1 dN,
Ldt= | ——— — gt .
/ / Acopieesr  di (6.6)

Neither the accepted part of the cross section Aopq nor the experimental
efficiency eef can be treated as constant over the whole beam time. A sensible
division, due to statistics, seems the one by runs. Moreover, several variables
are constant within one beam setting, i.e. beam energy. Let us try to separate
those contributions. The efficiency has been factorised as €er = €5 (fat fmuit),
where €g; is the contribution from the charge collection in silicon and has been ne-
glected, due to the cancellation for the normalisation (see discussion in Sec. 5.2).
The factors due to the dead time of the system fg; (see Sec. 5.1) and the multi-
plicity of the hits in the telescopes fmuit = fm2 fms (see Sec. 3.2) are taken into
account run by run. Ao,y is also taken to be constant except for the acceptance
correction due to the fraction of the target observed €. Recalling Eq. 6.4, one
can write Aopg = A0const €rg With:

5The few runs deviating from this have been dropped from the analysis.
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Abconst & < (doya/dQ)™ > [cos (65™)] ™ Ag (6.7)

Omin

The integrated luminosity can now be calculated for the four sets of runs
corresponding to the four beam momenta as follows:

/Ldt% 1 Ndfm2fm3fdt (68)

ACconst runs €tg

In Table C.1 on page 99 the correction factors and luminosities obtained are
listed run by run. From Eq. 6.8 it is clear, that these can be used to obtain
integrated luminosities for a set of runs simply by adding the run by run values.
The results are shown in Table 6.3 together with the constant part of the fraction
of the total cross section in the acceptance. Nevertheless, to normalise the data
from any other reaction one has to take the non-constant factors in Eq. 6.1 into
account run by run. This will be done in the next section to scale the results
from simulations in pn — dX, where X are either several pions or an w meson.

DPbeam | A0const | integrated luminosity [1/nb]
[ub] total analysed for
collected pn — dw
2.6GeV/c 5.10 0.931 0.171
2.7GeV/c 5.07 0.490 0.384
2.8GeV/c 5.01 0.974 0.581
2.9GeV/c 4.88 0.486 0.445

Table 6.3: Overview over the total statistics collected and finally used for the
data analysis in terms of integrated luminosity

All the systematic errors have been discussed in the corresponding sections.
They are summarised here in order to compute an overall uncertainty of the
method. The errors considered are:

e 10% due to the calculation of the pd — pd cross section [71],

2 and 1.5% arising from the uncertainty in the deuteron energy,

1% from the azimuthal acceptance,

e 2% from angular straggling in the second layer,

15% due to the correction for the fraction of the target seen.

As these errors are uncorrelated, we add them quadratically even though
they are not statistical fluctuations. The result is that the luminosity can be
determined within a systematic uncertainty of about 20%. Note that the error
for the relative normalisation between different beam momenta will be consid-
erably smaller.
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6.6 Cross-Check by Other Methods

During run 3687 in August 2001 a measurement of the change in the revolution
frequency has been performed with a coasting beam [74]. This observable can be
determined very accurately by the analysis of the longitudinal Schottky signal
with a fast Fourier transformer [75]. This frequency change is a measure of
the energy loss of the proton beam due to the target interaction [74]. The
determined luminosity is presented in Table 6.4 and compared to the value
obtained by the previously discussed method. Both results agree well within
the systematic errors.

luminosity [10%° em=2s71]
run silicon telescope (1) | cross-check
3687 | 8.1+ 0.4gpat £ 175y | 70+1.0 (2)

3407 | 0.24 £ 0.035¢a¢ £ 0.055ys | 0.297 £ 0.012 £ 7%
3408 | 0.36 + 0.035¢a¢ £ 0.075ys | 0.432+0.018 £ 7%
3409 | 0.34 £ 0.035¢a¢ £ 0.075ys | 0.360 £0.014 £ 7% (3)
3410 | 0.71 £ 0.055at £ 0.144ys | 0.700 £ 0.029 £ 7%
3411 | 1.14 £ 0.07spar + 0.224ys | 1.212+£0.052 £ 7%

Table 6.4: Comparison of luminosities calculated using three approaches. By
the: (1) information from the silicon telescope as presented in this chapter
(middle column); (2) p-beam frequency shift (cross check for run 3687) [74]; (3)
diffractive pd-scattering (5 lower rows in the right column) [71,76].

Another cross check could be done at a beam time in February 2001 [64].
Measurements under quite similar conditions —i.e. deuterium cluster target, un-
polarised proton beam — have been performed at a maximum beam momentum
of 2.679 GeV/c (T = 1.9GeV)®. The use of the forward trigger alone enables us
to determine the luminosity in two ways. The results from the method discussed
previously shown in the middle column of Table 6.4 [70] can be compared with
results using the detection of fast protons in the forward detectors and calcu-
lations from diffractive pd-scattering [76] in the right column?. Note, that this
is a rather independent method as it includes deuteron dissociation processes
with small momentum transfer, whereas the use of the silicon telescope restricts
the reactions to high momentum transfer. Also here the values agree within
errors®. Thus one can conclude that the method presented in this chapter is
indeed suitable to determine the luminosity within 20% systematics.

6.7 Luminosity in the pn System

Studying pn collisions in the spectator model we have to deal with neutrons
moving with respect to the laboratory system. The luminosity integrated over

6The aim of the beam time was to study break-up reactions with small relative momenta
from two nucleons.

"The first errors include systematic as well as statistical errors and the 7% is the given
systematic error due to the cross section calculation [71].

8Note, however, that the systematics from the model calculations on the cross section are
partially redundant, as the predictions were obtained with the same model [71]
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the Fermi distribution of these neutrons can be obtained by decreasing the
collective luminosity by 5% to account for the shadowing [31] (see Sec. 1.2).
However, the acceptance of the silicon telescope for the spectator detection
restricts the range of the neutron momenta such, that a range in centre-of-mass
energy

Vo =\ (P cam + Prarget — )’ (6.9)

is covered. Here pf ., ., Plarger and pk, are the four-momenta the beam proton,
target deuteron and spectator proton respectively. (Refer to Sec. A.1 for a more
detailed discussion on kinematics.) Experimentally we would like to know the
luminosity within this range in order to normalise our data.
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Figure 6.6: Centre-of-mass energy distribution in pn reactions at a fixed proton
beam momentum and a stationary deuteron as target. The shaded area shows
the part of the distribution covered by the acceptance for spectator detection.

To illustrate the situation let us consider e.g. the situation in Fig. 6.6. The
centre-of-mass energy in the pn system \/Epn is spread around the value for a

stationary neutron \/Egn. The total number of entries Np, under this distri-
bution defines the luminosity for pn reactions, which can be computed from
the coherent pd luminosity. Selecting now a certain /s, bin (shaded area in
Fig. 6.6), corresponding to AN, events, the fraction

AL 1 dL(s) AN,,
— _ - 1
fu=—7=1 /bin as % Npn (6.10)

will determine the part of the luminosity AL provided in this bin. This factor
can be obtained for any arbitrary bin. Hence we can select the range of our
acceptance and determine the effective luminosity for our pn reaction in this

V'8, Tange.
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Chapter 7

Experimental Results

As shown in Sec. 3 and 4, the kinematics and identity of the spectator proton
and fast deuteron can be determined in the silicon telescope and the forward
detection system respectively. Acceptance calculations, using phase-space sim-
ulations, together with the determined luminosity provide the factors for an
absolute normalisation of the quasi-free pn reactions in a certain centre-of-mass
energy range. The missing-mass method has been used for the identification of
the w-meson. The reconstruction of the neutron and A°(1232) in the pn — pX
channels show the feasibility of this approach.

Experience with w production in proton-proton collisions shows there to be
considerable multi-pion production under the w peak [47]. This can be estimated
by comparing the data above and below the w threshold. In result total cross
sections averaged in two excess-energy ranges around ) = 26 and 60 MeV were
obtained. We can conclude that the situation in the w case differs significantly
from 7 production and all published model predictions.

7.1 Acceptance Determination

It is the goal of this work to extract cross sections for pn — dw at defined
Q values. However the measurements were done for the reaction pd — pspdw
at fixed beam energies. The translation is done on the event-by-event basis
using the measured spectator momentum and Eq. 6.9. The ranges of \/Epn are
determined by the spectator detection alone. The experimental excess energies
Q= \/Epn — mg — my, in the reaction pn — dw are calculated with respect to
the nominal w mass value 782.6 MeV/c2. In Fig. 7.1 the obtained distributions
are shown.! The mean values < Q > are deduced from these distributions and
are taken together with the full-width-half-maximum as labels for the excess
energy ranges. Here @ = (26 &+ 18) MeV and @) = (60 + 18) MeV are obtained
for the beam momenta 2.8 GeV/c and 2.9 GeV/c respectively. Note that both
ranges start well above the threshold for w production (> 10MeV) compared
to the w width I',, = 8.4 MeV. From simulations it was found, that the mean @

1Due to the limited statistics for pn — dw the distributions include all background channels.
Nevertheless, it could be shown by simulations, that their shape does not differ significantly
from the case of w production.
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value due to our acceptance and cross section dependence differs only slightly
from the arithmetical mean values 26 and 60 MeV.

For the acceptance determination the same restrictions as in the experimen-
tal analysis are applied. All particles have to pass the geometrical boundaries
of the detectors and to fulfil the experimental selection criteria, which were ap-
plied in the analysis. In our case a spectator proton with 2.6 < Ty, < 4.4 MeV
is required in the silicon telescope in coincidence with a deuteron in the forward
acceptance. The latter condition implies the passage through valid cells in all
four planes of the chambers (see Chap. 5), both layers of the hodoscope (exclud-
ing the first counters in both layers) and finally the lower Cerenkov counters
(number 1 to 5).
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Figure 7.1: Experimental excess energy in pn — dw with m,, = 782.6 MeV/c?
in selected pd — pspdX events with 2.6 < T'sp < 4.4MeV at 2.8 and 2.9GeV/c
beam momentum (dashed and dotted lines respectively).

In the cross section measurement of pn — dw, the range in @) covered was
summed over, due to the restricted statistics obtained. Thus the acceptance
in the same range has to be determined for the normalisation. Of course, this
range has to be identical to the /s, range chosen to determine the fraction
of luminosity used (see Sec. 6.7). It can be shown, however, that both the
determination of the acceptance €,.. and the luminosity fraction f; can be
done in a single step, making considerations on the exact range to be chosen
irrelevant. To illustrate this, consider the situation where N,.. events were
accepted from N, events. Then €cc = Nyee/N, is the acceptance for the
reaction which is defined for the ) range covered. Recalling now Eq. 6.10, the
fraction of luminosity fr = ANy, /Np, has to be determined within the same
range. Here the transformation from \/Elm to @) enters. This is, however, not
a source of systematic uncertainty as the \/Epn distribution in Fig. 6.6 can be
smeared with the w mass and the fraction f; can be extracted in the same way
as in \/Epn. However if we normalise both equations with f, = AN,,/N,, the



7.1 Acceptance Determination

69

convolution of both factors contributing to the normalisation is just

Aan Nacc Nacc
fL €acc an N, fn an . (71)
As we will see in the following, this combined normalisation factor can be easily
extracted from phase-space simulations.

To simulate the pd — pspdX reactions, where X are either several pions or
the w meson, the PLUTO event generator [77] has been used. This employs
the Hamada-Johnston wave function [78] to smear over the Fermi motion in the
deuteron. From Fig. 7.2 it becomes clear that the results from this function
are virtually indistinguishable from more realistic wave functions at these small
values of spectator momenta. The generated events were traced through ANKE
using an implementation of the set-up in the program GEANT3 [62].
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Figure 7.2: Comparison of the momentum distribution of spectator protons from
the PLUTO event generator [77] (histogram) with results from the Paris wave
function [79] (curve). Within the momentum range of interest no difference is
observed.

The events were generated by taking a constant cross section above thresh-
old. Thus the initial distribution from Fig. 6.6 will be reproduced above the w
threshold and the pn events ANy, in our range will be automatically equal to
the generated pn — dw events N,. The factor f, in Eq. 7.1 is then equal to 1
and, by counting additionally the events which were rejected due to a negative
@, the total number of entries in the pn distribution IV, is obtained. This can
be used as a normalisation factor under the condition that the () range has to
be small enough for the cross section not to change too strongly. However this
condition may be dropped, if the acceptance within this range is fairly constant.
Both requirements may, a priori, not be true. In order to estimate the error
induced by taking the cross section to be constant over the @) bin, simulations
assuming a constant matrix element (i.e. the cross section developing according
to phase space) have been performed. The resulting difference in acceptance is
small (5% and 1% for 2.8 and 2.9 GeV/c respectively [70]). Furthermore, the
change in the mean @ value by 1 — 2MeV is negligible in comparison to the
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bin size of 36 MeV. Thus we conclude, that the uncertainty for the cross section
measurements due to this method can be neglected.

The restricted angular acceptance for the pd — psp,dw reaction is another
source of systematic uncertainty becoming more serious with increasing (). This
is due to the fact that, because of the restriction of the deuteron angles, not
all of the total phase-space is covered at the high excess energies. In Fig. 7.3
the deuteron angular distribution in the centre-of-mass system for S-wave pro-
duction is shown in the ANKE acceptance at both energies above threshold.
Although at our energies we might expect S-wave production to dominate, pure
P-wave angular dependencies of cos? or sin?€6 would change the estimate of
the acceptance by factors of 1.33 and 0.83 respectively for 2.8 GeV/c. At our
highest energy point the variation is between 1.7 and 0.65. These are, however,
extreme scenarios and half of the deviations are taken as conservative estimates
of the errors. Values of (-9%, +17%) and (-17%, +35%) are concluded for the
ranges around 26 and 60 MeV respectively.

Q = (26 % 18) MeV : Q = (60 + 18) MeV

arb. units

o

0 60 120 180
Bcm [°]
Figure 7.3: Distribution of the dw polar angle in the cm system for the reaction
pd — pspdw at 2.8 and 2.9 GeV/c (left and right distribution respectively): The
acceptance of the set-up restricts the covered phase-space significantly at the

highest energy. Note however, that the acceptance corrected distributions have
to be symmetric around 90°.

7.2 Missing-Mass Distributions

Equation 7.2 illustrates how the quantity mx is determined in the measured
reaction pd — ps, AX, where A stands for a detected proton or deuteron in the
forward system and X can be any final state particle or several of them.

2
mx = \/(pﬁeam +p€arget - pgp - pi) (72)

The contributions are the four-momenta p* of the beam proton, target deuteron,
spectator proton (sp) and nucleus in the final state (A) respectively (see App. A
for a more detailed discussion on kinematics).
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A proof of principle for the full analysis procedure is obtained by using a
proton in the final state instead of a deuteron. As the vast majority of particles
reaching the forward system are indeed protons, it is enough to open the cuts on
fast deuterons (see Sec. 4.2) and to use the proton mass in p/; in Eq. 7.2. One
obtains the distribution shown in Fig. 7.4(a), which shows a prominent peak
at a mass of (953 £ 3)MeV/c? (¢ = 38MeV/c?). It comprises quasi-free pn-
elastic scattering with a spectator proton in the silicon telescope and quasi-free
pp-elastic events. Nevertheless, in both cases the missing masses reconstructed
should be equal within our experimental accuracy. The experimental result
corresponds to the nominal value within little more than 1%. If one restricts the
momenta of these particles such that the elastic channels are mostly suppressed,
one obtains Fig. 7.4(b). On a broad background, which rises to the kinematical
limit due to the acceptance of the system, a peak at (1239 + 1) MeV/c? (o =
45MeV /c?) is observed. It can be clearly identified with the reaction pn — pA®,
where the central mass value of the A is stated to be 1232 MeV /c? [80].2

16—
o
953 MeV
— 3
k) &
= [
—
z,| =
z 1239 MeV
41— 1
fo) LR L b o . L . .
0.8 1 12 1.4 1.6 18 1 12 14 16 18
my [GeV/c?] my [GeV/c?]
(a) Without further cuts quasi-free (b) Removing elastic scattering, one
elastic channels are dominating. observes the reaction pn — pA©

Figure 7.4: Missing mass distributions for pd — pspX. The observed peaks
agree within the expected experimental accuracy with the masses of the neutron
and the A with 939 MeV and 1232 MeV respectively.

Experimental distributions of the missing mass mx using now selected fast
deuterons (see Chap. 4) are shown in Fig. 7.5. Here all the available statistics
for the four beam energies are included. The distributions are shown selecting
protons in the 1% and 2" layers of the silicon telescope. Thus the lower energy
range 2.6 < Ty, < 4.4MeV of the spectator protons is covered.

From the experimental results (circles with error bars in Fig. 7.5), one ob-
serves a wide asymmetric peak, shifting with beam momentum but changing
its shape only slightly. Most of it can be described by pure phase space for
multipion production convoluted with the ANKE acceptance, which provides a
severe cut at lower mx. There is a clear indication of an w signal at the highest
Q interval but, in order to judge its significance, we have to model the large
multi-pion background.

2Note, that this result was obtained fitting a straight line and a Gaussian to the distribu-
tion. Furthermore, the central mass value deduced from pion-induced reactions may well be
altered due to the reaction mechanism and acceptance.
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Figure 7.5: Experimental missing-mass spectra for 2.6 < T, < 4.4 MeV and all
beam momenta below and above the w-threshold (from top to bottom): The
estimated Nm-background (solid line) and w-signal (dotted line) are described
in section 7.3. Their sum is shown as dashed line.
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7.3 Background Parametrisation

Although the interpolation of the background from just below to just above the
w threshold could equally well be taken from a purely empirical representation,
phase-space simulations of multipion production together with a parametrisa-
tion of pion production in proton-proton collisions [81] have been taken to fit
our data. We assume that, as in pp collisions [47], most of our background can
be attributed to multi-pion production of type pn — d(Nw). Due to the lack
of data on multi-pion production in the pn-channel we have made the follow-
ing approach to get an effective description of the shape of the background.
Within our experimental errors the shape of our missing-mass spectra can be
well described by multi-pion reactions from pn — d(Nw) where N = 2,3,4.
Smaller contributions like pn — pX (< 10%), pn — d(57) or pn — dp have
been neglected.

In the absence of good pn data, we used three specific pp-reactions for multi-
pion production [82] (see table 7.1). To fit these experimental data the total
cross section o(s) has been parametrised as

sy =Ag(2) =4 (1-2)" ()", @3
s s s
which is a function of the centre-of-mass energy s in the pp channels, and sg
is its value at the production threshold for the individual pion-channel. The
parameter p; describes the phase-space behaviour near threshold. Together
with the fitted parameter ps it determines the energy dependence f(so/s) in
Eq. 7.3 [81].2

parametrisation for pp-data fit to pn-data
used reaction | p1 p2  Ap, [mb] App [mb]
21 | pp — dnt 0 2 1224 256 205
3 | pp = 27t 35 54 32 17
dr | pp = 27T w0 | 5 5.2 110 14

Table 7.1: Parameters of Eq. 7.3 for pion channels contributing to the back-
ground in the w-region. p; is fixed by phase space, p» and A, are extrapo-
lated [81] from pp-data [82] on the reactions shown. The amplitude A, is the
only parameter adjusted to describe our data in pn — dX (right column).

We assume that this parametrisation holds also for the description of the
energy dependence in pn — d(Nw) with o(s) = Ap, f(so/s). There are of
course several channels contributing to a certain number of pions produced.
For example in the 27-production there are pn — dntm~ and pn — d27°. We
take the sum of their contributions without caring about their ratios. Only the
determination of one parameter, the amplitude A, for the whole 27-channel,
has then to be done. The same considerations can, of course, be applied for all
the pion-channels.

Phase-space simulations for the 2, 3 and 4 pion channel have been done
at the four beam momenta as described above [70]. In the normalisation the

3 A relativistic approach has also been investigated but, within our statistical errors, it does
not change the description.
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cross section parametrised by Eq. 7.3 leaves only the amplitude A,, as a free
parameter. The missing mass spectra in Fig. 7.5 were fitted such that an optimal
description below threshold was obtained simultaneously with the reproduction
of the shoulder at Q = 60MeV. The resulting missing mass distributions are
shown as solid lines in Fig. 7.5. Through this procedure the three amplitudes
Apy, for the contributions from the 2, 3 and 4n-channel are fixed to the values
given in the right column of Table 7.1.

21
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Figure 7.6: Parametrisation of the total cross section of multi-pion production.
The cross section behaviour for 2, 3 and 4 pion production in pn — d(Nr) is
shown as solid, dashed and dotted lines respectively.
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Figure 7.7: Due to cross section and acceptance changes with excess energy
the ratio of the multi-pion production channels changes with beam momentum.
Shown are the 2, 3 and 4 pion contribution and their sum as dotted, dashed,
short dashed and solid lines respectively.

Note that, without any further free parameters, a plausible description of
the background is obtained in all \/Epn ranges. It should be emphasised that the
parametrisation found is not claimed to necessarily describe the real total cross
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sections for the pion production channels in pn — d(N7). This is mainly due
to the fact, that only a small part of the phase space is accepted and no higher
partial wave contributions have been used in the simulations*. Furthermore,
the fit includes background apart from the three pion production channels, such
as the residual proton contribution (< 10%).

7.4 Cross Section for pn — dw

At @ = (60 £ 18) MeV a clear peak for the w is observed on the background,
whereas at (26 +18) MeV the w signal comes around the maximum of the accep-
tance and any evaluation of its strength depends much more critically upon the
background assumptions. Nevertheless, within the parametrisation of Eq. 7.3,
it is impossible to describe the maxima at the four excess energies in Fig. 7.5
without invoking some w signal in the latter bin.

To quantify the w contribution, phase space simulations for the channel
pn — dw have been done. For that we take the pn — dw cross section to be
constant over the ()-bin and equal to the physical cross section at the mean value
of ) as described before. The optimal fit to the data is shown in Fig. 7.5, where
the short dashed line is the w signal and the long dashed line shows the sum
with the pion background. To estimate the systematic error of the background
description, the three parameters A, have been varied and the residual w signal
has been recorded for extreme cases, but still reproducing the background in all
spectra within the statistic errors. From this analysis the upper and lower limit
for the number of entries in the residual w peak N, shown in table 7.2, were
obtained.

Pbeam 2.8GeV/c | 29GeV/c
Q [MeV] 26 + 18 60 + 18
N, 60 — 100 27— 33
L [1/nb] 581 445
Leorr [1/nb] 385 254

SL €acc 12.6 x 107 | 4.94 x 1073
<€SgE> 60.8% 41.6%
€5 67%

o [ub] 30-50 | 7.7-95
stat. error 11% 18%

Table 7.2: Ranges for the residual w signal obtained by the variation of the
three parameters of the background description.

From the experimental number of pn — dw events N, the total cross section

N, L At
s o vhere Lo = fan D
Leorr fL €ace < €off ~ €off un fat fm2

(7.4)

Otot =

can be calculated with the integral luminosity Leorr corrected for shadowing
fsh = 0.95 and run-by-run for the dead time f3; and multiplicity in the silicon-

4However, available np — dnt 7~ data in our energy range show the deuteron distribution
to be fairly isotropic in the centre-of-mass system [83].
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strip detector fno. Note, that these two latter factors have been used to deter-
mine the luminosity in Chap. 6 and thus effectively cancel out. The correction
fr for the fraction of luminosity in the centre-of-mass energy range is listed as a
convolution with the acceptance €,cc of the detection system in Table 7.2. Also
from simulations the mean efficiency of the wire chambers < egf > is obtained
applying the “track-weight” event by event®. The contributions to the global
efficiency eg{;’ = (67 £ 7)% are listed in Table 5.2 on page 50.

The value of the cross section were calculated using Eq. 7.4 with the given
limits for the experimental events IV,,. The statistical error is deduced from the
corresponding number of entries. The statistical uncertainty of the background
is incorporated in the systematic error of the fit, which has been approximated
by the variation in the number of detected events N, shown in Table 7.2. This
will be discussed with other systematic errors in the following section.

7.5 Systematic Uncertainties

The total systematic error of the resulting cross sections comprises the system-
atic errors of the following five procedures carried out to obtain this quantitative
result:

e The efficiency determination for the detection of a coincident spectator
proton and fast deuteron at the experiment. A systematic error of 7% is
taken as illustrated in Chap. 5.

e The luminosity determination by pd-elastic scattering, as discussed in
Chap. 6, reveals a systematic error of 20%.

e The fit of the background in the missing mass distributions imposes
a systematic uncertainty to the residual w signal, as shown by the range
of variation in table 7.2. The minimum and maximum value deviate by
about £25% for the @ interval around 26 MeV and by about +10% for
the highest ()-bin. These values are taken as estimates of the uncertainty
from the background description.

e The geometrical acceptance introduces an uncertainty as the geome-
try of the set-up is only known with a certain precision. Studies show
possible geometrical deviations in positions or beam angle, from which an
systematic uncertainty of 7% was deduced.

e The possible contribution of higher partial waves are taken as system-
atic uncertainties. For Q = (60 + 18) MeV -17% and +35% are concluded
as errors. For the @ = (26 + 18) MeV point the uncertainty is, with -9%
and +17%, much smaller.

It is assumed that all errors can be treated as o of a dispersion. Thus the final
result is obtained by adding all these values quadratically. They are listed for
an overview in Table 7.3. Even though the individual contributions at the two
excess energy ranges are quite different, the overall uncertainty is in both cases
around 35%. For the excess energy range around 60 MeV there are two major

5The approach to introduce this efficiency to weight the experimental events yields the
same results.
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contributions. One comes from the luminosity L used for absolute normalisation
and the second is due to the possible contribution of higher partial waves. In
the @ = (26 + 18) MeV range, the fit of the background plays a significant role,
whereas the higher partial wave contribution is smaller.

Q[MeV]| 26418 | 60+18
€eff +7%

L +20%

bg fit +25% | £10%
€geo +7%

P-wave 9%  +17% | -17%  +35%
result -35%  +38% | -29% +42%

Table 7.3: Systematic errors in ¢ for the efficiency e, the luminosity L, the
fit of the background “bg”, knowledge of geometry €ze, and higher partial wave
contributions denoted by “P-wave”.

7.6 Results and Comparison with
Predictions

In table 7.4 the obtained cross sections, including all corrections, are listed with
statistical and systematic errors. It is found that the systematic uncertainty
is larger than the error one would expect from statistical fluctuations alone.
Thus the results for pn — dw, shown as closed triangles in Fig. 7.8, include the
systematic errors only. The FWHM of the () ranges are drawn as horizontal
bars. As there are no experimental data whatsoever existing on this channel,
the pp — ppw data from SPESIIT at SATURNE [47] and COSY-TOF [48] are
shown as open circles and open square in the same plot.

Pbeam | 28GeV/c | 29GeV/c
Q [MeV] 26 + 18 60 + 18
Otot [ub] | 4.0+£0.4115 | 8.6+ 15139

Table 7.4: Total cross sections ooy for two beam momenta ppeam and corre-
sponding excess energy ranges (). Shown are first the statistical errors and
secondly the upper and lower systematic errors.

The lines and the shaded area in Fig. 7.8 indicate several theoretical calcu-
lations. The lower dash-dotted curve is a fit to the pp — ppw results, whereas
all the other curves are the following predictions for the pn — dw reaction (see
Sec. 1.1 for a general discussion on model calculations).

e The shaded area corresponds to cross section estimations of pn — dw
following phase space behaviour published by V. Grishina et al. [84]°:

oot (pn — dw) = 2.2 ub /Q/MeV .

6This is a factor of two lower than the estimate made in the initial proposal [49].
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e The two extreme predictions from a relativistic meson-exchange model by
Nakayama et al. [85] are shown as dashed lines in Fig. 7.8. The spread
reflects the uncertainty remaining in this phenomenological approach after
the adjustment of the parameters to the SATURNE data in the pp — ppw
channel. The TOF data were not yet available for these calculations.

e In order to obtain a comparison with the 7 case, the phenomenological fit
to the pp — ppw data given in Ref. [47] shown by the dot-dashed line has
been used. Assuming a similar ratio of w production in pn to pp collisions
as in 1) case one obtains the solid line [35]7. The result lies in the middle
of the previously presented model calculations.

0 [ub]

/ PP - Ppw
% @ COSY-TOF
PP - Ppw
@ SPESIII
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0 20 40 60 80 100

Q [MeV]

Figure 7.8: Total cross sections for w-production. The pp — ppw data are
taken from SATURNE [47] (open circles) and COSY-TOF [48] (open square),
whereas the two ANKE pn — dw points from this work are given by the closed
triangles. Only the systematic errors are shown as they are larger than the
statistical errors. The horizontal bars indicate the @) range (FWHM) of the
bins. The dot-dashed curve is the phenomenological fit to the pp — ppw results
given in Ref. [47]. Several theoretical calculations shown as lines and shaded

area overestimate the measured cross section significantly and are discussed in
the text.

"The smearing with the width of the w meson changes the behaviour only at Q@ < 10 MeV.
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One sees that the experimental results on the cross section for pn — dw are
much lower than those theoretically predicted. This corresponds to a deviation
of 3¢ in systematic uncertainty from the lowest theoretical model calculations.
In view of this large discrepancy, one can already conclude from the present
data that some other elements are required in the theoretical description.

One can try to speculate on the possible reasons for this disagreement. In
Chap. 1 it is shown that a model invoking pure isoscalar exchange together
with identical IST and FSI implies a pn — pnw to pp — ppw ratio of 1. If one
includes phase-space and FSI as in Ref. [8,35] in order to deduce the pn — dw
cross section, one finds that at about Q = 60 MeV it is equal to pn — pnw. Thus,
under this assumption, our point at about 60 MeV would be expected at the pp
cross section. Our results lie between this scenario and the model predictions.
As the model calculations turn out to be dominated by isovector exchange [85],
the failure to describe such a situation is understandable. One could hence
interpret the result as indication for a strong isoscalar contribution in the w
production mechanism. This would be a remarkable result, as in the 7 case
the exchange of isovector mesons is believed to play the dominant role [2,3,6].
It remains to be seen how interferences of several exchange currents as well as
possible isoscalar resonances, on which little knowledge is present, can change
the results.

All these considerations show that further measurements are needed not only
in the discussed channel pn — dw, but also in the other channels to constrain
the models.
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Chapter 8

Outlook

From our first experimental data on the pn — dw cross section and their dis-
agreement with all theoretical predictions, it is clear that further investigations
are necessary both on the experimental as well as the theoretical side. I will re-
strict myself here to the experimental needs. First of all, the large uncertainties
on the presented points must be reduced. In order to do that a beam time of
two weeks has been allocated for August 2003. Moreover, we were encouraged
by the Program Advisory Committee (PAC) for COSY to apply subsequently
for further measurements closer to the threshold and with finer ) binning. In
this chapter the improvements, which should lead to a significant reduction in
systematics, will be discussed. Furthermore, ideas to measure the other isospin
channels at ANKE or COSY11 are presented. Combining the results with those
from the planned measurements of pn — d¢ at ANKE would allow a test of the
OZI rule at low excess energies.

8.1 Ongoing pn — dw Measurements

Based on the experiences with the first generation silicon telescope and its limi-
tations, modular self triggering telescopes have been built [86]. Two of these set-
ups, consisting of double-sided structured silicon-strip detectors, will be placed
inside the COSY vacuum for the next measurements in August 2003. The basic
scheme of particle identification and energy determination remains unchanged
from its predecessor (see Chap. 3). Nevertheless, the following major improve-
ments are evident:

e Since all detectors are double-sided structured silicon-strip detectors, the
tracking capability for the whole energy range allows an installation close
to an extended target. Particles can be traced and their angles recon-
structed with an accuracy of 6=1-3°, only limited by the angular strag-
gling in the silicon.

e As a consequence of larger size detectors, the geometrical acceptance for
the combination of both telescopes planned for installation in 2003 is in-
creased by a factor of 20, compared to the first generation set-up.

e The set-up incorporates independent self-triggering capabilities in all lay-
ers. Thus an efficiency determination within the telescope is feasible for
all layers.
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e High rate capability is provided due to the fine segmentation. The tele-
scope identifies a particle passage within 100ns and provides, in combi-
nation with the self-triggering chips, a fast hit pattern recognition which
improves the trigger-capabilities to handle higher rates.

In September 2001 a first prototype was installed at COSY and was commis-
sioned parasitically during the data taking for ANKE. The results prove the
excellent performance of the system in real experimental conditions.
Phase-space simulations have been performed in order to study the resolu-
tions and optimise the geometrical arrangement of the detectors for the mea-
surements [70]. It was proven that an arrangement of two silicon telescopes
placed on opposite sides is well suited for the following reasons. Their size in
combination with a large size target chamber, which has been installed at the
end of 2002, will enable us to overcome most of the previously encountered
systematic uncertainties for the luminosity determination. Furthermore, the
combination of both telescopes will allow us to cover the full phase-space for
the pn — dw reaction up to Q = 100 MeV at ANKE. In Fig. 8.1 distributions
obtained by phase-space simulations of pn — dw in the experimental acceptance
at ANKE illustrate that no severe gaps in acceptance appear. Thus the total
cross section can be extracted in a model independent way. Moreover, provided
enough statistics are available angular distributions could also be extracted.
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Figure 8.1: Excess energy versus the dw angle in the centre-of-mass system for
pd — pspdw in the silicon telescope placed on the left and right side of the
COSY beam (left and right of the figure respectively). The combination of both
telescopes allows us to cover the full phase-space over the whole @) range up to
more than 100 MeV.

We conclude that measurements in an ) range from 0 to 100 MeV with a
binning of 10 to 20 MeV can be performed at a single beam momentum scanning
over the spectator distribution. However, the beam time required for these
measurements crucially depends on the cross section of pn — dw and the multi-



8.2 Further w Production Channels

83

pion background. Thus, measurement time was requested first to refine our
results at energies above Q = 50 MeV and hence to fix the overall beam time
required. Furthermore, the possibility to study angular distributions, which
would allow us to draw conclusions on the contribution of higher partial waves,
will be investigated. Finally we hope to extend the measurements to 5 or 10 MeV
above threshold in order to study a possible close-to-threshold enhancement due
to w-nucleon interaction. This effect is observed in the n case [15] and it is of
great interest whether a similar behaviour can be found in the w production as
well [27].

8.2 Further w Production Channels

As mentioned before, it is of great theoretical interest to have data on all isospin
channels. Apart from the pure I = 0 channel presented in this work, the
pp — ppw reaction has been measured by two groups [47,48], but leaving a
large gap between 30 and 90 MeV excess energy. Further experimental points
should be taken in. In this context it should be noted that Ref. [5] claims that
the SATURNE data can not be described consistently with higher energy data.
First estimates indicate that the measurements could be done at ANKE within
a very short measurement time [87]. The last, not yet addressed, channel is
the pn — pnw reaction. The studies could, in principle, be performed both
at ANKE and COSY11 with some changes in the detection system. These
changes seem feasible at rather low expense in money and manpower. Thus
in this case joint efforts will be taken to evaluate the best choice of apparatus
for the measurements. The time scale, however, for these projects will not be
independent on the human resources available at the Forschungszentrum.

8.3 Test of the OZI Rule

The nine possible g states from the u,d and s quarks form an octet containing
the ¢g and a singlet state denoted by ¢o (both have I = S = 0) in the case of
vector mesons. Due to SU(3) breaking, the physically observable mass eigen-
states are a mixture of ¢s and ¢ called w and ¢. In case of ideal SU(3)-mixing,
the w is composed purely by u,d quarks whereas the ¢ contains only s quarks.
In the quark model these mesons are then restricted both in production and de-
cay. As the strong interaction conserves flavour, the production of a s5 state (¢)
from a non-strange initial state is only possible via three-gluon exchange. The
resulting suppression is known as the Okubo-Zweig-Iizuka (OZI) rule [88-90]. If,
however, the nucleons in the initial state contains strangeness, one can imagine
the production as “kick out” of s§ pairs. Thus, it has been suggested, e.g. in
Ref. [91], to probe the intrinsic strangeness of the nucleons by measuring the
ratio of cross sections Ry, from ¢ to w production. Assuming a deviation of
3.7° from the ideal SU(3)-mixing angle 6; = 35.3° and the OZI rule to be strictly
valid, this value can be calculated to be Ry/, = f-4.2- 1073, where f is the
ratio of the phase-space factors of the two reactions. Several measurements of
this ratio show inconsistent results up to Ry, = f - (321 £ 74) - 102 [92].

A close-to-threshold measurement of the ¢ production in pn — d¢ has been
proposed already in the COSY Proposal #75 [49]. However, the measurement



84

Outlook

has not yet been performed. The comparison with the cross section of the
pn — dw reaction would then be possible at the same momentum transfer.
Neglecting differences in initial and final state interactions the ratio Ry, could
be extracted directly from these measurements.



Appendix A

Mathematical
Considerations

In this chapter a few mathematical relations are reviewed. This summary is by
no means complete, but describes only relations important for the considerations
required by this work. Firstly kinematical relations in spectator detection and
elastic scattering are presented. Secondly error propagation in a special case
is discussed. Lastly, the derivation of the ratio in different isospin channels is
sketched.

A.1 Observables in Spectator Kinematics

Following the assumptions of the spectator model, discussed in Sec. 1.2, the
detection of the spectator proton enables us to study the reaction pn — X
by measuring pd — pspX. The measurement of the three momentum of the
spectator proton fixes the kinematics of the pn-entrance channel fully. The four
momentum of the quasi-free neutron is then

ph = pétarget - pgp ) (A1)

where pl, ., and pk, are the four vectors of the target deuteron and spectator
proton respectively. Due to momentum conservation p, = —psp, but generally
the invariant mass square of the rest particle

sn=Eq—pp =mj+ml—2mq\/p2, +m2 #m] , (A.2)

and this defines the off-shellness of this neutron.
For an incident proton beam with four momentum pf , = this allows one to
determine the centre-of-mass energy

2
\/‘;pn = \/(p‘ltaeam +pléarget - plgp) ’ (AS)

on a event-by-event basis. Subsequently, the excess energy ) for a certain
reaction can be obtained by

Q= 5, — ka . (A.4)
k
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This value can be determined from the spectator measurements alone up to the
intrinsic width of the particles in the final state (with masses my). In case of
the w-production in the pd — pspdw reaction the excess energy,

2
Q= \/(pﬁeam +p'lclarget - pgp) — Mg — My , (A5)

is calculated with the central w mass value m, = 782.6 MeV/c2. The finite
width, T',, = 8.4MeV, imposes an uncertainty comparable in size with the ex-
perimental resolution at ANKE. Similarly one can express the missing mass
with four vectors as

2
mx = \/(pﬁeam +p€arget - pgp - ps) . (AG)

In the lab system the four vectors for the beam proton pf.,,., target deuteron
Dharget» SPeCtator proton p and deuteron in the final state p; can be expressed
in masses m and three momenta p of the respective particles:

plﬁeam = (V m127 +pl2)eam7pbeam) ) pgarget = (md> 0) (A7)
ph,, = (Tsp+mp,Psp) 5 Py = (x/m§+p§,pd> . (AB)

Although in the analysis of the data this and other observables are evaluated
using fully relativistic kinematics, the sensitivity to the measured quantities can
be illustrated in a non-relativistic approximation in the spectator momentum
Psp- To order 1)2Sp /mp the square of the centre-of-mass energy is given by

2 2\ 2
Spn = gpn + 2pbeampsp COS Hsp - (Ebeam + md) Iﬁ +0 ( <1ﬁ> ) ) (Ag)
m my

where 3, is the value for a stationary neutron, i.e. corresponding to free pn-
kinematics. Since the telescope is placed around 84, = 90°, 0sp, /00, is maxi-
mal there and so the value of ) depends sensitively upon the determination of
the polar angle of the spectator.

Similarly the missing mass can be developed non-relativistically in terms of
Psp to deduce the sensitivity to the spectator detection:

m)2( = "’h;( + 2(pd - pbeam) Psp
v )\
-2 (Ebeam _Ed+md) ﬂ+0(<ﬁ) ) ) (A.IO)
mp mp

where i x is the value obtained at ps, = 0. Since in our set-up the fast deuteron
is measured near the forward direction, the same sort of sensitivity is found also
for mx when using Eq. A.9. However, in view of the w width, the uncertainty
in the beam momentum (< 1 MeV/c) is unimportant for both @ and mx at
this level of accuracy.

A.2 Elastic Kinematics

A simple situation in terms of kinematics is the case of two particles scattering
elastically. Then the momentum transfer and the particle types fix also the
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energy transfer. Thus, knowing the initial state in pd elastic scattering (beam
proton with known momentum impinging on a deuteron at rest), either the
energy or the polar angle of a single identified particle in the final state fixes
the reaction kinematics completely. One can calculate from the experimentally
measured deuteron kinetic energy Ty both the momentum p, and polar angle 6,
of the forward scattered proton. On the basis of energy conservation one gets

pf) =plea + T3 — 2Ty /mg + P o > (A.11)

and momentum conservation is used together with the trigonometrical relation
(cos-rule) to obtain
2 2 _ .2
+ j—
cos b, = Pbeam T Pp = Pa . (A.12)
2pp DPbeam

A.3 Error Propagation

Independent errors are usually added quadratically. However, two values are
statistically independent only, if their fluctuations are completely uncorrelated.
Let us e.g. consider the efficiency determination for a detector. The efficiency
value can be defined straightforward by

€Ep = % R (A13)
the number of detected events Np over the total number of events NV in the
acceptance of the system. If one tries to calculate the statistical error of this
value one realises that, even though these numbers can not be directly expressed
by each other, statistically they are not independent. This is because Np is a
subsample of all events N. To get two independent samples of events one should
therefore take Np and the number of missed events Nj; = N —Np and calculate
the error from

N
ep(Np,Nu) = m (A.14)
by the quadratic sum
b > (6 >
oed = (5]6\7—[1)) aND) + (M;—J‘L UNM) (A.15)
1 .
o = VN3 0N} + Ny oNY, (A.16)

If one assumes Gaussian distributions one can approximate o N with v N and
obtains:

1
oen = 5 VN2 Np + N Nag (A.17)

The binomial approach deviates from this result by an additional factor
/N/(N —1) in Eq. A.17 only. The difference becomes significant, if either
Np or Ny is a very small number. This latter approach was used for the
calculations of the statistical errors in the cells of the efficiency maps.
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A.4 Ratio of Isospin Channels

The amplitude A for the transition from an isospin state |T' > to the same state
as in the production of an isoscalar meson is purely defined by the coupling
operators 7; and 7y of the nucleons to the intermediate meson. Thus using the
expectation value < 7,2 >= 4t;(t;+1) with t; = 1/2 for ¢ = 1,2 and an isovector
meson exchanged

1 . -3 for T=
A < Ty - 7|T >= 3 < T|T? — 72 — 72|T >= {;15 tor T — (1) (A.18)
defines the ratio of amplitudes for < 0|7y 72|0 > to < 1|#; 72|1 > to be 3 for
isovector meson exchange. For the exchange of isoscalar mesons the operator is
the unity operator and hence < T|1|T >= 1 for any isospin state T [27]. These
amplitudes enter quadratically in the cross section and thus or—¢/o7=1 = 9.
The ratio R,,p, in Eq. 1.1 is then calculated to be 1/2(9 + 1) = 5 for the
exchange of an isovector meson like a pion. The same isospin considerations

imply R,,/pp to be 1 for the case of an isoscalar meson exchanged.



Appendix B

Silicon Telescope

The set-up is described in Sec. 2.2 and the identification of protons and
deuterons is shown in Chap. 3. Thus here only details on the geometry, crucial
for the angular reconstruction, on the properties of the detectors detectors, and
on the read-out are presented.

B.1 Geometry and Angular Reconstruction

The same view on the silicon telescope as in Fig. 2.3 on page 11 is sketched in
Fig. B.1, showing only the dimensions important for the analysis (in millime-
tres). The relative distances between the target and the first detector as well as
the offset between the two detectors along the beam axis are obtained experi-
mentally (see Sec. 6.4.1). The position relatively to the flange was measured by
ruler.

flange center

5.

2]
o))

_

68.4
5.7&—0.1
54 10.55+/-0.5

39.3+/-0.5

]
beam exp. target position

Figure B.1: Relevant geometrical dimensions (to the edges of the sensitive vol-
umes) of the silicon telescope, as measured in August 2001.
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Using this information the strip information from the detectors provide the
polar angle of the particle.! To deduce the influence of the magnetic field, Monte
Carlo simulations have been done [62,70]. The difference to the straight line
approach yielding 6y was parametrised as a function of the particle energy. The
result for the reconstructed angle 6 is,

o for protons stopped in the second layer with 2.6 < T, < 4.4MeV:

0 = 6o + 1.56307 — 0.380564 T, + 0.0534171 T, — 2.87111 x 107° T} ,

o and for those stopped in the third layer with 7.8 < T, < 21.8 MeV:

0 = 6o+ 7.12642— 1.40573 T, + 0.137378 T, — 6.84428 x 107> T}
+1.68783 x 107 T,y — 1.63459 x 1079 773 .

For the analysis of the data this functionality was used, and all subsequent
calculations were based on the obtained polar angles.

B.2 Silicon Detectors

If particles transverse matter there is always a certain probability of interaction,
and for charged particles there are two main processes:

e inelastic collisions with the atomic electrons of the material

e elastic scattering on nuclei

The first process contributes to the main part of the particle’s energy loss.
By collecting the charge carriers, the ionising part of this energy loss can be
measured in semiconducting materials. The collection of light, produced by de-
excitation in scintillators, is much faster, but a lot less efficient than this. The
requirements on energy resolution, the restricted space in the ANKE target re-
gion and the handling in ultra high vacuum, let us choose silicon semiconductor
detectors for our set-up.

B.2.1 Surface Barrier Detectors

Production is done, by exposing etched silicon to air yielding a very thin layer
of silicon oxide. This is then covered with a layer of gold for ohmic contact
and protection. A reversed bias voltage, applied to this contact, and an indium
contact on the back side (mostly covered by aluminium) create a depleted layer
just below this silicon oxide layer. Therefore surface barrier detectors are most
suitable for the detection of low energetic and high Z particles. The commercial
ORTEC detectors we used? (see table B.1 on the next page) had a dead layer
of approximately 40ug/cm? gold, which corresponds to an energy loss of only
8.9keV for a 5.5MeV a-particle and 1.9keV for a 2MeV proton. The exit contact
thickness was given to be: 40ug/cm? aluminium. In Table B.1 on the facing
page some properties are listed.

IFor protons with Tsp < 4.4 MeV the middle of the target is assumed to be their origin.
2 All specifications by EG&G ORTEC
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sensitive thickness 18um 60.9um
model no. ED-095-300-25 ED-020-450-50
description | planar totally depleted planar totally depleted
active area 300mm? 450mm?
si entr. window equ. 800A 800A
si exit window equ. 2250A 2250A
bias voltage 10V 35V

Table B.1: Properties of surface barrier detectors

Neglecting any mechanical contributions (mounting, connectors, etc.), detec-
tor noise is proportional to its capacitance, which is proportional to the active
area and anti-proportional to the thickness of the depleted zone itself. Thus, it
becomes clear that the larger sized 60um surface-barrier detector is affected less
by this effect than its slightly smaller sized predecessor of only 18 um thickness.

B.2.2 Silicon Strip Detectors

Due to this very thin oxide layer in the surface barrier detectors, the depletion
zone cannot be extended very far into the silicon. Using ion implantation or
diffused junction techniques, detectors can reach one or two millimetres depth
of depleted zone and thus active detector thickness. By lithium drifting the
density of the charge carriers in high purity silicon can be lowered even further,
yielding the possibility to extend the depletion depth.

5mm Thick Strip Detectors For our purposes D. Proti¢ developed 5 mm
thick silicon detectors. These detectors are boron-implanted from one side, and
from the other lithium is thermally diffused into the detector at 350°C. The
boron-doped p+ layer with a thickness of 0.1um is coated by 0.1um aluminium
and represents the entrance window of this detector. This corresponds to an
energy loss of approximately 30keV for 5 MeV « particles and 3.3keV for 2MeV
protons. On the back side the lithium-doped layer is between 0.5 and 0.7um
thick and also coated with aluminium for ohmic contact to the bias voltage.
Lithium of this layer has been drifted into the pure silicon by applying a strong
reverse bias voltage at 60°C, to compensate for traces of boron acceptors in the
highly pure silicon. In Fig. B.2 on the next page a cut through the detector is
sketched showing also one representative groove between the strips.

These detectors are divided into strips of 250um and 234um pitch respec-
tively, with a guard-ring surrounding the active area. The first type has been
used at the test measurements in Cologne [55] and in another set-up previ-
ously installed at ANKE. The latter type performed well at ANKE beam time,
providing us with data to determine luminosity at ANKE. (See Chap. 6) A
resistor chain read-out was used on both types, but on the latter type the resis-
tor chain was subdivided to achieve an acceptable dynamic range with a total
of 200 strips. Table B.2 on the following page shows some properties of these
detectors.
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boron
aluminium doped " . . lithium doped aluminium
contact silicon depleted lithium drifted silicon silicon contact
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Figure B.2: Sketch of the thick strip-detector structure

SW14-1 ST4-14B
pitch 250um 234pum
groove width x depth | 27(5)um x 1.5um 23um x 4um
depletion depth 3.0(1) 5.1(1)mm
bias voltage from 300V up to 500V
active area (I x w) | 10mm x 20mm  46.8mm X 23mm
strips X groups 80 x 1 50 x 4

Table B.2: Properties of the thick strip detectors

The large depletion zone makes drift times and diffusion relevant for dis-
cussion. The drift time for charge carriers sets direct constraints for electronic
settings, and can lead to wrong conclusions, if not properly taken into account.
Electron-hole pairs from particles, being stopped very close to the surface of
the detector, create a fast signal from the positive charge carriers, and thus
yield a good position resolution as diffusion is small. The drift time of the elec-
trons then reaches its maximum value. For higher energy or lighter particles,
which are stopped near the end of the detector, the drift time and the diffu-
sion of the holes becomes maximal and therefore charges from a single hit gain
their maximal spread in position at the strips. For minimum ionising particles,
which deposit their charge almost evenly over the whole detector thickness, the
maximum spread in charge collection time is reached.

Table B.3 on the next page shows some values for this detectors, which were
obtained in two different ways. For electrons the velocity was extracted out of
curves from Bertolini and Coche [93]. And for holes they were calculated by
v = ¢ = pE with the mobility y, = 480 cm?/Vs for holes and 1, = 1350 cm?/ Vs
for electrons [94], assuming the velocities to be far away from threshold and thus
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obtaining a maximum value by this method.?> The diffusion is obtained then
by: og4iry = V2Dt with diffusion constants calculated from the mobility. As the
velocity at this field strength is still linearly dependent on the electric field, it
is obvious, that the diffusion does not depend on the charge carriers.

| electrons holes
velocity [<2] | 8 x10° 2.8 x 10°
max. drift time 640ns 1.8us
diffusion constant 34.60—';12 12.3%82
max. diffusion o 67um 67um

Table B.3: Maximum diffusion and drift times in the 5 mm thick detector

As we can see in table B.3 the charge collection time due to drift time can
be quite long, and should therefore be carefully considered. One disadvantage
of the large integration times used to cope with the long charge collection times,
is clearly the limitation in count rate imposed by it. The estimated pile-up can
clearly be seen in the data obtained at the test beam time [55] with the Tandem
Accelerator. The full width half maximum of the diffusion is less than 100um,
and therefore does not change the position resolution considerably.*

300 pm Thick 32-Strip Detector In our set-up at the ANKE spectrometer
we used a 300um strip detector, commercially available from Canberra, as an
angular sensitive intermediate layer between the 60um and the 5 mm thick de-
tector. The front surface of this “Passivated Implanted Planar Silicon (PIPS)
Detector” is ion-implanted and passivated instead of coated by an evaporated
metallic layer. According to Canberra this considerably reduces the entrance
window thickness. This and other specifications given by Canberra are listed in
table B.4.

Canberra Detector
model no. | PF-32CD-15*32-300-EB
thickness 300pum
active area (1 x w) 32mm x 15mm
si entr. window equ. 0.7 -1.5pum
pitch 1mm
strips 32
bias voltage 20V

Table B.4: Properties of Canberra 300um strip detector

3The minimum bias voltage was used to derive upper limits only.
4A slight change in the beam profile due to this effect could be seen in the data from the
Cologne test beam time, but the evidence is weak.
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B.3 Signal Processing

B.3.1 Shaping and Dynamic Range

The main goal for the read-out electronics is the amplification of comparatively
small deposited charges in the silicon detector to a signal with a reasonable
amplitude for the analysis in a multichannel analyser (typically < 10V). This
voltage should be proportional to the deposited charge over the whole range,
which is to be analysed.

The read-out chain for our silicon detectors is set up as follows: A charge-
sensitive preamplifier is installed as close to the detector as possible, to reduce
the input capacitance and therefore the noise produced on the very sensitive
input side. The signal is amplified again in the main amplifier(s), which pro-
vide(s) adjustable amplification, shaping and pole zero correction, to be then
transmitted to an analyser, which produces a channel number corresponding to
the amplitude of the signal. Amplification was adjusted, to cover the amplitude
range of the multichannel analyser, and a correct pole zero adjustment ensures
the proportionality to the deposited charge.

Shaping Because the fast rising slope from the signal contains the basic infor-
mation on the charge, differentiation is done with RC networks. Therefore the
system provides a good signal from the charge even for high count-rates. The
sharp differentiated signal is difficult to process and contains all high-frequency
components of any noise produced in the system. Subsequent integration of
the signal is often done in many steps by CR-networks, to produce a nearly
Gaussian shape of the signal, which minimises noise and can be well processed
in the further chain.

Triggering In order to identify an event in the detector, a certain threshold
has to be set; and the read-out has to be activated only if this threshold is
exceeded. Usually a fast signal is used for that, because it ensures correct
timing. A discriminator is used to set a threshold and produce a logic signal,
which has to be delayed by the right amount to trigger the peak of the slow
signal. In the following the further processing of this trigger signal is described.

Dynamic Range The dynamic range of the individual amplifiers is deter-
mined by the linear region of the amplifiers. The charge collection in the de-
tector itself is also not complete and depending on the charge produced per
volume. On the electronic side the linearity of the channel analyser and all the
components processing this slow main signal have to be considered. The fast
triggering channel can also affect the dynamic range, either by the disability to
trigger on certain pulse-heights or due to timing shifts, which can lead to an
amplitude loss, if the gate is not adjusted widely enough.

B.3.2 Resistor-Chain Read-Out

For the read-out of a micro-strip detector, the usage of an individual read-
out chain for each strip, requires an advanced technology to produce vacuum
compatible preamplifier boards with the dimensions of the detector pitch or
vacuum-connectors with a huge amount of cables in the vacuum. Apart from
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the amount of work which is needed, this and all the other components of the
read-out increases the prise of the set-up by a large amount. Developments are
done in this respect just now, but as a first step the read-out by resistor chain
was employed.

readout

channel 1

readout

channel 2
1 MQ

Figure B.3: Sketch of a resistor chain read-out

In Fig. B.3 is sketched how each strip is connected to its neighbouring one
by a defined ohmic resistor in this type of read-out. Two read-out channels
are then sufficient to get the energy and position of the incident particle. The
dynamic range for deposited charges in the detector is unfortunately severely
affected by this method. For a middle hit the charge is equally split into both
pre-amplifiers, but for a hit in a strip at the edge of the detector the amplitude
of the signal is divided by the amount of strips (-1) in the chain in the most
distant channel. As a signal in both channels is needed to determine total energy
loss and position of the particle, the read-out has to provide a dynamic range
with a factor equally to the amount of the strips additionally to the range of
deposited energies, that should be detected. Thus a huge dynamic range for
the electronics is needed, if a resistor chain read-out is used. We divided the
read-out chain at the ANKE beam time in four segments with 50 strips each,
to cover an acceptable energy range.

B.3.3 Set-up at ANKE

The pre-amplifiers(PA) were directly mounted to the vacuum-flange to reduce
cable length to a minimum for non-vacuum compatible electronics. The working
scheme of is sketched in Fig. B.4. The fast and slow main amplifiers(MA) were
situated in different modules and could be adjusted independently. The slow
signal from the main amplifier was transferred to a stretcher module, which holds
the maximum signal amplitude in the given gate by the discriminator(CFD).
We can use some time delays(TD) to produce a gate with a fixed width for
the digital converter(QDC). Within the gate width the QDC accumulates the
charge obtained from the stretcher and converts the integrated charge into a
channel information. The essential components are sketched in Fig. B.4.
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Figure B.4: Sketch of the electronic set-up at ANKE

The 41 channels used at the ANKE beam time in August 2001 were set up
in this fashion with most electronics being multi-channel devices, as listed in
the Table B.5.

model
pre-amplifier CSPAQ2

main amplifiers | 16 ch. fast shaper NEL 4.16.02.1

16 ch. shaper NEL 4.16.01.0

discriminator PS octal discr. 710
time delay C.A.E.N dual timer 2255
stretcher LeCroy 3309 PTQ
channel analyser LeCroy 4300B FERA
controller CAMAC-FERA-PCI

Table B.5: Electronic components
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Figures and Tables

| Listing of all runs in August 2001 |

| run | fa Fm2 fms  L[10%cm % '] L£[10%%cm 7 |
2.6 GeV /c, Ao = 5.10 ub, dimage—cut = 17.8 mm

3583 | 1.207 1.046 1.009 3.508+0.111 12832
3586 | 1.206 1.048 1.009 3.578+0.075 28617
3588 | 1.007 1.025 1.002 0.385+0.060 557

3589 | 1.108 1.038 1.007 1.953+0.128 2125
3590 | 1.212 1.049 1.009 3.721+0.066 30793
3591 | 1.178 1.045 1.008 3.095+0.058 29858
3592 | 1.168 1.044 1.008 3.094+0.058 34521
3593 | 1.237 1.052 1.011 4.36310.088 32279
3632 | 1.372 1.047 1.009 3.613+0.095 21560
3633 | 1.183 1.035 1.005 2.120+0.260 1202
3634 | 1.272 1.042 1.007 3.245+0.201 4587
3635 | 1.277 1.042 1.007 2.902+0.161 3625
3636 | 1.287 1.043 1.007 2.918+0.056 29946
3638 | 1.283 1.043 1.007 2.930+0.056 32395
3639 | 1.323 1.046 1.008 3.366+0.067 29479
3640 | 1.265 1.043 1.008 3.181+0.395 860

3641 | 1.409 1.0563 1.011 4.442+40.096 35569
3642 | 1.294 1.046 1.009 3.533+0.086 32799
3643 | 1.206 1.040 1.007 2.562+0.072 19260
3644 | 1.381 1.0563 1.010 4.296+0.317 2146
3645 | 1.514 1.061 1.012 5.848+0.124 29525
3646 | 1.563 1.064 1.013 6.111+0.261 7389
3647 | 1.515 1.061 1.012 5.610+0.211 8560
3648 | 1.500 1.059 1.012 5.434+0.183 10626
3649 | 1.482 1.059 1.012 5.97940.402 3635
3650 | 1.440 1.056 1.011 4.8804+0.093 34733
3651 | 1.410 1.052 1.010 4.40710.086 33357
3652 | 1.441 1.0564 1.011 5.094+£0.122 26812
3653 | 1.481 1.057 1.011 5.131+0.103 33576
3654 | 1.516 1.059 1.012 5.558+0.116 34994
3655 | 1.445 1.055 1.011 4.787+0.092 35522
3661 | 1.664 1.062 1.013 6.155+0.126 39862

| ...continued overleaf |
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[ run | fae fm2  fms L [10%cm™ %] £ [10%cm™7] |
3662 | 1.796 1.075 1.016 8.03240.160 45407
3663 | 1.992 1.086 1.020 9.869+0.230 45514
3664 | 1.925 1.083 1.018 9.061+0.187 41918
3665 | 1.740 1.073 1.015 6.871+0.121 36094
3666 | 1.671 1.069 1.015 6.99440.137 39930
3667 | 1.646 1.067 1.015 6.7561+0.138 38656

2.7GeV /c, Ao = 5.07 ub, dimage—cut = 17.8 mm
3685 | 1.512 1.058 1.013 6.005+0.129 37749
3686 | 1.707 1.070 1.016 8.209+0.205 31210
3687 | 1.700 1.070 1.016 8.1261+0.279 15862
3688 | 1.682 1.069 1.015 7.829+0.156 44680
3689 | 1.721 1.071 1.016 7.970£0.167 39278
3690 | 1.729 1.073 1.016 8.6671+0.186 41485
3691 | 1.706 1.072 1.016 8.309+0.164 45540
3692 | 1.807 1.075 1.017 8.717+0.230 25473
3693 | 1.989 1.083 1.019 10.473+0.208 55613
3694 | 2.070 1.087 1.020 10.47140.202 59625
3695 | 1.785 1.073 1.016 8.345+0.173 42145
3696 | 1.699 1.068 1.015 7.466+0.159 39081
3697 | 1.626 1.064 1.014 6.42940.223 12331
2.8GeV/c, Ao = 5.01 b, dimage—cut = 17.6 mm
3577 | 1.225 1.046 1.010 4.075+0.153 11379
3578 | 1.185 1.043 1.009 4.001+0.353 2336
3579 | 1.165 1.041 1.008 3.010+0.057 31317
3580 | 1.386 1.063 1.014 6.216+0.119 30770
3581 | 1.330 1.058 1.012 5.545+0.108 35692
3582 | 1.132 1.038 1.007 2.446+0.054 21738
3594 | 1.306 1.0567 1.012 5.83440.101 37313
3595 | 1.266 1.053 1.011 5.434+0.097 38743
3596 | 1.397 1.066 1.015 7.578+0.144 39056
3597 | 1.344 1.061 1.012 6.585+0.184 14550
3604 | 1.159 1.040 1.009 3.1454+0.278 2077
3606 | 1.342 1.059 1.012 6.190+0.154 21126
3607 | 1.410 1.0567 1.012 5.853£0.229 9153
3608 | 1.392 1.0565 1.011 5.528+0.181 11894
3609 | 1.395 1.054 1.011 5.383+0.094 42517
3610 | 1.414 1.056 1.012 6.810+0.865 1542
3611 | 1.339 1.050 1.010 4.817+0.100 33521
3612 | 1.308 1.047 1.009 4.359+0.084 35382
3613 | 1.393 1.054 1.011 5.398+0.125 27292
3614 | 1.302 1.047 1.009 4.088+0.090 22541
3615 | 1.600 1.064 1.013 5.772+0.111 30522
3616 | 1.359 1.048 1.009 4.4914+0.112 21441
3617 | 1.508 1.056 1.011 5.981+0.123 36082
3618 | 1.540 1.056 1.011 5.985+0.112 41657
3619 | 1.623 1.061 1.012 6.297+0.127 32095
3623 | 1.407 1.045 1.010 3.863+0.201 11611
3624 | 1.836 1.067 1.015 11.7244+1.578 3163
3625 | 1.906 1.074 1.016 8.701+0.155 55759
3626 | 2.038 1.079 1.018 9.686+0.192 51563
3627 | 1.580 1.056 1.011 4.948+0.099 38212

...continued overleaf
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[ run | fa fm2  fws  L[10¥ecm™%s7T] £ [10%cm™7] ]
3628 [ 1.435 1.049 1.009 4.876+0.117 29384
3629 | 1.632 1.061 1.013 5.788+0.244 7416
3656 | 1.511 1.057 1.012 5.884+0.109 42542
3657 | 1.536 1.059 1.012 6.150+0.121 38535
3658 | 1.556 1.060 1.013 6.734+0.330 6781
3659 | 1.630 1.064 1.014 7.403+0.147 45629
3660 | 1.436 1.052 1.011 5.279+0.188 11558

2.9GeV /c, Ac = 4.88 ub, dimage—cut = 17.6 mm
3711 [ 1.533 1.057 1.013 7.204+0.458 7595
3713 | 1.620 1.062 1.014 8.0124+0.168 46571
3714 | 1.654 1.063 1.014 7.3860.302 10076
3715 | 1.596 1.060 1.014 7.75440.409 7174
3716 | 1.524 1.054 1.012 6.643+0.157 31634
3726 | 1.510 1.053 1.015 5.928+0.120 36771
3727 | 1.504 1.051 1.015 6.040+0.146 37334
3728 | 1.479 1.051 1.014 5.55840.111 36471
3729 | 1.556 1.055 1.015 6.155+0.132 32440
3730 | 1.581 1.058 1.015 7.18040.214 19841
3732 | 1.545 1.055 1.014 5.72140.283 5435
3733 | 2.209 1.056 1.015 8.604+0.461 7556
3735 | 1.636 1.055 1.014 6.239+0.279 6813
3736 | 1.585 1.052 1.014 5.56840.212 8446
3737 | 1.450 1.053 1.013 5.837+0.133 25646
3739 | 1.452 1.053 1.013 5.92940.257 7827
3743 | 1.633 1.054 1.014 6.10340.112 43509
3744 | 1.652 1.055 1.014 6.288+0.113 49833
3745 | 1.635 1.054 1.014 6.2414+0.124 45283
3746 | 1.622 1.053 1.013 5.661+0.163 19607

Table C.1: List of all runs showing the correction factors for dead-time
far and hit multiplicity fm2 and fns in the 2°¢ and 3™ layers of the sili-
con telescope respectively. Furthermore, the luminosity L and integrated
luminosity £ are listed. For every beam momentum also the fraction of
cross section Ao accepted for pd — pd, defined by Egs. 6.4 and 6.7,
and the cut on the target image dimage—cut, described in Sec. 6.4.3, are
shown.
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| run [ events reason for exclusion  region |
2.6 GeV/c
3588 | 0.14 - 10°  target & efficiency no
3633 | 0.25 - 10° target yes
3634 | 0.98 - 10° target yes
3640 | 0.20 - 10° target yes
3644 | 0.53 - 10° HV-change yes
3645 | 6.56 - 10°  target & HV-change yes
3649 | 0.76 - 10° target yes
3652 | 5.68 - 10° target yes
3655 | 8.10 - 10° efficiency yes
statistics: 23.19 - 10° ev (11% of total)
2.7 GeV/c
3685 | 7.63 - 10° efficiency no
3693 | 9.36 - 10° target no
3697 | 2.63 - 10° target no
statistics: 19.62 - 10° ev (22% of total)
2.8 GeV/c
3577 | 2.43 - 10° target no
3578 | 0.48 - 10° target no
3597 | 3.23 - 10° target no
3603 | 6.66 - 10° electronics no
3604 | 0.47 - 10° target no
3610 | 0.27 - 10° target no
3615 | 6.36 - 10° efficiency no
3624 | 0.34 - 10° target no
3626 | 8.11 - 10° efficiency yes
3627 | 7.10 - 10° efficiency yes
3628 | 5.52 - 10° efficiency yes
3629 | 1.56 - 10° target yes
statistics: 42.53 - 105 ev (21% of total)
2.9 GeV/c
3733 | 1.48 - 10° target no
3737 | 5.26 - 10° efficiency no
3739 | 1.58 - 10° efficiency no
statistics: 8.32 - 10° ev (9% of total)

Table C.2: Here are listed the excluded runs, their statistics, and the reason for
exclusion: Target: The analysis of the geometrical target position and shape,
which is vitally important for the luminosity determination, shows that there are
some runs where considerations on several rate informations are not conclusive.
HV-change: A high voltage change for the photomultipliers of the forward
hodoscope leaves amplitudes unclear for two runs. Efficiency: The single-
cluster efficiency of the MWPCs dropped for a few runs dramatically. This is
probably due to electronic generations, and has not been investigated further,
as the loss in statistics is not significant. Region: Due to strong changes in
MWPC efficiency the region from run 3626 to run 3662 was completely excluded.
Only runs which were already excluded due to other reasons are listed explictly
and marked with “yes”.
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