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Abstract

Bremsstrahlung radiation in the deuteron — proton collision

Despite the fact that Bremsstrahlung radiation has beearedd many years ago,
it is still the subject of interest of many theoretical angesmental groups. Due
to the high sensitivity of th&iN — NNy reaction to the nucleon — nucleon potential,
Bremsstrahlung radiation is used as a tool to investigateldef the nucleon — nucleon
interaction. Such investigations can be performed at tlodecsynchrotron COSY in
the Research Centre Julich, by dint of the COSY-11 detestystem.

For the first time at the COSY-11 experiment signals fyoaguanta were observed in
the time — of — flight distribution of neutral particles megsiiwith the neutral particle
detector.

In this thesis the results of the identification of Bremdstrag radiation emitted via
thedp — dpy reaction in data taken with a proton target and a deuteromlzeae
presented and discussed.

The time resolution of the neutral particle detector antinténg calibration are crucial
for the identification of thelp — dpyreaction. Therefore, methods of determining the
relative timing between individual modules — constitutihg neutron detector — and of
the general time offset with respect to the other detectarpmments are described.
Furthermore the accuracy of the momentum determinatiom®fr¢gistered neutron
which defines the precision of the event reconstruction waseted from the data.
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1. Introduction

In collisions between nucleons electromagnetic radiatan be emitted due to the
rapid change of the nucleon velocity. This radiation is mefe to as bremsstrahlung
radiation. Although it has been observed many years agosiili the subject of interest
of many experimental and theoretical groups [1, 2, 3, 4]. foube high sensitivity of
theNN — NNy reaction to the nucleon—nucleon potential, bremsstrahiadiation is
used as a tool to investigate details of the NN interactiahtardiscriminate between
various potential models [1, 2].

Such investigations can be performed at the cooler syncmr@OSY in the Re-
search Center Julich, by means of the facilities instahede like the internal COSY-11
detection setup. Although the COSY-11 facility is desigfedhreshold meson pro-
duction covering a small solid angle in the laboratory systiee special configuration
allows also the study of reaction channels at high excesgiese The main aim of
this thesis is an identification of bremsstrahlung radiaiio a data sample taken by
the COSY-11 collaboration during a measurement in Janu20@ 5, 6]. The mea-
surement was carried out at a hydrogen cluster target [Aigusideuteron beam with
a momentum of 3.204 GeV/c. The registration of gamma quastarbe possible be-
cause the COSY-11 detection system has been extended biya-rgarticle—detector.
This detector enables not only to measure the bremsstiginautiation created in the
collision of nucleons but also opens wide possibilitiesrieestigate the isospin de-
pendence of the meson production in the hadronic intemreeti8]. For example at
present the COSY-11 facility permits to investiggtemeson production in proton—
proton and proton—neutron collisions [9, 10]. Neutrons gathma quanta registered
in the neutral—particle—detector are identified via thesthaf—flight on the 7 m distance
between the target and the detector. In case of a neutromtbedf—flight and the hit
position enables to determine its four—-momentum vectaorcesthe time resolution of
the detector and its timing calibration are crucial for tdentification of the studied
reactions, the data analysis of tthp — d py reaction will be preceded by the detailed
presentation of the method used for the time calibratiomisfdetector.

The present thesis is divided into six chapters. The secbagter — following
the introduction — describes briefly the motivations to stigate theNN — NNy
process, in particular, in view of the study of the protgirteraction by the COSY-11

group.

Description of the detection system, with a special emghasithe structure of the
neutron detector and the basis of its functioning will bespreed in the third chapter.

The fourth chapter is devoted to the time calibration of thetral—particle—counter.
The method of determining the relative timing between tlividual modules and the
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8 Introduction

general time offset with respect to the other detectorsheiltlepicted. This chapter de-
scribes also the determination of the momentum resolutidimeoregistered neutrons.

The results of the identification of tligp — dpy reaction in data taken in January
2003 are presented in the fifth chapter, where also a detddedription of the data
analysis is included.

The sixth chapter comprises summary and perspectives riicydar a possibility
to study the pentaquark sta®e™ at the COSY-11 facility is discussed.



2. Motivation

For many years experimental and theoretical studies hase tbevoted to distinguish
among various potential models and estimate of the offtstmeplitudes. The idea
of using nucleon—nucleon bremsstrahlung as a tool for tigegteng this problem has
attracted attention since calculations of the cross sextidtheNN — NNy reaction
are highly sensitive to theN potential.

We would like to study this process also in view of anotherom@nt issue related
to then—proton interaction.

V. Baru et al., Phys. Rev. C 67 (2003) 024002
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Figure 2.1: Differential cross section for the p — p pn reaction as a function of the invariant
mass of proton—proton system. Data are from ref. [11] andirlbecorresponds to the model of
reference [12]. Picture adapted from [11].

Figure 2.1 shows a differential cross section for pie— ppn reaction as a func-
tion of the invariant mass of the proton—proton system. Tlasarement has been
performed at an excess energy of Q = 15.5 MeV. The theoretesdription does not
agree with data in the whole range of invariant mass of théopregroton system. It
has been pointed out that the difference between the datshartieoretical predic-
tions originates from protom-interaction in the final state. In order to prove that this
conclusion does not depend on the applied model it would Beatde to compare
this distribution with the one obtained for thpgpX system, wher&X does not interact
strongly with protons. Therefore best suited for this pggwould be the py system.

9



10 Motivation

Let us assume, that the differential cross section fopthe— ppy reaction as a func-
tion of proton—gamma invariant mass are determined. Iftieeretical model, used for
the calculations presented by the solid line in figure 2.levieperfect agreement with
those data, it would corraborate the assertion that theydisaent between data and
theory in theppn case is due to the p-Hnteraction.

Studies of thgpp-bremsstrahlung by means of the COSY-11 facility haverénheer-
formed, but production of bremsstrahlung radiation in pnefproton collisions was
investigated at the COSY-TOF facility [3]. Data have beédeeat a proton beam mo-
mentum of 797 MeV/c using a wide angle spectrometer. At th&@€l1 facility as
a first step of investigations of the bremsstrahlung raalietined p — dpy reaction is
studied, and the main point of the present work is an ideatiba of dpy events in data
taken during the experiment devoted to the measuremené gHitmeson production in
deuteron—proton collisions.
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Figure 2.2: Total cross section for thép — dpy reaction as a function of the excess energy.
Original data are taken from [4].

A similar experiment — measurement of tdg — dpy reaction — has been
performed by the WASA/PROMICE collaboration at the storegg CELSIUS, with
deuteron beam energies between 437 MeV and 559 MeV. In thedies angular and
spectral distributions are divided into two groups that barattributed to a quasifree
np — npy process, and to a gamma production process with all threleons in-
volved, viz:dp — dpy. The results of these investigations — the total cross @ecti
forthedp — dpyreaction — are given in figure 2.2.

In this work the feasibility of the bremsstrahlung measwatrat the COSY-11
detection setup will be proven, and as soon as the analyfisshed the total cross
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section data—base for tligp — dpy reaction (fig. 2.2) will be extended by one point
at Q =557 MeV.
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3. Experimental setup

3.1 COSY-11 facility—general remarks

The experiment described in this thesis has been performdteaCOSY-11 facil-
ity [13], an internal magnetic spectrometer installed atdboler synchrotron COSY in
Julich [14]. The COSY-11 detection system is schematickdpicted in figure 3.1. De-
tails of the functioning of all detector components and tlethnd of measurement can
be found in references [13, 15, 16]. Therefore, here the agpdrimental technique
will be only briefly presented.

The synchrotron accelerates protons and deuterons up tox@ntom of 3.4 GeV/c.
At the highest momentum a few 10accelerated particles pass through the targegP
times per second.

The hydrogenHl,) or deuteronD,) cluster target (see figure 3.2) is installed in front of
the dipole magnet. The positively charged products of thetien are bent in the mag-
netic field of the dipole and leave the vacuum chamber thralighexit foils, whereas
the beam — due to the much larger momentum — remains on itsinsidle the ring.
The charged ejectiles are detected in drift chambers (D132 [13] and scintillator
hodoscopes (S1, S2, S3) [13, 15]. Neutrons and gamma quantagstered in the
neutron detector (N). In order to separate neutrons and gagquanta from charged
particles veto detector (V) is used. An array of silicon patiedtors $iped is used
for the registration of the spectator protons. Protonstecat under large angle are
measured in another position sensitive silicon pad detéSigon).

The experiments performed at COSY-11 base on the measurehfieur-momenta
of the outgoing particles. Unregistered short lived mesorshyperons are identified
via the missing mass technique.

For each charged particle, which gave signals in drift chengibthe momentum
vector can be determined. First the trajectories of thegbestare reconstructed [17],
and then knowing the magnetic field of the dipole, the momantector is recon-
structed. In case of two close tracks, the information abmienergy loss from S1, S2,
and S3 is used to inspect the efficiency of the track recoctsbru Particle’s velocity
determination is based on the time-of-flight measuremetvtden S1 (or S2) and S3
detectors. Knowing the velocity and the momentum of theigartits mass can be
calculated, and hence the particle can be identified. Affieiparticle identification the
time of the reaction at the target is obtained from the knowjecttory, velocity, and
the time measured by the S1 detector. The neutron detediverdethe information
about the time at which the registered neutron or gamma guadticed a hadronic or
electromagnetic reaction.

13



14 Experimental setup
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Figure 3.1: Scheme of the COSY-11 detection system. Protons are neggisie two drift

chambers D1, D2 and in the scintillator hodoscopes S1, S2A®array of silicon pad detectors
(Skpeg is used for the registration of the spectator protons. Nestrare registered in the
neutron modular detector (N). In order to distinguish nangrfrom charged particles a veto
detector (V) is used. Deuterons with larger momentum anstexgd in deuteron chamber D3.
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Figure 3.2: Schematic view of the cluster target.

The time of the reaction combined with this information aloto calculate the
time—of—flight (TOR') of the neutron (or gamma) between the target and the neutron
detector, and — in case of neutrons — to determine the alesediliie of the momentum
(p) what can be expressed as:

m I 1
"TOFN' ’
© 1_(TO|FN)2

p= (3.1)

where m denotes the mass of the particktands for the the distance between the target
and the neutron detector afi@®FN is the time—of—flight of the particle.

In order to calculate the four—momentum of the spectatdopre- in case of quasi—
free reactions with proton beam and deuteron target — itstidenergy (T) is directly
measured as the energy loss in the silicon deté&ggeg. Knowing the proton kinetic
energy one can calculate its momentum using the followitadicaship:

p=1/(T+m)?—n?, (3.2)

wherem denotes the proton mass, ahds the kinetic energy. In case of the measure-
ments with deuteron beam and proton target the trajectottyeo$pectator proton may
be reconstructed from signals from the drift chambers D1&dnd hence in this case
its momentum can also be determined.

To evaluate the luminosity, the elastically scattered goistare measured at the
same time. With one proton detected in the drift chamberssamdillator hodoscopes
and the other proton in the silicon detec&ikon resulting in the determination of the
hit position, the elastically scattered protons can be seglarated.
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3.2 Functioning of the neutron detector

In this section | would like to emphasize the neutron detesiace the time calibration
of this detector constitutes one of the main goals of thisithe

Previously, the neutron detector was built out of 12 det@atinits, with light guides
and photomultipliers mounted on one side of the module. dieioto improve the time
resolution of the detector additional light guides and phailipliers were installed,
such that the light signals from scintillation layers aradeut at both sides of the
module. The present neutron detector consists of 24 madikeshe shown in figure
3.3. Each module is built out of eleven plates of scintiltataterial with dimensions
240 mm x 90 mm x 4 mm interlaced with eleven plates of lead withdame dimen-
sions. The scintillators are read out at both edges of theufeday light guides —
made of plexiglass — whose shape changes from rectangudglindrycal, in order to
accumulate the produced light on the circular photocatlwb@ephotomultiplier.

Figure 3.3: Schematic view of a single module of the neutron detectorah@PM denote light
guides and photomultipliers, respectively. Picture igtakom [18].

Figure 3.4: Photo of single modules of the neutron detector, at the stdgm the scintilla-
tor/lead structure was well visible.

The neutron detector is positioned at a distance of 7 m behmthrget in the con-
figuration schematically depicted in figure 3.5. As can beuded from figure 3.6 the
maximum efficiency, for a given total thickness, for the sdgition of the neutron —
in the kinetic energy range of interest for the COSY-11 expents ¢ 300 MeV —~
700 MeV) — would be achieved for the homogeneous mixturead knd scintillator.
In order to optimize the efficiency and the cost of the detettte plate thickness has
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been chosen to be 4 mm. This results in an efficiency whichlisfew per cent smaller

than the maximum possible.
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Figure 3.5: Schematic view of the neutron detector from above. The sguaith numbers
represent single detection modules. The z axis is defineteblpdam direction.
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Figure 3.6: Calculated efficiencies of the 20 cm thick neutron detecsa function of neutron

kinetic energy for various layer thicknesses of the sdattl and lead plates. The solid line
with triangles is for pure scintillator. Diamonds denoteagdr thickness of 0.5 mm, closed
circles of 2 mm, open circles of 5 mm, and crosses of 25 mm. Thedihas been adapted

from [19].
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The functioning of the detector was already confirmed in erpents carried out
with a deuteron beam and hydrogen target. Figure 3.7 shguesiexental distributions
of the number of hits per individual detection unit, for nali{left) and charged parti-
cles (right). As expected the counting rate of modules imtiddle part of the detector
is much higher than these for the modules on the edges. licylartthe smallest rate
is observed in modules No. 5, 10, 15, and 20, because thisg@artly out of the
geometrical acceptance of the dipole yoke. The number sfgat segment from ex-
periment is in perfect agreement with the correspondingtspevhich were simulated
using a GEANT-3 code (see figure 3.8).
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Figure 3.7: Number of hits per individual module. Experimental spectpsained for neutral
particles (left) and charged particles (right) are shown.
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Figure 3.8: Number of hits per individual module from Monte-Carlo skesliobtained for
neutral particles (left) and charged particles (right). eTdimulation was performed for the
dp — ppn reaction taking into account reactions of the ejectilehwiite dipole and all
detector materials.



4. Calibration of the neutron detector

The installation of the neutral particle detector at the & facility enables to study
a plethora of new reaction channels. This detector is dediga deliver the time at
which the registered neutron or gamma quantum induced @hiadyr electromagnetic
reaction, respectively. This information combined with ttme of the reaction at target
place — deduced using other detectors — enables to calth&émergy of the detected
neutron. In this section a method of time calibration willdemonstrated and results
achieved by its application will be presented and discusdatbrmation about the
deposited energy is not used in the data analysis becausentsring of the neutron
energy determined in this manner is by more than order of madglarger than this
established from the time—of—flight method.

4.1 Time calibration of the neutron detector

4.1.1 Time signals from a single detection unit

As already discussed in section 3.2 the neutron detectbe&OSY-11 facility is built
out of 24 modules such as the one shown in the figure below.

The time T **P) from a single module is calculated as an average time medsyr
the upper and lower photomultiplier. Namely:

up dw
Troc+ Trbe

Texp:
2 ’

(4.1)

whereTrpc denote the time difference between the arrival of the phatoptier and
trigger signals to the Time—to—Digital-Converter (TDC).

19



20 Calibration of the neutron detector

up
= t TDC
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Figure 4.1: Definition of variables<andL used in the text. The scheme of the detection module
is the same as in figure 3.3.

This can be expressed as:

X
T-FJSC = treal + Offset'P + C_L — Ttrigger, (4.2)

L—x
T‘|g|\5vc = treal + offsef + C—L — Ttriggers (4.3)

whereL stands for the length of a single modukegenotes the distance between the
upper edge of the active part of the detector and the poinhatha neutron induced the
hadronic reactione, is the time at which the scintillator light was produc@gigger
represents the time at which the trigger signal arrives atibC converter, and,c
denotes the velocity of the light signal propagation ingiue scintillator plates. The
parameters offsé® and offse” denote the time of propagation of signals from the
upper and lower edge of the scintillator to the TDC unit.

Applying equations 4.1, 4.2, and 4.3 one can calculate &daalbetweerl **P and
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treal:

offset'P + offsefW + C—LL

TXP=t
real + 2

— Ttrigger = treal + Offset— Tirigger (4.4)

The value of “offset” comprises all delays due to the utilizdectronic circuits, and
it needs to be established for each segment. It is worth te, ribét this time of the
neutron detector signal is independent of the hit positasit can be deduced from
equation 4.4 and was proven experimentally, and dependkeodifference between
the time of light generation and the trigger only.

4.1.2 Relative timing between modules

Instead of determining the value of “offset” from equatiad for each detection unit
separately, the relative timing between modules will be #stablished and then the
general time offset connecting the timing of all segmentk Wie other detectors of the
COSY-11 setup will be found. In order to establish relatiweetoffsets for all single
detection units, distributions of time differences betweaeighbouring modules were
derived from experimental data. A time difference measbetdieen two modules can
be expressed as:

Aij _ Tiexp_ -I-jexp: tireal _tjreal + (offset . OffSGQ), (4.5)

whereT*P and TP stand for the time registered by tit and j'" module, respec-
tively. Example ofp\j; spectra determined from a measurement carried out in Januar
2003 with a hydrogen target and a deuteron beam acceleceatieel momentum opy, =
3.204 GeV/c are presented in figure 4.2. The time differemee calculated assuming
that all constants (offset) are equal to zero (see eq. 411g.0@n note that the peaks are
shifted and additionally the distributions contain longstaThe tails reflect the veloc-
ity distribution of the secondary particles. Correspogdspectra of time differences
between the modules, shown in the figure 4.3, were generaieg a GEANT-3 code.
To produce these spectra the quasi—ftpe— ppnspreaction has been simulated. The
details are described in the appendix A. The values of traivel time offsets were
determined using a dedicated program written in the Fofatanguage [22, 23]. It
adjusts values of offsets such that time differences obthirom experimental data and
from simulation equals to each other for each pair of detaatnits. Furthermore, from
the width of the spectra one can receive the information ath@utime resolution of a
single module, which was found to be 0.4 ns [22].
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Figure 4.2: Distribution of the time difference between tH&8 &nd the 1%, the " and the 19,
and the & and the 18 module of the neutron detector, as determined before tligratbn.
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Figure 4.3: Simulated distribution of the time difference between tHead the 1%, the "
and the 19, and the 8 and the 18 module of the neutron detector.
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Figure 4.4: Distribution of the time difference between tH8 &nd the 1%, the 7" and the 19,
and the & and the 1% module of the neutron detector, as obtained after the edildor.

Figure 4.4 presents experimental distributions of timéediénces between neigh-
bouring modules as determined after the calibration. Eramgifigure 4.3 and 4.4 itis
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evident that now the peaks are positioned precisely at thewxpected from simula-
tion.

4.1.3 General time offset

For the determination of the momentum of neutrons eg. intladéyais of reactions like
dp — ppry, the time between the reaction moment and the hit time in theran
detector has to be determined for each event. The time oktwtion can be deduced
from the time when the charged patrticle crosses the S1 defsete fig. 3.1) assuming
that this particles trajectory and velocity can be recartséd. To perform the calcu-
lation of the time—of—flight between target and neutron ¢eun general time offset
of the neutron detector with respect to the S1 detector has &stablished. For this
purpose the quasi—fregp — ppnsp reaction will be used. In this type of reactions the
proton bound in a deuteron scatters elastically on a targeop, whereas the neutron
considered as a spectator does not interact with the prbtiescapes untouched and
hits the neutron detector.

Data have been taken at a beam momentum of 3.204 GeV/c cldser&éshold of
thedp — dpn process. Events corresponding to thg — pprsp reaction have been
identified by measuring the outgoing charged as well as akgjectiles.

7m
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Figure 4.5: Schematic view of the COSY-11 detection system. Only deteaised for the
measurement of elastic scattered protons and spectatirongare shown.

Fast protons are detected by means of the drift chambersn@}eintillator ho-
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doscopes (S1-S3). Protons scattered under large anglesasaired in a position sen-
sitive silicon detectofSimon). Neutrons are registered in the scintillator-lead sankiwic
detector (N).

The time-of-flight between the target and the neutron det¢@OF"®Y) is calcu-
lated as a difference between the time of the module in theoredetector which fired
as the first onetft?) and the time of the reactia/®)).

TOE"eut — trf‘eal _trreal (4.6)

Time of the reaction is obtained from backtracking of pratthmrough the known mag-
netic field and the time measured by the S1 detedtdh)( Thust’®@ can be expressed
as:

treal — tg — TOF = TS — offset™ + Tyigger — TOF, (4.7)

where T OF denotes the time—of-flight between the S1 counter and tlgettaand
offset denotes all delays of signals from the S1 detector. Since iimhe neutron
detector reads:

tredl — T, — offseft + Turigger (4.8)

we have:

TOF™U = T, + TOF — TS — offsef’ + offsef = T, + TOF — TS 4 offsef® (4.9)

By offsef® the general time offset of the neutron detector in respe&titis denoted.

In order to establish this global time offset, the time—affHt spectrum derived from
experimental data for thép — ppnsp reaction was compared with the corresponding
distribution which was reconstructed from the signals $atad in the detectors (see
figure 4.6 left). To arrive at the same statistic as was aeldién experiment, 810°
events for thelp — ppnsp reaction were simulated using a GEANT-3 code. In the
simulation the time resolution of a single modulesof= 0.4 ns was taken into account.
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Figure 4.6: (left) Time—of—flight distribution between the target and the r@uidetector as
obtained before the general time offset had been determifibd dashed histogram denotes
the experimental data whereas the solid one depicts thé tdshe simulation. (right) Ex-
perimental time-of-flight distribution (dashed histogjaralculated between the target and the
neutron detector with general time offset equal to 13.6 mspaved to the Monte—Carlo sim-
ulation (solid histogram). The latter was normalized in i@mof counts to the experimental
data.

The simulated spectrum was normalized so that the integfdisth distributions
are equal. With a general time offset of 13.6 ns the experiahalistribution corre-
sponds to the simulated one as shown in figure 4.6 (right). il cause of the
smearing of the considered time distribution is the Fermimaotum of the nucleon
inside the deuteron. The time resolution and dimensionbefietector are of minor
importance.

4.2 Momentum resolution

The experimental resolution of the missing mass determoim&y. in the analysis of
reactions likepn — pnn’ strongly rely on the accurate measurement of the momentum
of the neutrons [9]. Therefore, the momentum resolutiorhefrieutron detector has
to be elaborated. After the neutron and gamma quanta aréfiddrihe momentum
of neutrons is calculated from the time—of—flight betweem tdrget and the neutron
detector according to the formula 3.1.

Monte Carlo studies of thép — ppnsp reaction have been performed in order to
establish the momentum resolution of the neutron deteletgure 4.7 presents the dif-
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ference between the generated neutron momerfyy @nd the reconstructed neutron
momentum from signals simulated in the detect®¥&].

AP = Pgen— Prec (410)

The value of Bec) was calculated taking into account the time resolutiomefrteutron
detector ¢ = 0.4 ns) as well as the time resolution of the S1 courder .25 ns).
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Figure 4.7: Difference between generate{n) and reconstructedP(c) neutron momenta for
thedp — ppnspreaction simulated at deuteron beam momentum of 3.204 GeV/c

The distribution ofAP was fitted by a Gaussian function resulting in a momentum
resolution ofa(P) = 0.14 GeV/c. Consequently the fractional momentum|utism
o(P)/P for neutrons with momentum value of 1.6 GeV/c is equdP6. This fractional
resolution changes with the momentum of the neutron (seeegig B) and eg. for
the neutrons produced at threshold for gre— pnn reaction it amounts to 3%.



5. Analysis of the experimental data

For the first time at the COSY-11 experiments signals fyequanta were observed in
the time—of—fligth distribution (for the neutral particjeseasured between the target
and the neutral particle detector. A corresponding spetistshown in figure 5.1(left).
The data are from an experiment carried out using a deutargattand a proton beam
with a momentum of 2.075 GeV/c [9]. In addition to a broad rilxsttion originating
from neutrons, a sharp peak froprays is seen at a value of about 25 ns. A Monte
Carlo simulation performed for then — pnn reaction, which is one of the possi-
ble processes contributing to the neutron time-of-fligtribution, is shown in figure
5.1(right)
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4000 |-
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Figure 5.1: Time—of—flight distribution determined between the tarysd the neutron detector.
(left) Experimental spectra, arfdght) Monte Carlo simulation. Figure adapted from [20]

In this chapter results of the analysis aiming for the ideraiion of bremsstrahlung
radiation in the data taken in January 2003 will be presentdws measurement was
carried out with a deuteron beam and hydrogen cluster tatghe cooler synchrotron
COSY-Jilich by means of the COSY-11 detection system,tamtimordial aim was
to investigate thelp — dpn reaction close to the threshold [5]. The experiment was
performed at four different deuteron beam momenta betvpgenm,= 3.165 and 3.204
GeV/c. During the run with a beam momentummtam= 3.204 GeV/c, an additional

27



28 Analysis of the experimental data

trigger with neutron detector — referred to T8 — was set uptlfi@ registration of
charged ejectiles in coincidences with neutrons or gamnaatqu These conditions
can be written symbolically as:

T8= Slu:Z A NLJ.ZZ A 8LJ.::I.a

which means that two signals in the S1 detector, one sigrnfieirs3 detector and, at
least two signals in the neutron detector were demanded.

Possible reactions with gamma quanta in the final state cahiviided into two
groups, viz: freelp — dpyanddp — 3Heyreactions, and quasi—frekp — d pspy;
dp — ppynsp, dp — pnypsp reactions. In case of quasi—free reactions one of the
nucleons bound in a beam deuteron is treated as a speqgiors) and does not take
part in the reaction.

As a first step of the data analysis events with simultanemuls in any of the
drift chambers and the neutron detector were selected.ré-ig@ presents the time—
of—flight distributions between the target and the neutretector obtained assuming
that in coincidence with a neutral particle also a protoft)(ler deuteron (right) was
identified based on signals from drift chambers and scattilhodoscopes. The signals
from y—quanta do not appear in the distributions which are predantly due to quasi—
free elastiadlp — ppnspanddp — dnit™ reactions.
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Figure 5.2: Experimental time—of—flight distributions determinedvbe¢n the target and the
neutron detector obtained under the condition that additip one protor(left) or one deuteron
(right) was registered in drift chambers.

The charged ejectiles can be well identified as shown in thedi§.3. Three clear
peaks evidently visible in this figure correspond to the segianass of pion, proton, and
deuteron. The mass of the particle is calculated from its emaom — reconstructed
from tracking back through magnetic field to the target pe#and velocity determined
from the time—of—flight measured between S1 and S3 detector.



Analysis of the experimental data 29

10

10

counts

10

0 1 2 3 4 5

mass of the identified particle2 [GeVZ/c4]

Figure 5.3: Distribution of the squared mass of charged particles maigig from the
deuteron—proton reaction performed at a beam momentun204 I5eV/c.

5.1 Identification of thedp — dpyreaction

In order to identify thelp — dpyreaction events with two tracks in drift chambers and
a simultaneous signal in a neutron detector have been sélelrt figure 5.4 squared
mass of one patrticle is plotted versus squared mass of teeretffistered particle. Base
on this figure measured reactions can be grouped accordthg tgpe of ejectiles.
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Figure 5.4: Scatter plot of invariant masses determined for events mithcharged particles
measured in coincidence.

Thus reactions with two protons, proton and pion, proton dewteron, and pion
and deuteron can be cleary separated. Figure 5.5 showspkedragntal distribution
of the time—of—flight between the target and neutral-plartietector with the require-
ment that two charged particles were registered and thavithem was identified as a
proton and the other as a deuteron. In this case due to therbanynber conservation,
there is only one possible source of a signal in a neutrorctigfenamely a gamma
guantum. In fact a clear peak around the time of 24.5 ns ibleisand this is just the
value corresponding to the time—of—flight of light on a dmsta of 7m. The gamma
guanta may originate from the bremsstrahlung reactign- dpy) or from the decay
of mesons produced eg. vitgp — dpr® — dpyordp — dprr® — dpdy reac-
tions. Itis possible to distiguish between these hypoghesiculating the missing mass
produced in th&p — dpXreaction.
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Figure 5.5: Time—of—flight distribution determined between the tamyad the neutron detector
obtained under the assumption that additionally to a signtile neutron detector, one proton
and one deuteron were identified from the signals in the chidimbers.

Knowing the four momenta of a proton and a deuteron in theirand final state,
and employing the principle of momentum and energy conservane can calculate
the squared mass of the unmeasured particle or group ofleatrti

mg = E2 — px? = (Ep+E — Eq — Ep)® — (Bo+ Pt — Pa — Pp)? (5.1)

where,

Ep, Pp is the energy and momentum of deuteron beam,

E:, Bt is the energy and momentum of proton target,

Eq4, Pg is the energy and momentum of outgoing deuteron, and
Ep, Pp is the energy and momentum of outgoing proton.

Figure 5.6 shows the squared missing mass distribution #sinelol for the
dp — dpXreaction. A significant peak around\deV?/c* — the squared mass of
the gamma quantum — constitutes an evidence for eventsiatbto the deuteron—
proton bremsstrahlungl @y). In addition a broad structure at higher masses origigatin
from two pions emitted from the reactiatp — dprr© is visible.
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Figure 5.6: Squared missing mass distribution for the — d pXreaction.

One of the most important information is the energy specwtithe gamma quanta.
The energy of gamma quanta can be measured with a very paaaagchowever it
can be calculated using a simple relation, after selectuegts corresponding to the
dp — dpyreaction, namely:

where,

Ep is the energy of deuteron beam,

E; is the energy of proton target,

Eq is the energy of outgoing deuteron, and
E, is the energy of outgoing proton.

Figure 5.7 shows the determined spectrum. One sees thaggistered gamma
guanta populate predominantly the energy range betweear@®.9 GeV, which is
partially due to the acceptance of the COSY-11 system whechedses rapidly with
increasing kinetic energy shared by the ejectiles. Thelddtaonclusions concerning
the real energy distribution of the produced gammas wilunexjcareful acceptance
corrections which will be performed in the near future. Aégent we can consider the
observed distribution as an evidence that the producedaaaa high energetic.
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Figure 5.7: Experimental distribution of gamma energy for tie — dpy reaction. The
spectrum is not corrected for the detection acceptance.
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6. Summary and perspectives

The experiment which was described in this thesis has bedarped at the cooler
synchrotron COSY in the Research Center Julich by mearteea€OSY-11 detection
system.

The results of the identification of bremsstrahlung radrain data taken with a pro-
ton target and a deuteron beam have been presented andsdidcE®r the first time
— using COSY-11 facility — events associated with the — dpy reaction have
been observed. For the gquantitative determination of thel tyoss section of the
dp — dpyreaction the luminosity and detection acceptance remaibs established.
There are also plans to analyse the data in view of breméstigahadiation in a quasi—
freenp — npyreaction.

The second point of this work was the time calibration of tleetron detector. As
shown in the chapter 4, the general time offset of neutroaeatiet with respect to the
S1 detector was found to be 13.6 ns. The resolution of ther@reuomentum de-
termination by means of the neutral particle counter — thesiat factor in neutron
momentum determination — was found to be 0.14 GeV/c at a oeutromentum of
1.6 GeV/c, the dependence of the fractional momentum rgsnlas a function of a
neutron momentum is presented in Appendix B.

The installation of the neutron detector enables not onstidy the isospin depen-
dence of the meson production [9] and bremsstrahlung radidiut also to investigate
the production of the resonan@" in the elementary proton—proton interaction. A
signature of th@* production may be the presence of a 1.54 G8gkak in then K*
invariant mass distribution for thep — nK*X™ reaction. The data analysis aiming
for the determination of the n Kinvariant mass distribution has just started. In order
to determine the acceptance of the COSY-11 detection systetime pp — nK*Z+
reaction we have simulated the response of the detecto® fd® events generated
in the target. The solid histogram in figure 6.1(left) ilkages the distribution of the
invariant massK™ for the generated events while the dashed line depicts twrsm
which was reconstructed from the signals simulated in theatiers.
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Figure 6.1: (left) Phase space distribution of the invariant mass ofrte system of the
pp — nK*ZT reaction (solid line) and its convolution with the COSY-Xteptance (dashed
line). (right) The acceptance of the COSY-11 detection setup fopthe— nK*Z* reac-
tion [21].

The ratio of the obtained invariant mass distributions lisso the differential ac-
ceptance of COSY-11 facility for detecting tip — nK*™Z* reaction as shown in
figure 6.1(right).

The total acceptance of COSY-11 detection system fopthe~ nK*Z* reaction
measured at the beam momentum of 3.257 GeV/c is equaltb[20].

Additionally, the simulation of the invariant mass distriion of the process
pp — XTOT — nK'™Z" has been performed, taking into account the widti®of
equal to 5 MeV [24]. The results of the Monte—Carlo calcwiatare shown in figure
6.2(left).

The expected signal from thgp — XT©" — n K™+ reaction together with the
background originating from the direptp — nK*X™ reaction is presented in figure
6.2(right).

Here it is assumed arbitrarily that the total cross sectiwnHepp — ZTO™ reaction
is ten times smaller than the one fop — nK*™=*. If the performed appraisals are
realistic, one should observed a clear signal in the exmariroriginating in the®™
production as it is noticeable in the right panel of figure 6.2
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A. Kinematics of thedp — pprn,
reaction

The quasi—free reactiahp — ppnsp has been used to determine (i) the relative timing
between modules, (ii) the general time offset of the neutietector, and (iii) to estab-
lish the momentum resolution of this detector. Due to therfremotion of the nucleons
bound in the deuteron the simulation of the quasi—free i@agroceeds in following
steps :

The components of the Fermi momentum of a nucleon in Cartesiardinate system
are equal to:

Pix = Pr - sinBcosy
Pty = PF - SiNBsing

Ptz = Pr - COSD

As a first step the value ofgp(absolute Fermi momentum) is generated according
to the momentum distribution of nucleon inside the deuteterived from the PARIS
potential model [18, 25]. Next the azimuthal anglend cosine of polar angi@ (cos®)
which define the momentum direction, are generated assuaningiform distribution.
Further the nucleon Fermi momentum inside the deuteronlaseck to the nucleon
momentum in laboratory frame by Lorentz transformatior]:[26

07" = Bt + Bav(y/(v+1)Ba- Pt +Ex)
E{® = y(Es +Ba- Pr)
wherefq is the velocity of the deuteron in the laboratory frame gmlequal to:
y=1//1-Bj

After the momenta of the nucleons inside the deuteron areectad into the LAB
system, the proton from the deuteron scatters elasticallg proton target, whereas
the neutron does not take part in the reaction, but with maomerpossessed at the
time of the reaction remains untouched. In order to simutetgroton—proton elastic
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scattering now we calculate the proton momentum in the prgimton system using
the transformation equation:

|5cm| =/ (M2_4m%)/4

where M is the total mass of the colliding protons:

M:\/( /ﬁflab2+n%+mp)2_ﬁflab2

Once more co®°™ andg@™™, which define the momentum direction of protons after
the scattering in the proton—proton system are generagseisg an uniform distribu-
tion. Thus, the components of the proton momentun aftetesaag are equal to:

pfgm = | pM sin@°Mcosy™
pf,'” = |p“™ sin@°Msing™™
pS™ = B cosp™™"

As a last step the proton momentum after scattering in thiprgroton system is
related with momentum in laboratory frame by Lorentz transiation:

PR — T+ EETET T (£ 1) g, pent 1 £

where
lab
BE’m _ P
Tab? ,
pfa + m% —+ mp
and

pﬁ‘b2+mz+m
o \/ Ps ptMp



B. Resolution of the measurement of
the neutron momentum

The momentum resolution of the neutron detector is a crf@atabr in the neutron mo-
mentum determination and as shown in figure 6.3 it stronghgdds on the momentum
of the neutron.
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Figure 6.3: Fractional momentum resolution of the neutron detector metion of neutron
momentum.

The momentum of the neutron is calculated from the time-ighiflbetween the
target and the neutron detector and can be expressed as:
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I 1
N ——,
T (@)
wheremdenotes mass of the particlestands for the distance between the target and
the neutron detector anll is the time—of—flight of the particle. A fractional momentum
resolution is given by the equation:

pP=m

dp
Op _ g O
- 9

p p
whereao; accounts for both the time resolution of the neutron and $dctiars and

can be written as:
Or = |/ 02+ 0%,

The result presented in figure 6.3 was obtained assumingahat 0.4 ns,
051 =0.25ns,andl =7 m.



C. Dalitz plot distribution for the dpy
system at,/s = 3.37 GeV

As a first step for establishing of the double differentiadegqmance of the COSY-11
facility for the measurement of tligp — d pyreaction a Dalitz plot distribution for the
dp — dpyreaction was calculated. Figure 6.4 presents the resulilofilations as-
suming that the phase space volume is homogeneously peguMbdifications of this
distribution due to the COSY-11 detection setup acceptearoain to be determined.
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Figure 6.4: Dalitz plot distribution as generated for tig — d py reaction.

Squared of the invariant masses of flyeanddy system can be calculated according
to the below equations:

Soy = (Ep+Ey)*— (Pp+ By)?
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Sty = (Eg +Ey)* — (Pa+ Py
It is interesting to note that minimum values for thg, &nd &y, are equal to:

in__ pnp2
Y _Mp

S
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