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Abstract

The present thesis discusses the extraction of the electrproton spin- ip cross-section.
The experimental setup, the data analysis and the results @pictured in detail.

The proton is described by a QCD-based parton model. lleading twistthree func-
tions are needed. The quark distribution, the helicity distibution and the transversity
distribution. While the rst two are well-known, the transversity distribution is largely
unknown. A self-su cient measurement of the transversity $ possible in double polarized
proton-antiproton scattering. This rises the need of a pot&ed antiproton beam.

So far spin ltering is the only tested method to produce a p@lrized proton beam,
which may be capable to hold also for antiprotons.In-situ polarization build-up of a
stored beam either by selective removal or by spin- ip of a ﬂp}% beam is mathematically
described. A high spin- ip cross-section would create an ective method to produce a
polarized antiproton beam by polarized positrons. Prompte by con icting calculations,
a measurement of the spin- ip cross-section in low-energyeetron-proton scattering was
carried out.

This experiment uses the electron beam of the electron coodt COSY as an electron
target. The depolarization of the stored proton beam is detted. An overview of the
experiment is followed by detailed descriptions of the cyelsetup, of the electron target
and the ANKE silicon tracking telescopes acting as a beam @oimeter. Elastic proton-
deuteron scattering is the anaylzing reaction. The event leetion is depicted and the beam
polarization is calculated. Upper limits of the two electra-proton spin- ip cross-sections

x and -, are deduced using the likelihood method.
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Zusammenfassung

In der vorliegenden Arbeit wird die Messung und Bestimmunges Elektron-Proton Spin-
ip Wirkungsquerschnittes vorgestellt. Der experimentde Aufbau, die Datenanalyse und
die Ergebnisse sind im Detail beschrieben.

Das Proton wird durch ein QCD-basiertes Parton Modell bescigben. Inleading twist
werden drei Funktionen benetigt. Es sind die Quarkdistrilntion, die Heliziatsdistribution
und die Transversitydistribution. Obwohl die ersten beide prazise gemessen sind, istuber
die Transversitydistribution wenig bekannt. Eine von weiéren Messungen unabhangige Be-
stimmung der Transversitydistribution ist in doppelpolaiisierten Proton-Antiproton Streu-
experimenten meglich. Daraus erwachst der Wunsch, einepolarisierten Antiprotonen-
strahl zu erzeugen.

Bislang ist Spin Itern die einzige an Protonen getestete Mbode, die auch far Antipro-
ton funktionieren kann. In-situ Polarisationsaufbau eines gespeicherten Sp%n-Strahls
durch selektiven Verlust und selektiven Spinip wird bescheben. Ein groer Spinip
Wirkungsquerschnitt em net eine e ektive Methode, einen Antiprotonenstrahl zu polar-
isieren. Angetrieben durch sich wiedersprechende Bereahgen, wurde eine Messung
des Spin ip Wirkungsquerschnittes in niederenergetisché&letron-Proton Streuung durch-
gefuhrt.

In diesem Experiment wird der Elektronenstrahl des Elektneenkdhlers an COSY als
freies Elektronentarget benutzt und die Depolarisation degespeicherten Protonen Strahls
gemessen. Eineniberblick uber dem Experiment folgt eine detailierte Bedweibung der
COSY Beschleunigerzyklen, des Elektronen Targets und delifum Tracking Teleskope,
die als Polarimeter betrieben wurden. Elastische Proton-€uteron Streuung ist als Analy-
sereaktion verwendet. Die Eventselektion ist beschriebemd die Polarisation des Proto-
nenstrahls wurde berechnet. Obere Grenzen der zwei Elekir®roton Spin ip Wirkungs-
guerschnitte  und -, konnten mittels der Likelihood-Methode bestimmt werden.

Vil



viii



Contents

1 PAX Physics Motivation 1
1.1 Proton Structure . . . . . . . . 1
1.1.1 Scattering Experiments . . . . . . . ... 1
1.1.2 Quark PartonModel . . ... ... ... ... . . ... . ... .. 7
1.2 Transversity Distribution . . . . . . . .. .. ... . L 8
1.3 Electromagnetic Form Factors of the Proton . . . . . .. ... ... ... 11
2 Methods to Produce Polarized Antiproton Beams 13
2.1 SpinFiltering . . . . . . . e B
2.1.1 Concept . . . .. e e e e 15
2.1.2 The FILTEX Experiment . . . . . ... ... . ... . ....... 16
2.1.3 Interpretation . . . . . . . . ... 17
22 Otherldeas . .. .. .. . . . . . e 18
2.3 Buildup by Polarized Positrons . . . . . . .. ... ... 0 21
3 Do Electrons A ect the Beam Polarization? 23
3.1 COSY . . e 23
3.2 Measurement Principle . . . . . . . . ... . o . 24
3.3 COSY Setup. . . . . . e 25
3.4 Electron Target . . . . . . . . 3
3.4.1 Electron Cooler Voltage . . . ... .. ... ... .. .. ...... 2
3.4.2 TargetDensity . ... ... .. . .. .. ... e 29
3.4.3 Thermal Motion of the Electrons . . . . . .. ... ... ...... 30
3.4.4 ElectronDrag Force . .. .. .. .. . . ... ... .. 0. 33
3.5 Deuterium Cluster Target . . . . . . . . . . . . . . . e 35
3.6 Detection Setup . . . . . . . L 8
3.6.1 Silicon Microstrip Detectors . . . . . . .. ... ... ... .. .. 36
3.6.2 Front-end Electronics . . . . . . . .. ... L L oo 37
3.6.3 Cooling . .. .. ... . .. e 39
3.6.4 Assembly . . ... ... 40
3.6.5 Geometry . . . . ... e 41
3.7 DataTaking . . . . . . . . e e e e 43
3.7.1 Beam Development . . . . . . . ... ... 43



3.7.2 Data on Electron-Proton Spin-Flip . . . . ... .. ..

4 Data Analysis

4.1 Detector Stability . . . . . ... ... o
411 Pedestal ... ... ... . ... ...
4.1.2 Geometrical Acceptance . . ... ... ... .. ....

4.2 Track Reconstruction . . . . . . . . . . . ... ...

4.3 EventSelection . .. ... ... ... .. ...
4.3.1 Kinematics of Proton-Deuteron Elastic Scattering . . .
4.3.2 Events with Proton Deuteron Coincidence . . ... ..
4.3.3 Minimum Bias Selection . . . ... ... ... .....
4.3.4 Additionalevents . . ... ... ... ... ... ...,
435 Pre-analyzedData ... .................

4.4 Polarization Determination. . . . . . . . . ... .. ... ...
441 DoubleRatio ... ... ...... ... ...,
4.4.2 Beam Polarization . . ... ...............

45 Systematic Errors . . . . ...

4.5.1 Spread of Proton Energy in Electron Frame

CONTENTS

4.5.2 Electron Cooler Voltage . . . .. ... .........

4.5.3 Fake Asymmetry from Moving Beam Target Overlap

4.5.4 Errors from Polarization-Analysis . . . . ... ... ..

5 Results

5.1 Polarization from Proton Deuteron Elastic Scattering .. . . . .
5.1.1 Polarization of* and # Spin States . . . . . ... ...
5.2 Asymmetry detection . . . . .. .. ... oL
5.3 Depolarization Cross-Section . . . . . ... ... ... .....
54 Conclusion . . . . . . ...

6 Conclusion and Outlook
A Polarization Evolution

B Machine Studies

B.1 Beam Lifetime. . . . . . . . . . . ...
B.1.1 Goaland Status. . . . . . .. . . . . . ... .. ...,
B.1.2 Machine Setup . . ... ... ... .. ... ......

B.2 Closed Orbit Manipulations and Acceptance Measurement

B.3 Tune Scans and Beam Lifetime . . . ... ...........
B.4 Coupling with Electron Cooler Solenoids . . . . ... ... ..
B.5 Target Density and Beam Lifetme . . .. .. ... ......
B.5.1 Beam Lifetime and Beam Intensity . . . .. ... ...
B.5.2 Conclusions and Outlook . . . . ... ... .......

67

...... 67
....... 70
....... 72

....... 73

....... 75

79

81



CONTENTS Xi

C COSY Timing Table 105



Xii CONTENTS



List

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2.1
2.2
2.3
24
2.5
2.6

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16

of Figures

Feynman graph of elastic electron proton scattering. . C .
Electric and magnetic proton form factors using the Rosbluth method )
Feynman graph of deep inelastic electron proton scatteg. . . . . . . . ..
The proton structure functionF, vs momentum transfer. . . . . .. .. ..
The proton, neutron and deuteron structure functiorg, vs Bjrken x. . . .
Feynman graph of Drell-Yan process. . . . . ... ... ... ... ....
Plot of Transversity. . . . . . . . . . .
Kinematic region and expected asymmetry of transvergiitmeasurement. .
The ratio Ge =Gy, extracted using the recoil polarization method. . . . . .

Sketch of spin ltering principle. . . . . . . . . . .. ... . oL
1vSheamenergyT. . . . . . . . . e
Sketch of FILTEX setup. . . . . . . . . . . . . e
Plotof FILTEX result. . . . . . . . . . . . . .. . ..
Left: Sketch of an ABS. Right: Breit-Rabi-Diagram of hydogen. . . . . . .
Electron proton spin- ip cross-section as predicted byrenhevel. . . . . .

COSY oorplan. . . . . . . . e
Schematic of the experiment. . . . . . . .. . ... ... ... ... ....
Polarization lifetime calculated using the predictedn- ip cross section. .
COSY cycle during electron-proton spin- ip measuremeén . . . . . . . ..
Proton kinetic energyvs shift in electron acceleration voltage. . . . .. ..
Target densityvs proton kineticenergy. . . . . . . . . . . . .. .. ... ..
Electron target: Contributing velocities. . . . .. . ... ... ... ....
Electron target: Inuence on beam velocity. . . .. ... .. . ... ...
Schematic view of the cluster target. [MerO7] . . . . . . . ... ... ...
Geometry and connection scheme of the detectors. . . . . .. ... ...
Picture of the front-end electronic board. . . . . . .. .. ... ......
Cooling plates for the silicon tracking telescopes. .... . . . .. ... ...
Pictures of one detectorunit. . . . . . ... ... ... ... ... ...,
Picture of a fully equipped silicon tracking telescop&TT). . . . . .. ..
Schematic of the detection setup. . . . . . . ... .. .. ... . ......
Beam polarization as a function of a longitudinal magtie eld. . . . . . .

Xiii



Xiv

LIST OF FIGURES
3.17 COSY-supercycle structure. . . . . . . . .. ... .. ... e 45
3.18 Count-rate of ANKE-forward system, E-Cooler HVH °-rate and beam cur-

FENL. . . . e e e e e e e e 46
3.19 Rapidly changing pedestal line during data taking. . ... ... .. ... 47
4.1 Histogram of pedestal line. . . . . . . . . ... ... ... oL 50
4.2 Histrogram of QDC values for STT11. . . . . .. ... .. ... ... ... 52
4.3 Histogram showing the energy losses of the rsttwo layer. . . . . . . .. 53
4.4 Proton and deuteron energys scattering angle. . . . . ... ... ... .. 54
4.5 Deuteronvs proton scatteringangles. . . . . .. ... .. ... L. 55
4.6 Scattering anglevs sum of energy loss in the rst two layers. . . . .. ... 56
4.7 Energy loss histogram of preselected deuterons. . . . . ... ... ... 56
4.8 Kinematic cuts of proton-deuteron coincidence selesti. . . . .. ... .. 57
4.9 Energy loss histogram of all identi ed deuterons. . . . . ... .. ... .. 58
4.10 Minimum Bias Cuts for Deuteron Reconstruction. . . . . . . ... .. .. 59
4.11 Analyzing pOWer. . . . . . . . e e e e e 60
4.12 Momentum spread of the proton beam. . . . . . . . ... ... ... ... 61
4.13 Spread of proton kinetic energy in electron rest frame.. . . . . . . .. .. 62
4.14 Rise-time of the electron acceleration voltage. . . . .... . . .. ... .. 63
4.15 Vertex positionvstime. . . . . . . . . ... 64
4.16 Gaussian tto vertex distribution. . . .. ... ... ... ... ... ... 64
5.1 Asymmetry for elasticevents. . .. .. ... .. .. ... .. .. .. ... 68
5.2 Polarization for elasticevents. . . . . . .. .. ... .. . oL 69
5.3 Ratio of polarizations for the di erent relative velocties. . . ... .. ... 70
5.4 Asymmetries for events with unknown analyzing power. . ... . ... ... 72
5.5 Ratio of asymmetries for the di erent relative velocites. . . . ... .. .. 74
5.6 Probability functionp. . . .. .. ... ... 76
5.7 Upper limit for the depolarization cross sections. . . . ... .. ... ... 77
B.1 Pressure distribution of the COSY ring on 18th of June 200 . . . .. .. 86
B.2 Main residual gas components in COSY, June 2007. . . . .. ... .. .. 87
B.3 Phase spaceellipse. . . . . . . . . . . . ... 88
B.4 Countingrate of H®. . . . . . . ... .. .. .. ... 89
B.5 Calibration curve for targetdensity. . . . . . .. ... . ... ... L. 90
B.6 Corrected beamorbit. . . .. ... ... ... ... oo 91
B.7 Corrected beam orbit with electron cooler. . . . .. ... .. .. ..... 92
B.8 Calibration curve for the horizontal kicker. . . . . . ... .. .. ... ... 93
B.9 Survival probability vs emittance. . . . . .. ... ... o oL 94
B.10 Orbit deviations. . . . . . . . . . . . . . e 94
B.11 Beam lifetime as a function of orbit deviations. . .. .. ... ... ... 95
B.12 Fractional machine resonances up to the #0order. . . . ... ... .. .. 96

B.13 Tune occupancy plot. . . . . . . . . . . .. 97



LIST OF FIGURES XV

B.14 Beam lifetimevstune dierence.. . . . . . . . . . .. ... ... ... 97
B.15 Beam lifetimevstune. . . . . . . . . . . .. 98
B.16 Beam current with exponential t. . . .. ... .. ... .. ... ..... 99
B.17 Tune dierencevssolenoidal eld. . . . . . ... ... ... ......... 99
B.18 Initial beam loss after switching the targeton. . . . .. . ... ..... 100
B.19 Beam lifetimevstargetdensity. . . . . . . ... . ... ... ... 101
B.20 Pressure in section 6 with and without a deuterium and them target. . . 101
B.21 Equilibrium pressure for absorption oH, and He with active coal. . . . . . 102

B.22 Beam lifetimevsbeam intensity. . . . . . . . .. ... ... ... .. ... 103



XVi LIST OF FIGURES



Chapter 1
PAX Physics Motivation

In a QCD*! parton model the proton is described ideading twistby three functions: The
quark distribution q(x; Q?), the helicity distribution  q(x; Q?) and the transversity distri-
bution q(x; Q?). While the rst two of them are well known the transversity distribution is
largely unknown. A direct measurement of the transversitysi possible in double polarized
proton-antiproton scattering.

Sec. 1.1 describes, how scattering experiments lead to theegent proton structure
description. In sec. 1.2 the ways to measure the transvessillistribution are described and
it is shown, why a polarized antiproton beam is the favorabl&ol for this measurement.
The PAX?2 collaboration is aiming to perform this experiment and in se 1.3 one additional
physics case for a polarized antiproton beam is brie y intrduced.

1.1 Proton Structure

1.1.1 Scattering Experiments

Scattering experiments have proved to be a powerful tool torgbe the inner structure of
the proton. Along with the enormous increase of the kineticreergy of particles in an accel-
erator, more information about the proton structure become accessible. In a descriptive
picture the spacial resolution of an experiment is in the ot of the de Broglie wavelength

= h=p of the testing probe. Hereh is the Planck constant andp the momentum of the
probe. Scattering experiments led to the discovery of the pton in 1919 by Rutherford
and 45 years later it became clear, that this particle posssss a substructure. Inclusive
Deep Inelastic Scattering experiments showed that the stcture functions of the proton
were to a large extent independent on the squared momentumatisfer Q2. Bj rken and
Feynman interpreted this scaling behavior as an evidence pbint-like sub-proton particles
[Bjo69a, Bjo69b, Fey69]. Later these objects were identicewith the quarks, predicted by
Gell-Mann and Zweig [Gel64, Zwe64].

1Quantum Chromo D ynamics
2Polarized A ntiproton e X periments



2 CHAPTER 1. PAX PHYSICS MOTIVATION

Ernest Rutherford and Ernest Marsden studied -particle scattering by light elements
using a cloud chamber between 1910 and 1914. Additionally tiee short range tracks from
the in hydrogen gas, they occasionally observed tracks up to 4nes longer. They specu-
lated that these long range particles were hydrogen nuclen&cked out by the and called
them H -particles. After the rst world war, Rutherford continued this work with di erent
gases including boron, uorine, sodium, aluminum, phosph@nd nitrogen [Ruth19]. From
all these gases théd -particles showed up and Rutherford concluded that thél -particles,
today known as protons, must be constituents of all element§his conclusion from 1919
may be considered the discovery of a new elementary partictbe proton.

Elastic Scattering Elastic scattering of electrons o protons is a simple pross to
extract information on the properties of the proton. Elastt scattering is assumed to be
dominated by the single-photon exchange mechanism (g. 3.1 Here k and P are the

e

/V
k
e

h 4

Y U

Pl

Figure 1.1: Feynman graph of elastic electron proton scatteng.

four-momenta of the incoming electron and proton, respestly, and k° and P° those of
the scattered particles. The four-momentung of the exchanged virtual photon is given by
the di erence between the initial and nal state four-momerta:

q=k k°=P° P (1.1)

Averaging over all mutual spin states and using the Feynmarules for QED?, the squared
amplitude of this process can be written in the following copact form:

hiAji = ??L K (1.2)

where = j—z is the electromagnetic coupling and. and K  are the leptonic and the

hadronic tensors describing the interaction at the leptowi and hadronic vertices. While

3Quantum Electro D ynamics



1.1. PROTON STRUCTURE 3

L can be derived from QEDK is parametrized in terms of the so-called elastic proton
from factors K, and K.

These form factors, which only depend og?, can be rede ned in terms of the electric
(Geg) and magnetic Gy, ) proton form factors, which are associated with the chargestri-
bution and current distribution of the proton. The elastic dectron-proton scattering cross
section can be written in the form:

d 4 2E2cog( =2) G + G3

d ~ [l+@E=M)sin¥( =2) 1+ +2 G tan*( =2) ; (1.3)

known as the Rosenbluth formula [Ros50], where is the scatéting angle and =
o'=(4M 2?), with the proton massM .

The measurement of the cross section and the subsequent extion of Gg through

the Rosenbluth formula allowed to extract the root-mean-seare charge radiugg of the

proton [Mur74]:
Z 2
rg = dr? (r)= g 4Ce (@)

dq2 q2=0

The same radius of about B fm was also obtained for the current distribution. The
complete world data on SME extracted using the Rosenbluth separation is a momentum
transfer Q? independent value (g 1.2). New measurements of the formfaxs via polar-

ization observables, however, indicate that this is not thease.

=(0:81 0:04) 10 Bcm? (1.4)

Deep Inelastic Scattering With increasing beam energy higher momentum transfers
are possible and in the descriptive picture this leads to a dginer spacial resolution. The
proton breaks up and forms a hadronic nal stateX . This is called deep inelastic scattering
(DIS).

I+ p! 19+ X (1.5)

In the cross section of DIS a spin independent part and a spirependent cross section
can be separated. Averaging over all spins in the initial sta of the scattering process
and summing over the spins in the nal state leads to the spimdependent part of the
cross-section:

d2 unpol d2

— 2 . N2 2 — 1 . 2 .
dE”d ~ dEYW ., p e Qotan( =)+ ~FRa(x Q) (1.9)

where
d2 4 ZEQ

dEOd Mott B Q4
with E(E9 is the energy of the incoming (outgoing) electronM is the proton mass,
Q? = ¢f is the negative squared 4-momentum transfer, = % 2P E  E%s the energy

cog( =2); (1.7)

. . . _ QZ |Qb QZ
transfer from the incoming electron to the proton in laborabry frame, x = g - M
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Figure 1.2: World data for r = G g =Gy ; open symbols indicate results of the Rosen-
bluth separation [Mil98, Die01, Jon00] and give a constant atio. [Gay01]

% is the Mott cross section, which describes the elastic scating of a relativistic
Mott

spin-; particle o a spin-0 point-like particle. The second term ofegn. 1.6 contains the
unpolarized structure functions, represents the deviatioof the observed DIS cross section
from the Mott cross section. This deviation is due to the compsite nature of the proton.
A selection of the world data for the structure functionF, as a function ofQ? for di erent

X is given in g. 1.4.

The cross section for the case when both colliding electrondaproton are longitudinally
polarized has a spin-dependent and a spin-independent path order to isolate the spin-
dependent part of the cross section the di erence of the cr®@sections obtained with two
opposite target spin states is measured. The spin-indepesrd part cancels and one obtains
the bare spin-dependent cross section:

e ) P2 20,2

= _y - 0?2 2 .A2\ .
idy dxdy - sy 2 Y o akQ) fye(xQ) (1.8)

where! indicates the spin orientation of the incoming electron an¢l ,) the two di erent

spin states of the target proton. = ZMTX, s = (k+ P)?is the center-of-mass energy squared



1.1. PROTON STRUCTURE 5

P,M—> > W

Figure 1.3: Feynman graph of deep inelastic electron protorscattering. The exchanged
particleisa ;W or Z. [pdg08]

Pglab £ Is the fractional energy of the virtual photon.

In g. 1.5 the g, structure function for protons is given as a function of the Brken x.

The Bjrken scaling Fig. 1.4 shows that the unpolarized structure functiorf, is ap-
proximately Q?-independent in the large momentum transfer region:
Fa(x; Q%) Fa(x) (Q* M?: (1.9)

According to the Callan-Gross relation [Cal69] the two spindependent structure func-
tions F; and F, are related to each other by

Fa(Xx) = 2xF1(X) (1.10)

and thus F, shows the same approximat€?-independence.
This phenomenon, predicted by the Quark Parton Model (QPM)is known asBj rken
scalingor scale invariancebecause in the so-called Bj rken limit

8
< Q%11
lim = 'l ; (2.12)
Bj
X xed

the structure functions are left unchanged by a scale trar@mimation, i.e. by a transforma-
tion in which Q? and are multiplied by an arbitrary scale factork, so that x remains
unchanged. AQ?-independence of the structure functions would imply thathe electron
\sees" the same proton structure no matter how big the spatlaesolution is. The observed
scaling behavior could be successfully accounted for by satering scattering o point-like
constituents within the proton. This was historically the rst dynamical evidence of the
guarks, whose existence had been previously inferred on thesis of static quantities, like
the masses and quantum numbers of the hadrons.

Still the structure functions show a deviation from the desibed scale invariance. With
increasing momentum transfer the structure functions shoa strong increase for lowx and
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Figure 1.4: The proton structure function F) measured in electromagnetic scattering of
positrons on protons (collider experiments ZEUS and H1), inthe kinematic domain of
the HERA data, for x > 0.00006, and for electrons (SLAC) and muons (BCDMS, E665,
NMC) on a xed target [pdg08].

a decrease for higlx. This is an evidence of the dynamical structure of the protofvirtual
sea quarks and gluons) and represented one of the earliesutnphs of QCD. The sea
guark contribution increases with increasing momentum tmasfer and each quark carries
less fractional momentum.
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Figure 1.5: World results for the spin-dependent structurefunction g;(x) of the proton
measured in deep-inelastic scattering of polarized eleatns/protons [pdg08].

1.1.2 Quark Parton Model

With the knowledge from scattering experiments the Quark R#&on Model was developed.
Three valence quarks are dressed with a cloud of gluons andwal quark-antiquark pairs.

In this framework the proton is described inleading twist by three functions. Namely
the quark distribution q(x; Q?), the helicity distribution q(x; Q?) and the transversity

distribution q(x; Q?). Itis:

G(x) = d 0+ d (X; (1.12)
G = ¢ () d (x)and (1.13)
ax) = q () g (x); (1.14)

Whereqj (x) and of( (x) are the probability densities to nd a quark of avor f with
momentum fraction x and spin parallel or anti-parallel to the proton spin. g~ (x) and
g*#(x) are the probability densities to nd any quark with their spin aligned or anti-aligned
to the spin of a transversly polarized proton.



8 CHAPTER 1. PAX PHYSICS MOTIVATION

The rst two of these parton distributions are correlated tothe structure functions,
which can be measured in DIS. It is:

1 X

Fi(x) = > & G (X); (1.15)
™

qa(x) = > & g (x): (1.16)

f

As a result the rst two are well known, while the transversiy is only little-known. A
direct measurement could be realized by Drell-Yan produath qg! (;Z) ! 1"l in
double polarizedpp collisions.

1.2 Transversity Distribution

The third leading twistparton distribution function of the quark parton model ( q(x)), the
so-calledtransversity, has been only recently measured. Due to its chiral-odd natuit is
not accessible in DIS, where helicity is conserved. Ralstand Soper considered the double
transverse spin asymmetry in the Drell-Yan process. Threeferences with more detail are
given: [Art90, Jaf92, Cor92]. The Drell-Yan process is a leggn pair production in the
collision of two hadrons, and the asymmetnA++ is to be measured in the cross-section:

_ P X)) (et i) X q
AT e X (Pl X)) q % 0% A 0

RHIC at BNL is at present the only place that could take data onthis asymmetry. But

Figure 1.6: Feynman graph of the Drell-Yan process. Additimally to the indicated
virtual photon, a Z-boson could be exchanged. [Wiki]
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for the RHIC energy rangeA++ is expected to be small. An upper bound in the percent
level is predicted [Mar99] and the required accuracy is nothievable.

An alternative way to measure the transversity is to measuréhe product of transversity
with another chiral odd function. The rst suggestion was mde by Collins [Col93] who
introduced a chiral odd fragmentation function. In semi-iclusive DIS experiments the
product of the Collins function with the transversity distribution becomes accessible by
detecting an azimuthal asymmetry of the produced hadron. A* e.g. contains information
about the spin of a strucku quark from the proton, as the * contains the valence quarks
u and d. The HERMES experiment at DESY was the rst to measure a nonze, Collins
asymmetry[Air05, Die]. These measurements allow for an eattion of transversity once
the Collins function is known. A measurement of the Collinsuhction was carried out at
KEK using BELLE data [Sei06, Sei]. A rst extraction of q(x), based on a global t of
the data from HERMES, COMPASS [Age07] and BELLE, has been repied by [Ans07]
(see g. 1.7).

. 05
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- -
o =
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Figure 1.7: First extraction of transversity by Anselmino et al. [Ans07]. Left: x q(x)
for u and d quarks, the red curves are the best ts, the blue curves the Ser bounds.
Right: kr dependenceusing a Gaussian Ansatz.

The BELLE and semi-inclusive DIS data are obtained at di erat scales:Q? = 110 Ge\?
and hQ? = 2:4Ge\?. The extraction of the transversity uses the projection oflte mea-
sured BELLE Collins asymmetries to HERMES energies. In thisxtraction, the theoretical
uncertainties are rather big.

So a self-su cient measurement of the transversity functio is of great importance. The
golden channel to perform a self-su cient measurement is & lepton pair production in
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double polarized Drell-Yan collisions of proton-antipradn.
pp ! lIX (1.18)

It is ideally suited for q extraction, becauseq9® = q9%FP, leading to:

P
PP X) (Pt X)) _ 0a € (X1, Q%) q(x2; Q%)

Arr = Ep ! X))+ @Ep! IIX) T ,ea(xuQ)axzQ?) (1-19)

Here onlyg= u and g= d contribute, and art is the double spin asymmetry of the QED
elementary processg+ q! |l.

As only sea quarks contribute itis = x; X, = Q?=s 0:2 0:3 and in this kinematic
region is accessible with a xed target mode witls = 30 GeV2. In this region Arr=art IS
expected to be as large as 30%. THeolarized A ntiproton E X periments - Collaboration
is aiming to perform this direct measurement of the transveity. The (Xy;Xx;) kinematic
regions covered by the PAX measurements, both in the xed taet and collider modé are
shown in g. 1.8, left side. The plot on the right side shows ta expected values of the
asymmetry At as a function of the Feynmarxg = x; X, for Q% = 16 GeV? and di erent
values for the squared total energg.

collider fixed target
s=200 s=45

$=200

X, X

Figure 1.8: Left: The kinematic region covered by the q measurement at PAX. In
the asymmetric collider scenario (blue) antiprotons of 35GeV/c impinge on protons
of 15GeV/c at c.m. energies ofs  200Ge\? and Q? > 4GeV?. The xed target
c&se (rﬁd) represents antiprotons of 22 GeV/c colliding wih a xed polarized target

45GeV). Right: The expected asymmetry as a function of Feynnan xg for
dl erent values of s, but xed Q =16 GeV2. [PAX05]

4The PAX-collaboration proposed experiments at FAIR. A dedicated Antiproton Polarizer Ring (APR)
would Il a Cooler Syncrotron Ring (CSR), where the polarized antiprotons are stored with a momentum
up to 3:5GeV/c. Here, xed target experiments can be carried out. By adding two beam lines collisions
with the polarized protons from the High Energy Storage Ring (HESR) are possible.
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1.3 Electromagnetic Form Factors of the Proton

Recently, data with a new method, called recoil polarizatio technique, to extract the
ratio Ge =Gy were published [Jon00, Gay01, Gay02]. A longitudinally pafized electron
beam transfers its polarization to the recoil proton in elgoon-proton elastic scattering.
Assuming one-photon exchange it is [Akh74]

GE Pt e

—/ —tan—; 1.20

Gwm P 2 ( )
with Py (P;) the component of the recoil proton polarization perpendidar to (parallel to)

the proton momentum in the scattering plane. These data weriaken in the space-like

regime and the measure@?-dependence was unexpected (g. 1.9).
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Figure 1.9: The ratio Gg =Gy extracted using the recoil polarization method.

The two proton from factors Ge and Gy measured in the space-like and time-like
domains are connected to each other by dispersion relationss a result, it follows:

lim Gg; Gy (space like)= lim Gg;Gy (time like): (1.21)
Q211 Q211

Experiments in the time-like regime are not sensitive tdGg. In fact, the extractions
assumingGg = Gy and Gg = 0 show no di erence in the time-like regime. There are
two ways to clarify the role of Gg in the time-like regime. Either perform experiments
|V\{i'[h high angular resolution, or to use double polarized pton-antiproton annihilation:
"pp! €ee.

With this short introduction the high impact of polarized anti-proton beams on new
physics should have become obvious. The next chapter willalevith various ideas, how a
polarized anti-proton beam might be produced.
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Chapter 2

Methods to Produce Polarized
Antiproton Beams

As described in sec. 1, polarized antiproton beams with hightensity constitute a missing
tool to several untouched physics problems. Up to now, a camnent method to produce
polarized antiproton beams is not available. Workshops ind@lega Bay 1985 [Bod85] and
in Daresbury 2007 [BarO7] were carried out on the topic of pized antiproton beams.
Several ideas towards polarized antiproton beams from theesvorkshops are discussed in
the following section. Spin Itering is emphasized as thishesis clari es the mechanism of
this method.

Polarization

The dipol-magnets of a cyclotron x the stable polarizationaxis parallel or antiparallel to
the magnetic elds. A spin% particle, like a proton or antiproton, two spin states \up”
" and \down" # are possible. N- (Ny) is the number of particles with spin states \up”
(\down") and the beam polarization P is then de ned by:

N+ Ng

P = : 2.1
N" + N# ( )

2.1 Spin Filtering

Csonka proposed in 1968 spin-selective attenuation of tharticles circulating in a storage

ring as a method to polarize a stored beam [Cs068]. Particletored in the ring pass
through a polarized target and a fraction of the beam is lostybnuclear scattering in the

target. Since the strong interaction cross section is di ent for beam and target spins
parallel (") and anti-parallel ("#), one spin direction of the circulating beam is depleted
more than the other. As a result the circulating beam becomdsacreasingly polarized.

This method has been referred to as \spin Itering”. A sketchof the principle is given by

g. 2.1

In principle three di erent scattering reactions can contibute to the e ect. They are

13
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POLARIZED
TARGET

POLARIZED
TARGET

POLARIZED
TARGET

T1 T2>T1 T3>T2

STORED BEAM STORED BEAM STORED BEAM

Figure 2.1: The three sketches clari es the method of spin tering. The arrows indicate
particles with spin up (down). After some time of Itering (T 2 and T3) the beam current
is reduced and the beam is polarized.

scattering at the hydrogen nucleus within the acceptance gle,
scattering at the hydrogen nucleus out o the acceptance afgand
scattering at the target electrons within the acceptance ajie.

Scattering at the target electrons out o the ring acceptane does not occur as the maxi-
mum scattering angle is always smaller than the machine ag@tance due to the smallness
of the mass ratiom—z.

In order to calculate the polarization buildup during Itering, the more general polar-
ization evolution of a stored beam is given for a beam consigj of spin—; particles. The
following cross sections are used:

R =

N[

R R -1 R R
w + " and R — E " m y

SF SF -1 SF SF
m + " and S — E "H mn .

NI

s =

The index R stands for scattering outside of the ring acceptance, whil8F indicates
scattering with spin ip inside of the ring acceptance. The aows indicate the spin direction
of the two patrticles involved in the scattering event. Aftera short calculation (app. A) one
concludes:

dpP

a :frev dt Q[2 S+ R]: (22)
P=0

It describes the polarization evolutiondP=dt of an initially unpolarized beam and is valid
for small beam polarizations. The target density is given bg, and the target polarization
is Q. The \polarizing cross section”, , is de ned as the sum of the two terms in the
bracket:

pol = 2 st R (2.3)
The polarization evolution for an unpolarized target Q = 0) is given by:

dP _

9 2y O SP (2.4)
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It shows that the \depolarizing cross section" is directly poportional to the spin ip cross
section s. Since the sum of two positive values is always bigger thandmorm of their
dierence, itis s s and it follows from eqgn. 2.2 and 2.4 that

if a polarized target is capable of polarizing an unpolaridéeam by spin ip, an unpo-
larized target will depolarize an already polarized beam.

2.1.1 Concept

Assuming, that spin- ip is negligible, only the loss crossextion 1 has an impact on the
beam polarization. 1 is the integral of the strong interaction cross section in th range

acc < < . It can be expressed as a sum of an spin-independent and spgependent
part:

1= o 1@ (2.5)

where the positive and negative sign applies to the fractioof the beam whose spin is
parallel or anti-parallel to the spin of the target. o is the spin-independent part of the
cross section, ; the spin-dependent part of the cross section ar@ the target polarization.
The time constant 1, which characterizes the rate of the polarization buildupis

— l .
! 1thfrev’

where d, is the target density andf ., is the revolution frequency of the beam. In order
to build up signi cant polarization, the beam has to pass though the target for times t of
the order ;.

The goal while performing a spin- ltering is to reach as smahks possible lIter times
and highest possible beam polarization. In order to reaché¢hrst goal especially the target
density d; has to be maximized and the experiment has to be carried out ain energy,
where the spin-dependent cross section is maximized. Figure 2.2 shows the dependence
of ; of the beam kinetic energyl’ and it is obvious, that beam energies below = 100 MeV
are essential. Con icting with the aim to maximize the spindependent cross section; is
the goal to minimize the Coulomb beam losses, which increaséh Tiz

Additionally, a high density polarized target at an internd target point of a synchrotron
is necessary. Polarized gaseous targets can be producedgisin atomic beam source fol-
lowed by a magnetic system in Stern-Ger|ach con guration. éivever, the target thickness
provided by §uch a jet is only about 2 10"*H atoms/cm?. To increase the target density
the polarized H beam is lled in a windowless T-shaped storage cell [Hae8%hrough
which the circulating beam passes. In this way the target tskness can be increased and
some 16*=cm? up to 10*=cn? becomes available.

By using phase space cooling of the stored beam, beam lossestd multiple scattering
can be minimized and thus the beam lifetime maximized. Addanally the ring vacuum
should be optimized in order to minimize the scattering withthe unpolarized residual gas.

Finally, a detection system is needed to measure both beamdaatarget polarization
independently.

(2.6)
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Figure 2.2: Spin dependent beam loss cross section by strorigteraction ; vs beam
kinetic energy T. The strong increase at energies below 100 MeV makes beam egies
T < 100 MeV essential.

2.1.2 The FILTEX Experiment

In 1992 at the Test Storage Ring (TSR) in Heidelberg [Kra89]his method to polarize a
stored beam was tested with a proton beam. The experimentaktsip of the spin lIter
experiment is displayed in g. 2.3. A beam lifetime of rouglyl 30 minutes of an electron
cooled beam was achieved with the beam energylof 23 MeV used during ltering. Low-

guadrupoles have been installed in the target section in cgdto increase the acceptance
angle.

The target polarization was deduced by measurements at theeginning and the end
of the experiments. A 27 MeV beam of particles was stored in the ring and the target
polarization measured from the left-right asymmetry of real protons at |, =21 . The
magnitude of the target polarization was found to b&) = 0:83 0:03.

After the ltering time between 30 and 90 minutes, the beam plarization was measured
by making use of the large spin correlation coe cientAy, = 0:93 in proton-proton
elastic scattering. For this purpose the direction of the 5 @uide eld, which determines
the direction of the target polarization (up or down), was rgersed periodically. The pp
elastic count rates were measured with scintillation couat telescopes [Dur92] located at

lab = 33 above and below the plane of the storage ring.

The result is shown in g. 2.4. The rate of polarization buildip of

Ps

= (1:24 006) 10°2h %

implies 1 =80h.
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Figure 2.3: Principle of the spin Iter experiment with stor age ring, low- section,
storage cell, and electron cooler [RAT93].
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Figure 2.4: Asymmetry (right-hand scale) and polarization (left-hand scale) measured
after Itering the beam in the storage ring for dierent time s t. The solid lines are
based on an assumed rate of polarization buildup of 24 10 2h !, which corresponds
to 1 =80h. [RAT93]

2.1.3 Interpretation

In the FILTEX experiment, the target density wasd, = (5:3 0:3) 10**cm? and the target
polarization wasQ = 0:795 0:024. Together with the measured polarization buildup of
1:24 10 °h !it leads to:

ool = (76  6) mb:[Rat05; Rat94] (2.7)
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First theoretical calculations, using the TSR acceptancengle ... =(4:4 0:)mrad leads
to
pol;theo = (86 2) mb: (2.8)

The fact that experiment and theory disagree by two standardleviations has been the
original motivation to investigate the role of spin ip.

Evaluating the spin-transfer cross section at small angldsetween 10 and 100 MeV,
sizable e ects were predicted [Mey94]. The spin-transferass section, as de ned e.g. in
[Bys78], refers to producing a spin-up beam particle (rathghan a spin down) when an
unpolarized beam interacts with a polarized target. A decadlater, Milstein and co-workers
[MilO5] showed that the spin- ip cross section (the cross sgon that the spin of a beam
particle is reversed), which is di erent from, and much smétr than the spin-transfer cross
section and is in fact negligible for the proton energy used the FILTEX experiment.

More recently, Arenhevel [Are07] predicted that the spinip cross section in electron-
proton scattering at low energy (a few eV in the center-of-nss system) is very large
because of the mutual attraction of the two oppositely charg particles. This e ect could
be used to produce a polarized antiproton beam as shown in s2c.

2.2 Other Ideas

As polarized proton beams with high intensity are availablethe question arises, why the
procedures used for protons are not applicable for antiprams. There are three prominent
ways for protons. Polarization of a scattered beam was usear the rst polarized proton
experiments. A secondary polarized antiproton beam from -decay with low intensity
has been produced. This and other ideas have been proposethatBodega Bay workshop
[Bod85] and are described in this section.

Atomic Beam Source

Atomic beam sources are widely used to produce polarized fwo beams [Nas05]. Laser
based sources for polarized protons [Zel85] are also avaléa Here the atomic beam source
will be discussed in some detail (left g. 2.5). Molecular hyrogen from a bottle is dissoci-
ated by a radio frequency eld in a plasma. From here a beam ofi¢rmic hydrogen atoms
is leaving a nozzle at low temperatureT < 100K). This beam is formed by a skimmer
and collimator. In a sextupole magnet setup one of the two elgon spin states is focused,
while the other is de ected. In a magnetic eld the degenergcof the hyper ne states with
F =1 is removed (right g. 2.5). Transitions are induced by a adio frequency between
di erent hyper ne states and a second sextupole magnet sgbuseparates one single state.
The additional radio frequency unit can be used to allow allicerent spin states. After
ionization this polarized hydrogen beam can be used to Il ayclotron, or the polarized
atom beam could Il a storage cell in order to provide high taget densities. An overview
of the polarized gas targets can be found in [Ste03]. With a¢hmic anti-hydrogen beam it
should work identically. Up to day the maximum number of themic anti-hydrogen atoms
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Figure 2.5: Left: Sketch of an ABS. 1 is the dissociator, 2 thenozzle with skimmer and

collimator, 3 + 5 the sextupoles, 4 + 6 are radio-frequency transition units and 7 is the

storage cell. Right: Energy of the four hyper ne states of hydrogen as a function of
= B=B¢ with B¢ =50:7 mT [Hae67].

is many orders too low ( 10° 10*/trial anti-hydrogen are produced by the ATRAP-
collaboration [Gab08].), in order to feed an atomic beam smze.

Dynamic Nuclear Polarization in Flight

Dynamic nuclear polarization in ight is a technique where he polarization of electrons is
transferred to nearby protons [Bod85]. For antiprotons thedea is to inject unpolarized
antiprotons into an interaction region with a high longitudnal magnetic eld along with
polarized electrons moving at the same velocity. Microwaveadiation could then induce
hyper ne interactions with spin transfer. With electron densities in the order of 16°=cm?,
the polarization transfer rate to each antiproton would be hout 10 °=s, which is too long.

Stern-Gerlach Separation

Roughly twenty-three years ago at the workshop in Bodega Bayt was suggested that
Stern-Gerlach forces could be used to separate ensemblesamtiprotons with opposite
spin states into sub-ensembles with non-zero polarizatigBod85]. Meanwhile, two basic
approaches are under consideration. One uses the transee&ern-Gerlach forces, while
the other uses longitudinal ones. The rst one leads to a spat separation and the second
one to di erent beam energies. Even though this idea is ratheld, no detailed simulation
has shown its e ectiveness. An experimental test of this miedbd would need a large e ort.
Up to now, a feasibility study has not been carried out, thustis e ort seems to be not
justi ed.

For a more detailed summary about this way to produce a storegblarized antiproton
beam see [Bar07].
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Antiprotons from Hyperon Decay

Polarized protons (antiprotons) from the decay of polariz&hyperons (anti-hyperons) pro-
duced on one side of the collisions between 400 GeV protongatmiLab and a xed target;
and then focusing them into a 200 GeV polarized proton (antipton) beam. The achieved
polarization was in the order of 50 %. Though, the intensity rad large phase space make it
di cult to store and accelerate these polarized antiprotors in a storage ring. The expected
intensities are too low for experiments in high energy aceshtor experiments.

Stochastic Techniques

Similar to stochastic cooling, where the positions of the laen particles are measured and
corrected at a second point of the accelerator, a stochastemhancement of the beam
polarization was thought of. By a polarization sensitive dector an appropriate signal
could be transmitted to another part of the ring and kick out me polarization state more
than the other. The di culty is the small size of the electrical signals available from the
protons magnetic moment in comparison to the signals due tdé¢ protons charge. Simon
Van der Meer showed that the signal to background ratio is inhie order of 1042 and thus
this idea is not feasible.

Polarization Buildup by Synchrotron Radiation

In synchrotrons charged particles are forced in a closed drlbby magnetic elds. In the

bending regions synchrotron radiation is emitted. The radition power P is given by [Lee04]
e2C 4 4
3 02’
with the electron chargee, speed of lightc, bending radius , permittivity of free space
o and the relativistic variables and . The amount of spin-ip radiation is extremely
small compared to the ordinary (non- ip) synchrotron radidgion. The ratio of the powers

p= (2.9)

radiated is: 5 , p_!
in- i ~ 2 35 3
_spn-p) 5, = 4 22 (2.10)
P(non- ip) mc 64
where the choice of sign depends on the initial spin state dig particle. For an electron
cyclotron with a bending radius 13m and < 10 the ratio 2.10 is of the order of

10 1!, So for electrons the polarization build-up time is ratherdng and for HERA in the
order of 40 minutes [Dur95]. The used formulas are to be chatyfor protons. In a naive
description the characteristic polarization build-up tirme is [Jac76]:

295 e 5 1!

naive~ 3 3 m2e 3
Forthe LHC with =2803:95m and = 7461 at the highest beam energy, the polarization

build-up time is A4S . 7:8 10°°*s or 2 10° years. Thus it is obvious, that this method
is not suitable for antiproton polarization build-up.

(2.11)
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Channeling through a Bent Crystal

Channeling is a well established phenomenon which is studisince decades and has many
applications at low and high energy physics [Lin65, Lin64, &n74, Bir97]. Channeling in
a bent crystal can be considered as scattering on both sidelsaochannel. If the crystal
and its channels are bent, then scattering to the outer sidd the channel must prevail (in
strength and/or in number) on the scatterings on the inner sle of the channel. If the single
scattering process has an analyzing power, then the chanedlbeam will gain polarization
in a bent crystal. The nal beam polarization P is calculated by [Ukh08]:

_ @AY @ AN
T @+ANN I AN

(2.12)

with N scatterings with the analyzing power ofA, in each of them. With an analyzing
power of A, = 10 # and N = 5000 scatterings the overall polarization P would bé® =
46 %. Assuming an analyzing poweh, of 0:5% leads to a beam polarization of more than
50 % after extraction of the primary beam from a bent crystalJkh08]. So even without
knowledge of the actual analyzing powers involved in chanlivey - they could be 0O, it
might be worth to test the channeled beam for polarization. &h an investigation could
be carried out at the extraction beam of COSY.

2.3 Buildup by Polarized Positrons

Meanwhile, the Mainz group proposed a new method for polanig antiprotons by electron
proton spin- ip [Wal07] based on a QED calculation of the trple spin cross-sections by H.
Arenhevel [Are07]. They claim that with a polarized positon beam moving parallel to the
antiprotons at relative velocity of v=c  0:002 the cross-section for spin- ip is as large as
about 2 10b. The predicted electron proton spin- ip cross-section aa function of the
proton kinetic energy in the electron rest frame is plottedn g. 2.6.

With this high cross-section a signi cant e ect is experimatally reachable even with a
low target density, which can be achieved by the free electrs in an electron cooler. Making
use of the statement from sec. 2.1 (page 15) all necessaryhtecal tools to measure the
electron proton spin- ip cross-section are available at COY.
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Figure 2.6: The electron proton spin- ip cross-section as dunction of the kinetic proton
energy in the electron rest frame. A prediction from Arenhavel [Wal07] is shown. Special
emphasize is on the strong energy dependence, which makegwéow relative velocities
necessary.



Chapter 3

Do Electrons A ect the Beam
Polarization?

The experiment is driven by the idea of polarizing a storednitially unpolarized anti-proton
beam by interacting with a polarized positron beam [Wal07]The positron antiproton spin
transfer cross section was calculated to be about 20" barn at a relative velocity of
v=c 0:002. The authors claimed that with a polarized positron bearwith a polarization
of 0:70 and a ux density of approximately 15 10'=(mm?s) from a radioactive'*C dc-
source, a beam of about 20 antiprotons can be polarized within one hour to a polarizatin
of about 0:18.

The goal of the experiment is to measure the electron protompis transfer at relative
energies in the order of a few 1§c. In sec. 3.1 the synchrotron COSY is described. Sec-
tion 3.2 explains the measurement principle before the inddual parts of the experimental
setup are described in detail: The cycle structure is dep@d in sec. 3.3. In sec. 3.4 itis
described, how the electron cooler is used as an electrongir while still providing a well-
cooled beam. Finally, in sec. 3.5 the deuterium cluster tagg is described and in sec. 3.6
the detection system is depicted.

3.1 COSY

At the Research Center Julich (FZJ) the Institute for Nuclear Physics (IKP) operates
the COoler SY nchrotron (COSY). At this accelerator (g. 3.1) the experiment on the
electron-proton spin-transfer cross-section was carriedit. It provides proton or deuteron
beams in the momentum range between 300 (550 for deuteronsda3700 MeV/c. COSY
is a ring with 183 m circumference including two 40 m straighéections inserted at opposite
locations. A 100 keV electron cooler and stochastic cooliagpove 15 GeV/c provide phase
space cooling of the stored beam. Unpolarized and polarizé@ams are provided for
external or internal experiments. Transversely polarizegroton beams are available with
intensities up to 1 10% particles with a typical polarization of 70%. For deuteronsan
intensity of 3 10'° with vector and tensor polarization of more than 70 % and 50 %exe

23
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s
PR Extraction Injection

Figure 3.1: Floor plan of COSY including the injection and exraction beam line. The
internal experiments ANKE and WASA are as well indicated as the positions of the
electron cooler and the target place for future spin Itering studies planned by the PAX
collaboration.

achieved, respectively.

The three main experimental setups at COSY are th@ ime Of Flight (TOF) spec-
trometer, the W ide A ngle Shower A pparatus (WASA) detector, a large-acceptance de-
tector for charged and neutral particles and theA pparatus for studies ofN ucleon and
K aon Ejectiles the ANKE magnetic spectrometer. Additionally, a mw target point for
the Polarized A ntiproton E X periments (PAX) is under construction. Here a new low
beta-section is build to increase the acceptance angle atightarget point. As a rst step,
additional quadrupole magnets were installed and commissied. The rst collisions are
planned for summer 2010.

3.2 Measurement Principle

An ideal test of the prediction [Wal07] would use polarizedlectrons to polarize an ini-

tially unpolarized proton beam. As at the Jalich synchrotion, COSY [COS], no polarized
electrons are available, a depolarization experiment waarcied out. As shown in sec. 2.1
and in more detail in app.A the depolarization cross sectiois an upper limit for the po-

larization build-up: If a polarized target is capable of p@rizing an unpolarized beam by
spin ip, an unpolarized target will depolarize an already plarized beam.

A polarized proton beam was stored in COSY. Electrons in thelextron-cooler have
been used as a free electron target. This electrons inducestlepolarization of the beam
and the beam polarization was measured using proton-deuber elastic scattering events
at a deuteron-cluster target installed at the ANKE [ANK] target position (g 3.2).
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Figure 3.2: Schematic of the experiment indicating the maininstallations used in the
experiment: The synchrotron COSY, the electron cooler, thedeuteron cluster target
and the detection setup.

3.3 COSY Setup

A polarized beam was injected into COSY and accelerated to anlktic energy of T, =
(49:3 0:1) MeV. This beam energy was chosen to ful Il several tasks.

The investigated e ect is predicted to be large at relative &locities in the order of
10 3c (g. 3.3). Therefore the experiment is carried out with a bem energy, where
the electron cooler can provide a free electron target.

In order to measure the beam polarization, analyzing powedd the used polarimeter
reaction are to be known. ForT, = 49:3MeV the analyzing powers are precisely
known from [Kin77].

From eqn. 3.2 the characteristic polarization lifetime 4 is calculated by

1

pol = m: (3.1)

Taking the predicted depolarization cross section from Argevel [Are07] and the electron
target density (d; = 2 10’/cm? at 1 keV beam kinetic energy see g. 3.6) the expected beam
polarization lifetime is calculated. The result is given ing. 3.3 and shows a strong energy
dependence. This makes a kinetic energy in the order of a fee\kin the electron rest
frame necessary. To give two numbers, the predicted beam aotation lifetime increases
from roughly 3 ms for a proton kinetic energy of 1keV to 10000s at 6 keV.
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Figure 3.3: Polarization lifetime calculated using the pralicted spin-ip cross section
from [Wal07] as a function of the proton kinetic energy in the electron rest frame.

The spin ip cross section s leads to a depolarization rate given by (sec. A)

Ps _

dt
where the beam polarization iy, the target density d; and the beam revolution frequency
frev. Using this equation, the spin- ip cross section is extraed by:

2 frev dt SPB (3-2)

|nP_E
_ 0

P O
ST 2 dt t frev’

(3.3)

where the two polarizationsPg and Py are measured after two di erent times of depo-
larization. This time di erence is t. After measuring the beam polarization, the beam
intensity is too low for a second measurement later in the santycle. Instead two cycles
where the electron target was switched on for two di erent thes have been used. In fact, in
the \0"-cycle there were 0 s with electron target and in the \E-cycle there were 245 s with
electron target. These two cycles are designed to be as sanihs possible. The only di er-
ence between the cycles is the electron target. During oneist switched on, while during
the second one no electron target is utilized. It is assumebidt the beam polarization at
the time of injection into COSY is identical and e ects from the synchrotron will develop
the beam polarization in the same way during the two di erentcycles. The fraction of the
beam polarizations at the end of the two di erent cycles prades a measurement of the
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depolarization rate due to the electrons. If done ideally,llasystematic e ects on the beam
polarization occur in the same way in both cycles and canceh table showing the time
sequence is given in tab. 3.1 and a schematic of the cycle getsi shown in g. 3.4.

| Time in cycle /s | \E"-CYCLE | \0"-CYCLE |
0 Injection and Acceleration
1 Switching Electron Cooling on
14+2n 5 Switch to Target Mode \ Switch Electron Beam o
14+(2n+1) 5 Switching to Cooling Mode
505 Electron Cooling and Deuterium Cluster Target
Measure Beam Polarization
1060 Beam is Dumped

Table 3.1: This table shows the timing settings of the two di erent cycles.n is an integer
from O to 48, indicating the total 49 sub-cycles.

E-CYCLE 0-CYCLE

E-Cooler
Voltage / V

E-Cooler
Voltage / V

49 x 5s at 27272 V .

49 x 5s without
electron beam

26846 ===

N
By
N
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N

Beam Current
N
~
N
~
N

Beam Current

silvitchfd orl

nominal cooling Voltage nominal cooling Voltage

Mgt

26846

=~
for 49.3 MeV proton beam

=
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2
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o
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Figure 3.4: The rst 505s after injection a cooled proton bean was cycling in COSY.

During this time the electron cooler was switched each 5s. Wite in \E"-cycle the elec-

tron cooler was switched between cooling and target, in \O"eycle it alternated between
cooling and no electrons. In the second 550s long part the déerium cluster target

was switched on and the polarizations of the now steadily elgtron cooled beam was
measured with proton-deuteron elastic scattering events.

Both \E"-cycle and \0"-cycle consist of two parts. In the rst part - 505s long - the
beam is injected and accelerated td, = 49:3 MeV before it is electron-cooled for 14s.
This is followed by 49 sub-cycles, which are di erent for théwo cycles. Each sub-cycle is
composed of 5s where the electron velocity is changed forley&E" or the electron current
switched o for cycle \0" and additional 5s with nominal cooing for both cycles.

The second part - 555 s long - is identical in both cycles. Dug this time the electron-
cooled polarized proton beam hits the ANKE deuterium clustetarget. The proton-
deuteron elastic scattering events are detected. The datanalysis of this data will de-
termine the beam polarization.
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3.4 Electron Target

Co-moving electrons in the electron cooler are used to prozkian electron target at relative
velocities in the order of @02 c or 2 keV proton kinetic energy in the electron rest frame
Non-moving electrons could not be used for the target as theem lifetime is dominated
by Coulomb scattering and drops with £T2, whereTg is the kinetic energy of the beam.

A detailed description on how the electron target is realizeand what e ects have to
be taken into account is given.

3.4.1 Electron Cooler Voltage

The electrons of the electron cooler beam are produced by dheade. Successive there is a
grid at positive potential. By switching on (o0 ) the potenti al of this grid the electron beam
is switched on (o0 ). An additional plate at high potential allows to accelerate the electron
beam. By changing this voltage, it is possible to adjust thelectron velocity. As the
electron space charge partially screens this acceleratigoltage, the acceleration voltage
has to be increased depending on the electron beam current. ithiVan electron current
of 170 mA, a voltage of 26849V is needed to reach a velocity aBI2 c corresponding
to the cooling mode for a proton beam at 43 MeV kinetic energy. In target mode the

107

10°

10*

10°

Proton kinetic energy in electron rest frame (MeV)

1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1
0 200 400 600 800 1000 1200

Change of electron beam high voltage (V)

1 ‘ 1 1 ‘
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Figure 3.5: Proton kinetic energy in the electron rest framevs shift of acceleration
voltage for electrons.

acceleration voltage has to be changed. This change has tokmawn as a function of the
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proton kinetic energy in the electron rest frame. It is:

Te?+2Tem.

) e —
Tpe +m 1 Beam

e
Beam p

c and e = Beam e (3-4)
p

€=
p

with T7 and § the kinetic energy and the velocity of the proton in the elecon rest frame
and the proton velocity Vgeam = beam C, the electron velocity . and the relative velocity
of electrons and protons . If nothing is indicated, all values are given in the laborairy
frame.

The voltage jump is then

V=me (e 1) W (3.5)

with the relativistic . of the electrons in the laboratory frame and the nominal coef
voltage of V; = 26849V. The shift due to the space charge does cancel, as ded not
depend on the electron energy.

As a result a short table showing the voltage jump for some emges is given (tab. 3.2).

(TokeV | & | @ [ e [VeurV ] ¢ |
0.001 0.00145999 0.00131726 0.313325/ 27095.3| 245.6
0.0015 | 0.00178812 0.00161315 0.313621 27150.6| 300.9
0.002 0.00206474 0.00186254 0.31387 | 27197.3| 347.6
0.0025 || 0.00230845 0.00208227 0.31409 | 27238.5| 388.8
0.003 0.00252878 0.0022808| 0.314288 27275.8| 426.1

0.005 0.00326463 0.00294382 0.314951 27400.4| 550.7

Table 3.2: For several proton kinetic energiesT in the electron rest frame, the values
for the electron velocity in the proton frame B, the relative electron proton velocity in

the laboratory frame (¢, the electron velocity in the laboratory frame ¢, the electron
acceleration voltageVye: and the change of the electron acceleration voltage compade
to nominal cooling mode V are given.

3.4.2 Target Density

Only the fraction of electrons, which are traversed by the mtons, contribute to the target
density. This e ect leads to a dependency of the target dertgion the relative velocity be-
tween electrons and protons. The target density is calculedl for the following parameters
of the electron cooler:

The electron current ofl, = 170 mA, which was used during the experiment.

The geometrical length of electron cooler iscq0er = 2 M. In this region, the electrons
move parallel to the proton beam.
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The cross section of the electron beam Bcygier = 5 CcM2.

A homogeneous distribution of the electrons over the crosection is assumed. The
target density of the electrons in the cooler with geam e IS dig. The electrons stay for
atimet = L°°°'e' in the cooler, so the number of electrons in the cooler§§ L°°°'e' , Where
e denotes the elementary charge. The target density is:

| I—Cooler
Oo= — ——2 (3.6)
t € e C ACooIer
But the real target density d; is reduced, because the electrons possess a nite velocity
and only the part of electrons contribute, which have been gaed by the protons. While
the protons are in the electron cooletpec = LBCO*::?’ the relative distance between electrons

and protonsis | = v C tpec. As a result the target density is calculated by:
I I L cool |
dt — d — _e ooler re 37
0 I—Cooler € e C ACooIer Beam ( )

electron target density (cm ‘)2

W0
103 102 101

Proton kinetic energy in electron rest frame (MeV)

Figure 3.6: Target density as a function of proton kinetic erergy in the electron rest
frame.

3.4.3 Thermal Motion of the Electrons

Additionally to the electron motion due to the accelerationvoltage a thermal motion is
superimposed. This leads to a distribution of the electronelocities Ve. Therefore, the



3.4. ELECTRON TARGET 31

expression, eqgn. 3.2, for the beam depolarization then beoes

‘jj_Ft’ - ZLT_o:'erneh/ s(V)iP: (3.8)
From now on, P signi es the beam polarization,L coeler iS the active length of the cooler|r
the ring circumference h, the electron number density, and the angular bracket repreats
an average over the velocity distribution. Equation 3.8 iswaluated in the proton rest
frame, however the produchndt is Lorentz-invariant, allowing the use of laboratory valus
for time and electron density. The latter is given by

Ne = le=(eAeVeC): (3.9)

The next step is to evaluate the average over the distributio of relative velocities.

Relative velocity distribution in the proton rest frame

The calculations are performed in the framé&Rg where the beam protons are at rest. The
beam magnitudes (in units of c) are , and ,. The relative velocity is abbreviated with
v. With the z-axis along the cooler axisy has the components/,, v sin and v cos in
a cylindrical coordinate system. In this coordinate systenall velocities are small and a
non-relativistic description is appropriate.
The electron velocity distribution is assumed to have two adributions. The rst one,
V2, is along the cooler axis, and is caused by detuning the el acceleration voltage by
U
V= 2o U) ) (3.10)

where ¢( U) and | are the electron and proton laboratory velocities, and¢(0) = .

The S factor transforms the laboratory velocity in brackets intothe f Rg frame. The

second component appears due to a random sideways motion. isTlis described by a
Maxwell distribution with an e ective temperature of kT, = 0:2eV (in the laboratory)

[Ste]. The characteristic velocity is de ned by

r
KT, .
. Fe = 0:659 10 3(units of c) (3.11)

wherem is the electron mass. The,, factor transforms a sideways velocity in the laboratory
into the f Rg frame. The velocity distribution is then written as

v2

g(x)d3v = 2—12e 22 (v, Vivdvddvy; (3.12)

with the normalization Z

g)dPv=1": (3.13)

The longitudinal random component is neglected. Assuminggain a Maxwell distri-
bution, for the corresponding temperature an upper limit okkT, < 0:015eV has been
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determined experimentally [Ste]. This number re ects theimitations of the method, and
the actual value could be much smaller. The characteristicelocity at this temperature is

« =1:8 10 “c. This value is about 25 % of its sideways counterpart (eqn.13). Since in
all expressions only the square of appears, it occurs at most a @5 = 7% e ect.

The electron acceleration voltage i&¥) = 26:849keV in cooling mode. At this voltage
the oscillation is about 104 U  3V. In fRg, this corresponds to a velocity change
of 0:02 10 3c, which is completely negligible compared to thep relative velocity of
v?=1:46 10 3c ( U =245V was the lowest value used).

Averaging over the velocity distribution

There are twodi erent interaction cross sections, namely, wher'we anleB are orthogonal
or when Ve and'Pg are parallel. As a result the averagév s(v)i in eqn. 3.8 should be
replaced by:

e (WA ) k(W) ; (3.14)

where V¢ is the relative velocity, averaged over the distribution, ad is the weight with
which the two cross sections contribute to the measurement.
The weighted average ovey (V) is how given by
Z

_ vicos + V2 v2sin?
v (Wi= v o, —— "~

v 2 g(v)dv: (3.15)

The weights are chosen quadratically with the velocity, ade cross section , . is inversely
proportional to the v?

22

FOERERGECE (3.16)

Here, v’ is some arbitrarily chosen reference velocity and, (v?) are the depolarization
cross sections at that velocity. Equation 3.16 is not a modalssumption, but much more
fundamental. This velocity dependence is discussed by Més et al. [Mil08], and follows
from their equation 20, when neglecting the logarithmic ten (which amounts to only a
few percent). It is also in agreement with the errata by Arergvel and Walcher [Are09].

Inserting g(¥) into egn. 3.15, carrying out the integration for from 0 to 2 , eliminate
the -function, and substituting v = v2  (v9)?2 (itis v dv = vdv), one obtains

) z. " VOZ! W I# y:
v (V)i = 57 (V) 1+ é + (v) 1 é e 22 vidv: (3.17)
V.

z

Using once again the velocity dependence of the cross setfjegn. 3.16) yields
v (V)i =V 5 (V) () + v (V) 1 (VO); (3.18)

with |
Z1 1 Y
1, (V0) = 53 L1+ é e 22 dv;and (3.19)

v2
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z )
(V) = TP IR S (3.20)
k\¥z VO 22 V2 ' '

The contribution between 0.004 andl is completely negligible so the non-relativistic
calculation is valid. The integrands of eqgs. 3.19 and 3.20ecalledh- (v) and hi(v). These
functions, shown in g. 3.7, tell (for a given U) what relative velocities contribute. The
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Figure 3.7: The integrandsh-, (solid line) and hy(dashed line) vs the relative velocity v
(in units of c) for three di erent detune voltages. Instead of no detune voltage, a small
voltage (10V) is used so that the di erence between the two weghts becomes visible.

average velocity and its rms value are calculated as
Z

A v h; dv=I; and (3.21)
z 2
v (v Vvp)? hidv=l, (3.22)

It turns out that v Vi and V5 Vi, therefore mean values are used:
. i
v E(vf_; + Vx) and (3.23)
1
v é( v+ W) (3.24)

For the ve used detune voltages these values are given in taB.3.

3.4.4 Electron Drag Force

When the electron velocity is increased a so-called drag ¢er pulls the proton beam to
the new electron velocity. To evaluate this e ect the protonorbit frequency is measured.
Figure 3.8 shows Schottky spectra of the proton orbit frequey for di erent times after

the start of the detuning interval. The detuning voltage was U = 245V; which is the
lowest detuning voltage, so that the e ect of the drag forcesilargest. The centroid of the
distribution shifts proportionally with time by about 80 Hz in 10s. The width jumps to
about 60 Hz (FWHM) as soon as the electron beam is acceleratethe velocity change in
the f Rg frame is given by

p= —L = fgr 87 10 ’s. (3.25)
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U Vg I ? (Vg ) I k(vg ) v v (no;FnaI) (av;';ge) (averTaz;e)
(V) [ (10 3¢c)| (c) (© [(103¢c)|(103¢c)| (keV) | (keV) | (keV)
0 0 951.7 | 951.7| 0.525 0.397 0.00 0.41 0.33

245| 1.456 | 526.1 | 66.8 1.750 0.222 0.99 1.51 0.40
301| 1.788 | 459.4 | 43.5 2.051 0.200 1.50 2.03 0.41
348 | 2.066 | 413.9| 31.5 2.307 0.185 2.00 2.55 0.42
426 | 2526 | 353.7| 194 | 2.738 0.162 2.99 3.56 0.44

Table 3.3: Detune voltage U, longitudinal drift velocity V9, the integrals I, (v?) and
I (v?), the average velocityv and its rms width v (not an uncertainty), and the proton
kinetic energy Ty, in the electron rest frame (the \nominal" value is calculated without
thermal motion).
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Figure 3.8: Schottky spectra (distribution of orbit freque ncy) of the stored proton beam.
The top trace is measured when the beam is cooled. The remaimj traces show the
evolution of the distribution after a detune voltage of 246V has been applied. The
bottom scale shows the proton velocityu, relative to its value at the start of the detune

interval. The measurements cover a period of 10s.

- fr=fr — A.7 : . .. . .
Here, = —5% = 0:7 is the relative frequency change divided with the correspding

relative magnetic eld change and is called frequency sligétor. It has been measured by
observing the orbit frequency as a function of the change dfé dipole eld.

Thus, the proton velocity shiftin 5sis 003510 3¢, and the rms value of the distribution
is 0:022 10 3c. Both numbers are negligibly compared to the electron-ptan relative
velocity of v = 1:46 10 3c corresponding to U = 245V which was the lowest value used
with di erent velocities of electrons and protons.
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3.5 Deuterium Cluster Target

The deuterium cluster target [MerQ7] is installed in the inérnal target position of the
ANKE experiment. It provides high target densities in a smdlbeam target overlap region
together with a gas load in the target chamber, which is compable to the integral of the
ring without cluster target. In Fig. 3.9 a schematic view of he cluster target is given.

Cluster Source In the part

Ski of the target indicated as clus-
immer-

* u:§ ~_ chamber ter source the clusters are pro-
) | ravainozzle duced. Pure hydrogen or deu-
g 2 | 1 Shutter terium gas is cooled below vapor
g8 p % skimmer pressure curve to a temperature
Ist Collimator- - of 20 to 30K. At a pressure of
+ chamber N 15 to 20bar the gas is pressed
Cryopump = 2nd Collimator- through a lavalnozzle with an
e chamber opening diameter in the order of
S 20 m into the vacuum of the
UHV-Valve a | IR skimmer chamber. Here the gas
COSY-Beam expands adiabatically and fur-

L N ther cools down. In this over-

UHV-Valve _|B T Target-

\ _ chamber saturat_ed gas spontaneous con-
densation of atoms to clusters
occur. These clusters consist of

® 1 Collector roughly '103 atoms close to the

(=] stage triple point. By the skimmer
/ = the cluster beam is separated
ya-"a. ~ 2nd Collector- from the residual gas, which is

Cryopumps - f_ = oy steee the biggest part of the total gas

° \ '; — s colocr. |02 into the skimmer chamber.
) | == stage By a shutter the skimmer can
g T E=] be blocked and thus the target

W:F% switched on/o within less than

1s.

I Together with a collimator be-

~Turbopump hind the skimmer and turbo-

and cryo-pumps a dierential

pumping system is installed to
reduce the gas load into the ring

Figure 3.9: Schematic view of the cluster tar- vacuum of 10 “mbar. Addi-

get. [Mer07] tionally the collimator cuts the

cluster beam.

Assuming a linear dispersion, this settles the extension thie cluster beam at the COSY
beam.
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Collector In order to avoid the cluster beam to spoil the ring vacuum, tree cryo-pumps
and one turbomolecular pump is installed underneath the tget chamber. The cluster
beam directly hits the rotor blades of the turbomolecular pmp and most of it is pumped
directly. The vacuum at the turbomolecular pump is> 10 ®mbar and the three cryo-
pumps act as a di erential pumping system to the target chamer.

3.6 Detection Setup

As described in sec. 3.2 the beam polarization is measured doyalyzing proton-deuteron
elastic scattering events. In order to detect these eventisyo ANKE-Silicon Tracking Tele-
scopes (STT) have been installed close to the beam target de@ region. This detection
system was designed to take data on double polarized protpmeton or proton-deuteron
collisions. A polarized proton or deuteron beam is provideby COSY and the ABS of the
ANKE Spectrometer is used to generate a polarized target. gscially the identi cation
and tracking of low energy spectator protons allows to use e¢hpolarized deuteron gas of
the ABS as a polarized neutron target and e.g. to study reactns of the typepn! pnX
orpn! pdX.

The basic detection concept is to combine particle identiation of stopped particles
by the E=E method and particle tracking over a wide energy range. Thesssues are
provided by double-sided silicon strip detectors that prade:

E=E proton identi cation from 2:5 up to 40 MeV kinetic energy. The telescope
structure of 65(or 300) 300 5500 m thick double-sided silicon-strip detectors, read
out by high dynamic range chips, allows E=E particle identi cation over a wide
dynamic range.

self-triggering capabilities. By a fast ampli er with a pe&ing time of 75 ns a patrticle
passage is identi es fast and provide a trigger, so that theystem can be used as a
stand alone detector.

particle tracking over a wide range of energies, startingdm 25 MeV spectator pro-
tons and reaching up to minimum ionizing particles.

high rate capability.
high modularity, in order to optimize the detection system dr each experiment indi-

vidually.

3.6.1 Silicon Microstrip Detectors

The double sided silicon microstrip detectors can be splibgically into two groups. For
the rst two layers detectors with thicknesses of 69m up to 500 m are available. Their
pitch in the order of 400 m is chosen to ful ll the tracking requirements. The last lagr
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usually consists of a 5500m thick silicon detector and is used to maximize the stopping
capabilities of the detection setup.

During the depolarization experiment 300 m detectors were used in the rst and second
layer, as the detection of proton-deuteron elastic eventsitiv a 49:3 MeV proton beam, does
not need a low energy-threshold. A 5500m thick third layer was installed, but not used
in the analysis.

In the following the 300 m detectors are described in detail.

The BaBar IV Detectors

The detectors, which are used for the rst two layers of the tcking telescope, have been
originally designed for the BaBar experiment [Bou95, BozQB0z00, BaBar284, BaBar312]
at the SLAC PEP-II B factory [PEP] by the British company Micron Ltd. [MIC]. As
the size of their active area is suitable for the silicon tr&ing telescopes the reuse of
their construction, masks and production facilities build a cost e cient alternative to

a complete redesign. To provide AC-coupling for each stripiraady on the detector, an
additional mask is vacuum metallized onto both sides. The geped side the detector has
1023 strips and the n-doped side has 631 strips.

To increase the e ective strip pitch to about 400 m strips are connected to each other
and segments are created. This is done in two steps. On the éetor the strips are
combined to groups and on the kapton at cable, which is usedotconnect the detector
with the front-end electronics, these groups are connectéd segments. The connection
scheme is displayed in g. 3.10.

With this large number of readout channels (one per segmend) vacuum-feedthrough
for each segment is not achievable and a front-end electrosiin vacuum is necessary
(sec. 3.6.2).

3.6.2 Front-end Electronics

The signals from the silicon microstrip detectors are tramsitted via kapton at cables to
the in-vacuum front-end electronics. As their center parthie VA32TA2! chips are used. It
has 32 channels which can be logically split into an amplitedand a trigger part. A charge
signal provided on the input pad of a channel is ampli ed in tle preampli er stage. After
the preampli er the signal is split into the two branches. The chip provides a low trigger
threshold of 100 keV and can handle the signals from a varietf detectors ranging from
2:5MeV for protons in a 69 m silicon detector to about 40 MeV for deuterons in a 5mm
thick lithium drifted silicon detector. For each detector sde two boards (90 mm x 90 mm)
with 5 chips are used (g. 3.11). The pre-processed signalseahen further transmitted
by additional kapton at cables to the vacuum feedthrough canectors. On the electronic
board are connectors, so that the kapton at cables can be dimunted and the system is
kept as modular as possible.

Iproduced by Ideas ASA, Norway
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Figure 3.10: Geometry and connection scheme of the p-dope) and n-doped (b) sides

of the BaBar IV detector [Mus07].
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3 Input Connectors
2 Output Connectors

Figure 3.11: Picture of the in-vacuum front-end electronicboard showing the three input
connectors, the ve VA32TA2 front-end chips as well as the ouput connector.

Each front-end electronics board is controlled via one intace card outside of the vac-
uum. The interface cards provide power supplies, controlgials, trigger pattern threshold,
and calibration pulse amplitudes. The total read-out chairguarantees a total dead time
of less than 50 s. More details about the front-end electronics can be found [Mus07].

3.6.3 Cooling

The cooling of the detection system ful lls two main purpose Firstly, it stabilizes the
front-end electronics temperature at room temperature. Téa temperature gradient on the
board ought to be minimized and the drift of the temperature dring data taking and
calibration has to be smaller than 5K in order to achieve a catant energy-response of the
chips. The second purpose is cooling of the detectors. Hevtdemands have to be met.
The dark current must be reduced to ensure operation and neiseduction. Secondly, the
charge collection time has to be small and stable to realizecanstant time delay between
hit and maximum charge on the preampli er. The dependence dhe dark current I g«
and the drift velocity ve (vyn) of electrons (holes) from the detector temperature is gine

by:

0:62eV

| dark / T2 e kg T (3.26)
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Figure 3.12: Pictures of the cooling plate. Left: A half cut © that the meandered cutout
for the cooling uid becomes visible. Right: An explosion sletch of the assembly: One
cooling plate with two electronic boards. The shown parts ae (from left to right): a
cover, an electronics board, a ceramic foil, a cooling platea ceramic foil, an electronics
board and a cover.

2

ve =21 109% % (T=K) 2% (3.27)
2

v, =23 109% % (T=X) 27 (3.28)

Herekg is the Boltzmann-constant,U the bias voltage,d the thickness andT the temperature
of the detector. From all three equations a low detector temgrature is preferable. To
achieve these points it is necessary to transport the coaljnuid as close as possible to the
detectors and the frond-end electronics. A mixture of ethao and water as cooling uid is
pumped through aluminum plates with a thickness of 3mm. A tyjgal temperature for the
cooling uid in this plate is 20 C and will provide a heat-drain for all three detectors.

In g. 3.12 one cooling plate is shown together with a half cubf a cooling plate and an
explosion picture showing the assembly of one cooling platéth two front-end electronic
boards and cover plates for protection. A 200m thin ceramic foil [CER] adjusts mechanic
inaccuracies to ensure a good planar heat connection.

3.6.4 Assembly

In order to gain maximum exibility, one detector together with it's two front-end boards
and one cooling plate builds up a unit (g. 3.13). Each unit ca be tested and calibrated
individually. The detectors are mounted on a aluminum framevith four feet, very much
like a table. These units are mounted - without being disassiled - to one telescope
(STT): The feet of the table are screwed to the next detectoirame and thus by using
frames with di erent length of the feet, the distance betwee two layers can be adjusted.

Each telescope is mounted on a CF-DN 160 ange. To achieve niaxm mechanical
precision, all parts xed with two h7 dowel pins. On the frameof the thick detector one
additional cooling plate is xed. Here also a 200m thin ceramic foil is used.
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Kapton flat cable Silicon det B G ing plate =

Figure 3.13: The left picture shows one detector together wih the front-end electronic
boards and the kapton at cables. The right picture shows the complete assembly for
one detector including the cooling plate for the electronicboards.

The second and the rst layer are added subsequently. The eteonic boards of the
rst layer are mounted in the most rear position to avoid a diarrangement of the kapton
at cables.

3.6.5 Geometry

The positioning of the detectors has been optimized to measuthe beam polarization from
proton-deuteron elastic scattering. Here four aspects hato be met:

At a constant luminosity the beam polarization is to be detanined with a small
statistical error.

The setup has to be build in a -symmetic (left-right) arrangement to make use of
the double ratio method (sec. 4.4).

To protect the detectors from radiation damage space to thedam is needed.

Events with proton and deuteron tracks should be in the accégnce of the detection
system, in order to align the setup.

A schematic view of the detection system build from two STT'ss given in g. 3.15. The
rst layer is placed 28 mm from the center of the beam pipe. Addonally, one aperture
made of copper is placed 36 cm upstream. It has an inner diaraebf 55 mm and a thickness
of 50 mm to stop all secondary particles produced by the beam the copper. By this the
detectors should be protected from a direct hit of the beam.

The distance between the two rst layers is set to 20 mm. The coplete setup is moved
12 mm downstream. A Monte-Carlo simulation shows that the genetrical acceptance of
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Figure 3.14: This picture shows the complete setup of one s$ilon tracking telescope
(STT). Itis equipped with three silicon microstrip detecto rs and the front-end electronic
boards. The kapton at cables from the detectors to the frond-end electronic and further

to the vacuum-feedthrough are visible.
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Figure 3.15: Left: A schematic view of the detection setup fom the top with the

proton beam pointing upwards. Right: A schematic view of the detection setup in beam
direction. The gray circle indicates the beam target overlgp. The given values for the
geometry are taken by a 3-D coordinate measurement and the ajles given indicate the
geometrical acceptance for the scattering angle and the azimuthal angle . In the

right gure a region of the detector is marked gray, as this reurns no useful data due
to a direct hit of the proton beam.

the detection setup is optimized to detect elastic scatterg deuterons, so that the precission
of the polarization measurement is maximized and all addanal requirements are met.

3.7 Data Taking

3.7.1 Beam Development

With the previously described setup, data on the electron pton spin- ip was taken in
February 2008. Previently, from February 1 to 19 a machine @elopment time of COSY
took place. This machine development was intended to increathe polarization of a stored
proton beam as a beam polarization of maximum 50 % was obseatva the year 2007. The
beam polarization was measured using proton deuteron elasscattering events at COSY
injection energy T = 44:8 MeV. The trigger signal was generated, when at least one tla
was generated in the detection system. This is realized byrdanding a coincidence between
both sides of any second layer. The complete detection systeand not only the silicon
tracking telescope, from which the trigger was produced, waead out.

By changing the current of the electron-cooler solenoid, apial snake was introduced
and the vertical beam polarization was measured as a funaticof the solenoid current.
A snake turns the stable polarization direction in a cyclotn from the vertical direction
into the beam direction. While in a full snake the rotation iscomplete, a partial snake
gives only a fractional rotation. When the beam polarizatio is partially turned in to the
beam direction, the measured vertical beam polarization dps. So the observed low beam
polarization in COSY could be caused by a partial snake. Fige 3.16 shows the maximum



44 CHAPTER 3. DO ELECTRONS AFFECT THE BEAM POLARIZATION?

vertical beam polarization without a solenoidal eld. So adngitudinal magnetic eld can
be excluded at COSY and is not the reason of the observed lowabe polarization.
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Figure 3.16: The polarization of a stored proton beam at injetion energy was measured
as a function of the current in the electron-cooler solenoid The maximum polarization
occurs at zero current.

As a second point the beam polarization was measured for dient machine tunes.
A scan of Qy with a xed Qyx  3:58 as well as aQy-scan with a xed Q, 3:54 was
performed. Both scans show no e ect on the beam polarizationBy this, high order
resonances can be excluded as a reason for the low beam prddion.

For these studies the silicon detection system was alreadystalled at the ANKE target
point and proton-deuteron elastic scattering data were tan. Its online-analysis was used
to give fast results during the machine development.

3.7.2 Data on Electron-Proton Spin-Flip

As a rst step, COSY was prepared for the electron-proton spt ip cross-section mea-
surement. An acceleration ramp tolT = 49:3MeV (p = 308:15MeV/c) was introduced
and the beam position was optimized to t both to electron coling and optimized beam
target overlap with the ANKE cluster target. Additionally, the COSY software timing was
adjusted to the cycle setup (sec. 3.3), where especially thbange in the electron cooler
parameters had to be taken into account. The tables showingpése setting are attached in

2The tunes gives the number of turns of the particle in the phag space per revolution in the cyclotron.
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App. C. The total COSY super-cycle consists of six injectian three times \0"-Cycle and
\E"-Cycle. Two pairs with polarized beam (' and #) and one unpolarized pair of cycles
(g. 3.17).

:
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Figure 3.17: The six di erent cycles of COSY indicate the us&l Supercycle structure.
Three dierent beam polarization states combined with two di erent electron cooler
approaches (one with and one without electron target) give he COSY Supercyle.

From February 20 9:30am to February 25 8:00am data on the etemn-proton spin-
ip cross-section were taken. In total six di erent detuning voltages were used. They
are U = 4260;246 301348 and 426V and correspond to (neglecting the thermal
movement) T7 = 3;0;1; 1:5;2 and 3 keV proton kinetic energy in the electron rest frame.
The minus (plus) sign indicates electrons moving slower @ter) than the beam protons.

The injected beam had a polarization of 50 % with intensities between 410’ to 2 1¢°
stored protons. In g. 3.18 a picture from an oscilloscope given. The lines indicate (from
top to bottom): Count-rate of ANKE forward-system, electran-cooler high voltage, rate of
recombinedH ° (cooling electrons and beam protons) and beam current dugn\0"-cycle
and \E"-cycle.

Bad Spectra From time to time, the uncorrected (RAW) QDC-spectra show a apid
change of the pedestal lines for each strip separately (g.1®). This e ect occurs only
from the positive-doped sited of the silicon detectors. Du® these jumps, it is impossible
to distinguish hits from noise and this data can not be used ianalysis. A reset of the
a ected front-end electronic boards solved the problem. Alays a new le for the data was
started, to divide goodfrom baddata.

In total 38 les of gooddata on all energies have been taken (tab. 3.4). The statief
of this data is su cient to answer the question, whether theep spin- ip provides a tool for
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Figure 3.18: From top to bottom: Count-rate of ANKE-forward system, electron-cooler
high voltage, rate of recombinedH ° (cooling electrons and beam protons) and beam
current during \0"-cycle and \E"-cycle.

polarization build-up of antiprotons.
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Figure 3.19: The uncorrected (RAW) QDC-spectra of all strips from the positive-doped
detector side from the rst layer of the right (in beam direct ion) telescope. A rapid
change of the pedestal lines for each strip separately is vise.

a7
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| Date(Start) | Start | Stop | Events | Run-Number | Comments |
U=246V
Feb. 20, 2008 09:37| 15:21| 936584 872
Feb. 20, 2008 15:22| 02:23| 1714330 873 only 1:2 1P good events
U =348V
Feb. 21, 2008 18:52| 07:29| 1389612 880
Feb. 22, 2008 07:29| 08:08| 47827 881
Feb. 22, 2008 10:55| 12:57| 971061 902

Feb. 22, 2008 12:57| 16:35| 1304605 903
Feb. 22, 2008 16:36| 21:29| 1418559 904
Feb. 22, 2008 21:29| 22:15| 201522 905
U =426V

Feb. 22, 2008 22:22| 01:55| 1171574 906
Feb. 23, 2008 01:57| 05:26| 1265026 907
Feb. 23, 2008 05:27| 09:15| 1293614 908
Feb. 23, 2008 09:16| 12:47| 1413324 909

Feb. 23, 2008 12:48| 15:27| 944530 910
U= 426V
Feb. 23, 2008 15:30| 17:52| 785698 911

Feb. 23, 2008 19:11| 22:49| 1443031 912
Feb. 23, 2008 22:49| 02:20| 1425558 913
Feb. 24, 2008 02:20| 05:52| 1430697 914
Feb. 24, 2008 05:52| 07:20| 473306 915
u=0Vv
Feb. 24, 2008 07:22| 10:45| 1215721 916
Feb. 24, 2008 10:45| 13:56| 1255503 917
Feb. 24, 2008 13:57| 18:00| 1331698 918
U=301V
Feb. 24, 2008 18:02| 02:23| 1638038 919
Feb. 25, 2008 02:24| 08:08| 1241072 921

Table 3.4: Table with all runs used for the electron proton spn- ip cross-section mea-
surement. Together with the start and stop time, the run number and the number of
the stored events are given. It is indicated which detuning witage U was used during
for each le.



Chapter 4

Data Analysis

The goal of the analysis is to determine the rati(i%o from egn. (3.3) and it's systematical
and statistical error. The data proton deuteron scatteringat a beam energy ofT, =
493 MeV. It is logically split into two di erent types.

The rst type, consists of identi ed proton deuteron elastc scattered events, while the
other type takes care of all other events, including both noidenti ed elastic scattered
events and break-up events. With the beam energy af, = 49:3 MeV the data is taken
below pion-production threshold, so an identi ed deuterorensures, that elastic scattering
took place. For these events the analyzing powers are welldan, and it is possible
to calculate the beam polarization. The double ratio methods used, which minimizes
systematic e ects.

For the second sample the analyzing powers are unknown. Sinenly the ratio of the
polarizations is of interest, they contain information on he depolarization cross-section,
as the ratio of asymmetries is identical to the ratio of polazations:

Eo BTy E. (4.1)

with the count-rate-asymmetry and the analyzing powerA,. This sample still provides
additional information about the spin- ip cross section, vithout determining the absolute
beam polarization.

The structure of this chapter follows the steps done in the atysis. Section 4.1 shows
the detector stability, sec. 4.2 shows the reaction indepédent track reconstruction, sec. 4.3
describes the cuts used for the di erent sample selectiorsgc. 4.4 shows how the polariza-
tion (count-rate-asymmetry) is determined, while sec. 4.8dds an error estimation.

4.1 Detector Stability

As a rst step of the analysis the data has to be checked for dtée conditions. This section
shows that for the used data the detector system was workinggperly. This includes
constant pedestal, and constant geometrical acceptance. e@l-time e ects are totally

49
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Figure 4.1: This histogram shows a typical common mode cormeed pedestal line for
STT2_1 P. The right histogram shows the pedestal peak for segment 1®@ith a width in
the order of 10 channels of the 12bit ADC.

negligible as the total system has a dead-time &f 100 s and the count-rate was always
well below 500/s.

4.1.1 Pedestal

Without any input signal on the detector, the detection sysem gives back a value> 0.
This so-called pedestal has two contributions: A constantget and a widening of the peak
due to noise. The correction is done in two steps. The rst coects the constant o set,
while the second one minimizes the noise e ects.

In order to correct the constant o set, roughly 10000 eventare analyzed of each data
le. For each segment all events without own trigger signaltfis ensures that no energy
loss in this segment is detected in this event) are taken andh¢ average of these QDC
values is calculated. This o set, the so-called pedestal e, has to be calculated for all
segments and all individual values are saved in a parametele. In the further analysis
the individual pedestal value of a segment is substracted.

Noise which comes randomly to the detector can not be correck But there is a part
of the noise, which is equal on all segments of one detectatesi It may be caused e.g. by
tiny changes in bias voltages. This so-called common modec@rected in the second step:
For each event the average of all pedestal-corrected QDC puts from one detector side
is subtracted in addition.

For a stable detector acceptance, the pedestal values haeelde stable. This is checked
by calculating the pedestal from the rst 10000 events of a da le and verifying, that the
pedestal peak does not change more than its peak width duritige complete data le.

Figure 4.1 shows a typical pedestal spectrum. On the left ®dan enlargement into the
energy deposits for each segment of the detector side STI2 is shown. On the right side
the common-mode corrected QCD-spectrum (pedestal peak) sggment STT22 N 019 is
given.
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4.1.2 Geometrical Acceptance

A polarimeter has to provide an unvarying geometrical accégnce and an unvarying e -
ciency in order to eliminate fake asymmetries. There are dérent sources of fake asymme-
tries:

A moving beam-target overlap,

a moving detection setup (vibrations),

changing energy response and trigger conditions, and
loss of segments.

The rst item will be discussed in sec. 4.5.3, the second andiitd ones can immediately
be excluded: There are vibrations of the detection system duo the turbo-pumps for the
vacuum system and due to the ow of the cooling liquid, but thg obviously lead to a negli-
gibly small movement compared with the detector pitch. Addionally, the temperature of
the detectors and the front-end electronic boards were cootled and stableto T < 1K.

To exclude a changing geometrical acceptance due to loss efrments, all segments,
which are not working in at least one run, are taken out of theamplete analysis.

Here especially the detector STT1L has to be mentioned. Supposedly, due to a di-
rect hit of the COSY proton beam a complete region of this dettor has been destroyed
(g. 4.2). This leads to a big discrepancy in the left-right aymmetry of the detection
setup. The following analysis shows, that this e ect does man uence the result for the
polarization measurement.

4.2 Track Reconstruction

Independent of any constraints from the reaction, tracks gbarticles passing through the
silicon tracking telescopes are reconstructed. As a rstap, all hits in one silicon detector
have to be reconstructed. A hit consists of the position andnergy-deposit from each
detector side. For each side all segments with a QDC value alecthreshold (8 above its
pedestal peak) are identi ed. If there are two or more segmennext to each other with a
QDC value above threshold, the energy is added up and only oh# is generated. For all
hits on one detector side, a corresponding hit on the otherds is searched. Their energy
must be identical, within some limits. Here the limit was seto in nity, as the p-doped
sides do not provide a proper energy information. In order texclude wrong combinations
of hits for the two detector sides, only events with one hit pedetector side & 99 % of
statistics) have been analyzed.

Combining hits in the rst layer with hits in the second layer of one STT, gives a
reconstructed track. This track includes position and engy information in each layer,
and derived values for the scattering and azimuthal angle.
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Figure 4.2: This histogram shows the pedestal corrected QD®alues for each strip of the
p-doped side of STT11 (left STT, 1st layer). In the region between strip number 37-66
the high energy response is missing. Additionally a clear lwadening of the pedestal is
visible. As no tracks can be reconstructed from this region bthe detector, these strips
are removed from the analysis.
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In each event, there might be zero reconstructed, one rectnusted or two (in each STT
one) reconstructed tracks. At this stage the analysis doe®ngive any information on the
type of particle or whether a proton deuteron break-up or eldic event was detected.

4.3 Event Selection

To measure the absolute polarization, it is necessary to i@tstruct proton-deuteron elastic
events with low background. As a rst step, the stopped deutens are identied. The
energy loss of particles in matter is described by the BethH&och-formula egn. 4.2 and
depends on the mass of the slowed-down patrticles.

dE _4nz? € 2In 2mev?
dx  mevz2 4 [ ;

(4.2)

is the Bethe-Bloch-formula. Herev is the velocity of the penetrating particle, ¢ is the
permittivity of free space, the electron massn, and some material related values: The
electron density n, the atomic number z and the average ionization energy. By this
formula it is possible to distinguish with the detection syem di erent particles. On a
plot with the energy loss of the rst layer vs the energy loss of the second layer, di erent
particles populate di erent loci. Due to di erent inclination angles, the passing particle
passes through more or less detector material. This e ectpgether with the nite energy
resolution of the detector leads to a broadening of the lockigure 4.3 shows the described
energy loss spectrum, both for the left and right detectionystem. Particles stopped in the
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Figure 4.3: Energy loss in the rst detector plane vs energy loss in the second detec-
tor plane for both telescopes separately. All particles abee the line are identi ed as
deuterons.

rst layer do not cause any trigger and do not occur. With inceasing energy they pass the
rst layer and generate a signal in the second layer. They havthe highest energy loss in
the rst layer and only a low energy loss in the second. With iareasing recoil energy, the



54 CHAPTER 4. DATA ANALYSIS

energy loss in the second layer increases, while the energsslin the rst layer decreases
due to the viz dependenc of the energy loss (egn. 4.2). As long as the pdetscare stopped
in the second layer, their initial kinetic energy is the sum fotwo energy losses in layer one
and two. At higher energies (roughly 10 MeV for protons and IMeV for deuterons) they
pass through the second layer and produce a decreasing egdogs in the rst two layers.
The black lines indicate the used cuts. Above this line clelgridenti ed deuterons are
located. Most of them are stopped and some have just enougheegy to penetrate both
the rst and second detection layers.

Below the line, there are additional deuterons. But these canot be identi ed with
a single cut. So a chain of cuts is introduced. The main idea is select events, with a
deuteron in one STT and a proton in the other.

4.3.1 Kinematics of Proton-Deuteron Elastic Scattering

Before describing the cuts for the two particle events, theikkematics of proton-deuteron
elastic scattering is shown. The data analysis is done in tHaboratory frame, so all
following variables are given in laboratory frame.

Proton-deuteron elastic reactions are two body reactiongnd thus ve independent
parameters are needed to describe one event with known beamdaarget momentum.
They are the three positions of the vertexX; Y and Z, which are prior known only within
several millimeters from mechanical constraints. Additioally, the direction (two angles)
of one particle is necessary. Here the scattering and azirhat angles 4 and 4 from
the deuteron are taken. The momentum of the proton is then xé by the 4-momentum
conservation.

In g. 4.4 the energy vs scattering angles is plotted for both the proton and deuterg
while in g. 4.5 the scattering angle of the proton is plottedvsthe one of the deuteron. The
geometrical acceptance of the detection system is indicdtavith lines. The region where
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Figure 4.4: Left: Deuteron energyvs deuteron scattering angle. Right: Proton energy
Vs proton scattering angle. In both plots, the geometrical aceptance of the detection
system is indicated.
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Figure 4.5: Deuteron scattering anglevs proton scattering angle. The geometrical ac-
ceptance of the detection system is indicated. The green limindicates the part of events
were both proton and deuteron may be detected.

proton and deuteron may be detected in coincidence, is 44 4 < 57:3 corresponding
to 64,2 > > 44 . The kinetic energy ranges for deuteron and proton are: I2MeV <

Ty < 224MeV and 366 MeV > T, > 224 MeV. This part of the recorded data, contains
additional events, which are not identi ed with the single it on deuterons shown in g. 4.3.

4.3.2 Events with Proton Deuteron Coincidence

In order to reconstruct more proton-deuteron elastic evestcoincidences of a detected
proton and deuteron are analyzed. As a rst step, events with candidate of a proton and
deuteron from elastic events are selected. The used cuts aréicated in g. 4.6. While the
cut for deuterons takes as many deuterons as possible, thd om protons selects mainly
elastic scattered protons. These have in the coincidencaien a high kinetic energy of more
than 26 MeV and therefore produce an energy loss of less thaiMdV in each detection
layer.

For these candidates, the energy loss plot is shown in g. 4.7

The second step is the requested coincidence of a proton andleuteron candidate,
and additional cuts are following (g. 4.8). The dierence d the azimuthal angles =

p d=180 isconstantand a cutwith = 7 around the peak is used. A second

cut is on the scattering angles. Here the deuteron scattegrangle is calculated from the
measured proton scattering angle. The di erence of this aallation to the measured value
is plotted in the right histogram of g. 4.8. A cut of = 4 was used here.

For all reconstructed events, the deuterons are once agaifotted in an energy loss
histogram ( g. 4.9). The discontinuity in reconstructed daiterons is due to the two di erent
methods. The coincidence method gives additional eventsythwith reduced e ciency.
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Figure 4.6: Scattering anglevs sum of energy loss in the rst two layers. The particles
left from the left line are candidates for elastically scattered protons, and the particles
right from the right line are candidates for elastically scatered deuterons.

4.3.3 Minimum Bias Selection

A minimum bias selection is realized as a third way of selenfj proton-deuteron elastic
scattering events. In the energy loss plot, as it was used tdentify single deuterons, the
complete region for deuteron is selected. Additional to thelearly identi ed deuterons,
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Figure 4.7: The particles from the cutin g. 4.6 are plotted i n the energy loss spectrum.
Here one can see, that all deuterons are included, but with lgh background. High
energy protons, mainly from proton-deuteron elastic scatering are shown in the left
histogram.
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Figure 4.8: The left histogram shows the di erence of the prdon and deuteron polar
angles. The middle histogram shows the deuteron scatteringngle vs proton scattering
angle. The line indicates the theoretical prediction. The iight histogram shows the
di erence between the deuteron scattering angle and its prdiction calculated from the
proton scattering angle. The vertical lines show the used cts.

which are mainly stopped in the second detection layer, dezrions with higher energies are
selected as well. The cut region is indicated on the left hisgram in g. 4.10 by the solid
lines. The dotted line gives shows the cut for the stopped dewons. Additional a cut

on the scattering angle is introduced: < 57 (right histogram in g. 4.10). Deuterons
with scattering angles 4 > 55 have lower energies, are stopped in the second layer, and
therefore are already identi ed as deuterons. The cut is s& higher, as this is the order
of the smearing due to multiple scattering.

4.3.4 Additional events

If in an event no deuteron is found in the minimum bias cut and @y one track is recon-
structed, this is taken as additional events. These eventadlude proton-deuteron elastic
scattering, with the deuteron out of the detector acceptare; and proton-deuteron break-up
events. For these events the analyzing powers are unknownytlthe asymmetry of these
events can also be used to determine the electron-proton ispip cross section.

4.3.5 Pre-analyzed Data

For the selected events the information, which are necesgdor the further analysis, are
stored. For each run four dierent les are produced - one foreach selection. They
contain the information of the reconstructed deuteron and fothe reconstructed protons
(if so) on an event-by-event basis. For each particle the reastructed angles, energy
deposits and the number of the red segments are saved. Aduihal information about

the beam polarization, whether the deuteron target was swdhed on, whether the stored
beam experienced the electron target and the time-stamp dfi¢ event is appended.
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Figure 4.9: Energy loss spectra of all identi ed proton-deueron elastic events. The step
is due to the lower acceptance for the coincident events.

4.4 Polarization Determination

4.4.1 Double Ratio

Using the selected events, the beam polarization is deducethe beam polarization leads
to an azimuthal dependence of the di erential cross sectiorit is:

d do

5 G )= 520 L+PA()cos T; (4.3)

with the unpolarized di erential cross section‘fj—o, the scattering angle , the azimuthal
angle , the beam polarizationP and the analyzing powerA,. Here the scattering angle
is measured from the outgoing beam direction, and the azinhal angle from the
horizontal direction.
The actual number of counts recorded in a detectoN ( ; ), may be written as follows:

N(; )=nd; t Ed—(; ) (4.4)

Here n is the number of particles incident on the targetd; is the target area density, t
the measurement time, the solid angle subtended by the detector andE the detection
e ciency. For the two detectors L and R (Left and Right)at =0and = eqn.4.4is:

NGO Le=nd t (ECSCLePA()) (4.5)
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Figure 4.10: Left: This energy loss spectrum for STT2 (RightSTT) indicates the min-
imum bias cuts, which are used to reconstruct deuterons. Rigt: The additional cut
< 57 strongly reduces the background from breakup protons.

d
Ne-(: ) R.=nd, t RERd—O[l PA(): (4.6)
And with a ipped beam polarization:
d
N 4(; 0) Ly=n® t° _E d—°[1 PA()] (4.7)
d
Nrs(: ) Ry= n°d® t° REg d—°[1+ PA(); (4.8)

where the primes are used to indicate that the integrated cinge and the e ective target
thickness may not be the same for the two runs. Taking the geatnic means

L P L- Ry

R P R- Ly

[nn°d d® t t° , RE_ER]? %[u PA/()and (4.9)

[nn%,d® t t° | RE, ER]%%[l PA); (4.10)

the solid angle subtended by the detector , the detection e ciency E and the integrated
luminosity n d; t cancel in the fraction

L _ 1+PA/()
= —= —————~! 4.11
R 1 PAJ() (4.11)
Solving for P Ay one concludes that the left-right asymmetry is:
1
= —7=PA(): (4.12)
The statistical error of the asymmetry follows error propagation:
2 p
= ———— "R2 L2+ L2 R% 4.1
(L + R)? ' (4.13)
p p

with- L=0:5 L-+Rzand R=0:5 R-+ Lg.
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4.4.2 Beam Polarization

Within the analysis the previously described double ratio mthod is applied. The analyzing
power is taken from [Kin77]. In g. 4.11 the used 4th order pghomial is displayed together

with the original data points.
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Figure 4.11: The analyzing power from [Kin77]vs the scattering angle of the deuteron
in the laboratory frame. The dotted line gives a 4th order polynomial t to the data.
This tis used for the analyzing power in the analysis.

As the analyzing power is a function of the scattering angle, the selected events have
to be binned in . Here 3 bins in the deuteron scattering angleq are chosen. The binning
is in the same order as the angular straggling in the rst laye In a good approximation
the analyzing power is constant over each bin, but the largeegmetrical acceptance in the
azimuthal angle =0 (180 ) 28 requires to be corrected.

This done by modifying the simple egn. 4.12 and nally the bea polarization is:

(4.14)

=Ay < cos()>"

4.5 Systematic Errors

Systematic errors in the electron proton spin ip cross sein measurement can originate
from di erent sources. In the following, the momentum spre of the stored proton beam,
the rise time of the electron cooler voltage, fake asymmets from a moving beam target
overlap and errors caused by di erent polarizations for uprad down polarized beams are
discussed.

45.1 Spread of Proton Energy in Electron Frame

The momentum spread of the proton beam was measured as a fuantof the beam inten-
sity. The result is shown in g. 4.12. During the measuremenbf the electron proton spin



4.5. SYSTEMATIC ERRORS 61

ip cross section, the maximum beam intensity was 2 10° stored particles. From this
a maximum momentum spread of the proton beam ofp—p < 3 10 ° can be deduced.
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Figure 4.12: Momentum spread of the proton beanvsbeam intensity. The measurement
shows a momentum spread opr < 3 10 ° for beam intensities less than 2 10° stored
protons.

By Tp = =1 ?T the spread of the kinetic energy in the laboratory frame is 2:88 keV
and < 4eV in electron frame. Thus it is completely negligible congred with the kinetic

energy of the protons in the electron frame (g. 4.13).

4.5.2 Electron Cooler Voltage

The acceleration voltage for the electrons can not be chamfspontaneously. This leads to
a time with changing electron voltage. Additionally a di erence in the rise and decrease
time would lead to an o set in time with electron target switched on. To judge this e ects
the rise and decrease time of the voltage was measured with@stilloscope. From g. 4.14
a maximum rise and decrease time 6f 0:1s can be evaluated. All used voltage jumps
were smaller than the here shown jump of 1000V so their e ectse smaller, too.

The fraction of the time with changing electron velocity compared with the time with
electron target is smaller thanog,—zss and no di erence in the rise and decrease time is visible.
Both e ects lead to only negligible small systematic errors

45.3 Fake Asymmetry from Moving Beam Target Overlap

A change of the beam-target overlap leads to a change of the asared asymmetry. A
systematic shift of the beam-target overlap between two derent spin states, is identical
to a di erent geometrical acceptance and cancels in rst orek by the used double ra-
tio method. As only fractions of polarizations contribute m the cross section evaluation
egn. (3.3) a systematic shift of the beam-target overlap b&ten cycles with and without
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Figure 4.13: The two gures show the spread of the proton kinéic energy in the electron

rest frame.

In the upper plot absolute values are given and tke plot below shows the

relative values.

target overlap for polariza-

too. Only a di erent shift of the bam-

electron target cancels

tion up/down combined with a shift for cycles with and withou electron target, contribute
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Figure 4.14: The acceleration voltage of the electron cootewas measured with an
oscilloscope. Here the rise and decrease time for an voltagemp of 1000V is shown.
Within less than 0:1s the nal voltage is reached. For smaller voltage jumps therise
time is even smaller.

to a systematic error.

For each of this four combinations, and for each detune volge the beam target overlap
was computed. For that purpose proton-deuteron elastic ents with both a reconstructed
proton and deuteron was used. There are two tracks, which made signaiswo layers of the
silicon detectors and each detector gives the andy- coordinate. In total 8 parameters are
measured. Only 5 parameters are necessary to describe protteuteron elastic scattering
at xed energy. Here the primary vertex X;Y;Z) and the two deuteron angles (and )
were used. By tting the vertex on an event-by-event basis isleduced. In g. 4.15 the
time dependence of the vertex position is shown for thé¢ and Y coordinates. No shift of
the vertex occurred.

In g. 4.16 the X and Y coordinates of all reconstructed vertices are plotted and
tted with a Gaussian distribution. Here one typical data se& with electron target switch
on, beam polarization state down and one relative velocitysishown for illustration. As
the used deuterium cluster target is much wider, the proton éam distribution becomes
visible. The results for all other data is given in tab. 4.1. Te result is that no di erence
in the reconstructed vertices or beam spread could be detedt A systematic e ect of a
systematic shift of the vertex between di erent cycles or parizations is therefore excluded.
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Figure 4.15: Left (Right): X (Y) position of the vertex vs time. Complete statistics of
the U =0V data is shown.
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Figure 4.16: Left (Right): X (YY) position of the vertex. Only data from cycles with
electron target switch on, beam polarization state down andone relative velocity is
shown. The gaussian distribution represents the proton bem, as the cluster target is
much wider.

4.5.4 Errors from Polarization-Analysis

The used double ratio method assumes identical polarizatis of polarization up and down
samples. This assumption is tested by two methods. Firstlyhe low energy polarimeter,
placed in the injection beamline gives a beam polarizatioofup (down) states of 080 0:02
(0:84 0:02) which are compatible to each other. Secondly, the poladtions can be
calculated using the silicon detectors. To do so, the doubtatio method is applied with
up (down) polarized and unpolarized data. The numbers are\gn in sec. 5.1.1.
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Voltage jump 0V
with electron target without electron target
up down unpolarized up down unpolarized
0:262 0:014 | 0:238 0:014 | 0:268 0:015 0:235 0:015 | 0:231 0:016 | 0:271 0:015
1:342 0:010 | 1:364 0:011 | 1:368 0:011 1:361 0:011 | 1:387 0:012 | 1:363 0:011
1:354 0:013 1:351 0:014 1:389 0:014 1:322 0:013 1:336 0:014 1:343 0:013
1:239 0:011 | 1:231 0:011 | 1:243 0:012 1:237 0:011 | 1:238 0:012 | 1:246 0:011
Voltage jump 246V
with electron target without electron target
up down unpolarized up down unpolarized
0:257 0:019 | 0:256 0:020 | 0:256 0:020 0:320 0:026 | 0:240 0:032 | 0:208 0:028
1:390 0:018 1:418 0:015 1:410 0:019 1:331 0:019 1:369 0:025 1:404 0:022
1:388 0:017| 1:332 0:017| 1:356 0:017 1:435 0:023| 1:297 0:029| 1:453 0:024
1:233 0:014 1:233 0:014 1:215 0:015 1:215 0:021 1:250 0:026 1:225 0:020
Voltage jump 301V
with electron target without electron target
up down unpolarized up down unpolarized
0:247 0:018 | 0:269 0:020 | 0:263 0:017 0:253 0:019 | 0:227 0:020 | 0:247 0:019
1:432 0:014 1:443 0:015 1:433 0:012 1:442 0:015 1:433 0:016 1:431 0:014
1:380 0:020| 1:414 0:019| 1:384 0:017 1:394 0:019| 1:404 0:020| 1:362 0:019
1:438 0:016 | 1:435 0:016 | 1:399 0:014 1:380 0:010 | 1:430 0:020 | 1:409 0:015
Voltage jump 348V
with electron target without electron target
up down unpolarized up down unpolarized
0:202 0:013 | 0:222 0:014 | 0:187 0:014 0:189 0:014 | 0:201 0:016 | 0:235 0:015
1:396 0:010 | 1:378 0:010 | 1:392 0:010 1:370 0:010 | 1:370 0:010 | 1:385 0:011
1:317 0:012| 1:287 0:012| 1:308 0:012 1:310 0:010| 1:303 0:014| 1306 0:014
1:238 0:010 | 1:235 0:011 | 1:252 0:010 1:251 0:011 | 1:253 0:012 | 1:240 0:010
Voltage jump 426V
with electron target without electron target
up down unpolarized up down unpolarized
0:222 0:013 | 0:236 0:012 | 0:253 0:012 0:275 0:013 | 0:256 0:013 | 0:269 0:012
1:385 0:009 | 1:404 0:009 | 1:415 0:009 1:399 0:010 | 1:394 0:009 | 1:369 0:009
1:361 0:011| 1:350 0:010| 1:335 0:011 1:362 0:012| 1:335 0:011| 1:329 0:011
1:267 0:010 | 1:284 0:010 | 1:289 0:009 1:287 0:010 | 1:269 0:010 | 1:274 0:009
Voltage jump -426V
with electron target without electron target
up down unpolarized up down unpolarized
0:240 0:012 | 0:204 0:013 | 0:259 0:013 0:252 0:013 | 0:228 0:013 | 0:273 0:013
1:424 0:009 | 1:416 0:010 | 1:426 0:010 1:433 0:010 | 1:399 0:010 | 1:410 0:010
1:343 0:011 1:323 0:012 1:335 0:013 1:337 0:012 1:318 0:012 1:316 0:012
1:342 0:010 | 1:318 0:010 | 1:349 0:011 1:324 0:.010 | 1:320 0:010 | 1:304 0:010

Table 4.1: X and Y coordinate of vertex position in mm. All values, including the
variance are from a Gaussian t. No signi cant shift of the beam target overlap is
observed within the statistical uncertainties of the vertex positions.
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Chapter 5

Results

In the previous chapter the analysis of the data is described’here are di erent samples
of data which can be divided into two main groups. The rst onedeals with identi ed
proton-deuteron elastic events, while the other sample ceists of a mixture of proton-
deuteron elastic and proton-deuteron break-up events. Ires. 5.1 the results for the beam
polarization are presented. We will see, that the result foclearly identi ed deuterons and
for coincident events are consistent with each other and dawhdepend on the symmetrical
geometrical acceptance of the detection setup. The minimubias selection on the other
hand exhibits a higher background from non-elastic eventsd is therefore not used for
the polarization determination. In sec. 5.2 the minimum bia and the additional one track
sample is used to deduce the ratio of beam polarizations wignd without electron target.
Finally, in sec. 5.3, a likelihood method is described. By th the data-points for the six
di erent detuning voltages are combined and an upper limitdr the spin ip cross-section
is obtained.

5.1 Polarization from Proton Deuteron Elastic Scat-
tering

There are three di erent samples of identi ed elastic everst. The rst one are the clearly
identi ed deuterons \D". The second disjunct sample is the gincidence sample \PD". The
third sample \MB" is from the minimum bias and includes both @ample \D" and \PD".
Additionally a sample \D + PD" and a sample \Sym" are introduced. While \D + PD"
adds the samples \P" and \D", \Sym" is the fraction of \D + PD" w ere the geometrical
acceptance of the right detection system is cut to the redudecceptance of the left fraction
(sec. 4.1).

For all of these samples the polarization is calculated fohé cycles with and without
electron target separately. In the following, the cycles W electron target of the \D +
PD" sample is shown to illustrate the method.

The selected events are sorted into bins covering 1.5, where is the laboratory
deuteron scattering angle anch is the bin number. This is done separately for the left

67
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and the right detector and for runs with up or down beam polagation (", #), resulting
in the four yields Y_-(n); Yrx(n); Yr-(N); Y x(n). Making use of the double ratio method
described in sec. 4.4, the asymmetry for each angle bin

1 n 1
= - 1
" hosi ,+1’ (5.1)
where S
YL"(n) YR#(n) (5 2)

" T Yee(n) Yre(N)

is calculated.

The averagehcos i over the azimuthal coverage of the detector takes into accaiuthe
dependence of the analyzing power on azimuth. Asymmetriebtained during a typical
run are shown in g. 5.1. The solid curve results from a polymaial t to the known
analyzing power (sec. 4.4.2), folded with the width of the ajle bins, and scaled to t the
data in the gure.
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Figure 5.1: The asymmetry , with its statistical errors vsthe deuteron scattering angle
in laboratory  observed during the run with U =246 V. The horizontal bars indicate
the bin width of 3 . The curve is deduced from the known analyzing power scaledot
the measured polarization [Kin77].

For each angle bin the analyzing poweA,., that represents the data from [Kin77] is
calculated, using the polynomial t and the measured for all events in that bin. Each bin
then yields the value =A,., for the beam polarization. Taking the weighted average forlla
bins, one arrives at the overall beam polarization (g. 5.2) As this procedure is carried
out separately for cycles with and without electron target,the result is the respective
polarizations Pg and Py. The runs with U = 426V are used to check, whether the
polarization result is independent on the used sample and dhe asymmetric detection
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Figure 5.2: The polarization PO, with its statistical errors vs the deuteron scattering
angle in laboratory observed during the run with U = 246V. The curve indicates
the average polarization.

setup. Intab. 5.1 the beam polarization®: and Py are deduced from the di erent samples.
All except the \MB" sample give identical results. The \MB" sample has the additional
problem, that the analyzing power does not t well to the measred asymmetries and gives
a 2=nd close to 11. This behavior can be explained by the backgroufidm non-elastic
events in this sample. The other samples (\D+PD", \Sym" and \D") yield within error
the same polarizations, which is a strong indication, thatlte geometrical acceptance drops
out in the double ratio method as expected and that no signiant background is contained
in any of these samples. As a result the polarization for altleer runs can be deduced from
the \PD" sample.

| Sample]| Pe | Po |
MB 0:525 0:014| 0:510 0:.014
D+PD || 0:486 0:016| 0:474 0:.016
Sym 0:487 0:.017| 0475 0:.017
D 0:482 0:.016| 0:468 0:016

Table 5.1: The beam polarization with and without electron target from di erent data
selections. All except the minimum bias sample (\MB") give identical results.

In tab. 5.2 the polarizations for all U and their ratio R = Pg =P, are given. For each

U the ratio R is compatible with 1, so no depolarization is measured. Figei5.3 gives

the ratio R vsthe relative velocity. The vertical bars indicate statistcal errors, while the
horizontal bars indicate the range U of velocities that contribute to the measurement.



CHAPTER 5. RESULTS

‘ u=V H PE PO R ‘
0 0:529 0:020| 0:518 0:023| 1:022 0:059
246 0:493 0:026| 0:488 0:038]| 1:009 0:096
301 0:534 0:023] 0:494 0:.025]| 1:081 0:073
348 0:513 0:018] 0:501 0:021] 1:023 0:055
426 0:487 0:.016| 0:474 0:.016| 1:027 0:049
-426 0:532 0:017| 0:487 0:.017| 1:094 0:051

Table 5.2: Beam polarizations and their ratios for the dierent U.

0.95

LS S S R B A
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average relative velocity / 10 “c

o

Figure 5.3: Ratio of the beam polarization with and without electron beam during the
\interaction" part of the cycle as a function of the average relative velocity v. The
horizontal bars indicate the range Vv of velocities that contribute to the measurement.
Here only data from clearly identi ed pd elastic events are taken into account.

5.1.1 Polarization of " and # Spin States

By combining data from the unpolarized spin state with datarfom " and # spin states,
the double ratio method provides access to the two beam poaizations of the™ and # spin

states individually. In order to get statistical independeat values, the unpolarized data set
was dedived into two parts and only one part is used with eaclpin state.

The values of the polarizations and their ratios for the di eent data samples are given
in tab. 5.3. The weighted average of the ratidRp 0:995 0:042 is compatible with 1 and
no indication of di erent values is observed. Additionally errors in the polarization due to
di erent values for " and # polarizations occur identical forPg and Py, and cancel in the
ratio R = &
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Data Sample P P Rp Rp
0 keV

Pup 0.481 | 0.037| -0.847| 0.085
Pgown -0.568| 0.037

1 keV

Pup 0.639 | 0.063| -1.408| 0.205
Pdown -0.454| 0.049

1.5keV

Pup 0.497 | 0.046| -0.829| 0.098
Pdown -0.599] 0.043

2 keV

Pup 0.514 | 0.036]| -1.044| 0.100
Pgown -0.492| 0.033

3 keV

Pup 0.518 | 0.032| -1.155| 0.107
Pgown -0.449| 0.031

-3 keV

Pup 0.537 | 0.031| -1.067| 0.089
Pdown -0.504| 0.030

Table 5.3: The beam polarization was deduced for the beam spistates " and # indi-

vidually. The values for the six di erent data samples are given.
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5.2 Asymmetry detection

Two disjunct samples of data are handled without knowing thanalyzing power precisely.
The one track sample (\OT") and the minimum bias (\MB") sample. As described in
sec. 5.1 the data from the \MB" sample contain too much backgund to t to the known
analyzing power of proton deuteron elastic scattering. Byoenparing the asymmetries for
cycles with and without electron target for these two sampgeindependently, additional
information about the electron proton spin ip cross-sectin can be achieved. As a rst
step the asymmetry is plotted identical as for the events wlt known analyzing power.
A 39 order polynomial was tted to the measured asymmetry of cyels without electron
target and a detuning voltage of 426 V. These asymmetries aftfteir tis shown in g. 5.4.
The resulting functions are

c2/ ndf 16.8/10 c2/ ndf 21.69/21
po 0.01586 + 0.90134 po 1198 +0.111
E 0.04481:+ 0.04581 L 0.06538 + 0.00470
0.25 p2 -0.001378 + 0.000771 D & p2 -0.001099 + 0.000065

= p3 1.023e-05 + 4.301e-06 r p3 5.536e-06 + 2.907e-07

o

2
o
2

0.2
0.15F
0.1

0.05

-0.05

0.1

OABEL L A I D D DA S T
40 50 60 70 80 %0 40 50 60 70 8 90 100 110 120

Q_lab / degree Q_lab / degree

Figure 5.4: The shown data is from cycles without electron taget and a detuning voltage
of 426 V. Left: \MB" sample with a 3 " order polynomial t. Right: \OT" sample with
a 39 order polynomial t.

0:0159 + 004454  0:001372 +0:00001023 and (5.3)
1:198 + 0:0654  0:001102 + 0:00000554; (5.4)

Aywme ( q)
Ayor ()

In the following two functions, with one t parameter each, was used. They are

MB = me Ayme ( ¢) and (5.5)
ot AYor (): (5.6)

The complete data set was tted with this functions. The resiting factors yg and ot
are given in tab. 5.4.

The same procedure was repeated with d2and 4" order polynomial resulting in the
same values for yg and o7. This ensures the independence to the used t-function.
The ratios of beam polarization can now be calculated by theatios of with and without
electron target. The result is given in g. 5.5.

oT
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Voltage Jump Minimum Bias Sample One Track Sample
with e target \ without e target | with e target \ without e target
ov 1:114 0:033 1:113 0:034 1:001 0:015 | 0:9982 0:0148
246V 1:037 0:043 1:092 0:064 1:025 0:019 1:046 0:028
301V 1:106 0:039 1:092 0:042 1:063 0:017 1:061 0:018
348V 1:093 0:030 1:029 0:034 1:009 0:013 0:995 0:.015
426V 1:029 0:027 1:000 0:027 0:999 0:.012 1:000 0:012
426V 1:103 0:029 1:038 0:028 1:004 0:012 0:999 0:.012

Table 5.4: For both samples with unknown analyzing power thet values of the functions
ms and ot for all detuning voltages. The result of 1.000 for 426 V withait electron
target is a necessity, as this data were used to prepare the -functions.

The usage of the t functions instead of calculating the fraitons of the asymmetries
bin-by-bin, provides a check, that the asymmetries are stéb and therefore that the event
selection is stable over all data.

5.3 Depolarization Cross-Section

In tab. 5.5 the detune voltages U used in this experiment, the detune velocity, in the
proton rest frame, the integralslxy and 1, of egs. (3.19) and (3.20), and the average velocity
U and its standard deviation. The calculation assumes a trawerse electron temperature
of kTe = 0:3eV. The last two columns show the measured ratio R, of the @olzation with
and without electron target and its statistical uncertainy R (sec. 5.2).

U/V [u/10 3| I, ly |U/10 3c| u/10 3¢c|R R
-426 -2.53| 338| 25.8 2.82 0.23 1.01318| 0.015764
0 o777 777 0.64 0.49 1.00243| 0.018935
246 1.46| 482 | 79.4 1.86 0.30 0.97448| 0.028898
301 1.79] 429 | 54.3 2.15 0.27 1.00367| 0.021365
348 2.07| 391 40.3 2.40 0.25 1.0219 | 0.018402
426 2.53| 338 | 25.8 2.82 0.23 1.00369| 0.015216

Table 5.5: The detune voltages U used in this experiment, the detune velocityup in
the proton rest frame, the integrals |, and I, of egs (3.19) and (3.20), and the average
velocity U and its standard deviation. The calculation assumes a trangerse electron
temperature of kT = 0:3eV. The last two columns show the measured ratio R, of the
polarization with and without electron target and its stati stical uncertainty R (sec. 5.2).

It is believed that the systematic errors of this measuremean be neglected, since the
beam position was stable, the up and down polarizations wetliee same within statistics,
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Figure 5.5: Ratio of the beam polarization with and without electron beam during the
\interaction" part of the cycle as a function of the average relative velocity v. The
horizontal bars indicate the range Vv of velocities that contribute to the measurement.
Here all data are taken into account.

and systematic asymmetries in beam current and target demgicancel to rst order in
the cross ratio. Furthermore, the ratioR depends only on thechangeof the polarization
between E-cycle and 0-cycle, and the actual value of the begolarization (between 0.47
and 0.53) merely a ects R, while the normalization of the imported analyzing power
cancels.

For each of the six detune potentials Uy (k = 1,....,6) (tab. 5.5), the result of the
measurement consists of the ratioR,  (Pe=Po)x. When combining egs. 3.8 and 3.18 one
obtains

In(ry)

2Ctint r]e;k V?Z(I—C:Lr) -

Yk 2 lox+ ki (5.7)
The denominator contains the speed of light, the interactiotime tj,;, = 245s, the electron
density ne, the reference velocity eqn. 3.16, arbitrarily set t&#? = 0:002, the active length
Lc = (1:75 0:25)m of the cooler, and the ring circumferenckr = 183:47m. The
cooler length is uncertain because of details of in ectionnal extraction of the electron
beam, and the electron density (egn. 3.7) is a ected by undainties of the electron beam
current I = 170 mA and its areaA. = 5cm?. The overall systematic uncertainty of the
denominator is estimated to 20%.

The polarization ratios R¢ (g. 5.5) are consistent with unity, i.e., the polarization
di erences between E-cycle and 0-cycle are of the order ofefh statistical errors.
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The integral weightsl ., and 1,  on the right side of eqn. (5.7) depend on the transverse
electron temperaturekT,, which, for a number of reasons, is larger than the temperat
of the emitting cathode, which operates at 90CC, corresponding tokT. = 0:1eV. The
actual temperature, kT, = (0:3 0:1)eV, has been deduced from a measurement of the
rate of electron pick-up by co-moving protons [Pot90].

The depolarizing cross sections,/ and 7 (at the reference velocityv?®) appear as
unknowns in eqgn. (5.7). Since the experiment fails to nd a gmlarization e ect, instead
an upper limit for the two cross sections that is compatible ith our data is derived.
Following the usual treatment (see, e.g. [pdg08]), the likkood function is de ned as:

!
L . 2. o Y (Y ;l’?;k Elk;k)2 )
L(yi 20 W) k exp 2y? -

(5.8)

The experimental result,yk, is de ned in eqn. (5.7); the statistical uncertainty y follows
from the error R (tab. 5.5). Following the Bayesian approach, the posterigprobability
density function p is calculated by

L(yi 2 Dhtyi 200
L(yj 2 Dh(yj 2; Hdgdy

p(~; dy)= R (5.9)

The function h re ects the prior knowledge (cross sections are positive mbers) and is set
to a constant for all non-negative values} and /, and to zero otherwise.

The probability p is evaluated numerically and the probability area is showmi g. 5.6.
In 1500 1500 bins the value was calculated and the not normalized sugives 13473.2.
To test, that the area, which is not covered by the plot, givesnly a negligible contribution
to the normalization, the same plot was calculated, with idatical binning, but a larger
coverage. The not normalized sum in the area ok, < 1:0 1fband sy < 1:6 1CFb
with 2000 2000 bins gives a not normalized sum of 13473.2, as well.

The upper cross section limits, shown in g. 5.7, are contoarof constantp. The signif-
icance level is the integral op over the region below the curve, and equals the probability
that the two cross sections are less than the values along tkkentour. The parameters
with a systematic uncertainty are taken to be completely unkown within the range equal
to that uncertainty. So a conservatively value for these pameters (within this range) is
chosen, that results in the largest upper limit.

5.4 Conclusion

In the experiment no depolarization of the stored proton bea due to ep spin-ip was
?

observed. Upper limits on the transverse and longitudinalpgn- ip cross-sections ;5 and
. at a relative velocity of v’ = 0:002c are 4 10°b and 7 1CPb, respectively, at 99 %

signi cance level (Fig. 5.7). This is in clear contradictio to the cross-section of 2103 b
predicted by the Mainz group [Are07]. Due to the low electrotarget density the sensitivity
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of this experiment is too small to verify the prediction of 6/5mb calculated with help of
perturbation theory using the exact non-relativistic Coubmb wave functions [Mil08].

Preliminary results of the experimentally deduced crossstion have been shown at the
WE-Heraeus-SemindiPolarised Antiprotons” in Bad Honnef, June 2008 [Her08]. Later, an
erratum[Are09] on [Are07] was published giving a correcte@lue of 30 mb. The numerical
calculation in the distorted-wave approximation for the hyer ne contribution led to a
di erence of two almost equal numbers multiplied by a largeumber. A numerical problem
in the evaluation led to the tremendous overestimation of th cross-section.

As any experiment, which would make use of this cross-sectjovould lack on a high
free-electron-target density, this e ect is far too smalldr an e cient polarization buildup
of a stored antiproton beam. Comparing the deduced upper litvin the order of 10° b with
the new theoretical result of 3@nb it becomes clear, that at least 8 orders of magnitude
are missing. Thus this method to produce a stored polarizech@proton beam is killed

[Wal09].
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Figure 5.7: Upper limit allowed by the data of this experimert for the transverse and the
longitudinal spin ip cross sections go and gk at a relative velocity of v? = 0:002,
corresponding to a center-of mass energy of about 1eV. The gii cance level is the
probability that the actual cross sections are smaller thanthe values on the contour
line.
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Chapter 6

Conclusion and Outlook

Within the scope of this thesis, the ANKE silicon tracking téescopes have been optimized
to work as a polarimeter. By using e.g. proton-deuteron elss scattering the beam
polarization can be detected over a wide energy range. In arperiment, these detectors
have been used to measure the beam polarization. The majorrpaf this thesis deals with
the polarization analysis.

The depolarization of a proton beam by electron-proton spinp was observed at six
relative velocities between 0 and 3.0 3c. All data points are within errors consistent with
a zero cross-section. They have been extrapolated to a refece velocity ofv’ =2 10 3c
and as a result the upper limits of the spin- ip cross-sectits [ and 3 yield 7 1¢°b and
4 1(PDb at 99 % signi cance level (Fig. 5.7). After the rst results were disclosed - later
published in [Oel09] -, errata on the prediction were publeed [Are09, Wal09]. These give
a cross-section of 30 mb, which is still about a factor of 30rfger than the precictions from
Milstein et al. [MilO5, Mil08]. It is shown, that the measura cross-section s is an upper
limit of the positron-antiproton spin- ip cross-section g for polarization build-up. This
experiment clari es the role of electrons in spin ltering &periments and as a consequence
shows that co-moving positrons are not a reasonable methamippolarize a stored antiproton
beam. Therefore, the PAX-Collaboration proposed to polaze a stored antiproton beam
by spin- Itering at the CERN-AD [PAX09]. The existing silicon tracking telescopes could
be used as a detection system to measure the beam polarization preparation of these
experiments at the CERN-AD, a spin- Itering experiment is arrently set-up at COSY.
Depending on the outcome of the antiproton spin- ltering stidies the PAX-Collaboration
is aiming at experiments with polarized antiproton beams taneasure the transversity
distribution.
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Appendix A

Polarization Evolution

To describe the time-dependence of the polarization in a std spin—% beam, 4 dierent
spin dependent cross sections are needed. In the followirg ttwo spin states of the beam

are indicated as" for spin up and# for spin down particles: &, 2, 2F and 3F. Here

the indices™ ("#) indicate parallel (anti-parallel) spins of the beam paritle and target
particle. \R" stands for scattering out of the machine accefance, while \SF" stands for
scattering within the machine acceptance, but with spin ip

With N-. and Ny giving the number of beam-particles in each spin state, thatget area

density d;, the target polarization Q and the beam revolution frequencof f,.,, One can
give the time dependence dl- and Ny:

N . 1+Q < 10
aN"(t)_ ds frev T N"(t)+ g T N(t)
e 8N 0 N
F RN ¥ NG A
SN= b fe B 2 N0 § TR N
s o5 1 Q 2Q N(t) + SF 1+2Q Nis(t)
SF 1+Q s 1 Q

= N 3 N-(t) ©  (A2)

N ‘

For each spin state three di erent terms are contributing. The rst describes the scattering
out the machine acceptance depending on the fractidﬁfQ (or %) of target particles in
the spin state up (or down). The second term gives the loss dte spin ip into the other
state, while the third term gives the increase due to spin igrom the other state.

With the abbreviatons =3 R+ %, g=1 & R, s=1 2F+ FF
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NI

55 3F  the equations simplify to:

EN..(t): di frev (R rR Q) N-(t)

dt
+ (s s Q) N-(t)
(s+ s Q) Ngt) ; (A.3)

and ¢

%N#(t) = o frev (r+ rR Q) Nu(t)
+ (s s Q) Nut)
(s+ s Q) N«(t) : (A.4)

This system of coupled di erential equations can be solvechalytically. The solutions are
unique with two initial conditions. Here the initial beam intensity and beam polarization

are used.
No = N-(0)+ Ng(0) (A.5)

N-(0) N«(0)

N-(0) + N4(0) (A-6)

Po

) p L
With A = rR(2 s+ )Q%*+ § the solution is:

h i
N
N-= 280 (L+P) A+( RQ s) Po + (2 s+ &) Q+ s
e(S+R A)frev di t

h
+ (1+P)) A ( rRQ s) Po 2 s+ Rr) Q s

e (st RtA)rey di t ; (A7)
N, nh i 0
Ny = A (1 Po) rt¥2 s Q (1+Pg) s+(Po 1)
nh | e (st r A)frev di t o
(Po 1) R 2 s Q + (1+ Py s+(Po 1)
e ( st R+A)frev de t : (A8)

The polarization evolution function is %P(t) = %% As this gives a long formula,
here an approximation is used: The derivation is evaluated & = 0 resulting in formulas
which are good, as long as the initial condition®, and N, are close toP (t) and N (t).
d
P =fe d QL PY r+2Q s 2P s ; (A.9)
t=0
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while the derivation of the number of beam-particles is

IN®O = fe dle QP gINo (A10)

t=0

Two special cases are of interest. The rst one deals with goizing an initially unpolarized
beam Py = 0). As long as the beam polarization P is small, the rate of @nge of
polarization is given by:

dP
dt

The \polarizing cross section”, , is de ned as the sum of the two terms in the bracket:

=frev d Q2 s+ Rl (A.11)

pol = 2 st R (A.lZ)

The second special case describes the e ect of an unpoladitarget (Q = 0) on an already
polarized beam,

dP _

dt
which shows that the \depolarizing cross section"” is direbt proportional to the spin ip
cross section s. Since the sum of two positive values is always bigger thangmorm of
their di erence, itis s s and it follows from eqgs. A.11 and A.13 thaif a polarized
target is capable of polarizing an unpolarized beam by spiip, an unpolarized target will
depolarize an already polarized beam.

21:rev dt SP; (A.13)
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Appendix B

Machine Studies

As long beam lifetimes and polarisation lifetimes are essih to perform spin lItering
experiments, several machine studies have to be performadaorder to test these parame-
ters. Here the summary of the study on the beam lifetime is gw.

B.1 Beam Lifetime

B.1.1 Goal and Status

The PAX collaboration plans to perform experiments with stoed polarised antiproton
beams at FAIR. The existing data from FILTEX shows that spin Itering is working.
Presently, there exist two competing theoretical scenarso one with substantial spin lter-
ing of (anti-)protons by atomic electrons, while the secondne suggests an almost exact
self-cancellation of the electron contribution to spin lering. To distinguish between these
scenarios a depolarising study of a stored polarised protdm@am with an kinetic energy
of T, = 45MeV was proposed at COSY-PAC in autumn 2006 [Oel06, OelD7With elec-
trons in a*He or a D, target it should be possible to measure the electron contrikion to
spin ltering. To achieve 4-5 signi cance in 4 weeks of data taking the following beam
requirements are needed:

The goal of this machine development is to improve the beamfdiime at injection
energy to reach the necessary lifetime of10000 s without target and 2700 s with target.

So far, only 800s [Die04] at the injection energy of 44.83 MeV without tget have
been observed, although calculatiohAsshow that a lot can be improved.

B.1.2 Machine Setup

A change in the magnet settings at injection energy can leaa ta complete loss of the
injection as the matching conditions for the injected beamra de ned by the quadrupole
setting in the ring. Lattice functions x, X, xys xz Of the beam line have to match the

1Archil Garishvili
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| Parameter | Value |
Target Thickness 2 10%cm ?
Beam Intensity 2 109 stored protons
Initial Beam Polarisation 0.8
Beam Lifetime with target 2700 s
Beam Lifetime without target 10000 s
Beam Polarisation Lifetime 45000 s
Beam Energy 45 MeV

Table B.1: Set of parameters to evaluate the depolarising eect of the electrons in a
deuterium cluster target with 4-5  accuracy.

ring parameters. By changing the ring focussing elementsebe parameters also change.
To keep the injection one then has to re-adjust the beam lineotmatch the new ring
parameters. To avoid frequent re-adjusting, which consurae lot of time, it was planned
to work at \ at top" after the smallest possible acceleration. For the unpolarised proton
beam a ramp fromp = 293:48 MeV/c up to p = 295MeV/c was introducec?. This is
equivalent to beam kinetic energies of = 44:83MeV andT = 45:28 MeV, respectively.
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Figure B.1: Pressure distribution of the COSY ring on 18th of June 2007.

It is extremely important to know which contribution to beam lifetime is due to the
residual gas. So in the beginning of the beam development leaxd the mass spectrometers

2Dieter Prashun
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installed in the ring has been read out. From these data conmmi®d with the total pressure
in each section the partial pressures of some prominent gase every section of the ring
have been calculatetl

Partial Pressure (scaled), mbar
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Figure B.2: Main residual gas components in every COSY seath at the beginning of
the beam development.

In gure B.2 one can clearly see, thatH, is the dominating gas in the COSY ring. In
section 7 there is a big contribution from nitrogen, which isn indication for a leakage.
The nitrogen contribution to the residual gas will produce oughly as much Coulomb
scattering losses as théd, contribution due to the Z? dependence. Additionally, one
should mention that the residual gas monitor (RGM) from GSI gople in section 7 is
producing a lot of residual gas of every kind every time the ltage is switched on. In the
whole ring, the titanium sublimation pumps (TSP) were switbed on, and the vacua were
quite good. Nevertheless, the TSP's were heated every 5 hsuwhich caused temporary
pressure increase. The improvements like closing the legka and removing the RGM
should immediately lead to higher beam lifetimes.

A MAD “ calculation aimed at estimating the beam lifetime has beenepformec. The
area occupied by particles in phase space at the beginningadfeam transport line allows to

SKirill Grigoriev
4M ethodical A ccelerator D esign
SArchil Garishvili and Bernd Lorentz [PAX-note-3/2007]
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determine the location and distribution of the beam at any dter place along the transport
line. In phase space it is an ellipse and the area is a constgatrameter at any point of the
ring. Its shape and orientation are xed by three parameters, and (see gure B.3).
The acceptance is computed from the relation:

rzy (s)=mm-

Ay (S)= mmmrad = X
w (9) xy (S)=mm

and leads to a result of A = 42.35 mmmrad for the six-fold symmetry of the ring. The
acceptance limit is located in the arcs.

A=m €

Figure B.3: Phase space ellipse.

With this number, the at each point of the ring and the single Coulomb scattering
cross section, the lifetime contribution from each residligas is calculated. As result the
total lifetime for the COSY beam without target is 11300s.

During the beam development the lifetime has been determid@nline using a t of the
BCT (beam current transformer) signal available in the datastream. Several exponential
ts to the BCT have been made available. Data from the Schottik spectra have been
monitored to ensure that the revolution frequency and eneygspread are stable. In the
electron cooler beam protons recombine with electrons k°. These atoms can be detected
to measure the beam pro le. The detection system comprisegpBoportional chambers with
wires placed horizontally and vertically, and 2 scintillaion counters giving the integral ux
of H%. Since the MWPCs were not working properly, the pro le has et been measured
in this beam development, although the rate of °s has been permanently monitored. The

SNumber of periods in lattice functions counted in the arcs.
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H O rate should be proportional to the beam current, provided tht the relative conditions
of the electron beam and the stored beam do not change. For twygcles the rate ofH °=I
is shown in gure B.4.
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Figure B.4: Counting rate of H® divided by the beam intensity in arbitrary units as a
function of time.

For studies of the target e ect on the beam lifetime, a storag cell has been prepared.
This could be lled with di erent gases. The gas inlet neededo be calibrated in terms of
the target thickness. The calibration plots for di erent gases are shown in gure B.5

B.2 Closed Orbit Manipulations and Acceptance Mea-
surement

Initial closed orbit ranged within 7 mm vertically and 18 mm horizontally. The biggest
machine acceptance is achieved, if orbit is in centre of theém pipe. In order to reach the
best orbit with the storage cell and the electron cooler a 3ep approach has been chosen:

1. Optimisation without electron-cooler magnets switchean (see gure B.6), where
the orbit stayed within 5mm both vertically and horizontally.

2. Optimisation with electron-cooler magnets on. The orbihas also been attened,
down to 12 mm, although not being as good as without the coolésee gure B.7).

3. Optimisation with the storage cell. This did work without any problem, and no
changes to the orbit were needed.

An attempt to further improve the orbit with help of the orbit response matrix, based
on the BPM reaction to local orbit kicks has been carried ofit But there was only very
limited time to test this method, and it has failed. It has al® been found out, that some
of the BPMs and kickers could have been wrongly connected. &aldition, the BPMs had

’The calibration for N, plotted here is not correct as di erent settings for a valve gpening have been
used and have led to a changed device conductance.
8Dominik Welsch
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Figure B.5: Calibration curve: Target density in particles / cm 2

unpolarised gas supply system (UGSS).

vs pressure in the

never been exactly calibrated, thus can have an o set in the iosidle position. It is worth
to have an additional look into this.

To measure the acceptance, a fast kicker has been used. Assitable to kick only
in the horizontal plane, this measurement can only give an per limit for the machine
acceptance. For each kick the beam emittanceis calculated as = 2=, with the kick
angle and the beta function at the kicker of = 0:1797/m. A calibration curve of the
kicker (see gure B.8) is used to get the kick angle from the Wage at the kicker. From

the voltage one cgn calculate the current and the magnetic lé. The kiclﬁangle IS
calculated by = —2% | with the magnetic rigidity B = 984:002 mTm and BdL being

B H
the integral of the magnetic eld along the kicker.

The survival probability p is calculated usingp = Eg;f , with BCT; and BCT; the
BCT signal before (i) and after (f) the kick. The acceptancesithe value, where the survival
probability drops to zero. There have been two measurementsne with the beam passing
through the storage cell, and second with the storage cell rex out of the beam. Both

results are shown in gure B.9.

For both measurements with and without the storage cell the gasured acceptance is
very similar and has the value of 20 mmmrad. Therefore, the storage cell is not the
acceptance limitation. In order to study the machine accephce and the beam lifetime,
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Figure B.6: Beam orbit after closed orbit manipulations with all electron-cooler magnets
switched o .

that can be reached a MAD-calculation has been carried o8it.For horizontal and vertical
direction the beam was deferred randomly from the beam pipemtre and the acceptance
was calculated. The dependence of the acceptance on the dest maximum deviations is
plotted in gure B.10 for each plane with and without a storag cell. For all calculations
it was assumed, that the beam was in the centre of the storagelic

For the horizontal plane one can clearly see, that the storagcell is the acceptance
limit. The acceptance drops from> 160 mmmrad to 36 mmmrad. The acceptance
with storage cell shows no dependence on the orbit deviatiorFrom this one concludes
that even with orbit deviations of 10 mm the storage cell is th acceptance limit. For the
vertical plane things are di erent. The acceptance i< 42 mmmrad without storage
cell and< 28 mmmrad with storage cell. It is much lower than in the horizotal plane.
The kink in the plot with the storage cell indicates, that with orbit deviations of 6 mm
or more the acceptance limitation moves from the storage téb the ring and drops to
20 mmmrad at 10 mm orbit deviations. This is in good agreement i the acceptance
measurement performed with the kicker. The uncalibrated B measurements show an

9 Archil Garishvili
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Figure B.7: Beam orbit with electron-cooler magnets switcled on.

orbit with roughly 12 mm deviations. Further calculations $iow that with the storage

cell the beam lifetime drops from 7400s to 5400s because oé tbrbit deviations (see
gure B.11). So it becomes clear, that the orbit limited within 12 mm leads to a serious
acceptance limit, and, therefore, has to be improved for ftirer measurements.
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Figure B.8: Calibration curve for the horizontal kicker. Voltage at the kicker vs kick
angle . The markers show the points used for the acceptance reasurement.

B.3 Tune Scans and Beam Lifetime

The beam lifetime strongly depends on the chosen machine &g Ideally the tunes should
be irrational numbers, while in practice one just tries to sy far from the machine reso-
nances, plotted in gure B.12 up to 7th order.

To change the tunes, the current in two families of quadrupes (Quad 1-3-5 and 2-4-6,
due to the 6-fold symmetry) was varied to map the empty regiomf the tune diagram
around Q = 3:61, and a lifetime has been recorded for each tune combinatiol he result
of the measurements is presented in gure B.13.

The gap aroundQ, = Qy is a clear indication for coupling between the x- and y-plaise
but also a region where higher lifetimes are expected. Thetdenined lifetimesvs the tune
di erence are shown in gure B.14.

Here the two measurements near Q =-0.4 show the highest lifetimes. Further inves-
tigations close to these points should be performed in the xtebeam development period
at injection energy. Reducing the coupling to reach the regm closer toQ, = Q, has been
achieved by adjusting the sextupole magnets of COSY. Aftehis change the gap in the
tune plot has been reduced. These results are included intbet plot with brown points.
They do not show an increase in lifetime, and are even not stabwithout any explanation
for it. The lifetime of all measurements is shown in gure B.3.

With the properly electron cooled beam, a pure exponentialdnaviour of the beam
current has been observed (see gure B.16). Therefore, thedm losses are mainly due to



APPENDIX B. MACHINE STUDIES

» with storage cell

= without storage cell

Survival probability in %
(o2}
= l

-

!

: S

OO\ \10\ \20\\\\30\\\\40\\\\56
Beam emittance / p mm mrad

Figure B.9: Survival probability vs emittance.

250 4 50
¢ Ax, without cell i
® o ; ]
225 < ' * B Ax, with cell 1 45
A 2 Ay, without cell 1
200 - ¢ @ Ay, with cell 1 40
2
175 - . 1 35
T * w3
© 150 ~ - 30 ©
€ [ ] o o o o () ® 1 £
€ 125 | L 125 E
£ o TE
B ¥ ] e 1 B
100 - 1 20
x >
< : 1<
75 | 115
50 | 1 10
| ] [ | | | || || ] || | ] [ ] [ ] ,
25 | 15
o L 10
0 2 a4 6 8 10 12
Offset [mm]

Figure B.10: The plot shows the orbit deviations vs the vertical and horizontal accep-
tance with and without the storage cell.
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Figure B.11: Beam lifetime as a function of orbit deviations

single Coulomb scattering.
The second plot in gure B.16 shows thelBCT=dt signal, and the beam lifetime is
calculated by = <i5. Here one can see the points representing the beam lifetime

d
grouped into lines. A Fourier analysis is needed to clarifyhe structure.

B.4 Coupling with Electron Cooler Solenoids

By kicking the beam with di erent frequencies in the x- and ydirection and measuring
the amplitude of the beam oscillations the tunes show up as maw peaks in this spectra.
Tunes with Qx = Q, are not reachable due to the coupling of the x- and y-planes. his

coupling leads to a rotation of the eigenvectors of the tramersal oscillations with respect
to the x- and y-planes. So one sees both frequencies in bothnday spectra. Only from

the amplitudes of each peak one could associate one frequettca plane. But sometimes
this does lead to an ambiguity which can't be resolved. Two asons for coupling are:

Sextupole magnets.
Not compensated solenoid eld.
Torodial eld (in E-Cooler).

The solenoid of the electron cooler has compensating magnewith which the overall
solenoidal eld of the cooler should be zero. From the mininm di erence the coupling
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Figure B.12: Fractional machine resonances up to the 10 order.

strength could be calculated in terms of a bending poweB( dL). A measurement of the
coupling strength in terms of the minimal tune di erence as dunction of the current in
the compensating solenoids has been performed (see gurdB. This measurement has
the result, that the coupling can't be generated by the eleobn-cooler solenoid alone. After
this measurement the coupling was reduced by tuning the sextole magnets of the ring
(see also gure B.14).

B.5 Target Density and Beam Lifetime

To check up to which target density the electron cooler couldompensate the multiple
Coulomb scattering, the lifetime was measured with di erehgases and di erent target
densities. As the time dependence of the beam current is plyexponential the lifetimes
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Figure B.13: Tune occupancy plot.

Figure B.14: Bearrblifetime as a function of tune di erence. Each colour stands for a
constant tune Q = (QZ + Q7)=2.

resulting from di erent e ects ; lead to a total lifetime g Of:

97
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Figure B.15: Beam lifetime as a function of the tune.

where ; is the contribution from the target and , is the lifetime, which is due to the
residual gas. In order to disentangle the two contributionsthe measurement has been
performed in two cycles: one with the target switched on andne with the target o .

Each cycle has been organised as follows:

Injection: Os

Cooling on: 65

Target on: 26, (later 66 s)
Target o: 1740s

Cooling o: 1790s

For higher target densities, the target-on signal was shét to a later time. This became
necessary as we observed higher beam losses just after switgthe target on, as shown in
gure B.18. With the shifted target-on time these beam lossehas not occurred anymore.



B.5. TARGET DENSITY AND BEAM LIFETIME 99

Figure B.16: Beam current with exponential t in upper plot, d(BCT )=dt and local
beam lifetime in plot below.

Figure B.17: Tune dierence as a function of the magnetic eld of the electron-cooler
solenoid.

The only explanation for this e ect would be that the beam neds more time to be
cooled down.
For every gas several target densities have been measured.tle single Coulomb scat-
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Figure B.18: Initial beam loss after switching the target on.

tering losses increase linearly with the target density, the lifetime should be proportional
to 1.

For each target density the lifetime caused by the target e & was calculated using the
lifetime from the cycle with target and one cycle without taget nearby. This was done to
minimise the e ects coming from varying residual gas or othee ects in the ring.

Deuterium

In the deuterium case the target dependence was measuredidgrtwo nights. All results
are shown in gure B.19. The plotted t curve gives an exponenof -1.01, which is in a
perfect agreement with the expected value of -1. The lifetienwith the target density of

1.2 1014Cm1 > was only 150 s, which has to be improved by at least an order ofgnitude.

Helium

As helium is pumped very badly (see gure B.20), it was not pa#ble to measure the target
density dependence with helium. The helium was moving arodrthe ring and the lifetime
without target was strongly varying from cycle to cycle.

Thus, the result is that there is no way to use helium as a targevith the existing
pumps. Only a decrease of the temperature for the cryo pumpsin 10K to 7K (see
gure B.21) or the replacement of cryo pumps with turbo pump<ould give us a bene t.

Nitrogen

For nitrogen the lifetime dependence on the target thicknssis in good agreement with
the expected/ 1= behaviour (see gure B.19). Like in the deuterium case, theeached
lifetime with the target density of 1.0 1013cml > was only 170s. The ratio between the
lifetime with deuterium and nitrogen should be 49:1, as nibgen hasZ = 7 and the lifetime
goes with EZ?, although the observed ratio is roughly 20:1. There are seate ects, which

can cause this. First, for the two gases the gas inlet was ¢akted separately. A small
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Figure B.19: Beam lifetime dependence of the target densityand a t curve with the
exponent as a t variable for deuterium and nitrogen targets. The densities given here
are atomic ones.

Figure B.20: Pressure in section 6 with and without a deuterum and helium target.
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Figure B.21: Equilibrium pressure for absorption of H, and He with active coal.

uncertainty in this calibrations can easily lead to a big chage in the ratio. On the other
hand it is possible, that the residual gas is di erent in the gcle with and without target.
This would lead to a wrongly corrected lifetime resulting ira change of the ratio.

B.5.1 Beam Lifetime and Beam Intensity

At COSY we have a possibility to use stack injection in orderd increase the beam intensity
and micro pulsing to have less intensity.

By using the micro pulsing the beam intensity has been adjustl between 4 1080#
and 14 1090#. For all the di erent targets the measured lifetime exhibis no dependence
on the beam intensity (see gure B.22).

B.5.2 Conclusions and Outlook

1. In current situation the use of*He as a target is not possible unless pumping capa-
bilities are improved.

2. With the electron cooling the beam exhibits purely expomgial behaviour, thus being
caused by the single Coulomb losses only.
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Figure B.22: Beam lifetime dependence on the beam intensitfor di erent gases and
target densities .

Flat orbit is required. For a careful adjustment it is howeer necessary to calibrate
the BPMs.

. A machine acceptance of 20mm mrad has been measured both with and without

cell. The cell is not the limiting aperture in the machine anda better close orbit
setting is necessary to improve the machine acceptance.

In spite of the fact that higher beam lifetimes are expectkein the region where
horizontal and vertical tunes are equal, there is an area daifar from Qx = Qy line
where highest lifetime is observed. This region has to be gied once again in detalil.
Furthermore, the tune dependence of the beam lifetime in de to the tune equality
line displays structures, which at the moment are not undetsod.

. The beam lifetime is generally independent on the beam cant, although the situ-

ation at high intensities of the order of 1&° particles per spill has not been checked
yet.

. The beam lifetime of only 250 s is observed for a deuteriurargiet of 134cm 2, which

is much lower than the predicted value. Such lifetime makesqposed depolarisation
studies almost impossible. Therefore, further machine delepment is necessary.

. The beam lifetime at high beam currents has to be investigad. This requires elec-

tron cooler to be set-up at two di erent energies, as it is neked both for stacking
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and at the at top °.

0This is possible according to Dieter Prasuhn.



Appendix C
COSY Timing Table

| Trigger | Ober aeche| Zeit/ms | Aktion | aktiv | Experimente |
tuned HV-ecool 1000 Soll.100KV-Netzgeraet ja 12345678
cooling HV-ecool 1500 Datensatz 1 ja 12345678
detuned 02| HV-ecool 15000 | SW-Soll100KV-Netzgeraet | ja 3
aus02 HV-ecool 15500 Datensatz 2 ja 2
retuned 02 | HV-ecool 20000 Soll.10QKV-Netzgeraet ja 3
an_02 HV-ecool 20500 Datensatz 1 ja 2
detuned 03 | HV-ecool 25000 | SW-SolL100KV-Netzgeraet | ja 3
aus03 HV-ecool 25500 Datensatz 2 ja 2
retuned 03 | HV-ecool 30000 Soll.100KV-Netzgeraet ja 3
an_03 HV-ecool | 30500 Datensatz 1 ja 2
detuned 48 | HV-ecool | 475000 | SW-SolL100KV-Netzgeraet | ja 3
aus48 HV-ecool | 475500 Datensatz 2 ja 2
retuned48 | HV-ecool | 480000| Soll.100KV-Netzgeraet ja 3
an_48 HV-ecool | 480500 Datensatz 1 ja 2
detuned49 | HV-ecool | 485000 | SW-SolL100KV-Netzgeraet | ja 3
aus49 HV-ecool | 485500 Datensatz 2 ja 2
retuned 49 | HV-ecool | 490000 Soll.10QKV-Netzgeraet ja 3
an_49 HV-ecool | 490500 Datensatz 1 ja 2
detuned50 | HV-ecool | 495000 | SW-Soll100KV-Netzgeraet| ja 3
aus50 HV-ecool | 495500 Datensatz 2 ja 2
retuned 50 | HV-ecool | 500000| SollL.100KV-Netzgeraet ja 3
an_50 HV-ecool | 500500 Datensatz 1 ja 2
coolingaus | HV-ecool | 1058000 Datensatz 2 ja 23

Table C.1: This table shows the used software timings for thaO"-Cycle (2) and \E"-
Cycle (3). The numbering of the triggers starts with 2, as the rst iteration was skipped
in order to start with a well-cooled beam.
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