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Abstract

In this prospectus of dissertation, the motivations and methods for calculatingthe
helicity di erence, P, , for the reaction p ! p © will be discussed. | will also discuss
my e orts to advance the CB-ELSA TR16 experiment through my duties in calibrating
the energy spectrum of the main calorimeters, Crystal Barrel and miniTAPS. After my
explanation of how to calculate the helicity dierence for p ! p ° , I will present
my preliminary results for the helicity dierence of p ! p , which is more easily
determined experimentally.
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1 Introduction

In 1968, it was discovered that the proton is not a fundamenta particle but that it is
composed of smaller particles called quarks. Since the proh is a composite system of
smaller particles, it is immediately apparent that this system should be able to be excited
into higher energy states, which when analyzed can give cligeto the complicated, internal
structure of the proton. According to the widely accepted theory of Quantum Chromody-
namics(QCD), that describes the strong force, these quark#teract with each other inside
the proton by the exchange of gluons. The internal structure of the proton is basically
unknown apart from the existence of quarks and the force thatholds them together, the
strong force. When we apply QCD to the proton, the picture of the proton becomes very
muddled due to the fact that gluons not only interact with the quarks, they also interact
with other gluons.

In order to probe this complex particle, we turn our attentio n to the model of discovery
that was rst used to discover the internal structure of the atom in the early 20th century.
By examining the spectrum of emitted photons from excited abms, through the use of
guantum mechanics, scientists were able to correctly thedze the dynamics that cause the
properties of hydrogen atoms. Extending this idea to the prdon, to get information about
the structure of the proton, excited states can be created ad the spectrum of emitted
particles can be studied. But a major problem encountered indetecting these excited
states is that they do not result in cleanly separated spectal lines as in the hydrogen atom,
but as broadly overlapping resonances which are hard to disgangle. The detection of these
resonances is even more problematic when one observes thaese excited states decay into
multiple nal states that include both mesons and baryons. These excited states are seen
as a complicated spectrum of particles that have relativelyshort lifetimes.

On the theory side, another challenge of studying the protonis that QCD is a quantum
eld theory based on the postulate of a Lagrangian that explans the dynamics of such
interactions which cannot be solved in the energies that degibe bound states of quarks
(e.g. proton and neutron). Analytically, the QCD Lagrangia n can be treated perturbatively
in some energy ranges to give predictions on how quarks andwgins behave, and at higher
energies, much larger than the mass of the proton, this techigue of perturbatively solving
the QCD Lagrangian works very well and is responsible for thediscovery of a large class
of phenomena. However, in the energy ranges that are found ithe proton, the QCD
Lagrangian cannot be perturbatively solved because the sting coupling \constant” is not
constant and becomes large at these energies.

For the low energy range, the best method available for prediting the masses, widths,
and other decay properties of baryon states is by using Congient Quark Models (CQM's)
(Fig. 1), which are mostly based on three constituent quark agrees of freedom. These
models in the past have shown good agreement with experimeal data making them an
attractive tool for predicting baryon states and, currently CQM's are the only source of
information available to us that can guide our experimental e orts. Although, this work
is not intended to directly test the CQM's, they do give us an idea of where to look for
new baryon resonances. Therefore, we seek to obtain data ragling these CQM predicted
states. The CQM spectrum based on instanton induced interations is shown in Fig 1.

When we try to compare these CQM's predictions to experiment they are successful
at predicting the properties of low mass baryon resonancedyut at higher energies the pre-
dicted states greatly outnumber the states that have been egerimentally veri ed. There
are several possibilities as to the reason for this discrepay:
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Figure 1. N* (%) Nucleon Resonances [1]: The left solid lines in each column repre-
sent the model mass predictions. The right side representshie experimental ndings with
their associated mass uncertainty. The number of *'s indicaes how established the state's
existence is believed to be. (a four star state being a well &blished state)[2]

Most of our knowledge on these states above 1900 Me# in mass is from N scatter-
ing experiments. Possibly, these missing resonances do nobuple to N production
and would not have been detected.

Photoproduction experiments without any polarization have been performed by many
experiments, but as energy increases, these resonancesritae more strongly making
them harder to isolate.

Polarization observables have been measured at GRAAL (Greoble, France), LEGS
(BNL, USA), ELSA (Bonn, Germany) and MAMI (Mainz, Germany) b ut at low
energies.

the often explored channels contain only a single meson in # nal state (e.g. N
N , N!).

Looking at two-meson nal states can be of more use since eveffi a high energy state
does not couple strongly to photoproduction or N , they may be observed in a decay
chain as an intermediate state leading to a nal state with two mesons (e.g.p ! N !
S11(1535) ! p ). Reactions like the reaction | will be studying (p ! p ° ), can be
vital to understanding QCD in the bound state energy range.

2 Motivation to study p! p?®

The reaction p ! p 9 involves the scattering of a photon and a proton to produce
a proton and two pseudoscalar mesons, © and , and has been previously studied at
CBJ/ELSA in Bonn, Germany using the Crystal Barrel Detector[ 4][5]. This reaction can
be used as an isospin lter. In other words, during a strong iteraction, isospin must be



conserved and therefore we can rely on the fact that when we ailyze resonances decaying
into , these resonances must be a (Isospin = %) state rather than a N (Isospin = %)
state. This is due to the fact that the pseudoscalar meson has an isospin of zero.

In Ref.[4] and Ref.[5], the total cross section and single parization observablel were
measured. In ref. [6], the event based partial wave analysisevealed signi cant evidence
for the resonance (1930)D33 (one in the PDG classi cation) along with the expected
resonances (1920)Ps3, (1700) D33 and also quoted other resonances that possibly could
contribute. The only resonance that analysis was able to pree an existence for was the
(1930) D33 state, but many other resonances had contributions in the PWA solution that
could not be uniquely proven. The use of single and double patization observables will
improve this situation and could make it possible to prove the existence of some of the
resonances with smaller contributions.

Double Polarization Observables

Overlapping resonances can sometimes be better identi edhrough their interference with
other dominant amplitudes. The determination of the polarization observables in polariza-
tion experiments is one of the ways to isolate these interfamce e ects and therefore isolate
the contributions of each amplitude. There are several meagements of single polarization
reactions that include only a polarized beam particle, but n order to unambiguously de-
scribe meson photoproduction, double polarization obsembles also must be determined[3].

The di erential cross section for two meson nal states is given by (without considering
the polarization of the recoiling nucleon)[3]

@ _ @o,,, ! ! Pl _ S N I
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, Wherelz @@? is the dierential cross section, @@C% is the unpolarized di erential cross

section, is the degree of polarization of the target in some direction, ;| is the degree and
is the angle in relation to the direction of linear polarization qf the beam particle, is
the degree of circular polarization of the beam particle.| , 15, P and | correspond to
single polfilrization obseryables, since they only rely on tb polarization of the beam or the
target and P, P S, and P © each correspond to three polarization observables that rgl
on the direction of polarization of both the beam and the target.
For my dissertation, | hope to determine the double polarizdion observableP, for the
reaction

p! p°: 2
This observable requires a longitudinally polarized targé (z) and a circularly polarized

photon beam ( ), The experiment will be done with the Crystal Barrel Detector at ELSA
in Bonn, Germany.

3 Experiment

The CB-ELSA TR16 experiment is located in Bonn, Germany on the campus of the Uni-
versity of Bonn. The main purpose for using this facility is to gain access to an experiment
that will allow the needed polarizations of both the beam phdon and the target proton
along with the ability of the detectors to detect very e cien tly uncharged particles that
decay into photons. Figure 2 shows the experimental setup.



The polarization settings needed to measure the helicity derence of p ! p ° are

) 10« (3)

, Where! represents a photon with the spin orientation along the beamdirection and
represents a photon with the spin orientation opposite the leam direction. A) means a
stationary target proton longitudinally polarized along t he beam direction and( means
a stationary target proton longitudinally polarized oppsite the beam direction. For a dis-
cussion of why all four polarization settings must be used, se Appendix E: Isolating
P, .

Experimental Setup

GIM

Tagger

Crystal Barrel

iniTAPS Incoming ELSA BEAM

Beam Dump

Figure 2: CB-ELSA TR16 Detector Area

The Electron Stretcher Accelerator (ELSA) (See Appendix A) supplies a longitudinally
polarized electron beam at energies up to 3.5 GeV to the expanent area where, through
Bremstrahlung, a circularly polarized photon beam is creaed. The energy of each photon
that enters the target area is measured using the Tagger detdor (See Appendix B), and
then this photon beam is in turn allowed to react with a Frozen Spin Target (See Appendix
D) that contains longitudinally polarized protons contain ed in Butanol molecules.

After the photon leaves the Tagger detector, the circularly polarized photon reacts
with the longitudinally polarized protons and other target nuclei at the geometrical center
of the Crystal Barrel detector. The resultant particles can be detected in any of three
electronmagnetic calorimeter detectors: Crystal Barrel, Forward Plug or miniTAPS. The
Crystal Barrel detector is composed of 1230 Csl crystals catructed in a barrel shape,
read out by photodiodes, that covers most of the angular areaaround the target. The
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Forward Plug is an extension of the Crystal Barrel detector supplying an additional 90
Csl crystals and is read out by photomultiplier tubes. Mini-T APS is a wall of 216BaF»
crystals read out by photomultiplier tubes that is position ed in the most forward part of
the angular region. These calorimeter detectors are able tdetect any particles that decay
into photons with high precision. This detector setup also uilizes an Inner Detector for
the Crystal Barrel and veto detectors for the Forward Plug and miniTAPS detectors to
detect the presence of charged particles. Because most ofdlphotons in the beam make
it through the target without undergoing a reaction, the Gam ma Intensity Monitor (GIM)
is placed downstream of the target that will help determine the total photon ux needed
to calculate cross sections. An idealized overview of a typal reaction is given in Figure 3.
Also refer to the Appendix for a more full description of the CBELSA TR16 Experiment.

Crystal Barrel

miniTAPS

CBAELSA N Y S

Figure 3: CB-ELSA TR16 Detector Setup in relation to a reaction

The most important features of this experimental setup are he new polarization settings
for the incoming beam photons and the target protons. The nex two sections will be
devoted to describing the status of each of these new tools.

Circularly Polarized Photons

Once the polarized electron beam from the accelerator reaes the experimental area, the
electrons are used to create photons. This process is perfoed via Bremstrahlung. Brem-
strahlung is the reaction that happens when a high energy elgron decelerates in matter
(in this case amorphous copper). This process preserves anlgr momentum, therefore a
linearly polarized electron produces a circularly polarizd photon. Of course this is not
100% e cient therefore via Quantum Electrodynamics, we can approximately describe the
transfer of polarization via the equation

4z 72
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, Wherez = (E =Eg) is the ratio of the nal photon energy and the initial electr on energy.
P is the degree of circular polarization of the nal photon as afunction of the degree of
polarization of the initial electron ( Pgj). A plot of this function is given in Figure 4.

The nal products of Bremstralung in this application are a circularly polarized photon
and an electron. Due to conservation of energy, the sum of thesnergies of these two
products sum to the energy of the initial electron from the acelerator. The energy from
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Figure 4: Helicity transfer . Plot of the ratio of nal circular photon polarization and
initial longitudinal electron polarization. E is the energy of a photon andPy is the degree
of polarization of the electron.

the accelerator is known, but the problem arises when we neetb know the energy of the
photon that is created. The solution is to use a Tagging Detetor (See Appendix B) in
conjunction with a dipole magnet to use the electron's trajectory through a magnetic eld

to determine it's energy. If the nal electron's energy is known, then by conservation of
energy, the nal photon energy is known.

In order to have periodic measurements of the degree of polaation, the need for a
polarization detector is evident. The M ller polarimeter ( see Appendix C) is used to take
periodic measurements of the degree of longitudinal polaziation of the accelerated electron
beam and is based on M ller scattering described by QED. Thisallows us to measure the
Pe in Eq. (4).

The direction of polarization of the photons is a direct resut of the polarization of the
electrons they were produced from. A longitudinal polarizdion in the same direction as
the motion of the electron will result in a circularly polari zed photon in which the rotation
vector of the polarization is in the same direction as the prgagation of the photon and
vice versa. For the purposes of statistics and analysis, théncoming electron beam has
its beam polarization changed every few seconds by the framerk in the accelerator from
longitudinal polarization in the same direction as the motion of the electron to polarization
in the opposite direction. This setup allows for the periodc switching of the circular
polarization of the beam photons in the nal reaction, which will help simplify the nal
analysis.

Longitudinally Polarized Protons

The target particles are protons that have a longitudinal polarization along the beam line
either in the same direction as the incoming beam photon or irthe opposite direction. This
is done by using Butanol (C4H9OH) which has a very high density when cryogenically
cooled and is e ciently polarized and maintained. The relevant protons to our analysis are
the polarized protons that reside only inside the hydrogen éoms. Using the polarization
process described in Appendix D, the protons in the hydrogeratoms are polarized outside



the main detector system using a large external magnet and tan cooled to about 50 mK
to \freeze" the polarization, which will be maintained with a smaller holding magnet while
inside the detector assembly. The target assembly has beeredigned such that a minimum
of material is between both the beamline and the target and tle target and the detectors.
In this setup, the target polarization can theoretically achieve mean polarizations of 90%
and typically are measured during beamtimes to be around 70%

Of course the degree of polarization quoted above are for thitarget" protons in the
hydrogen atoms. This introduces a dilution factor, which is de ned to be the ratio of
polarizable protons to total number of nucleons in the targd. This ratio is naively  13:5%
for pure Butanol but will be experimentally determined due to the fact that this ratio could
be kinematically dependant. Both the degree of polarizatim of the target protons and the
dilution factor will be accounted for in the analysis. For a much more detailed description
of the target, please see Appendix D: Frozen Spin Target.

4 Service Work

After the setup of the experiment, most of the work to be done & the correct calibration
of all the detectors. To ensure the correct values are repodd from each detector, both an
energy and timing calibration is done. For each detector, ttere is at least one graduate
student that is responsible for determining the correct caibration function for each type
of calibration. My contribution to the collaboration has been to help with the energy
calibration of the main electromagnetic calorimeters, Crystal Barrel and miniTAPS and
also the Fast Cluster Encoder (FACE) Threshold Calibration. FACE is a cellular logic that
counts clusters in the Crystal Barrel detector.

Reconstructed Energy Calibration

When the electromagnetic calorimeters take data and give aesponse to the system, the
signal that is produced is in a raw uncalibrated form. In order to get the correct readings
from this signal, a calibration must be done. The reliability of the nal results of any
analysis from this experiment is a direct result of the energ calibration of each crystal
independently. As one can imagine this calibration is obsesvely checked and iterated.

minimum ionizing peak method

In the initial raw form, the individual detectors, each crystal and its corresponding
readout device, are unrelated and can have a response to tharmme stimulus that are very
di erent. Therefore, the rst task is to get each individual detector to respond roughly the
same way to the same stimuli. This is done by considering * mesons which do not decay
in the time it takes to reach the detectors from the target. When a * meson reaches the
detector crystals, it reacts with the atoms in the crystal via electromagnetic reactions and
then passes completely through. When these ™ mesons reach a certain kinetic energy, the
total amount of energy imparted to the crystal becomes a connt regardless of how much
energy the particle initially has. This constant is called the minimum ionizing peak, which
is about 170 MeV for pions. By identifying the peak in the resmpnse that corresponds to
the * meson and changing a conversion constant for each crystal gbat the minimum
ionizing peak is at the same position for each crystal, we catbe sure that all the crystal
detectors are responding to at least one stimulus the same wa This method is useful for
the initial setup of the calibration, but this method can not be performed on the same data
used for analysis.



0 invariant mass method

In order to directly calibrate the data, the © invariant mass method is used because
the calibration can be done on the same data that is used in argsis and has a much
higher statistical accuracy than the minimum ionizing peak method. When more than two
photons are detected in an event, the energy and momentum ifmation from each pair of
photons are used to calculate a two photon invariant mass ( invariant mass). When this
invariant mass is histogrammed, the most prominent featureis the © invariant mass peak
at 135 MeV=2.

This invariant mass peak can be used to calibrate the individial crystals in all three
calorimeter detectors. When a photon is detected in a crysth the invariant mass is
calculated by pairing the photon in this crystal with in turn all the other photons in the
event and is plotted in the histogram for this crystal. This is done for every crystal. An
example of the resulting  invariant mass spectrum is shown in Figure 5. Due to the large
statistics when calibrating, the calibration values of the other crystals are averaged out and
do not shift the position of the peak. The position of the peakis only a function of the
calibration value of the target crystal. New calibration values are calculated from the peak
positions that will shift the peaks to the correct position. The new calibration values are
used to reanalyze the data and the calibration is iterated umil all the © peaks are in the
caorrect positions.
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Figure 5: Reconstructed Invariant Mass for Crystal 928 . Reconstructed from Novem-

ber 2007 Data. This plot is the invariant mass of pairs of phatns in the same event over 3
days of data taking. The peak in the middle of the plot is the® invariant mass peak. This

peak should be aM 2, 18;218MeV?

Crystal Barrel FACE Thresholds

When a high energy photon encounters matter, there is only amall chance that the photon
will react with the proton inside the nucleus. Most photons go straight through the target
and do not react at all and when they do react, it is much more lkely that this will
result in some electromagnetic reaction like electron-posion pair production or ionization.
Therefore, it is very advantageous to design a trigger, so tht when the detectors detect
something that we are not looking for, the system will not recrd the data. This results in
far less useless data on the hard drives and cuts processinignies of the dataset.

In order, to have such a trigger, the system should have someasét way of deciding if an
event is worth keeping. Due to the fact that the reaction time of BaF, crystals to a photon
is much faster than Csl crystals, there has to be a two stage dgsion making software that
can quickly sample the data available and decide whether anvent is worth writing to disk.



The rst stage (rst level) trigger uses hardware to quickly count the number of separate
photons that are detected in the fast respondingBaF, crystals. If enough photons are
detected in the rst level trigger, then the decision making software checks on the number
of photons that have been detected in the Csl crystals of the @stal Barrel, which have
had time to fully respond. The FAst Cluster Encoder (FACE) is a cellular logic circuit that
uses a voltage based descriminator to make a decision on thé&s of the signal from each
Csl crystal in the Crystal Barrel and counts the number of sefrate photons detected. This
trigger takes approximately 4 s to decide whether to keep an event and approximately 5
s to reset the system if it does not record the data and 5-10 ms tavrite an event to disk.

My task is to measure what the FACE energy threshold for each gystal is. When FACE
samples the readouts from all the Csl crystals and counts theaumber of possible photons
that have been detected during the event, it relies on the valge of a discriminator to
decide if the energy deposited in a crystal is large enough tbe a photon that could have
come from a meson. If the signal from a crystal is too low then lie circuit does not report
that a photon has been detected. Therefore, my task is to usehe reconstructed energy
that is a result of the calibration described in the previoussection and compare that to the
decision by FACE.

After data has been taken by the experiment, the photons thatthe Crystal Barrel
crystals detected are reconstructed using the full energy arrection described in the last
section and then histograms are created for each crystal wit the reconstructed energy that
was detected when FACE signaled there is a photon. The resulg histogram looks like
the histogram in Figure 6.
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Figure 6: Reconstructed Energy Deposits in Crystal 928 . Reconstructed from data

taken June 2008.

The desired result is to have the energy deposits start betwen 15 MeV and 20 MeV. In
other words, when this crystal reports a detection of a photam, it should be at least 15 to
20 MeV in energy. This 16 MeV is large enough not to include thenatural noise from the
crystals and not to report some of the lower energy photons adh particles that probably
came from an electromagnetic reaction and 20 MeV is small enmgh to not miss the high
energy photons that are desired. This is done for every cryst and the threshold values
cause histograms to look similar to the histogram in Figure 6

When quantifying this threshold, | de ne that the threshold is 80% of the maximum
value in the histogram at an energy less than the maximum, whih is a good indicator of
where FACE normally decides to report a photon. When this nunber is plotted for each
crystal, | nd that these values cluster close to 17 MeV with a few exceptions. In Figure 7,
these values are plotted for each crystal between crystal maber 560 and 765. As can be
clearly seen, almost all of the crystals fall in the acceptale range except crystal 762, which
will need to be adjusted.
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Figure 7: Thresholds for Crystals 560-765 Should be between 15 MeV and 20 MeV.
Optimally around 16 MeV

The FACE thresholds are important to know for many reasons. The data is used to
adjust the voltage on the discriminators for future data taking events and also used in
Monte Carlo simulations to model how the voltages on these dgcriminators a ect the data
that is recorded.

5 Data Analysisof p ! p ° todetermine P,

Using equation 1, the double polarization observableP, can be isolated from the rest of
the observables resulting in the equation

@) @) @ ( @y @o
+ =4 == P 5
@x @x @x @x @x 7 ©)
, where) and! describe the polarization directions described in \equaton” 3, is the

degree of circular polarization of the beam and , is the degree of polarization of the target.
The , factor in equation 5 can be expanded to incorporate the diluton factor. There-
fore we de ne

z = Dt Prarget (6)
, Where D¢ is the dilution factor and Piarget is the degree of polarization of the polarizable
protons.

6 Analysisof p ! p todetermine the polarization observ-
able E

Recently, | carried out an analysis on the reaction p ! p , which is very similar to the
analysis described above. In the case of a single meson in theal state, the notation is

slightly changed due to historical reasons. The equation fosingle and double polarization
observables in a single meson reaction is

@ _ @o
@Cm @Cm

fi+ ( xF+ T 2E)

+ (cos2 xH sin2 yP cos2 :Gsin2 )g (7)
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Where (linear) and (circular) is the degree of polarization of the photon beam ad ;
is the degree of polarization of the target in the given cartsian coordinate. ;H;F;T;P;G;
and E are the polarization observables.

The observableE is analogous to theP, observable for the two meson reaction described
in equation 1. When we apply the polarizations needed to mease the observableE
(circular beam polarization  and longitudinal target polarization ), the above equation
simpli es because all other polarizations are averaged to ero. After isolating the desired
observable(seeAppendix F: Isolating E), we have the equation:

@ ¢ @y _5 @o

@cm @cm @cm

Notice that this equation, which is analogous to equation 5,is much simpler. This is due
to the fact that there is no beam asymmetry that arises from just a polarized beam, which
negates the need to change the orientation of the target. Tts property of the p ! p
reaction makes it an ideal candidate to illustrate the nuanes of the full p ! p © analysis
to be done for my dissertation while still being simple enougy to perform with the data and
tools available.

In order to show this polarization observable, | selected tle data taken from December
9, 2007 to December 18, 2007 which was taken with a circularlyolarized photon beam
that alternated in its polarization direction every few seconds and a longitudinally polarized
Butanol target (polarized in the opposite direction of the beam momentum) with an incident
electron beam of 2.4 GeV. To select thg nal state from the data, | started with all the
events in which 1 charged particle and 2 photons were detecte This selection allows us
to select the possible events that came from one proton and @ meson, since ! 2 is
one of the three main decay modes of the meson.

In order to further select specically the p ! p events, | applied kinematic cuts.
Initially | applied a timing cut, that requires that the part icles detected have the correct
timing to have come from the same reaction, and calculated tk invariant mass of the
two photons (Figure 8). If the invariant mass of the pair of charged particles is close to
the well known invariant mass of the meson, that event has a very good chance of being
a desired event. Therefore all events that do not have an invaant mass of the pair of
uncharged particles between 500 and 600 MeV are cut out of thanalysis.

After these cuts, there are still a very signi cant number of events that are not the
desired p ! p events. In order to further reduce the number of these backgrund events,
more kinematic cuts are applied. First, to ensure that all the particles came from a common
vertex, a coplanarity cut is made. Finally, to ensure that the charged particle is a proton,
all the known 4 vectors are solved to reveal the invariant mas of the charged particle. The
invariant mass of the charged patrticle in the resulting anaysis is given in Figure 9. The
nal kinematic cut is made by requiring that this invariant m ass in Figure 9 is between 876
and 1000 MeV (938 62 MeV). All the cuts resulted in 39,539 events with an estimaed
5.2% background (calculated from Figure 8).

The resulting data set was then separated into the positive klicity events ()! ) and
negative helicity events () ) and plotted against the energy of the incoming photon that
created the reaction. Since the data being analyzed was takeunder the same experimental
conditions with equivalent photon ux, the acceptance and eciency factors in the partial
cross sections are all the same and therefore be canceled iach term of equation 8. The
resulting simpli ed equation for E is given below.

: E C)

N( N!( =2(N( +N!( ) ; E (9)
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Figure 9: Invariant Mass of the charged particle

Therefore the helicity di erence E is proportional to the count di erence between the two
helicity states. The count di erence is presented in Figure10.

This di erence of counts shows that there is de nitely a polarization observable to be
measured using this method and experimental setup. The larg di erence around 850 MeV
is due to the dominance of anS;; state in that energy range[9].

7 Summary

During this prospectus of dissertation, | have described tle experimental and analysis meth-
ods to measure the double polarization observabl®, associated with the photoproduction
reaction p ! p 9 . This analysis has the potential to be very useful in isolathg the
higher mass resonant states of the nucleon that have beeniiisive so far due to signi cant
entangling between states.

While explaining this analysis, | also detailed my own e orts to advance the CBELSA
TR16 experiment in Bonn, Germany through my energy calibration duties. The energy
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Figure 10: Count di erence due to the helicity di erence in p! p .Calculated from
data taken from December 9, 2007 to December 18, 2007 at the Y&tal Barrel Experiment

calibration of the Crystal Barrel detector is of direct importance to analysis since the
results of any analysis are directly dependant. Also, | am reponsible for the threshold
values of the Crystal Barrel detector of the FAst Cluster Encoder (FACE), which decides
which events during datataking are worth recording.

Finally, 1 outlined and showed the results of an analysis of he double polarization
observableE, which is equivalent to P, , in the photoproduction reaction p ! p . This
analysis is very similar, yet much simpler, to the analysis vinich | will undertake for my
dissertation. The results show how there is a signi cant signal and how this signal is a
direct consequence of the expression of a dominant resonastate.
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Appendix A: ELSA

Figure 11: ELSA University of Bonn, Bonn, Germany [7]

ELSA is a synchrotron accelerator that is capable of deliveing a polarized electron
beam from 0.5-3.5 GeV. The accelerator is composed of two liae electron accelerators
(LINAC), which can accelerate electrons from either a polaized or a non-polarized electron
source. These electrons are then injected into a booster sghrotron that will accelerate the
electrons up to 1.6 GeV and are in turn injected into the main g/nchrotron where they are
accelerated to energies up to 3.5 GeV. For extraction to the xperiment area, a \scrapper"
magnet is used to slowly de ect electrons.

The production of longitudinally polarized electrons are produced by illuminating a
photocathode with circularly polarized photons [8]. Thesecircularly polarized photons are
a product of transmitting laser light through a pockels cell. This method of producing
polarized electrons allows for the rapid switching of the diection of the polarization of the
electron beam which will be used in creating a photon beam thiawill be rapidly switching in
its polarization direction. This ability will ensure the eq ual distribution of each polarization
setting in the nal analysis.

The overall degree of polarization of the electrons to the eperimental area is reported
by ELSA to be 72:3% 0:5% [7].
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Appendix B: Tagger

The Tagger detector consists of 96 scintillating bars of vaying width and 480 scintillating
bers arranged in two layers that are arranged in such a way asto detect the position of
an electron. This scintillating detector is used in conjundion with a dipole magnet that
alters the trajectory of the electron. This setup is capableof tagging the beam photons
in the experiment from 95% to 18% of the original electron bem energy with an energy
resolution of 0.2% and 2.2% respectively. The Tagger deteot is shown in Figure 12.

After the incoming ELSA beam electron encounters the radiabr and undergoes a Brem-
strahlung reaction, the nal state particles of the Bremstr ahlung reaction are a high energy
photon and an electron. The QED solution indicates that these two nal state particles
will be emitted primarily collinear to the incoming electro n and the nal state electron is
traveling parallel to the photon when it encounters the magretic eld. As a result of the
Lorentz force, the electron's path is then defected horizotally into a set of scintillating
bers, which detects the position of the electron and also isdetected by a set of scintillat-
ing bars that are positioned behind the bers. By registering the position of the electron
after being de ected by the magnetic eld, the kinetic energy of the electron is known.
By requiring a coincidence hit in the scintillating bars at t he same place, the background
is suppressed. This method allows photons between 18% and %@bto be tagged with an
energy resolution of 0.5 MeV for photon energies at highest lpoton energies and 30 MeV
at the lowest photon energies. [4]

Figure 12: Tagger Detector

Appendix C: M ller Polarimeter

The M ller Polarimeter consists of one polarized radiator and 4 detectors that detect elec-
trons at 90 degrees in the center of mass frame when an incidefeam electron from
the ELSA accelerator interacts with one of the polarized eletrons in the radiator of the
polarimeter. This detector is based on M ller scattering ,which is the scattering of two
electrons to produce two electrons in the nal state @ e ! e e ). In order to detect
incident ELSA beam polarization, the cross section is paramterized to re ect the beam
asymmetry of the process.

@@Cm = @@C?n (1 + aj ( Cm)Pti)eam Ptjarget) (10)
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Where @@ﬁ is the di erential cross section, @Cfn is the unpolarized di erential cross sec-
tion, Pt‘,eam is the degree of polarization of the beam electron in theth (x,y, or z) direction,
Ptjarget is the degree of polarization of the target electron in thej th (x,y, or z) direction,
and a; ( cm) is the coe cient that is a function of the direction of both b eam and target
particles and the center of mass angle. Through the solutionn Quantum Electrodynamics,
we can determinea; ( cm) and use the solution to maximize the beam asymmetry. The
solution indicates that for a longitudinally polarized beam electron, the target electron
should have longitudinal polarization and the detector shaild be placed at 90 degrees from
the beam axis in the center of mass frame. The M ller Polarimeer is presented in Figure
13.

Figure 13: Moller Polarimeter

To fully utilize this method, equation 10 can be solved for the polarization of the
incoming beam using the fact that the needed measurements armade under the same
experimental conditions.

N N 1

= PZ 11
Ny + N, azz( cm) Pérget beam (11)

N is the number of scattered electrons detected during the ingtated polarization condi-
tions. The rst arrow in N indicates the direction of polarization of the beam electram
and the second arrow indicates the direction of polarizatio of the target electron. Using
the QED solution for a;;( cm) at 90 degree center of mass, we can now directly measure
the polarization of the beam electrons coming from ELSA.

Appendix D: Frozen Spin Target

In order to have longitudinally polarized protons, the target must have a large number of
hydrogen atoms that are bound to a larger molecule. This is de to the fact that unbound
hydrogen atoms, for instance in a liquid hydrogen target, ae very dicult to polarize
and maintain. For this experiment, Butanol (C4HgOH) is being used for its favorable
polarization characteristics.

The machinery to create polarized protons with the Bonn frozn-spin Butanol target
has two main divisions. The rst task is to achieve a polarized target. The target is rst
placed in a 5 Tesla magnetic eld outside the main detector aray, which polarizes the
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electrons in the target and begins to polarize some of the ndeons. To speed the process
of polarization, microwave radiation is then introduced to transfer the polarization of the
electrons to the nucleons in the hydrogen atoms. Since thissinot a favorable energy state,
the target must be cooled to cryogenic temperatures to \frege" in the polarization. The
target material is therefore cooled to about 50 milliKelvin.

The second task is to transfer the polarized target to the daa taking position while
providing a mechanism that will maintain the polarization. This is done via the target
infrastructure presented in Figure 14. A 0.5 Tesla supercoducting coil is placed around
the target material to \hold" the polarization and then a mix ture of liquid Helium-3 and
Helium-4 is pumped around the target to maintain the 50 mK temperature. In this state,
the target material can remain above the 70% polarized threkold for up to 200 hours.
After the polarization reaches the minimum threshold, the target is then placed back into
the polarizing machinery to repolarize. The speci ¢ details of the Bonn frozen-spin Butanol
target are given in Table 1.

liquid helium supply butanol superconducting
target holding coil

\.»

100 mm

Figure 14: Frozen Spin Butanol Target

Material C4HoOH
Dilution Factor 2
Length 18:8 0:15mm
Diameter 2cm
Density (e .) 0.57 g=cn?
Mean polarization 70%
Time for Polarization 4-6 h

Target area density 862 0:24 10%%=cn¥

Table 1: Parameters for the Bonn frozen-spin Butanol target
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Appendix E: Isolating P,

Using the equation for two psuedoscalar meson photoproduan given in equation 1 and
setting the linear photon beam polarizations (|) to zero along with the unneeded target
polarizations( y, ), we obtain the equation

@ _ @o :
@x = @f 1+ PH+ (I + P)a (12)
The geometry of the coordinate system of this reaction is seby the direction of propa-
gation of the initial beam photons. The helicity of the beam photon in the same direction
as it's movement is de ned to be a positive helicity, while a helicity anti-parallel to the
direction of motion is de ned to be negative. This same coorihate system is also used to
de ne the polarization of the target. A polarization of the t arget parallel to the propagation
of the beam is de ned to be positive and and anti-parrallel is ce ned to be negative.
Using this convention, the polarization directions can be gplied giving
@) @o

% " @t Pt (xR (13)
%{:%’i’(f(u P (1 + P9 (14)
@@!,D(x :g;’(f(l P+ P, )g (15)
%(:g:(f(l Pl 2P, )9 (16)

and added and subtracted to give

@ @), ,@ @y =4@
@x @x @x @x @x

Equation 17 indicates that all four polarization settings must be used to determine this
polarization observable. This is in contrast to the simpler equation for E in equation 8.
This is due to the fact that there is a polarization observabke | , which arises due to only
a beam polarization. In the single meson reaction, the symntey of the reaction is such
that there can be no di erence in the cross section due to justa beam polarization, but in
two meson reactions, the presence of the additional parti@ breaks this symmetry.

2 P, (17)

Appendix F: Isolating E

Using the equation for single pseudoscalar meson photopradtion given in equation 7 and
setting the linear photon beam polarizations () to zero along with the unneeded target
polarizations( y, ), we obtain the equation

@ _ @o
@Cm @Cm

The geometry of the coordinate system of this reaction is seby the direction of propa-
gation of the initial beam photons. The helicity of the beam photon in the same direction
as it's movement is de ned to be a positive helicity, while a helicity anti-parallel to the
direction of motion is de ned to be negative. This same coorihate system is also used to

f1 ( B)g (18)
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de ne the polarization of the target. A polarization of the t arget parallel to the propagation
of the beam is de ned to be positive and and anti-parrallel is & ned to be negative.
Using this convention, the polarization directions can be gplied giving

@ _ @Ofl

@ @ont 2 B (19)
@ _ @o
@m  @on t 1 2L B (20)

By subracting these two equation, we obtain

@ ¢ @y _ 5 @o

@cm @cm @cm ‘

E: (21)
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