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Abstract

The BGO-OD experiment, located at the electron stretcher facility ELSA in Bonn, is constructed for
the study of meson photo-production reactions off the nucleon. The two main detector parts of the
experimental setup are a central electromagnetic BGO calorimeter covering most of the solid angle and
a magnetic spectrometer enclosing the most forward angles. This combination allows the detection of
complicated mixed, charged and neutral, final states over almost the full solid angle and is optimised for
the investigation of low momentum transfer processes at extreme forward angles. Physics proposals for
the BGO-OD experiment include the measurement of the photon beam asymmetry X in different decay
channels.

The highly energetic photon beam is produced from the electron beam of ELSA via the process of
bremsstrahlung. Due to the continuous energy spectrum, the energy of the produced bremsstrahlung
photon is a priori unknown. The energy E, corresponds to the difference between the energy Ey of the
incoming electron beam and the energy E - of the post-bremsstrahlung electron. With a detector setup
known as a photon tagger, consisting of a dipole magnet and a scintillator hodoscope, it is possible to
measure the momentum of the post-bremsstrahlung electron and therefore to determine the energy of
the produced bremsstrahlung photon.

The hodoscope of the BGO-OD photon tagger is designed, assembled and commissioned within
this thesis. An energy range from 10%E to 90%E, is covered with 120 plastic scintillators. The
energy width of two adjacent scintillators ranges between 0.55%FE( and 2.28%FE,. Since the post-
bremsstrahlung electrons are detected with a time resolution of better than 210 ps, the tagger system
also provides the time reference for the BGO-OD experiment.

Using a linearly polarised photon beam allows the measurement of the photon beam asymmetry. A
linearly polarised photon beam can be achieved through coherent bremsstrahlung off a diamond crys-
tal properly aligned with respect to the incoming electron beam. For the alignment of the crystal, the
Stonehenge technique [[I]] performed with a goniometer system is made operational at the BGO-OD
experiment within this thesis and has been successfully used since November 2014. Additionally, the
C++ based program called COBRIS [2]] used to determine the degree of polarisation of the produced
bremsstrahlung photon beam is further improved. A more precise calculation of the degree of polarisa-
tion and the determination of its error based on the uncertainty of the input parameters is now possible.

A cross check on the determination of the degree of linear polarisation is performed through the
measurement of the photon beam asymmetry in 7° photo-production off the proton. The results are
compared to calculations of the Bonn-Gatchina partial wave analysis [3]], which is a representation
of existing accurate measurements. The energy range from 1100 MeV to 1500 MeV was studied, in
which the expected degree of linear polarisation amounts to at least ~ 10%. From the comparison
of the extracted photon beam asymmetries with the BnGn calculations it can be concluded, that the
determination of the degree of linear polarisation is accurate at least within the errors of the extracted
beam asymmetry. The relative error on the degree of polarisation derived from the error of the photon
beam asymmetry is in the order of 10%. A more likely relative error of the degree of polarisation of
1% — 2% is determined from COBRIS.
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cHAPTER 1

Introduction

Yukawa postulated in 1935 that the short range nuclear force can be explained through the exchange of
a spinless and massive particle between the nucleons. Since the range of the nuclear force was known,
the mass of the exchange particle was predicted to be ~100 MeV. This particle is nowadays called 7.
The charged m was directly detected for the first time in cosmic rays by Cecil Powell in 1947. As soon
as it was realised that pions can be produced in nuclear reactions using accelerators, several experiments
were setup to characterise the 7. Subsequently pion beams were used to perform pion scattering experi-
ments off the nucleon to investigate the nuclear interaction. However, due to the intrinsic negative parity
of the pion, it was not possible to access both parity states of excited nucleons which can be overcome
by the use of real photon beams.

A common technique to produce real highly energetic photons is the process of bremsstrahlung off
a nucleus. Via the process of coherent bremsstrahlung off a crystal also linearly polarised photons can
be achieved. The complication of the bremsstrahlung process is its continuous energy spectrum. In
the early stages, the energy of the bremsstrahlung photons could not be measured during the operation
of the photo-production experiment, but only in dedicated photon flux measurements. The energy of
the incoming bremsstrahlung photon and therefore the initial state of the photo-production process was
unknown. Hence it was necessary to perform exclusive measurements, in which all particles of the final
state of the reaction are detected.

An event-by-event based energy determination was possible with the development of high duty cycle
electron accelerators and the design of a detector system called photon tagger. A photon tagger allows
the determination of the energy of the produced bremsstrahlung photon event-by-event through the
measurement of the momentum of the corresponding post-bremsstrahlung electron. Furthermore it
is possible to determine the degree of linear polarisation of photons being produced via the coherent
bremsstrahlung process through the measurement of bremsstrahlung spectra with the photon tagger.

The main part of this thesis documents the production and the commissioning of the photon tagger
system as well as the production of linearly polarised photons, and the determination of their degree of
polarisation for the currently operating BGO—OdIl meson photo-production experiment located at the
electron stretcher accelerator ELSAP

The total photoabsorbtion cross section off a proton target is plotted in figure [I.T] (red full circles) in
dependence of the incoming photon beam energy (bottom axis) or, equivalently, of the square root of
the Mandelstam variable s (top axis). Selected single and double meson final state cross sections are
additionally shown. Enhancements in the cross section, which appear at specific values of the Mandel-
stam variable s, are visible for example for the pr° (blue full squares) and pn (yellow full diamonds)

! Bismuth Germanate Oxide-Open Dipole
2 ELectron Stretcher Accelerator



Chapter 1 Introduction

final states. It may be assumed that in the energy regions of the enhancements the final state particles
are produced through the excitation of the target proton and its subsequent decay. For other final states,
for example for AK* photo-production (black empty circles), no outstanding structure is present in the
total cross section. This behaviour may be explained instead through a dominant contribution of the
t-channel exchange term.
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Figure 1.1: Total photoabsorption cross section off the proton [4] and total cross sections for selected final states

[3H]-

The measurement of total and differential cross section is already a powerful tool to understand and
characterise the dominant s- and t-channel mechanisms for a specific photo-production channel. To
gather information concerning the non-dominant terms, the measurement of polarisation observables is
required. Polarisation observables can be measured by the use of a polarised incoming photon beam, by
the use of a polarised target and / or by the measurement of the polarisation of the recoiling baryon. In
pseudo-scalar meson photo-production, 15 polarisation observables listed in table[I.T]can be measured.
For a model independent description of meson photo-production processes, the differential cross sec-

Photon Target Recoil Target-Recoil
Xy Z |\X X X vy v vy 7 7z 7
X y z X oy b4 X y z x Yy Z
Unpolarized % - T - |- P - Ty - L, - X - Ty, - Ly
Linearly z H P G|Oy T Oy |Ly Cy, Ty, G o F Ly Cy Ty
Circularly - F - E|Cyh - Cyp |- Oy - E - H - Oy -

Table 1.1: The 15 polarisation observables in pseudo-scalar meson photo-production.

tion, the three single-polarisation observables X, T and P, and four carefully selected double-polarisation
observables have to be measured according to [[10].

The single polarisation observable Z, called photon beam asymmetry, can be measured by using a
linearly polarised photon beam. The polarised differential cross section in dependence of the degree of



polarisation P,; and of the photon beam asymmetry X is given by

do pol dO'() unpol
(d—Q) = (d_Q) |1 = Pyu(E))S(E, g) cos 29|, (1.1)
with the energy of the incident photon E,, the polar angle of the final state meson in the centre of mass
system 677"* and the azimuthal angle between the reaction plane and the incident photon polarisation
vector ¢.

A demonstrative illustration of the photon beam asymmetry X is given in [11]], by an equivalent mech-
anism present in semi-inclusive deep inelastic scattering, with different degrees of freedom involved
[12]]. The origin of the cos 2¢ dependence of the cross section in pseudo-scalar meson photo-production
using linearly polarised photon beams is ascribed to the spin-orbit interaction. The interaction appears
between the spin of the final state baryon and the angular momentum of the final state meson. Depending
on the potential V = Vjy + Vg LS, the photon beam asymmetry X will be different from zero.

The photon beam asymmetry X is of special interest in this thesis, as it is used to perform a cross
check on the determination of the linear degree of polarisation of the produced photon beam. Therefore
the photon beam asymmetry X is determined in the final state p + 7° measured with the BGO-OD setup,
and compared to the BnGn solutions [J3]].

Experimental data provided by single- and double-polarisation experiments performed at BNIEl and
GRAALEl and currently operating at ELSA, JLABEl MAM]ﬁ and SPring—Eﬂ are used, for example by
partial wave analysis (PWA) to determine excited baryon states [I3]]. Table shows a list of newly
added or further confirmed excited baryon states in the PD(ﬂ booklet. Large Hadron Collider beauty

PDG 2010 | PDG 2012
N(1860)5/2* e
N(1875)3/2~ ok
N(1880)1/2* o
N(1895)1/2~ o
N(1900)3/2* ok HHH
N(2060)5/2~ ok
N(2150)3/2~ ok
A(1940)3/2~ % e

Table 1.2: Newly added and confirmed baryon states in the PDG from 2012 compared to 2010. * = Evidence of
existence is poor, ** = Evidence of existence is only fair, *** = Existence ranges from very likely to certain, but
further confirmation is desirable and/or quantum numbers, branching fractions etc. are not well determined, ****
= Existence is certain, and properties are at least fairly well explored.

experiment The pattern of the baryon spectrum opened several questions which changed the point of
view on the structure of the excited states. Why is the lowest positive parity excitation of the nucleon,
N*(1440)1/2*, lighter than its negative parity counterpart, N*(1535)1/2~? Why is the A(1405)1/2~

3 Brookhaven National Laboratory

4 Grenoble Anneau Accelerateur Laser
5 Jefferson Laboratory

6 Mainzer Microtron

7 Super Photon ring-8GeV

8 Particle Data Group



Chapter 1 Introduction

lighter than the N*(1535)1/27, while the X(1620)1/2~ is heavier? Discussion exist for several years if
for example the A*(1405) may be described by a genuine 3-quark object or a more complicated struc-
ture. Further interest is raised by recent observations of resonant states, which can not be interpreted as
genuine gg mesons or ggq baryons. On the contrary, their quantum numbers are compatible with ones
of systems built by gqgg or gggqq combinations. In the high energy region, this kind of states has been
recently observed in several experiments:

the first one, called X(3872) was observed by Belle in 2003 and was initially interpreted as a loosely
bound DD* molecular state . Several new states have been discovered by Belle, BaBarﬂ BES Hﬂ
CDFE| etc., opening a recent field of research, namely the X,Y and Z meson sector.

Even more recently, the LHCbE| collaboration observed a resonant state in the Ag — J/WK™ P decay,
interpreted as a pentaquark [[15]).

The observation of all these states opened an intense discussion concerning their interpretation: some
models would describe the newly discovered resonances as tetra(penta)-quarks; some others find a better
description by the use of a molecular meson-meson(meson-baryon) bound state.

In the lower energy regime (< 3 GeV), hints for baryon-meson molecular states were also found at the
CBHELSA/TAPSEl experiment in the KX final state . A large drop in the K°Z* cross section was
observed for small polar angles and at energies close to K**X* production threshold. One hypothesis is
that a K* is produced virtually in the t-channel mechanism and interacts at low momentum transfer with
the produced hyperon until the K* decays into a K and a rescattered 7 (see figure . Once the KX+
threshold is reached, real K are produced and do no longer “feed” the K° channel anymore.

ff
~
*
:

=

P-----

N

e
N

Figure 1.2: Subthreshold K* production with subsequent coupling into the KX or KA channel through neutral or
charged r rescattering.

The BGO-OD experiment is a newly commissioned meson photo-production experiment located at
the electron stretcher facility ELSA in Bonn. It is assembled to study possible molecular baryon-meson
states and to engage in the search for missing resonances with a broad variety of physics proposals.
Many of them include the measurement of the photon beam asymmetry X and extended studies for
associated strangeness photo-production.

The experimental setup includes two main detector parts: a central electromagnetic BGO calorimeter
and a magnetic spectrometer including an open dipole magnet covering the most forward angles. This
combination allows the detection of complicated mixed, charged and neutral, final states over almost the
full solid angle and is optimised for the investigation of low momentum transfer processes at extreme
forward angles.

° B and B-bar
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The electron beam provided by ELSA is used to produce a highly energetic photon beam via the process
of bremsstrahlung. The process of incoherent bremsstrahlung off an amorphous radiator as well as the
one of coherent bremsstrahlung off a crystal is presented in chapter 2.

Since the bremsstrahlung spectrum is continuous, a detector setup called photon tagger is required to
determine the energy of the produced bremsstrahlung photons. In the third chapter, the ELSA facility,
the principle of the photon tagger and its components, and the BGO-OD experiment are introduced.

Within this work, the photon tagger is designed, assembled and commissioned. The steps of the
production and the commissioning of the photon tagger are documented in chapter 4.

The measurement of the photon beam asymmetry X requires the use of a linearly polarised photon
beam. The details of the procedure for the production of the linearly polarised photon beam through
coherent bremsstrahlung and the determination of the polarisation degree are presented in chapter 5.

A cross check of the determination of the produced photon beam’s degree of polarisation is performed
through the measurement of the photon beam asymmetry X in 7° photo-production off the proton. Res-
ults from the analysis of the data sample taken in June/July 2015 are shown and compared with BnGn
calculations in chapter 6.






CHAPTER 2

Bremsstrahlung

Photo-production experiments like the BGO-OD experiment use a highly energetic photon beam. A
commonly used photon beam production mechanism is the process of bremsstrahlung of an electron
beam.

In this case, electrons passing through material get decelerated and lose their energy by emitting
bremsstrahlung photons. Because of four momentum conservation, the presence of a third particle (e.g.
a nucleus), which takes the recoil momentum, is necessary. Figure 2.1]shows the lowest order Feynman
graphs for the process of bremsstrahlung.

Figure 2.1: Feynman graph of lowest order for the bremsstrahlung process.

The electrical field vector of the bremsstrahlung photon lies in the plane which is spanned by the
recoil momentum and the momentum of the incident electron. If an amorphous radiator is used for
the production of incoherent bremsstrahlung, the distribution of collisions and the orientations of the
recoil are isotropic meaning that no scattering planes are preferred. This leads to no effective linear
polarisation of the photon beam. Taking advantage of the coherent bremsstrahlung process by using a
crystal instead of an amorphous radiator, production of linearly polarised photon beams is possible.

In this chapter the kinematical conditions and the cross section for the incoherent bremsstrahlung
process will be presented first. Subsequently, the modification of the cross section for coherent brems-
strahlung followed by the determination of the photon beam degree of polarisation will be illustrated.
Since the degree of polarisation depends strongly on the orientation of the crystal with respect to the mo-
mentum of the primary electron beam, the necessary conditions of the crystal’s orientation are described
at the end of this chapter. The description of bremsstrahlung kinematics and cross sections is a complic-
ated topic and therefore only the main formulas will be given. Detailed derivations and calculations can

be found in [[I7]], and [[19].



Chapter 2 Bremsstrahlung

2.1 Incoherent Bremsstrahlung

2.1.1 Kinematics

For the bremsstrahlung process on a generic scattering partner N

e +N—e +N+v,

the energy-momentum conservation can be written as

ol

2.1)
2.2)

o=E+k+T
ﬁ+E+§

pS
Il

where:

Ey, P, = energy and momentum of the incident electron
E, p = energy and momentum of the outgoing electron
k, K = energy and momentum of the bremsstrahlung photon

T,§ = recoil energy and momentum of the scattering partner.

X

For recoil momenta of ¢ ~ mc, the recoil energy of T = ¢?/2My ~ 107> MeV can be neglected.
However, the kinematically allowed range of the recoil momentum is very important for the coherent
bremsstrahlung process of a crystal (see section[2.2). In the following, the limits of the recoil momentum
are going to be deduced. Due to rotational symmetry with regard to the direction of the incident electrons
it is possible to split the recoil momenta into longitudinal and transversal components, ¢; and g;, which
is shown in figure 2.2}

q; = po — pcosh, — kcost (2.3)
q,2 = p2 sin® 6, + k% sin” 6 + 2pk sin 6, sin Gycosy 2.4)
with:
O = L(Po, P) (2.5)
O = L(Po, k) (2.6)
v = £(Bo, B)(Po. ) @.7)

For highly energetic electrons, the produced bremsstrahlung photons will be emitted at small angles
in forward direction. For 6, = 6; = 0, the transversal component of the recoil momentum tends to zero,
while a sharp lower limit for the longitudinal component is obtained. This limit depends on the energy
of the incident electron and of the emitted bremsstrahlung photon. The following approximation can be
made[l for high energies

1
p = VEX-1 ~ E_ﬁ for (Eo, E > 1). (2.8)

Using the relative photon energy x = ELO, the lower recoil boundary for the longitudinal component can

! The units which are used are given in the appendix



2.1 Incoherent Bremsstrahlung

Figure 2.2: Kinematic of the bremsstrahlung process split into longitudinal and transversal components.

be expressed through

. 1 X
6 = gj'" =

= — . 2.
2Ep01 —x 29)

Replacing 6; by the characteristic opening angle Hﬂ: m./Ey in equation applying small angle
approximation and neglecting g compared to pg, p and k, the electron emission angle is given by

3 k _1 X
" EEy Eyl-x

(2.10)

e

Using the relativistic approximation p = E, an upper limit for the longitudinal recoil component is

obtained .
max X
N — = 20(x). 2.11
a ey =200 @.11)

The transversal component has its maximum at = 0 and its minimum at 8, = 8; = 0. The boundaries

0Sq,$2x

are obtained for g;.
A more precise calculation of the recoil momentum limits can be found in [[I7]]. In the following the
results are summarised. The maximum transversal recoil momentum

g = \2Eo(q; — 6(x)) (2.12)

leads to the more precise recoil momentum limits

(qmax)Z 6()6)
6(x)+2t—EO << — (2.13)
0<gq <1=qg". (2.14)

The approximated recoil momentum limits as well as the more precise calculations from [[I7] are il-
lustrated in figure 2.3] These limits describe the kinematically allowed region of the bremsstrahlung
process called pancake (see [20]]). For a fixed longitudinal recoil momentum, a maximum relative
photon energy for which the total recoil momentum is still lying in the kinematically allowed region is

2 Half of the intensity is emitted in a cone with a half angle of the characteristic angle 0, = m./Ey
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SRS

Figure 2.3: Schematical representation of the kinematically allowed region of the bremsstrahlung process. The
grey box indicates the allowed region for q; and q, according to the approximation. The allowed region for q; and
q; according to the precise calculation is shown by the hatched shape. Since ¢q; << g, the q,-axis is strongly
compressed.

given by
o = 2Eoq;
d 1+ 2qul'

The cross section falls to zero if the relative photon energy is higher than x,.

(2.15)

2.1.2 The incoherent Cross Section

Generally, the cross section of a scattering process of an electron off a nucleus with electromagnetic
charge Z is described by
IMifI2 - phase space factor
o =

2.16
time - particle flux ( )

|M;z| denotes the matrix element, which describes the probability of the scattering process. According
to [[I8]], the cross section for incoherent bremsstrahlung is

o _ a EoEpk 1 2 |Mif|2 (2.17)
dkdQdQ,  (27)* po \mc
and writing explicitly |M; f|2, one gets
Lo azr? pasin®fy 2sin®0
B _ o P (4E? - 2)0—(4E2—q2)L
dkdQdQ,  4n? kpog* (Eo — pocos 6p)> 0 (E — pcos 6)?
2 in fpsin 6

T (AEGE - @ + 2k%)—2Pop Sin fosin fcos ¢ (2.18)

(Eo — pocos 6p)(E — pcos 6)

+ 2k?

pésinzeo + p*sin6
(Eog — pocos 8p)(E — pcos ) |

10



2.2 Coherent Bremsstrahlung

with:

a = Electromagnetic coupling constant
ro = Classical electron radius
po, E9y = Momentum and energy of incident electron
p, E = Momentum and energy of scattered electron

k = Energy of the bremsstrahlung photon

q = Transferred recoil momentum

6y = Photon opening angle

6 = Scattered electron opening angle

¢ = Angle between py and p.

This is the Bethe-Heitler cross section. The cross section shows a dependency on the fourth power of the
recoil momentum. Hence, small recoil momenta contribute to the cross section more than high recoil
momenta. This dependency will be important for the coherent bremsstrahlung process off a crystal. An
integration over all emission angles leads to the spectral distribution

dk E 2E0E\ 1

2 0

—— In -=. 2.19
()] @19

Ey E

— +
E Eo—%

d =47?
OB.H. aaq X 3

In first approximation the bremsstrahlung spectrum is proportional to 1/k.

The Bethe-Heitler cross section is derived under the assumption of a pure Coulomb potential gener-
ated by the electromagnetic charge of the nucleus. It has to be considered that the nucleus is screened by
the shell electrons and hence, the proton number Z has to be replaced in the Bethe-Heitler cross section
by Z[1-F(q)]. The formfactor F(q) describes the charge distribution of the shell electrons and thus the
screening of the nucleus. F(q) is given by

F(g) = f o(Pe T dr. (2.20)

A detailed discussion about the consideration of screening especially on the coherent bremsstrahlung
cross section by using various parametrisations for the formfactor is available in [21]].

2.2 Coherent Bremsstrahlung

Linearly polarised photons can be obtained via the process of coherent bremsstrahlung using a crystal-
line radiator which has a periodical arrangement of atoms. Due to the lattice structure of a crystalline
radiator, the cross section is modified. The degree of polarisation depends strongly on the orientation of
the crystalline radiator relative to the primary electron beam.

2.2.1 Kinematics

The periodic arrangement of the atoms in the lattice of a crystal radiator allows, under proper conditions,
constructive interference between the bremsstrahlung amplitudes of individual atoms. Similar to the
MoBbauer effect [22]], the recoil momentum gets absorbed practically recoilless by the whole crystal,
with a mass much higher than the mass of a single atom. Hence, the recoil energy can be neglected. This

11



Chapter 2 Bremsstrahlung

process is called “coherent”, since the photon gets produced in a process where many indistinguishable
atoms are involved. Similar to the scattering of X-rays, for recoil momenta which are equal to a multiple
of a reciprocal lattice vector, the process of coherent bremsstrahlung fulfils the Laue-Bragg condition

Gg=n-g. 2.21)

Here ¢ denotes the recoil momentum and g a reciprocal lattice vector. A reciprocal lattice vector de-
scribes a group of parallel planes in position space, while the components of the reciprocal lattice vector
are given by the Miller indices [23]]. As shown in equation[2.18] small recoil momenta contribute more to
the cross section. Hence, small lattice vectors are preferred. As in the case of incoherent bremsstrahlung,
the recoil momenta has to remain within the kinematical allowed pancake region.

2.2.2 The coherent Cross Section

In the bremsstrahlung process, atoms can be kicked out of the lattice and therefore the recoil is not
taken by the full crystal. Additionally, real crystals have already lattice defects. Further deviations from
a periodic structure are caused by thermal excitations which leads to zero-point oscillations of the atoms
in the grid. Consequently, scattering of single atoms is possible resulting in the production of incoherent
bremsstrahlung. Hence, the bremsstrahlung cross section from a crystal has to be written as the sum of

do—crystal = d0 coherent + AT inconerent- (2.22)

The effective cross section is composed of

o the diffraction factor
The Bethe-Heitler cross section is extended by the diffraction factor to describe the coherent
bremsstrahlung off a crystal

don(q) = D(q) - do(§). (2.23)

It considers, that N atoms contribute simultaneously to the scattering process. For a large number
of participating atoms the diffraction factor is written according to [[17]] as

Y e 2rh
D) = (;ﬂ) NBLL -6(qk— i ”). (2.24)
1

a
hi k=

Here a stands for the lattice constant and /; the Miller indices of the reciprocal lattice vector. The
o-function works like the Laue-Bragg condition, which only allows scattering processes, where
the recoil momentum is equal to a multiple of a reciprocal lattice vector.

o the structure factor
Due to the structure of the crystal, contributions of different lattice planes will interfere with each
other. Interference effects are taken into account by the structure factor S (g) which for diamond

is given by
S(é)) — [1 + eiﬂ/Z(h1+h2+h3)][l + eir{(h2+h3) + eiﬂ'(h3+h1) + eiﬂ(h1+h2)]. (225)

Here h; are the components of the reciprocal lattice vector g. The selection rules for the structure
factor are

1. |S(g)| = 64, if h, k, 1 are even and (h + k + 1) can be divided by four.

12



2.2 Coherent Bremsstrahlung

2. |S(g)| = 32, if all h, k, 1 are odd
3. |S(§)| = 0 for all other cases.
Using equations 224 and [2.25] the cross section [2.23]can be written as

2\ N
doy(g) = (;”) 3 [Z IS@)I- 6 - )| - dor(@). (2.26)
gv

the Debye-Waller factor
Similar to the MoBbauer-Effekt, the fraction of the recoilless contribution in the bremsstrahlung
process off a crystal is given by the Debye-Waller factor

f(g?) = e DT 2.27)

The periodicity of the lattice is disturbed by zero-point oscillations due to thermal excitations.
The mean displacement of the atoms in the crystal is described by

3m2c? T (O
AT) = 22 Ny v alw(2)]. 22
() 4Mkb®[ "o (T)] (2:28)

M is the mass of the atom, m, the electron mass, k, Boltzmann constant, 7' the temperature and
® the Debye temperature. lI’(%) is the Debye function, which is defined in as

S T tdt
v(7)=5 o5 =2
0

The incoherent part contributes with (1 — f) to the crystal cross section. According to equation
[2:27)and 2.28] the Debye-Waller factor decreases with increasing temperature. An improvement
of the coherent bremsstrahlung contribution can be achieved by choosing a crystal with a high
Debye temperature. For this reason Diamond (® = 2230K) is preferred to other materials like
Beryllium (® = 1160K) and Silicon (® = 640K).

=~

the resulting coherent cross section
Including all above aspects, the total cross section for coherent and incoherent bremsstrahlung off
a diamond can be written as

1 (2x)’ 2 2
d0erysral(@) = g(;”) MY IS@F - 8G -G+ (1-e )| -do(@  (230)
g

= do—coherent + do—inct)herent- (231)

2.2.3 Orientation of the Crystal with Respect to the Electron Beam

The orientation of the crystal with respect to the primary electron beam is important, as it affects the
degree of polarisation of the produced bremsstrahlung photon beam. The relation between the crystal
axes b_)l,b; and b_;, corresponding to the reciprocal lattice vectors [1,0,0], [0,1,0] and [0,0,1] of the
crystal, and the momentum of the primary electron beam pg is shown in ﬁgure The orientation of

13
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[0,1,0]
al [0,0,1]
Po
©
Figure 2.4: Schematical representation of the [1,0,0]
orientation of the crystal with respect to the "
primary electron beam in momentum space.
the crystal can be described in the following
0 = (po, b1) (2.32)
a = (b1, b2)(po. by). (2.33)

The parameters @ and 6 can be adjusted with a goniometer system which is going to be introduced in
section [3.1.3] Generally, three different orientations can be distinguished:

Figure 2.5: Relative orientation of the reciprocal lat-
tice with respect to the primary electron beam mo-
mentum for the case § = a = 0. b_; s b_é and b_; denote
the unit vectors of the reciprocal lattice, py is the mo-
mentum of the incident electron beam, a the lattice
constant. The points represent the reciprocal lattice
vectors while the hatched area displays the pancake.

14

1. @ = 6 = 0 (figure : for these angles, b} and po are parallel to each other. In this orientation,

several reciprocal lattice vectors lie in the kinematical allowed region and the intensity spectra

are called multipoint spectra. The first lattice vectors lie on the lower sharp boundary of the

pancake at 6 = 2. For the nominal ELSA electron energy of Ey = 3.2 GeV, this corresponds to

a

xg = 0.978. As shown in figure 2.§] the intensity peaking for this value of x; is so small that no
effective polarisation occurs.

Ap, I,

2. @ = 0and 0 < 1 (figure : in this orientation the pancake crosses the b;b_;);-plane. The first

row of lattice vectors extended in the direction of b; lies at 77! = g = 47” on the lower sharp limit

of the pancake. With Ey = 3.2 GeV, this corresponds to x; = 0.465. In this region, large intensity
peaking is possible, but several scattering planes can be perpendicular to each other. Hence, no or
small effective polarisation is obtained.
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Figure 2.6: Relative orientation of the reciprocal lattice with respect to the primary electron beam momentum for
the case § < 1 and @ = 0. Lattice vectors in b3 direction contributes to a multipoint spectrum leading to no or

small polarisation.

3. @ < 1and 0 < 1 (figure2.7): it is possible to select one single lattice vector by choosing @ # 0.
Intensity spectra which are caused by one single lattice vector are called one point spectra. It
is possible to rotate the crystal such that for example only the [022] vector lies on the lower
boundary of the pancake. The intensity peaking is not as high as for the multipoint spectra, but
due to the fact, that only one lattice vector contributes to the intensity spectrum, a high degree of

polarisation can be achieved.

O ly

Figure 2.7: Relative orientation of the
reciprocal lattice with respect to the
primary electron beam momentum for
the case § < 1 and @ < 1. The selec-
tion of one lattice vector is possible and
a high degree of polarisation is obtained.

2.2.4 Intensity Distribution of Incoherent and Coherent Bremsstrahlung

Using a crystal radiator, the relative intensity distribution of bremsstrahlung can be written, according
to [17] and [23], as the sum of the cross sections which includes the linear polarised contributions
perpendicular o, or parallel o to a reference plane

k do—cry k dO'“ + dO"L 2 . . 2 , .
] = — = — =(1+(1- W 4 pine  pincey 2 ey pine | ince , 234
oo dk o) dk (1+ (1 =x)7)( 1 1 1 ) 3( x)( 2 2 2 ) ( )
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Chapter 2 Bremsstrahlung

with o9 = (12327)( 622 )2 and k = photon energy. The incoherent distribution is described by the functions
¥'5. According to [[17] ¥}'5 can be approximated by Wi = 14.1 and ¥4 = 13.2. In addition to the
incoherent dlStrlbuthIl the 1ntensity distribution of shell electrons, which is called the electron-electron
bremsstrahlung has to be considered, too. According to , these contributions are ‘I”'I"C’e = 4.1 and
‘P;”C’e = 4.0. The approximations are valid for a diamond radiator.

The functions ¥ , describe the coherent contribution and are given through

2112
‘P‘l 1(27r) 2 (1 - F:g ) q (2.35)
g CIl
_ 2012
¥ = 3(; Z |S@|26—Ag2(1 1;9 )" q; (qu 5(X)) (2.36)
7 1

being 6(x) already defined in section 2.I.I] The summation is only performed over reciprocal lattice
vectors which are located inside the pancake area. As mentioned before, it is possible to determine
a relative photon energy x, for each lattice vector, for which the cross section falls discontinuously to
zero. The intensity distribution has its maximum at x = x; , because ‘Pg is zero due to ¢; = 8. The
resulting intensity distribution at the discontinuity for different reciprocal lattice vectors is according to
[17]

(2 )

< =x(xa) - Eo IS Pe™9 2 F(g?) (2.37)

with
x(xa) = [1+ (1= x2)*1(1 = x4)/x4. (2.38)

The enveloped curve is shown in figure [2.8] which grows for x; — 0, but falls to zero for x; — 1. For
relative photon energies which are smaller than the discontinuity, the intensity spectrum is described by

I(x, %) = x(x.x0) - E0(2 TS 2o 2 R () (2.39)
with
2 22 _ _
o xg) = 2 (1+(1—x>2—ﬂ((1 x)—l)), o= 1% (2.40)
1-—x 1-x xQ X4

Figure 2.8: y(x, x;) (eq. describes the coher-
ent one-point intensity contribution depending on the
photon energy for five different orientations of the
same lattice vector. Shown in red is x(x,) (eq. 238),
the maximum intensity contribution in dependence il B e :
e . 0 0.2 0.4 0.6 0.8 1
of x4. The normalisation is arbitrary. relative photon energy

Figure [2.9a] shows a one-point bremsstrahlung spectrum (see section 2.2.3) off a diamond com-
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2.2 Coherent Bremsstrahlung

pared with the one off an amorphous bremsstrahlung radiator. The crystalline spectrum consists of
an incoherent part which behaves exactly as for the amorphous radiator case, and several coherent
peaks originating from different contributing reciprocal lattice vectors. According to the coherent
bremsstrahlung cross section and the structure function, the strongest contributing reciprocal lattice
vector is the [0,2,2]. The position and the extension of the pancake on the reciprocal lattice depends
on the produced bremsstrahlung photon energy (see eq. [2.9] and section 2.2.3). Hence, for higher
photon energies other reciprocal lattice vectors lie in the pancake and therefore contribute to the dia-
mond bremsstrahlung spectrum. The calculations presented in this chapter do not consider experimental

s 9 s 3F ,
p C crystalline / amorphous = C crystalline / amorphous
c _.F i E= N
; 2.5j crystalline z 2-5f crystalline
-‘ﬁ = amorphous ‘5) - amorphous
o 5 o
E 2 E
1.5 1.5
= =
0.5 0.5
G:HH\H"\HH\HH\HH\HHM O:"““"““““““““““‘“7
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
photon energy in MeV photon energy in MeV
(a) Calculations for the ideal case. Primary elec- (b) Primary electron beam divergence and mul-
tron beam divergence and multiple scattering in the tiple scattering in the radiator are approximated
radiator were not considered. with Gaussian distributions. Discontinuities are

smeared out.

Figure 2.9: Amorphous and crystalline bremsstrahlung spectra. The blue curve shows the ratio of the crystalline
to the amorphous bremsstrahlung spectra. Visible, as peaks in the crystalline and relative bremsstrahlung spectra,
are the various coherent contributions originating from different reciprocal lattice vectors.

conditions like for example primary electron beam divergence or multiple scattering in the radiator. If
these effects are included in the calculations, the peaks in the intensity spectrum appears smeared out as

shown in figure 2.9
2.2.5 Determination of the Degree of Polarisation

By considering the coherent and incoherent contribution, the degree of polarisation can be written [[17]
as

k dol — dot ¥
p=L. 47797 -2 (2.41)
(o)) dO'”+dO'J‘+O'inc Iinc
with 2 2\2 2
12n) 4 2 _ag (1= F(gh)? gicos2¢
¥ =5 Z|S@| e ; s (2.42)
g

Here ¢ denotes the angle between the reference plane and the (pp, ) plane. Theoretically, the maximum
degree of polarisation is obtained for disappearance of the incoherent contribution and if only one lattice
vector contributes to the coherent intensity distribution. The degree of polarisation at the discontinuity
can be described by

2(1 = x4)

1+ -x)%) 249

P(Xa)ideal =
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Chapter 2 Bremsstrahlung

For photon energies x much smaller than the discontinuity x,, the degree of polarisation is given by

2202 42202 (1 — = 1-
P(x, Xa)ideal = lx_Qx (1+<1—x>2— lx_Qx ( xQx—l)) 0= (2.44)

which is shown in figure For x; — O the enveloping curve increases asymptotically until full
polarisation of the bremsstrahlung photons is achieved, while for x; — 1 the degree of polarisation drops
to zero. Generally, the maximum degree of polarisation of the photon beam at the discontinuity cannot
be accomplished, because several reciprocal lattice vectors will lie in the pancake, which contribute
destructively to the degree of polarisation. In addition, the contribution of the incoherent spectrum
decreases the degree of polarisation.

P(x, Xq)ideal

P(X, Xd)real = ——n— » X S Xa- (2.45)

1+ T

g T

(@)

S I:)(Xd)ideal

S E—

©

kS P(X,Xq)ideal

2

Figure 2.10: P(X,Xy )igear (€9 describes the de-
gree of polarisation for five different crystal orienta-
tions of one reciprocal lattice vector in dependence
of the photon energy. P(Xy )igeas (€q. 2-43) indicates
the maximum degree of polarisation in dependence e 0‘8 —

of the photon energy in red. - " relative photon energy

BN

2.2.6 Collimation

According to equation[2.43]it is possible to increase the degree of polarisation by reducing the incoherent
intensity contribution. Because the angular distribution of incoherent bremsstrahlung (eq. 2.48)) is much
broader than for coherent (eq. [2:46), a collimator reduces the incoherent contribution more effectively
and an increase in the degree of polarisation can be achieved. Due to the different angular distributions
of the coherent and the incoherent part, collimation in the calculations has to be treated separately for
each intensity contribution. Photons produced in the coherent bremsstrahlung process are emitted in
extreme forward directions. The angular distribution for the coherent intensity distribution, according

to [I7]], is given by
1-x x4

up = -1 (2.46)

X 1—xy4
Equation 2.46] shows, that the photon opening angle increases with decreasing photon energy. A col-
limator placed in the beam axis, defines an upper limit for the photon opening angle u. = 6.Eg. The
corresponding minimum photon energy is given by

Xd

B — 2.47
T+ u(d +xy) 247)
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2.2 Coherent Bremsstrahlung

In this case for coherent bremsstrahlung an upper sharp limit in the pancake area, due to the collimator,
can be realised.

According to [27]], the angular distribution of the incoherent intensity spectrum is given as

; ; duid .
Lo~ do e L ik = 6Ey. (2.48)
(1 +u)?
Here 6; describes the photon opening angle, w the azimuthal emission angle and Ey the primary electron
energy. To describe the collimation in the incoherent part, the intensity contribution has to be multiplied

by a reduction factor. The reduction factor (see [[I7]]) which is given by equation[2:49]is determined by
the ratio of the collimated and the uncollimated intensity distribution.

Uc
fd3a.incoh
fo=2 = i : (2.49)
7d30-incoh 1+ u%
0
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CHAPTER 3

BGO-OD Experiment

In this chapter the Electron Stretcher Accelerator at the University of Bonn and the components re-
quired for the production of a real photon beam of known energy via the process of bremsstrahlung are
introduced. The second part describes the target and the detector components of the BGO-OD exper-
iment used for the detection of final state particles of photon induced hadronic reactions. The trigger
conditions for data taking are presented at the end.

3.1 Production of real photon beams and beam detectors

3.1.1 ELSA

The Electron Stretcher Accelerator ELSA consists of three stages. In figure [3.1] the full setup of ELSA
is shown. Two electron sources each followed by a LINACE' make up the first stage. At LINAC 1

magnet
spectrometer

BGO-OD g0

tagger
.‘/so S a = g?po:e ((horli;or:)tal)
- mm Dipole (vertical
hadron ToF wats BGObﬁ s -w— 5 extraction septa = Quadrupole
hysics polarized . Superconducting \ @ Skew Quadrupole
P y B target & solenoid ‘Q\ . = Sextupole
experiments O% yg \\/PETRA cavities = Combined-Function Magnet
\ ;
Crystal Barrel b7 o ;S‘M\" tagger / 2N = Solenoid
Mini-TAPS > polarimater mm Radio Frequency
—CB detector / tune jump
/

quadrupole P
Compton /
polarimeter \0

(for internal beam) \
\

stretcher ring R
0.5-3.5 GeV \
booster \
synchrotron X ¥
rea p 0.5-1.6 GeV \K/K !
s ) tune jump
s l \ DESY cavity !

] - / quadrupole
LINAC 1 L’ %

20 MeV e
( ) 7 skew —
quadrupoles
T Mot
electron’ éuu
gun
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(26 MeV)

3 %}Li
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area for

detector tests
(under construction)
) o oo .

Figure 3.1: The electron stretcher accelerator.

unpolarised electrons are produced by a thermal source with an energy of 120keV and subsequently
accelerated to an energy of 20 MeV. Longitudinally polarised electrons with an energy of 50keV can

! Linear Accelerator
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Chapter 3 BGO-OD Experiment

be provided at LINAC 2 by using the process of photoionisation, impinging circularly polarised laser
light on a Be-InGaAs/Be-AlGaAs super lattice crystal. The electrons are accelerated in LINAC 2 to an
energy of 26 MeV.

After the acceleration in one of the LINACS, the electrons are injected into the booster synchrotron
being the second stage in the ELSA setup. It is used as a preaccelerator for the last stage being the
electron stretcher accelerator giving the name to the facility. The booster synchrotron is operating with
a frequency of 50 Hz accelerating the electrons to energies between 0.5 GeV and 1.6 GeV. With an
energy of typically 1.2 GeV the electrons are injected into the electron stretcher. Since the stretcher ring
has a larger circumference, the injection from the booster synchrotron is repeated until the stretcher ring
is homogeneously filled.

ELSA is used to convert the short electron pulses of the booster synchrotron into a quasi continuous
electron beam with energies up to 3.5 GeV. In dependence of the requirements on the stretcher ring, one
of the three following operation modes can be chosen.

1. Acceleration mode: after the stretcher ring is homogeneously filled, the injected electrons are
further accelerated. The maximum reachable energy amounts 3.5 GeV. The extraction of the
electrons called spill is protracted quasi continuouslyEl over typically 4 s until the stretcher ring
is emptied. Within ~1.5s, the electron stretcher is refilled over several injection cycles by the
booster synchrotron. Thus, a high duty cycle of about >70% is reached.

2. Stretcher mode: this mode is identically to the first one without further acceleration. This means,
that the energy of the electron beam is given by the energy with which the electrons are injected
from the synchrotron into the stretcher ring.

3. Storing mode: for former synchrotron light experiments, after being accelerated, the electrons
were stored for several hours depending on the energy.

The acceleration mode is used for photo-production experiments at the BGO-OD setup.

3.1.2 Tagging principle

The production of real photons via the process of bremsstrahlung was explained in chapter[2]and is com-
monly used already in various experiments including the BGO-OD experiment. The bremsstrahlung
spectrum is continuous. Energy and time information of a produced bremsstrahlung photon are a priori
unknown. A detector setup called photon tagger allows to assign the correct energy and the production
time to these photons. If a tagged bremsstrahlung photon induces a hadronic reaction, it is possible to
relate this photon to its corresponding reaction.

The working principle of the photon tagger is illustrated in figure The primary electron beam
provided by ELSA with a given energy Ey impinges on a thin bremsstrahlung target, the radiator.
Generally a thin metal foil or a crystal is used (see chapter [J). An electron which is involved in the
bremsstrahlung process emits a real photon with a certain energy E, due to the deceleration within the
radiator, mostly in the Coulomb field of the nuclei. Due to the high mass of the nucleus, the energy
transfer to the recoil nucleus is negligible. Hence, by knowing the energy of the post bremsstrahlung
electron, the energy of the produced bremsstrahlung photon can be determined via

E,=Ey-E,. (3.1

2 The electron beam is extracted bunch-wise with a periodicity of 2 ns. The width of each bunch depends on the energy and
amounts to ~120 ps in the worst case.
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Figure 3.2: Components and working principle of the photon tagger at the BGO-OD experiment.

To determine E,-, the post-bremsstrahlung electron is momentum analysed by a magnetic spectrometer
consisting of a dipole magnet and a detector hodoscope. According to its momentum and to the integ-
rated magnetic field strength f B-dl, the post-bremsstrahlung electron is bend by the dipole magnet into
the hodoscope. From the detection position in the hodoscope the energy E.- of the post-bremsstrahlung
electron and therefore the energy of the produced bremsstrahlung photon can be determined. The elec-
trons which are not involved in the bremsstrahlung process are bend into a beam dump.

3.1.3 Tagger system components

Most of the components of the photon tagger system of the BGO-OD experiment are illustrated in fig-
ure [3.3] which shows a technical scheme of the full setup. In this section, the single components are

introduced.

Dipole Magnet

Photon

Beam Line Beam Dump

Chamber

Hodoscope
Figure 3.3: Technical scheme of the photon tagger system. Main components are the vacuum chamber including

the bremsstrahlung radiators and beam monitoring tools, the dipole magnet and the detector hodoscope. The
hodoscope is connected with R+KEbroﬁles to the dipole magnet. Visible at the end is the electron beam dump.
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Radiators and beam monitoring Several bremsstrahlung radiators and tools for beam monitoring
purposes are mounted on a goniometer system which will be introduced later. It is installed within a va-
cuum chamber and placed in front of the dipole magnet (see figure[3.3). A list of the installed radiators
and beam monitoring tools is given in table[3.1] In total, four different amorphous radiators of different

Material Thickness in ym
Copper 50
Copper 100
Kapton 125
Copper + Kapton 67 + 65
Diamond + Kapton 560 + 65
Nickel-Steel wires 400
Chromox 1000

Table 3.1: Radiators and beam monitoring tools used for the BGO-OD experiment.

thickness and materials and one crystalline radiator are installed. Amorphous radiators are used to meas-
ure incoherent bremsstrahlung spectra to normalise the measured bremsstrahlung spectra of a diamond.
The normalised diamond spectra are used to compute the degree of linear polarisation (see section [5.2)).
To determine the shape and the position of the beam profile, a fluoresce screen made of Al,O3 : Cr also
known as Chromox is used. It can be placed with an angle of 45° relatively to the reference electron
beam direction, which allows to observe the fluorescent spot with a camera perpendicular to the electron
beam direction. For a more precise analysis of the beam profile, two nickel-steel wires are included in
the goniometer system. These wires can be moved orthogonally with respect to the reference electron
beam direction along the horizontal or vertical axis. While moving the wires stepwise through the beam,
the post-bremsstrahlung electrons are detected by the tagging hodoscope. Hence, an iterative scan of
the beam profile is possible by plotting the total tagging rate in dependence of the position of the wire

(see figure [3.4).

£ x10° N x10°
£ F _horizontal beam position | £ 22= vertical beam position
% 1400(— E:“’i” 4862 % 20 Entries 4055
N ¥¢ / ndf 61.981/37 © r
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r width 1.016 £ 0.016 E
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(a) Horizontal beam scan. (b) Vertical beam scan.

Figure 3.4: Measured primary electron beam profile and position performed with two wire scans. Errors originate
from statistics. Each distribution is fitted with a Gaussian function.

3 Rose und Krieger

24



3.1 Production of real photon beams and beam detectors

Goniometer The goniometer system is used to choose between different radiators and beam mon-
itoring tools. However, the main task of the goniometer system is the precise alignment of the diamond
radiator. From chapter 2.2]it is known, that the energetic range for the production of linearly polarised
photons and subsequently the degree of polarisation of the produced photon beam is sensitive to the
relative position of the diamond with respect to the direction of the primary electron beam. Therefore,
a goniometer system with a proper accuracy in positioning and reproducibility is required. The com-
mercial goniometer system from NEWPORTEl consists of five motorised positioning units. This setup
allows translations horizontally and vertically relative to the reference electron beam direction and ro-
tations along all three spatial axis. The important specifications of the individual motorised units are
listed in table[3.2]and [3.3] For the precise alignment of the diamond radiator, a holding structure was

MTM250PE1B | UZS80PP
travel range 250 mm 4.5 mm
resolution 1 um 0.01 um
uni directional rep. 1.5 um 1.4 um

Table 3.2: Specifications of the motorised translation units.

URS100BPP | BGS80PP | RVS80PP
travel range 360° +45° 360°
resolution 0.0002° 0.0001° 0.0001°
uni directional rep. 0.016° 0.001° 0.002°

Table 3.3: Specifications of the motorised rotational units.

developed [28] which keeps the diamond radiator in the intersection point of the three rotational units.
The goniometer system was extended in January 2014 for the determination of the degree of polarisation
of circularly polarised photons. These modifications required a new vacuum chamber. The motorised
unit responsible for horizontal translations with respect to the reference electron beam direction was
enlarged to install a second rotational stage beside the existing goniometer system. This rotational stage
is used for the orientation of a solenoid including a Mgller radiator [29]. The current setup of the go-
niometer system is illustrated in figure 3.3

Dipole Magnet The dipole magnet is used to bend the post-bremsstrahlung electrons according to
their momentum on different trajectories into the hodoscope. Electrons which are not involved in the
bremsstrahlung process are bend into the beam dump. The magnet used by the BGO-OD experiment is
identical to the one used in the neighbouring Crystal Barrel experiment [30]. It is a dipole magnet from
Brown-Bovery Switzerland (type MC) which can be operated with currents up to 1500 A, corresponding
to a maximum field value of B = 2.0 T. The deflection angle of the primary electron beam is defined by
the geometry of the electron beam dump and amounts to 7.74°. For high relativistic electrons, the de-
flection depends only on the ratio By/Ey. A deflection angle of 7.74° is reached for By/Ey = 0.43 T/GeV.
Since primary electron beam energies up to 3.2 GeV are used, magnetic field values up to 1.376 T are
necessary. Figure [3.6b]shows that the deviation from a linear behaviour of the magnetic field value with
respect to the applied current is less than 1% at a magnetic field value of 1.5 T. Field maps of the dipole
magnet of the Crystal Barrel experiment have been established for five different primary electron beam

4 www.newport.com
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Figure 3.5: Technical scheme showing front and side view of the goniometer and Mgller system containing the
bremsstrahlung radiators.

energies [30]. These field maps were used in simulations for the development of the BGO-OD photon
tagging system. Since the BGO-OD tagging magnet operates with a lower magnetic field for the same
primary electron beam energies, the field maps have to be scaled down. This is possible for field maps
with primary electron beam energies of up to Eg = 2400 MeV, where the linearity of the Crystal Barrel
dipole magnet is still fulfilled.
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(a) Measured magnetic field vs applied current.
The black dots are the measured field values. The
red line reflects a linear correlation between the ap-
plied current and the measured magnetic field.

(b) Difference between the measured and the ex-
pected magnetic field value depending linearly on
the applied current versus the measured magnetic
field values as a function of the measured field.

Figure 3.6: Dependence of magnetic field value to applied current.

Hodoscope The hodoscope of the tagging system consists of 120 plastic scintillators covering an
energy range of 10%Eg to 90%Ey. It is split into two parts. 54 scintillators are inserted into the hori-
zontal part and the remaining 66 scintillators are installed in the vertical part. Two adjacent scintillators
overlap by ~55%. Such overlaps are considered as a coincidence channel providing the momentum of
the detected post bremsstrahlung electron. Requiring the coincidence of two neighbouring scintillators
as a trigger condition reduces the background. The energy width of a coincidence channel varies from
0.55%Ej, in the horizontal part to 0.80%E - 2.12%Ej, in the vertical part (see@). The scintillator bars
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3.1 Production of real photon beams and beam detectors

of the hodoscope are read out via photomultipliers from one side. For geometrical reasons (see {.3.4),
two different kind of photomultipliers are used, namely ETEnterprise 9111 and Hamamatsu R7400U. A
time resolution of ~210 ps for the ET9111SB and of ~180 ps for the Hamamatsu R7400U is achieved
(see @-4.1). The following table shows some of the specifications of the scintillating material and the
photomultipliers.

R7400U 9111SB | EJ-204
spectral response: emmission spectrum:
range in nm 300-650 280-630 range in nm <380-500
peak in nm 420 350 A of max. emission in nm 408
time: time:
rise time in ns 0.78 1.8 rise time in ns 0.7
transit time in ns 5.4 15 decay time in ns 1.8

Table 3.4: Specifications of photomultipliers and scintillating material used for the photon tagger system

Construction, installation and commissioning of the tagging hodoscope are the main topics of this PhD
thesis. A detailed description of the tagging hodoscope and of its performances is given in the dedicated
chapter 4

Collimator and cleaning magnet At a distance of 3.25m to the radiator a system of two collim-
ators and one permanent magnet is installed. The collimators are made of lead and are both 20 cm long.
The first collimator has a diameter of 3 mm. Its purpose is to reduce the incoherent contribution in the
bremsstrahlung spectrum using a diamond radiator for the production of a linearly polarised photon
beam resulting in an enhancement in the degree of polarisation (see chapter [2). Due to the collimation
of the photon beam, electron-positron pairs are produced. Hence, a permanent magnet is placed directly
after the first collimator to clean the photon beam from charged particles. The second collimator with
a diameter of 7 mm is placed after the cleaning magnet to stop high energetic charged particles which
could not be removed from the vacuum beam guidance by the cleaning magnet.

3.1.4 FluMo and GIM

The Flux Monitor and the Gamma Intensity Monitor are placed at the end of the BGO-OD ex-
periment. These detectors allow the measurement of the photon flux, which is required to perform
normalisations e.g. for cross section determinations. The GIM is a fully absorbing lead glass detector.
An incoming photon will produce an electromagnetic shower which is detected by its produced Crenkov
light. However, the GIM suffers radiation damage and therefore it can not be kept continuously in the
photon beam and therefore the photon flux is measured with the FluMo.

The FluMo is a detector setup consisting of a plastic scintillator used as a veto and two additional
plastic scintillators. This setup detects photons which did convert into electron-positron pairs behind
the veto detector. It measures only a fraction of the bremsstrahlung photons with respect to the GIM.
Photon Flux measurements with the FluMo require the knowledge of its detection efficiency. It is
determined with data taken by triggering on the GIM detector. Coincidences between the tagger system
and the GIM are identified on software level. For each coincidence, it is verified if the FluMo did detect
in both channels an electron-positron pair originating from a bremsstrahlung photon. The discriminator
thresholds have to be set in order to assure the detection of both minimal ionising particles (MIP). Figure
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Chapter 3 BGO-OD Experiment

shows the ADCﬂ spectra of both FluMo channels plotted against each other. The two peaks, which

FluMo 1 ADC vs FluMo 2 ADC
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Figure 3.7: Raw ADC spectra of both FluMo detectors plotted against each other . The double MIP peak is
well separated from the single MIP peak.

are well separated, correspond to single and double MIP detection. The single MIP peak can be cut by
properly setting the discriminator thresholds.

Beside the photon flux measurement, collimated bremsstrahlung spectra can be obtained by requiring
a coincidence between the FluMo and the tagger hodoscope. If a produced bremsstrahlung photon
passes the collimator and does not induce a hadronic reaction in the central detector setup, it may be
detected by the FluMo.

3.2 Experimental Setup

The BGO-OD experiment is a fixed target experiment for the study of meson photo-production reac-
tions off the nucleon. Its main goal is the simultaneous investigation of excited baryon resonances and
t-channel processes. Figure [3.8] shows the full setup including the photon tagger. The name of the
experiment comes from the central BG(fl calorimeter enclosing the target cryostat and the magnetic
spectrometer at forward angles including an open dipole magnet. This setup is optimised for the detec-
tion of mixed charged and neutral final states and well suited for the investigation of low momentum
transfer processes.

After collimation, the produced bremsstrahlung photon beam impinges on a liquid hydrogen or deu-
terium target. The target cell has a length of 6 cm and a diameter of 3 cm. Front and back of the target
cell are closed with Myler foil [32]].

The central detection system, shown in ﬁgure surrounds the target and consists of two MWPC’sﬂ
a plastic scintillator barrel and the BGO electromagnetic calorimeter.

The MWPC used for charged particle tracking consists of two chambers. Figure [3.9b] shows the
schematic overview of one of them. Each chamber includes anode wires running parallel to the beam

3> Analogue to digital converter
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7 Multiple Wire Proportional Chamber
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(a) Slice view in xy-plane of the central detector setup. (b) Schematic overview of one MWPC
chamber.

Figure 3.9: Central detector setup.

axis and, inner and outer cathode strips tilted by +45° with respect to the wires. Over a length of
520 mm, inner and outer strips intersect twice in two different points given by z and ¢. The intersection
of the strips with the corresponding wire allows an unambiguous reconstruction of the particle’s impact
point. Absolute tracks can be reconstructed by combining the information of both chambers. An angular
resolution of A¢ = 2° and A¢ = 1° and longitudinal resolution of Az = 300 um is expected [33].

The scintillator barrel, placed between the MWPC and the BGO calorimeter consists of 32 bars.
Each strip has a thickness of 5mm and a length of 43 cm. Particle identification is performed with the
scintillator barrel via the measurement of the energy loss dE/dx [34].

The BGO calorimeter covers a polar angular range of 25° to 155° with 15 crowns. Each crown
consists of 32 crystals and covers the full azimuthal angle ¢. Each crystal has a length of 24 cm, which
corresponds to 21 radiation lengths. As a results, photons deposit nearby all their energy in an electro
magnetic shower which spreads over several adjacent crystals. It has an energy resolution of 3% at
1 GeV. The performances of the detector have been already exploited by the GRAAL collaboration
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Chapter 3 BGO-OD Experiment

(1351, [36]1[37]1,[38]l,), where the detector has been used up to 2008.

The magnetic spectrometer covering the most forward angles consists of two scintillating fibre de-
tectors, the open dipole magnet and eight driftchambers. The magnetic spectrometer covers an angular
range of 8° in vertical and 10° in horizontal direction. In the following the single components are
presented.

The first detector in the spectrometer setup is a scintillating fibre vertex detector and placed 113 cm
behind the target. It consists of 672 fibres distributed in six modules positioned in three layers. The
modules are rotated by 60° to each other, resulting in an sensitive circular area with a diameter of 44 cm.
A 4.5 cm central hole in the detector allows the photon beam to pass through [39].

Attached to the dipole magnet is the second scintillating fibre detector. It has a rectangular shape
of 66 cmx 51 cm. 640 fibres are arranged in two layers, 288 fibres horizontally and 352 vertically. A
central hole of 4 cm x 4 cm allows the photon beam to pass through [A0].

(a) Technical scheme of the scintillating fibre ver- (b) Technical scheme of double scintillating fibre
tex detector. detector.

Figure 3.10: Forward scintillating fibre detectors used for particle tracking.

The open dipole magnet is a MD type on permanent loan basis from DESYﬂ For the BGO-OD
experiment the vertical opening was increased and the total gap amounts to 150 cm x 84 cm. With the
maximum current I,,,,, = 1340 A given by the power supply, a maximum central magnetic field strength
of B,ysx = 0.54 T and a bending power of f Bdl = 0.74 Tm is expected from simulations .

Charged particle tracking behind the open dipole magnet is performed by eight double layer drift
chambers with sensitive area of 246 cm x 123 cm. For unambiguous track reconstruction, the dift cham-
bers are installed in four different orientations in the xy-plane. Two chambers are installed vertically
and horizontally, while the remaining four chambers are tilted by +9° with respect to the vertical axis.
A central insensitive area of 5cmx 5 cm is realised by additional gold plating of 200um which allows
the photon beam to pass through [42].

For particle identification in forward direction, two time of flight walls are placed behind the magnetic
spectrometer setup, 5m far from the target. One detector wall consists of 10x340cmx 21 cmx 6 cm

8 Deutsches Elektronen Synchrotron
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17mm

5mm .

Figure 3.11: Cell arrangement in the drift chambers.

plastic scintillators bars, the other contains 14 x 270 cm x 20 cm x 4.5 cm plastic scintillator bars. Each
bar is read out by photomultipliers at both ends, which allows to correct for the light propagation [43]].

Between the central detector system and the forward spectrometer exists an uncovered angular area
from 8° to 25°. This area is going to be covered by a MRP(ﬂ called Daisy. It consists of 16 modules
with in total 512 channels delivers an expected spatial resolution of 1 cm?. A high time resolution of
80 ps is estimated[44]]. While Daisy is under commissioning, the angular range is covered by a plastic
scintillator ring detector called SciRi. It is segmented in 96 pieces, each covering A¢ = 11.25° and
A8 = 5°. The plastic scintillators are read out with avalanche photodiodes. The full detector setup is
placed inside the carbon structure of the BGO calorimeter [45]].

3.3 Trigger conditions

Background suppression and time saving during data taking can be achieved by setting conditions under
which reactions of interest are stored. At the BGO-OD experiment the trigger logic is composed of two
parts [46], [47]]. During data taking, local trigger signals are generated for almost each detector. Such
conditions, like deposited particle energy or defined hit patterns depend on the function of the installed
detectors. Table [3.3]shows an overview of the detectors which are able to give trigger signals and their
trigger conditions during nominal data taking. However, for some detectors it is possible to adapt the
trigger condition for special applications or testing purposes.

Detector Trigger condition
Tagger AND of two adjacent channels
Scint. barrel OR of all single channels
BGO Sum of deposited energy of all crystals
SciRi OR of all single channels
SciFi2 OR of all single channels
TOF OR of all single channels
Mean time of bar signals
FluMo Detector hit in one specific channel
GIM Detector hit

Table 3.5: Detectors and trigger conditions.

In the second step, the local trigger signals are given to the global trigger logic which is programmed

° Multigap Resistive Plate Chamber
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Chapter 3 BGO-OD Experiment

on an FPGAF_Ul board. At this stage several combinations of logical ANDs and ORs on any subset of
local trigger signals can be build. Local trigger signals may be used as VETO signals as well. The output
of such logics is ORed and if required prescaled to generate the final trigger condition. The standard
trigger condition for data taking is

e General_ physics_ trigger:

(Tagger N BGO)
V (Tagger N BGO A S ciRi)
V (Tagger N BGO A SciFi A TOF)
V (Tagger N SciRi A SciFi AN TOF)

Runs dedicated to the normalisation of the diamond bremsstrahlung spectra are acquired with the trigger
condition

e FluMo:

FluMo x scaling factor

The temporal coincidence between tagger and FluMo is required on software level. The scaling factor
in the FluMo trigger is adjusted according to the primary electron beam intensity.

10 Field Programmable Gate Array
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CHAPTER 4

Photon Tagger

The main part of this PhD thesis is the design, assembly and commissioning of the tagger hodoscope of
the BGO-OD experiment. In this chapter are presented first the requirements on the tagging system and
the electronics used for the read out of the detector setup. Secondly, the various steps in the computation
of the final scintillator arrangement and the resulting expected energy resolution of the tagger hodoscope
based on the detector concept developed in [48]] are shown. The design of the mechanical frame of the
tagger hodoscope is deduced from the scintillator arrangement. Schematics of the main parts of the
mechanical structure will be presented. At the end, the results of the commissioning consisting of the
characterisation and the energy calibration of the tagger hodoscope will be shown.

4.1 Requirements

The design of the photon tagger system is defined by several aspects, for example by the spatial con-
ditions given in the experimental hall or by demands of the experiments being performed with the
BGO-OD setup. Hence, compromises had to be taken between desired requests on the detector and
geometrical or technical constraints. The design goals on the photon tagger system are:

(1) A post-bremsstrahlung electron tagged energy range from 10% to 90% of the primary electron
beam energy Ey. This energy range is limited by the geometry of the dipole magnet for energies
lower than 10%E,. For energies larger than 44%E the focal plane (see section [#.3.1)) of the
dipole magnet lies within the beam dump. Hence, the tagger hodoscope had to be split into a
horizontal and a vertical part. Since the bremsstrahlung cross section is oc 1/E,, scintillators
and photomultipliers are possibly subject to radiation damages on a short time scale for energies
higher than 90%E).

(i) The energy E.- of the detected post-bremsstrahlung electron is given by the overlap of two neigh-
bouring scintillator bars. Two adjacent scintillators are considered as a coincidence channel and
overlap by ~55%. The energy width AE of a coincidence channel depends on the geometrical
width of the scintillators and their positioning in the hodoscope. By keeping AE constant and ar-
ranging the coincidence channels in energy bins of AE, a linear dependency between coincidence
channel and post-bremsstrahlung electron energy over the full tagged energy range is achieved.
This allows a simple determination of the energy of the produced bremsstrahlung photons. Since
the bend trajectories are getting closer for higher post-bremsstrahlung electron energies, the scin-
tillators have to be made thinner to keep AE constant. The manufacturing of arbitrarily small
scintillators is not possible and would additionally make the design of the hodoscope unnecessar-
ily complicated. Consequently, the hodoscope is sub-divided in five sections with different energy
bin sizes (see section {.3.2)).
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Chapter 4 Photon Tagger

(iii)) Requiring the coincidence of two adjacent scintillators reduces the detection of particles which
do not originate from expected post-bremsstrahlung electron trajectories, like scattered particles
from the floor or the beam dump. To additionally reduce the neutron detection efficiency the
thickness of the scintillators amounts 5 mm which reduces the probability of the neutron being
detected in two overlapping scintillators to < 1% [48].

(iv) Different components of the hodoscope like scintillators and photomultipliers undergo ageing
processes and have to be exchanged by time. The replacement of those parts can affect the en-
ergy calibration of the tagging system. Hence, the mechanical structure was designed such, that
changes in the energy calibration caused by maintenance work are negligible (see section f.4.4).

(v) The BGO-OD collaboration covers a physics program including the investigation of photo-production
experiments with low cross sections requiring high photon fluxes. Hence, the tagging system has
to work in a stable condition at total rates of 50 MHz (see section {.4.2).

4.2 Electronics

A schematic overview of the front-end electronics is shown in figure [d.1} It consists of an active splitter
and amplifier stage, a dual-threshold discriminator and shaper stage, and an FPGA stage including the
trigger logic and a TDqH In addition, the FPGA allows time alignment of the signals coming from the
several channels of the tagger hodoscope and delivers the scaler information for single and coincidence
channels (see figure .2).

G R e A=)

Figure 4.1: Read out electronics scheme for the tagger system.

Each analogue signal of the photomultipliers is sent to a splitter and amplifier board (AFAH) which is
developed in-house [49]]. Two outputs with different amplifications (x1, x2) relative to the input signal
are available. The x2 amplified signal is send to the discriminator. If required, the x1 output is given to
an ADC for HVEl adjustments of the photomultipliers, otherwise it is terminated with a 50 Q resistance.
The measured time jitter between input and output is less than 15 ps.

The amplified signal is then sent to a dual- threshold discriminator and shaper board called B—FrEIﬂ
which is also developed in-house . Each board has 16 input channels and 16 LVDﬂ output channels.
The output signals have a fixed length of 3.2 ps. Since originally TDC and trigger logics were separated,
the B-FrED output has a fan-out of two. The double pulse resolution of the discriminator amounts 7.5 ns
and the time jitter between input and output is less than 10 ps. Using a micro-controller, the thresholds
of each channel can be set individually via Ethernet.

! Time to Digital Converter

2 Analogue Fan-out Amplifier

3 High Voltage

* Big-Front End Discriminator

5 Low Voltage Differential Signaling
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Figure 4.2: Flow chart of the tagger FPGA firmware.

One of the LVDS outputs of the B-FrED is sent to the FPGA board containing the TDC and trigger
logic. It is an extensible ELBEl VFB6 Module with VMEbus interface equipped with a Xilinx Spartan 6
chip. The module can be equipped with three mezzanine boards allowing flexible usage also for other
detector systems in the BGO-OD setup. For the tagging system, the VFB6 module is equipped with a
NIM_Ile mezzanine card, used for triggers and service purposes and two LVDS input mezzanine cards
to connect the output of the B-FrEDs. The firmware is an in-house development for which detailed
information can be found in [[50]]. For each input channel on the FPGA, the input signal is analysed in
a carry chain using the tapped delay method. A time resolution of better than 40 ps is achieved using a
clock of 200 MHz. Subsequently, a time alignment between all input channels can be performed with
an accuracy of 5/6 ns allowing the compensation of the different path lengths of the post-bremsstrahlung
electrons and additional minor effects like cable lengths and inner FPGA path lengths. If required,
an additional logic unit checks for coincidences between two signals originating from adjacent tagger
channels. The time window in which a coincidence between two signals is defined can be set to 1.7,
2.5, 3.3 or 4.1 ns. The output signal of this coincidence unit is given as the OR of all 119 coincidence
channels and can be further used as a trigger. In addition to the trigger and TDC information, life-time
gated scalers for single and coincidence channels are available.

4.3 Design

Based on the spatial restrictions and the requirements listed in [#.I] simulations were performed to de-
termine geometry and position of the scintillator bars used in the tagging hodoscope to achieve the
desired energy width per coincidence channel for the detector. The optimal layout of the scintillator

% http://www.elbonn.de
7 Nuclear Instrument Module, Input Output
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Figure 4.3: Simulated focal plane. The red
lines indicate post-bremsstrahlung electron
trajectories. The blue line shows the calcu-

lated focal plane of the dipole magnet. Ground

bars was used to design a mechanical frame foreseen to keep the scintillator bars and photomultipliers
in position and to allow simple maintenance on the full detector setup. In this section, the simulations
and the mechanical design will be presented.

4.3.1 Simulation: Focal Plane

In a general approach, the optimal position of the hodoscope is defined by the focal points forming the
focal plane, which depends on the imagine properties of the dipole magnet. The focal points are the pos-
itions in which the trajectories of bent electrons with same energy have their minimal spatial distribution
and therefore offer the best energy resolution. Simulations are performed [48]] to determine these focal
points using the magnetic field map measurements mentioned in [3.1.3} In these simulations, electron
trajectories through the magnetic field were calculated for uniformly distributed post-bremsstrahlung
electron energies. The primary electron beam spot size and divergence as well as the expected diver-
gence caused by multiple scattering in the radiator were considered in the simulation and described by
Gaussian distributions.

In a second step, the focal points are extracted from the simulated post-bremsstrahlung electron tra-
jectories. Figure [f.3] shows the resulting focal plane for bremsstrahlung electron energies from 9%E,
to 44%E,. For energies larger than 44%E,, the focal plane collides with the beam dump. Hence, the
tagging hodoscope is split in two separate parts. One part lies in the focal plane of the dipole magnet.
It is called “horizontal part”. The second “vertical part” is mounted vertically close to the beam dump.
The geometry and the arrangement of the scintillator bars in both parts of the tagging hodoscope is
presented in the following section.

4.3.2 Simulation: Scintillator Positioning

The energy information E,- of the detected post-bremsstrahlung electron is given by the overlap of two
neighbouring scintillator bars. Two Adjacent scintillators are considered as a coincidence channel. The
geometry of the scintillator bars and their positioning define the energy width AE of the coincidence
channels. It is desired to keep AE constant and arrange the coincidence channels in energy bins of AE
to achieve a linear dependency between the coincidence channels and the post-bremsstrahlung electron
energies over the full tagger hodoscope. A simple algorithm [48]] performs this calculations within two
steps. At first, the lower edge of each scintillator bar is matched to a fixed post-bremsstrahlung electron
energy such, that the energy difference of the lower edges of two neighbouring scintillator bars remains
constant (see figure[#.4). In a second step, the size of the scintillator bars are adjusted in order to keep a
spatial overlap of ~55% of two neighbouring scintillators, keeping in mind that the trajectories of post-
bremsstrahlung electrons are getting closer for higher post-bremsstrahlung electron energies along the

36



4.3 Design

dispersion direction. The algorithm is slightly modified for the positioning of the scintillator bars in the
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Figure 4.4: Adjusted positions of the scintillator bars resulting in constant energy width.
vertical part which does not lie within the focal plane. After placing the first scintillator in the vertical

part, it is checked if the next scintillator can be placed directly above the first one. If not enough space
is available, the following scintillator is placed behind the first one (see figure f.3). This procedure is

I

Figure 4.5: Staggering of the scintillator bars in the vertical part of the hodoscope.

repeated until the intended energy range is covered. By requiring an energy binning of 0.4%E, over
the full tagged energy range, the scintillator arrangement shown in figure [f.6ais achieved. The vertical
part would consist of 21 stacks with up to 6 scintillator bars per stack. This arrangement implies a
complicated design of the mechanical frame of the detector. In addition, multiple scattering in the air
or in the scintillator bars can cause ambiguous hit pattern, which would spoil the energy determination.
In order to set the number of scintillator bars within one stack constantly equal to three, the geometrical
width of the scintillators and consequentially the energy width AE of the coincidence channels has to
be increased four times in the vertical part of the hodoscope (see figure .6b). The energy binning in
the four regions of the vertical part of the tagger are 0.6%E, 0.8%E,, 1.3%E and 1.7%E,. Figure[4.7]
shows the scintillator arrangement for the full tagger hodoscope.

4.3.3 Simulation: Energy mean values and energy widths

To perform a cross check on the positioning of the scintillator bars, the scintillator layout is included into
the simulation of the electron trajectories. The energy mean value and the energy width are determined
for each coincidence channel. In this simulation the primary electron beam spot size and divergence as
well as the expected divergence caused by multiple scattering in the radiator are described by Gaussian
distributions. For each simulated event, the energy of the post-bremsstrahlung electron and the coin-
cidence channel where the electron itself is detected are stored. Figure [.8a] shows the relation between
the post-bremsstrahlung electron energies and the index of the coincidence channel of the tagger hodo-
scope. A magnetic field map for a primary electron beam energy of 2.4 GeV is used. It is visible that
the post-bremsstrahlung electron energy increases linearly with increasing coincidence channel. Five
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Figure 4.6: Calculated scintillator arrangement of the vertical tagger hodoscope. Red lines indicate post-
bremsstrahlung electron trajectories in steps of 200 MeV.
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Figure 4.7: Full hodoscope with subdivided sections of different energy bin sizes. The black scintillators indicate
the position in which the spatial width of the scintillators is enlarged.

regions of linearity are observed. The first region ranging from coincidence channel 1 to 53 corres-
ponds to the horizontal part of the tagger (blue scintillators in figure {.7). According to section {f.3.2]
the energy binning changes four times in the vertical part of the hodoscope. This change results in an
increased slope of the linear relation between the post-bremsstrahlung electron energies and the index
of the coincidence channel. The slope changes at the expected coincidence channels 54, 82, 103 and
114. The energy mean value and the energy width of each coincidence channel are extracted by fitting
the post-bremsstrahlung electron energy distribution with a product of two error functions

f=2. (1 N Ef(Loﬂ’l)) . (1 N Ef(w)) @.1)
4 P3 P3

Here, the parameter pg is the mean value of the distribution, p; is the half width, p, represents the
maximum while p3 gives the slope of the error function. In the ideal case, based on the geometry of
the scintillators a rectangular energy distribution is expected. This distribution is smeared out due to
the size and the divergence of the primary electron beam. As an example, the energy distribution of
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Figure 4.8: Simulation of expected energy mean value and energy width per coincidence channel of the tagger

hodoscope.

the post-bremsstrahlung electrons detected in the coincidence channel 55 is given in figure [#.8b] The
expected smearing of the energy distribution is clearly visible. The results of the fit by equation {f.T| are

also shown.

Figure [4.94] shows the extracted energy mean values which are fitted with linear slopes considering
the five regions of different energy binning. The slopes of the fits shown in red correspond to the energy
binning of the hodoscope. The energy bins amount to 0.42%Ey, 0.63%Ey, 0.84%E,, 1.26%E, and
1.72%Ey and agree with the design values presented in section f.3.2] In figure F.9b]it is visible that
the energy widths of the coincidence channels do not remain constant starting from channel 86. This is
expected, since the vertical hodoscope can not be placed in the focal plane of the dipole magnet. Still,
for coincidence channels smaller than 86, the energy widths match with the energy binning. After veri-
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(a) Energy mean values in % E, for each coincid-
ence channel. Each region of different energy bin-
ning is fitted with a linear function shown in red.
Linear behaviour is given over the full tagged en-
ergy range. The slopes of the linear functions cor-
respond to the energy binning and are in agreement
with the design values by better than 5%

(b) Energy widths in % E, for each coincidence
channel. The energy widths remain constant in
the first two regions. Since the vertical part of the
hodoscope is not placed in the focal plane of the di-
pole magnet the energy widths do not remain con-
stant for the subsequent regions.

Figure 4.9: Expected energy mean values and energy widths for each coincidence channel of the tagger hodoscope.
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Chapter 4 Photon Tagger

fying that the designed scintillator positioning reflects in the simulation the desired linear dependency
of the post-bremsstrahlung electron energy on the coincidence channels, the mechanical frame of the
hodoscope is developed. The design of the mechanical structure of the hodoscope is presented in the
following sections.

4.3.4 Mechanics

Based on the scintillator positioning described in section [f.3.2] the mechanical structure of the tagger
hodoscope is developed. Due to spatial constraints (see section ff.I)) the hodoscope has to be split into
a horizontal and a vertical part (see figure [3.3). Both parts of the hodoscope are mounted separately to
the dipole magnet and fixed together with dowel pins. For the mechanical design of the hodoscope, the
main focus was set to a simple maintenance of scintillators and photomultipliers without affecting the
energy calibration (see section f.4.4). Since the horizontal part can be placed in the focal plane of the
dipole magnet, it is possible to keep the design of the mechanical support simple (see figure f.10a] and

[4.TOB).
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(a) Technical scheme: Side view of horizontal tagger hodoscope.
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(b) Technical scheme: Top view of the horizontal tagger hodoscope.

Silcone Bayonet Cable
"cookie" PM Base O-Ring Spring Tube cap lead through

Figure 4.11: Technical scheme of a Photomultiplier assembly.

Both frames of the horizontal and vertical hodoscope are made of aluminium. The horizontal one con-
sists of two side walls, which are connected at both ends with each other. The scintillators are inserted
through rectangular slots which are contained in the side walls and can be positioned with a precision of
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4.3 Design

< 0.2 mm. Each scintillator is wrapped in one layer of aluminium foil to enhance the light collection and
to avoid cross talk. The rectangular scintillator slots are surrounded by a plateau. Each plateau includes
a screw thread and allows to mount an aluminium or iron tube (see section[d.3.3)) which is used to keep a
photomultiplier for the read out of the scintillator. Some aluminium tubes which are closer to the dipole
magnet are longer than the remaining ones. In this case the scintillators are wider than the diameter of
the active area of the photomultipliers. Hence, light guides are required for an effective light collection.
Due to the additional material of the light guides the tubes have to be prolonged. Figure [#.TT] shows
a technical scheme of one photomultiplier assembly. The photomultipliers are arranged in alternating
order due to the dimension of the photomultipliers.

1y

Scintillator

Light guide

(a) Scintillator slide.

» ¢ Dowel pins

Frame

Photomultiplier
Tube

Scintillator

e o e e e e i

T T IRy

(b) Side view of the scintillator slides setup (c) Full setup of the vertical tagger hodoscope.
without frame and aluminium tubes.

Figure 4.12: Technical schemes of the vertical tagger hodoscope.

For the optical connection a ~2 mm thick round layer of silicone (cookie) is placed between the scin-
tillator and the photomultiplier. The silicone cookie is kept in position by pressing the photomultiplier
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Chapter 4 Photon Tagger

against the scintillator with a spring which is placed between the base of the photomultiplier and the
closing of the tube. To keep the horizontal part light tight, the frame is closed with black foil. This
design allows to perform maintenance on single channels. For the vertical part, a more complicated
design is required, which is based on the design of a vertical prototype [48]]. The detector is divided into
21 horizontal aluminium slides. Three scintillators are group together in 20 slides (see figure ff.124),
while one slide contains six scintillators. Each slide consists of two side walls with individually matched
slots for precise positioning of the scintillators by < 0.2 mm. Both side walls are connected with an ad-
ditional aluminium bar and dowel pins. Light guides are glued to the scintillators, since the width of the
scintillators is larger than the diameter of the sensitive area of the photomultiplier. Due to their size, the
photomultipliers are arranged in alternating order also in the vertical hodoscope. As in the horizontal
part, each scintillator is wrapped in aluminium foil and the optical connection is done with a silicone
cookie. The slides are kept in position with a precision of < 0.2 mm by an aluminium frame which is
shown in figure[#.12¢] Aluminium tubes which include the photomultipliers and their bases are screwed
inside the frame. Due to the use of different kind of photomultipliers, these aluminium tubes have differ-
ent sizes. With this design it is possible to have access to single photomultipliers and groups of three or
six scintillators. The replacement of slides does not affect the energy calibration, as discussed in section

Z|

4.3.5 Fringe field of the dipole magnet

18 photomultipliers on the horizontal part of the tagger are installed under the dipole magnet at distances
ranging between 4.5 cm and 10.5 cm. The effect of the magnetic field on the photomultipliers is studied
in order to identify the best solution to shield the photomultipliers. The x and y component of the fringe

Helmholtz-Coils

B >

(b) Magnetic field ortho-
gonally orientated to PMT
axis.

(a) Magnetic field parallel orient-
ated to PMT axis.

Figure 4.13: Test setup to investigate the influence of a homogeneous magnetic field on the PMT using Helmholtz
coils.

field were measured with a hall probe at the position of the closest photomultiplier to the dipole magnet.
Operating the magnet for a primary electron beam energy of 3.2 GeV, leads to a measured field value of
2.8 mT for the larger component B,. A pair of Helmholtz coils was setup in a black box to produce a
homogeneous magnetic field of 2.8 mT. To study the effects of such a field on the photomultipliers of
the tagging system, one of them is placed in between the Helmholtz coils and powered with the nominal
supply voltage of 700 V. As a light source a LED light pulser is used to illuminate the photomultiplier.
The amplitude of the photomultiplier output is observed with an oscilloscope with an without powered
Helmholtz coils. The effect of the magnetic field on the photomultiplier is investigated for different

42



4.3 Design

orientations of the photomultiplier in the magnetic field of the Helmholtz coils. Figure f.13a]and f.13D]
show a scheme of the test setup with the two different orientations of the photomultiplier in the magnetic
field. The measured amplitude of the output signal of the photomultiplier in absence of the externally
applied magnetic field amounts to 226.4 mV. By turning on the Helmholtz coils and orientating the pho-

(a) PMT parallel orientated to magnetic field
(figure[f.13a). Helmholtz coils turned off and
without shielding.

(b) PMT parallel orientated to magnetic field (c) PMT orthogonally orientated to magnetic field
(figure@.13a). Helmholtz coils turned on and (figure @I3b). Helmholtz coils turned on and
without shielding. without shielding.

(d) PMT parallel orientated to magnetic field (e) PMT orthogonally orientated to magnetic field
(figure f.13a). Helmholtz coils turned on and (figure E.I3B). Helmholtz coils turned on and with
with shielding. shielding.

Figure 4.14: Measured PMT signal using a LED light pulser.

tomultiplier longitudinally to the external magnetic field as shown in [f.133] the amplitude of the output
signal drops by 45% to 124.4mV (see figure [f.14a] and [F.14b] ). For a transversal orientation of the
photomultiplier to the magnetic field, the amplitude drops by 11% to 201.2mV (see figured.14c). In a
next step the photomultiplier including its base is placed into a shielding iron tube of 2 mm thickness
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and the amplitude of the output signal is remeasured while the Helmholtz coils were turned off. Figure
[FT4d and F.T4€| show the output signal of the shielded photomultiplier longitudinally and transversally
orientated to the magnetic field. For longitudinal orientation, the amplitude of the shielded photomulti-
plier is not fully recovered, being still 5% lower than without external magnetic field. In contrast, due
to the shielding of the earth’s magnetic field, the amplitude is even slightly higher for the transversal
orientation. At the end the aluminium tubes closest to the dipole magnet are replaced by 3 mm thick
iron tubes.

4.4 Commissioning and calibration

In this chapter, the characteristics like time resolution, rate stability and detection efficiency are presen-
ted. Subsequently, the energy calibration of the hodoscope and its stability against maintenance are
discussed.

The function of the tagging system is to provide a precise energy and time information of the produced
bremsstrahlung photons. This requires an energy calibration of the tagging hodoscope. Its stability with
respect to maintenance needs to be investigated.

Since, the BGO-OD experiment investigates photo-production experiments with low cross sections,
high photon fluxes are required. The other main requirement of the tagging system is, that is has to work
in a stable condition up to total rates of 50 MHz. Further important characteristics like time resolution,
rate stability and detection efficiency are determined.

4.4.1 Detector configuration and time resolution

The gain matching of all photomultipliers is the first step to bring into operation the tagger hodoscope.
Therefore, as mentioned in section .2} the x1 amplified outputs of the AFAs are fed to a 16 channel
CAEN DT5742 sampling ADC. Figure [f.15]shows as an example an ADC pulse spectrum of one gain
matched photomultiplier using an arbitrarily chosen high threshold of 75 mV. The expected Landau
distribution is clearly visible. After the gain matching of all the photomultipliers, the thresholds on the
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Figure 4.15: Typical ADC pulse spectrum in dependence of the time in ns of a gain matched PMT.

B-FrED boards are set. The B-FrED is based on the dual-threshold technique, meaning that the analogue
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4.4 Commissioning and calibration

signal is compared to a low and a high threshold. The signal has to exceed the high threshold in order to
not be ignored. The timing of the signal is measured in correspondence of the low threshold minimising
the time-walk and improving the time information. To choose an appropriate pair of thresholds, a
threshold scan is performed. This means that in an interactive process, low and high threshold of the B-
FrEDs are changed and for each pair of thresholds, the scaler rate of each tagger channel is normalised
by the FluMo scaler rate. The values of the threshold used in a scan are listed in table {f.T|leading to 42
data sets for each tagger channel. The figures [#.16a] and [.16b] show the scaler rate distributions for a

Low ThinmV | 10 | 20 | 30 | 40 | 50 | 60 | 70
High ThinmV | 70 | 80 | 90 | 100 | 110 | 120

Table 4.1: Thresholds used in a threshold scan.

low threshold of 40 mV and a high threshold of 100 mV for channel 66.

As displayed in figure [§.16a] the scaler rate of the tagger channel decreases by increasing the high
threshold which has several reasons. For high thresholds up to 90 mV noise is reduced. Starting from
120 mV, were the high threshold is too large compared to the low threshold, signals get lost. The signal
is compared to both, low and high threshold. Since the low threshold is exceeded first, it is delayed
by a fixed time (see figure f.I7). Once the high threshold is reached, a gate opens to check for the
delayed signal which did exceed the low threshold. If the high threshold is too high, the signal needs too
much time to overcome the high threshold. Consequently, the gate opens too late. For much larger high
thresholds values, the signal does not overcome the threshold. In the example of figure f.16a] a good
high threshold value would be between 90 mV and 110 mV for which the scaler rate remains constant.
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(a) Normalised scaler rates for a fixed low threshold (b) Normalised scaler rates for a fixed high
of 40 mV and varying high thresholds. threshold of 100 mV and varying low thresholds.

Figure 4.16: Scaler rates of tagger channel 66 normalised by FluMo scaler rates for different low and high
thresholds.

Figure [4.16b] shows the scaler rates in dependence of the low threshold. One can see that almost no
signals are accepted for a low threshold of 10 mV. The logical scheme of the shaper stage is shown in
figure .17 to illustrate this problem. The shaper stage is realised using two D-FlipFlops for which the
output signal Q; is synchronised with a clock C;. Q; transmits the signal D; if a rising edge is detected at
C;. If the low threshold is too low, the input at C; is always active. Hence, no rising edge can be detected
and therefore no output signal is transmitted by the shaper stage. Starting from 30 mV, no significant
change in rate is visible in figure f.16b] and therefore a value of at least 30 mV should be choosen for
the low threshold.
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Q
Ht C1
Comparator 10ns

Q

C2

Figure 4.17: Scheme of the discriminator shaper stage. The signal shaping is performed using two D-FlipFlops.
A gate shown by D is opened for 5 ns by the high threshold signal in which the low threshold signal delayed by
3 has to arrive in order Q, delivers a 10 ns long active signal

It is expected that the time resolution of the tagger channels is mainly affected by the low threshold.
The time resolution is determined in dependency of low and high threshold for each tagger channel
separately to choose the appropriate low threshold and cross check the dependence of the time resolution
on the high threshold. For the determination of the time resolution, the time difference distribution of
two adjacent tagger channels is fitted to a Gaussian function. The standard deviation of the Gaussian fit
corresponds to the combined time resolution of the two adjacent tagger channels. Assuming that both
channels contributes in the same way to the error, the time resolution of a single channel is given by
Teh = Teoine/ V2. Figure |4.18a| and |4.18b| show the time resolution for a single channel depending on
low and high threshold for a subset of ETEnterprise and Hamamatsu photomultipliers. The error bars on
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Figure 4.18: Time resolution of the Hamamatsu and ETEnterprise PMTs depending on low and high thresholds.
The black lines indicate measurement with same low threshold in bins of 10 mV.

the time resolution are the errors on the standard deviation from the Gaussian fit. Each block indicated
by the black solid lines corresponds to a fixed low threshold for which the high threshold is changed
according to table[dT] It is visible that the time resolution strongly depends on the low threshold. In the
case for figure [f.18a] and {f.18Db| the thresholds for both kind of photomultipliers are set to Lt = 30 mV
and Ht = 100 mV.

4.4.2 Rate Stability and detection efficiency

One of the main requirements on the tagging system is the stable operation at high rates. Due to the
bremsstrahlung cross section which is proportional to dE,/E,, photomultipliers covering the region of
high energetic electrons are exposed to the highest rates. Figure .19 shows the scaler rates of each
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single channel of the tagger hodoscope using a copper radiator with a thickness of 67 um and a primary
beam current of about 500 pA. Starting from channel 117 the scaler rates do not increase corresponding
to the bremsstrahlung cross section. The reason for this deviation is most probable saturation of these
photomultipliers. Photomultipliers which cover low energetic post-bremsstrahlung electron energies
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Figure 4.19: Single channel tagger spectrum with optimised high voltages and discriminator thresholds.

are also exposed to the lowest rates. They are expected to not suffer saturation effects and therefore
can be used as reference channel to test the rate stability. For the investigation of the rate stability of
the photomultipliers which are exposed to the highest rates, scaler rate distributions are measured for
different primary beam currents and different thicknesses of the copper bremsstrahlung radiator. Figure
[#.20a) and [4.20b] show the scaler rates of reference channel 59 against the scaler rates of channels 115 to
120 for primary beam currents ranging from 257 pA to 583 pA and radiator thicknesses of 100 um and
200 um. Except for channel 118 it can be seen that, the tested photomultipliers start to saturate for rates
between 5 MHz and 7 MHz. For the example shown in figure f.19]a stable condition is guaranteed for
channels up to 116 with a total tagging rate of about 54 MHz.

Due to the saturation of the photomultipliers, it is expected that the detection efficiency decreases.
Figure . 2T]illustrates the principle of a detection efficiency test. The test detector is sandwiched by two
smaller trigger detectors, one providing the start and one the stop time. If a particle originating from
the source is seen by the start and stop detector, it is expected, that within the time window given by the
trigger detectors, the particle is seen by the test detector. The detection efficiency can be written as:

N
e = start,test,stop (42)

N, start,test,stop +N. start,stop

Due to the arrangement and geometry of the scintillators, this concept cannot be applied on the tagger
hodoscope and has to be slightly modified. Instead of using a start and stop detector, the trigger is
generated by an OR of all single channels of the hodoscope. Still, due to the arrangement, except for
the first and last one, each scintillator is partially sandwiched by two neighbouring scintillators. The
algorithm to test the detection efficiency of one tagger channel is the following. First, it is looked for
two scintillators with index i—1 and i+ 1, which have seen a particle within a time window corresponding
to three times their time resolution. Secondly, it is checked if scintillators with index i —2 and i + 2 were
hit in the same time window. If such neighbouring hits are found, these events are treated as background
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Figure 4.20: Scaler rates for tagger channels 115 to 120 versus scaler rates of channel 59 with two different
radiators.

Test channel
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] N

start stop

Figure 4.21: General efficiency measurement. Particles emitting from a source penetrate three detectors. If a
particle is seen in a certain time window by the first and the last detector, the particle should be seen by the
sandwiched one.

and are rejected. In this way it is avoided to consider coincidences of four and more scintillators which
are geometrically not allowed. The last step is to check if a hit has been seen in scintillator { within the
time window. If scintillator i was hit, the event is treated as efficient. The detection efficiency is then
determined via
oz Ni-1,ii+1 4.3)
Ni-1,ii+1 + Nic1ix1

Figure [#.22] shows the resulting determined detection efficiencies for the tagger channels 2 to 118. It is
remarkable, that for the lower half of the hodoscope the determined efficiencies are in general lower than
for the upper half. The only known difference is that the two halves of the detector are connected to two
different FPGA boards. Further investigations are necessary to reach an unambiguous interpretation of
this discrepancy. Detection efficiencies of ~99% are determined in the upper half for channels up to in-
dex 88. For higher channels, two structures are visible. First, the detection efficiency drops for channels
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Figure 4.22: Determined detection efficiencies for each tagger channel.

starting from channel 113 which is related to the previously discussed saturation of the photomultipliers.
Secondly, each third channel shows a larger detection efficiency, which is related to the geometry of the
vertical part of the tagger hodoscope. The scintillators in the first and third column of the hodoscope
are not sandwiched by two neighbouring scintillators and therefore the determination of the detection
efficiency is effected by background as illustrated in figure[.23] The scintillators are arranged such, that
the surface of the scintillators is perpendicular to the expected post-bremsstrahlung electron trajectories.
Hence, a post-bremsstrahlung electron has to pass through two or three adjacent scintillators. This is
shown by the solid black lines. Particles not originating from expected post-bremsstrahlung electron tra-
jectories illustrated by the dotted lines (scattered post-bremsstrahlung electrons or secondary particles)
can pass through scintillators which are not adjacent. The amount of scattered and secondary particles
increases with rate and post-bremsstrahlung electron energy. These particles produce hit patterns in the
tagger hodoscope, which are identified as inefficient events and therefore lower the determined detection
efficiencies.

102

101

Figure 4.23: Particles not ori-
ginating from expected post-
bremsstrahlung electron traject-
ories cause wrongly determined
inefficiencies.
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4.4.3 Tagger time alignment and clustering

Due to its good time resolution, the tagging system provides the start time of an event for the BGO-
OD experiment for data trigger conditions. In the ideal case, a tagger trigger signal is generated if an
electron passes through two adjacent scintillators within a time window of 4.2 ns. Therefore all single
channels have to be aligned with respect to each other. Data is taken requiring the coincidence between
FluMo and an OR of all tagger channels as trigger condition to perform the time alignment of the tagger
signals. Subsequently, the time difference between FluMo and all single tagger channels is determined.
The time differences are adjusted on the FPGA within steps of 5/6 ns. Figure f.24a]shows a not aligned
time spectrum of the tagger hodoscope for all single tagger channels.
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The times of all single tagger channels are aligned in spectrum compared to ﬁgure@ are present.
steps of 5/6 ns and shifted to zero. A periodic struc-

ture of 2 ns is visible which corresponds to the bunch

wise extraction of the electrons.

Figure 4.24: Time spectrum of the tagger hodoscope and the corresponding coincidence tagger spectrum.

It is visible that neighbouring tagger channels are misaligned by more than the coincidence time
window. Consequently, coincidences are not detected and therefore less coincidence trigger signals are
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generated. Figure[#.24c|shows the same spectrum after time alignment. Hence, the missed coincidences
are restored as shown in figure f.24d]

An event based time correction on software level is applied to improve the time resolution of each
single tagger channel. It is checked which coincidence channel is closest in time with the trigger time.
The time of the later hit member of the coincidence is determined. Subsequently, the times of all single
tagger channels are corrected by this offset. Figure[#.25a]shows the time distribution for all single tagger
channels after the event time correction is applied on the data shown in figure A sharp line at
zero caused by the event time correction can be seen. A better separation of the bunch structure of the
electron beam and therefore a better identification of the electron which generated the trigger is achieved
with the event time correction. The time distribution of the signals coming from all the channels of the
tagging hodoscope is shown in figure .25 Clearly visible is the prompt peak around Ons, which
includes the events correlated to the trigger.
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(a) Single tagger channel vs time in ns. The colour (b) Tagger time spectrum in logarithmic scale.

code gives the number of entries in logarithmic scale. The bunches of the extracted electron beam are

The periodic structure of 2 ns did become more sharp. well isolated. The event time correction cleans
the events caused by the trigger from detec-
ted electrons coming from neighbouring bunches
and increases the time resolution.

Figure 4.25: Time spectrum after the time alignment and event time correction.

Post bremsstrahlung electrons which pass through the tagger hodoscope on their nominal trajectories
are usually detected by two or three adjacent scintillators. After the time alignment is performed, the
reproduction of double and triple hits, which are called cluster, is investigated in data and compared
with simulation. The time information of each single channel is used to reconstruct the clusters. Hits
from two or more adjacent scintillators form a cluster if they are all in a time window of 30 of the
tagging hodoscope time resolution. For simulated data, single electron events are generated. Hence,
double electron events which can occur due to high rates are not considered. To be able to compare the
measured data with the simulation, only events which are lying inside the prompt peak are considered.
Figure 4.26a]and [#.26b| show the number of reconstructed clusters per event for simulated and real data.
In simulations, where only one electron is simulated in each event, ~0.5% of the events show more
than one cluster. These additional clusters originate from particles generated in scattering processes in
the kapton foil of the tagging magnet, in the air and in the scintillators. In real data, more than 5%
of the events show more than one cluster in the prompt peak, corresponding to several bremsstrahlung
processes taking place in the radiator almost at the same time due to the high intensity of the primary
electron beam. Figure [#.27a) and [f.27b] show the reconstructed clustersize for simulated and real data.
After the selection of clusters lying within the prompt peak, the cluster size distribution for real data
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Figure 4.26: Number of clusters per event for simulated and real data. Due to the high intensity of the primary
electron beam, the tagger hodoscope detects more than one particle per event.
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Figure 4.27: Clustersize per event for simulated and real data.

resembles the one of simulated data. Clusters with more than 3 members correspond to rescattering
of the post-bremsstrahlung electron within the scintillator or to the presence of secondarily produced
particles hitting the tagger hodoscope.

4.4.4 Energy calibration

The main purpose of the photon tagger is to determine the energy of the produced bremsstrahlung
photons, by detecting the corresponding post-bremsstrahlung electrons in the tagger hodoscope. The
direct information given by the hodoscope is the index of the coincidence channel which did detect
a post-bremsstrahlung electron. Hence, an energy calibration of the hodoscope is necessary to assign
to each coincidence channel the corresponding post-bremsstrahlung electron energy. This allows to
obtain the post-bremsstrahlung electrons energy from its detection position in the tagger hodoscope and
therefore to determine the energy of the produced bremsstrahlung photon.

To perform an energy calibration, the primary electron beam with low intensity and with known
energy E is bent by the tagging magnet directly into the hodoscope without previously hitting the
bremsstrahlung radiator. By changing stepwise the magnetic field B, which is measured by a hall
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probe mounted at a fixed position inside the magnet, the beam is swept over the hodoscope (see fig-
ure 4.28a). This procedure provides the detection position in the hodoscope of the primary electron

7.74° — B /E = 0.43 T/GeV

Primary beam Dipole magnet Primary beam Dipole magnet /Ph;w: tée_aén
J— [ v 0
E foe] E \K
o) 0 P ——
= 90%E, =
= Radiator Hod
3 W0%EN 0P £
©
(a) The primary electron beam with energy E is (b) Nominal setting of the primary electron beam
bend for different values of B at different positions and the dipole magnet during data taking.

into the tagger hodoscope. For each value of B data
is taken to determine the position of the electron
beam in the tagger hodoscope.

Figure 4.28: Principle of the energy calibration of the tagger hodoscope.

beam in dependence of the magnetic field strength B, for a fixed primary beam energy E. Using
this dependence together with the nominal values of Eg and By set during the performance of photo-
production experiments (see figure[d.28b), the coincidence channels can be assigned their corresponding
post-bremsstrahlung electron energy via:

Ecoinc - E @ . 1

: : (4.4)
EO EO Bcoinc

To avoid radiation damage of the scintillators or saturation in the photomultipliers, the intensity of the
primary beam was reduced such, that a rate of about 300 kHz was observed in the full tagger hodoscope.
In figure [3.6b] it is visible that for magnetic field values higher than 1.55 T the deviation of the linear
behaviour of the dipole magnet is larger than 1%. Therefore, the energy calibration is started with an
magnet field value of 1.5 T and reduced until the primary electron beam does not hit the vertical part of
the hodoscope anymore. For each magnet current setting, 50.000 coincidence trigger events are taken.
The energy calibration is performed with three different primary beam energies to verify the consistency
of the results. In table are shown the primary electron beam energies and the magnetic field step
sizes used in the performed energy calibrations. The figures [F.29a] [.295 and {.29¢] show for each

Primary electron beam energy in MeV | 800 | 1270 | 1730
Magnet current step in A 1 10 3
Magnetic field step in mT ~1.7 5 17

Table 4.2: Electron beam and magnet parameters during tagger hodoscope energy calibration.
primary electron beam energy the dependency of all 119 coincidence channels on the magnetic field.

The colour code illustrates the number of coincidental hits in two adjacent scintillators. No entries are
available for channel 5 to 19, since these were not equipped during the energy calibration. Different
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(c) Series of measurement using a primary electron beam energy of 1730 MeV.

Figure 4.29: Results of the energy calibration measurement for different primary electron beam energies. Plotted
is the absolute magnetic field value versus the coincidence channel of the tagger hodoscope. The colour code gives
the number of entries. The thresholds for channels 27, 39 and 61 could not be set correctly for technical reasons.
Hence, only the primary electron beam is seen by these channels. The channels 5 to 19 were not equipped during
the energy calibration, which explains the missing entries in the plots.
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parts of the tagger hodoscope can be scanned with different primary electron beam energies using the
same starting value for the magnetic field. With a starting magnetic field value of 1.5 T it is not possible
to scan the full tagger hodoscope. For a complete scan of the tagger hodoscope a larger magnet field
value would be required, but from figure [3.6b] we know that the magnetic field value would not scale
linearly with the applied supply current anymore. Hence, for the coincidence channels smaller than 36,
the corresponding post-bremsstrahlung energy has been extrapolated.

To determine the energy mean value per coincidence channel, the same analysis as presented in sec-
tion[d.3.3]is performed. Figure[.30b|shows for the hit distribution of coincidence channel 60, depending
on the magnetic field using a primary electron beam energy of 800 MeV. One can see, that the hit distri-
bution resembles the expected shape of a smeared rectangular function, which is fitted by equation .1}
Using the mean value of the magnetic field distribution, given by pg, allows the determination of the en-
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(a) Series of measurement using a primary electron
beam energy of 800 MeV.

(b) Projection of coincidence channel 60 fitted
with equation 1.1}

Figure 4.30: Determination of energy mean values and energy widths.

ergy mean value per coincidence channel via equation[d.4] The errors on the mean value and the width
of the distribution resulting from the fit are close to zero. The considered systematic errors are given
by the resolution of the Hall probe, which amounts to 1 mT, and the uncertainty on the primary electron
beam energy which is 1072Ey. For the determination of the final errors on the energy mean value and
the energy width, Gaussian error propagation is applied. Figure [#.3Ta]shows the resulting energy mean
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data.

Figure 4.31: Resulting energy mean values compared with simulated data.
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values in %E for the primary electron beam energies of 800 MeV, 1270 MeV and 1730 MeV. Since the
errors are of the order of ~0.5%, the errors are not visible in this plot. It can be seen that all the data
points are in a very good agreement with each other. As already mentioned in section{f.3.3]the distribu-
tion consists of five regions in which the energy raises linearly but with different slopes in dependence
on the coincidence channel. The slope of these linear functions corresponds to the energy binning of
the hodoscope. Each region of different energy binning is fitted with a linear function. Comparing the
results with simulated data (see figure [#.3TD)), an agreement of better than 2% is achieved.

The ratio of the resulting energy mean values from real to simulated data is shown in figuref.32a]and
close to one. Constants are fitted to each region of different energy width which show an agreement of
real to simulated data by better than 1%. A larger spread is observed in the data acquired at 1270 MeV.
This effect is ascribed to the fact, that the step size in the magnet current was 3 to 10 larger compared to
the other measurements. Figure [#.32b] shows the comparison of the energy mean values from real data
to simulated data considering the results from the series of measurement using a primary electron beam
energy of 800 MeV and 1730 MeV. Beside a good agreement of real to simulated data, the comparison
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lated data using the results from all three series of data without considering the results gained with a
measurements. primary energy beam energy of 1270 GeV.

Figure 4.32: Energy mean value ratio of real to simulated data. Real data agrees with simulated data by better
than 1%. The ratio approaches the value 1 for higher coincidence channels. Simulations show, that the deviation
from 1 cannot be caused by beam and tagger hodoscope misalignments within the positioning precision.

of the energy mean values show a systematic effect. The agreement of real to simulated data decreases
for lower coincidence channels. To identify the reason for this decrease in agreement, a simulation with
a misaligned beam and tagger hodoscope within the precision of the positioning was performed. Neither
a transversal displacement of the primary electron beam from its central axis nor a misalignment of the
tagger hodoscope within the positioning precision would contribute to this deviation. A second simula-
tion was performed considering an angular displacement of the primary electron beam with respect to
its nominal axis. It was observed that an angular displacement of the primary electron beam by 0.1 mrad
can cause an effect comparable to the one visible in figure .32 Other experimental observations dis-
cussed in section[5.1.3|support the hypothesis that an angular displacement of the primary electron beam
by 0.1 mrad is present.

A cross check is performed on the energy widths of each coincidence channel, which can be determ-
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ined using the fit results as shown in figure [#.30D] via:

AE B 1 1
—=E-—0-( - ) (4.5)
EO EO Bcoinc - AB Bcoinc + AB

Here, the fit parameter pg corresponds to B,in. and p; corresponds to AB. The extracted energy widths
per coincidence channel are shown in figure f.33a] in comparison with simulated data shown in figure
@330 It can be seen, that the extracted energy widths from real data are about 20% to 25% larger

uf 3.5 x2 / ndf 144 /117 Luc x¢ / ndf 5473 /113
5 % AEforch1-53 05490007 | ~ 800 MeV 5 18] AEforch 1-53 0.416 + 0.001
BN AE for ch 54-81 0.794 £ 0.012 ® 1.6 AE for ch 54-81 0.601% 0.001
= 8 AE forch 82102 142320013 | 1730 MeV UE_I 1 4| AEforcn82-102 0877 0.002
LJ<.]J 25| AEforch 103-113 1.683 + 0.028 < : AE forch 103-113  1.302 + 0.002
AE forch 114-119 2.281+0.052 1.2 Aetorch114-119 1.735% 0.008
2:* na
1.5 0.8
E 0.6
1= E
r 0.4
05 0.z
) S S R E A E N B b
20 40 60 80 100 120 20 40 60 80 100 12¢
coincidence channel coincidence channel
(a) Extracted energy widths for real data using (b) Extracted energy widths for simulated data.
a primary electron beam energy of 800 MeV and
1730 MeV.

Figure 4.33: Extracted energy width per coincidence channel for real and simulated data. The results from real
data deviate between 20% and 25% from simulated data.

than the energy widths from simulated data. This deviation can be ascribed to two effects which are
not included in the simulation. The hodoscope is closed with black foil to avoid light reaching the
scintillators. Scattering processes on this foil are not considered. In addition, the primary electron
beam carries a not yet understood background, which is probably generated at the extraction point and
whose distribution in space is unknown. As mentioned in section f.3.4] the design of the mechanical
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Figure 4.34: Ratio of energy mean values before and after removal of a scintillator slide. The black box indicates
the channels which were removed and reinstalled.
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structure of the vertical hodoscope shall allow maintenance on the scintillators without affecting the
energy calibration. To proof the stability of the energy calibration under maintenance, one slide of
scintillators (see sectionf.3-4) is removed and reinstalled after the energy calibration. A further energy
calibration is then performed in the region around the slide which was moved. Figure .34 shows the
ratio of energy mean values per coincidence channel before and after the removal of the scintillator
slide. The black box indicates the coincidence channels which includes the reinstalled scintillators.
No significant change compared to untouched channels is observed. The variation is within the errors.
Hence, the stability of the energy calibration is ensured.
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CHAPTER 5

Production of linearly polarised photon beams
at ELSA

Taking advantage of the coherent bremsstrahlung process off a crystal, linearly polarised photon beams
can be produced. However, the crystal has to be aligned precisely with respect to primary electron
beam momentum. The alignment mechanism of the crystal radiator using a goniometer system is ex-
plained in this chapter. Subsequently, the monitoring of the coherent bremsstrahlung spectrum and the
determination of the expected degree of polarisation will be shown.

5.1 Crystal Alignment

We know from section[2.2.3] that a precise positioning of the diamond crystal with respect to the primary
electron beam is essential to obtain a one-point coherent bremsstrahlung spectrum which leads to the
highest expected degree of polarisation. A goniometer system which is introduced in section 3.1.3]
fulfils the requirements on the accuracy of the alignment. In addition to the positioning accuracy of the
goniometer, the knowledge of the angular offsets between the crystal and goniometer system as well as
between the primary electron beam and the goniometer system are of significance. Since the angular
offsets of the goniometer system to the primary electron beam direction depend on the stability of the
primary electron beam, the offsets have to be determined on demand. An additional uncertainty which
has to be corrected by the goniometer is a possible displacement during the installation of the crystal
into the goniometer system. The method to determine these offsets used at the BGO-OD experiment
is the Stonehenge technique developed by Ken Livingston [I]] and already successfully used at the
neighbouring CB-ELSA experiment, Jefferson Laboratory and the Mainzer Microtron. In the following,
the diverse coordinate systems and their relation between each other are illustrated.

5.1.1 One-point spectra of coherent bremsstrahlung

For the ideal case, in which no offsets between the beam, goniometer and crystal coordinate systems
exist, the angles @ and 6 introduced in section [2.2.3] are used to describe the production of one-point
spectra of coherent bremsstrahlung and to determine the expected degree of polarisation. For simplicity
reasons in the crystal alignment, new angles c, i and ¢ are introduced describing the relation between
the primary electron beam and the crystal coordinate system shown in figure[5.1a]

e c: the main coherent peak corresponding to the [0,2,2] reciprocal lattice vector and its subsequent

harmonics [0,4,4], [0,6,6] etc. can be set at any position in the bremsstrahlung spectrum. These
peaks are controlled by the angle c between the electron beam and the [0,2,2] reciprocal lattice
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Figure 5.1: Definition of the scattering angles c, i and ¢.

plane. For a diamond cut in [1,0,0] direction, the value of ¢ can be determined via:

N mea
 AImE2|L_ L
A2 3| £ - ]

(5.1

m, = electron mass in MeV
923.7 diamond lattice constant
hy = £2,+4, ... Miller indices

primary electron beam energy in MeV

Q
I

O
I} I}

desired position of main coherent edge

e i: while c controls the main peak and its subsequent harmonics, the angle i between the electron
beam and the [0,2,2] affects the orthogonally contributing reciprocal lattice vectors. By choosing
it larger than ¢ (i = 9 - ¢ at the BGO-OD experiment) the coherent contributions from the or-
thogonal planes are positioned to higher photon energies not being able to interfere destructively
with the main coherent contribution of the [0,2,2].

e ¢: the angle ¢ defines the position of the polarisation plane with respect to the horizontal in the
laboratory frame.

To be able to determine the expected degree of polarisation, it is important to know the relation between
(@, 0) and (c, 1) which is shown in figure[5.1]

In general, angular offsets between the primary electron beam and the diamond exist. These offsets
have to be determined and can be compensated by the goniometer system. In the following section, the
offsets between the different coordinate systems are introduced.
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6,

Figure 5.2: Angular offsets between primary electron beam (B), diamond (D) and goniometer (G) system.

5.1.2 Definition of angles and offsets

The goniometer system contains three motorised positioning units allowing rotations along all spacial
axis (¢, 6, 6,) as indicated in figure @ For 8, = 6, = 0 the origin is defined by the normal of the
goniometer system (G). All rotational axis of the goniometer system intersect in one-point in which
the middle of the diamond radiator is installed. Due to a possible displacement of the diamond in
the goniometer system, the direction of the reciprocal lattice vector [1,0,0] does not correspond to the
goniometer normal. The offsets between the diamond and the goniometer system are considered as
follows:

e ¢o: azimuthal offset between the direction of the [0,2,2] reciprocal lattice vector and the horizontal
rotation axis 6y,.

e O: polar displacement between the origin and the direction of the [1,0,0] reciprocal lattice vector.

o @: azimuthal displacement between the horizontal rotation axis and the direction of the [1,0,0]
reciprocal lattice vector.

Each experimental running period, the primary electron beam is aligned with respect to the experimental
setup, but the primary electron beam direction does not fully fall close with the normal of the goniometer
system. The offsets between the primary electron beam and the goniometer system are considered as
follows:

e Bj: horizontal displacement between the origin and the primary electron beam.
e B,: vertical displacement between the origin and the primary electron beam.

If all five offsets are known, the goniometer system can be used to move the diamond from its initial
position Dy into a position D ;4 in which the angles c, i and ¢ engage their desired values with respect
to the primary electron beam direction and therefore set the position of the main coherent peak in the
bremsstrahlung spectrum. It can be seen in figure [5.3] that the relocation of the diamond takes place
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by applying the goniometer coordinates G,, G, and G; on the goniometer’s azimuthal, vertical and
horizontal axis. First, the azimuthal coordinate G, is applied to set the orientation ¢ of the polarisation

ehl

>
>

@) 0,

Figure 5.3: Required goniometer angles Gy, G, and G, to move the diamond radiator from Dy to D, 4

plane given by the [0,2,2] reciprocal lattice vector and therefore moving the [1,0,0] reciprocal lattice
vector from Dy to Dg. Secondly, to bring the diamond from Dy to position D, ;4 to set the angles
¢ and i with respect to the primary electron beam direction, the goniometer’s vertical and horizontal
coordinates G, and Gy, are applied. By using trigonometry, the goniometer coordinates G,, G, and Gy,
are determined from figure [5.3]to:

Ga=¢—-¢o (5.2)
G,=ccos¢p—ising —Ocos (G, + D)+ B, (5.3)
Gp=csing +icos¢ —0Osin (G, + D) + By, 5.4)

If needed, due to the four fold symmetry of the diamond around the [1,0,0] axis of the diamond, one can
rotate the polarisation plane by /2 by interchanging the values of ¢ and i. Hence, the main coherent
peak in the diamond bremsstrahlung spectrum is caused by the [0,2,2] reciprocal lattice vector.

It was shown that, applying the goniometer coordinates G,, G, and G, leads to a one-point diamond
bremsstrahlung spectrum with a main coherent peak caused by the [0,2,2] reciprocal lattice vector under
an azimuthal angle ¢ with respect to the laboratory horizontal plane. Before G,, G, and G}, can be set,
one has to determine the five angular offsets ¢y, ®, ©®, B, and By,. The Stonehenge technique is used
at the BGO-OD experiment to obtain the values of the angular offsets and will be presented in the
following section.

5.1.3 Stonehenge

The S tonehenge technique uses the bremsstrahlung process of the diamond radiator itself to determine
the angular offsets introduced before. In general, the position of the main peak in the bremsstrahlung
spectrum is changed by systematic change of the goniometer coordinates G, and G,. The diamond
is moved by the goniometer system such, that the [1,0,0] reciprocal lattice vector describes a cone of
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angular radius 8, around an arbitrary origin S with respect to the origin of the goniometer system O:

G,=S,+6,cos¢, (5.5)
Gp,=8,+6, sin o (56)

where ¢, is increased from 0° to 360° in steps of 2°. For each set of G, and G, a diamond bremsstrahlung
spectrum is measured with the photon tagger. To enhance the coherent peaking in the bremsstrahlung
spectrum, the diamond spectra are normalised with an amorphous copper bremsstrahlung spectrum.
The normalised diamond bremsstrahlung spectra for ¢, between 0° and 360° are shown in figure [5.44]
The grey scale shows the relative intensity. The bright curves correspond to the coherent contributions
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reciprocal lattice vectors. Channel 29 had a mal-

function during the S fonhenge scan.

Figure 5.4: S tonehenge scan on an uncalibrated diamond radiator. A conus with an opening angle of 60 mrad was
scanned with 180 steps, each 2° large. Each measured diamond bremsstrahlung spectrum is normalised with an
amorphous bremsstrahlung spectrum to enhance the coherent contributions.

of the [0,2,2] and [0,4,0] reciprocal lattice vectors moving through the kinematically allowed range of
the bremsstrahlung process (see section 2.I)). The strongest contribution is given by the [0,2,2] recip-
rocal lattice vectors. Figure[5.4b]shows a normalised bremsstrahlung spectrum for the goniometer angle
¢, = 244°. With increasing tagger channel index, the three contributing reciprocal lattice vectors (0,4,0),
(0,2,2) and (0,2,2) are visible. A S tonehenge plot, like it is shown in ﬁgure is made by drawing the
measured relative bremsstrahlung spectra shown in figure[5.4a|radial in dependence of G, and G,. Either
the coherent contributions of the [0,2,2] and the [0,4,0] reciprocal lattice vectors converge for E, = 0 at
a given position defined by G, and Gj,. The coherent contributions will lie in the measured S tonehenge
plot symmetrically around the convergence points. These convergence points indicate the position for
which the reciprocal lattice vectors are perpendicular to the primary electron beam. Using the conver-
gence points, the direction of the primary electron beam relative to the [1,0,0] reciprocal lattice vector
is determined in the following way. Opposing convergence points of same reciprocal lattice vectors are
connected with each other by two crossing orthogonal lines. In figure[5.5] the lines are indicated in red,
where the thick lines connect the [0,2,2] reciprocal lattice vectors while the thin lines, rotated by 45°
with respect to the thick lines, connect the [0,4,0] ones. The intersection point of those lines indicate the
position of the primary electron beam direction with respect to the chosen origin S (see equations [5.3]
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and[5.6). The azimuthal offset ¢ is given through the angle between the thick connection lines with re-
spect to the goniometer axis G, and Gy,. ¢¢ ranges between 0° and 90°, due to the four-folded symmetry
of the diamond. The vector between the [1,0,0] reciprocal lattice vector and the direction of the primary

electron beam is determined by B—>D0 = —(? + ﬁ). During the first performance of a S tonhenge scan,
the origin S is set to S, = S, = 0. The displacement B_D(; is compensated and the measured azimuthal

Gp

Figure 5.5: Stonehenge plot achieved by connecting both ends of figure Red lines connect convergence
points of [0,2,2] and [0,4,0] reciprocal lattice vectors. Intersection point of red lines defines primary electron
beam position on the crystal.

offset ¢y is set to 45° with the goniometer system. A cross check of the determined angular offsets is
performed with an additional Stonhenge scan shown in figure [5.6] It is visible that the crystal is now
aligned with respect to the primary electron beam direction and the thick red connecting lines take an
angle of 45° with the goniometer axis G, and Gj. To determine the remaining angular offsets B,, By,
® and @, which indicate the displacement of the crystal relative to the goniometer system, a second
Stonehenge scan at a known azimuthal position ¢; with respect to the position of Dy has to be per-

formed (see figure . From the second S tonhenge scan one obtains another vector BD| = (0,1, 651)
— —_— —_—
being different from BDy = (6,9, On). Using BDg and BD; the remaining offsets can be determined via:

B, = — 600 + 01 On1 = Oho 5.7)
2 2 tan (%)
6 6 6,1 — 6,
By =— ho + no, b 0 (5.8)
2 2 tan (%)
B, + 69
@ = R ,
arctan ( B+ O ) (5.9)
0= \/(Bv +0,0)” + (Bj, + O40)* (5.10)
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5.1 Crystal Alignment

Figure 5.6: Stonehenge plot of a calibrated diamond radiator. The two black and the white circle originate from
malfunctioning tagger channels.

Figure 5.7: Determination of angular offsets B,, B;, ® and .
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Chapter 5 Production of linearly polarised photon beams at ELSA

After all angular offsets are determined, the goniometer rotates the crystal to the correct position in
order to get a one-point coherent bremsstrahlung spectrum. The main coherent peak caused by the
[0,2,2] reciprocal lattice vector can be set at any bremsstrahlung photon energies.

5.1.4 Polarisation Planes

Within this thesis, the photon beam asymmetry X (see chapter is determined in 7 photo-production
off the proton, to perform a cross check on the analytical determination of the expected degree of linear
polarisation (section 5.2). The azimuthal dependence on the detection efficiency e(¢) of the experi-
mental setup can be removed in the measurement of the photon beam asymmetry £ by performing the
experiment with two different polarisation planes. An azimuthal orientation of the polarisation planes
with 90° between each other is required. Due to a larger horizontal electron beam divergence, the op-
timal azimuthal orientation of the polarisation planes is +45° [[5T]]. It is shown in section [2.2.4] that the
electron beam divergence smears out the shape of the coherent contribution and consequently lowers the
expected degree of polarisation. Hence, is has to be assured, that the coherent bremsstrahlung spectra
have the same shape for both polarisation planes. Figure [5.8]shows the comparison of the normalised
diamond bremsstrahlung spectra for both polarisation planes. The bremsstrahlung spectra look gener-

o —+45°
—-45°

rel. intensity

1 I 1 1 I 1
2000 2500
photon energy in MeV

Figure 5.8: Normalised diamond bremsstrahlung spectra for azimuthal orientations of +45°.

ally the same. A relative deviation of ~ 2.5% of the relative intensity between both polarisation planes
is present in the energy range between 1800 MeV and 2100 MeV. This deviation can be related to the
extraction of the primary electron beam discussed in section[5.1.5]

By setting the orientation of the polarisation planes to +45°, the cos 2¢ modulation of the differential
cross section (section [I) will change into a sin 2¢ modulation. The measured normalised distributions
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5.1 Crystal Alignment

N (¢y, E,, 0, ¢) of the photoproduced meson for both polarisation planes are given through

N(¢, = +45°,E,,0,¢) = N(¢, = +45°, E,,, O)e(p)[1 — Py ((E,)Z(E,, ) cos (2(¢ + 45°))]

= N(¢y = +45°, E,, 0)e()[1 + Py (Ey)E(Ey, 0) sin (2¢)] (5.11)
N(¢, = —45°,E,,0,¢) = N(¢, = —45°, E,, 0)e(d)[1 — P, 1(E})Z(Ey, 0) cos (2(¢ — 45°))]

= N(¢y = +45°, E,, 0)e(@)[1 — P, (E})Z(E,, 6) sin 2¢)], (5.12)

with ¢, being the azimuthal orientation of the polarisation plane, the produced bremsstrahlung photon
energy E,, the polar angle 6 of the emitted meson in the centre of mass frame and the azimuthal emission
angle ¢. The angular photoproduced meson distributions can be combined such, that the detection
efficiency cancels out through

N(gy = +45°,E,,0,¢) = N(¢py = —45°,E,,0,¢) ,
N(p, = +45°,E,,0,¢) + N(¢, = —45°,E,,6,¢) ri(Ey)X(Ey. 6)sin (29). ©-13)

5.1.5 Monitoring of the relative diamond bremsstrahlung spectra

The position of the coherent edge in the diamond bremsstrahlung spectrum is set using equation [5.1]
During longer data taking periods a displacement of the primary electron beam may occur, changing
the position of the coherent edge in the bremsstrahlung spectrum. Hence, the bremsstrahlung spectrum
is monitored to be able to react on such variations. For the monitoring, the diamond bremsstrahlung
spectrum is used by itself and observed with a frequency of 20 Hz simultaneously to the data taking.
To gain enough statistics, the scaler information of the coincidence channels of the tagger hodoscope
is used. Each bremsstrahlung spectrum is normalised by a reference copper bremsstrahlung spectrum
which is recorded every eighth hours.

An example of the normalised spectrum is given in figure [5.9a] The distribution of the normalised
spectrum in the region of the main peak is fitted by the empiric function

Jx) = pol(0) + (1 = Erf((x = po)/p1)) - pol(3). (5.14)

were po indicates the position of the main peak in the bremsstrahlung spectrum, p; the width of the
error function and pol(2) and pol(3) are polynomials of zeroth and third order. During the data taking
the normalised spectrum and its fit (as figure [5.9a) are visualised online to monitor the stability of the
coherent main peak’s position. The extracted position of the coherent edge is also plotted on a time
axis, as illustrated in figure [5.9b] Shown is the position of the coherent edge in the bremsstrahlung
spectrum, localised at around 1950 MeV for both polarisation planes which were introduced in section
[(.1.4] The hole in between 11:37 and 11:38 corresponds to the time were the diamond was rotated from
one polarisation plane to the other. In addition, several thinner holes are visible, corresponding to the
spill wise extraction of the primary electron beam. The monitoring of the position of the coherent edge
is kept under control also within the spill (figure[5.10).

By looking at the position of the coherent edge during the extraction time, it is visible that the position
of the coherent edge is very unstable in the first second of the primary electron beam extraction. At the
beginning of each spill, the position of the coherent edge is off by about 50 MeV and moves rapidly to
the desired value. From chapter [2] it is known that a displacement of the coherent edge is caused by
an angular displacement of the primary electron beam on the crystal. Using the formulae introduced in
chapter 2] an angular change of ~0.1 mrad is expected to shift the coherent edge by 50 MeV. An angular
shift of the primary electron beam of ~0.1 mrad was already assumed in section f.4.4] to explain the
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Figure 5.9: Online monitoring of the position of the coherent contribution of the (0,2,2) reciprocal lattice vector.

deviation of the measured energy mean values compared to simulated data. During the remaining four
seconds in the spill, the position of the coherent edge changes by about 10 MeV.
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Figure 5.10: Fitted position of the coherent edge according to equationas a function of time during spill. The
colour code gives the number of entries. In the first second of each spill the position of the coherent edge is very
unstable.

5.2 Determination of the degree of polarisation

For the determination of the degree of polarisation, diamond bremsstrahlung spectra taken with the
general data trigger conditions introduced in chapter [3| are analysed. In order to not get biased by any
trigger and making use of the large gate of 2 us for data acquisition, only events not correlated to the
trigger timing are considered. The diamond bremsstrahlung spectra are normalised with amorphous
bremsstrahlung spectra and compared to analytical calculations performed with the program COR-
quﬂ which is mainly based on the formulae introduced in chapter In the calculation of the

! Calculation Of Relative Bremsstrahlung Intensity Spectra
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5.2 Determination of the degree of polarisation

bremsstrahlung spectra, experimental effects such as primary electron beam divergence, primary elec-
tron beam spot size and multiple scattering in the radiator are simulated by Gaussian distributions. The
input parameters required for the production of a calculated diamond bremsstrahlung spectrum are lis-
ted in table[5.1] Since the incoherent contribution is underestimated by the calculations, an incoherent

Electron beam Radiator Collimator Other
Energy in MeV Proton nr, Diameter in mm Incoherent scaling
Divergencey,,, in mrad Proton nr,;,, Length in cm

Divergence,., in mrad | Thickness in um | Distance to radiator in m
Spot sizep,, in mm Temperature in K
Spot size,., in mm Lattice vectors

¢ in mrad
11in mrad
¢ in degree

Table 5.1: Input parameters for COBRIS.

scaling factor of ~1.18 has to be introduced. An additional scaling factor for the incoherent contribution
is also required at the CB/ELSA, MAMI A2 and CLAS experiments, which lies between 1.3 and 1.5.
Figure [5.11] shows the comparison of an uncollimated relative diamond bremsstrahlung spectrum with
the prediction of COBRIS together with the expected degree of polarisation.
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Figure 5.11: Relative uncollimated diamond bremsstrahlung spectrum in black compared to calculations per-
formed with COBRIS in blue. The dashed blue line indicates the expected degree of polarisation.

By collimating the produced bremsstrahlung photon beam, the incoherent contribution in the diamond
bremsstrahlung spectrum can be reduced and according to equation [2.45] the degree of polarisation
increased. Requiring a temporal coincidence between the tagger hodoscope and the FluMo detector,
a collimated bremsstrahlung spectrum is achieved. Figure shows a measured uncollimated and
collimated relative diamond bremsstrahlung spectrum compared with the predictions of COBRIS. The
collimation of the photon beam results in an enhancement of the relative intensity of almost 25%. Hence,
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Chapter 5 Production of linearly polarised photon beams at ELSA

the expected maximum degree of polarisation increased by ~6% absolute. To determine the error of the
expected degree of polarisation a fitting routine which describes the relative diamond bremsstrahlung
spectra is implemented in COBRIS using the TF1 class of rooﬂ The variable parameters used by the
fit function are listed in table[5.2} After fitting a relative bremsstrahlung spectrum, the expected degree

Electron beam Radiator Other

Divergencep,, in mrad | cinmrad | Incoherent scaling
Divergence,,, in mrad | iin mrad
¢ in degree

Table 5.2: Input parameters of the fitting routine.
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Figure 5.12: Relative uncollimated and collimated diamond bremsstrahlung spectra compared to calculations per-
formed with COBRIS. The dashed lines show the corresponding expected degree of polarisation. By collimating
the produced bremsstrahlung photon beam, the degree of polarisation can be significantly increased.

of polarisation is calculated within the errors of the parameters given by the fitting procedure. A band
for the expected degree of polarisation can be calculated. Figure [5.13]shows a fitted relative diamond
bremsstrahlung spectrum. Here, pg corresponds to the angle i affecting the orthogonally contributing
reciprocal lattice vectors at higher photon energies, p; to the angle ¢ which defines the position of the
coherent edge and p; to the angle ¢ which defines the polarisation plane. The values of pg and p; are
given in mrad, while p; is given in degrees. Parameters p3 and p4 corresponds to the horizontal and
vertical beam divergence given in mrad. Since both act the same, only one parameter is varied. Ps is the
incoherent scaling factor which has the largest uncertainty. The parameters for which the error is 0 are
not free in the fit. The calculated expected degree of polarisation within the errorband coming from the
errors of the fit is shown in figure[5.13] A relative uncertainty in the expected degree of polarisation of
~1% is determined from the fit.

2 https://root.cern.ch/
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Figure 5.13: Determination of the error on the expected degree of polarisation. The relative collimated diamond
bremsstrahlung spectrum is fitted for varied parameters being the scattering angle i, the horizontal beam diver-
gence and the incoherent scaling factor. The blue band indicates the calculated polarisation band within the errors
of the varied parameters from the fit. A relative uncertainty of the expected degree of polarisation of +1% is
determined.

The expected degree of polarisation can be verified by measuring and comparing the photon beam
asymmetry X for example in 7° meson photo-production, for which very precise results already exits. A
comparison of the measured photon beam asymmetry X is shown in the following chapter.
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CHAPTER O

First extraction of the photon beam asymmetry
at the BGO-OD experiment

At the BGO-OD experiment, a linearly polarised photon beam is produced via coherent bremsstrahlung.
The degree of polarisation of the photon beam is not measured directly. Instead, it is determined ana-
lytically (see chapter [5.2). A further goal of this thesis is to perform a cross check on the determined
degree of polarisation. This is done through the extraction of the already well measured photon beam
asymmetry X in 7° photo-production off the proton using linearly polarised photons. Since the dominant
decay mode of the 7 is equivalent to the one of the n°, the photon beam asymmetry is also extracted
in 1 photo-production. Even if the smaller cross section in the 7 channel do not allow the extraction
of the photon beam asymmetry with the same precision as in the 7° channel, it is interesting to see if
the extracted photon beam asymmetry is consistent also in the 77 channel. In this chapter are presented
the various steps of the data analysis and the results of the extracted photon beam asymmetry X in 7°
and 7 photo-production off the proton compared to calculations of the BnGn [J3]] parametrisation and to
already existing precise data.

6.1 Detector calibration

The data taken with the experimental setup introduced in chapter [3] consists mainly of ADC and TDC
values. This kind of data is converted into physical quantities like energy and time information by
performing appropriate calibrations. In the following the calibration methods of the various detectors
are introduced.

6.1.1 Time calibration

Two different kinds of TDC are in use at BGO-OD, which require different calibration procedures. A
commercial CAEN CV 1290 TDC used for MOMO is calibrated through the relation

t=mx+Db, (6.1)

where x € N denotes the TDC bin, m € R is the width of each TDC bin in ps, being equal to 97.65625 ps
for this model, b is the offset which originates e.g. from cable lengths or light propagation in the detector
material.

For the remaining detectors, the same TDC as for the photon tagger is used (see section f.2)). With
a clock of 200 MHz, the TDC samples the input signal with the tapped delay method. The taps are not
equidistant. The inter-tap time distances are calibrated through a complicated procedure explained in
[50]. Together with the clock cycle and the inter-tap time distances, the width of the TDC channels is
obtained. Also for this TDC, the time information is affected by a channel dependent offset. The offset
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Chapter 6 First extraction of the photon beam asymmetry at the BGO-OD experiment

is determined on software level. For each detector channel, the time difference with respect to the trigger
time is determined. The time difference distribution is fitted with a Gaussian function. Subsequently,
the time of each detector channel is corrected by the mean of the Gaussian fit.

The BGO calorimeter is the only detector for which a time calibration is not necessary. It is equipped
with a Wiener AVM 16 sampling ADC which already provides the time information in ns through feature
extraction [52]). In this case the time defined by the sampling is further improved by reconstructing the
intersection point between the leading edge of the signal and its baseline.

6.1.2 Gain matching and energy calibration of the BGO calorimeter

The gain matching and the energy calibration of the BGO calorimeter is performed with >*Na sources.
22Na decays with a probability of ~89% via 8* decay. The e* annihilates within the radioactive source
and therefore two photons with an energy of 0.511 MeV are produced. The 8% decay is followed im-
mediately after ~3 ps by a y decay with an energy of 1.27 MeV. For each signal, the sampling ADC is
able to perform feature extraction on the sampled pulse. It looks for the baseline and subtract it
automatically from the pulse. Figure[6.T]shows in logarithmic scale the measured ADC spectrum of one
BGO crystal using a 2’Na source. The measured ADC spectrum is fitted with the sum of an exponential
background, an approximation for the Compton edge and two Gaussian functions, which describe the
0.511 MeV photon contribution through e* + ¢~ annihilation and the 1.27 MeV vy decay photons. The
HV of photomultipliers are adjusted such that the photon peak is located for all bgo crystals at ADC
channel 400+20. Since the baseline is already subtracted from the ADC spectrum, the decay photon
peak position corresponds to 1.27 MeV.
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Figure 6.1: ADC channel spectrum for one BGO crystal in logarithmic scale. The 0.511MeV and 1.27 MeV
photons of the *Na source were measured and fitted with a Gaussian function. In addition, an exponential
background and a Compton edge approximation were considered in the fit.

6.2 Data analysis

The analysis is performed on the data set acquired during the June/July 2015 beam time. It was op-
timised for the analysis of the photon beam asymmetry in 7° photo-production near threshold. Hence,
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6.2 Data analysis

the diamond radiator was aligned such that the coherent edge was located at a bremsstrahlung photon
energy of around 1620 MeV. The maximum degree of polarisation of about 28.5% was expected at a
bremsstrahlung photon energy of around 1530 MeV with a primary electron beam energy of 2900 MeV.
Data was acquired for two perpendicularly orientated polarisation planes with azimuthal angles of +45°
with respect to the vertical axis. During this beam time the three photomultipliers of the tagger hodo-
scope located closest to the primary electron beam were turned off due to saturation. In this section,
constraints which were set on the data samples are illustrated on the data set taken with the negatively
orientated polarisation plane.

6.2.1 Cluster reconstruction and their interpretation in terms of neutral and
charged particles

The calibrated detector signals are used to reconstruct four momenta of photons or charged particles. To
do so, the information of the energy deposition and the detection position in the detector is required.

A photon deposits its energy through the development of an electromagnetic shower over several
adjacent BGO crystals. These adjacent crystals form a cluster. The sum of the deposited energies of
each crystal containing in the cluster corresponds to the energy of the detected photon. It is possible
that two photons are detected close to each other, which results in overlapping clusters. A standard
cluster algorithm named Local Maxima Clustering is used to reconstruct the clusters, and if necessary,
to disentangle overlapping ones [45].

First, it is searched for the crystal with the largest energy deposition. Subsequently, adjacent crystals
are added. If two crystals in a cluster are geometrically separated by at least one crystal with a lower
energy deposition, the cluster algorithm splits this cluster into two separate ones. Statistical fluctuations
in the energy deposition can occur at the edge of a cluster, resulting in the reconstruction of multiple
clusters. To reduce this effect, only crystals with at least 1.5 MeV deposit energy are used in the cluster
reconstruction. Once all clusters are reconstructed, the cluster algorithm discriminates the ones with an
energy smaller than 25 MeV to reduce background coming from low energetic particles. The position of
the reconstructed clusters or equivalently of the detected photons is determined by the energy weighted
sum of the crystal positions within the detector with respect to the centre of the target

2 = ﬁio )?z : \/Ei,dep
Y~ N
Zizo : \/Ei,dep

Detected clusters are treated as a photon, if no temporal and spacial coincidence with hits in the scin-
tillator barrel is observed. On the contrary, if a hit in the scintillator barrel is found in geometrical and
time correlation with a cluster in the BGO, the cluster is ascribed to the passage of a charged particle
(e.g. protons, charged pions or kaons). Compared to photons and electrons, heavy charged particles like
protons, charged pion or kaons do not lose their energy through an electromagnetic shower. In general,
they are detected within 1 or 2 crystals. As an example, protons with kinetic energies up to 500 MeV are
stopped inside the BGO. Protons with higher kinetic energies punch through the crystals instead. The
resolution of their reconstructed position is then dominated by the granularity of the BGO calorimeter.

(6.2)

Since the forward angles from 10° to 25° are only covered by SciRi, a coincidence with a second
detector can not be required. Hence, any particle seen by SciRi is treated as charged.

75



Chapter 6 First extraction of the photon beam asymmetry at the BGO-OD experiment

6.2.2 Event reconstruction

The hadronic reactions of interest in this analysis are y+p — p+2° — p+yyand y+p — p+17 — p+yy.
In both cases two photons and at least one proton in the final state are required for the identification of
the hadronic reaction. Possible meson candidates are obtained by determining the invariant mass from
the measured four momenta of the two decay photons

2 2 2 2
> El-,y] - {Z ﬁi,y] . 6.3)
i=1

i=1

NMypeson =

The invariant mass of two photons is determined under the condition, that both decay photons are seen
within 10ns. The corresponding time cut is shown in figure [6.2a] Figure [6.2b] shows the invariant
2y mass spectrum obtained from the measured four momenta of the photons. Two peaks are visible
at 140 MeV and 580 MeV. The peak at lower energies is close to the 7° mass of 135MeV, while the
position of the second peak is located at the  meson mass being off by 32 MeV. The main effect for
the offsets in mass is a shifted target by ~1.6 cm downstream with respect to the bremsstrahlung photon
beam. This offset leads to differently measured polar angles and therefore a change in the invariant
mass of the 2y system. The effect of the shifted target will be visible in further shown plots of different
kinematical variables.
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Figure 6.2: 2y invariant mass spectrum obtained after applied time cut.

6.2.3 Event selection

The energy of the incoming bremsstrahlung photon is used to apply kinematical conditions. However,
it happens that more than one bremsstrahlung electron is detected in the tagger hodoscope within one
trigger event. Therefore it is necessary to select the proper post-bremsstrahlung electron corresponding
to the produced bremsstrahlung photon which caused the hadronic reaction. The prompt peak, which
corresponds to the post-bremsstrahlung electrons that caused the trigger, can be isolated from the 2 ns
bunch structure of the extracted primary electron beam (see section [§.4.3). Selecting the events which
lie by +1.5 ns around the prompt peak show a multiplicity of one post-bremsstrahlung electron in 93.5%
of the selected events.
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6.2 Data analysis

Proper hadronic events can be selected through combinatorics and four-momentum conservation

4 M 4 B A 4
Py beam Ol’ target Pp Pm

The first term in equation [6.4] is the four momentum of the incoming bremsstrahlung photon, with the
energy measured by the photon tagger and the momentum along z. The second term corresponds to
the target proton at rest. On the right side are written the four momenta of the outgoing proton and the
photoproduced meson.

First, hadronic events with wrongly assigned tagged bremsstrahlung electrons are rejected. The three
photomultipliers of the tagger hodoscope located closest to the primary electron beam were turned off
due to saturation. Hence, bremsstrahlung photons with energies up to 470 MeV were not tagged. These
photons can cause the trigger in the BGO calorimeter with an arbitrary simultaneously detected electron
in the photon tagger. Photons with an energy of ~340 MeV preferentially excite the A*(1232) resonance
which decays into p7® and nz*. Since such bremsstrahlung photons are not tagged, it is expected that
such trigger events occur often. This is checked by solving equation [6.4]in dependence of the photon
energy

6.4)

myEp + 3 (E% - 2,)
Ey,calc =

6.5)
my — Ep + pp g

Here, the nominal mass of the proton is used. Figure [6.3a] shows the calculated tagger photon energy
versus the measured ones. One can see, that many untagged reactions with bremsstrahlung photon
energies of ~340 MeV occurred. These reactions are assigned to wrong photon energies and will disturb
in the further analysis of the photon beam asymmetry at higher photon energies. Hence, a linear cut
is applied on the tagged photon energies which is shown in figure [6.3b] After cleaning the events
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tions and events for which the outgoing baryon
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photons, which excited a A*(1232) resonance.

Figure 6.3: Measured versus calculated bremsstrahlung photon energy. The colour code denotes the number of
entries in logarithmic scale.

from untagged reactions, events for which the corresponding bremsstrahlung photon energy is between

950 MeV and 1700 MeV, respectively around the coherent edge, were kept.
At this level of the analysis the multiplicity of the detected tagger electrons may still be larger than
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one. In this case, the missing proton mass is determined with the four momenta of the bremsstrahlung
photon and the detected meson candidate via

Mp miss = \/(Ey +mp — Em)2 - (ﬁy - ﬁm)2 (66)

The tagged bremsstrahlung photon for which the missing mass deviates less from the nominal proton
mass is kept. Figure[6.4]shows the missing mass plotted against the 2y invariant mass for the best match-
ing tagger photon. Two peaks at the 7° and 77 mass are visible correlated with the missing proton mass.
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Figure 6.4: Missing mass plotted against 2y invariant mass. The colour code denotes the number of entries.

Additional kinematical cuts are applied to reduce further background, by using the information of the
detected proton candidates. Figure[6.5]shows the charged particle multiplicity in the BGO calorimeter
and the SciRi detector for different conditions. One can see, that if charged particles were detected in
only one detector, the multiplicity is for ~1% of all events larger than one. However, more than one
charged particles are seen by both detectors simultaneously in ~10% of all events. Hence, it is import-
ant to find the correct outgoing proton candidate to be able to perform additional kinematical cuts. To
select the proper outgoing proton candidate, the angular deviation of the outgoing detected particle with
respect to the calculated missing proton is determined via

D = \/(¢miss - ¢meas)2 + (Gmiss - Qmeas)z- (67)

The proton candidate with the smallest angular deviation D is kept. Figure [6.6a] shows the distribution
of the smallest angular deviation A¢ against A6. While the distribution in A¢ is centred around zero,
an offset of ~3.5° exists. The origin of this offset is due to the shifted target. The direction of the best
fitting proton candidate is shown in figure [6.6b] It can be seen, that the proton candidate preferentially
goes into forward angles of the BGO calorimeter and SciRi.

Once the proton candidate is fixed, the azimuthal angle between the proton candidate and the meson
is determined. Since the initial state has no transversal momentum, the transversal momenta of the
outgoing proton and meson candidate must be anti parallel. Hence, an azimuthal angle between the
proton-meson pair of 180° is expected (coplanarity). Figure shows the azimuthal angle ¢ between
the proton and meson candidate in dependence of the polar difference A6, of the measured proton
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6.2 Data analysis
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Figure 6.5: Charged particle multiplicity in the BGO calorimeter and the SciRi detector in logarithmic scale for a

smaller data sample.
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Figure 6.6: Best fitting proton candidate directions.

candidate and the missing proton. The 6 distribution shows an offset of ~3.5° originating from the
shifted target. To select proper events, the Af-coplanarity distribution is fitted with a two dimensional
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Chapter 6 First extraction of the photon beam asymmetry at the BGO-OD experiment

Gaussian distribution. The events are selected according to the condition

(x—;;x)z .\ W=y 2c(x =) (@ = y) <2

2
oy oy o0y

(1-c?) =91 -c?), (6.8)

with o being set to 3 to consider almost all the events lying within the Gaussian distribution. u, and
My indicate the mean, o, and o, are the widths and ¢ corresponds to the correlation parameter. The
selected events by applying the two dimensional cut are shown in figure [6.7b]
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the polar angle is visible.

Figure 6.7: Azimuthal angle ¢ between the proton and meson candidate in dependence of the polar angle difference
A6, between the measured proton candidate and the missing proton. The colour code denotes the number of
entries in logarithmic scale.

A second kinematical cut is applied by comparing the expected energy of the meson candidate with
the measured one. The comparison was performed for 7° and 7 candidates separately. A broad cut
on the 2y invariant mass was performed from 40 MeV to 240MeV to select 7° candidates and from
400MeV to 800 MeV to select n7 candidates. Using the information of the bremsstrahlung photon and
of the meson and the proton candidates, the expected meson energy is determined via

sin(6),) cos(¢y,)
cos(fp) - (sin(6y,) cos(¢y,) — cos(6,,) sin(8),) cos(¢,,)/ cos(6))) '

Figure [6.84] and show the deviation of the missing proton mass against the deviation of the
expected meson energy for ¥ and 5 candidates. The spectra are again fitted with two dimensional
Gaussian functions and the event selection was done according to equation[6.8] Events that did survive
the kinematical conditions are shown in figure [6.8b] and [6.8d]

By restricting the kinematics of the detected reactions, the background in figure [6.94] is strongly
reduced. Figures [6.9b] and show the impact of the kinematical cuts on the missing mass versus
2y invariant mass spectrum. The final 7° and 7 candidates for the determination of the photon beam
asymmetry in their 2y decay channel are selected through a two dimensional Gaussian fit on the missing
mass versus 2y invariant mass spectrum (see figure[6.9¢). The selection is shown in figure[6.9d}

6.9)

Em,calc = Ey,bs
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6.3 Extraction of the photon beam asymmetry X

The photon beam asymmetry iny +p — p+ 7’ = p+yyandy +p — p + 1 — p + yy is determined

according to the formulae introduced in section [5.1.4] using the selected events shown in figure [6.9d]
The azimuthal distribution of the reconstructed 7° and 7 candidates is analysed for different incoming
photon energy bins and different polar angle bins in the centre of mass system. As an example, figure
shows the azimuthal distribution of reconstructed 7° candidates in an incoming photon energy
range from 1100 MeV to 1150 MeV for the negatively orientated polarisation plane. It shows holes at
azimuthal angles of 88° and -98° over the full polar angle range. The two holes are a consequence
of a gap of 5 mm between the two halves of the BGO, which were not completely closed during the
data taking. Since SciRi is connected to the structure of the BGO calorimeter, a gap in Sciki is also
present. According to section [5.1.4] the acceptance hole does not affect the extraction of the photon
beam asymmetry Z, performed by the study of the azimuthal distribution of the ratio

+45°,E,,0,¢) — N(¢,
+45°,E,,0,¢) + N(¢,

N,
N(gy

_4509 E’y’ 97 ¢)
—-45°,E,,0,¢)

= P, i(E,)X(Ey, ) sin (2¢), (6.10)
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missing mass in MeV

B A U D D N T B
100 200 300 400 500 600 700 800 900 1000
invariant mass (y,y) in MeV

(a) Proton missing mass against 2y invariant mass
spectrum after fixing the bremsstrahlung photon.

Vv
-
n
=]
S

n Me
-
o
o
BRRRRNEERRNL

missing mass i

600

| 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000 °
invariant mass (y.y) in MeV

(c) Proton missing mass against 2y invariant mass

spectrum after cut on the missing to nominal proton
mass difference and on the measured to expected

V

=
N
S
S|

n Me
-
=
o
o

missing mass i

T rorr[rrorT T

~300° 200300400500 600 700 800 900 1000 °
invariant mass (y.y) in MeV

(b) Proton missing mass against 2y invariant mass

spectrum after cut on the polar difference to the

missing proton and cut on the azimuthal angle

between proton and meson.

= 1200
[

nM
-
ey
o
o

i
TT T T[T T T T [T T T[T T T T[T I T T TITT[TTTT
I I I I I I

1000

900

missing mass

800

700

600

| | | | | | | | |
100 200 300 400 500 600 700 800 900 1000 °
invariant mass (y.y) in MeV

(d) Proton missing mass against 2y invariant mass

spectrum after selecting 7° and 7 candidates for the
determination of the photon beam asymmetry.

meson energy difference.
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where the detection inefficiencies cancel out. Since more data was taken with negatively orientated
polarisation plane, the angular distribution of the reconstructed meson candidates was normalised by
the yield for each bremsstrahlung photon energy bin. Figure[6.10b] shows a typical sin(2¢) modulation
in 7° photo-production in a bremsstrahlung photon energy bin of 1100 MeV to 1150 MeV for 6 in the
cms system between 50° to 70°. The sin(2¢) modulation is fitted via

f(x) =a+bsin(2(¢ + ¢)), (6.11)

were a corresponds to an offset, b is the product PX and c is a phase shift. The error bars shown in figure
[6-10D] correspond to the statistical error. The fit parameters corresponding to the offset and the phase
shift of the azimuthal modulation are zero within their errors. From these results, one can conclude
that the normalisation performed on the data is correct and the alignment of the polarisation planes
works. The photon beam asymmetry is determined by dividing the fitted parameter b by the degree of
linear polarisation P. Figure [6.11] shows the extracted photon beam asymmetry X for the reconstructed
n¥ candidates plotted in incoming photon energy bin of 50 MeV from 1100 MeV to 1500 MeV and polar
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Figure 6.10: Angular distribution of reconstructed n° candidates in the cms system.

angular steps of 20° compared with calculations of the BnGn parametrisation and the most precise data
[53]] used by BnGn. The error of the photon beam asymmetry correspond to the error of the fitted
parameter b divided by the linear degree of polarisation P. Compared to the number of reconstructed 7°
candidates, the yield of reconstructed n candidates is smaller by a factor of ~10. Hence, the the photon
beam asymmetry is extracted in larger energy and 6 bins: four 100 MeV incoming energy bins from
1100 to 1400 MeV and a 150 MeV bin from 1400 MeV to 1550 MeV. The bin width in 6 was increases
to 30°. Due to the reduced statistics and based on the results of the photon beam asymmetry for n°
photo-production, the azimuthal distribution is fitted by

f(x) = bsin(2¢), (6.12)

putting the offset and the relative phase to zero. Figure[6.12]shows the extracted photon beam asymmetry
¥ for the reconstructed 7 candidates with calculations of the BnGn parametrisation and the most precise
data used by BnGn.

6.4 Determination of systematic errors

Main sources of systematic errors are the absolute value of the polarisation degree and the possible
background contamination of the selected signal sample. The systematic error on the polarisation degree
is estimated with the analytical description of relative bremsstrahlung spectra (see section [5.2). The
effect of the background on the photon beam asymmetry can be investigated through the variation of
the applied kinematical cuts. By changing the relative background contribution, a change in the photon
beam asymmetry is expected even if the background carries the azimuthal asymmetry.

The systematic error on the extracted photon beam asymmetry X is evaluated through variation of the
kinematical cuts applied to select the signal events. To evaluate the effect of a remaining background
contamination on the results of the photon beam asymmetry, the size of the cuts are varied from 30 to
20 width. Assuming a constant background, the signal to background ratio is then expected to increase,
albeit on cost of statistics.

83



Chapter 6 First extraction of the photon beam asymmetry at the BGO-OD experiment

The variation has been applied for each cut individually (see section [6.2.3)), in order to estimate the
specific effect on the extracted photon beam asymmetry. As an example, the size of the kinematical
cut applied on the coplanarity (see figure [6.7D) is varied from 30 to 20~ without changing the size of
the other selections. The photon beam asymmetry X is extracted for the reduced kinematical cut on the
coplanarity and compared with the results of the 30 case.

In case of correlated distributions, for example the meson energy and the missing proton mass (see
figure [6.84), the kinematical cuts are simultaneously changed from 3¢ to 20~ In addition, the photon
beam asymmetry is extracted also with a simultaneously reduced size of all kinematical cuts to 20. The
results are shown in ﬁgure for the p + #° final state and in ﬁgurefor the p + n final state.

6.5 Results and Discussion

Using the data set taken in June/July 2015, the photon beam asymmetry X in 7° photo-production was
determined with the goal to validate the alignment of the polarisation planes and the calculated results
of the degree of polarisation of the produced bremsstrahlung photon beam.

The azimuthal distributions of the reconstructed 7° candidates can be described with a sin 2¢ modula-
tion. A fit with three parameters was used to extract the photon beam asymmetry in 71°-photo-production
(see figure[6.10b). The fit parameters correspond to the amplitude, to the offset of the amplitude and to
the azimuthal phase shift of the azimuthal modulation. Since the offset as well as the phase shift are zero
within their errors it can be concluded that the alignment procedure of the polarisation planes works.

The extracted photon beam asymmetries for 7°-photo-production are shown in figure In addi-
tion, the calculation of the BnGn parametrisation as a representation of the existing precise experimental
results and the most precise data [[53]] used by BnGn are shown for comparison. The errors on the photon
beam asymmetry resulting from the fit of the azimuthal modulations are based on statistics and range
from AX = 0.08 to AX = 0.17. The results agree within the errors with the BnGn parametrisation as well
with the data from CB/ELSA.

Systematic studies through sliding cuts show (see figure [6.13) that for a variation of the kinematical
cuts, the photon beam asymmetry mostly changes well within the errors of the 30 results. Additionally,
no specific kinematical cut shows a systematic change to higher or smaller values of the photon beam
asymmetry.

From this it can be concluded that the determination of the degree of polarisation of the produced
bremsstrahlung photon beam is consistent with the results of the photon beam asymmetry determined
in this thesis.

Since the dominant decay mode of the 7 is equivalent to the one of the n°, the same analysis for the
extraction of the photon beam asymmetry was applied to the n-photo-production channel, which is well
measured in other experiments, too. Due to the smaller cross section in the 1 channel, the statistics
available in the same data sample from June/July 2015 do not allow the extraction of the photon beam
asymmetry with the same precision as the 7° channel. However, it is interesting to see if the extracted
photon beam asymmetry in the i channel generally follows the BnGn parametrisation.

The resulting photon beam asymmetries in -photo-production are shown in figure [6.12] along with
the BnGn parametrisation and the most precise data [54]] used by BnGn. The errors on the photon beam
asymmetry resulting from the fit of the azimuthal modulations are based on statistics and are between
AY = 0.13 and AX = 0.27. With the given statistical errors a general agreement is obtained without
observing an obvious inconsistency. Systematic studies through sliding cuts were also performed on the
n channel, but conclusions can be hardly drawn from figure[6.14] due to the limited available statistics.
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Figure 6.11: Extracted photon beam asymmetry X for 7° photo-production (red points) compared to BnGn2014_02
(black line) and most precise data from N. Sparks (blue points) [53]] used by BnGn. The errors are based on
statistics.
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Figure 6.13: Extracted photon beam asymmetry X for ° photo-production for different kinematical restrictions.
Blue (grey) data points correspond to the results for a selection size of 30~ (20) applied on all kinematical condi-
tions. Green corresponds to an individually reduced cut size on the coplanarity, red on the polar angle difference
of the recoil proton, yellow on the missing proton mass difference and meson energy difference, and purple on
the missing proton mass and the 2y invariant mass. The blue and grey data points were shifted by -1° respectively
+1° to increase the visibility. For the same reason the errors for the green, red, yellow and purple data point are
not plotted. The black curve shows the BnGn2014_02 parametrisation.

87



Chapter 6 First extraction of the photon beam asymmetry at the BGO-OD experiment

W - ——— BnGn,E, = 1150 MeV | W F —— BnGn, E, = 1250 MeV
r —@— 30 r —0— 30
1.2 20, 1.2+ ._t_. 20,
o 205p [ 20c0p
r —e— 20, r —— 20,
1 25, 0 1 l 20, 1o
o —e— 20, . C —e— 20, oy
0.8 0.8F
0.6 0.6
0.4 0.4F
0.2 : 02F \\
o of L
_0'2:_ 1 1 1 ] ] ] ] ] _0'2:_ 1 ]
0 20 20 60 80 700 720 7140 160 180 0 20 40 60 ~66~120"T40 760 T80
B;ms in deg B.ms in deg
W - — BnGn, E = 1350 MeV N F —— BnGn, E_= 1475 MeV
L —e— 30 r &%
1 2__ 20, 1 .2__ iga“
r ZUCW r cop
o —e— 20,, L —o— 20,
1-_ 20, E,am 1__ Y 2535“Am_
r —— 20’“» v ma: r } -
0.8 0.8 —
5 : '
0.6 0.6 l_'_;_.
0.4 0.4F .
0.2F 0.2F
0F of
_0.2:_ | | | | | | | | _0-2:_ | | | | | | | |
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
6, in deg 8. iN deg

Figure 6.14: Extracted photon beam asymmetry X for 1 photo-production for different kinematical restrictions.
Blue (grey) data points correspond to the results for a selection size of 30~ (207) applied on all kinematical condi-
tions. Green corresponds to an individually reduced cut size on the coplanarity, red on the polar angle difference
of the recoil proton, yellow on the missing proton mass difference and meson energy difference, and purple on
the missing proton mass and the 2y invariant mass. The blue and grey data points were shifted by -1° respectively
+1° to increase the visibility. For the same reason the errors for the green, red, yellow and purple data point are
not plotted. The black curve shows the BnGn2014_02 parametrisation.
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CHAPTER [

Summary and Conclusion

The BGO-OD experiment is a newly commissioned meson photo-production experiment located at
the electron stretcher facility ELSA in Bonn. The highly energetic photon beam is produced via
bremsstrahlung of electrons scattering off an amorphous or crystalline radiator. In the latter case, the
process of coherent bremsstrahlung and therefore the production of linearly polarised photon beams is
possible. The energy spectrum of bremsstrahlung is continuous and therefore the energy of a produced
bremsstrahlung photon is a priori unknown. A photon tagger, which consists mainly of a dipole magnet
and a scintillator hodoscope, allows to determine the energy of the produced bremsstrahlung photon
event-by-event through the measurement of the momentum of the corresponding post-bremsstrahlung
electron.

The main part of this thesis comprises the design, the assembling and the commissioning of the hodo-
scope of the photon tagger system of the BGO-OD experiment.

The mechanical frame of the hodoscope is developed with Autodesk Inventor, based on the scin-
tillator arrangement computed in [48]]. Due to spatial restrictions given by the dipole magnet and the
beam dump, the hodoscope is split into two parts. One part lies horizontally within the focal plane of
the dipole magnet, while the second part is mounted vertically close to the beam dump.

A coverage of an energy range between 10% and 90% of the incoming primary electron beam energy
Ey is achieved with 120 partly overlapping scintillator bars. Energy calibrations were performed with
different primary electron beam energies to determine the mean energy values and the energy widths of
each coincidence channel defined by the overlap of two adjacent scintillator bars. The energy widths
amount to 0.55%E for the horizontal hodoscope and range between 0.79%E( and 2.28% E( within the
vertical part.

The mechanical frame of the hodoscope is designed such, that maintenance and exchange of scin-
tillator bars do not affect the energy calibration of the hodoscope. Tests on the stability of the energy
calibration with respect to the reinstallation of scintillator bars show that the energy information remains
stable within its errors.

Since the tagger system defines the start time of a trigger event during data taking, a good time res-
olution and a stable operation at high rates is required. With the electronic setup used for the photon
tagger, a stable operation at rate >50 MHz can be guaranteed with a time resolution of better than 210 ps.

Tools for the production of linearly polarised photon beams at the BGO-OD experiment are made op-
erational within this work and are successfully used since November 2014. Linearly polarised photon
beams are produced through coherent bremsstrahlung off a diamond radiator, properly aligned with
respect to the direction of the primary electron beam. The precise positioning is enabled through a
commercial goniometer system. The goniometer also serves to determine the important angular offsets
between the diamond lattice and the primary electron beam via the S tonehenge technique [[1]].
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Chapter 7 Summary and Conclusion

The absolute degree of linear polarisation of the photon beam is determined from the post-bremsstrahlung
electron spectrum. The analytical calculation is performed using a C++ based program called COBRIS

[2]]. A fitting routine based on the ROOT framework was added to COBRIS in the course of this thesis.

It improves the calculation of the degree of polarisation and the determination of the error based on the

uncertainty of the input parameters.

Finally, to perform a cross check of the determination of the degree of linear polarisation, the photon
beam asymmetry X is determined in 7° photo-production off the proton. Data taken in June/July 2015
are analysed, for which the main coherent contribution is set at 1550 MeV for a primary electron beam
energy of 2900 MeV. The maximum expected degree of linear polarisation amounts to ~ 28.8%. The
energy range from 1100 MeV to 1500 MeV is used in the analysis, where the expected degree of linear
polarisation is >10%.

Within the statistical errors, the extracted photon beam asymmetries in 7° photo-production are con-
sistent with the BnGn parametrisations as well as with the data from N. Sparks [[53]].

Since the dominant decay mode of the 7 is equivalent to the one of the 7°, the photon beam asymmetry
is also extracted in 7 photo-production. Albeit with less precision due to limited statistics, the extracted
photon beam asymmetries in 77 photo-production also generally follow the BnGn parametrisations and
the data from O. Bartalini [54].

The relative error on the degree of polarisation derived from the error on the photon beam asymmetry
in 7° photo-production is in the order of 10%. This is limited by the statistical precision reached in
the photon beam asymmetry measurement using the limited data set described. A more likely relative
error on the degree of polarisation of 1% — 2% is determined from COBRIS (see section [5.2)). It will
be possible with future measurements to parasitically prove the accuracy of the determined degree of
polarisation with more statistics.
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APPENDIX A

System of Units

The natural unit system is used in chapter [2] of this Phd thesis and definded by
h=c==m, = 1. (A.1)
Due to this definition different physical units getting the same dimension:
[mass] = [energy] = [momentum] = [length]_1 = [time]_1 (A.2)

Si units are recovered by multiplying

length by A = =3.8616-10""m
eC
0.511 MeV kg -
momentum by m,c = ey 2.731- 10_22¥
c ]
by mec® = 0511 MeV = §.1872 - 10-14 €™
energy by m.c” = 0. eV =38. . ——
The lattice constant is given by
a=23.567-10"""m =923.7 (A3)
Cross sections are given in units of &
o =27*a =05794717% = 7*a° (A4)
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APPENDIX B

Scintillator material Ejen EJ-204

EJ-204 PLASTIC SCINTILLATOR

In addition to providing the highest scintillation efficiency of any plastic scintillator, EJ-204 delivers the
excellent combination of high speed and good attenuation length. It is thus particularly well suited for
high-performance detector systems for nuclear and high energy physics research.

It's emission wavelength near 400 nm couples ideally with bialkali phototubes while still being long
enough to be effectively used with UVT light guides.

Physical and Scintillation Constants __:
Light Output, % Anthracene
Scintillation Efficiency, photons/1 MeV e
Wavelength of Max. Emission, nm
Rise Time, ns ..
Decay Time, ns ..
Pulse Width, FWHM, ns
No. of H Atoms per cm?, x 10
No. of C Atoms per cm®, x 10%
No. of Electrons per cm®, x 10 ..
DenSity, G/CC: oo 1.023

Polymer Base: . . Polyvinyltoluene Light Output vs. Temperature:

Refractive Index: . 158 At +60°C, L.O. = 95% of that at +20°C
Vapor Pressure: ........... Is vacuum-compatible No change from +20°C to -60°C
Coefficient of Linear

EXPanSion: .................. 7.8 x 10° below +67°C

Chemical Compatibility:  Is attacked by aromatic solvents, chlorinated solvents, ketones, solvent
bonding cements, etc. It is stable in water, dilute acids and alkalis, lower alcohols and silicone greases.
It is safe to use most epoxies and “super glues” with EJ-204.

EJ-204 EMISSION SPECTRUM

1.0
wl [\
06 /
04

02 \
0.0 \\

380 400 420 440 460 480 500 520
WAVELENGTH (nm)

AMPLITUDE

ELJEN TECHNOLOGY Tel: (325) 235-4276 or (888) 800-8771
1300 W Broadway Fax: (325) 235-0701
Sweetwater TX 79556 USA Website: www.eljentechnol  ogy.com
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ApPENDIX C

Photomultipliers

25 mm (1") photomultiplier ET Enterpeﬁle%t?oﬁ{&a;

g ]

D) crarscoriics )
D coscripion

The 9111B is a compact 25 mm (1") diameter, end window

photomultiplier with plano-concave window, blue-green photocathade|bialkall
sensitive bialkali photocathode and 10 high gain, high stability, active diameter ok b =
SbCs dynodes of circular focused design for fast timing. The E‘ﬁ;gﬂzeﬂﬁ?ﬁ{yﬁ pedt i
Y g focu ar Ning VA/Im 70
9111WB s a variant for applications requiring UV sensitivity. with CB filter 7 1
with CR filter 2

dynodes: 10CFSbCs
anode sensitivity in divider A:

nominal anode sensitivity Allm 50
¥ applications max. rated anode sensitivity Allm 500
overall V for nominal A/lm \ 800 1300
wide range of applications overall V for max. rated A/lm \2 . 1050
. jain at nominal A/lm x 10 07
* X-ray & gamma-ray spectroscopy dgark current at 20 °C:
* photon counting of bio- and chemi-luminescent samples dc at nominal A/lm nA 03 1
* high energy physics studies dc at max. rated A/lm nA 3
dark count rate s’ 100
afterpulse rate: % 5
afterpulse time window Hs 0.1 6.4
pulsed linearity (-5% deviation):
divider A mA 2
£ features divider B mA 20
pulse height resolution:
+ compact single electron peak to valley ratio 15
+ fast time response ;:7(:5 with 0.75"x 0.75" Nal(T1) % 75
+ low operating voltage Co with 0.75" x 0.75" Nal(T1) % 11
rate effect (I, for A glg=1%): A 20

magnetic field sensiti
the field for which the output
decreases by 50 %

A e Gl e e most sensitive direction Tx10* 25
temperature coefficient: %-°C” +05

timing:
single electron rise time ns 18
single electron fwhm ns 3.1
single electron jitter fwhm ns 12
spectral range*(nm) 280 - 630 170 - 630 transit time delay ns 15
refractive index (n,) 1.49 1.48 weight: 9 20
maximum ratings:
K 300 8500 anode current pA 100
& = B0 cathode current nA 20
U (ppb) 100 30 gain x10° 74
sensitivity Allm 500
. 1%of peak temperature °C -30 60
V (k-a)” 1500
V (k-d1) v 300

V (d-d)® v 200
L)) typical spectral response curves ambient pressure (absolute): kPa 202

g @
subject to not exceeding max. rated sensitvty “'subject to not exceeding max rated Vik-a)

30
I@ typical voltage gai haracter S

=
3 20 10,000 i
g
§
3
g
£
ERRTS
H
ES =
H
£}
0
100 300 500 700 900

wavelength nm

0.

il .
02 04 06 08 10 12 14 16 18 20
Vk-a (k)
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96

voltage divider distribu

A 3R R
B3R R

Characteristics contained in this data sheet refer to divider A

unless stated otherwise.

external dimensions mm

The drawings below show the 9111B in hardpin format and
the 9111FLB in flying lead format.

25.4 max

U 10 max

0.63 diameter flexible leads
arranged on a 19.0 pcd.

63
max

‘ic’ indicates an internal connection

flying lead base
(for 9111FLB)
after removal of temporary cap
‘cl indicates cut lead

Our range of B14B sockets is available to suit the B14B

hardpin base. The socket range includes versions with or
without a mounting flange, and with contacts for mounting

directly onto printed circuit boards.

ET Enterprises Limited
45 Riverside Way
Uxbridge UB8 2YF
United Kingdom

tel: +44 (0) 1895 200880
fax: +44 (0) 1895 270873
e-mail: i

com  e-mail:

ADIT Electron Tubes

300 Crane Street
Sweetwater TX 79556 USA
tel: (325) 235 1418

toll free: (800) 399 4557
fax: (325) 235 2872

ibes.com

9111B series data sheet
page 2

ordering information

The 9111B is the parent type. It meets the specification
contained in this datasheet. Variants are listed below with the
convention for deriving the type number that includes your

R R R R R sStand selection. Also we can select to different specification limits to
R R R 2R 4R :i::a'r’l':;’e" suit your particular application. For one-off requirements the

selection will change the B suffix to A, or for ongoing
requirements ET Enterprises will advise a 2 digit suffix after
the letter B that maintains the customers specific

9111

window variant Q
w UV glass
shielding option

S electromagnetic shielding
see drawing below

selection option
M supplied with spectral
response calibration

specification
B as data sheet

A customer specific
selection(s) single order
Bnn customer specific

selection(s) repeat order

26.5 max with
electromagnetic
shielding

N

mumetal* shield

insulating sleeve (for S option)

(for S option)

voltage dividers

The standard voltage dividers available for this pmt are
tabulated below:

C673A CB651A 3R R R R R R R
C673B C651B 3R R R R R 2R 4R
C651C 150V R R R R R R
C651D 150V R R R R 2R 4R

R=330kQ

*mumetal is a registered trademark of Magnetic Shield Corporation

ET Enterprises ==,
pelectron'tuhes\
an ISO 9001 registered company ‘\

The company reserves the right to modify these designs and specifications without notice.
Developmental devices are intended for evaluation and no obligation is assumed for future

web site: www.et-enterprises.com web site: www.electrontubes.com

© ET Enterprises Ltd, 2010
DS_9111B Issue 8 (23/08/10)

While every effort is made to ensure accuracy of published information the
company cannot be held responsible for errors or consequences arising therefrom.



PHOTOMULTIPLIER TUBE
HAMAMATSU
R7400U SERIES

Compact size (16 mm diameter, 12 mm seated length),
Fast Time response (rise time 0.78 ns)

The R7400U series is a subminiature photomultiplier tube with a
16 mm diameter and 12 mm seated length. A precision engi-
neered 8-stage electron multiplier (composed of metal channel
dynodes) is incorporated in the TO-8 package to produce a noise
free gain of 700,000 times (R7400U). The R7400U series also
features excellent response time with a rise time of 0.78 ns. Vari-
ous types of the R7400U series are available with different spec-
tral response and gain ranges, including those selected specifi-
cally for photon counting applications. Hamamatsu also provides
a lens input option to the series (R7401 and R7402), effectively
doubling the active area.

FEATU RES Left: R7400U  Right: R7401/R7402

® World's smallest photomultiplier tubes assembled. (1/7th of the Hamamatsu R647)
The necessary components are built into a TO-8 package while retaining full photomultiplier tube performance to cre-
ate a new generation of photosensors.

@ Specially selected on account of low noise and high gain. For use in photon counting applications.
® The lens window type doubles the effective input area to 12 mm in diameter.

SERIES
Solar Blind UV to Visible Range Visible Range Visible to Near IR Range UV to Near IR Range
Standard R7400U-09 | R7400U-03 | R7400U-06 R7400U R7400U-01 | R7400U-02 | R7400U-20 | R7400U-04
For Photon Counting — —_ — R7400P, R7401P| — — — —
With Lens — — — R7401 R7402 R7402-02 R7402-20 —
SPECIFICATIONS
GENERAL
Parameter Description/Value Unit
Minimum Effective Area ¢8 mm
Structure Metal Channel —
Dynode
Number of Stages 8 —
Weight Without Lens Approx. 5.3 g
With Lens Approx. 6.3 g
Operating Ambient Temperature | Without Lens -80 to +50 °C
and Storage Temperature With Lens -30 to +50 °C
VOLTAGE DISTRIBUTION RATIO
Electrodes | K | Dyt [ Dy2 | Dy3 [ Dy4 | Dys [ Dys [ Dy7 [Dy8 | P |
Ratio [ Tt [ Tt [+ T 1] 1] 1]os]

Supply Voltage: 800 V K: Cathode Dy: Dynode P: Anode

'
'

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are
subject to change without notice. No patent rights are granted to any of the circuits described herein. ©2004 Hamamatsu Photonics K.K.
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Appendix C Photomultipliers

METAL PACKAGE PHOTOMULTIPLIER TUBE R7400U SERIES
CHARACTERISTICS (at 25 °C
Spectral Response| o, out-(a) M Ratings Cathode Characteristics
TypeNo. | Remarks | Range Wavs-| cathode \(\Alindqw line  [CaTodg)| Anedsy | Luminous Ser?%%?vily Ao ate Radiant
length | Material aterial No. | Voltage |Current b)  Min. Typ. (clg £58) | (R-68) Typ.
(m) | (hm) V)| mA) | @AIm) | @Aim) | B | e | mAW)
R7400U-09 |Solar Blind 160t0 320| 240 Cs-Te | Synthetic silica | w 1000 0.01 — — — — 10(c)
R7400U Visible 300t0 650, 420 | Bialkali |Borosilicate glass | q 1000 0.1 40 70 8 — 62
R7400U-03 |UV to Visible |185t0650| 420 Bialkali UV glass q 1000 0.1 40 70 8 — 62
R7400U-06 |UV to Visible [160t0650] 420 | Bialkali | Synthetic silica | w 1000 0.1 40 70 8 — 62
R7400U-01 |Visible to Near IR [300 to 850| 400 | Multialkali | Borosilicate glass | q 1000 0.1 80 150 — 0.20 60
R7400U-02 | Visible to Near IR [300 to 880| 500 | Multialkali | Borosilicate glass | q 1000 0.1 200 250 — 0.25 58
R7400U-20 | Visible to Near IR 300 to 920| 630 | Multialkali | Borosilicate glass | q 1000 0.1 350 500 — 0.45 78
R7400U-04 |UV to Near IR |185t0850] 400 | Multialkali UV glass q 1000 0.1 80 150 — 0.20 60
R7401 With Lens 300 to 650| 420 Bialkal | Borosilicate glass | e 1000 0.1 40 70 8 — 62
R7402 With Lens 300to 850, 400 | Multialkali | Borosilicate glass | e 1000 0.1 80 150 = 0.20 60
R7402-02 |With Lens 300t0 880| 500 | Multialkali | Borosilicate glass | e 1000 0.1 200 250 — 0.25 58
R7402-20 |With Lens 300t0 920| 630 | Multialkali | Borosilicate glass | e 1000 0.1 350 500 — 0.45 78

(a): See figure 11.

(b): Averaged over any interval of 30 seconds maximum.
(e): Measured at 410 nm, at -800 V, with an input pulse width less than 30 ps.

Figure 1: Typical Spectral Response (Cs-Te)
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Figure 3: Typical Spectral Response (Multialkali)
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(c): Measured at 254 nm.
(f): Measured at a gain of 108.

(d): Measured after 30 minutes storage in darkness.

Figure 2: Typical Spectral Response (Bialkali)
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HAMAMATSU

/(\)nc!)ge dto _ Anode Characteristics For Photon Counting (P Type)
SUpBY Tuminoss 1 Fadar| Gain (EMMIAS L Time Rosponse__ ) ypeio. | [ ([ Gan | Dok Count®
V| M [ S| @ | P oA oAy | RS | RS PRGT Min. [ Typ. | Typ. | Max.
800 | — | — | 1100(c) [5x104/0.025] 05 | 0.78 5.4 0.23  |R7400U-09 | [R7400P [7.5 x105[1 x106] 80 [ 400
800 | 10 | 50 |4.3x104|7x105| 02 | 2 0.78 5.4 0.23 |R7400U R7401P |7.5x105/1x108| 80 | 400
800 | 10 | 50 |4.3x104|7x105| 02 | 2 0.78 5.4 0.23 |R7400U-03
800 | 10 | 50 |4.3x104|7x105| 02 | 2 0.78 5.4 0.23 |R7400U-06
800 | 15 | 75 |3.0x104|5x105| 04 | 4 0.78 5.4 0.23 |R7400U-01
800 | 25 | 125 |29x104|5x105 2 | 20 | 0.78 5.4 0.23 |R7400U-02
800 | 35 | 250 |3.9x104|5x105| 2 | 20 | 0.78 5.4 0.23  |R7400U-20
800 | 15 | 75 |3.0x10%|5x105| 04 | 4 0.78 5.4 0.23 |R7400U-04
800 | 10 | 50 |4.3x104|7x105| 02 | 2 0.78 5.4 0.23  |R7401
800 | 15 | 75 |3.0x104|5x105 04 | 4 0.78 5.4 0.23 |R7402
800 | 25 | 125 |2.9x104|5x105 2 | 20 | 0.78 5.4 0.23  |R7402-02
800 | 35 | 250 |3.9x104|5x105 2 | 20 | 0.78 5.4 0.23 _|R7402-20
Figure 4: Typical Gain Characteristics Figure 5: Typical Gain Characteristics
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METAL PACKAGE PHOTOMULTIPLIER TUBE R7400U SERIES

Figure 8: Transmittance of Lens
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Figure 10: Lens Effect
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Figure 9: Lens Effect
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MEASUREMENT CONDITIONS
WAVELENGTH : 400 nm
SUPPLY VOLTAGE : -800 V
A1 mm diameter spot light (parallel light) is scanned
at the center of the photocathode in X and Y directions.
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Parallel light : Parallel light from a 40 mm diameter parallel light source insuring uniform
intensity over the entire active area of the photomultiplier tube.

Diffused light: Diffused light from a 40 mm diameter parallel light source and a diffuser placed
10cm from the detector. The entire active area of the PMT is exposed.



HAMAMATSU

Figure 11: Dimensional Outline and Basing Diagram (Unit: mm)

‘ 1 R7400U/ -01/-02/ -03/ -04/ -20, R7400P‘

INSULATION COVER (Polyoxymethylene)

11.5+0.4

4.0+03

05+0.2

L5+1

GUIDE MARK
12- ¢0.45

954403

$15.9+ 0.4
WINDOW
r9,4i 0.

PHOTOCATHODE
8 MIN.

Side View

SHORT PIN

10.16

Bottom View

(a) The R7400U-01, -02, -04 and -20 do not have.

2 R7400U-06/ -09

INSULATION COVER (Polyoxymethylene:

TPMHAO41TEC

SHORT PIN

128+ 0.5 4.0+0.3
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2
/ ;' 12-40.45
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3zs
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@ Zze
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of T ey b
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ol 2
w| ¥ H
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@
! (b) H/
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$8 MIN, 10.16
Side View Bottom View

(b) The R7402, -02, and -20 do not have.

TPMHAO415EC

DY3
SHORT PIN | DY5

DY7
P

SHORT PIN
(IC)

K: Photocathode
Dy: Dynode
P: Anode
IC: Internal Connection (Do not use)
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METAL PACKAGE PHOTOMULTIPLIER TUBE R7400U SERIES

ACCESSORIES (Unit: mm) \SOLD SEPARATELY\
® Socket E678-12M

$6.0

N\ DY5 DY3
DY7
"
I
|@ A

10.16

DY8| DYé |DY4
5.08

N_¢1.83

12.5

Top View

u

Side View

® D Type Socket Assemblies E5770/E5780

These are current-output type, small socket assemblies with an internal voltage divider circuit, specifically de-
signed for use with the R7400U series.

$0.53

TACCAO0S9ED

Divider Maximum Linear | Operatin )
TypelNo, || Grounded il ance Output of Apmbientg Storage Output Signal
Electrode (Total) Photomultiplier Tubej Temperature® Temperature®
(DC Mode) Cathode Grounded| Anode Grounded
E5770® | Anode/Cathode Pulse DC/Pulse
- 2.8 MQ 13 pA 0°Cto +50 °C |-15 °C to +60 °C
E5780") Anode — DC/Pulse

(a): When operating the E5770 with the cathode grounded (positive high voltage applied to the anode), use a high-voltage resistant
capacitor to isolate the signal from the positive high voltage.

(b): The E5780 must be operated with the anode grounded (negative high voltage applied to the cathode). If you need a variant type
operating with the cathode grounded (positive high voltage applied to the anode), then consult with our sales office.

(c): No condensation

[PC-board Mounting Type E5770 |

lS\GNAL
1=

out

—1——< GND or +HV
c3

c2

C1

#17.040.2
38
A
3l
H 097 Lo -HV or GND
> $0.45
< i i 30 kQ
bt Side View oy
I $0.01 pF/ 200 V
10.16
-HV or GND
SIGNAL OUT
} For +HV, it will be necessary to use a
- I ] coupling capacitor between the output
@ - and the customer's signal processing
\ o circuit.
o
5.08 GND or +HV
Bottom View TAGCAWUSTEG

Cable Output Type E5780

$17.0£0.2

150+ 0.5

450

Side View

SIGNAL OUT:
RG-174 /U

-HV: AWG22
VIOLET)

GND: AWG22
(BLACK)

SIGNAL OUT
T RG-174/U

GNI

9
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7 ]
6

R1to R8:330 kQ
R9: 160 kQ
C110C3:0.01 uF /200 V

D
3 (BLACK)

AWG22

K R1
- Lﬂ -HV: AWG22

(VIOLET)
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® DA Type Socket Assembly C5781

The C5781 is a subminiature socket assembly that
incorporates a voltage divider circuit and a low-noise
amplifier.

SPECIFICATIONS of Built-in Amplifier

Parameter Value Unit
Input Voltage for Amplifier +15 \
Current to Voltage Conversion Factor 1 V/WA
Maximum Output Voltage (with no load resistor) 10 v
Bandwidth (-3 db) [Typ. | DCto20 kHz
Operating Ambient Temperature (3) 0to +40 °C
Storage Temperature (3) -15 to +60 °C
(a): No condensation
AMPLIFIER +15 V: AWG22 (RED)
SIGNAL GND
SIGNAL OUT
RG-174/U
-15 V: AWG22 (BLUE)
GND: AWG22 (BLACK)
. R9 TC3
Top View DY8 |
R8 TC2
#17.0£0.2 DY7 |
E— m Lo
— DY |
R6
DY5 p—
o RS
© DY4 b
; R4
S DY3 P
e R3
3 DY2 pi—
R2
oY1 pi—
R1
_____ -HV: AWG22 (VIOLET)

i
L R1to R8: 330 kQ
U Q

R9 : 160 kK
C110C3:0.01 uF/200 V

)

450

+15 V: AWG22 (RED)]

SIGNAL OUT: RG-174/U

GND: AWG22 (BLACK)

T N\ -HV: AWG22 (VIOLET)

T

Side View TACCAQ081ED

® Compact High Voltage Power Supply Units
C4900 Series

The C4900 series is an on-board type high voltage power
supply unit, with a design that aims at providing both
“compactness and high performance”.

The newly developed circuit achieves high performance
and low power consumption. The C4900 series in addition
provides enhanced protective functions yet is offered at
lower costs.

e !
10 204—30 ' 4

SPECIFICATIONS
Parameter C4900 C4900-01 | C4900-50 | C4900-51
Input Voltage +15V +12V +15V +12V

14 mA 15 mA 14 mA 15 mA
90 mA 95 mA 90 mA 95 mA
Variable Output Range 0Vto-1250 V 0Vto+1250 V

Maximum Output Current | 0.6 mA 0.5 mA 0.6 mA 0.5 mA

Input Current (@) } ;

Ripple Noise (p-p)

0.007 % Typ.

Line Regulation (®)

+0.01 % Typ.

Load Regulation ()

+0.01 % Typ.

Operating Ambient Temperature (9

0°Cto +50 °C

Storage Temperature

-20 °C to +70 °C

Dimension (¢) (WxHxD)

46 mm x 24 mm x 12 mm

1 With No Load
2 With Full Load

(a): At Maximum Output Voltage.

(b): Against +1 V Change.

(c): Against 0 to 100 % Load Change.

(d): At Maximum Output Voltage and Current.
(e): Excluding Projecting Parts
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METAL PACKAGE PHOTOMULTIPLIER TUBE R7400U SERIES

WARNING: HIGH VOLTAGE

The metal package photomultiplier tubes are operated by applying a high voltage. Use extreme caution

to avoid electrical shock and damage to the peripheral equipment and be sure to provide adequate safety
measures as needed. As safety measures, an insulation cover is fitted to the metal package which is
electrically connected to the photocathode. When operated with the cathode at a high voltage (anode
ground scheme), the metal package will be at this same high voltage level. Removing the insulation
cover is extremely dangerous, so never attempt to remove it from the package.

HIGH VOLTAGE

/RELATED PRODUCTS /

PHOTOSENSOR MODULES H5773/H5783/H6779/H6780/H5784 SERIES

The H5773/H5783/H6779/H6780 series are photo-
sensor modules that incorporate a metal package
PMT along with a high-voltage power supply. These
photosensor modules operate from a low-voltage
supply (+15 V: H5773/H5783/H6779/H6780 series,
-15 V: H5784 series) and feature higher sensitivity,
wider dynamic range and faster time response com-
pared to conventional photosensors.

The H5773 and H6779 series photosensor modules
are a lead pin output type that can be directly moun-
ted on a PC board. The H5783 and H6780 series
photosensor modules are a flexible cable output
type. The H5784 series is also a cable output type
that further contains a low-noise amplifier circuit (DC
to 20 kHz). When used with an optional optical fiber Left: H6780 Center: H6779 Right: H6779 with E5776
adapter (E5776), light can be directly guided to the Front: METAL PACKAGE PMT

photosensitive surface through an optical fiber.

METAL PACKAGE PMT
FEATURES

o Low Power Consumption
e Low Voltage Drive

e Easy to Use

o High Sensitivity

o Wide Dynamic Range

o Fast Time Response

HIGH VOLTAGE
POWER SUPPLY

H6779 TPMHCO093EB

H5773, H6779 Series: SIZE 25(W) x 18(H) x 50(D) mm WEIGHT: 60 g
H5783, H6780 Series: SIZE 22(W) x 22(H) x 50(D) mm WEIGHT: 80 g
H5784 Series : SIZE 22(W) x 22(H) x 60(D) mm WEIGHT: 100 g

*PATENT: USA: 5410211 and other(9), GBR: 551767 and other(9), DEU: 69209809 and other(9), FRA: 551767 and other(9), JPN: 3078905 and other(9)

HAMAMATSUD ...

HAMAMATSU PHOTONICS K.K., Electron Tube Division

314-5, Shimokanzo, Toyooka-village, Iwata-gun, Shizuoka-ken, 438-0193, Japan, Telephone: (81)539/62-5248, Fax: (81)539/62-2205

U.S.A. Hamamatsu Corporation: 360 Foothill Road, P. O. Box 6910, Bridgewater. N.J. 08807-0910, U.S.A., Telephone: (1 : (1 :

Germany: Hamamatsu Photonics Deutschland GmbH: Arzbergerst. 10, D.85211 Herrsching am Ammersos, Germany. Tolephons: (19)8152.375.0, Fa. (49)8152.2658. £.mal: Info@hamamatsu de

France: Hamamatsu Photonics France S.A.R.L.: 8, Rue du Saule Trapu, Parc du Moulin de Massy, 91882 Massy Cedex, France, Telephone: (33)1 69 53 71 00, Fax: (33)1 69 53 71 10 E-mail: infos@hamamatsu.fr

United Kingdom: Hamamatsu Photonics UK Limited: 2 Howard Court, 10 Tewin Road Welwyn Garden City Hertfordshire AL7 1BW, United Kingdom, Telephone: 44-(0)1707-294888, Fax: 44(0)1707-325777 E-mail: info@hamamatsu.co.uk

North Europe: Hamamatsu Photonics Norden AB: Smidesvagen 12, SE-171-41 SOLNA, Sweden, Telephone: (4 1-00, Fax: (4 1-01 E-mail:

Italy: Hamamatsu Photonics ltalia: S.R.L.: Strada della Moia, 1/E, 20020 Arese, (Milano), Italy, Telephone: (39)02-935 81 733, Fax: (39)02-935 81 741 E-mail: info@hamamatsu.it L:"c"‘z‘o%a“lim
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APPENDIX D

Positioning and geometry of tagger scintillators

Scintillator positioning and geometry for the tagger hodoscope. The origin of the coordinate system is
given by the middle of the lower edge of the beginning of the dipole magnet as shown in figure[D1] @
is the angle between the the y-axis and the scintillator surface defined by Ax and Az.

Dipole Magnet

NN NS SSSSSssasasananens
NN NSNS Sassaaacscsnanane
NN NSNS SSasSanaacsnasas

727/
227
/1144
[2227]
IIIII/,,,"'I'
'II[,,I
Il,,,l
Il,,"
1

Figure D.1: Scintillator positioning and geometry for the tagger hodoscope.

’index‘xincm yincm | zincm | AXincm | Ayincm | Azincm | ain deg

0 0.000 | -4.923 | 99.598 6.200 0.500 3.400 45.211
1 0.000 | -5.303 | 102.149 6.200 0.500 3.300 44.222
2 0.000 | -5.723 | 104.632 6.200 0.500 3.100 43.298
3 0.000 | -6.102 | 107.117 6.200 0.500 3.000 42.429
4 0.000 | -6.402 | 109.632 6.200 0.500 3.100 41.610
5 0.000 | -6.918 | 112.215 6.200 0.500 3.000 40.839
6 0.000 | -7.226 | 114.665 6.200 0.500 2.800 40.033
7 0.000 | -7.600 | 117.036 6.200 0.500 2.700 39.342
8 0.000 | -7.976 | 119.389 6.200 0.500 2.600 38.685
9 0.000 | -8.307 | 121.753 6.200 0.500 2.600 38.059
10 0.000 | -8.680 | 124.069 6.200 0.500 2.500 37.463
11 0.000 | -9.048 | 126.366 6.200 0.500 2.400 36.891
12 0.000 | -9.379 | 128.679 6.200 0.500 2.400 36.346
13 0.000 | -9.748 | 130.949 6.200 0.500 2.300 35.822
14 0.000 | -10.076 | 133.234 6.200 0.500 2.300 35.319

Table D.1: Positioning and geometry of the tagger scintillators.
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’ index ‘ Xincm | yincm | zincm | AXincm | Ayincm | Azincm | @ in deg
15 0.000 | -10.444 | 135.480 6.200 0.500 2.200 34.834
16 0.000 | -10.772 | 137.745 6.200 0.500 2.200 34.369
17 0.000 | -11.141 | 139.975 6.200 0.500 2.100 33919
18 0.000 | -11.466 | 142.224 6.200 0.500 2.100 33.484
19 0.000 | -11.791 | 144.462 6.200 0.500 2.100 33.064
20 0.000 | -12.163 | 146.674 6.200 0.500 2.000 32.658
21 0.000 | -12.491 | 148912 6.200 0.500 2.000 32.263
22 0.000 | -12.816 | 151.143 6.200 0.500 2.000 31.879
23 0.000 | -13.186 | 153.344 6.200 0.500 1.900 31.507
24 0.000 | -13.517 | 155.576 6.200 0.500 1.900 31.144
25 0.000 | -13.847 | 157.810 6.200 0.500 1.900 30.790
26 0.000 | -14.176 | 160.044 6.200 0.500 1.900 30.445
27 0.000 | -14.548 | 162.251 6.200 0.500 1.800 30.108
28 0.000 | -14.887 | 164.498 6.200 0.500 1.800 29.780
29 0.000 | -15.220 | 166.750 6.200 0.500 1.800 29.457
30 0.000 | -15.559 | 169.012 6.200 0.500 1.800 29.141
31 0.000 | -15.895 | 171.277 6.200 0.500 1.800 28.830
32 0.000 | -16.237 | 173.555 6.200 0.500 1.800 28.528
33 0.000 | -16.628 | 175.828 6.200 0.500 1.700 28.230
34 0.000 | -16.969 | 178.128 6.200 0.500 1.700 27.935
35 0.000 | -17.319 | 180.446 6.200 0.500 1.700 27.649
36 0.000 | -17.674 | 182.788 6.200 0.500 1.700 27.366
37 0.000 | -18.028 | 185.144 6.200 0.500 1.700 27.086
38 0.000 | -18.389 | 187.524 6.200 0.500 1.700 26.811
39 0.000 | -18.750 | 189.922 6.200 0.500 1.700 26.539
40 0.000 | -19.116 | 192.341 6.200 0.500 1.700 26.271
41 0.000 | -19.488 | 194.788 6.200 0.500 1.700 26.008
42 0.000 | -19.906 | 197.234 6.200 0.500 1.600 25.747
43 0.000 | -20.285 | 199.731 6.200 0.500 1.600 25.491
44 0.000 | -20.670 | 202.259 6.200 0.500 1.600 25.238
45 0.000 | -21.057 | 204.813 6.200 0.500 1.600 24.987
46 0.000 | -21.456 | 207.410 6.200 0.500 1.600 24.740
47 0.000 | -21.856 | 210.039 6.200 0.500 1.600 24.495
48 0.000 | -22.259 | 212.696 6.200 0.500 1.600 24.252
49 0.000 | -22.671 | 215.393 6.200 0.500 1.600 24.014
50 0.000 | -23.090 | 218.131 6.200 0.500 1.600 23.777
51 0.000 | -23.512 | 220.904 6.200 0.500 1.600 23.543
52 0.000 | -23.942 | 223.717 6.200 0.500 1.600 23.313
53 0.000 | -24.199 | 226.663 6.200 0.500 2.000 23.085
54 0.000 | -25.970 | 233.237 6.200 0.500 2.400 22.858
55 0.000 | -26.022 | 236.241 6.200 0.500 2.400 22.523
56 0.000 | -26.069 | 239.244 6.200 0.500 2.400 22.194
57 0.000 | -22.549 | 233.248 6.200 0.500 2.300 21.871
58 0.000 | -22.639 | 236.249 6.200 0.500 2.300 21.554
59 0.000 | -22.762 | 239.232 6.200 0.500 2.200 21.240

Table D.2: Positioning and geometry of the tagger scintillators.




’ index ‘ Xincm | yincm | zincm | Axincm | Ayincm | Azincm | @ in deg
60 0.000 | -19.439 | 233.235 6.200 0.500 2.100 20.932
61 0.000 | -19.553 | 236.237 6.200 0.500 2.100 20.630
62 0.000 | -19.660 | 239.239 6.200 0.500 2.100 20.334
63 0.000 | -16.529 | 233.239 6.200 0.500 2.000 20.043
64 0.000 | -16.667 | 236.240 6.200 0.500 2.000 19.758
65 0.000 | -16.843 | 239.226 6.200 0.500 1.900 19.476
66 0.000 | -13.884 | 233.226 6.200 0.500 1.800 19.202
67 0.000 | -14.047 | 236.228 6.200 0.500 1.800 18.933
68 0.000 | -14.203 | 239.229 6.200 0.500 1.800 18.671
69 0.000 | -11.405 | 233.227 6.200 0.500 1.700 18.412
70 0.000 | -11.586 | 236.229 6.200 0.500 1.700 18.159
71 0.000 | -11.760 | 239.230 6.200 0.500 1.700 17.912
72 0.000 -9.113 | 233.228 6.200 0.500 1.600 17.670
73 0.000 -9.314 | 236.228 6.200 0.500 1.600 17.433
74 0.000 -9.505 | 239.229 6.200 0.500 1.600 17.200
75 0.000 -6.994 | 233.227 6.200 0.500 1.500 16.973
76 0.000 -7.259 | 236.213 6.200 0.500 1.400 16.751
77 0.000 -7.425 | 239.244 6.200 0.500 1.500 16.534
78 0.000 -5.091 | 233.209 6.200 0.500 1.400 16.336
79 0.000 -5.269 | 236.225 6.200 0.500 1.400 16.115
80 0.000 -5.493 | 239.226 6.200 0.500 1.400 15912
81 0.000 -3.134 | 233.249 6.200 0.500 1.500 15.714
82 0.000 -3.269 | 236.227 6.200 0.500 1.700 15.520
83 0.000 -3.361 | 239.216 6.200 0.500 1.600 15.269
84 0.000 -1.038 | 233.215 6.200 0.500 1.500 15.025
85 0.000 -1.117 | 236.217 6.200 0.500 1.500 14.789
86 0.000 -1.191 | 239.219 6.200 0.500 1.500 14.558
87 0.000 0.987 | 233.217 6.200 0.500 1.400 14.335
88 0.000 0.883 | 236.218 6.200 0.500 1.400 14.117
89 0.000 0.782 | 239.220 6.200 0.500 1.400 13.906
90 0.000 2.828 | 233.217 6.200 0.500 1.300 13.701
91 0.000 2.699 | 236.219 6.200 0.500 1.300 13.502
92 0.000 2.575 | 239.219 6.200 0.500 1.300 13.308
93 0.000 4.502 | 233.216 6.200 0.500 1.200 13.120
94 0.000 4355 | 236.217 6.200 0.500 1.200 12.937
95 0.000 4212 | 239.218 6.200 0.500 1.200 12.758
96 0.000 6.033 | 233.214 6.200 0.500 1.100 12.585
97 0.000 5.871 | 236.214 6.200 0.500 1.100 12.415
98 0.000 5.713 | 239.215 6.200 0.500 1.100 12.251
99 0.000 7.437 | 233.211 6.200 0.500 1.000 12.090
100 0.000 7.262 | 236.211 6.200 0.500 1.000 11.934
101 0.000 7.091 | 239.212 6.200 0.500 1.000 11.782
102 0.000 8.875 | 233.237 6.200 0.500 1.200 11.633
103 0.000 8.795 | 236.217 6.200 0.500 1.400 11.488
104 0.000 8.824 | 239.218 6.200 0.500 1.400 11.278

Table D.3: Positioning and geometry of the tagger scintillators.
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’ index ‘ Xincm | yincm | zincm | Axincm | Ayincm | Azincm | @ in deg
105 0.000 10.564 | 233.217 6.200 0.500 1.300 11.074
106 0.000 10.509 | 236.209 6.200 0.500 1.200 10.878
107 0.000 10.504 | 239.210 6.200 0.500 1.200 10.689
108 0.000 12.119 | 233.208 6.200 0.500 1.100 10.506
109 0.000 12.086 | 236.209 6.200 0.500 1.100 10.329
110 0.000 12.054 | 239.210 6.200 0.500 1.100 10.158
111 0.000 13.557 | 233.213 6.200 0.500 1.000 9.993
112 0.000 13.517 | 236.211 6.200 0.500 1.100 9.841
113 0.000 13.548 | 239.226 6.200 0.500 1.200 9.677
114 0.000 15.009 | 233.208 6.200 0.500 1.200 9.527
115 0.000 15.074 | 236.210 6.200 0.500 1.200 9.333
116 0.000 15.137 | 239.211 6.200 0.500 1.200 9.148
117 0.000 16.567 | 233.209 6.200 0.500 1.100 8.969
118 0.000 16.597 | 236.211 6.200 0.500 1.100 8.798
119 0.000 16.625 | 239.212 6.200 0.500 1.100 8.633

Table D.4: Positioning and geometry of the tagger scintillators.




APPENDIX E

Coincidence channel to energy conversion for
the tagger hodoscope

Dependency between the tagger coincidence channel and the energy of the post-bremsstrahlung electron
E.- normalised to the primary electron beam energy Eg

E.- in %Ey = 0.91075 for channel 119 (E.1)
= —1.12297 + 0.01706 - x for channel 114 — 118
= —0.61927 + 0.01262 - x for channel 103 — 113
= —0.19098 + 0.00845 - x for channel 82 — 102
= —0.01554 + 0.0063 - x for channel 54 — 81
=0.09768 + 0.00418 - x for channel 1 — 53
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APPENDIX F

Data points of the photon beam asymmetry in
7’ photo-production off the proton

The results of the photon beam asymmetry X3, in 7° photo-production off the proton are listed in
table [} The errors oX3, result from the fit of the azimuthal modulations and are based on statistics.
Additionally, the results of the photon beam asymmetry X,, with reduced size of the kincematical cuts
are listed together with their errors 0X;,-. The value AX3,_;, indicates the difference between the results
of the photon beam asymmetry with nominal and reduced size of the kinematical cuts.

E, in MeV | 6., in degree 230 030 o0 0Ly | AL3o 20

1125+25 60 0.8807 | 0.1273 | 0.9398 | 0.1769 | -0.0591
80 0.0962 | 0.1309 | 0.2313 | 0.1657 | -0.1352
100 -0.9001 | 0.1463 | -1.0794 | 0.1701 | 0.1793
120 -0.6633 | 0.1353 | -0.6055 | 0.1520 | -0.0578
140 -0.4633 | 0.1605 | -0.3714 | 0.1765 | -0.0919
1175+25 60 0.9353 | 0.1303 | 1.0241 | 0.1784 | -0.0888
80 0.2118 | 0.1271 | 0.3706 | 0.1612 | -0.1588
100 -0.7366 | 0.1481 | -0.7521 | 0.1717 | 0.0155
120 -0.3446 | 0.1395 | -0.4731 | 0.1556 | 0.1285
140 -0.1884 | 0.1623 | -0.1669 | 0.1799 | -0.0215
1225425 60 0.9175 | 0.1285 | 1.0934 | 0.1832 | -0.1759
80 0.2983 | 0.1199 | 0.2941 | 0.1565 | 0.0042
100 -0.7143 | 0.1387 | -0.6824 | 0.1624 | -0.0319
120 -0.5564 | 0.1272 | -0.5139 | 0.1438 | -0.0425
140 -0.1668 | 0.1400 | -0.1256 | 0.1552 | -0.0412
1275+25 60 1.1650 | 0.1357 | 1.2106 | 0.1932 | -0.0456
80 0.7279 | 0.1127 | 0.8435 | 0.1410 | -0.1156
100 -0.2329 | 0.1306 | -0.2819 | 0.1552 | 0.0490
120 -0.2648 | 0.1240 | -0.1550 | 0.1402 | -0.1098
140 0.3490 | 0.1242 | 0.4295 | 0.1390 | -0.0805
1325+25 60 0.8270 | 0.1286 | 0.8080 | 0.1930 | 0.0190
80 0.5301 | 0.0977 | 0.6198 | 0.1257 | -0.0897
100 -0.1969 | 0.1156 | -0.2099 | 0.1316 | 0.0130
120 -0.0965 | 0.1034 | -0.2099 | 0.1183 | 0.1135
140 0.4334 | 0.1038 | 0.4251 | 0.1155 | 0.0082
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Appendix F Data points of the photon beam asymmetry in n° photo-production off the proton

E, in MeV | 6., in degree 230 030 oo 02Xy | AZ35_ 20
1375+25 60 0.8234 | 0.1190 | 0.7274 | 0.1707 | 0.0960
80 0.6380 | 0.0814 | 0.7340 | 0.1070 | -0.0959
100 0.2458 | 0.0921 | 0.3149 | 0.1121 | -0.0691
120 0.2312 | 0.0880 | 0.2932 | 0.0998 | -0.0620
140 0.4940 | 0.0855 | 0.5581 | 0.0930 | -0.0642
1425425 60 1.0285 | 0.1214 | 1.0557 | 0.1756 | -0.0272
80 0.5747 | 0.0729 | 0.6419 | 0.0947 | -0.0672
100 0.3268 | 0.0750 | 0.4044 | 0.0904 | -0.0776
120 0.3163 | 0.0768 | 0.3942 | 0.0876 | -0.0779
140 0.5768 | 0.0758 | 0.6630 | 0.0846 | -0.0862
1475+25 60 0.6011 | 0.1582 | 0.5674 | 0.2359 | 0.0337
80 0.5545 | 0.0835 | 0.5571 | 0.1106 | -0.0026
100 0.4084 | 0.0832 | 0.4612 | 0.1026 | -0.0528
120 0.5385 | 0.0916 | 0.6374 | 0.1026 | -0.0989
140 0.6319 | 0.0883 | 0.6443 | 0.0989 | -0.0125

Table F.1: Photon beam asymmetry X in 7° photo-production off the proton
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ApPENDIX G

Data points of the photon beam asymmetry in
photo-production off the proton

The results of the photon beam asymmetry X3, in 7 photo-production off the proton are listed in table
[G]} The errors oX3, result from the fit of the azimuthal modulations and are based on statistics.
Additionally, the results of the photon beam asymmetry X,, with reduced size of the kincematical cuts
are listed together with their errors 0X;,-. The value AX3,_;, indicates the difference between the results
of the photon beam asymmetry with nominal and reduced size of the kinematical cuts.

E, in MeV | 0., in degree 230 OX3 o0 02 | AX35 20

1150+50 62.5 0.7096 | 0.2543 | 0.5737 | 0.3152 | 0.1359
90 0.4154 | 0.2191 | 0.5272 | 0.2476 | -0.1118

117.5 0.1981 | 0.2748 | 0.5119 | 0.3034 | -0.3137

1250+50 62.5 0.4854 | 0.2125 | 0.5093 | 0.2742 | -0.0238
90 1.1765 | 0.1826 | 1.3805 | 0.2107 | -0.2040

117.5 -0.0541 | 0.2311 | 0.1703 | 0.2521 | -0.2244

1350+50 62.5 0.4159 | 0.1741 | 0.3643 | 0.2294 | 0.0516
90 0.8965 | 0.1488 | 1.0642 | 0.1706 | -0.1677

117.5 0.4626 | 0.1927 | 0.4618 | 0.2101 | 0.0008

147575 62.5 0.7802 | 0.1319 | 0.7890 | 0.1780 | -0.0088
90 0.6165 | 0.1132 | 0.8110 | 0.1344 | -0.1945

117.5 0.5722 | 0.1458 | 0.8128 | 0.1623 | -0.2407

Table G.1: Photon beam asymmetry Z in 7 photo-production off the proton
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