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Abstract

Laser Plasma Acceleration (LPA) with its extremely high gradients promises compact
accelerators and great progress has been made in that direction. However, many
applications in nuclear and high energy physics require polarised electron beams. The
motivation of the LEAP project at DESY is the first time demonstration of LPA with
polarisation. This thesis focuses on the design and commissioning of a Compton trans-
mission polarimeter to verify electron polarisation in future LEAP experiments. The
polarimeter makes use of the production of circularly polarised bremsstrahlung during
the passage of the electrons through a suitable target. The photon polarisation is then
measured with the aid of the transmission asymmetry related to the magnetisation
direction of an iron absorber. A Monte Carlo design study revealed that a dedicated
bremsstrahlung converter target had little impact on the asymmetry and was therefore
omitted from the final design. Furthermore, resolving the small anticipated asym-
metries (~ 1.5 %0) within a feasible number of shots requires an energy resolution
better than 2 % for the calorimeter detecting the transmitted photons. Consequently, a
homogeneous lead-glass calorimeter was constructed. The LEAP polarimeter was com-
missioned using an unpolarised electron beam. It was found to perform as designed;
however, the measurements were dominated by systematic uncertainties due to false
asymmetries arising from fluctuations in beam charge and energy. The analysing

power of the polarimeter was determined to be 11.74 £ 0.18 %.
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Kurzfassung

Laser-Plasma-Beschleunigung (LPB) bietet mit ihren extrem hohen Gradienten das
Potenzial fiir sehr kompakte Beschleuniger, und in diesem Bereich wurden bereits
erhebliche Fortschritte erzielt. Allerdings erfordern viele Anwendungen in der Kern-
Hochenergiephysik polarisierte Elektronenstrahlen. Das LEAP-Projekt am DESY zielt
darauf ab, erstmals die Erzeugung polarisierter Elektronenstrahlen mittels LPB zu de-
monstrieren. Diese Arbeit konzentriert sich auf die Entwicklung und Inbetriebnahme
eines Compton-Transmissionspolarimeters zur Verifizierung der Elektronenpolari-
sation in zukiinftigen LEAP-Experimenten. Das Polarimeter nutzt die Erzeugung
zirkular polarisierter Bremsstrahlung wéhrend der Passage von Elektronen durch ein
geeignetes Target. Die resultierende Photonenpolarisation wird durch Messung der
Transmissionsasymmetrie in Abhangigkeit von der Magnetisierungsrichtung eines
Eisenabsorbers bestimmt. Eine Monte-Carlo-Designstudie ergab, dass ein spezielles
Bremsstrahlungskonverter-Target nur einen geringen Einfluss auf die Asymmetrie hat.
Es wurde daher in der finalen Konstruktion weggelassen. Dariiber hinaus erfordert
die Auflosung der sehr kleinen zu erwartenden Asymmetrien (~ 1,5 %o) innerhalb
einer realistischen Anzahl von Messungen eine Energieauflosung von besser als 2 %
fur das Kalorimeter, das die transmittierten Photonen detektiert. Daher wurde ein
homogenes Bleiglas-Kalorimeter konstruiert. Das LEAP-Polarimeter wurde mit einem
unpolarisierten Elektronenstrahl in Betrieb genommen. Es zeigte sich, dass das Polari-
meter wie vorgesehen funktioniert, jedoch werden die aktuellen Messungen durch
systematische Unsicherheiten dominiert, die durch falsche Asymmetrien aufgrund
von Fluktuationen in der Strahlladung und -energie verursacht werden. Die bestimmte
Analysierstdrke des Polarimeters hat einen Wert von 11,74 £0, 18 %.
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Chapter 1.

Introduction

Spin-polarised electron beams are a powerful tool in particle and nuclear physics, en-
abling precise studies of fundamental interactions [1]. In electron-positron colliders, for
example, their use enhances sensitivity to the weak force, allowing for improved mea-
surements of electroweak couplings, Higgs boson production, and potential physics
beyond the Standard Model [2, 3]. By controlling beam polarisation, experiments can
suppress background processes and isolate weak interaction effects (cf. section2.1.4).
Another important application of polarised electron beams is in nuclear physics, such
as in deep inelastic scattering experiments at the upcoming Electron-Ion Collider [4],
where polarised electrons collide with polarised nucleons to probe the spin structure
of the nucleon.

In storage rings, electrons self-polarise through the Sokolov-Ternov effect [5], where
their spins gradually align due to spin-flip transitions in the magnetic field, leading to
spontaneous polarisation. In contrast, at other accelerators, external methods are neces-
sary to polarise the electrons. Nowadays most often Gallium Arsenide photo-cathodes
within DC high voltage photo-guns are used for this purpose [6]. For instance, the
Stanford Linear Collider achieved beam polarisation of 76 £ 4% [/] and the Interna-
tional Linear Collider envisions electron beam polarisation levels exceeding 80% using
this technology [5].

However, these sources rely on further acceleration, which is typically achieved using
radio frequency (RF) resonators. The acceleration gradient in such structures is funda-
mentally limited by RF breakdown at very high acceleration gradients, restricting the
achievable energy gains. Plasma-based accelerators, on the other hand, do not suffer
from these limitations. By using intense laser or particle beams to drive waves in a
plasma, they can sustain acceleration gradients up to three orders of magnitude higher

[9], making them a promising candidate for compact sources of polarised electron
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beams.

While the potential of plasma accelerators is clear, their impact on electron polarisation
remains an open question. Theoretical studies predict that electron beam polarisation
can be maintained during plasma acceleration [10], and several simulation-based
concepts for generating polarised electron beams using Laser Plasma Acceleration
(LPA) with a prepolarised plasma source have been proposed [11-14]. However, ex-
perimental verification is still lacking.

This is precisely what the LEAP (Laser Electron Acceleration with Polarization) project
at the Deutsches Elektronen-Synchrotron DESY aims to address. It serves as a proof-
of-principle experiment designed to demonstrate the generation of spin-polarised
electron beams from an LPA source, along with their successful transport. To verify
this, the degree of polarisation of the accelerated electron beam must be measured.
The aim of this work, as part of the LEAP effort, is to design and commission a Comp-
ton Transmission Polarimeter. In this setup, -rays produced by bremsstrahlung pass
through an iron absorber core that is magnetised by a surrounding solenoid. The
transmission rate depends on the relative orientation between the photon spin and
the magnetisation direction of the iron. The resulting transmission asymmetry with

respect to the magnetisation direction is proportional to the initial electron polarisation.

This thesis is structured as follows: It begins with the theoretical foundations of po-
larised electron beams and laser plasma acceleration from a prepolarised plasma
source (cf. chapter2), polarimetry (cf. chapter 3), and the use of Monte Carlo simu-
lations and Geant4 (cf. chapter4). This is followed by a description of LEAP_SIMS, a
software framework developed for simulation studies of the polarimeter (cf. chapter 5).
Next, a design study is presented (cf. chapter 6) followed by a detailed description
of the polarimeter that was constructed (cf. chapter?). Finally, the commissioning
of the polarimeter using an unpolarised LPA electron beam for a zero-polarisation

measurement is described (cf. chapter 8), followed by the conclusion in chapter9.



Chapter 2.

Laser Plasma Acceleration of Polarised

Electron Beams

This chapter provides a brief overview of the fundamental concepts related to Laser-
Plasma Acceleration (LPA) of polarised electron beams. The discussion begins with an
introduction to polarised beams, followed by an explanation of the working principles
of LPA. The mechanism of accelerating a polarised electron beam using a prepolarised
plasma source is then examined.

Additionally, the LEAP project at DESY and its objectives are introduced, along with
FLARE as a key experimental facility. Finally, an overview of beam diagnostics and
the role of plasma lenses in controlling and focusing electron beams is provided.
This chapter sets the foundation for the subsequent discussion on polarimetry, which

is crucial for verifying the successful acceleration of polarised electron beams.

2.1. Polarisation

To understand the generation of polarised electron beams, it is essential to first explore
the concept of polarisation. At its core, polarisation is based on spin, a fundamen-
tal property of particles (cf. section2.1.1). This work primarily focuses on the spin
polarisation of electrons, which is examined in detail in section 2.1.2. However, pho-
ton polarisation also plays a crucial role in measurement processes (cf. chapter 3).
Unlike electron polarisation, which involves spin alignment, photon polarisation gen-
erally refers to the geometric orientation of the electric and magnetic field vectors.

This concept is further discussed in section2.1.3. The following sections build on
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well-established principles of spin physics, polarisation, quantum theory, and optics,
drawing from foundational works such as [1, 15-23], which provide a comprehensive

treatment of these concepts.

2.1.1. Spin as a Quantum Observable

Spin angular momentum is an intrinsic quantum mechanical property of particles.
Unlike orbital angular momentum, it is not associated with any physical rotation or
motion of the particle in space and has no direct classical analogue [19]. Because
of this, spin cannot be understood in classical terms and must be described entirely
within the mathematical framework of quantum mechanics. The latter allows for
statistical statements to be made about the outcomes of measurements performed on
an ensemble of quantum states.

Mathematically, the physical observable spin angular momentum is represented by
the spin operator § , a vector of operators (§ X7 §y, §Z) that act on the quantum state
|¢) of a particle. These operators are hermitian, hence, their eigenvalues are real. A
measurement of the observable spin will always yield one of these eigenvalues.

The components of § do not commute [1]:

[glgj] = iheijk§k (21)

where € is the Levi-Cevita-Symbol and 7 the reduced Planck constant. It then
follows from Heisenberg’s generalised uncertainty relation that it is only possible to
measure one component of § at a time [20]. Moreover, measuring one component
disturbs the others by an indefinite amount, as the non-commuting components
become indeterminate after measurement [21]. However, the total spin magnitude §2,
defined as SAJZC + §§ + SE, commutes with each component of §, allowing $? and the
spin projection onto any one axis to be measured simultaneously.

As mentioned above, only specific discrete measurement results are allowed, namely
the eigenvalues of the corresponding operators. A measurement of &2 results in

eigenvalues of the form [21]:

$2y) = s(s + DR[p) (2.2)
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where s is the spin quantum number associated with the eigenstate |i). s can take

integer or half-integer values, such as:
3.5
1,-,2,-,... 2.
7 =7 2/ 7 2/ ( 3)

Each particle has a fixed spin quantum number. Particles with half-integer spin are
referred to as fermions (e.g., baryons, leptons, and quarks), while those with integer
spin are known as bosons (e.g., mesons and force mediators).

For a given s a measurement of the spin projection onto an axis yields:
Silp) = mehly) (2.4)

where m, is the magnetic quantum number associated with the spin component along
the i-th axis. The possible values of m; are:

mg=—s,—s+1,...,s—1,s (2.5)
In quantum mechanics, the state of a system can either be a definite eigenstate of the
spin operator, in which case the measurement outcome is deterministic and corre-
sponds to the associated eigenvalue, or it can be a superposition of eigenstates. If the
system is in a superposition, the measurement causes the wavefunction to collapse to
one of the eigenstates, with the probability of observing a particular eigenvalue given
by the square of the amplitude of the corresponding coefficient in the superposition.

The general state in superposition can be written as:
|1/J> = ZCmS|S, ms> (2.6)
mS

where c,,, are the complex coefficients, and the probability of measuring the eigenvalue

2
, the square of the absolute value of the coefficient corresponding

mgh is given by ‘cms
to that eigenstate.

2.1.2. Polarised Electron Beams
Spin polarisation describes the extent to which electron spins are aligned in a given

ensemble. In an unpolarised electron beam, spins are randomly distributed, while in a

polarised beam, they tend to align along a specific direction [15].
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y

Figure 2.1.: a) spin in z-direction b) spin direction, both adapted from [15]

Electron spin
Electrons are s = 1/2 particles. Their total spin angular momentum is given by the

eigenvalue equation [19]:

&gy = 1ly). 27)

The spin component along any chosen axis, such as the z-axis, can take only two
possible eigenvalues:

S:lw) =mgh = + gm (2:8)

These correspond to the "spin-up" state | 1) for m, = —i—% and the "spin-down" state
| }) formg; = — % Due to the commutation relations discussed in the previous section,
it is impossible to simultaneously determine all three spin components. Thus, the
statement that "the spin points in the z-direction" means only that the z-component
is well-defined ( + g), while the x- and y-components remain indeterminate. Geo-
metrically, this means the spin vector lies on the surface of a conical shell with a total
magnitude of V/3/4h [15]. A visualisation of this is shown in tigure2.1a).

Mathematically, the spin operators of electrons are represented using the Pauli matrices
o;

i

_n. (2.9)
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with

01 0 —i 1 0
Ty = ;o= , 0, = (2.10)
10 i 0 0 -1

The spin operators become meaningful when acting on spin states. For electrons, the
joint eigenvectors of $% and S, are represented as two column matrices, known as

spinors [19]:

11 1
§/§>:’T>= o)

A general spin state is given by a superposition of these basis states:

11 0
E'_§>:H>: : (2.11)

x=al| |+al |= (2.12)

where |4;]* and |a,|? represent the probabilities of measuring the spin in the up
or down state, respectively. For a properly normalised state, these coefficients
satisfy |a; |2 + |a2|2 = 1. A spin direction in ¢, ¢ can be described by the unit vector

&= <éx, &y, éz> = (sin ¥ cos ¢, sin ¥ sin ¢, cos ¥), as illustrated in figure 2.1b).

The Polarisation Vector

As described above, the eigenvalues of the spin operator represent the possible results
of individual measurements. Polarisation, however, reflects the average spin direction
of a particle ensemble. It is an expectation value [15]. For a pure spin state, i.e. all the

spins of an ensemble of electrons have the same general direction of ¢, ¢ , this means:

sin ¥ cos @
= * * a
P = (o) = (x|olx) = (alfaz) ol 1] = sin ¢ sin ¢ (2.13)
a
2 cos ¥

The polarisation vector P also has the direction of 8, ¢ . The degree of polarisation is

given by 4 /P,% + P; + PZ2 = 1 for a normalised, pure state. P can be fully determined,
provided that measurements of its individual components are performed on separate
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a) 8 2 b) 1/2Px
i ﬁ
1/2P,

Figure 2.2.: a) Statistical mixture of polarisation states b) superposition of polarisation vectors,
both adapted from [15]

particles from an ensemble where all particles can be safely assumed to be in the same
state. Partial polarisation is described by the weighted average of individual systems

in pure spin states:

P = Ew(”)p’(”) — Zw(”) <X(”) o ‘X(”)> (2.14)
with the weighting factor
(n)
wl = ZN a (2.15)
n N "

where N is the number of particles in the state X(”). The principle of partial polari-
sation is depicted in figure 2.2a) and that of superposition of polarisation vectors in
tigure 2.2b).

Scalar Projection of Polarisation

Polarisation is distinguished by the orientation of the spin vectors relative to the
beam’s direction of motion. For an electron with momentum in z-direction P, and P,
are called transversal polarisation components. A transversely polarised beam has
spin vectors that lie in the plane perpendicular to the beam direction.

This study focuses exclusively on the longitudinal polarisation of electron beams. Here,
the spin vectors are aligned either parallel or anti-parallel to the beam’s motion. P, is
called the longitudinal polarisation component. In case of a longitudinally polarised

beam the polarisation degree then becomes a matter of population imbalance between
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the two possible spin states:

P =

z

(2.16)

(5) _ Nt — N,
S T N +N,

where N; and N are the populations of electrons with spin-up and spin-down states
along the z-axis, respectively. A value of P, = 0 signifies a completely unpolarised
electron beam, while P, = =+ 1 signifies a fully polarised beam, with all electrons being

either spin-up or spin-down.

A Note on Notation

In the remainder of this work P denotes the polarisation degree in z direction, P is the
polarisation vector, and E is the Stokes vector, as defined in GEANT4 (see p. 168 of
[24] and section 4.2.4).

2.1.3. Polarisation of Photons

Polarisation has a different meaning for photons than for electrons. This section clari-
fies the differences between photon spin in the quantum picture and the polarisation

of light waves in the classical sense.

Polarisation in the Quantum Picture

Photons are spin-1 bosons and massless particles that always propagate at the speed
of light, meaning they do not have a rest frame. Consequently, one considers only
the projection of their spin onto their direction of motion, known as helicity. Unlike a
massive spin-1 particle, such as the W-boson, which has three possible spin projections
(mg = —h,04 1), a photon can only exist in two helicity states, =7 [22].

The two possible helicity states of a single photon correspond to the two circular
polarisation eigenstates, right-circular and left-circular. These states are eigenstates of
the helicity operator, meaning a photon with definite helicity is always in a circularly
polarised quantum state. A general quantum state with superposition coefficients a,

and a, can then take the following forms:
1. Elliptical Polarisation: |a;| # |a,| and both are non-zero.
2. Circular Polarisation: One of the coefficients is equal to zero.

3. Linear Polarisation: |a;| = |a,|
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Polarisation of Light Waves

In macroscopic light sources, light is generally described as a wave composed of
many photons rather than single-photon states. In the classical description, light is
an electromagnetic wave, consisting of mutually perpendicular electric and magnetic
tields that oscillate perpendicular to both each other and the direction of propagation.
Polarisation refers to the orientation of the electric field vector [23]. The possible

polarisation states are:

* Elliptical Polarisation: The most general case, where the electric field vector
rotates around the propagation axis while its magnitude and direction change.

Hence, the tip of the vector traces an ellipse.

* Circular Polarisation: A special case of elliptical polarisation where the elec-
tric field vector rotates in a perfect circle. This occurs when the perpendicular

components (E, and Ey) have equal amplitudes and a phase difference of =+ 90°.

¢ Linear Polarisation: The electric field oscillates along a fixed axis perpendicular
to the propagation direction, meaning there is no phase difference between the

perpendicular components.

Mathematical Description of Light Polarisation

The Stokes parameters provide a modern representation of polarised light, bridging
the classical and quantum descriptions. Denoting E,, /, as the amplitudes of the
corresponding electric field vector components, ¢ their phase difference, and (), as

time-averaging, the Stokes vector is defined as[23]:

Go <E(2’x> <E(2)y>t
& <E3x> <5y>t (2.17)
& <2EOxEOy cos <P>t
&)\ (2EoiEqysing),

iy
I
I

The four components of & have the following physical interpretations:
* (o: The total intensity of the light.

* (;: Measures the difference between horizontally and vertically polarised light.
Positive values indicate more horizontally polarised light, while negative values
indicate more vertically polarised light.
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* (,: Represents the degree of linear polarisation at =+ 45°to the horizontal axis.

* (3: Measures the degree of circular polarisation, which directly corresponds to the
photons helicity. Positive values indicate right-circularly polarised light, while

negative values indicate left-circularly polarised light.

The Stokes vector definition in GEANT4 (see section 4.2.4) does not use §.

2.1.4. Helicity, Chirality and the Weak Force

Helicity,1 is the projection of a particle’s spin onto its momentum direction, with the

helicity operator being defined as:

2z ﬁ
S=§5--1-. (2.18)
|7

For a beam of fermions with spin s = 1/2, the helicity operator yields +1/2 when
the spin is aligned parallel to the momentum direction, and -1/2 when the spin is
antiparallel to the momentum.

For massive particles, helicity depends on the reference frame since they move at a
finite speed, always below the speed of light. In principle, an observer moving faster
than the particle could enter a reference frame where its momentum appears reversed,
thereby flipping its helicity. This is precisely the effect of a parity transformation,
which inverts the momentum while leaving the spin unchanged.

For massless particles, on the other hand, helicity is the same as chirality, a quantum-
mechanical property that remains invariant under Lorentz transformations. Chirality
is an intrinsic property of fermions that plays a crucial role in their interactions, in
particular with respect to the weak force. Unlike the strong and electromagnetic
forces, which treat left- and right-handed particles symmetrically, the weak interaction
violates parity symmetry [27]. This asymmetry arises because the weak force couples
exclusively to left-handed fermions and right-handed antifermions.

In collider experiments, this property becomes particularly useful: for highly relativis-
tic particles, helicity effectively corresponds to chirality, which can be exploited for

various purposes. For instance, an et

e collider gains several advantages when at
least one, or preferably both, beams are polarised [2, 28]. First, since the cross-section

of certain interactions depends on the beam polarisation, specific configurations can

IThis section is largely based on explanations in sections 4.6 and 5.2 of [25] and chapters 5 and 8 of [26]
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be chosen to suppress unwanted background or enhance the signal. Second, beam
polarisation provides additional observables that enable a more detailed analysis of
the chiral properties of processes within and beyond the Standard Model. Finally,
by selecting a polarisation configuration where no signal is expected, redundancy
measurements can be performed, offering a powerful tool for controlling systematic

uncertainties.

2.2. Laser Plasma Acceleration

Ultra-short, high-intensity laser pulses can generate wakefields in gaseous plasmas,
producing large-amplitude electric fields that enable the acceleration of charged parti-
cles. Not impaired by material breakdown thresholds, plasma accelerators can sustain
acceleration gradients of more than 100 GV/m, more than three times greater than
conventional rf-accelerators [9]. This capability paves the way for compact, low-cost
accelerators with a wide range of future applications.

Laser Plasma Acceleration (LPA) was first proposed by Tajima and Dawson in 1979
[29]. With advancements in laser technology, LPA has become increasingly feasible,
leading to the development of various acceleration schemes. This section provides a
fundamental overview; for more in-depth information, refer to publications such as [,

-37].

Essential Parameters in (Laser) Plasma Acceleration
To understand how LPA works, it is first necessary to clarify key terminology and
prerequisites. A widely used definition of plasma is:

"A plasma is a quasineutral gas of charged and neutral particles which
exhibits collective behaviour." [33]

In the context of LPA, this definition, in the case of complete ionisation, describes a gas
of free electrons and ions whose dynamics are governed by collective electromagnetic
interactions.

In the simple case of linear electron motion, when electrons are displaced from the
uniform ion background, an electric field arises, acting to restore charge neutrality.

Due to their inertia, the electrons overshoot their equilibrium positions, leading to
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oscillations at the characteristic frequency [33]:

2
W, = 4| 7eE (2.19)
p m,

where w), is the electron plasma frequency, 7, is the density of unperturbed electrons,
e and m, are the electron charge and rest mass, respectively [9]. The electric fields
arising from electron displacement can be used for plasma-based acceleration. Maxi-
mum acceleration occurs when the displacement reaches approximately one plasma

wavelength, )\p [32], where,
A, = —. (2.20)

Still assuming a linear regime, the maximum acceleration gradient can then be ex-

pressed as [32]:

eEy = mP? ~ 18 i (2.21)

0 c cm ¢ '
where Ej is also called the cold non-relativistic wave braking field [34]. From this
relation it becomes apparent that the acceleration gradient is directly proportional to
the electron plasma density 7,. Specifically, to achieve an acceleration gradient of 1

s required.

GeV/cm an electron plasma density of n, = 10"%cm
In LPA, laser pulses drive electron displacement. For this to occur efficiently, intense
ultrashort laser pulses are required. "Ultrashort” in this context means that the pulse
duration should be approximately equal to or shorter than A,,. Using the same example
as above, this corresponds to A,=30 um and a desirable laser pulse duration of less
than 100 fs.

To quantify intensity, a key parameter is the laser strength parameter 4. It is defined
as the peak amplitude of the normalised vector potential of the laser field [9]. Here,
‘normalisation’ refers to expressing the laser field in terms of the momentum it imparts
to an electron in a single oscillation, relative to the electrons rest mass, yielding;:

eEy

= 2.22
0= e (2.22)
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where wj is the angular frequency of the laser pulse [30]. 4, relates to laser peak
intensity I, with [9]:

2

€ 2
Gy = | ————=A2] (2.23)
0 27r2€0m§c5 00
~ 0.85- A[m] - \/ I,[10"®W/cm?), (2.24)

where A is the central wavelength of the laser pulse. The laser strength parameter
determines whether the electron motion in the laser field is linear (¢ << 1) or
relativistic (a; >> 1). As discussed above, efficient LPA requires intense laser pulses,
meaning those with a5 2 1. Which in the case of a titanium:sapphire laser system
(A9 = 800nm) corresponds to pulse intensities on the order of I, ~ 10" W/em?.

Mechanism of LPA in the relativistic regime
Having established the key parameters required for laser-plasma acceleration, the
detailed mechanism by which a laser pulse drives a wakefield and accelerates electrons

is now examined. Figure 2.3 illustrates this process step by step.

1. The intense ultrashort laser pulse is focused onto a gas target (depicted here as a
jet), ionises the gas, and locally creates a plasma (see figure 2.3a)).

2. The gradient of the laser pulse’s electromagnetic field energy density gives rise
to the ponderomotive force F,, which acts on charged particles along the laser’s
path. It can be approximated as [30]:

1
F, ~ —Emcz(Va%)/\/ 1+a) (2.25)

Due to their high mass, ions remain mostly immobile during the laser pulse,
while electrons are pushed radially outward from the laser focus, away from the

regions of highest intensity (see figure 2.3b)).

3. Once the laser has passed, Coulomb restoring forces act on the displaced elec-
trons, causing them to oscillate at the plasma frequency w,, forming a wave-like
structure (see figure 2.3c)). This excited plasma wave, or wakefield, propagates
with a phase velocity equal to the laser’s group velocity.

For a; > 1 the ponderomotive force pushes nearly all electrons away from the
axis, forming a spherical bubble initially free of electrons at its centre behind
the laser pulse. This is why the relativistic regime is also called the bubble
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Figure 2.3.:

Principle of laser plasma acceleration. a) Relativistically intense laser pulse in-
cident on gas target, locally creating plasma. b) Ponderomotive force pushing
electrons radially outward from the highest intensity regions of the laser pulse
¢) Restoring force acting on electrons, causing them to oscillate and forming a
wakefield d) Charge separation in the bubble shaped wakefield causes high electric
field gradients. Electrons injected at the back are accelerated.
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regime. The displaced electrons continue oscillating around the ions, but their
motion quickly becomes incoherent, causing subsequent bubbles to be smaller

and smaller. As a result, typically only the first bubble is suitable for acceleration

[52].

4. The charge separation generates strong electromagnetic fields. Electrons injected
at the correct wave phase, i.e., at the back of the plasma cavity (or bubble), can be
efficiently accelerated (see figure 2.3d)). In the nonlinear regime, the amplitude of
the plasma wave can exceed the cold non-relativistic wave braking field E; [7],
leading to extremely high acceleration gradients. In the one-dimensional limit,
the maximum electric field amplitude generated by a linear-polarised pulse is

given by [35]:

o\ —1/2
a %
Eax = 0.38a5 (1 + EO> N (2.26)

Limitations

While the acceleration gradient in an LPA is not limited by material breakdown, there
are still fundamental constraints on the maximum energy electrons can gain in a
single plasma stage. The most significant limitations arise from dephasing, diffraction,
and pump depletion. Dephasing occurs when accelerating electrons gain speed and
eventually outrun the accelerating phase of the wakefield, which moves at the group
velocity of the laser pulse, slightly less than c. Diffraction limits the interaction length,
as a laser beam, tightly focused to several tens of micrometers, naturally spreads out
fast as it propagates. Lastly, pump depletion occurs when the laser pulse transfers its
energy to the plasma wave; once the pulse is depleted, further acceleration ceases.

2.3. LPA of polarised electron beams using a prepolarised

plasma source

Several plasma-based techniques have been suggested for producing polarised electron
beams [36], but the most promising approach utilises a prepolarised plasma source in
plasma-based accelerators [12, 37]. Using this approach the plasma source is prepared
in a way that the free ionised electrons inside have a preferred orientation of spin,

before they are finally accelerated by a laser pulse as described in the previous section.



Laser Plasma Acceleration of Polarised Electron Beams 17

a)

© dissociation.—. . .. @ . ..

ps UV pulse

gas jet b)
e diatomic
e molecule

-

>

o4
11!

alignment laser

ps IR pulse

laser LLPA laser .

— @—o=p@ o — @ oe=> @ @
. ® ‘o fs IR pulse ® ‘o -

Figure 2.4.: Mechanism of LPA of polarised electron beams using a prepolarised plasma source.

a) A target gas of diatomic molecules is chosen b) Molecular bonds are aligned
using infrad ps laser-pulse c) Molecules are dissociated using ps UV laser pulse d)
Atom ionisation followed by accelratiton of electrons.

One method of doing so is the molecular photo-dissociation of hydrogen halides using

a circularly polarised UV laser-pulse [37-44]. The principal working mechanism, as

depicted in figure 2.4, can be divided into three steps.

1.

Bond alignment: The electric field of a linearly polarised infrared (IR) laser pulse
is used to align the molecular bonds of diatomic halide molecules [45].

Photo-dissociation: A circularly polarised UV pulse is directed onto the gas
target, parallel to the molecular bond. The molecule absorbs the laser light if the
photon energy matches an allowed transition, exciting it into a repulsive state that
leads to dissociation. Total angular momentum is conserved during this process.
It is first transferred from the laser light to the molecule, and when the molecule
dissociates into its atomic fragments, the angular momentum is redistributed
between the photofragments. The result are two polarised valence electrons from
the hydrogen-halide bond.

. Acceleration: The LPA driver pulse ionises the photofragments while also driving

a plasma wakefield. Electrons injected at the correct phase of the wakefield,
as described in the previous section, can then be accelerated. Since hyperfine

coupling gradually transfers the electron’s spin to the nucleus after dissociation
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(on a timescale of approximately 350 ps in hydrogen) ionisation must occur
on a much shorter timescale [46] to preserve electron polarisation for plasma

acceleration.

The choice of target gas

One important consideration for any polarised LPA source employing a prepolarised
plasma source is the choice of target gas, as it directly impacts the achievable fraction
of polarised electrons and the required wavelength for molecular dissociation. The two
valence electrons from the hydrogen-halide bond become polarised, but additional
electrons are typically ionised, which dilutes the overall spin alignment and limits the
fraction of the theoretically achievable maximum polarisation, P,,,,.

Ideally, one would not use hydrogen halides, but instead pure hydrogen as the tar-

get gas, as it has a P, of (near) 100%, since there are no additional electrons with

max
random spin to be ionised. However, the dissociation of H, requires laser pulses
with wavelengths below 100 nm [47, 45]. Generating such short-wavelength pulses
with sufficient intensity remains challenging and is not yet feasible with current laser
technology [49].

Using hydrogen halides is a good alternative. Hydrogen fluoride offers the second
highest

which is difficult to achieve. Additionally, it forms hydrofluoric acid upon contact

P .x, but requires a dissociation laser with a wavelength of less than 150 nm,
with moisture, making it undesirable for use in a laboratory environment.

The next halogen in the periodic table is chlorine. Hydrogen chloride (HCl) has multi-
ple electron levels, and depending on the number of ionised electrons, a maximum
electron spin polarisation between 12.5 % and 25 % is feasible. The photodissociation
of HCI molecules has been demonstrated at wavelengths around 200 nm [38, 46].

Different proposed schemes

It is not enough to achieve as high an electron spin alignment in the plasma source
as possible; the electrons also need to be injected into the correct phase of the plasma
wakefield and accelerated, with as little depolarisation as possible. Depolarisation
has been shown to mainly occur during the former stage [10]. Various schemes have
been investigated using particle in cell simulations and proposed for polarised LPA,
including density-down ramp injection [12], self injection [13], the use of Laguerre-
Gaussian Laser Beams [11], and colliding pulse injection [14]. A detailed discussion of
these schemes is beyond the scope of this thesis. It is sufficient to note that the first
three methods come with practical limitations, such as unrealistic density gradients

in the precursor gas or limited achievable accelerated charge. The colliding pulse
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injection method proposed by Bohlen et al. appears to be the most promising at this
time, with simulations — using pure hydrogen as the target gas — resulting in beams
with P > 90%, tens of pC charge, low normalised emittance of <1 mm- mrad, and

percent level energy spreadz.

2.4. The LEAP Project

LEAP is a project at DESY aimed at experimentally demonstrating laser-plasma ac-
celeration of polarised electron beams for the first time. It will utilise a laser system
that has previously demonstrated stable acceleration of electron bunches over several
hours [51]. More details about the facility can be found in section 2.5. The project will
employ a prepolarised plasma source and use the colliding pulse injection method for
plasma acceleration, as proposed by Bohlen et al. in [14]. The conceptual design of
LEAP is illustrated in figure 2.5. In total, four laser pulses are required for the process.
The first pulse aligns the bonds of HCI, which will be used as the precursor gas. The
second pulse dissociates the molecules, and is planned to be generated via fourth-

harmonic generation from the fundamental system. Preparatory work on this can be

A 44% energy spread is reasonable for LPAs with polarised beams. For comparison, the ILC electron
source is specified to have 0y /E < 5% with polarisation [8], while LUX@DESY reports ~ 1% for
unpolarised beams. Sub-0.1 % is achievable with energy compression [50]. The influence of beam
energy spread on Compton transmission polarimetry is discussed in sections 3.4 and 8.4.2.

alignment polarised
laser electron bunch

plasma source

LPA collider

LPA driver A
dissociation laser

Figure 2.5.: Schematic of the conceptual design anticipated for the LEAP project: LPA employ-
ing colliding pulse injection for generating spin-polarised electron beams from a
prepolarised plasma source. Drawing adapted from [14].
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Beam-Parameter | Expected Value
Polarisation P,- ~ 10 %
Bunch energy Ep..m 30-80 MeV
Bunch charge g ~ 3pC
Bunch length 7 ~ 30fs
repition rate max. 10 Hz

Table 2.1.: Bunch parameters expected at future LEAP experiments

found in [52]. Finally, two additional pulses are required for ionisation, injection, and
acceleration.

The expected beam parameters are summarised in table 2.1. It is important to note
that LEAP is a proof-of-principle experiment, and the parameters presented here do
not represent the ultimate capabilities of this method and technology. The verifica-
tion of polarised beams from LPA will be performed using a Compton transmission

polarimeter, whose design and commissioning are the main focus of this thesis.

2.5. The FLARE facility

FLARE is a facility at DESY that provides infrastructure for research on laser-plasma
accelerators and their applications. LEAP is one of several projects hosted there. The
facilitys floor plan is shown in figure 2.6, highlighting the key areas relevant to the
accelerator system used for the commissioning work described in section 8: the laser
lab, the BOND lab, and the control room.

The laser lab houses the facilitys laser systems, including the SPECTRE system a 25 TW
titanium:sapphire laser from Amplitude Technologies. It operates at a wavelength of
800 nm, with a maximum repetition rate of 10 Hz and a pulse duration of less than
30fs.

The laser is propagated to the BOND (Beam Optimisation and Novel Diagnostics) lab,
where it serves as the LPA driver inside the plasma acceleration vacuum chamber. The
lab also contains various beam diagnostics for characterising the accelerated electron
beams, as discussed in section 2.6. A more detailed description of the SPECTRE system
and the accelerator setup can be found in [53], among others.

Data acquisition and control are managed from the control room, which oversees the
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Figure 2.6.: Floorplan of the FLARE facility. Adapted from [53]

accelerator and experimental components. The FLARE facility makes use of DOOCS
(Distributed Object-Oriented Control System) [54], a software framework designed for
accelerator-based control systems. Each device is accessible via the network and can
be monitored and controlled through dedicated applications, with visual interfaces
created using jddd (Java DOOCS Data Display) [55].

The FLARE trigger system is synchronised to the master clock of the FLASH accelerator
[56, 57], which provides macro pulse numbers. These pulse numbers can later be used
to correlate data from different diagnostics.

2.6. Diagnostics for Beam Characterisation

Characterising the properties of a particle beam is not only important for feedback and
control but also forms the basis for experimental accuracy, as precise beam parameters
are essential for reproducibility and reliable measurements. This section provides an
overview of the diagnostics used in the accelerator setup for the commissioning work

described in section 8.

2.6.1. DaMon

The DaMon is a diagnostic tool for non-invasive measurement of electron bunch

charge [53, 58, 59]. Originally named for its function as a dark current monitor for the
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European XFEL, the DaMon is a resonant stainless steel cavity (see Fig.2.7a) designed
to operate in the first transverse magnetic mode (TMO01) at a resonant frequency of
f=1.3GHz. When an electron beam passes through the cavity, it excites the TMO01
mode, generating a voltage described by:

U = Uy sin(wt)e /" (2.27)

where w = 27f is the angular frequency and T = Q; /(7f) is the decay time. The
decay time T represents how quickly the voltage decays over time, and Q) is the
loaded quality factor of the resonator, which indicates the efficiency of the cavity in
storing energy.

The amplitude of this TM01 mode, U, is proportional to the beam charge, 4. Their

relationship is given by:
Uy =4S (2.28)

The sensitivity, S, measures how responsive the resonant frequency of a cav-
ity resonator is to changes in certain parameters. Specifically, it is defined as

S = nf & (%), where Z is the line impedance, representing the characteristic

impedance of the transmission line, Q,,; is the resonator external quality factor related
to energy loss due to external coupling mechanisms and (g) is the normalised shunt
impedance, representing the efficiency of the cavity in storing energy relative to its
losses and its interaction with charged particles.

By utilising equation 2.28 and knowing all the constants mentioned above one can
determine the bunch charge by measuring the amplitude of the TM01 mode. This is
independent of the electron beam’s position inside the cavity, guaranteeing consistent
measurement results no matter where the beam interacts with the cavity fields.

The mode is picked up by two antennas that couple the signal out, directing it to a
dedicated electronics unit. This unit filters the signal, converts the amplitude to a
logarithmic value, and transmits it to an analogue-to-digital converter (ADC). This
process enables the DaMon to detect bunch charges across a dynamic range of seven
orders of magnitude, with a minimum detectable charge of approximately 50 fC,

limited by the noise in the electronics.

An example ADC trace over time is displayed in figure 2.7b. The peak of this ADC
trace, referred to as the DaMon signal for the remainder of this work, can be converted
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Figure 2.7.: a) Image of the DaMon in the BOND laboratory [53], b) ADC signal recorded by a
DaMon charge measurement. Peak marked with cross converts with equation 2.29
to 5.74 pC.

from arbitrary digital units to picocoulombs (pC) using the following formula:
q(pC) = po x 107 ()72 (2.29)

Where the individual parameters have values of: p, = 9.661 - 1077, p; = 5.847 - 107°
and p, = 3.209. The ADC trace is saved for every shot, so that there is a DaMon signal
for every shot. These calibration values originate from S. Bohlen, who obtained them

through corresponding measurements as part of the work described in [53].

2.6.2. Scintillator Screens

A DRZ-high [60] scintillation screen in combination with a CCD-camera was installed
to provide real-time visual feedback and complement the charge diagnostics obtained
from the TurboICT and the DaMon (see sections 8.1 and 2.6.1). This screen is used to
capture spatial distribution and intensity variations in the electron beam.

"DRZ-high" is the trade name of a type of scintillator screen, distributed by MCI
Optonix LLC / Mitsubishi Chemical Incorporated, they contain a layer of the lumines-
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cent material gadolinium oxysulfide doped with terbium (Gd,0,S:Tb, or Gadox:Tb).
This material efficiently converts electron energy into visible light, mostly through
fluorescence [61], offering a visual representation of the beam’s characteristics.

The principle of operation for the DRZ-high scintillator screen involves three main
steps:

1. Energy Absorption: As the electron beam passes through the screen, it interacts
with the Gadox host lattice. During this interaction, the host lattice absorbs a
portion of the electron beam’s kinetic energy and transfers it to the terbium ions
embedded within the material.

2. Light Emission: The energy absorbed by the terbium ions excites them to higher
energy levels. As these ions return to their ground state, they release the absorbed
energy as visible light through a process called fluorescence. The most significant

emission occurs at a wavelength of 545 nm, which appears green.

3. Fluorescence Capture: The emitted light is detected by a CCD camera, which
captures the intensity and distribution of the fluorescence. This data is used to

visualise the electron beam’s properties and perform precise charge diagnostics.

DRZ-high screens are composed of powdered Gadox embedded in a transparent
binder, layered between a plastic support layer and a PE protective coating. These
screens are known for their high light output, with a reported fluorescent efficiency
of about 8 x 10° photons/sr/pC, [62],[63]. The decay time of the fluorescence is
approximately 1ms, enabling shot-by-shot measurements at repetition rates up to
the kilohertz (kHz) range. While Gadox has a high density of 7.34g/ cm® and a
high average Z, the layer of luminescent material is very thin, only 310 pm [60].
Above a certain threshold energy, the energy loss of the electrons is therefore almost
constant [64]. Wuetal. conducted a GEANT4 simulation resulting in a deposited
energy of approximately 200 keV per incident electron, independent of the incident
electron energy above approximately 10 MeV [63].

This confirms that scintillator screens provide a reliable method for visualizing beam
charge distribution. At electron energies of several tens of MeV, the fluorescent light
emitted by the scintillator and captured by the CCD camera directly reflects the beam

profile. The intensity of the images is proportional to the charge g, calculated using



Laser Plasma Acceleration of Polarised Electron Beams 25

\> VJ

- 500 -
o 1= scintillator (i ae

Screen

1000 ~

1500 A : , , :
0 500 1000 1500 2000

Figure 2.8.: a) Photograph of the DRZ-high scintillator screen and CCD camera as installed
in the beamline. b) Camera image of electron beam using a collimator with Imm
diameter. Rectangle marks region of interest(ROI)

the equation:

N photons

1= =% (2.30)

where Nppotons is the total number of photons emitted by the scintillator into a solid
angle of one steradian and C; is the absolute response of the scintillating screen. This
calculation assumes uniformity in the response of the scintillator and takes into account
parameters such as the angle between the electron beam and the screen, the effective
collection angle, and the light collection efficiency of the optical system.

In this work, the scintillation screen was utilised as a relative charge diagnostic tool
rather than an absolute one. To analyse the data, regions of interest (ROIs) were
defined in the camera images. An example of an ROI is shown in figure 2.8b, marked

by a red rectangle. The scintillation screen signal S,;,; was then calculated as follows:
Sscint = ZNC,ROI — offset (231)

where N, zo; represents the counts in the ROI, quantified as the sum of pixel values.
The offset was determined by calculating the mean sum of the pixel values in the ROI
for runs conducted without a beam under identical conditions. This approach allows
for the subtraction of background noise, ensuring that the signal measurement is more
reflective of the actual beam properties.
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2.6.3. Dipole Spectrometer

The process planned to be used to measure polarisation, namely Compton scattering,
depends on the energy of the incoming electrons (see section 3.1.3). Therefore, it is
paramount to accurately determine the energy spectrum of the beam reaching the
polarimeter.
The spectrometer installed in the BOND-laboratory utilises the energy-dependent
bending radii of electrons in a dipole magnetic field, a common technique for measur-
ing energy spectra in both conventional and plasma-based accelerators. A comprehen-
sive overview of this method is provided by Downer et al. [65].
The dipole spectrometer in the BOND laboratory (schematic shown in figure 2.9a) was
recently recommissioned, and a detailed account of this process is documented in the
work by C. Varma [66]. The dipole magnet is 500 mm long and the maximum appli-
cable current of 311 A results in a magnetic field amplitude of 0.246 T. The magnetic
field is oriented, that the Lorentz-force is deflecting the electrons downwards. Energy
dependent bending radii are described by:

E _

- =t 2.32
e epBc (2.32)

where E - is the electron energy in eV, ¢, is the electron charge, B the magnetic flux
density in Tesla and c the speed of light in ms . The vacuum chamber inside the

dipole magnetic field (50 mm wide, 712 mm long top) has three exit windows, two

a)

dipole magnet
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Figure 2.9.: a) Schematic of the dipole electron spectrometer in the BOND laboratory. Original
electron propagation in z-direction, magnetic field in x and Lorentz-force F; acting
in y. b) Image of the diagonal DRZ-screen being imaged. During normal operation,
the spectrometer setup is covered to protect it from external light sources.
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Figure 2.10.: a) Example image of fluorescence caused by electrons deflected onto screen,
distortion and intensity corrected, pixel positions translated to energy b) corre-
sponding energy spectrum

with scintillation screens (DRZ high, see section2.6.2) clamped to it. Low energy
electrons are deflected to the one at the bottom, higher energy electrons are deflected
to the one mounted in a 140°angle with respect to the beam axis. The fluorescence
from the screens is imaged onto CCD-cameras with the aid of mirrors (see figure 2.9b).
Finally, the spectral information must then be extracted from the recorded images. The
so-called "espec analysis tool", which was developed by Rob Shaloo, was used for this
purpose. It uses calibration files to assign corresponding energies to pixel positions,
pixel values then correspond to intensity. How this calibration works is described in

detail in the work of C. Varma [66], the basic principles are as follows:

1. Pixel positions are translated to accurate positions on the scintillation screen
with respect to the electron source. This involves image distortion and intensity
corrections. An absolute reference frame is provided by a scale on the flange

cover where the screen is mounted.

2. Positions on screen are translated to energy values. For this purpose, detailed
magnetic field maps are used and the path of centrally incoming particles is

tracked with the space charge tracking package ASTRA [67].
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Another important consideration is that, due to the energy-dependent deflection in the
magnetic field, pixels correspond to energy ranges of varying widths depending on
their position on the screen. To accurately represent the energy spectrum on a linear
energy scale, the intensity values must be normalised by the respective bin widths,
effectively converting them into differential intensity values, dI/dE. This ensures
that the spectral data is correctly interpreted in terms of energy density rather than
pixel density. For visualisation and further analysis, the data is then interpolated and
rebinned onto a linear energy axis with equal bin widths.

An example of a corrected and energy-calibrated image taken during the LEAP zero
polarisation measurement campaign is shown in figure 2.10a), with the corresponding
normalised energy spectrum presented in figure 2.10b). The dipole magnet was oper-
ated at 180 A.

Although the dipole spectrometer enables precise shot-to-shot measurements, the
method is inherently destructive, preventing the electron beam from continuing along
the vacuum pipe to the polarimeter. To minimise the energy spread reaching the
polarimeter and maintain a more consistent energy profile, the energy-dependent
focal lengths of an active plasma lens were employed, in conjunction with a collimator,

serving as an energy filter.

2.7. Active Plasma Lenses

An Active Plasma Lens (APL) is a device that focuses charged particles using the
azimuthal magnetic fields generated by an externally applied axial current in a plasma.
This configuration produces strong, radially symmetric magnetic fields (on the order
of kT/m [68]), supporting a compact experimental arrangement.

The development of APL technology has evolved significantly over the years. The first
APL was constructed by Panofsky and Baker in 1950 [69]. Subsequent advancements
were for example made by van Tilborg et al. [68], who were the first to apply APLs for
focusing relativistic laser plasma acceleration (LPA) electron beams.

In electron polarisation measurements, the transmission of bremsstrahlung photons
varies with energy, which can affect the accuracy of the polarisation measurement. To
minimise this effect, it is important to use a narrow electron-energy spectrum to reduce
artificial asymmetries from different beam energies. The spectrometer measurements,
as detailed in section 2.6.3, are destructive and, therefore, cannot be conducted on a

shot-to-shot basis while using the polarimeter. This is why an APL combined with
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Plasma-filled capillary.

Current

Electrode Electrode

Figure 2.11.: Schematic concept of the focusing force in an APL (adapted from [68])

a collimator was utilised as an energy filter to select the appropriate energy range
without requiring destructive measurements. Further details on this approach are
provided in section 8.4.2.

The functional principle of active plasma lenses is as follows: An APL consists of a gas-
filled capillary with electrodes at both ends (see figure 2.11). When a current is applied,
discharge occurs within the thin tube, forming a plasma channel. A current flowing
through a straight conductor induces a magnetic field that circulates in concentric
circles around the axis of the conductor (azimuthally). By applying Ampere’s circuital
law:

= -

V x B =], (2.33)

where B is the induced magnetic field, j, is the permeability of free space and J is
the current density, one can derive the magnetic field within the plasma channel.
Assuming an ideal lens with a uniform current density, the resulting magnetic field
takes the form:

_ Molp 7

0= o (2.34)

where r is the radial distance from the central axis of the APL in cylindrical coordinates,
R is the radius of the capillary, and I, the current flowing through the plasma. The
magnetic flux density inside the lens therefore increases with distance from the central
axis of the lens. Electrons that move through the lens and have transverse motion

components experience the Lorentz force and are thus focused. The focusing strength,
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Figure 2.12.: a) CAD-drawing of the APL, adapted from [70] b) Image of the APL inside the
interaction chamber

k opp, is given by:
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(2.35)

and hence not only depends on the discharge current, but also on the energy of the
electrons. By adjusting I, the location in space where electrons of different energies
are focused can be controlled. Under the thin lens approximation, the focal length,
fapL, can be approximated by:

1

. (2.36)
kaprLapr

fapr =
with L 4p; being the length of the capillary.
The APL used in the zero-polarisation measurements with the LEAP polarimeter is
depicted in figures2.12 a) and b). It’s design and characterisation are the work of M.
Meisel and detailed information can be found in his PhD thesis [70]. Nonetheless,
here a short summary: The capillary is constructed from two sapphire slabs, each
with grooves drilled into them, resulting in a discharge length L 4p; of 40 mm and a
radius of 1 mm. Two gas inlets provide a uniform gas flow. Argon was chosen as the
working gas, because Lindstrom et al. demonstrated in 2018 that APLs can be made
aberration-free, when a heavy gas species is used [71]. Their study showed that using
argon produced a linear focusing field that preserves emittance. The gas flow remains
steady because of the maximum 10 Hz repetition rate of the laser system. The gas is
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differentially pumped through the capillary and its holder. Electrodes are positioned at
both ends of the plasma lens. The discharge setup can provide a positive voltage of up
to 25 kV, with the anode placed downstream, allowing for the focusing of negatively
charged particles. The aforementioned holder of the plasma lens is fabricated out
of PEEK, a very durable thermoplastic that can withstand high temperatures and is
electrically isolating. Finally, a ceramic plate is mounted at the upstream front of the
APL to protect the holder from laser damage and prevent the deposition of soot on
optics in the vacuum chamber. The discharge current is measured on the upstream
side of the lens using an inductive coil. The resulting signal is attenuated, converted
to a digital signal via an analogue-to-digital-converter, ADC, and send to the data

acquisition system.
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Chapter 3.

Polarimetry

This chapter lays the theoretical foundation for electron polarimetry, providing the
necessary framework to understand the simulations and experiments discussed in
subsequent chapters. Section 3.1 begins with an overview of photon and electron
interactions with matter, followed by a brief introduction to calorimetry in section 3.5.
The chapter then explores electron polarisation measurement by scattering (section 3.2),
provides an overview of common polarimetry techniques and their applicability
to LEAP (section3.3), and concludes with a discussion of Compton transmission

polarimetry (section 3.4).

3.1. Photon and Electron Interactions in Matter

Any particle traversing through matter will interact with it in some way and thus
lose energy. The type and probability of interactions depend heavily on each particles
unique properties (such as charge, mass, and energy) and the nuclear charge number
Z and density of the material it is passing through.

In this work, the interactions of electrons and photons with matter are of particular
importance. This section provides a summary of the key interaction mechanisms
for these particles, along with additional radiation effects in high-energy regimes
that are utilised in this work. Polarised bremsstrahlung and Compton scattering are
especially significant for Compton transmission polarimetry and are discussed in
detail in sections 3.1.1 and 3.1.3 below. Cherenkov radiation is of importance for the
type of calorimeter employed for the LEAP project and is discussed in section 3.1.2.

For a more detailed discussion of the here mentioned interaction mechanisms, readers
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may consult comprehensive works such as chapter 34 of [/2], chapter2 of [73], or
chapters2 and 3 in [74].

Electrons

Electrons and their antiparticles, positrons, are charged particles with a charge of
g= Tle~ T16x10 “Canda relatively small mass of m ~ 0.511MeV/c*. As they
traverse matter, they lose energy continuously through electromagnetic interactions
with atomic electrons and nuclei.
At low energies, electrons and positrons lose energy predominantly through colli-
sional processes, where their interactions with atomic electrons cause ionisation and

excitation of the material along their path. Other, less dominant processes include:
* Mopller scattering: Elastic scattering between two electrons (cf. section 3.3),
¢ Bhabha scattering: Elastic scattering between an electron and a positron,

e Positron annihilation: Low energy collisions of e " and ¢~ producing two or more

photons.

At higher energies, specifically above a material-dependent "critical energy" (E.), en-
ergy loss becomes dominated by radiative processes. In this regime, electrons and
positrons primarily lose energy by emitting photons via bremsstrahlung (see sec-
tion3.1.1).

The stopping power, or the differential energy loss per unit distance, is commonly
expressed in units of radiation length (X,)). Radiation length is defined as the mean
distance over which an electron’s energy decreases by a factor of 1/e (~ 37%) of its
initial value due to bremsstrahlung. Figure 3.1a) illustrates the stopping power of
electrons in lead as a function of energy, emphasising the transition from collisional to
radiative dominance.

The critical energy, at which radiative losses surpass collisional losses, varies with
Z. Specifically, higher Z materials have lower E_ values due to their stronger elec-
tromagnetic fields, which enhance bremsstrahlung. For example, lead (2=82) has a
critical energy of 7.43 MeV for electrons and 7.16 MeV for positrons. In contrast, for

iron (Z=26), the critical energy is 21.68 MeV for electrons and 21.00 MeV for positrons.

Photons
Photons are massless, chargeless particles that interact with matter in discrete events.
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Figure 3.1.: a) Differential energy loss per unit distance (also called stopping power) in units

of radiation length of electrons (and positrons) in lead as a function of electron
energy in MeV b) Cross-sections of the different photon interaction processes in
lead. Both taken directly from [72], with no modifications.

Unlike electrons, whose energy loss is continuous due to cumulative Coulomb interac-

tions, photon interactions occur in distinct processes. The likelihood of each process,

quantified by its cross-section, depends on the photons energy and the material’s

atomic number (Z) and density, as shown in Figure 3.1b). These interactions can be

categorized into four primary processes:

1.

Photoelectric Absorption: At low photon energies, typically between several keV
and a few hundred keV, photoelectric absorption is the dominant interaction. In
this process, the photon interacts with the atomic electron cloud and transfers all
its energy to the atom. This occurs only when the photons energy E,, exceeds the
binding energy Ep of the atomic electron. The atom then emits a photoelectron
with kinetic energy E - = E, — Ep. The sharp edges visible in the cross-section
of photo-absorption ¢, in figure 3.1b) are known as absorption edges. These
correspond to the energy thresholds required to ionise electrons from specitic

atomic shells.

. Rayleigh Scattering: Coherent Rayleigh scattering occurs when a photon inter-

acts elastically with an atom’s electron cloud. The photon neither excites nor
ionises the atom, retaining its energy while being deflected in a different direction.

The likelihood of Rayleigh scattering decreases with increasing photon energy.
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Although it does not dominate at any energy range, it contributes to the overall

attenuation of low-energy photons.

3. Compton Scattering: At medium photon energies, incoherent Compton scatter-
ing ( cf. section 3.1.3) dominates. In this process, the photon transfers a portion of
its energy to an atomic electron, ejecting the electron and scattering the photon
with reduced energy.

4. Pair Production: At high energies, ranging from several to tens of MeV, electron-
positron pair production becomes the primary interaction process. During this
process a photon is converted to an electron positron pair. Pair production can
occur only if the photons energy exceeds twice the electron rest mass energy
(Zmec2 = 1.022 MeV) and only in the vicinity of a charged, massive object (e.g., a

nucleus) that absorbs the excess momentum, ensuring momentum conservation.

When a photon beam passes through a material, the total interaction cross-section,
which is the sum of the cross-sections of all individual processes, governs the attenua-
tion of the beam. The number of photons in the beam decreases exponentially as it

travels through the material, following the equation for attenuation:
I(x) = Ie ™, (3.1)

where I(x) is the intensity of the photon beam at distance x, I; is the initial inten-
sity, and y is the total attenuation coefficient, which accounts for all the individual

interaction processes.

3.1.1. Bremsstrahlung

Bremsstrahlung, occurs when a charged particle emits electromagnetic radiation as
a result of a change in velocity due to its interaction with an electromagnetic field.
In this work, bremsstrahlung refers specifically to electrons interacting with the
Coulomb field of nuclei or, less frequently, other electrons within target materials,
with the former being the dominant process.This section examines the process of
bremsstrahlung as it pertains to electrons interacting with target nuclei and the
associated physical phenomena.
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Classical electrodynamics and basic dependencies

In its simplest form, assuming uniform acceleration, bremsstrahlung can be described
using classical electrodynamics as the emission of electromagnetic dipole radiation.
The radiated power by a single electron changing its velocity, v, is given by the Larmor

formula:

)
dd

dat

dE 267

dt 373

(3.2)

When an electron is subjected to Coulomb interactions with an atomic nucleus, the
magnitude of the acceleration @ = ‘;—f due to the electric field force, I?C, can be described

by the relationship F. = m, - @ and

Ze?

2
m,b

i = — (3.3)
where b is the impact parameter , describing the shortest distance between the electrons
unperturbed trajectory and the atomic nucleus. A schematic of the process is depicted
in figure 3.2a). This expression reveals a quadratic dependency of bremsstrahlung
intensity on the target material’s atomic number, and an inverse quadratic proportion-
ality on the electrons mass.

at 2

e

(3.4)

As a result, more massive charged particles (such as pions, kaons, or protons) are

much less likely to radiate photons via bremsstrahlung when traversing matter.

Relativistic extension

While the classical description provides useful insights, it becomes incomplete as the
electron’s speed approaches the speed of light. Relativistic effects fundamentally alter
the emission process in two significant ways. The first is relativistic beaming. In the
electron’s rest frame, bremsstrahlung emission remains isotropic. However, when
observed from the lab frame, the emission is concentrated into a narrow cone along

the electron’s direction of motion. The opening angle of this cone can be approximated
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as:
0, ~ — (3.5)

where E - is the electron’s energy. The second effect is increased energy loss. In the
classical case, the radiated power depends on the square of the electrons acceleration.
This dependence is amplified in the relativistic case, with the radiated power scaling

1 This results in a much

] 4 .
approximately as y°, where < is the Lorentz factor 7

2
larger energy loss for high-energy electrons. Additionally, the emitted photons tend to
carry a greater fraction of the electron’s energy, shifting the spectrum to higher photon

energies.

Quantum mechanical corrections

The wave-like properties of the particles involved in bremsstrahlung (electrons and
photons) require a quantum mechanical treatment of the electron-photon interaction,
which is more complex than the classical Coulomb force. In the quantum regime,
the interaction is governed by quantum electrodynamics (QED), where photons are
emitted in discrete quanta of energy. At high energies, this discrete nature of energy
exchange becomes particularly important, and the recoil of the photon, which affects
the electron’s energy and momentum, must also be taken into account.

Numerous quantum mechanical models have been developed, employing different
ansatzes and approximations to account for the intricate nature of bremsstrahlung
(a good initial overview is for example given in [75]). They address a variety of
phenomena, from individual scattering events to collective effects.

There are two key effects that must be considered in the quantum regime. The first
is screening. At high electron energies, the assumption that electrons interact with
the full nuclear charge becomes inaccurate. The surrounding electron cloud shields
the nucleus, reducing the effective Coulomb field experienced by the bremsstrahlung-
emitting electron. This is particularly significant for high Z materials. The second effect
is the Landau-Pomeranchuk-Migdal (LPM) effect [76, 77]. This arises from interference
between multiple photon emissions by the same electron. At very high energies, this
interference reduces the total bremsstrahlung cross-section, as the successive emissions

of photons interfere with each other, leading to a decrease in photon production.

Practical Models: The Seltzer-Berger Model

Despite the essential corrections provided by quantum mechanical models, no single
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Figure 3.2.: a) Schematic of bremsstrahlung during electron scattering of the Coulomb field of
a nucleus. b) Radiation yield, i.e. the fraction of kinetic energy of the primary elec-
tron that is converted into bremsstrahlung as it slows down to rest, for iron (Z=26)
and tungsten (Z=74). Graph produced by the author, based on data obtained from
[78] c) Photon spectra of 30 MeV (blue) and 60 MeV (orange) electron beams inci-
dent on a thick tungsten target. Target thickness is twice the electron mean range.
Emission angle between 0 and 0.5°. d) Angular dependence of bremsstrahlung

emission for the case in ¢). Graphs c) and d) were digitally extracted and recon-
structed using WebPlotDigitizer [79], based on data from [50].
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theory encompasses all effects across the entire energy spectrum of bremsstrahlung.
Practical approaches, such as the Seltzer-Berger model, address this gap by integrating
theoretical insights with experimental data. Seltzer and Berger developed extensive
cross-section tables [81] for use in Monte Carlo simulations, covering electron energies
from 1keV to 10 GeV and materials with atomic numbers ranging from 1 to 100. Their
model incorporates quantum mechanical effects and remains widely utilised in mod-
ern simulation software, such as Geant4, particularly for modelling electromagnetic
interactions. More information about bremsstrahlung in Geant4 can be found in sec-
tion4.2.4.

Building on this work, the ESTAR database [78] provides detailed electron stopping
power and bremsstrahlung cross-section data for a wide range of elements and en-
ergy ranges. It serves as a critical resource for both theoretical studies and practical

applications in fields such as radiation physics and medical dosimetry.

Example distributions

The following example distributions provide a closer look at the characteristics of
bremsstrahlung radiation. Figure 3.2b) shows the radiation yield, i.e., the fraction of
the electron’s kinetic energy converted into bremsstrahlung as the electron slows to
rest, for different electron energies and for materials like iron (Z=26) and tungsten
(Z=74). Initially, the radiation yield increases exponentially with energy, but at higher
energies, saturation effects reduce the rate of increase. Tungsten, with its higher atomic
number, produces a greater radiation yield than iron due to its stronger Coulomb field.
A typical bremsstrahlung spectrum is shown in figure 3.2c) for electrons with 30 and
60 MeV initial kinetic energy incident on a tungsten target with a thickness equal to
twice the mean range (7o (E,- = 60MeV) = 0.86cm, 7y (E,- = 30 MeV)= 0.62 cm
[80]). The spectrum is continuous, peaking at low photon energies, with intensity
decreasing as photon energy approaches the cutoff energy of the initial electron. The
decrease near the cutoff is more pronounced for the 60 MeV electrons compared to the
30 MeV case, due to the increased energy loss at higher electron energies.

Figure 3.2d) illustrates the angular dependence of bremsstrahlung emission for the
same scenario. Emission is strongly forward-peaked, with a noticeable dip at 90°. This
dip arises from the assumption of an infinitely thick target in the model and would be
less prominent in a real-world scenario.

Polarisation transfer
When longitudinally polarised electrons interact with a radiator target, they can pro-
duce circularly polarised photons. The efficiency of this polarisation transfer depends
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Figure 3.3.: a) Circular polarisation of bremsstrahlung created by longitudinally polarised
electron beams. P, calculated in the ultrelativistic limit according to equation 3.6.
E,- = 60 MeV b) Efficiency of the Bremsstrahlung polarisation transfer as function
of the electron energy according to equation 3.7.

on several factors, including the energy of the particles and the initial polarisation
degree of the electron beam, Pef. In the ultra-relativistic limit, where photon emission
is concentrated in the forward direction, the degree of polarisation transfer can be
expressed, following Olsen and Maximon [52] and using the notation of Barday et al.
[83], as:

1+ 3(1—Rg) _
1-23(1-Rp)+(1—Rg)* ©

P :RE

v (3.6)

E . . .
where Ry = E—” is the ratio of the emitted photon energy to the total electron

_tmyc?

energy. Figure eB.Sa) illustrates the polarisation transfer as a function of R for 60 MeV
electrons. The plot shows that the degree of circular polarisation increases with photon
energy, reaching its maximum at high photon energies.

In the short wavelength limit (Rg — 1) and for forward emission (6, =0), the maximum
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polarisation transfer can be approximated, as shown by McVoy [84], by:

max (1 - ﬁ)(Ee* + zmecz) B
P = <1+ P ) P (3.7)

Above an electron energy of a few MeV, the polarisation transfer becomes nearly
complete. This behaviour is evident from figure 3.3b).

3.1.2. Cherenkov Radiation

Cherenkov radiation is a phenomenon that describes the emission of electromagnetic
radiation when a charged particle travels through a dielectric medium at a velocity
exceeding the speed of light in that medium. It was first observed experimentally by
P. A. Cherenkov in 1934 [85] and later theoretically explained by I. M. Frank and L. Y.
Tamm [86]. These contributions were recognised with the Nobel Prize in Physics in
1958.

A simple analogy for this effect is a luminal boom, similar to a sonic boom caused by
an object traveling faster than the speed of sound [87]. When a charged particle moves
through a dielectric medium with velocity v greater than c,,, the molecules along the
particles trajectory become momentarily polarised. The threshold condition for this
effect is:

S|

v >y, , (3.8)

where c is the speed of light in a vacuum, # is the refractive index of the medium, and
¢, is the speed of light in the medium. Here, "polarised’ refers to dielectric polarisation
— the alignment of molecular charges in response to the particles electric field. This
should not be confused with the polarisation of electrons or photons, as discussed in
section 2.1.

Under normal circumstances, the electromagnetic waves induced by the particle’s
motion interfere destructively, resulting in no net radiation. However, when the
particle’s velocity exceeds c,,, the conditions for constructive interference are met. This
results in a coherent wavefront forming a cone-shaped pattern of radiation.

The shape of this cone can be understood through a Huygens-type construction of
spherical wavefronts, as illustrated in figure 3.4. The opening angle 6 of the Cherenkov

cone is determined by the relationship between the particle’s velocity and the speed of
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Figure 3.4.: The geometry of Cherenkov radiation for the ideal case without dispersion.

light in the medium. It is given by:

c 1
g—m _
cos Be = B’
where § = ¢ is the velocity of the charged particle expressed as a fraction of the speed
of light.

The wavelength-dependent energy loss per unit length is given by the Frank-Tamm

(3.9)

formula in its wavelength representation:

A*E  2ng°c 1
i = () Y

where A is the wavelength of the emitted radiation, g the charge of the particle and

n(A) is the wavelength dependent refractive index of the medium. This relation-
ship indicates that the intensity of the emitted photon spectrum increases at shorter
wavelengths, resulting in a characteristic UV-violet to blue dominance of Cherenkov
radiation.

The Cherenkov effect plays a role in the operation of the calorimeter used in this work
(see section 7.2). High-energy photons interact with the detector material, producing
secondary particles that, in turn, generate Cherenkov light, which contributes to the
detection process. Additionally, the threshold energy for the Cherenkov effect, which

defines the conditions under which radiation is emitted, is essential for the Monte
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Carlo simulations described in section 5. This threshold is given by:

E,, = mc (3.11)

(=)

where m is the particle’s mass.

3.1.3. Compton Scattering

Compton scattering is a fundamental interaction mechanism in which a photon under-
goes inelastic scattering off a quasi-free electron. This phenomenon, first discovered by
A.H. Compton in 1923 [38], provided key experimental evidence for the particle-like
behaviour of electromagnetic waves. For this discovery, Compton was awarded the
Nobel Prize in Physics in 1927.

As illustrated in figure 3.5a), the fundamental principle of Compton scattering can
be understood by considering the interaction between an incoming photon and a
quasi-free electron approximated to be at rest. The photon transfers part of its energy
to the electron during the scattering process, resulting in a lower photon energy and
a change in its propagation direction. The relationship between the initial photon
energy E, and the scattered photon energy E/7 is determined by the scattering angle 6,
as described below.

|

/
v 1

E_,y_ 14+ &(1—cosh)’ (.12)

where £ is the reduced photon energy £ = EWZ.

m.c

Unpolarised Compton scattering
The differential cross-section, which quantifies the probability of an interaction oc-
curring per unit solid angle, can mathematically be described by the Klein-Nishina-

2
dUCompton . 7’% E_fly
i 2 \E,

Formula [89]:

El E
E—” + -1 —sin? 9] ) (3.13)
Y E’y
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Figure 3.5.: a) Mechanism of Compton scattering. Incoming photon scatters off a quasifree
electron approximated as being at rest. The electron recoils and the photon changes
propagation direction by an angle of 6 b)Unpolarised differential cross-section
5—6 for Compton scattering as a function of azimuthal scattering angle at differ-
ent photon energies. The angular dependence reflects the Klein-Nishina formula
(equ. 3.13). c) Overlay of the polarisation independent (¢;) and dependent (o)
part of the Compton cross-section as a function of photon energy using equa-
tions 3.14 and 3.16.
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where r( describes the classical electron radius given by r, = 4716;1362' Figure 3.5b)
shows the differential cross-section for photon energies ranging from 30 keV to 30 MeV.
It can be observed that as the photon energy E, increases, the scattering becomes
increasingly forward-peaked, indicating a higher probability of the photon being
scattered in the forward direction.

Integrating over all solid angles then yields the total cross-section:

2
TTr

1+& 1 4 1

E  2(1+428)?

Polarised Compton scattering

In contrast to unpolarised Compton scattering, where the cross-section is independent
of the polarisation of the photon and electron, Compton scattering involving polarised
particles results in a cross-section that depends on their polarisation states. This
dependence is critical for applications such as Compton transmission polarimetry,
which is discussed in section 3.4.

The general form of the polarised Compton cross-section can be parametrised as [90]:
UCompton = 90 + P'yPMO'h (3.15)

where:

* 0, is the part of the cross-section that is independent of polarisation as described

by the unpolarised case in equation (3.14),
* P is the helicity of the incident Photon (cf. {5 in section 2.1.3),
* P, is the polarisation degree of target electrons in z-direction (cf. section 2.1.2),

¢ 0 is the polarisation dependent part of the Compton cross-section, which can be

written as [90]:

o [1+4E+58° 1+€

oy = 2711, In(1+2&)], 3.16
! | c(1+26)?F 282 ( ) (3.16)

Figure 3.5¢) illustrates both ¢;; and ¢; along with their relation. In the photon energy
range of interest for LEAP (order of MeV, with a maximum of tens of MeV), o is

decreasing with increasing E, . Meanwhile, 0; shows a negative amplitude, peaking
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at approximately 3 MeV and then decreasing as E7 increases. Thus, the ratio of the
polarisation-dependent cross-section to the polarisation-independent cross-section

decreases with increasing photon energy in the range relevant to LEAP.

3.2. Electron Polarisation Measurement by Scattering

In principle, any well-known, high-rate, and polarisation-dependent process can be
used for polarimetry. Electron beam polarisation is typically determined by measuring
differences in scattering rates between two different polarisation states. Various
targets are employed for this purpose, including some that are themselves polarised.
These techniques and their applications are discussed further in section3.3. For a
comprehensive introduction to the topic, C.K. Sinclair provides an excellent overview
[91], and the framework presented there has been adapted for the discussion here.
First, it is essential to recall that electron polarisation, relative to a chosen quantisation
axis, is defined as the population imbalance between the two possible spin states,
spin-up 1 and spin down |, as defined in equation (2.16).

When a polarised electron beam interacts with a target, only a fraction of the total
scattering probability, S, depends on the spin orientation of the incident electrons
(and, when relevant, the polarisation of the target). Using a similar notation as in
the previous section, this probability can be divided into a polarisation-independent
part, Sy, and a polarisation dependent part, S;. If the analysing power, A, is defined
as the measure of the polarisation-dependent difference in scattering probability, the
probability that an electron is scattered onto the detector, depending on spin, can be
expressed as follows:

Using equation (2.16) and defining the total number of electrons inside the beam as
N

- beam — Nt T N one then gets the following for the number of spin up, or down,

electrons:

Nef,beam Nef,beam
N; = —<29(14P) and N, = —2"(1—P) (3.18)

If electrons are counted at a specific position relative to the scattering target, the de-

tected rate will be proportional to the number of incident particles and their respective
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scattering probabilities, taking into account the contributions from both spin popu-
lations. In an experiment where the polarisation direction of the incoming beam can
be reversed, the rate R is first measured for a polarisation of +|P| and then for —|P|,

leading to the following result:

Nf beam N(f beam
R, =51+ A)(1+P)——+S5y(1-A)(1-P)——

N N (3.19)
R_ :So(l—i-A)(l—P)%_i_So(l_A)(1+P) e é)eam
Combining the two then leads to:
R, —-R_
R AP (3.20)

where the counting rate difference on the left hand side of the equation is also referred
to as asymmetry.

In summary: By measuring the asymmetry in scattering rates between two different
polarisation states and knowing the analysing power, the polarisation of an electron

beam can be determined.

3.3. Overview of common electron polarisation

measurement methods

The LEAP experiment aims to measure the longitudinal polarisation of electrons
in the energy range of several tens of MeV (cf. section2.4). The electron bunches
carry approximately 3 pC of charge, with durations on the order of femtoseconds.
These parameters result in extremely high instantaneous intensities but a low average
current, as the repetition rate is limited to a maximum of 10 Hz.

To determine the most suitable polarisation measurement technique for LEAP, a review
of commonly used polarimetry methods is necessary. The most common polarimetry
techniques fall into three categories: the scattering of polarised electrons from
unpolarised nuclei (Mott scattering), polarised atomic electrons (Meller scattering), or
polarised photons (Compton scattering). Each method has unique advantages and
limitations that must be evaluated in the context of LEAP’s experimental conditions.
This section draws heavily on insights from foundational works, including the review

article by D. Gaskell et al. [92] and the comprehensive tutorial by C. K. Sinclair [91], to
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evaluate polarisation techniques for LEAP.

Mott Scattering

Mott polarimeters exploit the polarisation dependence of the elastic scattering of po-
larised electrons from the nucleus of a high-Z target ' Large-angle Mott scattering
occurs when the electron passes very close to the nucleus, where it experiences a
strong electric field. Due to relativistic effects, this electric field appears as a magnetic
field in the electron’s rest frame, interacting with the electron’s spin. This spin-orbit
interaction modifies the scattering process, introducing a term in the cross-section that
depends on the component of the electron’s spin perpendicular to the scattering plane.
The target is typically a thin foil, and a pair of detectors measures the left-right (or
up-down) asymmetry of scattering rates relative to the foil. The analysing power,
which is calculated theoretically for single-atom scattering, depends on the energy of
the polarised electrons, the Z of the target, and the scattering angle. For real targets,
where multiple scattering can occur, thick target values often need to be extrapolated to
the single-atom level, typically using experimental data supplemented by simulations.
The thickness of the foil depends on the application, ranging from less than 100 nm
for keV electron energies to about 1 micron for several MeV. At MeV energies, the
analysing power is high, making Mott polarimeters ideal for measuring electron polar-
isation near the electron source of accelerator-based high-energy physics experiments.
In such cases, a precision better than 1 % has been achieved [93, 94].

However, for the tens of MeV electron energies expected at LEAP, Mott polarimeters
become impractical. The cross-section drops rapidly at these energies, and the most
probable scattering angles approach the direction of the incident beam. Furthermore,
the technique is only suitable for measuring transverse polarisation. Spin manipula-
tion would be required to measure the longitudinal polarisation, which is of primary
interest for LEAP.

"Mott scattering is a form of Coulomb scattering and falls under the category of collisional interactions,
as discussed on page 34.



50 Polarimetry

Moller scattering

Moller polarimeters rely on the elastic scattering of polarised electrons from polarised
electrons within a target, typically a magnetised foil. The total scattering cross-section
depends on the polarisation of the electron beam (P,) and the target polarisation (P;),
and it can be calculated in leading order quantum electrodynamics. At high energies
(above approximately 100 MeV), the analysing power and the scattering probability
in the centre-of-mass frame become approximately constant and independent of the
energy of the incident electrons. Acceptance uncertainties of the polarimeter may
result in ~ 0.5% relative uncertainties in the analysing power.

In Moller scattering, both the scattered and recoil electrons leave the target with equal
energy, each carrying half of the initial electron energy. They scatter at equal and
opposite angles, close to 90° in the centre-of-mass frame. Magnetic fields are used to
separate the initial beam from the scattering products for detection.

A typical Meller polarimeter setup consists of a magnetised iron foil, collimators, and a
spectrometer. The spectrometer selects scattering products within a kinematic range of
interest around 6 ~ 90°, while avoiding deflection of the primary beam. Two detectors
are used to measure both scattering products in coincidence, significantly reducing
background compared to single-arm detection. Mgller polarimeters are commonly
used at energies above approximately 100 MeV and are effective up to several tens
of GeV. For example, Jefferson Lab operates multiple polarimeters at beam energies
between 850 MeV and 6 GeV, achieving systematic uncertainties below 1% [92].
While there have been Moller scattering measurements in the tens-of-MeV range,
such as at MAMI in Mainz [95], using this technique for the LEAP project presents
significant challenges. The anticipated LEAP beam parameters (electron bunches with
charges in the pC range and femtosecond durations) result in very high peak currents.
These conditions could potentially disrupt the target polarisation, hindering accurate

measurements.

(Laser-)Compton Polarimetry

(Laser-)Compton polarimetry involves the elastic scattering of a circularly polarised
laser pulse from a polarised electron beam, typically in a near head-on collision. In
the lab frame, the resulting back-scattered photons are boosted to high energies in
the backward direction. The analysing power depends strongly on the electron beam

energy and the back-scattered photon energy, with higher electron beam energies and
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larger photon energies producing greater asymmetries.

The polarimeter setup depends on whether the backscattered photon, scattered elec-
tron, or both are measured. It typically includes a laser system and either a photon
detector, a dipole magnet with a segmented electron detector, or both. One major
advantage of this technique is its non-destructive nature, eliminating the need for
dedicated polarimeter runs. However, since photon targets are not particularly dense,
high average-current electron beams or intense laser pulses are desirable.

At a beam energy of 27.6 GeV, the longitudinal and transverse polarimeters at the
HERA (Hadron-Electron Ring Accelerator) facility at DESY achieved relative system-
atic uncertainties of 2.0% and 1.9%, respectively [96]. Similarly, the SLD Compton
polarimeter at SLAC achieved a relative systematic uncertainty of 0.7% at an electron
beam energy of 45.6 GeV [97]. However, Laser-Compton polarimetry is only efficient
at GeV-scale energies, as the asymmetry becomes too small at lower energies, making
it unsuitable for the LEAP project.

None of the methods discussed above work well under the expected conditions
at LEAP. Therefore, Compton transmission polarimetry was selected as the most
appropriate alternative, as explained in the following section.

3.4. Compton Transmission Polarimetry

Compton transmission polarimetry relies on the production of circularly polarised
bremsstrahlung as a longitudinally polarised electron beam passes through a suitable
converter. The photon polarisation is then measured using transmission asymmetry,
which arises from reversing the magnetisation direction of an iron absorber. This
straightforward method is well-suited for electron energies in the MeV range [83,

—106]. The following section will first outline its working principle (cf. section 3.4.1),
followed by a discussion of the state of the art (cf. section 3.4.2).

3.4.1. Working Principle

Compton transmission polarimetry relies on a differential measurement, as described
in section 3.2. In this technique, photons are first converted into electrons, which then
interact with a long, magnetised iron absorber serving as the target. The polarisation-

dependent transmission differences between two distinct polarisation states are subse-



52 Polarimetry

quently analysed to determine the polarisation of the electron beam.

Each measurement essentially involves three steps:

1. Electron-Photon Conversion: A converter target is typically employed for this
purpose. The longitudinally polarised electron beam interacts with the target,
producing circularly polarised photons via bremsstrahlung (cf. section 3.1.1).
The polarisation transfer, lf—l, depends on the emission angle 6 and the ratio of

e

E .
bremsstrahlung photon energy to the electron beam energy, +—"—. Assuming

e ,beam
forward emission, the polarisation transfer is nearly complete when E,-, >
E . .
2MeV and r- Zeam approaches unity (cf. figure3.3).

2. Polarisation Dependent Transmission [107]: The photon beam traverses a po-
larised iron absorber. The measurement leverages the polarisation dependency
of Compton scattering [90]:

UCompton = UO(E'y) + PFePV(E'ﬁO—l(E'y) (3.21)

where Pr, is the average longitudinal polarisation of atomic electrons in the
absorber. Due to the energy dependence of oy (cf. figure 3.5c)), for photon energies
greater than 0.64 MeV, transmission is higher when the photon spin is aligned
parallel to the electron spin compared to being antiparallel. The transmission is
characterised as [103]:

F + F F,
Tj: (E L) — e—neiLU—tot — e_l’lei L(UO+UphotUpa1r)ei”EE L(Tl (3.22)

where L is the absorber length, nff is its electron number density, "phot."
denotes photolectric absorption and "pair" denotes pair production. Respective
cross-sections for different photon energies in iron are shown in figure 3.6a). The
intensity of radiation passing through the absorber decreases exponentially with
its length.

The ratio of the polarisation-dependent Compton cross-section to the total
cross-section (cf. figure 3.6b), which reaches its maximum at 5MeV, indicates
that the efficiency of Compton transmission polarimetry is highest at photon
energies of a few MeV. However, as highlighted in orange, the expected photon
energies for LEAP are significantly higher. The implications of this are analysed

in chapter 6.
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Figure 3.6.: a) Most relevant photon interaction cross-sections for iron. The photon energy
region where Compton scattering is the dominant process is highlighted in grey,
while the expected energy region for LEAP is highlighted in orange. Cross section
data retrieved from [108] b) Ratio of the polarisation-dependent Compton cross-
section (according to equ. 3.14) to the total cross-section as a function of photon
energy for iron, with highlights matching those in a).

3. Photon Detection: The rate of photons transmitted through the iron absorber
is measured by detecting the energy deposited by the transmitted particles in a

calorimeter (cf. section 3.5).

Of course, two different polarisation states are required for a differential measurement.
In principle, it does not matter whether you change the direction (the sign) of P,- or
Pr,. The latter is easier for now because it is related to the applied mean longitudinal

magnetic field and its polarisation state is easy to change. The relation is as follows

[103]:

P, = <Qf5> = 0.03727(B — By) (3.23)
ne, Up
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—24

where pp is the Bohr magneton of 9.272 x 10" " J/T and M,; is the dominant spin part

of the total magnetisation M.

M, = M (3.24)

(3.25)

Mo is the vacuum permeability of 47t x 1077 Tm/A, ¢’ is the magneto-mechanical ratio
of 1.919 +0.002 and the ratio M,/ M is also referred to as spin fraction. Whether
the alignment of P,- and Pr, is parallel or antiparallel can therefore be changed by
supplying the solenoid that magnetises the absorber with a current of different polarity.

Asymmetry and analysing power

The result of several measurements of the transmitted photon energy sums in both
polarisation configurations are two different energy distributions from the mean of

which an asymmetry can be calculated:

5 {Ep) = (Eap) 626

In order to avoid sign confusion, a notation has been adopted in which P represents
parallel polarisation and AP represents antiparallel polarisation. To simplify this nota-
tion further, the angle bracket is omitted in the following. The statistical uncertainty of

the asymmetry is given by:
35 2 (90 ?
= (stgoem) (3500
2E 2 2E ?
(Eap + Ep) (Eap + Ep) (3.27)

2 2
= m\/(EPAEAP) + (E4pAEp)

_ 2EupEp \/(AEAP)2+(AEP)2
(EAP + EP)Z EAP EP
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where AE; is the statistical uncertainty on the mean of the energy sums.

AE, = JE (3.28)
[ /N *
0g, is the standard deviation of the transmitted photon energy sum distribution and N
the number of measurements.

The analysing power can be found via simulation (cf. chapter 5) and is defined as:
A=5(P, =1,Ps =1) (3.29)

Its statistical precision is the same as that of the asymmetry, with the difference that N
is the number of simulations. g /E; in this case depends on the number of simulated
particles. Because of available computing power one usually simulates fewer particles
than are realistically present in an LPA accelerated electron bunch. The effects of this
are explained in section 6.7.

In the end, knowing the measured asymmetry J,, as well as the iron core polarisation
Pp,, one can obtain the electron polarisation P,- with:

o

p. =™ 3.30
e PFEA ( )

False Asymmetries

In a real experiment, the measured signal is unfortunately not only subject to changes
due to polarisation differences. It is made up of several components and if these not
only fluctuate uniformly around a mean value, but are subject to trends across changes
in magnetic field direction, false asymmetries occur. These constitute systematic

uncertainties on the measured asymmetry that need to be accounted for.

3.4.2. State of the Art

Early experiments using a magnetised iron absorber to determine photon polarisation,
and, by extension, with a bremsstrahlung converter to determine electron polarisation,
were already conducted in the 1950s [90, 107, 109, 110]. Advances in technology
and the integration of polarisation modelling in Monte Carlo codes such as Geant4,

have paved the way for a wide range of modern Compton transmission polarimetry
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Experiment / facility | e~ /e' | energy / MeV A - Pr,/% P/ %
ioﬂwwm wwwﬁw | e 300 0.002 4494 1.8 (43.8+1.8)
A4 @ Mami [100, ] e 570, 854 0.012, 0.008 N/A
MIT Bates [102] e 20, 200 1.7,0.8 40 +2 @ 20 MeV
E166 @ SLAC [103, ] e’ 4.5-7.5 1.04-1.17 +0.03 80 +(8-12)
Mami [83] e 3.5 N/A N/A
PEPPo @ JLab [105, 1] e, e" 3.1-6.3 ~07-14 43465 +1.1-822+27+1.3
JLAB [99] e 5,7 1.28 +0.08 (exp), 1.24 + 0.01 (sim) @ 7 MeV 377423

Table 3.1.: Overview of Compton Transmission Polarimeters. The two different values for the measured polarisation at the Mainz parity
violation experiment are the mean values for the two different runs. The objective of the polarimeter presented in [53] was
precise asymmetry measurement rather than absolute polarisation, achieving Ad/J < 0.2 %. N/ A signifies "not applicable".
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measurements. An overview of these experiments is provided in table 3.1.

Most measurements were conducted in the electron energy range where the ratio of
the polarisation-dependent Compton cross-section to the total cross-section is highest,
approximately 4-8 MeV, with some experiments extending even to energies of several
hundred MeV. The effective analysing power (A - Pf,) is typically on the order of 1%
or lower, with relative measurement errors on the polarisation ranging from about 4 %
to 16 %.

As shown in equation (3.30), determining the effective analysing power with high
precision is crucial for accurate polarisation measurements. Two approaches are

commonly used:

1. One approach involves using another polarimeter to calibrate the system. By
employing electron beams with a known degree of polarisation, the Compton
transmission asymmetry can be measured and the effective analysing power
subsequently calculated. This technique is employed in experiments at MAMI,
where Barday et al. [53] use a Mott polarimeter, and the A4 [100, 101] experiment

employs a Mgller polarimeter.

2. Alternatively, if the absorber polarisation is known, e.g., through simulations with
OPERAS3D [111], Monte Carlo simulations can be used to calculate the analysing
power. This method was employed in the E166 experiment [103] and will also be

used in this work (cf. section 8.8).

Experiments at Jefferson Lab [99, 106] employed both approaches, yielding consistent
effective analysing powers. This agreement highlights a well-understood beamline
and validates the implementation of polarisation in Geant4 simulations.

A comprehensive understanding of Compton transmission polarimetry measurements
requires addressing various sources of systematic uncertainty that can influence the re-
sults. Commonly reported sources include energy calibration, background correction,
detector linearity, electronics noise, and non-statistical fluctuations in the particle beam.
Additionally, simulation and analysis methods can introduce systematic uncertainties.
A useful strategy to mitigate uncertainties related to the measured asymmetry is to
alternate not only the polarity of the absorber but also that of the incident particle
beam.

Overall, Compton Transmission Polarimetry is considered a well-suited method for
measuring the polarisation of electrons (and positrons) in the MeV range. These po-

larimeters are relatively simple, as they do not require spin manipulation to measure
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longitudinal electron polarisation, and they can easily withstand large beam currents

when equipped with appropriate absorbers.

3.5. A very brief introduction to calorimetry

A calorimeter, in high-energy physics, is a detector that measures the energy of par-
ticles through their total absorption within a block of matter (cf. section3.1). This
work focuses exclusively on electromagnetic calorimeters and draws on established
literature [74, , ] and lectures [114]. In the context of Compton transmission
polarimetry (cf. section 3.4), a calorimeter is used to measure differences in photon
transmission through magnetised absorbers.

Generally, the operational principle of calorimeters can be divided into four stages,
which are outlined here with reference to the lead glass calorimeter developed for the
LEAP project (for more details, see section 7.2):

1. Particle-Matter Interaction — Shower Initiation: The incident particle interacts
with the calorimeter material, creating a cascade of secondary particles (a shower)

and depositing its energy.

2. Signal Conversion: The deposited energy is converted into a detectable signal,
such as visible light or an electrical signal. For example, in the case of the lead
glass calorimeter, charged particles produced by the shower generate Cherenkov

radiation (cf. section 3.1.2) as long as their energy exceeds the emission threshold.

3. Data Acquisition:The resulting signal is captured and processed into a digitised
format. In the case of the LEAP calorimeter, photomultiplier tubes detect the
Cherenkov light and convert it into an electrical signal, which is then digitised

and recorded by the data acquisition system for further analysis.

4. Calibration and reconstruction: The collected data is used to infer particle

information through calibration and reconstruction techniques.

Electromagnetic Showers

Electromagnetic showers form the basis of energy deposition in calorimeters, enabling
the measurement of high-energy particles. When a high-energy particle, such as an
electron or photon, interacts with the calorimeter material, it initiates a cascade of sec-

ondary particles. This cascade is driven primarily by two processes: pair production
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for photons and bremsstrahlung for electrons and positrons.

The number of particles in the shower grows approximately proportional to the initial
energy E;. In a simple model, the particle count roughly doubles with each radiation
length X, which is the average distance over which a high-energy electron loses 1/e of
its energy or a photon undergoes pair production.

As the shower develops, the energy of secondary particles decreases. Once the crit-
ical energy E., the point at which ionisation losses dominate over radiation losses,
is reached, the particles are gradually stopped or absorbed. The depth at which the
shower reaches its maximum intensity depends on the ratio of the initial energy to the
critical energy and is approximately proportional to In (E,/E,).

The lateral extent of the shower is characterised by the Moliere radius, which con-
tains approximately 90 % of the shower energy. This radius depends on the material

properties, including the radiation length and atomic number Z.

Energy resolution
A key metric for characterising a calorimeter is its energy resolution. For a calorimeter
with a linear energy response, the resolution is commonly expressed as:

O a b

—=—=0=-®c 3.31
Here, o represents the standard deviation of the measured energy, and E is the
particles energy. The resolution is defined by three components added in quadrature:

the stochastic term, the noise term, and the constant term.

_a_
4 \/E 4
in the shower development process. These fluctuations are governed by Poisson

The first component is the stochastic term, which arises from intrinsic fluctuations
statistics, reflecting uncertainties in the number of secondary particles produced.
The effect of this term diminishes with increasing energy, as higher-energy showers
involve a larger number of particles, reducing relative fluctuations.

The second component, %, is the noise term. It accounts for electronic noise in the
readout chain and pulse pileup, the latter occurring when signals from multiple
events overlap. This term is most significant at low energies, where it dominates over
other sources of uncertainty.

Finally, the constant term, c, arises from factors unrelated to the energy of the incident
particle. These factors include variations in detector response due to imperfections
in construction, calibration errors, and energy leakage from the calorimeter. While

the amount of leakage depends on the energy of the incident particle, the additional
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relative width in the measured energy distribution caused by leakage remains
effectively constant across energies. This term sets a lower bound on the achievable

resolution at high energies.

Calorimeter Types

There are two general types of calorimeters: homogeneous and sampling calorime-
ters. In homogeneous calorimeters, both shower development and signal collection
occur within a single material. Their primary advantage is that all deposited energy
is collected, resulting in excellent energy resolution and linearity. However, their
segmentation is limited, in particular in the longitudinal direction.

In contrast, sampling calorimeters consist of two different materials: an absorber
for shower development and an active medium for signal collection. Only the en-
ergy deposited in the active material is collected, meaning the shower is sampled.
These calorimeters are typically more cost-effective, as absorber materials are gen-
erally less expensive than active ones. They also allow for easy longitudinal and
transverse segmentation, and if a dense absorber material is chosen, they can be made
highly compact. However, their energy resolution is lower compared to homogeneous
calorimeters. The stochastic term in the energy resolution (cf. equation (3.31)) is larger
because only a fraction of the total charge is collected in the active material, leading to

sampling fluctuations.



Chapter 4.

Computational essentials

Computer-aided methods are indispensable tools for addressing complex problems in
physics, from analyzing intricate data sets to performing detailed simulations. This
chapter explores three key computational techniques. It begins with Monte Carlo
methods, which are fundamental for modeling and understanding complex probabilis-
tic systems. Next, it covers GEANT4, a versatile toolkit for simulating the passage of
particles through matter. Finally, it examines the batch computing processes employed

at DESY, which are essential for managing large-scale computations efficiently.

4.1. Monte Carlo Methods

Monte Carlo (MC) simulation is a computational technique that makes use of stochas-
tic methods to solve a wide range of mathematical and statistical problems. Using MC
methods one first sets up a mathematical model to represent a system or process in
reality [115]. Then one uses repeated random sampling of this model until the target
variables can be approximated and one can obtain statistical estimates [116].

MC methods were used long before computers existed. They had their beginnings
in the 18th century with the Buffon-Laplace needle experiment, which is described
very clearly by Dunn and Shultis in [117]. Another great example of analog MC is
Enrico Fermi using statistical sampling methods to investigate the slowing down of
neutrons in the 1930s. However, he was still dependent on mechanical calculators. It
was not until the middle of the 20th century, with the advent of digital computers,
that MC simulation became a practical and increasingly widely used tool. The first

corresponding computation models were developed during the work on the nuclear

61
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weapons programme. In 1949 Nicholas Metropolis and Stanislaw Ulam published a
paper called "The Monte Carlo Method" [115]. Allegedly, Metropolis, knowing Ulam’s
fondness for games of chance, coined the name Monte Carlo based on the city famous
for the casino of the same name in Monaco.

Since then, MC methods have been continuously developed and numerous applica-
tions have emerged.

One of those is particle physics. As MC simulations excel at modelling probabilistic
processes, they are eminently well suited to investigate the paths of particles in matter
determined by stochastic interactions such as scattering and absorption. Furthermore,
many physical systems are so complex that analytical methods are no alternative at all.
Another advantage of MC methods is that they make it possible to test hypotheses
using relatively inexpensive simulations before carrying out experiments, some of

which consume a lot of resources and assume huge scales.

4.1.1. Core principles of MC methods

As mentioned above, a mathematical prediction model is formulated for a MC simula-
tion, which is then fed with independent variables that follow a certain probability
distribution. Repeated random sampling can then be used to infer real-world popu-
lation characteristics from the simulated sample data. In this section, the individual
building blocks and steps required for the most basic applications are explained.
Repeated random sampling would not be possible without a random number gen-
erator (RNG), which creates random values (RVs) uniformly distributed between 0
and 1, denoted here as A. Since computers operate based on predictable algorithms,
they cannot create true random numbers [119]. Instead, they generate pseudo-random
numbers, which are sequences of numbers that appear random but are generated by
deterministic processes.

The probability of occurrence of a continuous random variable can be defined by a
function called the probability density function (PDF). The PDF specifies the likeli-
hood of a random sample x; taking on a specific value x within a small interval dx.
Mathematically, p(x)dx represents the probability that x; lies within dx around x [117].
Unlike discrete probabilities, the PDF represents a density; the actual probability is
obtained by integrating the PDF over an interval.

A direct measure of probability is given by the cumulative distribution function

(CDF), which provides the probability that a random variable X will take a value less
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than or equal to x. It can be written as:

P(x) = /x p(x")dx' < dP(x) _ p(x) (4.1)

Ymin dx
Discrete distributions can be described by adjustments, such as replacing the integrals
with sums, but for the sake of simplicity, I will focus on continuous distributions here.
One simple method to generate x from A is the inverse transform method. This
method allows us to transform a uniformly distributed random variable A into a
random variable x with a desired distribution by using the inverse of the CDF. Random

variables of x can be generated using the following sampling formula:
x=P () (4.2)

This method is particularly useful because it provides a straightforward way to gener-
ate samples from any distribution, given its CDF and its inverse.

The Monte Carlo Method uses random samples to approximate the expected values of
a function. Given a function f(x) and the distribution p(x) the expected value is

() = [ Fpdx @3)

If X; are random variables drawn from p(x) the Monte Carlo estimator for the expected

value is:

f

1 N
N ':1f (Xi) (4.4)

1

The law of large numbers (LLN) now states that

lim f=(f) (4.5)
Meaning that in the limit of infinity the sample mean f will tend to the population
mean, or true expected mean (f) , which is a deterministic number not a random
variable [120]. In other words: The Monte Carlo estimations become more and more
accurate as more samples are used. The LLN thus represents one of two most impor-
tant principles of MC calculations.
The other is the so called Central Limit Theorem. It states that the sum of N inde-

pendent and identically distributed random variables, each having finite variance, is
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distributed in the limit of N — oo, according to a Gaussian distribution, regardless of
the underlying PDFs [121]. Which means that f, assuming that N is sufficiently large,
follows a normal distribution:

7 2
p(f) = L) (4.6)

1

o) T exp —
This distribution is centered around the true expected value (f) with the true standard
deviation . The error in the Monte Carlo estimate is the standard error O’f/ V/'N.
Based on the LLN, 0 can be approximated with the sample standard deviation.

In the context of particle tracking, the core principles of Monte Carlo simulation can
be concisely outlined as follows: Random sampling is used, for instance, to generate
initial positions and energies of particles from known distributions. It is also used
to sample scattering angles at interaction points or energy losses. By tracking a
particle through multiple interactions and accumulating a quantity of interest, such
as deposited energy, the Monte Carlo Estimator can estimate the average quantity
by averaging the results from all particles. According to the law of large numbers,
simulating more particles increases the likelihood that the average will approximate
the true value. Additionally, the central limit theorem suggests that as the number
of particles increases, the distribution of the average result will tend to be normal.
This Gaussian distribution is advantageous because it simplifies the calculation of
confidence intervals and supports robust uncertainty analysis, making it easier to

interpret the results and quantify the reliability of the estimates.

4.1.2. Challenges and Limitations

MC simulations are an excellent tool for making predictions about reality and serve as
an important complement to both experimental and theoretical approaches. However,
they come with several challenges and limitations.

One significant limitation is the need to balance the accuracy of the simulation with the
available computational resources [122]. Simulations demanding extensive CPU time
or exceeding memory limits of the available machines are impractical. The statistical
uncertainty decreases inversely with the square root of the number of simulated events,
necessitating a large number of simulations for high precision. It is up to the researcher
to decide the desired level of accuracy, considering that the law of large numbers

and the central limit theorem are valid only in the limit as the number of simulations
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approaches infinity. Additionally, decisions must be made regarding how closely the
model should mimic reality and when to accept approximations that simplify the
model and reduce computational complexity.

In addition to the statistical uncertainty of a simulation, simulations also suffer from
numerical inaccuracies, which arise from the finite precision of numerical values.
Truncation and round off errors will always happen.

Furthermore, the quality of model input parameters play an important role. An
example from particle tracking: Does the energy distribution of the incoming particles
correspond to the real events of interest? Is the spectrum perhaps undersampled,
leading to the loss of certain features?

Similarly, high-quality (pseudo-) random number generators are crucial. The random
numbers should be independent, follow the expected distribution of a truly random
sequence, and have a very long period before repeating [119].

Finally, every simulation is accompanied with the need for verification and validation
[123]. Verification involves procedures to ensure the code runs without errors, while
validation compares simulation results with experimental data from the modeled
system. When complete experimental replication is impractical, validation of partial
aspects becomes crucial, allowing for comparison of simulation results with tested

components or subsystems.

4.2. GEANT4

A toolkit that makes use of MC methods is GEANT4 [124-126], a free software package
to create simulations of the passage of particles through matter [127, 128].

It's development began in 1994, when a large international collaboration of physicist
programmers and software engineers united their efforts to write a detector simulation
program which had the functionality and flexibility necessary to meet the require-
ments of the next generation of subatomic physics experiments. They redesigned a
major CERN software package (GEANT3, based on FORTRAN) for an object-oriented
environment based on C++ and in 1998 the first production release was delivered.
Since then the community of developers and users has grown and nowadays GEANT4
is used for a wide range of applications from high energy, nuclear and accelerator
physics, to medical and space science.

The toolkit includes all aspects of the simulation process:



66 Computational essentials

¢ The creation of a model of the geometry of the system one is interested in and the
associated materials,

* the tracking of particles through the defined model,

¢ the application of physics processes for electromagnetic, strong and weak interac-
tions of particles in matter over an energy range from milli-eV to TeV,

¢ the recording of selected information to generate detector responses,
¢ the visualization of geometry and tracks,
* and the analysis of data.

To build a specific application the user chooses from the different available models
and tools and implements code in GEANT4 user action classes.

4.2.1. Fundamental components

There are three mandatory classes a user has to provide in a GEANT4 simulation. The
Detector Construction sets the environment, the Physics List contains the models
that describe the physics used and the Primary Generator Action determines the
particle sources. The subsequent portion of this section delineates these elementary

components.

Detector Geometry: The detector construction is the representation of the geometrical
elements of the simulation, but also contains their materials, electronic properties and
visualization properties.

GEANT4 uses a hierarchy of volume classes. The so called "solid" describes the shape
and size of a geometry. The "logical volume" holds information about it’s material,
sensitivity, whether it contains electromagnetic fields, it’s visualisation properties,
the mother-daughter relationship of nested volumes and more. The physical volume
is the geometry’s actual placement and contains information about it’s position and

rotation.

Physics List [129]: A collection of physical models that can be used to describe the
particles to be simulated and their interaction with matter at different energies [130].
During an event loop the physics list provides information to the run manager when
which physics process is needed.
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There are many different models that describe the same interactions. The algorithms
differ in terms of accuracy, applicability and computing time. Depending on the
application, the developer must decide what level of detail they need and how much
time they want to sacrifice for it, as well as which models are really necessary for the
application and its energy range.

GEANT4 contains seven major categories of physics processes: electromagnetic,
hadronic, decay, photolepton-hadron, optical, parametrisation and transportation.
There are standard reference physics lists which contain a comprehensive set for
standard use cases. The GEANT4 Physics Lists Guide [24] provides an overview of the

different lists and their areas of application.

Primary Generator Action: This class arranges the way primary particles are gener-
ated. The user can choose between the primary generator classes that actually create
the particles during a simulation run. The two most common are the Particle Gun and
the General Particle Source (GPS). The gun is a simpler tool. It generates a number of
particles of a certain type with a given momentum and position These values do not
follow a distribution. All particles have the same kinematics. This is different when
using the general particle source. It allows the specifications of the spectral, spatial

and angular distribution of the primary source particles.

Additionally, there are optional user actions that provide further customization and
control over the simulation at various stages. These actions are encapsulated in virtual
classes, each with methods that can be overridden by the user. Each method in
these classes has an empty default implementation, enabling users to inherit from
these classes and implement only the methods they need [131]. These capabilities are
commonly utilized to gather data during event handling, including each step, and at

the start and end of tracks, events, and runs.

4.2.2. Key stages of a simulation

The largest unit of simulation is a run. It consists of a set of events under the same
conditions, meaning that detector geometry and physics processes used stay the same
within. Changes can be made in between runs, a state also called run break. Every
run has two phases. First, initialization, where detector geometry, sensitive detectors,
particles, and physics processes are constructed, then, the event loop. Similar to a
real-life experiment, the loop starts with the command Beam On and is followed by a
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series of events [132].

An event starts with the generation of primary particles, continues with the simulation
of all subsequent interactions and processes and ends when all particle tracks have
been processed. Multiple primary particles can be created within an event and the
tracks to be processed include those of secondary particles. In order to make statistical
estimates of unknown variables based on repeated random sampling, in other words,
to be able to portray the randomness and variability of the physical processes in the
simulated system, it is necessary to simulate a large number of events or runs without
the parameters changing in between (see equation 4.5).

As a particle moves along a trajectory through and interacts with the simulation
geometry it passes through different points of space at different times. A track in
GEANTH4 is the state of the particle at one of those. The corresponding class keeps static
information like particle identity, mass and charge, as well as current information like
position, momentum and energy.

The smallest unit of simulation is a step. It is the difference between two of those
above mentioned points in space and time. The corresponding class stores transient
information including the two endpoints.

Individual actions can be performed by the user during each of these individual steps
through the optional user action classes. A summary of the interaction of the main
programme and the Geant4 kernel is depicted in Figure 4.1.

At the step level, the simulation operates as follows: Random numbers are generated
for each active physics process based on the appropriate probability density function,
and the physical interaction lengths are computed. The process with the shortest
interaction length is identified. If it is an exclusive process, it is executed alone. If not,
corresponding actions for other active processes are also invoked. Particle information,
steps, and tracks are updated accordingly. If the process occurs within a sensitive
logical volume, particle hits are generated.

4.2.3. Runtime Simulation Control

GEANT4 can operate in interactive mode, allowing users to adjust simulation param-
eters and issue commands in real-time via a command-line interface or graphical
user interface (GUI), or in batch mode, where simulation parameters and command
sequences are predefined in macro files. The latter allow for an automation of the

simulation process without the need of user interaction. Macros are ASCII files and
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Detector Construction

Physics List

Primary Generator Action

Run Action

Event Action

Stacking Action

Tracking Action

Stepping Action

adapted from |.Hrivnacova and P. Gumplinger, Geant4 Tutorial for ED MIPEGE 2013

Figure 4.1.: Schematic of the GEANT4 application work flow. The main program initializes the
GEANT4 Kernel and interacts with it. Run initialization is followed by an event
loop. User-defined components, such as detector construction, physics list, and
action classes, enable interaction.
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usually have a “.mac’ ending [133].

GEANT4 has various built-in Ul commands, each roughly corresponding to a spe-
cific GEANT4 category such as control, geometry, tracking, particle, run, or (physics)
process. A comprehensive list of these commands can be found in the GEANT4 Appli-
cation Developer Guide [131]. It is also possible for the user to define their own UI
commands. This is done with the help of messenger classes.

4.2.4. Polarisation in GEANT4

With the electromagnetic polarisation extension, polarised particles and materials
and their interaction were added to GEANT4 [134]. The available processes are Bhab-
ha/Mpoller scattering, positron annihilation, Compton scattering, pair creation, and
bremsstrahlung.

The idea behind the extension is that each particle is assigned a polarisation vector,
the Stokes vector (f [135], and to then track the mean polarisation from one interaction
to another. How this vector is defined is displayed in table 4.1.

Important to note is that the there noted directions are in the particle reference frame.
A 100 % longitudinally polarised electron beam would have ¢ = (0,0, +1), where +1

corresponds to spin parallel or antiparallel to particle momentum [134].

Initial beam particles can be given a polarisation state using set methods in the macro
file. To simulate polarised media, a Stokes vector is assigned to their physical volumes
during detector construction. To do this, their logical volume must be made known
to the polarisation manager. As soon as this is the case, & can also be changed with
the help of the macro. Here, the world volume is used as reference frame. Polarised
bremsstrahlung in Geant4 is based on unpolarised cross-sections, with the primary

modification being the assignment of polarisation vectors to the final state particles.

Table 4.1.: Definition of the Stokes vector in the EM polarisation library. Positive z being the
direction of beam propagation.

Photons Electrons

¢ linear polarisation polarisation in x direction

¢, | linear polarisation but 7t/4 to right | polarisation in y direction

3 circular polarisation polarisation in z direction
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The standard unpolarised model used is the Seltzer-Berger model (cf. section 3.1.1).
For electron energies below 1 GeV, cross-sections are evaluated using dedicated pa-
rameterisations, while for energies above 1GeV, analytical values are used. The
Landau-Pomeranchuk-Migdal effect, which reduces bremsstrahlung in dense materi-
als at high energies, is implemented.

For Compton scattering, the effects of polarisation on the total cross section, mean free
path, and the distribution of final state particles are included. Polarisation vectors are
assigned to the scattered photon and the ejected electron. The electrons in the material
are assumed to be free and at rest, neglecting atomic binding effects.

4.3. Batch Computing at DESY

In order to cover a wide range of parameters efficiently and manage dependencies
between simulations, tasks are often categorized into batches and submitted as jobs to
a computing cluster.

DESY is accommodating the National Analysis Facility, or NAF for short, a computer
complex providing analysis infrastructure for particle physicists in Germany [136]. In
simple terms, it can be said that it is a network of computers, also known as worker
nodes, which work together as a single system. The NAF features a large batch farm
called BIRD. A subsystem optimized for handling a large number of independent
tasks that don’t require user input, also called batch jobs. It runs on HTCondor [137],

which manages the queue of jobs and assigns them to available worker nodes.
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Chapter 5.
LEAP_SIMS - a simulation framework

LEAP_SIMS [138] is a framework developed as part of this thesis for conducting various
simulation studies of the LEAP polarimeter. At its heart is the GEANT4 application,
which simulates the passage of particles through the diagnostic system and, if desired,
the beam line. It is described in more detail in sections 5.1 to 5.4. However, in order to
carry out a large number of studies, further components and work steps are required.
They are displayed in figure 5.1.

Each simulation begins by modifying the configuration file to include the necessary
components and parameters. To ensure a comprehensive range of simulations within

Data
to be edited ) % in TTrees
by the user job on worker node 1

6 Geant4 '

@ preprocessing
Monte Carlo simulation
N Y o Roor
issi edits .
@ s“bs'};':?pﬁ"’“ executes analysis
job handler % ﬁ
\ (PBASH

HTCondut

config file

data
visualization

starts
jobs

Figure 5.1.: Schematic of the workflow in LEAP_SIMS
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a reasonable time frame, the simulation campaigns are divided into manageable
segments and submitted as jobs to a computing cluster (see section 4.3). To submit
LEAP_SIMS jobs, a submission script is required, allowing specification of the number
of jobs and the varying input parameters. For instance, if investigating the effect of
different electron energies on the polarimeter, one would list these energies in the
submission script. To achieve a desired level of statistical accuracy, each job would be
repeated a specified number of times.

Considering then a job on a single worker node, a bash script uses the input parameters
to edit the configuration file and executes the GEANT4 application. The output of
the simulation is saved in ROOT-files. ROOT is an Object Oriented framework for
large scale data analysis [139]. It was created having the enormous amounts of data
produced by high energy physics experiments in mind. ROOT-files are therefore
optimised for saving and accessing those, ensuring both the integrity and accessibility
of the generated data. Inside the ROOT-files the data is organised in TTrees, a tree-like
data structure, enabling fast access of hierarchical data sets. As every worker node
produces it’s own output files, files containing simulation results for the same set of
parameters are merged. Part of this data pre-processing is also the recording of the
simulated parameter sets and the corresponding file names in a database. The next
step is then the analysis of the generated data sets. PYTHON and ROOT were used
to write packages which can be used to perform the most common analyses. One
example is the determination of the analysing power (see section 5.5 ). Last but not
least, LEAP_SIMS also includes python packages that can be used to create the standard
tigures that appear in this work.

5.1. GEANT4 application setup and working principle

Many different aspects of the polarimeter and its tests have to be simulated. Therefore,
the GEANT4 application is designed with a focus on user-friendliness, leveraging
a modular architecture that allows for dynamic creation of components based on a
configuration file, ensuring both flexibility and ease of use.

The entry point of the LEAP_SIMS G4-application is the main() program. Upon exe-
cution, the configuration file is read, and based on its content, necessary structures
are prepared and variables declared. This process addresses questions such as: Which
components of the diagnostic system should be included? Which elements should ag-

gregate information? What data structures are required to store the simulation output?
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What types of particle beams need to be simulated? Additionally, this information is
used to dynamically generate a macro to influence run-time behaviour.

Then, an object of the AnaConfigManager class is constructed using an instance of the
ConfigReader, initialising it with the necessary configuration settings for the analysis.
The class acts as central management hub for configuring and controlling the analysis
and data output aspects of the GEANT4 simulation. A comprehensive list of all classes
can be found in appendix A. It offers more detailed information about the input and
the methods contained within.

Next, an instance of the G4 run manager class is generated. It controls the flow of the
program and manages the event loop(s) [131]. Now the three mandatory initialisation
classes as well as the user action classes can be instantiated and set in the run manager.
The initialisation of the run manager constitutes the initial setup of the simulation. The
detector geometry, sensitive detectors, particles, and physics processes are constructed
(see section 5.2) and cross-section tables are calculated.

Finally, main() processes the macro mentioned above, or, if it was started with the
visualisation flag, starts a user interface session.

The content of the macro depends on the settings in the configuration file, but the
basic procedure is always the same. First, random seeds are set. The engine generating
those pseudo random numbers uses seeds as staring points [140]. In the case of
LEAP_SIMS two integers are used. From the same seed, or set of seeds, the random
number generator always generates the same sequence of random numbers. To model
the polarimeter performance accurately, a large number of statistically independent
simulations is needed. As previously mentioned, these simulations are submitted
as jobs to a computing cluster. One option is to submit a single job per parameter
set containing thousands of runs, but this approach results in long computation
times. Instead, it is more efficient to submit many small jobs, each containing a single
run(-pair), as they are easier for the scheduler to accommodate and reduce overall
computation time. However, without setting a random seed, each job would use the
same seed and produce identical results, leading to a lack of statistical independence.
Therefore, the LEAP_SIMS job handler (see Fig.5.1) generates different random seeds
for every job and edits the configuration file accordingly. Using the Unix time, number
of seconds since 00:00:00 UTC on 1. January 1970, is a good starting point, but multiple
jobs may be created at the same time. Therefore, the first random seed in LEAP_SIMS is
the Unix time plus the job-ID and the second is the Unix time plus the process-ID of
the current shell. This guarantees that whenever the simulation is started, a unique

sequence of random numbers is produced.
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Figure 5.2.: Modules of the LEAP_SIMS detector geometry

Once statistical independence of the simulation is confirmed, the next step is to
reinitialise the run using the run/initialize command. This command typically
allows for dynamic adjustments to accommodate changes in simulation parameters.
In the case of LEAP_SIMS, it establishes a specific initialisation state required for the
polarisation manager, ensuring that the simulation environment is properly set up for
polarisation calculations, even if no changes to geometry or materials are made.
Next, the details of the particle source are configured. This means that particle type,
the number of particles per event, spot size, divergence, direction, and energy are
set. The particles can be mono-energetic, or there can be a Gaussian or user defined
distribution.

Finally, the polarisation (-direction) of either the particles or the solenoid core can be
specified before a run, the event-loop, is started. If one is interested in asymmetries
it is important to simulate both polarisation direction configurations, parallel and
anti-parallel.

5.2. Upon Initialisation

As mentioned in the previous section, during run initialisation detector geometry,
sensitive detectors, particles, and physics processes are constructed. In the following
these will be explained in more detail.

5.2.1. Detector Geometry

LEAP_SIMS is designed to be highly modular. Therefore, the simulation setup is
divided into several parts, which can be switched on and off independently of each
other using the configuration file. The general layout of the geometry is displayed

in figure5.2. Possible geometry modules that can be placed are the beam line, the
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polarimeter-solenoid, and the polarimeter-calorimeter. The user can choose between
two different beam line options: One representing the beam telescope at the DESY 1I
test beam (see [141] and section?7.2.3), the other portraying the setup of the zero
polarisation measurements at the FLARE facility (see section 8.1). The solenoid can
either be of a more generic type as for example used in the design study in chapter 6,
or be of the exact dimensions used in the zero-polarisation measurement (examples
in chapter 8.8). Several sub-components can be switched on and off as desired and
likewise the magnetic field of the solenoid. Details of specific simulation setups are
consistently provided in the sections where they are conducted. The calorimeter can
either be a single lead glass crystal, a set of nine crystals stacked in a three by three grid,
or nine crystals surrounded by an aluminium housing. All the individual components
are contained in the enclosing world volume. This can be made out of air, as it would
in an actual experiment, or vacuum. An example configuration file is included in

appendix B.

5.2.2. Sensitive Detectors

Sensitive detectors (SDs) are geometrical components in GEANT4 that are designated
to collect information about the particles passing through them. They do so by gener-
ating data structures called hit objects, filled with the information collected from each
step of the particle’s movement as it traverses through or interacts with the detector
[131]. The application developer can determine which data is collected and whether
there are any additional conditions.

There are two different types of SDs used in LEAP_SIMS. The most commonly used
are virtual volumes with ideal detectors. Those are thin, 1 mm thick, volumes out
of the same material as their surrounding, which register information about every
particle passing through their front as long as their z-momentum is positive. The
latter condition is a measure to prevent back-scattered particles from being regis-
tered. The user can decide whether they want to collect aggregated data or record
the information of each individual step. In the following this will be referred to as
summary or detailed output mode. In the former, the sum of the total energy and
number of passing particles are returned for all particles, photons and electrons. In
the latter, information about the particle definition, it’s total energy, position, vertex
position, momentum direction, polarisation, track- and parent-ID is gathered for every

pre-step point. Regardless of the output mode, the energy spectrum and the energy-



78 LEAP_SIMS - a simulation framework

weighted beam profile are aggregated and presented as histograms in each of the
virtual SDs. The energy-weighted beam profile represents the spatial distribution of
incident particles at the plane of virtual detection, with each region weighted by the
total energy sum per unit area. Fixed histogram limits can be set for the beam profile,
requiring the user to specify only the number of bins in the configuration file. The
situation is different with the energy spectra. The lower limit is always set to 0 MeV,
while the upper limit is determined by the maximum energy of the bremsstrahlung
spectrum, which corresponds to the highest energy emitted by the particle source.
To ensure comparability across different runs, the user specifies the bin width in the
configuration file.

The crystals of the calorimeter constitute an exception. They are the second type of SD
used in LEAP_SIMS. In the end, it is of utmost interest to obtain, through our simula-
tions, a parameter that is proportional to our detector response. The LEAP calorimeter
is a Cherenkov calorimeter (see section7.2): photons generated by the Cherenkov effect
propagate through the crystal and are registered by photomultiplier tubes (PMTs).
Simulating optical photons in Geant4 is very complex and computationally intensive.
Therefore, in LEAP_SIMS, we use the deposited energy of charged particles above the
Cherenkov threshold in lead glass as a first approximation. Specifically, if the total
energy of charged particles exceeds 642.43 keV, their deposited energy is accumulated
and output at the end of the run. Details on this topic can be found in the work of
Felix Stehr [52].

If the user wants to follow the shower development, they have to set an extra parame-
ter in the configuration file to true, as it results in a very large amount of data output.
Regardless of type, every SD in LEAP_SIMS can be switched on and off individually.
Their volume will be placed if the geometrical component they belong to is switched

on, and they will record data according to what is specified in the configuration file.

5.2.3. Physics Processes

LEAP_SIMS utilises a modular physics list, where individual modules are compiled
into a list tailored for the application. First, all types of particles are created. Then,
transportation is added. Depending on whether polarisation is enabled in the con-
figuration file, either a custom polarised electromagnetic physics list is added or the
standard module for electromagnetic physics, G4EmStandardPhysics [134], is used.

The custom LEAP_SIMS module includes support for polarised particles and materials.
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Specifically, it incorporates the following polarised processes along with multiple scat-
tering: polarised photo-electric effect, Compton scattering, y-conversion, ionisation,
bremsstrahlung, and positron annihilation.

One of the key trade-offs in simulations is balancing accuracy with simulation time.
This involves not only considerations like the number of simulated input particles
for statistical robustness but also the selection of included processes, the precision of
employed models, and the transitions between them.

For example, simulating optical photons can be computationally intensive, which
is why they are not included by default in LEAP_SIMS. However, if optical photon
analysis is required for the calorimeter crystal(s), an optional module can be activated
via the configuration file.

To improve the accuracy of energy deposition while maintaining reasonable simulation
times, the energy loss StepFunction in Geant4 was adjusted (cf. "Particle Transport"
in [134]). In Geant4, the energy loss of charged particles can be treated in two ways:
as a continuous process, where the mean energy loss is calculated over each step, or
as discrete events involving the production of secondary particles. The StepFunction
determines when continuous energy loss is assumed and when discrete events are
considered. The energy loss fraction (also known as dRoverRange) sets the threshold
for this transition. In LEAP_SIMS, the default value of 0.2 is used, meaning that if a
particle loses less than 20 % of its energy in a step, the loss is treated as continuous.
Another key parameter is the minimum step length (finalRange), which defines the
smallest step a particle can take. In LEAP_SIMS, this has been reduced from 1 mm to
0.01 mm. While this increases the number of steps and thus simulation time, it also

enhances accuracy in critical regions, such as boundary surfaces of the calorimeter.

5.3. During a run

As soon as the initialization phase of the simulation is complete, i.e., the geometry
of the simulation environment and its materials, the particle source, and all required
physical processes have been defined, a run can be started. This happens via the
/run/beamOn command in the macro.

At the beginning of the run action, a ROOT output file is created, and TTrees and
histograms are booked according to the configuration file. In this context, ‘booking’
means that memory is allocated, and the tree or histogram structure is defined. Every

activated sensitive volume gets its own tree, with an additional tree for the metadata
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of the configuration file. The histograms store energy spectra and energy-weighted
beam profiles.

The framework supports two summary modes: summary mode for events and sum-
mary mode for runs. These modes control how data is accumulated and stored during

the simulation.

e Summary mode for events: Accumulates information during an event and writes
y

it at the end of each event.

¢ Summary mode for runs: Accumulates information over the entire run and writes
it at the end of the run.

The distinction is important because different simulation setups require different
modes. In cases where single-particle events are used, many events per run together
constitute a single bunch. In contrast, multi-particle events may represent an en-
tire bunch within a single event. To ensure compatibility with different configura-
tions - particularly to maintain the proper functioning of the General Particle Source
(GPS)summary mode for runs is the default. This mode will simply be referred to as
‘summary mode’ in the following text.

During execution, the begin-of-event action resets accumulables if 'summary mode
for events’ is enabled. Each event starts with primary particle generation according to
the GPS definitions in the configuration file. These primaries and their secondaries
are tracked step by step as they interact with the geometry. Sensitive detectors either
write data directly to TTrees in detailed mode or accumulate information in summary
mode while filling histograms. An event ends once all particles have either exited the
simulation volume or been stopped.

If ‘summary mode for runs’ is active, accumulated data is written to the TTrees only
at the end of each event. Finally, after all events are processed, the end-of-run action
writes all TTrees and histograms to the output file and closes it.

A summary of what happens during an event loop is shown in figure 5.3.

5.4. Key Configurations

There are a couple of configurations, sometimes sets of them, that are used repeatedly
throughout the thesis. While a complete list of parameters is provided in the example

configuration file in appendix B, this section highlights some frequently used ones,
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Create new file

Book TTrees and histograms
according to config file

if (sum run) {reset acummulables}

if (sum event) {reset acummulables}

Sensitive detectors write either directly
to TTree (detailed mode) or accumulate
information (summary mode) ,
histograms are filled

if (sum event) {write acummulables to TTree}

if (sum run) {write acummulables to TTree}
Write TTrees and histograms to file
Close file

Figure 5.3.: Schematic of actions during an event loop

providing context and additional definitions.
Run types in the simulation

Depending on the analysis, it is sometimes necessary to simulate individual runs or

run pairs.The parameter Run: type can be used for this.

¢ Asymmetry runs: A simulation consists of a run pair with opposite polarisation

configurations.
* Single runs: A simulation consists of a single run.

Composition of a simulated electron bunch

In reality, if everything goes well, one electron bunch is accelerated with each laser

shot. The composition of such a bunch in the simulation is as follows:
¢ 1 run with Nevents =500000 (default)
¢ GPS:nBunch=1

¢ Qutput:mode can be set to detailed or sumRun
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Polarisation configuration of bunch pairs
The polarisation configurations of the aforementioned bunch pairs can be described

as:

e Parallel: 1T ¢ -, the polarisation vectors of the electrons inside the iron core
Fe e p

and the bunch electrons are identical. ¢ = (0,0,1)

* Anti-parallel: ¢y, T & -, the polarisation vectors of the electrons inside the iron

core and the bunch electrons have opposite directions. &=(0,0, +1)

Achieving different polarisation configurations for asymmetry runs
When Run:type asymmetry is selected, multiple ways to achieve different polarisation
configurations are available. These configurations can be adjusted using the Run:f1ip

parameter.
* Source configuration: 2 runs, 3 p, stays as initially defined, ¢, - switches signs

* Core configuration: 2 runs, ¢, - stays as initially defined, 3 . and Bg, switch

signs

Unfortunately, assigning both a magnetic field and a polarisation to a logical volume
simultaneously did not work. Since polarisation is not defined in the presence of
a magnetic field, the default setting disables the magnetic field when studying po-
larisation effects. Conversely, to examine the effect of the magnetic field on particle
trajectories, polarisation must be set to zero (see sections 8.6.3 and 8.5 for an example).
Resolving this limitation, allowing for the concurrent assignment of both properties,
should therefore be considered an important task for future work to enhance the
accuracy and versatility of the simulation framework.

Different electron beam types

Various electron beam types/forms are used in the simulation studies of this thesis,

the following is an overview of some of the possible terms.

¢ Point Source:
GPS:posType = Beam
GPS:spotSize = 0.0 mm
GPS:divergence = 0.0 rad
A highly localized beam with no initial divergence, representing an idealised
point-like source.
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* Flat Top Beam:
GPS:posType = Plane
GPS:spotSize = radius of disk in mm

A beam with a uniform intensity distribution across a circular cross-section.

¢ Gaussian Beam:
GPS:posType = Beam
GPS:spotSize = 0, =0,

GPS:divergence = 0y

A beam with a spatial intensity profile following a Gaussian distribution.

¢ Pencil Beam:
GPS:divergence = 0.0 rad
A narrow, collimated beam with no divergence.

5.5. Algorithm for analysing power calculations

The simulation and calculation of the analysing power (A) is an essential part of
the development of the polarimeter, as it enables to quantify the diagnostics” ability
to measure the transmission asymmetry, detailed in section 3.4. The details of the
calculation of A are therefore described below.

In summary mode, the LEAP_SIMS GEANT4 application returns the total amount of
energy E;.... and the number of particles transmitted. Usually, at least 1000 runs are
carried out per configuration and polarisation direction. For every parameter set this

results in a distribution of E,,,; which is processed as follows: A ROOT-histogram is

trans
configured with a default setting of 100 bins within a range of £ 5 standard deviations
around the array mean. This bin range was chosen so that, assuming an almost normal
distribution, the majority of the values in the data set are accounted for and efficiently
distributed across the bins. At the same time, this approach prevents rare outliers
from distorting the overall analysis. The bin width is calculated as the histogram
range divided by the number of bins. Then, each E,,,,; value is evaluated, and if it is
greater than zero, that value is entered into the histogram. If the histogram mean is
greater than the histogram RMS, a Gaussian is fitted to the histogram using ROOT’s
tit function. In the following, (Eirans> represents the mean of the fit, with ‘i’ indicating
the polarisation configuration, either parallel (P) or anti-parallel (AP). The analysing

power is derived using equations 3.26 and 3.29. The associated error is determined
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Figure 5.4.: Distributions of total transmitted energies for parallel (P) and anti-parallel polar-
isation configuration (AP). Histogram represents simulation results, solid line a
ROOT-Gaussian-fitin a 5 ¢ range around the histogram mean. AP: ¢ - = (0,0,-1),
Zre = (0,0,1). P: &, = (0,0,1) = . Simulation in solenoid configuration. De-
tails can be found in section 6. Ey.,, =30MeV, core length of 150 mm, 1.75mm
thick converter target, 5 - 10° electrons per bunch.

from equation 3.27, which incorporates the standard deviation () of the fit and the
count of histogram entries in its calculation. If an extrapolation, e.g. to the full bunch
intensity expected at LEAP, is applied to the errors of the measured asymmetry (as
discussed in section 6.7), this will be explicitly stated.

Figure 5.4 shows an example of E,,,; distributions for parallel and anti-parallel polari-
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sation. To ensure comparability of the distributions, the bin width was standardised to
60 MeV, diverging from the approach of determining the number of bins as previously
described. Using the equations specified above, the means and standard deviations of
the example’s fits result in an analysing power of 21.25 & 0.03 %.

The fraction of transmitted particles and the sum of transmitted energy depend on the
energy of the electrons in the original beam (Ey,,,) and the thickness of the iron core.
Especially at low energies and or very long solenoid cores it is therefore extremely
important to decide when too little energy is transmitted to fit the distribution with a
Gaussian and calculate an analysing power. Figure 5.5 illustrates the importance of
comparing the histogram’s mean to its RMS as a prerequisite for fitting a Gaussian
distribution. This comparison is crucial in determining the suitability of a Gaussian
tit for the observed data distribution. The simulation setup mirrors that of the pre-
viously discussed example, with the exception of E,,,, values. In scenario a), the
standard case is depicted, where the mean of the total transmitted energy, (Ei ans), 1S
significantly greater than zero, resulting in an almost normal distribution of E,,;. On
the other hand, in scenario b) the mean of the distribution is only marginally greater
than zero, with a portion of its tail truncated at zero. Despite this, the distribution
can still be appropriately fitted with a Gaussian, as the mean is greater than the RMS

value. Finally, in scenario c) (E falls below the RMS value, resulting in substantial

trans>
truncation of the distribution to the extent that a Gaussian fit is no longer represen-
tative of the observed data. The dashed line in the figure serves solely to highlight
this discrepancy. Under these conditions, the algorithm identifies the parameter set as
unsuitable for analysis, consequently returning NaN (Not a Number) values for both
the analysing power and its statistical error.

To conclude: LEAP_SIMS includes a robust algorithm for the calculation of the analysing
power and it’s associated statistical error. It was designed to handle a wide parameter

range, is capable of handling outliers and accommodates fringe cases.

5.6. Code Validation and Verification

When using simulation results, it is crucial to ensure their reliability. This involves
two key processes: verification and validation. Verification ensures that the code is
free from bugs or logical errors, while validation confirms that the system accurately
models the real-world phenomena it is designed to simulate. Ensuring accuracy of

LEAP_SIMS is particularly important, as its results are used to inform decisions about
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the polarimeter hardware that will be purchased and constructed. These results also
play a vital role in determining the polarimeter’s analysing power, which is crucial for
assessing electron polarisation. Incorrect simulation outcomes can lead to misleading
conclusions and ultimately affect the reliability of experimental results.

The Geant4 toolkit itself has undergone thorough validation, driven by both the devel-
oper collaboration and its user community. Its components are continuously tested
and refined across various application fields, with simulation results compared against
real-world data. Detailed information on the physics models used and their applica-
bility can be found in the Geant4 Physics Reference Manual [134]. For LEAP_SIMS, this
means that the primary focus is on verification, ensuring no logical errors have been
introduced during the implementation of the Geant4 components. This goes beyond
simply confirming that the code compiles, runs smoothly, and saves results correctly;
it also involves conducting additional tests to ensure the correctness and consistency
of the simulation outputs. Some sample tests are documented below.

5.6.1. Geometry Verification

In a Geant4 simulation, accurate verification of the programmed detector geometry
against intended simulation parameters is crucial. Several common sources of error

were identified and addressed during the development phase of LEAP_SIMS.

Geometry Placement and Assigned Physics An initial method for verifying detector
geometry involves using the LEAP_SIMS visualisation display (see figure 5.6). This
provides a macroscopic overview to ensure correct volume placement. Examining the
event displays for a small number of simulated particles also allows verification of
material assignments and physics configurations. For instance, in figure 5.6b), where
10 electrons with an energy of 30 MeV are incident onto the polarimeter magnet
from a distance of 2m, it is evident that switching the world material from vacuum
to air is successful, as scattering in air causes a broadening of the particle profile.
Similarly, the magnetic field of the solenoid can be tested by setting extreme values and
observing the helical motion of charged particles with an XY-momentum component.
All components implemented in LEAP_SIMS were visually inspected to confirm correct

placement and functionality.
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Figure 5.6.: LEAP_SIMS visualisation displays. a) Correct geometry placement including beam-
line. b) Event display of 10 electrons with an energy of 30 MeV incident onto the
solenoid from a distance of 2m. Beamline and magnetic fields are switched off,
and the world material is set to air.
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Overlapping Volumes Although visual inspection is effective for macroscopic posi-
tioning, detecting overlapping volumes by eye can be challenging, especially when
dealing with numerous levels or small volumes. Overlapping volumes create un-
defined spatial regions, where it is unclear which physics parameters apply. Such
ambiguities may lead to simulation errors, as the choice of volume depends on par-
ticle direction. To address this, the built-in Geant4 function geometry/test/run was
employed in interactive mode. This analysis confirmed that no overlapping volumes
were present in LEAP_SIMS.

5.6.2. Memory Footprint Verification

Memory leaks occur when a program allocates memory, but does not properly free
it after use. Over time this can lead to excessive memory usage, performance issues
and even crashes. Proper memory management is therefore key to ensure a programs
efficiency and stability.

The memory footprint of LEAP_SIMS was analysed using Valgrind [142], a program-
ming tool for memory debugging, memory leak detection, and profiling. While small
memory leaks were identified (approximately 5,538 bytes in 71 blocks), these issues
were not addressed at this stage of development and are planned for resolution in
future work. The leaks do not appear to significantly impact the overall performance
of the simulation. To further investigate the effect of particle count on memory usage,
Massif, Valgrinds heap profiler, was employed to track memory consumption at
different particle counts. Simulations with 10 and 10,000 particles yielded very similar
peak memory usage: 27.21 MB for 10 particles and 27.75 MB for 10,000 particles,
indicating that memory usage does not significantly scale with the number of particles.
This suggests that the memory leaks are not related to per-particle data accumulation.
While addressing these leaks remains a priority for future optimisation, their minimal
impact on memory usage ensures that the simulation can scale effectively without

substantial memory overhead at this stage.

5.6.3. Polarised Bremsstrahlung

To evaluate the functionality of polarised bremsstrahlung, the following test was
performed (see figure 5.7a): Two simulation runs were conducted, each consisting of a

bunch of 1000 electrons, where each electron had an energy of 30 MeV. The electrons
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Figure 5.7.: a) Simulation setup: 1000 electrons incident on a tungsten target with 50 mm
diameter followed by a sensitive detector. b) {3 for detected y-rays and primaries.
¢ of incident beam is (0, 0, 1) c) same as b) but with ;, ; = -1

were assigned a polarisation vector ¢ = (0,0, + 1) and propagated in the z-direction
through a vacuum before striking a 1.75 mm thick tungsten target. The diameter of
the latter was 50 mm. A sensitive detector volume (see section 5.2.2) was placed 1 mm
behind the target.

As described in the section on polarisation transfer in section 3.1.1, one would expect
a longitudinally polarised electron beam with ;,, 3 = 1 to cause right-handed circularly
polarised bremsstrahlung. Similarly one would expect, left-handed circularly polarised
bremsstrahlung at a {;, 5 of -1. This is exactly what one can see in the results shown in
figures 5.7b and c. The electron beams are transferring their polarisation to the photons.
And since a maximum degree of circular photon polarisation is to be expected at
high photon energies, the number of detected particles decreases with increasing

polarisation, similar to the way the energy of a bremsstrahlung spectrum behaves.



Chapter 6.

Design Studies

As highlighted in chapter 3, Compton transmission polarimetry is a useful technique
for measuring the polarisation of electrons with expected energies in the range of a few
10 MeV to a few 100 MeV. Similar diagnostics which have been utilised at previous
experiments were optimised for partly very different conditions than in the LEAP
project. Examples are particle energies of only a few MeV [83, 103] or a few hundred
[101]. Therefore, to find out the ideal design for the LEAP polarimeter, a Monte Carlo
design study was performed with the help of GEANT4. Details about the programmed
framework named LEAP_SIMS can be found in chapter 5.

This chapter will describe the influence of the individual components of the polarime-
ter on its analysing power and what conclusions can be drawn with regard to future

measurements.

6.1. The simulation setup

For the design study LEAP_SIMS (refer to chapter 5) was used with only the polarimeter-
solenoid geometry module placed (see section 5.2.1). Therefore, the geometry included
a particle gun and the solenoid depicted in figure 6.1. They where placed 2 m apart,
initially in vacuum. For initial parameters a solenoid as used in the positron line of the
E166 experiment was assumed [103]. The magnet itself was simulated to consist of an
iron yoke, copper coils, or rather a tube of copper, a central iron core and a conversion
target. Two idealised detector layers were used (see section5.2.2). The first was
placed directly behind the converter target, the second was placed 10 mm behind the

iron core. Exact dimensions of the individual components and exact geometry details

91
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Figure 6.1.: Schematic of the solenoid used for the design study. The iron yoke is coloured in
grey, the lead shielding in black and the copper coils are situated in the Xed out

areas.
Table 6.1.: Overview of default simulation parameters
parameter explanation default value
Epeam energy of electrons inside the accelerated electron beam 25MeV
N,- / Bunch number of electrons simulated per bunch 500000
P, polarisation of the accelerated electrons +1
Pr. polarisation of the iron core electrons 1

can be taken from the following sections and the technical drawings in appendix C.
Simulations were performed in both detailed and summary output modes.

Table 6.1 provides an overview of the default simulation parameters used in this
study. In a future LEAP experiment, polarised electron beams are anticipated to have
energies in the range of several tens of MeV. For the purposes of this study, an initial
energy of 25 MeV was selected. The expected electron bunch charge is approximately
3 pC. However, simulating 1.9 x 107 particles repeatedly is computationally expensive;
therefore, a reduced value of 5 x 10° particles per simulated bunch was chosen as
the default. In this study, the analysing power is the parameter to be optimised.
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Consequently, the polarisation of the accelerated electron beam (P,-) and the iron core
(Pre) were both set to 1. It is important to note, however, that for the prediction of
asymmetries to be measured (cf. section 6.7), the realistic values of polarisation will
likely be closer to 10 % for P,- and 7 % for Pp,. The maximum electron spin polarisation
inironis +8.19% [103].

6.2. The Converter Target

Since the converter target is a disk in the opening of the solenoid, there are four
parameters that can be varied: Its radius, thickness, material, and the distance to
the iron core. The radius of the converter target is fixed by the magnet aperture and
was set to the same value as in the E166 experiment, namely 25 mm. The distance
between the conversion target and the iron core was also assumed at the beginning
as in experiment E166. It amounts to 12.5 mm. This leaves the ideal thickness and
material for this configuration to be determined.

The emitted bremsstrahlung is proportional to the the square of the nuclear charge
number (see section3.1.1). A high conversion rate is desirable and therefore, the
bremsstrahlung conversion target was simulated to be out of the high Z material
tungsten (Z=74).

The thicker the target, the more energy the passing electrons can deposit and therefore
the more bremsstrahlung is emitted. On the other hand, the probability of photon
attenuation increases with the target thickness. Now the optimal thickness shall be
determined by simulation. It was varied ranging between 0.1 and 1 times the radiation
length of Tungsten, which is 3.5 mm [72].

First, individual bunches were simulated and the data of each electron passing the
virtual detector planes was stored (see section 5.1). Figure 6.2 shows the mean number
of photons produced per electron incident on the converter target, i.e. the total number
of photons detected in the first detection layer divided by the number of electrons
shot by the particle gun. With 500000 simulated particles, the here assumed errors

of i’ = 0.0014 are too small to be visibly discernible in the plot. The number of

e
photons leaving the target saturates at a converter target thickness of about 0.7 times
the radiation length.
However, the number of emitted photons, i.e. the conversion rate, is not the only

parameter to be considered. For the polarisation measurement the circular polarisation
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Figure 6.2.: Mean number of photons produced per electron incident on converter target
simulated for different target thicknesses.
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Figure 6.3.: Distribution of circular polarisation component, 3, and gamma ray energy, E,, for
two different converter target thicknesses. Ey ., = 26MeV, P,- = —1
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Figure 6.4.: Gamma ray spectrum behind the converter target for different converter target
thicknesses.

of the produced photons, the third element of the stokes vector, is of utmost importance.
The circular photon polarisation (5 is proportional to the degree of electron polarisation
|| (cf. section 3.1.1). If one considers this, it becomes evident that the photons with
higher energies are most important. As for example below 1MeV a lot of photons
are polarised in the other direction. This is illustrated in figure 6.3, which depicts the
circular polarisation versus the energy of detected photons for two different converter
target thicknesses.

The bremsstrahlung spectra for different converter target thicknesses are presented
in figure 6.4. From this data one can see, that there are relatively more high-energy
photons with thinner targets.

In the end it is the polarimeter’s analysing power and the statistical error that is to be
optimised. It was found to slightly decrease with target thickness from 49.5 0.6 % at
0.35 mm to 48.7 £ 0.7 % at 3.5 mm with the relative error increasing (see figure 6.5).
This shows that the overall effect of a change in target thickness on the analysing
power is relatively small. In fact, simulations with and without converter target show
that the effects on the analysing power are negligible (see table 6.2). The iron core itself
serves as a bremsstrahlung converter. More about the change of the analysing power

with the length of the iron absorber can be found in the next section.
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Figure 6.5.: (top) Analysing power A vs converter target thickness d,,, . Statistical error bars
are included; however, they are not visually discernible due to their small magni-
tude. (bottom) relative error of analysing power vs converter target thickness.

6.3. The Iron Absorber

The absorber is a rod making up most of the centre of the solenoid. It should consist
of a ferromagnetic material that exhibits a high electron spin polarisation during
saturation magnetisation (cf. section 3.4). Iron was chosen because its properties are
well known [143] and it is inexpensive compared to other materials. As in the previous
section for the converter target, the absorber’s radius depends on the aperture of the
solenoid and was initially assumed to be 2.5 cm. This leaves it’s length L as a free

parameter to be studied. According to equations (3.26) and (3.22) the analysing power

Table 6.2.: Analysing Power A for different core thicknesses without converter target and with
a converter target thickness d,,,,, of 1.75 mm and an E,,,,.;, of 25 MeV

core thickness / mm | A (d,,,,,=0mm) / % | A (d.ppp=1.75mm) / %
75 11.33 £0.01 10.83 £0.01
150 24.61 £0.02 22.93 £0.02
300 50.6 =0.2 48.5+£0.2
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Figure 6.6.: (top) Average number of transmitted photons for parallel and anti-parallel polari-
sation directions, and analysing power plotted against absorber length. (bottom)
Relative statistical error of analysing power plotted against absorber length for
different number of shots.

A is expected to increase linearly with absorber length and the beam intensity should
decrease exponentially. The top of figure 6.6 shows the simulation results which
confirm this pattern with A increasing linearly from 2.8 £ 0 % at 25 mm core length to
66.9 = 0.9 % and the number of transmitted photons decreasing exponentially with an
average of 1.2 x 10° photons with 25 mm absorber length and an average of 7 photons
at 400 mm.

The relative error of the analysing power for different core thicknesses is displayed
in the bottom of Fig. 6.6. It is minimal at 100 mm core length. The caveat is that the



98 Design Studies

analysing power at this length is only 14.2 4= 0.01%, which means that according to
equation 3.30, one would, with a P- of 10 % and a Pg, of 7% , need to measure an
asymmetry of only 0.1 %. While the statistical uncertainty in the MC simulation can,
in principle, be reduced arbitrarily by increasing the number of simulated events, here
it serves as a proxy for the expected statistical uncertainty of an actual measurement.
The simulation was performed using 1 million particles, corresponding to a bunch
charge of less than 0.2 pC, which is significantly lower than the bunch charge of
3pC that is expected at a future LEAP experiment. Hence, the number of photons
transmitted through the absorber is not the limiting factor for %{—l and it makes sense to
increase L to increase .A. For example, if one wanted to have to measure an asymmetry

of 1% an iron core of approximately 300 mm were necessary.

6.4. The electron beam energy

An integral part of transmission polarimetry is the Compton scattering of the
bremsstrahlung-photons inside the iron absorber (see section 3.1.3). The cross-section
of this interaction, and thus also rate and asymmetry, depend on the energy of the
initial electrons (cf. figure 3.5).

At the time this design study was carried out the details of how the prepolarised
electrons would be accelerated and in particular the injection method into an LPA
were still under investigation. Injection method, the gas that is used and the pressure
it has, laser parameters like energy and pulse duration, all this has an influence on
the energy of the accelerated electrons (cf. chapter 2). As mentioned before, a bunch
energy of some 10 MeV is expected. However, the investigation of the effect of E ;.
on the analysing power and the relative statistical measurement error could point to a
direction in which the accelerator development can be targeted.

Fig.6.7 shows the analysing power A against the energy of the electrons in the
simulated bunches for different core length. In the expected energy range .A decreases
with Ey,, because the cross section for Compton scattering does. A is 48.6 +0.2 % at
25MeV and reduces to 24.07 £ 0.07 % at 80 MeV, using an iron core of 300 mm length.
However, it is less dependent on E,,,,, at higher values. The statistical error decreases
with energy, because the transmission probability increases. The rate decreasing with
energy is also the reason why some lower energies where excluded for longer cores.
See section 5.5 for more information on the algorithm and used criteria.

These simulations were carried out with mono-energetic particle beams, which
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Figure 6.7.: (top) Analysing power A as a function of electron bunch energy Ey, ., for different
absorber lengths. Statistical error bars are included; however, they are not visually
discernible due to their small magnitude. (bottom) Relative statistical error of
the analysing power as a function of electron bunch energy for different absorber
lengths. The outliers at high energies are likely due to an insufficient number of
simulated particles.
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of course do not exist in reality. The effect of the energy distribution of a beam
is addressed when determining the analysing power of the LEAP polarimeter in
section 8.8.2.

6.5. Separation of Electrons

To investigate whether separating the forward scattered gamma rays and secondary
electrons increases the analysing power, solenoid simulations with detailed output (cf.
section 5.4) were carried out.

The polarisation of the electron beam as well as that of the iron core electrons were set
to 100%. A mono-energetic point beam of 25 MeV was used. d,,,,, was 1.75mm and
L was 150 mm. To increase computing performance, jobs were submitted in batches
of 1 x 10° electrons and afterwards the results of 20 of them stitched together leading
to the results of 49 runs of 2 x 10° particles being shot. Those results were then in the
subsequent analysis filtered for their PDG-ID (see chapter 45 of [72]).

First the analysing power was computed for different particle species (see Fig. 6.8).
It was found that if no particle separation is performed, the analysing power is
22.884 £0.003 %. For photons alone, it is 15.957 + 0.003 %, while for electrons, it
reaches A = 84.054 + 0.036 % — more than three and a half times higher than in the

100
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80 -

60 -
x
<

40 31.130+0.476%

22.884+0.003%
20 _- 15.957+0.003%
0 i

all photons electrons positrons

Figure 6.8.: Analysing power for different particle species. N;,, =2M, E,- =25MeV, P,- =1,
deonp = 1.75mm, L= 150 mm
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Figure 6.9.: (left) spectra of transmitted electrons for parallel and antiparallel polarisation
configuration averaged over 49 bunches, (right) average analysing power per
energy bin for electrons and photons

case without separation.

A separation of the electrons thus seems advisable, albeit for reasons different from
those initially assumed. If this effect were to be exploited in a future experiment, it
would first need to be established whether the observed high analysing power is an
artifact of the GEANT simulation or a real physical phenomenon, as well as to what
extent the polarisation of the incoming electrons remains linearly proportional to the
measured asymmetry of the secondary electrons. While a detailed investigation of this
effect is beyond the scope of this thesis, a potential approach for future measurements
would be to place a dipole magnet behind the solenoid and position an additional
electron detector at the corresponding deflection angle, enabling energy-resolved
asymmetry measurements. As a first step toward this, this study examines the energy
spectra of the detectable electrons and the associated analysing power for the relevant
energy ranges. This analysis was performed using the filtered data discussed above
and is presented in figure 6.9.

A was found to increase with energy, exceeding 80 % at 5MeV for electrons. At least for
the tested electron beam energy, the increase in bremsstrahlung polarisation transfer,

P . . E . .
=, with the photon energy fraction E—JWCZ appears to outweigh the decrease in
e beam e
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the polarisation-dependent part of the Compton cross-section, |0 |, with increasing
photon energy E, (cf. section3.1). However, especially for a parallel polarisation
configuration, this coincides with rates of only a few tens of electrons or fewer, which
has to be taken into account when designing a diagnostic to detect them. Nevertheless,
should the project be continued at a future point in time, a detailed investigation
would be highly valuable — especially at high E,,.,,,, given the low analysing power of

photons in this regime.

6.6. Conclusions for real measurements

Before drawing conclusions, it is important to recapitulate the expected beam parame-
ters for the real measurements. Bunch charges of approximately 3 pC, corresponding
to ~1.9 x 10" electrons, and electron bunch energies, E, .., in the range of several
tens of MeV are anticipated. The longitudinal beam polarisation is expected to be
around 10%.

It was found that, within this expected energy range, a high-Z bremsstrahlung con-
verter target in front of the solenoid’s iron core is unnecessary, as the core itself serves
as the converter.

Furthermore, with the thickness of the iron core, Lg, held constant, the analysing
power, A, decreases as the electron beam energy, Ey .., increases. This is because
the cross section for Compton scattering decreases with higher energies. Given the
high bunch charges and beam energy, the experiment operates at the higher end of the
energy spectrum typically used in Compton transmission polarimetry, resulting in a
lower analysing power. However, transmission rates are not a limiting factor. As a
result, a longer core can be used without significantly increasing the statistical error
on the analysing power due to low transmission rates.

A solenoid, previously used as a photon analyser in the E166 experiment [103], is
available for use. It has a core length of 150 mm, with additional details provided in
section7.1. According to the data in table 6.2, its use under the specified conditions
would result in an analysing power of A = 24.61 4 0.02 %, indicating its suitability for
Compton transmission polarimetry in the context of LEAP.

To increase the analysing power and thereby achieve larger, more easily measurable
asymmetries, a solenoid with a longer iron core could be used. For instance, a core
length Ly of 300 mm would result in an analysing power of A = 50.6 £ 0.2 %. How-

ever, achieving more precise optimisation requires a better understanding of the beam
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parameters, which necessitates further progress in the accelerator design.
Additionally, the use of a dipole to separate the electrons from the photons may en-
hance the A further, although this approach requires additional investigation.

While simulations described in this chapter can provide a valuable first insight, it is im-
portant to recognise that the current models assume an idealised beam, environment,
and detector. Therefore, the results should be interpreted with caution until more
realistic conditions are incorporated. A first extrapolation to measurable asymmetries

can be found in the next section.

6.7. Calorimeter Requirements

Simulations of the type conducted in this design study, involving an idealised elec-
tron beam and a diagnostic in a vacuum environment, can be used to narrow down
the calorimeter requirements for the polarimeter utilising the E166-photon analyser
solenoid (cf. section7.1). To do this, however, it is first necessary to extrapolate from
the previously simulated analysing power to the predicted measurable asymmetry.
The simulations assumed a solenoid without converter target, having a core length of
150 mm. A point-like pencil beam (cf. section 5.4) was modelled, consisting of 5 x 10°
electrons per bunch, each with an energy of 30 MeV. The energy sums detected by an
idealised detector positioned behind the core were used for the subsequent analysis,
which proceeds as follows:

1. The analysing power: By definition, the analysing power corresponds to the
asymmetry at full polarisation, so simulations were conducted with Pp, = 100 %
and P,- = £100 %. The energy sum distributions, used for asymmetry calcula-
tions following the algorithm in section 5.5, are well separated. Specifically, 2000
simulations per polarisation configuration produced distributions with a fit mean,
(Eirans), Of 46.54 +0.01 GeV and a standard deviation, o, of 0.62 £+ 0.01 GeV for
the antiparallel polarisation configuration and a mean of 68.6 = 0.02 GeV with o
of 0.79 £ 0.02 GeV for the parallel polarisation configuration, refer to figure 6.10a).

2. Corrected beam and core polarisation: For the measured polarisation, the actual
iron core polarisation (Pg, = 7.23 %) and the expected beam polarisation (P,- =
10 %) must be taken into account. Accordingly, the simulation was repeated with

these settings, and the results are shown in figure 6.10b). The distribution means
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Figure 6.10.: a) Simulated analysing power. 30 MeV , monoenergetic
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point source, Pr, = 100 %
23% and P,- = 10%. c)

histogram from b) scaled to 3 pC bunch charge. d) Histogram from c) convoluted
with Gaussian response function, that represents a 2 % energy resolution of the

calorimeter.
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((Etrans) ap = 54.82+£0.02GeV and (E;,ns) p = 54.98 £ 0.02 GeV) are noticeably

closer together.

3. Bunch charge scaling: Simulated bunches contain N - . = 5 X 10° electrons,

,sim
which is less than the expected bunch charge of 3 pC, corresponding to N - exp =
1.87 x 107 electrons. Therefore, the distribution mean and standard deviation

must be scaled. The scaling is done as follows:

<Etrans>§xp = f <Etrans>1$im (6.1)

0P = o™\ /f (6.2)

Here, i represents the respective polarisation configuration, "sim" indicates the
simulated values, "exp" refers to the expected values at the experiment, and f is
the scaling factor, defined as:

N _
f=2F (6.3)

e ,sim
In figure 6.10c), this scaling is applied to all individual entries from figure 6.10b)
using the factor f. This results in means of (E,,s) ap = 2053.04 +0.6 GeV and
(Etrans) p = 2058.9 4+ 0.62 GeV, and standard deviations of 04p = 25.99 + 0.44 GeV
and op = 27.03 + 0.48 GeV.

4. The calorimeter response: While the simulations use ideal detectors that provide
perfect measurements, real detectors exhibit a response function that causes
broadening of the measured signal compared to the true value. Mathematically,
this can be described as the convolution of the true signal and the detector
response. For simplicity, the calorimeter response is assumed to be Gaussian,
centred at zero. The convolution of two Gaussians results in another Gaussian,
where the mean remains unchanged, but the standard deviation of the measured

signal is given by:

Ulmeasured _ \/(O.?XP)Z + (Ucalo)z (6.4)

1

Here, 0, represents the absolute precision of the calorimeter energy measure-

alo
ment. In figure 6.10d) a simple Monte Carlo approach was used, adding random
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Figure 6.11.: Relative statistical uncertainty of predicted measurable asymmetry for different
number of shots and calorimeter resolutions.

Gaussian noise to the histogram shown in figure 6.10c). Using a relative calorime-
ter precision of 2 %, the standard deviations increase to 04p = 49.39 £0.88 GeV
and op = 48.93 £0.83 GeV.

In figure 6.10, it was assumed that the number of simulated bunches is the same as
the number of shots in the actual experiment. However, this need not be the case.
Consequently, the following error can be applied to the transmitted energy sum when

calculating the asymmetry:

easured
_a

A<Etrar1s>i - Nh . /2 (6'5)
shots

Here, Ny, is the total number of shots, combining both polarisation configurations.
Note, that a higher number of shots does not decrease the widths of the energy
distributions, just the precision with which they are sampled.

Using equations (3.26) and (3.27), the relative precision of the measured asymmetry can
be calculated for different numbers of shots and calorimeter resolutions, as shown in
figure 6.11. Achieving a relative precision of 20 % with calorimeter resolutions greater

than 5% requires tens of thousands of shots. This is currently impractical, given



Design Studies 107

that the accelerator can only operate at a few Hertz. In contrast, with a calorimeter
resolution of 2 %, only about 5000 shots are needed, which corresponds to a measuring
time of approximately 42 minutes when operating the accelerator at 2Hz. Ata 1%
calorimeter resolution, the required number of shots decreases further to about 1300,
reducing the measurement time to 11 minutes.

These considerations highlight key requirements for the calorimeter design. Firstly, as
shown in figure 6.10d), with a bunch charge of 3 pC and electron energies in the range
of a few tens of MeV, the energy sums transmitted through the solenoid core reach
a scale of several TeV. Therefore, the calorimeter must be capable of measuring such
large energy deposits without saturating. Secondly, based on the results in figure 6.11,
and considering that it is really the total error budget for the energy distribution that
must remain below 2 %, it is evident that the calorimeter must achieve an energy

resolution better than 2 %, which suggests the use of a crystal calorimeter.
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Chapter 7.

The LEAP polarimeter

Guided by the results of the preceding design study, a polarimeter was constructed,
as shown in figure 7.1. It consists a solenoid (cf. section7.1) and a calorimeter (cf. sec-
tion7.2). Since an additional high-Z converter in front of the solenoid core was found
to provide no significant benefit in terms of analysing power (cf. section 6.2), it was

omitted.

7.1. Solenoid

For the solenoid of the LEAP polarimeter, a magnet was selected that had previously
been used as a photon analyser in the E166 experiment [103]. A detailed technical
drawing and a table listing the relevant specifications are provided in the appendix
(see Appendix C). Figure 7.2 offers a visual representation, including a) a schematic
sketch highlighting the key dimensions and components of the solenoid, and b) a
photograph of the solenoid as it appears in the BOND laboratory (cf. section 2.5).

(S

charge
diagnostic

Figure 7.1.: The LEAP-polarimeter.
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1 50 mm

@ 60 mm

lead shield

Figure 7.2.: The LEAP-solenoid: a) Schematic of key components. b) Photograph of down-
stream end of the solenoid in the BOND-laboratory.

The solenoid core is made of iron and has a length of L., = 150mm. During the
experiment, the solenoid current was cycled between +60 A and -60 A, with each target
value being maintained for 5 minutes before switching. The transition between these
values took approximately 12.5s. This cycle of holding and switching was repeated
continuously throughout the experiment.

Due to constraints in time, budget, and available personnel, certain measurements
were not conducted as part of this study. Specifically, magnetic flux measurements
taken during the E166 experiments using pickup coils indicated a central magnetic field
of B'™ = 2.165 T with a relative measurement error of 1%, and the average magnetic
field (B,) = 2.040 T was modelled with Opera-2D [111] for the axial case over the full
length of 150 mm. It was assumed that these values remain unchanged. According to
equation 3.23, Py, is proportional to (B — B,), which leads to the calculated polarisation
of the electrons in the iron core of Pr, = 0.0723 £ 0.0015, resulting in a relative error of
2.01%. While these assumptions are based on the values reported in [103], future work
should include direct measurements and independent simulations to validate these

assumptions and ensure the accuracy of the results.
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7.2. Calorimeter

Measuring transmission variations caused by bremsstrahlung from the solenoid’s
iron-core is a key part of the polarisation analysis. An energy resolution of % < 2% is
required (cf. section 6.7), and to meet this requirement, a homogeneous lead-glass
calorimeter is used in the LEAP polarimeter. The design and testing of the calorimeter
were primarily developed by E. Stehr. For a more detailed description, please refer
to his work [52]. This section summarises the calorimeter’s operating principles,
components, calibration procedure, signal definition, and its setup in the BOND
laboratory (cf. section,2.5).

7.2.1. Key Components and their Operational Principles

To better understand the functionality of the LEAP calorimeter, this section provides a
detailed overview of its key components, their working principles, and interactions.
Figure 7.3a) presents a schematic of the system, illustrating the arrangement of the
major elements, while figures 7.3b) and c) show photographs of the actual setup.

Radiator Components

In this calorimeter, TF1 lead glass is used as the radiator material. Material composition
and properties of TF1 are listed in tables7.1a) and b). The primary mechanism for
optical light generation is the Cherenkov effect (c.f. section3.1.2), scintillation is
minimal.

Nine lead glass blocks with a dimension of 38x38x450 mm are stacked in a 3x 3 grid.
Each block is wrapped in reflective aluminium-coated Mylar foil to enhance light
collection by reflecting emitted photons back into the glass or towards the photo-
detector. An additional layer of black vinyl tape is applied to ensure light tightness,
thereby preventing external light from interfering with the measurement of Cherenkov
photons.

The Photodetectors

XP1911-UVA photomultiplier tubes (PMTs) [146] are used as photon detectors in
the system, converting light into electrical signals. These PMTs have a cylindrical
shape with an active area diameter of 15 mm. Their quantum efficiency peaks in the
ultraviolet (UV) range, which is well-suited for detecting Cherenkov light. Before
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Figure 7.3.: The LEAP-calorimeter : a) Schematic of key components. b) Photograph of front

view. c¢) Photograph of back view.

Table 7.1.: Material properties and composition of TF1 lead glass

a) Composition of TF1 [144]

Compound PbO Si0, K,O AsO;
Percentage /| 51.2 41.3 7 0.5
%

b) Parameters of TF1 [145]
Parameter | X,/ cm R,, / cm E.i: / MeV | n o/ gcm_3
Value 2.74 3.7 15 1.647 3.86
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installation, LED tests were performed to verify the functionality and gain linearity of
the PMTs, and to select nine units with similar performance characteristics. Conically
shaped plexiglass light guides are used to enhance optical coupling between the lead
glass blocks and the PMTs. These guides are glued to the entrance windows of the
PMTs. Each PMT-light-guide assembly is housed within a plastic tube and securely

clamped against a glass block, eliminating the need for optical grease.

The Housing

The nine photo-detection-modules are secured in an aluminium frame. Two plates
(160 mm wide, 20 mm thick and 693 mm long) form the base and top of the structure.
Aluminium inserts hold everything in place. However, the front plate is made of PEEK
plastic to have less dense material in front of the radiator. Nine holes with a diameter

of 37 mm are supposed to allow as many gamma rays as possible to pass through.

The Gain Monitoring System

Each glass block in the calorimeter has additional holes in the bottom right-hand corner
of its front panel. These holes accommodate brass screws that hold optical fibers in
place. The fibers are bundled and connected to a UV LED, which is driven by an
Arduino-based pulse controller. This system provides gain monitoring by periodically
delivering a consistent amount of light to the detector. Any variation in the detectors

response indicates a change in gain.

The Voltage Supply

The PMTs require a high voltage for operation, typically in the range of 1000 to 1350 V
(the specific voltage used in the experiment is discussed in section 8.2.2). To supply
this voltage, the SY127 high-voltage (HV) system from CAEN [147], equipped with
three A100 positive high-voltage modules, was used. The PMTs were connected to
the power supply via SHV cables and connectors. The control module of the HV
system was connected to a PC through an RS5232 cable, using a serial adapter for
interfacing. A control software was written that utilizes the pySerial library [145] to
communicate with the high-voltage system. Among other things this software sets
the V,

st (set voltage) and retrieves and monitors V., and V.4 (read voltage) values

set
allowing for control and monitoring of the PMT operating conditions. Calibration of

the HV modules was done via multimeter.

The Signal Chain
The PMT signals from the LEAP calorimeter are transmitted via LEMO cables and
processed by a Charge-to-Digital Converter (QDC) unit, specifically a VME module of
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Figure 7.4.: Calorimeter signal management: a) Schematic of the signal chain, b) Illustrative
representation of PMT and gate signals incident to QDC, and c) Measured and
pedestal corrected QDC signals. Note that the plotted data is not derived from
actual measurements but is generated for conceptual demonstration purposes.

type V965 from C.A.E.N. [149]. The QDC requires a gate signal to determine when
data is recorded. For the zero-polarisation measurements, the FLARE trigger system
was employed for the polarimeter. Further details are provided in section2.5. At
this stage, it is sufficient to note that the system provides a TTL signal synchronised
with the laser, with the delay adjustable via control software. The gate signal for the
QDC must conform to the NIM standard and match the duration of the PMT signal
(see section 8.2.1 and the paragraph below), necessitating the use of NIM modules
for signal conversion and extension. Once the QDC receives its gate signal, the event
data is transferred via the VME-PCI Optical Link bridge (Model V2718 from C.A.E.N.
[150]), which communicates this data to a PC through a fiber optic connection to a
PCle card (PCI Express CONET2 Controller A3818 from C.A.E.N. [151]). A schematic
that summarises this signal chain is displayed in figure 7.4a).
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7.2.2. The QDC Signal

The digitised QDC signals form the basis for calculating the measured asymmetry,
making them crucial for the polarisation measurements. Therefore, a detailed exami-
nation of these signals is necessary.

The QDC has 16 input channels, the calorimeter PMTs using 9 of them, and one gate
input common to all of them. As shown in figure 7.4b), when the gate signal is at a
logical 1 (high = -1V), the QDC begins integrating the incident charge signal. This
integration process continues as long as the gate remains high, accumulating the
charge over this period. Once the gate signal returns to logical 0 (low ~ 0V), the
QDC stops integrating and holds the final integrated value, which corresponds to the
total charge collected during the gate’s active period. The integrated charge signals
are then converted into voltage levels by QAC (Charge to Amplitude Conversion)
sections. The LEAP QDC employs a dual-range QAC system, utilizing either a 1x
or 8x gain setting. For the zero polarisation measurement, the high-range 8x QAC
section was consistently selected , which provides a broader dynamic range at the
expense of slightly lower resolution. After conversion, these voltage levels are then
multiplexed, i.e. combined into a single stream, before being processed by two fast
12-bit ADC modules. This setup results in a final resolution where each of the 4096
bins corresponds to 200 {C.

Having explained the operation of the QDC, it is essential to consider the impact
of the baseline offset, known as the pedestal. Even if no input signal is present, a
small current flows, which is integrated during the gate period and thus forms the
pedestal. As a result, the measured value for each event does not correspond to the
true integrated charge, but to the sum of the true and baseline values. To obtain the
true value, the pedestal must therefore be subtracted (cf. figure 7.4c). This subtraction
is achieved by performing measurements with no signal present, allowing the baseline
to be determined and subsequently removed. This process increases comparability
across channels, with a consistent baseline, and can also account for fluctuations due

to external influences through regular background measurements (see section 8.3).

7.2.3. Response Calibration and Energy Resolution Studies

The asymmetries expected to be measured in a future LEAP polarisation run are on the

order of per mille (see Figure 6.10, where an asymmetry of 0.14 £ 0.02% is predicted
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Figure 7.5.: Comparison of calorimeter test beam results with simulation. Panels reproduced
from [52]. a) LEAP_SIMS-simulation geometry. Scintillator trigger fingers, simu-
lated as 10 mm thick cubes of plastic scintillator, six telescope planes simulated
as 0.5 mm thick silicon disc and the calorimeter. b) Calibrated calorimeter signal
summed up over all glass blocks, Q, compared to translated simulated distribu-
tion. c) Q compared with simulation results that have been broadened and then
translated

for 30 MeV electrons). Therefore, it is crucial to measure energy differences with
the highest possible precision. To ensure this, the response of the calorimeter was
characterised through a test beam study at the DESYII test beam [152].

The calorimeter was irradiated with single electrons with energies ranging from 1
to 5.6 GeV. The PMT-voltages were varied between 700 and 1200 V. For both scans,
each glass-block-PMT unit was individually positioned at the beam centre to ensure
consistent measurements.

Since each unit has a slightly different response, the same measurements were per-
formed for all units. By comparing their results, a cross-calibration was carried out to
account for these variations. Additionally, the linearity of the calorimeter response
with respect to the incoming electron energy was verified. To this end, the mean of
the QDC signal (Q) was fitted as a function of E,,,,,, and within statistical uncertain-
ties, all measured values were found to be consistent with a linear relationship, with

deviations from the fit of less than 1%.

Comparison with Simulation

To validate the test beam results, LEAP_SIMS-simulations were conducted, where
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single electrons with energies between 1 and 5.6 GeV were directed at the calorimeter.
The test beam setup was replicated by setting beamLineStatus to 2, as shown in fig-
ure?7.5a).

To relate the measured charge Q to the simulated deposited energy of charged particles
with energy above the Cherenkov threshold E,, the mean values of the measured
and simulated distributions were compared and fitted to derive a conversion function.
However, this approach alone proved insufficient for inferring measured values from
simulation results, as the simulation does not account for effects such as statistical fluc-
tuations in the Cherenkov process, the quantum efficiency of the PMTs, or electronic
noise in the readout chain. As a result, the measured signal is significantly broader
than the simulated one (cf. figure 7.5b)).

To replicate these effects, a digitisation function was derived from a comparison be-
tween data and Monte Carlo simulations, incorporating additional smearing and
scaling [52]. An example of the transformed simulated calorimeter response is shown
in figure 7.5¢c) for an electron energy of 2 GeV. The transformed simulated distribution
(blue) exhibits good agreement with the measured distribution (red).

Energy Resolution

Using the test beam energy scan and transformed LEAP_SIMS simulations, it is possible
to determine the calorimeter’s energy resolution for the energy sums expected at LEAP
in the TeV range. A visual representation of this analysis can be found in figure 7.6.
The plot presents the energy resolution (%) of the calorimeter as a function of the beam
energy Ep..m of the incident particles (black circles). To model this behaviour, the data
was fitted using the standard energy resolution function described in equation 3.31
(red line). The fit has been extrapolated to the TeV beam energies expected in LEAP
measurements (c.f. section 6.6), where only the energy-independent constant term
remains relevant.

Yet, LEAP_SIMS simulations reveal a critical limitation: for individual high-energy
electrons, a point is reached where not all of the total energy is deposited in the lead
glass blocks, resulting in energy leakage through the back of the detector. As a result,
the energy resolution worsens, contradicting the naive extrapolation.

Fortunately, when considering a large number of low-energy particles that collectively
carry a high total energy — such as in a real experimental scenario — the resolution
improves with increasing E,,,,,. In this case, the simulation results (blue star) and the
extrapolated data show good agreement.

Moreover, at a confidence level greater than 99.7 % , the energy resolution of the LEAP
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calorimeter is expected to be better than 2 % at the anticipated beam energy sums for
LEAP, which matches the requirements derived in section 6.7.
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Figure 7.6.: Extrapolation of calorimeter energy resolution to the TeV energy regime expected
at LEAP. Test beam data shown as black circles, simulated single electron results
shown as teal crosses, and simulated energy resolution resulting from a 30 MeV
electron spectrum shown as blue star. Fit to test beam data energy resolution
shown in red, has been extrapolated to TeV energy. Reproduced from [52]



Chapter 8.

Commissioning of the LEAP

polarimeter

The commissioning of a newly assembled diagnostic system is a critical step in ensur-
ing its reliability and functionality under experimental conditions. Before it can be
used for precise measurements, the system must be thoroughly tested to validate its
performance and identify potential limitations. For the LEAP polarimeter, this process
is particularly important given the absence of a polarised electron beam with a known
polarisation for direct calibration.

To address this challenge, a polarisation measurement was conducted using the unpo-
larised laser-plasma-accelerated electron beam. This "zero measurement" serves as
a controlled test to evaluate the polarimeter’s behaviour under conditions where no

polarisation is expected. The goals of this measurement are threefold:

1. Validation of functionality: Do all the subsystems of the polarimeter work

together seamlessly, and does the experimental procedure need adaptation?

2. Identification of systematic errors: Are there biases in the measurement setup

that could mimic a false polarisation signal?

3. Baseline accuracy check: How accurately can the LEAP polarimeter measure

zero polarisation, and what is the magnitude of the associated uncertainty?

By addressing these questions, the zero measurement provides essential insights into
the polarimeter’s performance and lays the groundwork for future polarisation mea-
surements with a polarised beam.

This chapter begins by detailing the measurement setup (section 8.1) and describing

the measurement procedure (sections 8.3 and 8.2). This is followed by the characteri-
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sation of the beam parameters (sections 8.4 and 8.6) and simulations of the expected
polarimeter signal (section 8.5). Finally, the measured asymmetry (section 8.7) and
analysing power (section 8.8) are evaluated to assess the polarimeters overall perfor-
mance (section 8.9).

8.1. Setup

The experimental setup for the commissioning of the LEAP polarimeter is displayed in
figure 8.1. The LPA laser beam, displayed in red, is guided into the plasma acceleration
chamber, a vacuum chamber with a diameter of 1.4 m that houses the setup for the
electron source. There it is focused with an off-axis parabolic mirror (3" diameter,
dielectric coating, 500 mm focal length) onto a gas target, specifically a gas cell (also
referred to as plasma cell), rather than a gas jet, where gas is expelled through a nozzle.
The cell contains a helium-nitrogen mixture, following the setup outlined in [66].
Electrons are accelerated (cf. section 2.2), and the electron beam is focused using an
active plasma lens (APL), which captures the electron beam, reducing beam jitter and
enhancing pointing (cf. section2.7). The optimisation and operation of the accelerator
were managed by domain experts; therefore, only key aspects are discussed here.
Once the beam exits the main chamber it traverses the DaMon, a diagnostic to measure
the accelerated charge (cf. section 2.6.1), before entering the auxiliary chamber. Inside
this chamber, a scintillation screen, mounted on a motorised stage, can be positioned in
the beam path to image the resulting fluorescent light for beam profile measurements.
The electron beam’s energy spectrum can be determined with the aid of a dipole
magnet spectrometer (cf. section2.6.3). When the dipole is activated, it diverts the
electrons away from the downstream diagnostics, requiring a choice between spectral
measurements or data collection from the polarimeter.

A copper collimator with a diameter of 1 mm is placed behind the exit window of the
beam pipe (300 ym thick, made of aluminium). The collimator not only reduces the
amount of charge incident onto the solenoid core (the necessity of which is explained in
section 8.2.2), but also, in combination with the APL, acts as energy filter (section 8.4.2).
A current transformer (ICT-VAC-082-Turbo2 from Bergoz [153], short: TurboICT) was
mounted behind the collimator with the intention to provide absolute shot-to-shot
measurement of the charge incident on the polarimeter. However, the amount of
charge that made it through the collimator was so close to the lower detection limit of

50 £C that the signal-to-noise ratio, slightly reduced by additional noise from the APL,
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< scintillator
| screen

Figure 8.2.: Setup in front of the polarimeter-solenoid.From left to right: Copper collimator
with Imm diameter, Turbo-ICT, scintillator screen imaged by CCD-camera and
solenoid magnet. Scales and screens are directly mounted to the solenoid front.

was too small for reliable measurements to be made. Therefore, for absolute charge
measurement, only the DaMon measurement taken before the collimator could be
used.

Two scintillating screens, each with a radius of 3inches (76.2 mm) were used for
relative charge measurement (cf. section2.6.2). One was mounted in front of the
solenoid entrance (cf. figure 8.2), one at the solenoid exit. Both screens were imaged
onto CCD-cameras for charge and beam spot diagnostic. During the experiment, the
camera aimed at the exit screen did not detect any fluorescent light, so the following
discussion refers exclusively to the screen at the entrance.

The polarimeter was placed 205 mm behind the plasma cell, thus approximately 2.9 m
behind the plasma cell. It consists of a solenoid with iron core (cf. section7.1) and a
Cherenkov calorimeter (cf. section7.2).

All diagnostics and experimental components needed for the zero polarisation mea-
surements and requiring control were integrated as far as possible into the DOOCS
based FLARE control and DAQ systems (cf. section2.5). The DaMon, the profile
screen system, the APL and the electron spectrometer were part of it anyway. The
cameras monitoring the scintillation screens, the QDC, as well as the power supply of
the solenoid have been integrated as part of this work. To drive the solenoid current

flow in the rectangular pattern described in section 7.1, Taskomat software [154] was
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used, which can be interfaced with via jddd panels.

Unlike the other components, the supply voltage of the PMTs is not integrated into
the DOOCS-based control system. Instead, it is controlled separately using a custom
Python-based GUI (see section?7.2). Nevertheless, the supply voltage data is still
recorded by the FLARE-DAQ during the run. Extracted data is saved in hdf5 file

format.

8.2. Pre-Run Adjustments and Verifications

Before commencing data collection, several pre-run adjustments and verifications
were performed to ensure the accuracy and reliability of the experimental setup. These
adjustments focused on three key areas: the timing of the PMT signal, the linearity of
the PMT response, and considerations regarding electromagnetic pulse noise caused
by the APL.

8.2.1. QDC Gate

The calorimeter QDC (Charge-to-Digital Converter) operates by integrating input
signals during a specified gate period (see section 7.2). It is crucial that the input signal
is fully within this gate period and that the gate length is appropriately chosen to
ensure that the entire signal is captured without truncation.

The delay of the QDC trigger relative to the laser, and consequently to the acceleration
of the electrons, can be adjusted using a jddd panel. The gate length is set using
the NIM logic as described in section 7.2. To ensure proper synchronisation between
the gate and the PMT signal, both were connected to an oscilloscope, allowing for
simultaneous observation of their relationship with the incoming electrons.

The gate period was adjusted to 100 ns. An example oscilloscope display is shown in

tigure 8.3.
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Figure 8.3.: Cropped oscilloscope display. PMT-signal generated by an electron bunch shown
in light-blue, QDC-gate-signal shown in dark blue.

8.2.2. Optimizing the PMT Response: Saturation Prevention

Measures

To ensure accurate and reliable measurements, it was necessary to prevent the PMTs
from saturating. Saturation can occur when an excessive amount of particles reaches
the calorimeter, producing more Cherenkov light than the PMTs” dynamic range can
handle, which leads to a non-linear response. Maintaining a linear response is crucial
because a direct proportionality between the PMT-signal and the amount of input
light enhances the accuracy, reliability, and interpretability of measurements.

To assess the PMT response, it is necessary to vary the intensity of the incoming light.
In our case, the natural charge variation of the electron beams accelerated by the LPA
provides this variation. By examining the correlation between the QDC signal qpc
and the scintillation screen signal S,;,;, one can determine if the PMT is operating
linearly. A strong linear correlation indicates that the PMTs are not saturating and are
functioning within their optimal dynamic range.

A brief test run of 15 min using the initial PMT voltage of 550 V and a 15 mm collimator
clearly indicated signs of saturation, demonstrating that the PMTs were operating
outside their linear range.

Now there are two possibilities how to address the situation:

1. Reduction of collimator diameter: This reduces the charge incident on the
polarimeter and hence the light reaching the PMT, preventing the input signal

from reaching saturation levels. However, a smaller collimator diameter increases
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Figure 8.4.: PMT-linearity measurements. a) Scan of different collimator diameters at a PMT-
Voltage Vpyr of 500 V. b) Scan of different PMT-voltages for a collimator diameter
of 1 mm c) Response for 600 V and 1 mm diameter. Linear fit with forced intercept
of 0 for visualization purposes. d) Corresponding residual. For typical beam

parameters see section 8.4
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the difficulty of aligning the electron beam with the polarimeter, as the electrons

must pass precisely through the narrower opening.1

2. Reduction of PMT operating voltage: Lowering the operating voltage reduces
the PMT’s gain, thereby decreasing the output signal for a given amount of
incident light. This helps keep the PMT response within its linear range but may
reduce the signal strength and dynamic range.

In the following, a series of short runs, each lasting approximately 10 to 15 minutes,
was conducted. The PMT voltage was varied for each collimator size, as adjusting
the voltage did not require realignment of the system. Collimators with diameters
of 15mm, 5mm, and 1 mm were used. The effect of reducing the collimator size is
shown in figure 8.4a. Here it becomes visible that lowering the collimator diameter
from 15 mm to 5 mm reduces the charge incident on the polarimeter, but not enough,
so that even at 500 V the PMTs are saturating. Reducing the the collimator size to 1 mm
significantly reduces the charge so that q,,. is reduced from hundreds of thousands of
pC to charges on the order of 100 pC.

To utilise the dynamic range of the QDC, while still maintaining a linear PMT response,
a PMT operating voltage scan between 500 V and 750 V was performed. The results of
which are presented in figure 8.4b. At higher energies, increased voltages still exhibited
signs of saturation, leading to the decision to operate the PMTs at 600 V.

The results using Vp,,r of 600V and a collimator diameter of 1 mm are presented in
more detail in figure 8.4c. A red fit line is included to visualise the linearity of the
data points. A linear regression was performed using the least squares method, with
the line constrained to pass through the origin, as theoretically, zero input should
correspond to zero output. The R* value of 0.95 indicates that 95% of the variance
in the output signal is explained by the input signal. This high R? suggests a strong
linear relationship between the variables.

Residuals were plotted (see figure 8.4d) to further assess the fit. The residuals were
overall symmetric, indicating no significant bias in the fit. However, the baseline
values observed around 7 a.u. in the scintillation signal suggest a visibility threshold
in the scintillator’s response rather than nonlinearity in the PMTs.

'A reduction of the collimator size also has the advantage of reducing the spectral width. Further
details can be found on page 136.
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Figure 8.5.: QDC pedestal measurements. a) for consecutive runs with different cable length.
Vapr = 16kV. b) for same settings on different campaign days. V,p; = 20kV,
cable length of 2m.

8.2.3. Assessment of EMP effects on the QDC

The laser plasma acceleration of electrons and the discharge units of the active plasma
lens are sources of electromagnetic pulses (EMPs) that can cause electronic noise in
the diagnostic equipment used [64, 65, 155].

While the DaMon, for example, has been shown to work well in the immediate vicinity
of the APL [156] , the same behaviour is not clearly established for the polarimeter.
Therefore, an assessment is important.

One key consideration in this assessment is the performance of the QDC in the
presence of EMP noise. Notably, variations in the pedestal width of the QDC have
been observed, potentially indicating a sensitivity to electromagnetic interference.
The long cable rolls connecting the calorimeter with the QDC, originally used as
signal delay, were suspected to act as antenna, picking up the EMP and potentially
amplifying it. Figure 8.5a illustrates the influence of cable length on the QDC pedestal
connected to the central calorimeter channel. Measurements were taken with no
accelerated electrons, a plasma lens voltage of 16 kV, and QDC configurations with

cable lengths of 17m, 2m, and no connecting cables. The 17 m long cables were
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causing a pedestal shift from a mean of 10.1 pC to 12.4 pC and a standard deviation
increase from 0.1 to 1.2 pC. Reducing the cable length to 2m lead to a recorded
pedestal mean of 10 pC and a standard deviation of 0.3 pC.

Shortening the cable length has reduced the influence of EMP noise, though it has not
completely eliminated it. Nonetheless, the pedestal widths remain relatively narrow
and are still influenced by other factors. External conditions, such as temperature
fluctuations and the stability of the power supply, also affect both the mean value and
the shape of the pedestal. Therefore, conducting pedestal measurements before each
data run is essential for accurate correction. This is illustrated in figure 8.5b, which

shows the pedestal for a 2 m cable length and 20kV APL voltage on different days.

8.3. Operation Procedure

During the experimental campaign described in this chapter there were three different

run types taken:

a) Data runs: The main type of run with the aim to gather polarimeter data. The
primary run 50379, focused on measuring the zero-polarisation of the accelerated
electrons, was conducted with APL voltage of 20kV and solenoid current of
=+ 60 A switching polarity every 5min. Additional, shorter runs were carried out
at APL voltages of 16, 18, and 24 kV to complement the main run. To validate
the influence of the solenoid on the measurements, additional control runs were
performed with the solenoid turned off.

b) Pedestal runs: These are short runs conducted with the laser blocked, preventing
the acceleration of electrons. For each data run, a corresponding pedestal run
is performed under identical settings to ensure accurate subtraction of baseline
values from the QDC measurements (see section 7.2).This includes the operation
of the plasma lens. Scintillator-screen images taken during these type of runs are

likewise used for background subtraction (see section 2.6.2).

c) Electron spectrometer runs: These types of runs, conducted at the beginning and
end of each campaign day, as well as in regular intervals between longer data

runs, serve the purpose of characterising the energy spectra of the accelerated
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electron bunches. Due to the destructive nature of the measurement simultaneous

data runs are not possible. More details are described in section 2.6.3.

The laser was operated at 2 Hz to ensure stable performance and reduce wear on
system components. The solenoid current polarity interval of 5 minutes was chosen
as a compromise between obtaining sufficient statistical data and accounting for the
expected temporal variations in the parameters of the accelerated electron beam.

A comprehensive run-overview is attached in appendix D.

8.4. Beam Parameters

Compton transmission polarimetry is based on the relative comparison of several
measurements. To ensure that any observed asymmetries originate from the degree
of polarisation of the electron beams rather than fluctuations in beam parameters,
these parameters must be characterised with high precision. A key example is the
dependence of analysing power on beam energy (cf. section 6.4), which underscores
the importance of precise beam diagnostics. This allows for error estimation, correc-
tions for temporal variations, and the development of accurate simulations. In the
following sections, beam parameters that are relevant for polarisation measurement
are determined. Primarily for the longest and most stable measurement: Run 50379.
In this run an APL voltage of 20kV was applied. If necessary, other runs are used for
comparison.

8.4.1. Incident charge

There are two diagnostics that measure the charge in front of the polarimeter:
a) the DaMon (cf. section 2.6.1) that measures the absolute charge that is accelerated,
DaMon-
and
b) the Scintillation screen setup (cf. section 2.6.2) which, with the integrated signal

Secints gives relative information about the charge that makes it through the

collimator.
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Figure 8.6.: a) charge recorded by the DaMon for run50379 b) Scintillation screen signal
recorded during the same run. Grey points mark shots with a DaMon charge
below 3 pC or with a negative scintillation screen signal. The greyed out area
marks a period of low laser energy. The dashed line marks the mean of the data
with cut applied. The number of shots N=11791 before the cut and 9239 after.
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Figure 8.6 shows how the measured charge for both diagnostics changes over time
during run 50379. The results from both diagnostics demonstrate similar behaviour,
with significant shot-to-shot fluctuations and a general decrease in the average charge
over time. During a period of slightly more than 4 minutes, the charge accelerated and
the charge detected by the screen both decreased, corresponding to a period of reduced
laser energy. This interval is indicated by a grey background in the figure. Examining
the correlation between the two data sets (see figure 8.7) reveals the following;:
Firstly, in the histogram displaying the DaMon data there are about 70 entries in the
baseline bin around 0.5 pC, while the Sg_;,;-histogram contains over 600 entries in the
baseline bin at zero. This indicates a non-negligible amount of over 500 shots where
charge is accelerated but fails to pass through the collimator even with APL on. Such
results suggest a degree of pointing instability, which also explains at least part of the
width of the correlation distribution in the joint plot.

Secondly, if the low-energy tail of the distribution is also taken into account, the corre-
lation is not linear. One might even assume that there are several populations. This
behaviour, which also can be explained by the pointing instability, was also observed
in other runs with collimator and a 3 pC DaMon cut was established. This data was
greyed out in figure 8.6 as well as figure8.7. After this cut, it can be seen that the
distribution of S;,

The average charge measured with the DaMon, (§p.pion), is now 5.2 pC with a stan-

; even becomes approximately Gaussian.

dard deviation of o 1o, = 1.0 pC. This leads to a relative width of the distribution of
19.8 %.

The average scintillation screen signal (Sg;,;) is 40 a.u. with a standard deviation of
Oseint = 13 a.u.. The relative width here is 32.6 %.

A comparison with other runs (cf. figure 8.8) shows that (gp,von) 1S fluctuating be-
tween 4.6 and 6.8 pC and (S
charge measurements shows that runs 50282 and 50379 were particularly well aligned.

scint) between 19 and 57 a.u.. The ratio between the two
Note, that even for the same plasma lens settings the mean accelerated charge mea-
sured with the DaMon during different times of the campaign varies between 4.6 and
6.8 pC.

The combined analysis of DaMon and scintillator screen measurements demonstrates
that beam jitter from pointing instabilities, coupled with the small 1 mm collimator
diameter, leads to fluctuations in the fraction of accelerated charge reaching the po-
larimeter. Additionally, the APL’s energy-dependent focusing further contributes to
the variation in transmitted charge, as different energy components of the beam are

focused to different extents (for a more detailed discussion of the energy-dependent
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Figure 8.7.: Correlation of charge measured by the DaMon, gp.von, and scintillator signal,
Secint» during run 50379 and projections onto the axes. Greyed out areas have
gpamon < 3 PC. Statistic boxes refer to data with cut applied. Dashed lines mark
means. Orange highlighted background signifies the standard deviation.
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Figure 8.9.: Correlation of charge measurements by a) the DaMon and b) the scintillator screen
setup with the QDC signal.

effects, see page 136 ff.). The absolute charge measurement using the DaMon can serve
as an indicator of whether sufficient charge has been accelerated, but not as a measure
of the charge incident on the solenoid. This is especially apparent when comparing
the correlation between the DaMon and scintillator signals with the QDC signal in
figure 8.9. It is clear that the correlation between Q and S,;,,; is significantly stronger
than the correlation between Q and qp,)1,,- The data points in the Q vs. S;,; plot
demonstrate a distinct positive linear trend, while the Q vs. qp,,,, plot shows a more
scattered distribution of data points, indicating a weaker relationship between these
variables. Thus, it is preferable to use the scintillator screen signal for charge correction

(see section 8.6.1).

8.4.2. Energy

Since both the bremsstrahlung conversion and the transmission of the photons through
the iron core are energy-dependent (cf. chapter 3), and thus also the analysing strength
and the asymmetry to be measured (cf. e.g. section 6.4), it is important to characterise
the energy of the incoming electron beams precisely. In the following section, the
electron spectra produced by the laser plasma accelerator will be examined first.

Subsequently, the use of an active plasma lens in combination with a collimator as an
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Figure 8.10.: Average energy spectra of accelerated electrons before and after the long data
run.

energy filter will be evaluated.

A detailed energy study was carried out by Felix Stehr. The author of this work has
used the spectra pre-analysed by him and analysis scripts written by him. For a more
detailed consideration of energy diagnostics, in particular the use of the plasma lens

as an energy filter, please refer to his work [52].

Electron Spectra from Laser Plasma Acceleration

Due to the destructive nature of the dipole spectrometer measurements, the exact spec-
tra of the electrons that reached the polarimeter during the data run remain unknown.
However, electron spectrometer measurements were performed immediately before
and after each data run, providing a basis for assessment.

Figure 8.10 shows the average spectra of spectrometer runs 50377 (taken until 2.5 min
before the long data run 50379) and 50383 (started 1.5 min after the long data run).
The spectra were interpolated onto linear axes (cf. section2.6.3) and normalised by
dividing by the spectral intensity, defined as the sum of all counts. This normalisation
was applied to focus on the spectral shape rather than the quantity of accelerated
charge, which is the primary interest in this analysis. Average spectrum here means
average intensity per pixel.

The comparison of pre- and post-data-run spectra reveals an increase in mean energy
from 71.52 + 0.14 MeV to 74.28 + 0.44 MeV. Since the spectra are non-Gaussian, both
the peak energy and full width at half maximum (FWHM) were analysed, following
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standard practices in plasma acceleration research. The peak with the maximum
prominence was selected, with a minimum prominence threshold of 100 and a
minimum width of 10 to exclude noise and hot pixels. The spectrum before the data
run exhibits a peak energy of 63.88 £0.23 MeV with a FWHM of 41.79 4+ 0.33 MeV,
while the post-data run spectrum peaks at 66.71 +11.2MeV with a FWHM of
39.70 £0.75MeV.

The standard deviation of the mean increased from 3.65MeV before the run to
6.85MeV after the run, indicating an increase in statistical fluctuations and suggesting
a decreasing stability in the electron energy spectra during run 50379. However,
this says nothing about shot-to-shot fluctuations, let alone about spectral differences
between different measurement periods determined by the solenoid current.

To find out how the energy of the accelerated electrons behaves over a longer period
of time, a spectrometer run of 33 min length has been conducted (run number 50281).
At this point shot to shot changes and their mean are described. More on the interval
analysis can be found in section 8.6.2.

An examination of the individual spectral images reveals several instances where
electrons were either accelerated at very low energies or where the electron beam had
poor alignment. If the electron beam enters the dipole magnetic field at an angle or
off-center, it distorts the resulting spectral image. Therefore, in addition to the 3 pC
DaMon cut (cf. section8.4.1)a2-10°a.u. spectral integral cut has been applied. This is
visualised in the histogram of spectral integrals in figure 8.11a), where excluded data
has been drawn in grey. From initially 3386 shots 347 were excluded.

Selected individual spectra (data of every hundredth shot) as well as the average
spectrum is displayed in figure8.11b). On average the spectra have a mean of
73.11+£0.06 MeV, a peak of 66.48 - 0.10 MeV and a FWHM of 46.47 +0.12MeV. It is
evident that the shape of individual spectra deviates significantly from the mean in
certain cases, which is important because the high-energy tails have a considerable
influence. This is particularly relevant since the analysing power does not decrease
linearly with electron energy.

The means and standard deviations of the electron energy spectra over time are
represented in figure 8.11c), along with the average mean as an overlaid line. The data
reveals fluctuations around the mean, with no discernible overall trend. An estimation

of the spectra of the electrons reaching the polarimeter has yet to be provided.

APL and Collimator as Energy Filter
An active plasma lens (APL) has a focusing strength that depends on both the energy
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of the incident charged particles and the discharge current set (see section 2.7). This
implies that, for a given APL current, electrons of different energies will be focused
to different points along the beamline or will exhibit varying beam sizes at the same
location. Consequently, by adjusting the APL current, one can control which electrons
pass through the collimator more effectively, allowing the APL-collimator combination
to act as an energy filter.

The resulting electron spectra behind the collimator are expected to be both narrower
and more stable, improving the quality of the beam for downstream polarisation
measurement.

The process of calculating the transmitted electron spectra is divided into five points,

which are summarised below. A more detailed description can be found in [52].

1. Determining the current from the plasma lens voltage: The plasma lens voltage
is set during the experiment, while the discharge current, essential for calculating
the focusing power, is measured by an inductive coil. The coil’s signal is sent to
an ADC for processing. By knowing the output of the coil and measuring the
attenuation [52], the average current during a run can be calculated. Figure 8.12a)
illustrates the average discharge current for different voltages. Notably, for the

long data run 50379, the measured current was 423 &3 A for a set voltage of
20kV.

2. Focusing strength of the APL: An electron spectrometer measurement taken with
the APL switched on and the discharge current being scanned can determine
the energy that is in focus at the spectrometer position. The intensity profile
observed on the spectrometer screen resembles a butterfly, with the narrowest
point indicating the energy that is focused.

3. Beam propagation: Knowing the initial parameters of an electron beam allows
for analytical calculations to determine its behaviour along the beam axis. This
analysis assumes an initial angular divergence characterised by the Twiss parame-
ter ay(describing the beam’s focusing properties) of 0 and a normalised emittance
of 1 um. Using linear transport matrix calculations, the evolution of the beam’s
state is analysed, where the matrix elements for the drift depend solely on the
drift length, while those for the plasma lens are influenced by lens length and
focusing strength. To understand how the beam width changes along the path,

beam envelope equations are utilised.
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Table 8.1.: Set APL voltage and corresponding measured current and data of transmitted
spectra. Note the significantly smaller statistical error compared to measurements
without the APL, indicating improved stability and precision with the plasma lens
in place.

SetUpp; | Iypr / A | Peak / MeV | FWHM / MeV | Mean / MeV
16 337£3 | 68.31+£0.01 5536 £0.003 | 72.46 £0.03

18 381+3 77.15£0.01 7.005£0.004 | 78.91+0.02
20 423 +£3 | 84.544 +0.004 8.521+0.01 84.17 £0.03
24 5094 | 94.680=+0.005 | 10.89+0.03 90.55+£0.03

4. Transfer probability through the collimator: Once the beam width has been
determined as a function of the energy of the individual electrons and the plasma
lens current (0 (E,-, Izp)) , it is possible to determine what proportion of the
electron beam is transmitted through the collimator. Assuming a radially sym-
metric, Gaussian beam profile and a negligible divergence over the length of the
collimator, the transmission probability, T, can be described as :

S () exp(— )

T(o,r) = == :
S, exp(— 2 )dx

(8.1)

where f(x) is defined as:

1 —r<x<r
fx) = (8.2)

0 else

5. Transmitted spectra: Finally, the transmitted spectra can be calculated by multi-
plying the intensity of the measured energy spectra by the transmission probabil-

ity corresponding to each energy.

The result of this procedure are energy spectra that depend on the plasma lens current.
The average spectrum from figure 8.11b, after applying the transmission functions cor-
responding to various set APL voltages, is shown in figure 8.12b and table 8.1. For the
main run with a 20kV setting, the spectrum peaks at 84.6 MeV with a full width at half
maximum (FWHM) of 8.5 MeV. The transmission peak, determined by APL focusing,

increases by nearly 20 MeV compared to values without the plasma lens. Additionally,
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Figure 8.12.: a) Measured APL currents corresponding to set APL voltages b) Predicted spectra
of beam passing through the collimator for different APL voltages. Grey envelope
corresponds to average 20kV spectrum from figure8.11b. c) Effect of current
fluctuations on 20kV average spectrum. d) Sampled individual shots from run
50281 with 20kV transmission function applied (same as in figure 8.11b), as well
as average spectrum.
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the FWHM is drastically reduced, making the average spectrum approximately 5.5
times narrower. The statistical error is an order of magnitude smaller, enhancing the
reliability of these measurements.

The effects of fluctuations in the APL discharge current by +3 A are shown in fig-
ure8.12c. The peak energy varies between 84.2 and 85.1 MeV, while the FWHM
fluctuates between 8.5 and 8.6 MeV.

If the 20 kV transfer function is applied not only to the average spectrum from the
electron spectrometer run 50281 but also to each individual recorded spectrum, it
becomes evident that some isolated shots have spectra with different shapes, such as a
pronounced long high-energy tail. This is visualised in figure 8.12d.

While these calculated spectra cannot fully reproduce the electron energy spectra from
the long data run 50379, they provide a good indication of how the spectral shape
evolves over time and of the impact of fluctuations in the plasma lens current.

8.4.3. Spot Size and Divergence

To be able to correctly simulate the experimental conditions for the determination of
the analysing power (cf. section 8.8), it is also important to know how the electron
beam propagates in space. Thus, in this section beam size and divergence will be
determined with the help of the scintillation screen placed in front of the solenoid.
First, the conversion factor from pixel values to mm was calculated with the aid of mm-
scales mounted on the top and to the side of the screen. This resulted in a conversion
factor of approximately 0.039 mm /pixel.

The next step is to find out where the centre of the beam was within the region of
interest, ROI. Since the camera is positioned at an angle to the scintillator screen in
the x-z plane, the beam profile images are distorted in the x direction. Therefore,
only y-line-profiles were used for the analysis. A Gaussian fit was applied to each
y-line-profile for every x position in the ROI, and the x-pixel where the amplitude of
the Gaussian fit was highest was identified. This process was repeated for a hundred
different shots to obtain an average pixel position for the beam center. An example of
this procedure is shown in figure 8.13. Figure 8.13a) shows the ROI of an image for a
random shot during run 50379. The blue line marks the y-line-profile where a gaussian
tit yields highest amplitude at pixel 55, which turned also out to be the average. In
tigure 8.13b) the corresponding line-profile with fit is displayed. It yielded a width of
0y = 0.720 £ 0.004 mm.
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A Gaussian fit can now be applied to all y-line-profiles at the beam center position for
all shots with gp\on > 3 PC, allowing for a comparison of the results. It was found
that for a meaningful comparison further data cuts have to be applied. Shots where
charge is accelerated, but does not make it properly through the collimator, have to be
excluded. Therefore only shots were considered where:

¢ the amplitude of the Gaussian fit applied to the central y-line-profile is above
Zero

* no value of the line-profile is greater than three times the mean amplitude

¢ the standard deviations of the fit result is positive and within three sigma of the
mean standard deviation. A negative standard deviation can only result from
titting artefacts and suggests a failed fit.

a) b)
0 ; 30_- —— Data
251 | B
3 - \|
@ 901 © 20 f ‘ﬂ
> TN Y
1001 £ 10; ¢ "
] ] \‘
125 - »‘(' b‘ﬁ-\.
0 50 100 0 2 4
X/ pixel pixel Y-position / mm

Figure 8.13.: a) ROI of the scintillator screen image. The blue line marks the y-line profile,
corresponding to the vertical slice where the Gaussian fit yields the highest
amplitude. b) Corresponding line-profile with Gaussian fit. Fit result: Am-
plitude: 29.9 £ 013 a.u., mean: 2.847 £ 0.003 mm, sigma: 0.720 &+ 0.004 mm, off-
set: 0.91 0.08 a.u.. The x-axis in b) represents the position in millimetres, ob-
tained by converting pixel indices using a calibration factor of 0.039 mm/pixel.
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Figure 8.14.: Sample of line profiles at x-pixel 55 (every 100th shot shown) in blue. Mean
profile in orange, Gaussian fit with dashed line. Spikes in the mean profile
indicate damaged pixels.

¢ the offset of the fit result is within three sigma of the mean offset. Due to back-
ground subtraction this value should be zero, but due to minor intensity fluctua-

tions between pixels this is not exactly true.

Figure 8.14 shows every 100th line profile, together with the mean profile and Gaussian
fit applied to it. The result was a width of ¢, = 0.74 mm.

The results of the individual shots are shown in figure 8.15. Figure 8.15a) shows how
0, behaves over time and figure 8.15b) shows the distribution of the widths in a his-
togram. The mean width was found to be () =0.74 £ 0.02mm, which coincides with
the result obtained from the Gaussian fit to the average spectrum. As the statistical
error corresponds to the size of about half a pixel, it can be said that due to collimator
and APL the fluctuations in beam size are rather small.

The comparison with other runs (cf. figure 8.16) shows a slight difference in spot size
with APL voltage. The mean spot size for 20kV is 0.74 & 0.01 mm, while for 16 kV it is
0.80 £ 0.02 mm. For 18kV and 24 kV, the measured spot sizes are 0.76 £ 0.07 mm and
0.77 £ 0.05 mm, respectively. However, due to the shorter run times for these settings,
the statistical uncertainties are significantly larger, making a precise comparison dif-
ticult. The divergence 0 can then be calculated using the spot sizes at the collimator,

0y,col =0.5mm, and at the scintillator screen, 0 g,y = 0.74 4 0.02mm, as well as the
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Figure 8.17.: Schematic representation of divergence calculation

distance between those points, d., = 205 £+ 2 mm. Their relation is given as

0y scint — 0,
0 = arctan < yecmt Y 'COZ) (8.3)
dCS
and the associated error is
1 2 12 2
Ab = R \/(A‘Ty,scint) + b (Ad,) (8.4)
cs

where b is ’“i”l;_ay L A schematic is displayed in figure 8.17. Using the formulas above

the resulting dic\sfergence for an APL voltage of 20kV is then 6 = 1.17 +0.10 mrad.

8.5. Expected Polarimeter Signal

Using the beam parameters determined in section 8.4, the calorimeter calibration per-
formed by E. Stehr (cf. [52] and section7.2.3) and LEAP_SIMS (cf. section 5), simulations
were conducted to predict expected calorimeter readings, i.e. the expected polarimeter
signal. The input parameters used for the simulation are presented in table 8.2. Note

that polarisation of particles and materials was switched off and the magnetic field
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Table 8.2.: Central values used to simulate the expected polarimeter signal

simulation parameter | value simulation parameter | value
run type single divergence 0.067 °
core length 150 mm calo. positionin x/y | (0,0) mm
converter thickness | 0 mm distance to polarimeter | 91 mm
energy 20 kV spectrum | polarimeter rotation | 0°
gun position (0,0,-1) mm P - /Fe 0
spot size 0.74 mm B, 204 T

switched on to account for its effect on electron motion. 5 x 10° electrons were sim-
ulated per bunch. The detector geometry includes the solenoid and the calorimeter
placed in air, as visualised in figure5.6b). The particle gun was positioned 1 mm
downstream of the front scintillator screen.

The simulation tracks the incident electrons and possibly resulting secondaries until
they loose all their kinetic energy. To assess the effect of the solenoid core on the beam,
the energy spectrum and spatial distribution of electrons reaching the calorimeter
front are examined in figure 8.18.

Panel a) presents the energy spectrum, averaged over 3932 bunches. The spectrum
exhibits the characteristic shape of bremsstrahlung radiation, with the number of
detected particles decreasing as energy increases. A small plateau appears near the
peak of the incident spectrum, followed by a gradual decline between 100 and 175 MeV.
For an initial beam of 5 x 10° electrons, an average of 79 X 10* photons ultimately
reach the calorimeter, corresponding to an average total energy of 520.03 £ 0.05 GeV.
Panel b) shows the corresponding energy-weighted beam profile. Approximately 40%
of the incident signal is expected to be deposited in the central glass block, which has
an area of 38 x 38 mm. The spatial distribution has a FWHM of about 19 mm.

To estimate the expected calorimeter signal, the energy deposited by charged particles
above the Cherenkov threshold in lead, denoted as E; (cf. section 5.2.2), is first consid-
ered. Figure 8.19a) shows the distribution of E_;, summed over all nine glass blocks
per simulated bunch. The distribution has a mean of 363.5 GeV, a standard deviation
of 2.4 GeV and hence a relative with of 0.7%.

The simulation assumes a fixed number of electrons per bunch. To emulate shot-
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Figure 8.18.: a) Simulated energy spectrum of particles incident on the calorimeter front, aver-
aged over 3932 bunches. 5 x 10° electrons per bunch were sent into the solenoid.
Parameter overview in table table 8.2. b) Corresponding energy weighted beam
profile.
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Figure 8.19.: a) Distribution of deposited energy of charged particles above the Cherenkov
threshold in all lead glass blocks. b) Width of signal scaled with scintillator screen
charge measurement c) Expected calorimeter signal converted using function
derived from test-beam calibration
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to-shot fluctuations of the beam charge, the individual histogram entries are scaled
by a randomly sampled factor from the measured S,/ (Sscine) distribution, which
provides a relative measure of the incident charge on the solenoid core during the
measurement (cf. section8.4.1). The comparison is depicted in figure 8.19b). With
this fluctuation model applied, the mean of the distribution shifts to 366 GeV with a
standard deviation of 103 GeV, resulting in a relative width of 28.2%.

Finally, the expected calorimeter signal is computed using the calibration function
derived from the calorimeter test beam (cf. section7.2.3 and [52]), which converts
E.; into fully digitized calorimeter values in pC. Applying this function results in a
distribution with a mean of 3256 pC, a standard deviation of 920 pC and a relative
width of 28.2 %.

The simulated number of 5 x 10° electrons corresponds to a charge of approximately
0.08 pC. The mean value of the expected calorimeter signal must still be scaled accord-
ing to the actual number of particles that pass through the collimator. However, since
the scintillation screen is not calibrated, absolute values cannot be determined.
Assuming that 1% of the average 5.16 pC passes through the collimator, the expected
calorimeter signal has a mean of approximately 2100 pC with a standard deviation
of about 600 pC. For 2% transmission, the mean increases to 4200 pC with a standard
deviation of 1200 pC, while for 5% transmission, a mean of 10500 pC with a standard
deviation of 3000 pC is expected. A comparison of these expected values with the

measured calorimeter signal is presented in section 8.6.1.

8.6. Interval Analysis

From the beam parameter analysis in section 8.4, it became evident that beam parame-
ters can fluctuate significantly from shot to shot, and that overarching trends, such as
a decrease in average charge over the course of a run, may arise. If these changes do
not occur symmetrically across both solenoid current directions, they can introduce
false asymmetries J¢,y..

The aim of the analysis in this section is to investigate whether any d,. have influ-
enced the zero-polarisation measurement and to assess their magnitude.

Charge variations can be corrected using the scintillator data, up to the accuracy of
the charge measurement (see section 8.6.1). However, shot-to-shot energy information
was unavailable during the polarimeter run. Thus, key remaining questions include:

How does the energy of the accelerated electrons evolve over the 5-minute intervals in
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which the solenoid is operated (see section 8.6.2)? Furthermore, are there additional
changes linked to the solenoid current direction that we must account for (see sec-
tion 8.6.3)? Finally, how should the results of this section inform the further analysis
leading to the determination of electron beam polarisation (see section 8.6.4)?

8.6.1. Charge Corrections

From the analysis of the beam parameters in section 8.4.1, it is evident that there are
considerable shot-to-shot charge fluctuations and a decrease in accelerated charge
over time. What happens when the charge is examined within 5-minute intervals
of the solenoid current? Are the changes in charge unequal across solenoid current
directions, potentially leading to false asymmetries?

The scintillator screen setup provides a measure of the charge reaching the polarime-
ter. Figure 8.20a) shows the time-averaged values for individual intervals (S;,;),
where fluctuations between 32.0 £ 0.5a.u. and 49.8 £ 0.5a.u. are observed. A general
decrease in these values is also evident over time. If the mean charge is calculated
separately for positive solenoid current, (S.,;)" = 41.640.2MeV, and negative
solenoid current, (S,.;,,;) = 41.2+£0.2MeV, and the asymmetry is determined, a false
scint false Of 0.4 £ 0.3 % arises.

Jscint false May not be significantly different from zero at the 20-level, but still poses a
With
the expected J,,, on the permille level, an uncertainty of +0.3% would completely

asymmetry

huge problem for the measurement of asymmetries caused by polarisation d,.
dominate the measurement. Furthermore, it remains unclear whether this effect arises
solely from statistical charge fluctuations or if systematic measurement effects con-
tribute, which would not be mitigated by increasing the data sample.

However, because the charge can be measured on a shot-to-shot basis during data
runs with the scintillator screen, it is possible to normalise the polarimeter signal with
respect to the charge, effectively addressing any charge-induced false asymmetries, up
to the resolution of the screen.

For relative charge correction, it is sufficient to divide Q by S, ;,,;- However, to maintain
consistency in charge units - particularly when comparing simulated and measured
data - it is necessary to scale Q by the ratio of the scintillator screen signal, averaged

over the run, to the current signal. This accounts for fluctuations around the mean.
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Figure 8.20.: a) Scintillator screen signal S,.,; averaged over the solenoid current peri-
ods. Mean over positive and negative currents lead to a false asymmetry of
Oscint false = 0-4 £ 0.3%. For clarity, the y-axis has been truncated, highlighting the
variation and associated error bars. b) Histograms of relative values of scintillator
screen signal S,;,,;, polarimeter signal Q and the corrected polarimeter signal Q..
N =8683, bin width =0.01.
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The corrected QDC signal Q. can be expressed as:

Q

= 8.5
Sscmt/<sscint> ( )

Q=
If this correction is applied, the relative width of the polarimeter signal is signifi-
cantly reduced. Figure 8.20b) displays histograms of unitless relative values for the
polarimeter /QDC signal Q, the scintillator screen charge measurement S,;,,;, and the
corrected polarimeter signal Q.. The initial relative widths are 7s/(s,.,,) = 28.3% and
70/ (Q)=24.6%, while the correction reduces 7o /(Q.) to 6.7 %. As a result, the relative
width has been nearly quartered. It should be noted that for this analysis, in com-
parison to the previous sections, not only the DaMon cut at 3 pC was set, but also a
scintillator cut at 20 a.u.. The reason for this is the non-proportionality between Q and
Secint below that value, as visible in figure 8.4c) and d).
Before determining the measured asymmetry é,, with Q. (c.f. section8.7), it is im-
portant to understand the effect of the correction on the polarimeter signal. What
uncertainties are associated with this correction? To do this, it is necessary to take a
closer look at the individual components:

The scintillator signal is exclusively a function of the charge, meaning its value
is directly related to the amount of charge interacting with the scintillator material
(cf. section 2.6.2). The width of the distribution S,;,;(7) is influenced by both the true
charge distribution g and the response function of the scintillator screen setup.

The polarimeter signal is a function not only of the charge of the accelerated elec-
tron beam but also of its energy. The sums of energies from the electrons transmitted
through the solenoid and detected by the calorimeter are central to this measurement.

Additionally, the detector response of the polarimeter is energy-dependent.

If the charge correction is carried out and its influence is eliminated, the residual width
of the corrected signal o _still depends on:

* the width of the energy distribution due to fluctuations in electron energy o’E -

¢ the response function of the polarimeter, i.e. the combination of solenoid and

calorimeter

¢ the uncertainty of the scintillator screen charge measurement AS,;,,;

Having established the necessity of a correction and identified the components that
continue to contribute to the width of the corrected signal, the next step is to estimate
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the magnitude of these contributions. One method that can be used for this is the
comparison between simulation (cf. section 8.5) and measurement.

A good impression of the response function of the polarimeter can be gained by
applying the E -to-Q-transfer function, described on page 116, to the simulation
results shown in figure 8.19. This represents the response to an electron beam with no
charge variation, using the 20kV energy spectrum. A comparison with Q. is presented
in figure 8.21. The relative width of the simulated detector response, 0.74 %, is found
to be significantly narrower than the 6.68 % residual width of Q,, particularly when
uncertainties are combined quadratically. This suggests that neither the resolution
of the calorimeter nor the physical processes within the solenoid are the dominant
contributors to the residual width.

Additionally, in [52], a comparison between the measured polarimeter signal and the

scintillator screen signal revealed that s/(s,;,,) is not only larger than 7o/(Q) on average

scint)
(as shown in figure 8.20), but that this is consistently the case across all intervals. Since
Secint depends solely on the charge, while Q depends on both charge and energy, the
opposite trend would be expected. This suggests that the accuracy of the charge
measurement plays a significant role in the residual width of Q., having a much
greater influence than fluctuations in E -

If it is assumed that the detector response of the polarimeter and the fluctuations in

the energy of the electrons play a minor role, then the following applies:

AScint \/< IS eint >2 ( 79 )2
=) 2) ~14% (8.6)
<Sscint> <Sscint> <Q>

where AS,;,; corresponds to the measurement error of the scintillator screen, while

os . denotes the width of the charge distribution obtained from the scintillator screen
measurement. Given the assumptions made, this value should be approximately
equal to the relative width of the corrected polarimeter signal, o /{Q.) = 6.7 %,
but it is more than twice as high. One possible explanation for this discrepancy is
an anti-correlation between beam charge and energy fluctuations. This warrants
further investigation, particularly since Simon Bohlen et al. observed a positive
correlation in a previous study conducted with the same accelerator and a similar
setup [51]. Nonetheless, given the limited statistical precision, the values are
sufficiently comparable to suggest that the charge correction’s effectiveness is strongly
influenced by the accuracy of the charge measurement taken immediately before the
solenoid. Finally, a sanity check can be performed by comparing the measured Q
with the simulated, expected results from figure 8.19¢c). This comparison is shown
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Figure 8.21.: Comparison between LEAP_SIMS simulations and measurement results: a) Sim-
ulation result without charge scaling translated to QDC signal (cf. section 8.5)
compared to corrected charge signal, Q.. b) Simulated estimate and measured

result of Q..
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in figure 8.21b). The measured distribution has a mean value of (Q) = 3941 pC and
a standard deviation of 970 pC. Scaling the central value of the simulation to this
measurement, the translation factor suggests that a total of 0.096 pC, i.e. approximately
2% of the incident charge, passes through the collimator. The relative width of
the simulated signal, at 28.2 %, is broader than the measured width of 24.6 %. This
again confirms that signal broadening due to interaction processes in the solenoid
is negligible compared to fluctuations in the incident charge. Furthermore, this
comparison yields no discernible difference from the comparison between S ;,; and
Q in figure 8.20b).

8.6.2. Energy Variation During Intervals

To estimate the behaviour of the energy of accelerated electron beams over an ex-
tended period, the spectrometer data from run 50281, with an APL voltage of 20kV,
was divided into artificial time intervals mimicking the 5-minute intervals used in
solenoid current reversal during the polarimeter runs. The electron energy spectra
were then averaged for each time interval.

The mean energy of the electrons that would have been transmitted through the colli-
mator in the absence of deflection by the spectrometers magnetic field is estimated
by applying a calculated transfer function (cf. section 8.4.2) to the measured energy
distribution. This yields a value of (E,,,,s) = 84.17 +0.03MeV. Figure 8.22a) presents
a direct comparison between the mean energy spectrum of the accelerated electrons
and that of the transmitted electrons. The mean energy of the accelerated electrons
) = 73.11+0.06 MeV. The deviations from these mean values

over 5-minute time intervals are illustrated in figure 8.22b).

is measured to be (E,.
It can be observed that the interval values exhibit significant fluctuations. The
mean energies of the accelerated electron spectra vary between 72.84 + 0.18 MeV
and 73.81 £ 0.16 MeV, while the mean energies of the transmitted electron spectra
range between 84.05 = 0.06 MeV and 84.39 £ 0.06 MeV.

The maximum difference in the mean transmitted spectra amounts to 0.34 + 0.08 MeV.
To estimate the impact on false asymmetries, dedicated simulations are required. By
performing simulations similar to those described in section 8.5, but replacing the
tixed spectrum with the measured spectra corresponding to intervals 4 and 5 from

tigure 8.22, and assuming a constant charge of 0.096 pC (cf. section 8.6.1), the resulting



156 Commissioning of the LEAP polarimeter

signals are processed through the E_-to-Q transfer function. The simulated mean
Q-values are found to be 3907 pC and 3939 pC, both with a standard deviation of 29 pC.
This would have led to false asymmetries of g ¢,;5, = —0.403 = 0.008 % during the
polarimeter data runs.

It should be noted that the uncertainty quoted for the false asymmetry reflects only
the Monte Carlo statistical error and does not account for additional uncertainties in
the energy analysis. The application of the APL transfer function introduces further
assumptions, as the beam energy cannot be measured simultaneously with the energy
deposited in the calorimeter. Nevertheless, the order of magnitude of the result ap-
pears reasonable and is comparable to the false asymmetry observed due to charge
fluctuations (cf. section 8.6.1). This strongly suggests that energy fluctuations also have
a significant impact on the zero polarisation measurement and must be considered in

its interpretation.
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Figure 8.22.: a) Average spectra of accelerated electrons and estimated spectra of electrons
that would have been transmitted through the collimator during run 50281. b)
Mean energy of the average spectra during 5 min intervals minus the respective
run-mean displayed in a).
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8.6.3. Signal Distribution Across Calorimeter Channels During

Solenoid Current Reversal

An analysis of the distribution of Q across the individual calorimeter channels revealed
that it varies with changes in the solenoid current polarity. This is illustrated in
tigure 8.23a), which shows the normalised interval mean of individual channels relative
to the mean of the total signal from all channels, for various solenoid current intervals
recorded during extended data run 50379. Several key observations can be drawn
from the plot:

1. The mean interval values vary systematically with the solenoid current. Under
negative solenoid current, the signal in the top-centre channel (Channel 1) in-
creases, while the signal in the bottom-centre channel (Channel 7) decreases. The
signals in the centre-left (Channel 3) and centre-right (Channel 5) channels remain
approximately equal, within error margins. Under positive solenoid current, the
values for Channels 1 and 7 are closer to each other, while those for Channels 3

and 5 show a greater divergence.

2. Absolute variations in response to different solenoid currents are on the order of
1% for Channels 1 and 7, and around 0.2 % for Channels 3 and 5.

3. The signals from Channels 1, 3, and 5 oscillate around a mean value of approx-
imately 12%, whereas Channel 7 oscillates around a mean of approximately
10.8 %.

To verify that these patterns were not coincidental, additional runs were analysed, as
shown in figure 8.23b). Runs conducted with the solenoid deactivated (zero current)
were also examined. Here, the data was averaged over 5-minute periods based on the
number of shots. Additional observations include:

4. With the solenoid off, the individual channel values show no oscillatory be-
haviour.

5. The mean values of Channels 1 and 7 with the solenoid off (1: 11.91 +0.06 %,
7: 10.90 £ 0.05 %) closely match the mean values across all intervals with the
solenoid on (1: 12.00 £ 0.07 %, 7: 10.74 £ 0.06 %).
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Figure 8.23.: Interval means of calorimeter channels normalised by total sum. a) Centre-top,

bottom, left and right glass blocks for the different intervals of run 50379, dif-
ferent background colours illustrate solenoid current. b) Centre-top and bottom
calorimeter channels for different runs with solenoid off and on. Different back-
ground colour emphasises different runs. Dotted lines illustrate the means of
solenoid off runs: Channel 1: 11.9 %, Channel 7: 10.9 %. For clarity, the y-axes
have been truncated, highlighting the variation and associated error bars. The
first interval during run 50422 contains a low number of shots, this is considered
when calculating the weighted average.
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6. The differences between runs are comparable to the fluctuations observed within
individual runs, provided that only intervals with the same solenoid current

setting are compared.

These findings suggest that the changes in the polarimeter signal amplitude distribu-
tion across individual channels are indeed influenced by the solenoid current reversal,
and thus may introduce variations unrelated to the polarisation of the incident electron
beam.

There are two main reasons why this effect could occur. First, stray magnetic fields
might be influencing the photomultiplier tubes (PMTs). Second, the magnetic field may
be affecting the trajectory of electrons incident on the solenoid core in an unexpected
way. If the first scenario were true, the magnetic field near the PMTs would be strong
enough to alter the path of photo-electrons within the PMT. This alteration would
depend on the PMT’s orientation relative to the magnetic field, potentially changing
the proportion of photo-electrons that reach the first dynode [157]. However, the PMTs
were installed without specific attention to dynode orientation relative to the magnetic
field. This would mean that any pattern in signal variation caused by the magnetic
tield’s effect on the dynode orientation would be coincidental rather than consistent.
Given that the rear end of the calorimeter is over 50 cm from the solenoid and that the
PMTs are shielded, the second explanation seems more likely.

To investigate whether a rotational misalignment of the solenoid might be contributing
to the observed effects - potentially introducing transverse magnetic field compo-
nents that alter the trajectory of incident electrons - simulations were conducted. The
solenoid magnet was aligned within the experimental area using a laser diode to
mark the beam path. Although the exact rotation of the solenoid is unknown, it is
assumed to be small. A 5-degree rotation, which would be visually noticeable, was
simulated to determine whether even a minor rotation could yield effects with compa-
rable behaviour and magnitude to those observed experimentally. Figure 8.24 presents
results for a) a rotation around the x-axis and b) a rotation around the y-axis. The
simulation parameters were set according to the values in table 8.3, with the exception
that polarisation was set to zero and the solenoid field alternated between +£2.04T.
The simulation shows that a 5 °-rotation around the x-axis produces significant differ-
ences between the top and bottom glass blocks, with channel 1 receiving over 4 % more
of the signal than channel 7. This result supports the conclusion that the observed
effect described in Observation 2 (specifically, the difference in signal between Chan-
nels 1 and 7) may be due to a slight misalignment, either from the calorimeter being
positioned too low, a slight tilt in the solenoid, or a combination of both. However, it
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Figure 8.24.: Mean energy deposited by particles above the Cherenkov threshold for individual
calorimeter glass blocks (E ;) normalised by the mean sum of all. Same settings
as in table 8.3 with the exception that polarisation was set to zero and the solenoid
field alternated between +2.04T. a) The solenoid was rotated by 5 °around the
x-axis, b) the solenoid was rotated by 5 °around the y-axis. For clarity, the y-axes
have been truncated, highlighting the variation and associated error bars.
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does not explain the change with solenoid current reversal described in observation 1.
A rotation around the y-axis produces slight changes in signal amplitude with mag-
netic field reversal. Although the signal in the centre-top channel remains higher with
a negative B-field, the variations are only around 0.01 %, an order of magnitude too
small to account for the observed oscillations in signal distribution with solenoid cur-
rent reversal. This suggests that a rotation around the y-axis is unlikely to be the sole
cause of these oscillations, suggesting instead a combination of multiple contributing
factors.

The simulations assumed an ideal B-field; However, the actual magnetic field may con-
tain imperfections that could contribute to the observed oscillations. For future, more
precise measurements, it would be beneficial to measure the solenoid B-field directly if
feasible. Alternatively, simulating a more realistic field using suitable software could
help account for these imperfections. Additionally, the alignment of both the magnet
and the calorimeter should be re-evaluated.

Since no oscillating behaviour of Q, is observed (see section 8.7), it is reasonable to
conclude that the calorimeter front is sufficiently large to capture the majority of the
signal, despite fluctuations in beam positions. Any uncertainties arising from mis-
alignment of the beams as they exit the solenoid and interact with the calorimeter are
addressed by considering the x/y-position of the calorimeter when determining the

analysing power (cf. section 8.8).

8.6.4. Implications for Further Analysis

Shot-to-shot fluctuations of the beam parameters described in section 8.4 follow distri-
butions around mean values, which can be considered as uncertainties in the input
parameters of the simulation when determining the analysing power (see section 8.8).
However, as noted in this section, these considerations do not account for overarching
trends over time. Such asymmetric changes introduce uncertainties in the measured
asymmetry (see section 8.7). While the influence of the charge can be corrected, the
accuracy of the charge measurement must also be taken into account. In the current
setup, the energy remains unknown during a run, and its influence can therefore only

be estimated.
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8.7. The measured Asymmetry

With the preliminary work completed by accounting for input parameters (see sec-
tion 8.4) and performing the charge correction (see section 8.6.1), the measured asym-
metry of the corrected polarimeter signal, 45 , can now be calculated.

The charge-corrected, shot-to-shot data, is represented by grey dots in figure 8.25a).
Here, an associated positive current of +60 A is indicated by a light background, while
a negative current of -60 A is represented by a dark background.

The analysis proceeds in two stages. In the first stage, the data is divided into two
subsets corresponding to the positive and negative current cycles over the runs dura-
tion. For each subset, the mean and standard error of the mean (SEM) are calculated,
resulting in values of (Q.)” = 40114+ 4pC and (Q.)" = 3973 + 4 pC, with distribu-
tions shown in figure 8.25c. The run asymmetry and associated error are calculated
according to

and

2(Q.) " (Qu) <5E<Qc>+)2 <5E<QC>>2
0 = —= ], .
Ao <<QC>++<QC>>2J ey &9

yielding a result of 65 = —0.48 £ 0.07 %.

In the second stage, data is examined over sequential intervals to capture temporal
evolution. For each interval, the mean and its associated standard error are calculated,
as illustrated by the red and blue square markers in figure 8.25a). Paired intervals (rep-
resenting consecutive positive and negative current cycles) are then used to calculate
asymmetry values, as depicted in figure 8.25b), allowing observation of the time-
dependent behaviour of asymmetry. Values varied within the range of —1.63 +0.32 %
to 0.29 £ 0.29 %, indicating fluctuations throughout the observed period. The maxi-
mum deviation corresponding to the period of low laser energy already described
in section 8.4.1. If the values during that period are excluded, the mean measured
asymmetry is still 65 = —0.44 £0.07 %

Furthermore, looking at the interval results in figure 8.25b), it appears that the values
up to minute 70 fluctuate around a different mean value than after that. It is not

possible to say exactly what happened without analysing the laser and accelerator
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Figure 8.25.: a) Charge corrected

Qc/pC

polarimeter signal for individual shots (grey dots) and av-

eraged over solenoid current intervals (displayed in blue for -60A and red for
+60 A) over time b) Asymmetry calculated for interval pairs (violet squares) and
calculated using all data divided into two groups c) Distributions of charge cor-
rected polarimeter data of run 50379 with negative (blue) and positive (red)

solenoid current. Averaging over the whole run leads to an asymmetry of
0o, = —0.48£0.07 %
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Figure 8.26.: Asymmetry of corrected polarimeter signal for different runs

parameters in detail. However, this would go beyond the scope of this work.

To better understand these results of measured asymmetry and assess their consistency,
additional runs were analysed, including those with the solenoid turned off to deter-
mine whether it is one of the primary sources of systematic uncertainty contributing
to non-zero asymmetry. The results are shown in figure 8.26.

For these "solenoid off” runs, shot numbers were used to assign time-based inter-
vals, with each interval incrementing every 5 minutes. Each shot was assigned to
an interval, where even-indexed intervals correspond to positive current values, and
odd-indexed intervals to negative. Regardless of the solenoid setting, only runs longer
than 10 minutes, i.e., those containing at least one interval pair, were analysed to
calculate an asymmetry.

Run 50282, which shares all settings with the primary long run (50379) except for
the solenoid configuration, yields an asymmetry of 5 = 0.284+0.14 %. Similarly,
run 50422, conducted with identical settings to run 50379, results in asymmetry of
0o, = —0.06 +£0.14 %.

When all plasma lens voltages are considered, the asymmetry values range from
—0.48 £ 0.07 % in run 50379 at 20kV to 0.51 £ 0.14 % in run 50418 at 18 kV. No clear
trend in asymmetry is observed as a function of plasma lens current.

The measured asymmetries vary in both positive and negative directions around zero,

indicating that the mean values do not consistently favour one direction. At a 3¢ confi-
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dence level, most runs are consistent with zero. However, the run with the highest
statistics deviates from zero by approximately 7c. Fluctuations between positive and
negative values remain even when the solenoid is off, ruling out any contributions
from the solenoids magnetic field or unintended beam polarisation. Additionally,
because charge correction has been applied, variations in beam charge cannot be the
source of this asymmetry, with only the accuracy of the charge measurement itself con-
tributing to the overall uncertainty. The most likely source of this non-zero asymmetry
is thus attributed to false asymmetries arising from drifts in the energy spectrum of
the accelerated electron beams, a possibility supported by the findings in section 8.6.2,
which indicate that such drifts could indeed reach this magnitude.

Placing this in the context of the expected asymmetries due to polarisation (dp, ~
1.5%o) derived in section 6.7, it can be concluded that these fluctuations, resulting from
false asymmetries, are substantial and would mask the true signal in a polarisation
measurement. Thus, the beam energy spread and fluctuations need to be significantly

reduced before any polarisation can be measured.

8.8. The Analysing Power

As explained in section 3.4.1, the analysing power quantifies the expected asymmetry
in the polarimeter’s response to a fully polarised electron beam, in absence of fake
asymmetries. Its accurate determination is essential for reliably translating measured
asymmetry to beam polarisation.

Simulations were used to determine both the central value of the analysing power
and its associated uncertainties. These uncertainties stem from several sources that
must be carefully assessed to ensure reliability. The primary sources include statistical
fluctuations due to finite sample size, systematic effects related to real-world variability
in beam parameters and setup, and nonlinear correction factors applied to simulate
calorimeter measurements from deposited energy above the Cherenkov threshold.
The following sections provide an in-depth analysis of these factors, beginning with

the determination of the central value and its statistical error.
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Table 8.3.: Central values used for analysing power analysis

simulation parameter | value simulation parameter | value
switch core divergence 0.067 °
core length 150 mm calo. positionin x/y | (0,0) mm
converter thickness | 0 mm distance to polarimeter | 91 mm
energy 20 kV spectrum | polarimeter rotation | 0°
gun position (0,0,-1) mm P - 1
spot size 0.74 mm P, 1

8.8.1. Central Value and Statistical Uncertainty of the Analysing

Power

The analysing power is determined with the aid of LEAP_SIMS simulations. The frame-
work is described in chapter 5, with key configurations being described in section 5.4
and the algorithm for analysing power detailed in section 5.5.

Input parameters were selected to closely match the actual conditions during the
zero polarisation measurement. The Run: type was set to "asymmetry". To maintain
consistency with the fully polarised conditions required to assess analysing power, the
polarisation of both the incoming electrons and the solenoids iron core are set to 100 %.
The core polarity is flipped for parallel and anti-parallel polarisation conditions. A
Gaussian beam profile is assumed. The other input parameters are derived from the
results of the beam parameter analysis (see section 8.4) and direct physical measure-
ments of the setups spatial dimensions. An overview of the simulation parameters is
provided in table 8.3. The input spectrum, the average displayed in figure 8.12d), was
used in the range between 39.42-190 MeV with a bin width of 0.15 MeV. Details on the
handling of the spectra can be found in section 8.8.2.

Simulation results: A total of 16104 simulations, each involving 5 - 10° particlesz,
were conducted for both parallel (P) and anti-parallel (AP) polarization configura-
tions. This resulted in the distributions of deposited energy of charged particles above
the Cherenkov threshold in lead glass, E
applied to these distributions yielded mean values of E; 4p = 302.31 4 0.02 GeV and

«» as shown in figure 8.27. Gaussian fits

The comparison between charge-corrected polarimeter data and simulations suggests that on aver-

age approximately 6 X 10° electrons were incident on the polarimeter front during run 50379 (cf.
section 8.6.1), leading to a scaling factor of 1.2 (cf. equation 6.3)
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Figure 8.27.: Simulated E; distributions for both, parallel and antiparallel, polarisation config-
urations. 1 x 10° electrons were simulated per bunch.
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E.p = 382.72+0.02 GeV. Using equations 3.26 and 3.27 leads to a central value of the
analysing power of A = 11.737 == 0.004%.

The statistical error in the analysing power calculation has two main contributions:
the width of the E; distributions and the total number of simulated particles, which is
determined by the number of conducted simulations and the number of particles per
simulation. The widths of the E; distributions reflect both intrinsic statistical fluctua-
tions within the defined input beam parameters and additional variability due to the
probabilistic nature of the interaction processes, which are governed by interaction
cross-sections. To obtain the error in the analysing power, the statistical errors of E; p
and E; 4p are each divided by the square root of the number of simulation runs to
calculate their standard errors of the mean (SEM). These SEM values are then propa-
gated to estimate the overall statistical error in the analysing power. The number of
simulation runs was therefore chosen to make this propagated Monte Carlo statistical
uncertainty an order of magnitude smaller than the anticipated systematic errors.

8.8.2. The Electron Spectrum and Its Sampling Technique

As already discussed in section 8.4.2, the energy of the electrons plays a crucial role in
the accuracy of Compton transmission polarimetry. Several factors contribute to the
systematic uncertainty in this regard:

* The peak of the spectrum transmitted through the collimator varies with the

plasma lens current (cf. figure 8.12).

¢ The electron spectral shape varies from shot to shot due to fluctuations in the laser-
plasma acceleration process. These variations are further influenced by beam
jitter: since the APLs focusing is energy-dependent, small pointing fluctuations
result in different energy components being preferentially transmitted or blocked
by the collimator, modifying the observed spectrum.

¢ The method used to bin and process the discrete spectral data introduces uncer-
tainties, as it relies on a discrete representation of otherwise continuous informa-
tion.

The first item will be addressed in the following section, while the latter two will be
addressed here in a combined approach.

Figure 8.12d shows that the shape of the spectrum transmitted through the collimator
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Figure 8.28.: Selected spectra transmitted through collimator, with [,p; = 423 A displayed
as grey lines. Simulated deposited energy above Cherenkov-threshold E_; for
both polarisation configurations shown as square markers. Red for parallel, blue
for anti-parallel. Dashed lines show interpolated values that match the sample
points of the measured spectra.

can vary considerably from shot to shot, which sometimes leads to long high-energy
tails. Since the polarisation-dependent component of the Compton scattering cross
section is nonlinear with respect to energy (see fig. 3.5), these variations could impact
the analysing power. This influence is illustrated in figure 6.7 of chapter 6, where
monoenergetic electron beams were simulated to assess how varying electron energies
affect the analysing power. The results indicate that the analysing power decreases
with higher energy, although less strongly for higher energies.

One approach to account for the effect of the incident electron spectrum shape on A
involves using all spectra measured in run 50281, with the plasma lens transmission
function applied, as shown partially in figure8.12d. These spectra could then be
used as inputs for the simulation. However, given the large number of spectra, this
is computationally very intensive. A more efficient approach involves simulating
the polarimeter response for monoenergetic beams across the relevant energy range
and then approximating the results for any electron spectrum of interest by applying
appropriate spectral weighting.

The spectral weighting algorithm can be applied either to a single spectrum, yielding
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two mean E ; values for asymmetry calculation, or to multiple spectra, resulting in two
distributions of mean E_, values. In the latter case, asymmetries must be computed
from the means of these distributions. The detailed method proceeds as follows, with
step 5 being required only when multiple spectra are considered:

1. Obtain transmission spectra: Obtain the spectra transmitted through the colli-
mator as described in section 8.4.2, along with the input spectrum used in the
previously described GEANT4 simulations. The APL-spectra are shown as grey

lines in figure 8.28.

2. Simulate polarimeter response: Simulate E_, the polarimeter response, for

cts
monoenergetic electron beams with with incident energies E - ;  spanning 40-
190 MeV, covering both polarisation configurations (parallel and anti-parallel).
Due to high-energy tails present in some spectra, the energy range is extended
beyond that used in the GEANT4 simulation, which only considers the average
spectrum. Simulations are performed in increments of 10 MeV over 10-190 MeV,
1 MeV increments over 75-96 MeV, and 0.5 MeV increments from 84 to 88 MeV.
Theses values are shown in red for parallel and in blue for antiparallel polarisation

configuration in figure 8.28.

3. Interpolate the E_; values: Interpolate the simulated E_ values to obtain a

corresponding E; value for each E - . . Linear interpolation is applied, calculated

as follows:

Ect,Z - Ect,l

E
E

(E (8.9)

ct,interp. — Ect,l + E e ,siml Eef,in)

e ,sim2 e ,siml

where E_- . denotes simulated beam energies, and indices 1 and 2 specify the
values between which interpolation occurs. Associated statistical uncertainties

are also propagated, with:

2 2
AE o Ee_,simZ - Ee_,in AE 2 Ee_,in B Ee_,siml 2
ctinterp. — ( ct,l) + E (AEct,Z)

e ,sim2 e ,siml e ,sim2 e ,siml

(8.10)

The interpolated values of E_; are shown as dashed lines in figure 8.28.
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4. Compute weighted average(s): The weighted average of E; is calculated using
the spectral intensity I, as weight:

N
Y I Ey;
-1

(Eg) =* N (8.11)

) I
iz1

where N is the number of points at which the spectrum was sampled. The
uncertainty in the weighted average is propagated as follows:

N 2 N L 2
A<Ect> = J Z (ZZ.\]Iil I'> (AEct,i)2 + Z <Ed'l—<ECt>) (Ali)z (8'12)
7=17]

N
i=1 i=1 2]':1 I]

5. (For multiple spectra only) Obtain the E_; distributions and their means: These

are calculated as described in section 5.5 for both polarisation configurations.

6. Calculate the Asymmetry: Again, the analysing power is the asymmetry for
100% polarisation.

First, it is important to compare the here described approach with the approach that
was used to simulate the central value above. For this the same spectrum provided as
an input parameter to GEANT4 was analysed. Due to the limited number of histogram
bins, the spectrums energy range was restricted to 40-150 MeV, with a bin width of
0.25MeV. Using the weighted average approach yields a value of 11.724 & 0.001 %,
compared to Ay = 11.737 +0.004 % from GEANT4 sampling from the beam energy
histogram. The discrepancy between these values is attributable to differences in
data handling.These differences likely stem from the methods used to sample the
energy spectrum. According to the GEANT4 source code [158], the user-defined differ-
ential energy spectrum (up to 1024 bins) is converted into a normalised cumulative
distribution function (CDF). For each particle, a random number r between 0 and 1
is generated, representing a position on the CDF (cf. inverse transform method in
section4.1.1). The corresponding energy bin is identified, and the exact energy is de-
termined via linear interpolation between bin edges, ensuring smooth transitions and
a continuous-like spectrum. While limited by double-precision floating-point accuracy
(step size ~ 1071%), this discretisation is negligible, making the energies effectively
continuous. In the weighted average approach, there is no explicit bin limit. However,
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the accuracy of the measured spectrum is constrained by the resolution of the electron
spectrometer camera (see section 2.6.3). Instead of simulating every individual particle,
transmitted energies from pre-simulated monoenergetic electron beams are linearly
interpolated. While theoretically an unlimited number of monoenergetic simulations
can be performed, the accuracy remains limited by the discretisation of the input
spectrum.

While the weighted average approach is highly efficient for analysing multiple spec-
tra, provided monoenergetic simulation data is available, GEANT4 sampling from the
beam energy histogram produces a quasi-continuous spectrum, making it a closer
representation of a real spectrum. Thus, the GEANT4 sampling is used to determine the
central value of the analysing power. However, for computational efficiency, spectral
weighting is applied to evaluate the relative impact of beam energy spectrum vari-
ations and the associated systematic uncertainty on this central value. For the final
error assessment, see section 8.8.5.

Due to the occasionally occurring high-energy tails, the energy limits of the incident
electron spectrum were extended from 40-150 MeV to 40-190 MeV. For consistency,
the number of bins in the linearised measured spectra was kept constant, resulting
in a bin width of 0.085 MeV. This approach yielded a computed analysing power of
11.723 £ 0.002 %. The slightly lower central value is likely due to increased contribu-
tions from high-energy values (cf. figure 3.3). In a test comparing bin widths from 0.05
to 1 MeV, the central value remained stable while the statistical error increased from
0.002 % to 0.007 %.

Using all spectra, estimated based on data from run 50281 as if transmitted through the
collimator, results in an average analysing power of 11.739 4= 0.039 %. Due to fluctua-
tions in the energy spectrum, the statistical error increases by an order of magnitude,
and additional shots” would be required to achieve the same precision as previously
obtained using only the average spectrum. The systematic error attributable to spectral
fluctuations, reflected in the change of the calculated central value, is hence statisti-
cally insignificant. Thus, changes in the central value of the spectrum (see fig. 8.30)
represent a significantly larger source of systematic error in the analysing power than
the fluctuations in the shape of the spectra.

To further investigate the effect of the spectral shape, a Gaussian input spectrum with
the same central value and FWHM as the average spectrum in figure 8.30 was analysed
using the weighted average method. As shown in figure 8.29, this primarily eliminates
the asymmetric tails of the spectrum. The resulting analysing power is 11.884 &+ 0.001%,

representing a 1.4 % shift in the central value compared to the previously mentioned
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Figure 8.29.: Comparison of average 20 kV APL input spectrum and Gaussian with same
central value and FWHM.

11.724 £ 0.001%. While this has no immediate impact on the current measurement, it
highlights the critical importance of precisely knowing the energy spectrum for future
measurements. Moreover, the narrower it is, the better, all the more so with lower
central values (cf. figure 6.7).

8.8.3. Uncertainties of other measured input parameters

To minimise the influence of the extensively fluctuating input parameters observed in
the experiment, the GEANT4 simulations described in section 8.8.1 were repeated, each
time varying one parameter by its previously determined uncertainty. For measured
distances, such as between the solenoid and the calorimeter or the position of the
calorimeter in the room, an accuracy of 2 mm was assumed based on the laser distance
meters precision. A standard deviation of 0.02 mm from the central value was used for
the spot size (see section 8.4.3). Since the cross sections for physical interactions during
particle passage through iron depend on energy (see section 3.1), energy fluctuations
are expected to have the greatest influence. Although the exact spectral shape during

run 50379 is unknown, the plasma lens current is known to have fluctuated by +3 A
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Figure 8.30.: a) Simulated analysing power and b) the associated relative distance to the
central value for different simulation input parameters. Central value A and
its statistical uncertainty highlighted in red. Central simulation parameters in
table 8.3.
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around the central value of 423 A. Corresponding spectral deviations were simulated
to account for this (see fig. 8.12c). A visual representation of the results is provided in
tigure 8.30.

As expected, the variation of the plasma lens current, and thus the central value of the
incoming electron energy spectrum, has the largest influence. However, the resulting
relative error is only about three times as large as that caused by the uncertainty in the

spot size.

8.8.4. Calorimeter Corrections

An additional, non-negligible source of uncertainty arises from the non-linear response
of the calorimeter to low-energy particles. The exact values simulating this response
depend on the GEANT4 physics list used (see section5.2.3) and are taken from the
analysis presented in [52], which estimates a relative systematic uncertainty of 1.5 %.
Although this uncertainty is not directly derived here, it is the largest contributing
factor to the overall uncertainty in the analysis.

8.8.5. Final Error Assessment and Consolidation of Results

In the end all uncertainties on the analysing power add up quadratically

A
Tjét =0.035 % (Statistical Monte Carlo Uncertainty )

® 0.34 % (Central value of energy spectrum (APL current))

(
@ 0.14 % (Beam spot size)
@ 0.11 % (Distance between solenoid and calorimeter)
@ 0.13 % (Calorimeter x-y position)
@ 1.5% (Calorimeter energy response)

=1.55% (8.13)

resulting in an analysing power of A = 11.74 4= 0.18 %.
Systematic errors primarily arise from the input parameters used in the simulation,
particularly with respect to how accurately they represent the true experimental

conditions and the extent of fluctuations. Compared to uncertainties arising from false
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asymmetries or inaccurate charge measurements, the error on the analysing power
is relatively small. Further discussion can be found in section8.9. However, it is
important to note that in the current simulation, the solenoid was modelled with either
the magnetic field or polarisation, but not both simultaneously, as this could not be
achieved with the current code implementation. For more accurate spin tracking and
a more complete simulation of the transverse motion components of particles, future

work should include the combination of both effects in the simulation.

8.9. Evaluation of Polarimeter Performance

To finalise the polarisation analysis, the measured asymmetry and calculated analysing
power are combined here to determine the polarimeters accuracy in polarisation
measurement. The initial focus is on evaluating the precision of the zero-polarisation
measurement as a baseline test of sensitivity. This is followed by a projection of
the polarimeters performance with future beam conditions, offering insight into its

accuracy under varied experimental setups.

8.9.1. Precision of Zero Polarisation Measurement

Given that the incident electron beam is unpolarised, one would ideally expect the
measured asymmetry —and consequently, the measured polarisation— to be consistent
with zero within the measurement uncertainty.

However, energy measurements, combined with simulations, indicated gradual varia-
tions in beam energy over time (cf. section 8.6.2). These variations constitute systematic
effects that likely occurred during data-taking and were expected to introduce a false
asymmetry on the order of ‘(Sfalselﬂ ~ 0.4%.% Indeed the measured asymmetry was
found to be J,, = 65 = —0.48 4 0.07 %, closely aligning with the expected magnitude
of the false asymmetry. This suggests that drifts in the electron beam energy over time
introduced a systematic error so large that it would mask any true asymmetry arising
from beam polarisation, which would be expected at the permille level.

Be that as it may; it is still valuable to combine all the relevant components for the
polarisation determination and assess how accurately zero was measured, particularly

in the context of the overall uncertainty budget. With the analysing power determined

3Variations of charge can of course have a similar effect, but were corrected for (cf. section 8.6.1).
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tobe A = 11.74 +0.18 % (cf. section 8.8.5), and a polarisation of the electrons within
the magnetised solenoid core of 7.23 +£0.15%, P,-, can be calculated according to

equation 3.30:

O —0.48 £ 0.07%
T = = —56.6+8.4% ,
Fe APp,  11.74+0.18% - 7.23 £ 0.15% 56.6 & 8.4% (8.14)

As expected, the measured polarisation is distinctly non-zero, deviating by more
than six standard deviations — well beyond any reasonable statistical fluctuation. The
discrepancy is large enough to compromise the reliability of the overall measurement.
To ensure reliable polarisation measurements in the future, either the energy spectra
must be narrow and stable enough to obviate the need for simultaneous measurement,
or shot-to-shot energy information must be available for effective correction.

But apart from the false asymmetry, what are the contributions to the uncertainty of
the polarisation? The propagated uncertainty on the polarisation naturally includes
contributions from the polarisation of the iron core (% = 2.07%), the analysing

power (%{1 = 1.53%), and the measured asymmetry (Af’” = 14.58%).

AP _ AP AA A,

_ (8.15)
Pe_ PFe 'A (Sm

where @ signifies Pythagorean addition. Among these contributions, the relative
uncertainty of the measured asymmetry is by far the largest. The statistical error on
J,, can be calculated using equation 8.8, which depends on the corrected polarimeter

signal Q.. As discussed in section 8.6.1, Q. has a relative width of <U 5C> = 6.7% and still

depends on:

* Energy fluctuations: Fluctuations in electron beam energy cause an energy
distribution of og.

* Polarimeter response: Physical processes inside the solenoid core and the
calorimeter introduce additional broadening, characterised by ¢}, Simulations
determined the relative width of the polarimeter response function to be

Upol o o
oy = 0.74%

* Accuracy of charge measurement: While the influence of the actual distribution
of charge incident onto the polarimeter is accounted for, the response function of
the charge diagnostic, in this case a scintillator screen, still remains and adds an
additional width of A, .
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¢ The number of shots: The higher the number of measurements, the more accurate

the error on the mean signal can be determined.

Since 0y has little influence (cf. section 8.6.1), the accuracy of the charge measurement
and the number of measurements taken are the primary limiting factors, alongside

energy fluctuations.

8.9.2. Projected Performance for Future Beam Parameters

At present, the instability of the incident electron beam parameters makes polarisation
measurements infeasible, as false asymmetries dominate and obscure genuine signals.
Nevertheless, another important question arises: Can the polarimeter, as a diagnostic
device in itself, measure the expected electron polarisation of P,-=10% with sufficient
accuracy in a future experiment?

To address this question, equation (8.15) can be used to calculate the relative statistical

AP
uncertainty of the polarisation, . With the contributions from the polarisation

of electrons inside the iron core and analysing power known to be 2.07% and 1.53%,
respectively, what remains to be determined is the relative uncertainty on the measured
asymmetry, %.

Assuming an electron beam polarisation of P,_ = 10% (cf. table 2.1), the anticipated

measured asymmetry can be calculated as:
Oy =P+ A+ P, =10% - 11.74% - 7.23% = 0.085% (8.16)

If it is further assumed that the differences between (Q.) and (Q. ) are marginal —
due to the low degree of electron polarisation and analysing power — equation 8.8

simplifies to:

1 AQ) 1 g
"2 (Q) V2N (Q.)

where A(Q,) represents the uncertainty in the mean corrected polarimeter signal,

AS (8.17)

and 0 denotes the width of the charge-corrected polarimeter signal. As shown in
tigure 8.21a), the measured relative width of the corrected charge distribution % is
6.68%. This value is primarily influenced by energy fluctuations and the resolution of

the charge measurement, as discussed in section 8.6.1.
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AP _
The relative uncertainty of the polar1sat1on, P , can then be expressed as a function

of the total number of shots, N4

S AP oM 1 10

P P S /2N (Q.) 615

Solving for 2N using equation (8.18), shows that achieving a target relative precision of
20% would require more than 1.5 x 10” shots. Ata repetition rate of 2 Hz this translates
to approximately 22 hours of uninterrupted beam time for a single measurement, an
unrealistic requirement given the current state of the accelerator system. Achieving
realistic measurement times necessitates a significant improvement in the accuracy of
the charge measurement (Ag,,/q,,) as well as a reduction in electron beam fluctuations
(e /(E)).

While simulation studies suggest that sub-permille energy stability in LPAs could be
achieved using additional energy compression schemes [159], these methods have yet
to be experimentally realised. However, percent-level shot-to-shot energy stability has
already been demonstrated. For instance, Bayesian optimisation of beam control has
achieved an energy spread of approximately 1.2% [160, 161]. The accelerator setup
described in section 8.1 does not inherently provide this level of stability, but energy
tiltering — employing a plasma lens, a collimator, and possibly an additional dipole
— could allow for an energy spread on the order of 1%. Further research would be
required to experimentally verify the feasibility of this approach.

Percent-level accuracy in charge measurement should be achievable by optimising
the Turbo-ICT setup. It has been reported to exhibit a noise level of 10{C for
single-shot measurements [153]. With an incident charge in the pC range and careful
shielding, a sufficiently precise measurement should be possible. However, achieving
this accuracy would require further investigation, as higher charge levels would
necessitate adjustments to the PMT setup to maintain linearity (cf. section 8.2.2).
Future requirements for beam energy spread, stability, and charge measurement

(7
accuracy can be estimated by replacing the measured 0
Tpol

larimeter resolution ( T = 0.74%; cf. figure 8.21a)) and incorporating estimates
pO

>w1’ch the intrinsic po-

of future energy and charge stability or resolution. Notably, if the charge remains
sufficiently stable, it would cancel out from the asymmetry, reducing its impact on the

measurement. Assuming that the relative contributions to I(oN) add in quadrature,

Qc)
equation (8.17) can be rewritten as

%N shots for every polarisation configuration
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Table 8.4.: Expected number of shots required to achieve a precision 20 %, assuming P,- = 10%
and different accuracies for the energy and charge measurements

Energy and charge Number of shots needed | Required measurement
measurement time at 2 Hz / hh:mm
uncertainties / %
current situation 1.57 - 105 21:52
1 8.99 - 10° 01:15
0.1 2.00 - 10° 00:16
1 Upol % Aq
AS, ~ P g L g —m 8.19
"~ N (<Tp01> ) ® ) (519

Figure 8.31 and table 8.4 illustrate the relative statistical uncertainty on the polarisation,

7 as a function of the number of measurements for different values of oy /(Q,).

As the uncertainty on the measured asymmetry decreases with the number of
measurements taken, so does App—e:. It asymptotically approaches a limit determined
by the accuracies of A and Pr,. The blue curve represents the current value of 6.68%
discussed above, while the green and orange curves depict scenarios with improved
relative widths of energy fluctuations and charge measurement accuracies in front of
the solenoid, reduced to 1% and 0.1%, respectively.

In a scenario where near-ideal beam conditions are achieved, with Agq,,/q,, =
0E/(E) = 0.1% and the simulated 0, of 0.74%, a relative precision of APPE: = 20%

could be reached with only about 2000 shots. Under a more realistic and achievable

scenario, where Ag,,/q,, and o/ (E) are improved to 1%, approximately 9000 shots
would be needed to reach the same statistical precision. At a bunch repetition rate of
2 Hz, this corresponds to about an hour and 15 minutes of measurement time. If the
technical maximum of 10 Hz is reached, the required time would be reduced to just

15 minutes.
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Figure 8.31.: Estimated precision of the polarisation measurement with respect to the total num-
ber of shots (2N) of an anticipated electron polarisation of P,- = 10 %. Results are
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presented for three cases of ool ) ) D s

current measured value of 6.68 %, while the other two curves represent different
assumptions for the potential future relative widths of energy fluctuations and
charge measurement accuracies in front of the solenoid. This figure was produced
with code developed by F. Stehr for an analysis in [52]

. The blue curve corresponds to the
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Although, as previously stated, the polarimeter itself is not the limiting factor in the

accuracy of the polarisation measurement, several improvements could still be made:

* Electron separation: The design study showed that the asymmetry of the elec-
trons leaving the absorber is more than 5 times higher than that of the photons (cf.
section 6.5). Therefore, it would be highly worthwhile to further investigate this
effect by placing a dipole magnet behind the solenoid to separate electrons from
Bremsstrahlung photons, enabling an additional energy-resolved measurement

of the electrons.

* Longer absorber: The analysing power increases with the length of the solenoid’s
core (cf. sections 3.4 and 6.3). Since the rate of electrons incident onto the solenoid
core (or more precisely, the number of Bremsstrahlung photons passing through
the absorber) is not the limiting factor when measuring the transmitted energy
sums, extending the solenoid core could be a viable option to further enhance
the analysing power. At 80 MeV, a core that is twice as long corresponds to an

analysing power that is about twice as high.

* Investigation of low-energy calorimeter response: The calorimeter’s response
to low-energy photons introduces a systematic uncertainty (A.4/.A = 1.5 %) that
warrants further investigation. A test of the calorimeter using a beam of low-
energy X-rays with known energy could help address this issue. Such a test
would not only assist in optimising calorimeter calibration but also improve the

alignment between simulations and experimental results.

¢ Verification of absorber polarisation: For an accurate determination of the
electron polarisation, it is crucial to re-evaluate the polarisation of the electrons
within the iron solenoid core. Detailed magnetic field maps and electromagnetic
tield simulations using dedicated software would be highly beneficial for this

purpose.

Even though false asymmetries due to beam energy fluctuations are expected to dom-
inate the systematic errors on the measured asymmetry, other potential sources of
systematic error cannot be excluded. To ensure the reliability of the results, it would
be beneficial to flip both the polarity of the iron core and the polarisation direction
of the incident electron beam. By considering all four possible configurations when
calculating the asymmetry, one can use this as a consistency check, ensuring that the
results are independent of the chosen configuration. Any systematic effects, such

as misalignments causing different solid angles after scattering, would then become
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apparent and could be further investigated and corrected.

Finally, it can still be stated that the commissioning of the polarimeter has demon-
strated that Compton transmission polarimetry is indeed suitable for the polarimetry
of LPA electron beams. More specifically, the polarimeter designed for LEAP is suit-
able for a polarisation measurement under conditions expected at LEAP (cf. table2.1),
as long as energy fluctuations over time are minimised and the accuracy of charge
measurements is improved.
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Chapter 9.

Conclusion

Polarised electron beams are widely used in nuclear and particle physics to study
spin-dependent processes. Laser-plasma accelerators (LPAs) could provide a compact
alternative to conventional sources, and simulations suggest they can produce and
sustain polarised electron beams. However, this has yet to be demonstrated experi-
mentally. The LEAP project aims to address this by demonstrating the acceleration
of polarised electron beams, using a prepolarised plasma source. This thesis focuses
on the design and commissioning of a Compton transmission polarimeter to verify
electron beam polarisation in future LEAP experiments.

In Compton transmission polarimetry, an electron beam generates bremsstrahlung
radiation that passes through a magnetised absorber, where the attenuation is
polarisation-dependent. By flipping the polarity of the magnetised absorber,
differences in photon flux can be measured, and the resulting asymmetry allows
conclusions to be drawn about the electron beam polarisation.

As part of this work, the LEAP_SIMS software framework was developed to support
these efforts. Built around GEANT4, it enables Monte Carlo studies that incorporate
polarised sources and materials.

Building on the development of LEAP_SIMS, a design study was carried out within
the scope of this thesis. It was found that, within the expected energy range of
several tens of MeV, the effect of adding a high-Z converter target in front of the
iron core on analysing power is minimal, as the core itself acts as a converter.
Since Compton scattering decreases with increasing electron beam energy, a low
analysing power (010%) is expected. With several pC incident on the solenoid core,
photon transmission to the calorimeter is not an issue, meaning longer solenoid
cores could improve analysing power. At 80 MeV, a core that is twice as long also
means an analysing power that is about twice as high. Extrapolated simulation
results showed that with several pC charge incident on the polarimeter, TeV-level
energy sums are deposited in the calorimeter during each shot. To resolve the small
anticipated asymmetries ( ~ 1.5%0) by averaging over a reasonable number of shots,
the calorimeter’s energy resolution would need to be better than 2%.

The polarimeter that was eventually built, as part of a collaborative effort, consisted of
a solenoid with a 150 mm core and an iron core polarisation of Pr, = 7.23 + 0.15%.
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To achieve high energy resolution, a homogeneous lead-glass calorimeter was
constructed [52]. Test beam measurements at the DESY II test beam facility, in
combination with simulations, demonstrated that the design met the required
specifications.

During commissioning of the polarimeter, another collaborative effort, an unpolarised
electron beam was used to perform system tests and verify the functionality of the
polarimeter. A key aspect of this process was a baseline accuracy check to assess how
accurately the zero polarisation could be measured and to identify any systematic
errors that might influence the results.

Gradual changes in beam parameter values over time were identified as a source of
false asymmetries when averaged over different solenoid periods. Drifts in bunch
charge over time resulted in a false asymmetry of 6, ¢ = 0.4+0.3%. However,
since shot-to-shot charge information was obtained using a scintillator screen camera
setup, this charge asymmetry could be corrected. Conversely, drifts in the mean
energy of accelerated bunches present a more significant challenge. Dedicated
spectrometer runs and simulations indicate that false asymmetries on the order
of }(5Elfalse‘ = 0.4% are expected. These cannot be corrected due to the destructive
nature of the spectrometer measurement, which precludes simultaneous acquisition
with the polarisation measurement. After applying charge fluctuation corrections,
an asymmetry of §,, = —0.48 +0.07% was measured using the polarimeter. Since
expected asymmetries in future polarisation runs are at the per mille level ( ~ 1.5%o), it
is evident that any true signal would be completely masked by these false asymmetries.
A meaningful measurement therefore requires a significant reduction in energy
fluctuations.

As a central part of this thesis, LEAP_SIMS simulations were used to deter-
mine the analysing power, based on measured beam parameters. The result is
A = 11.74 £ 0.18%, with the dominant contribution to the uncertainty arising from
the nonlinear response of the calorimeter to low energy particles [52], quantified as
%“(—4 = 1.5%. This finding warrants further investigation.

An electron polarisation P,- = 56.6 +8.4% was obtained. In addition to energy
fluctuations, the accuracy of the charge measurement used for polarimeter signal
correction (currently at approximately AL]T',Z ~ 14%) and statistical limitations were
identified as key factors constraining measurement accuracy. Given the current
precision of the charge-corrected polarimeter signal (% = 6.8%), measuring a
polarisation of 10% with a relative accuracy of 20% would require an impractically
long time of 22 hours.

Further research into an energy filtering setup and optimisation of the charge
measurement upstream of the solenoid could potentially achieve energy fluctuations
and charge measurement accuracies at the 1% level. Under these conditions, the
required measurement time at 2 Hz could be reduced to approximately one hour.

In conclusion, the commissioning of the polarimeter has confirmed that it is able to
deliver the performance it was designed for. Specifically, the polarimeter developed
for LEAP is well-suited for measurements under the expected experimental conditions,
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provided that long-term energy fluctuations are minimised and charge measurement
accuracy is improved.
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Appendix A.

List of LEAP_ SIMS Classes

This appendix provides an overview of the custom C++ classes developed for
LEAP_SIMS. For more details on its purpose, refer to chapter 5, and for an overview of
GEANT4, the underlying simulation toolkit, see chapter 4. The classes are categorised
based on their functionality within the simulation framework into four different
groups: configuration management, detector geometry, physics and user actions.
These are described here one after the other.

Configuration Management

This group of classes handles the setup and management of simulation parameters.
It defines the static aspects of the simulation environment, including its configura-
tion, physics models, and initial conditions. These classes ensure that all necessary

parameters are properly initialised before the simulation runs.

ConfigReader

* Takes a string as input, specifying the path to a configuration file.
¢ Parses, retrieves, and interprets parameters from the configuration file.

¢ Reads the file and organises configuration parameters into sections and key-value

pairs.

¢ Provides type-specific retrieval methods that convert string values to int, double,
or G4ThreeVector.
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List of LEAP_SIMS Classes

Includes specialised retrieval methods for certain configuration settings, such as
ReadOutputMode and ReadTreesInfo.

Designed for modularity, extensibility, and robust error handling.

AnaConfigManager

Takes an instance of ConfigReader as input.

Serves as the central management hub for configuring and controlling analysis
and data output in the Geant4 simulation.

Provides methods for initial configuration setup:
— Accesses configuration files via ConfigReader.

— Retrieves settings such as output mode, output file name, TTree information
for data analysis and storage, and shower development status — essentially

interpreting the configuration for analysis purposes.
— Prepares internal mapping (fNtupleNameToIdMap).

Data Output Management: Configures output file format, verbosity, and activa-
tion status by integrating with G4AnalysisManager.

Ntuple Booking: Dynamically creates ntuples (Geant4’s equivalent to ROOT
TTrees) and their columns based on specified data types.

Data Filling: Provides methods for populating ntuples in both detailed and

summary modes.
Finalizing Output: Saves ntuples to file by invoking G4AnalysisManager.

Metadata Management: Generates a dedicated metadata ntuple based on config-

uration file parameters.

MacroGenerator

Takes an instance of the configuration manager and a macro file name (string) as

input.

* Accesses the configuration file via ConfigReader.

Generates a text file that can be used as a Geant4 macro to configure the simulation

at runtime.
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Detector Geometry

This group of classes defines the experimental setup, including materials and sensitive
volumes.

DetectorConstruction

* Main class for setting up the geometry of the Geant4 simulation.

¢ Handles the construction and configuration of the simulation’s physical environ-

ment, including detectors and material specifications.
¢ Follows a modular approach.
* Takes instances of ConfigReader and AnaConfigManager as input.

¢ Subdetector instances, including Solenoid, Calorimeter, and BeamLine, are cre-

ated and configured within the constructor.

* Construct () method: Assembles the world volume and places subcomponents.
Material assignments and geometrical parameters are derived from the configu-
ration data.

* ConstructSDandField () method: Sets up sensitive detectors and electromagnetic

tields. Conditional activation of features is based on the configuration file.
Materials
¢ No input.

e The DefineMaterials () method in the constructor defines the materials used in
the detector geometry.

¢ Includes a getter method for retrieving material properties.
BeamlLine
¢ Takes instances of ConfigReader and AnaConfigManager as input.

* ConstructBeamLine () method: Depending on the status set in the configuration
file, either the DESY II setup or the 28m setup is constructed. Returns the logical

volume of the BeamLine to be placed in the detector construction.
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Solenoid

* Takes instances of ConfigReader and AnaConfigManager as input.

* ConstructSolenoid() method returns logical volume of solenoid

* ConstructSolenoidSD() conditionally places sensitive detectore volumes before
and behind solenoid core

* ConstructSolenoidBfield() adds alongitudinal magnetic field to the solenoid
core (B,)

* SetBz() changes the magnitude of B,

SolenoidMessenger

Facilitates user interaction with the simulation’s solenoid configuration.
Takes an instance of the Solenoid class as input.

Registers and handles commands in the constructor, enabling the user to use

/solenoid/setBz in the macro.

Calorimeter

Takes instances of ConfigReader and AnaConfigManager as input.

Constructs the calorimeter based on parameters specified in the configuration
file.

ConstructCalo () method returns the logical volume of the calorimeter.
Utilizes materials defined in the Materials class.

ConstructCalorimeterSD() method sets up sensitive detectors for the calorime-
ter.

BaseSensitiveDetector

Inherits from G4VSensitiveDetector.
Provides custom hit processing.

Input: A string name, a layerIdentifier specifying the detector type, an integer
tupleld for data recording, and an instance of AnaConfigManager.
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ProcessHits () method defines custom logic for handling particle interactions
within the detector volume on a step level. Differentiates between summary and

detailed modes.
Reset () method clears accumulated data in summary mode.

Base class that can be placed in multiple locations within the geometry.

CaloFrontSensitiveDetector

Specialized hit processing for the calorimeter front.

Inherits from G4VSensitiveDetector, with the same inputs as the base sensitive
detector class.

Facilitates output for each crystal in both detailed and summary modes.

CaloCrystalSD

Specialized hit processing for calorimeter crystals.

Inherits from G4VSensitiveDetector, with the same inputs as the base sensitive
detector class.

Accumulates deposited energy per crystal.

If fShowerDevStat is True, fills the tuple with detailed information about shower
development.

Reset () method to clear accumulated data.

Physics

Specifies the physics processes and interactions included in the simulation.

PhysicsList

Inherits from G4VModularPhysicsList.
Main class for defining and managing the physics processes in the simulation.

Inputs: The constructor takes a G4String version, which defines the physics

configuration.
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The ConstructParticle () method constructs different particle types, including
bosons, leptons, mesons, baryons, ions, and short-lived particles.

The ConstructProcess() method adds various physics processes, including elec-
tromagnetic processes (via PhysListEmPolarized) and step limitation processes.

The AddPhysicsList () method allows switching between different electromag-
netic physics lists (standard or polarized).

The AddStepMax () method adds the step limitation process to all applicable
particles.

The class uses the PhysicsListMessenger to facilitate user interaction and cus-
tomization of the physics list through macros.

PhysListEmPolarized

Inherits from G4VPhysicsConstructor.
Defines polarised electromagnetic processes for photons, electrons, and positrons.

The ConstructProcess () method adds relevant processes for polarised photons,
electrons, and positrons (e.g., Compton scattering, ionisation, bremsstrahlung,
and annihilation).

PhysListOptical

Inherits from G4VPhysicsConstructor.
Defines optical processes for photons in the simulation.

The ConstructProcess () method adds optical processes such as Cherenkov radi-
ation, scintillation, absorption, Rayleigh scattering, and boundary reflection/re-
fraction.

Configures the processes with parameters like the maximum number of secon-
daries generated per step.

StepMax

Inherits from G4VDiscreteProcess, limits step size for charged particles.

Uses StepMaxMessenger for user input.
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StepMaxMessenger

* Facilitates user interaction for setting max step size.

* Takes instance of StepMax as input.

User Actions

Includes classes that are directly involved in the simulations runtime behaviour.

GPSPrimaryGeneratorAction

* Generates primary particles for each event using using G4GeneralParticleSource
¢ Takes no input.

EventAction

¢ Handles actions at the beginning and end of each event during simulation.

* The constructor initialises with RunAction, DetectorConstruction, and options

for output type and version.

* The BeginOfEventAction() method initialises variables (e.g., energy sums, parti-

cle counts) based on event type and used geometry.

e The EndOfEventAction() method finalises data collection at the end of an event,
depending on the output type and fills ntuple columns with energy and particle

information for analysis.
RunAction

* Responsible for managing run-level actions, including the creation of analysis

files, event initialization, and finalisation.

® The constructor initialises with DetectorConstruction, PrimaryGeneratorAction,

output file name/type, version, and dipole state.
* Methods:

— BeginOfRunAction(): Opens the output file, creates the analysis manager,

and initialises histogram booking and process counters.
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— BookHisto(): Books histograms and ntuples based on output type ("bunch”,

m"mnon

"single", "shower").

— CountProcesses(): Tracks the frequency of different physics processes oc-
curring during the run.

— EndOfRunAction(): Finalizes the run, writes data to the output file, and

displays process statistics.



Appendix B.

Example Configuration File

[Run] » TableStatus = 1
type = asymmetry %6 xRot =0
flip = core z yRot = 0
Nevents = 500000 28
» [Calorimeter]
[PhysicsList] » calorimeterStatus = 1
polarizationStatus = 1 s1 type = full
opticalStatus = 0 » frontDetector = 1
3 backDetector = 0
[World] u crystDetector = 1
material = Air 5 nCrystals = 9
% caloMaterial = TF1
[Solenoid] y dist2Pol = 91
solenoidStatus = 1 8 xpos = 0
type = TP2 3 ypos = 0
convThick = 0 0 xRot =0
coreRad = 25 s yRot =0
corelLength = 150 2 showerDev = 0
inFrontCore = 1 s EinLimit = 0
behindCore = 1 44
polDeg = 0.0723 55 [BeamLine]
BField = 0 % beamLineStatus = 0
Bz = 2.04 47
LanexStatus =1 48
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59

60

198

Example Configuration File

[Output]

mode = detailed
binWidthE = 0.5
nbinsProf = 200

fileName = output_filename

[GPS]

particle = e-

energy = histo
polDeg = 0
position = 0 0 -205

posType = Beam

61

62

63

64

65

66

67

68

69

70

71

direction = 0 0 1
nBunch = 1

spotSize = 0.0
divergence = 0.0 rad
eneType = User

sigmaE = histo

histname = /path/to/423A_APL_spec.hist

[RandomSeeds]
rndsdsl = 33239
rndsds2?2 = 44599
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Figure C.1.: Technical drawing of the solenoid used for the LEAP project
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Table C.1.: Parameters of the solenoid used in the LEAP-polarimeter

Parameter value
overall length 275 mm
overall diameter 320 mm
iron core length 150 mm
iron core diameter 50 mm
length of internal Pb absorber 125 mm
overall mass 195 kg
number of coils 2
coil length 86 mm
coil inner diameter 152 mm
coil outer diameter 248 mm
number of turns per coil 175
conductor dimensions 4 x 4 mm
coolant bore diameter 2.5 mm
water cooling circuits 4
water flow rate 2 1/min
operating current +60 A
power 1.37 kW
current reversal time 12.5s
time between reversals 5 min
Field B]"® at center 2165T
on-axis mean field at center 2.040T
air field B, at center 0.100 T

(Pr,) (on axis)

0.0723 £ 0.0723 T
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Glossary

ADC Analog-to-Digital Converter

APL Active Plasma Lens

ASTRA A space charge tracking algorithm, program package developed at DESY [67]
BOND Beam Optimisation and Novel Diagnostics

DaMon Diagnostic tool for non-invasive measurement of electron bunch charge;

Name derived from dark current monitor based on its original use.
DAQ Data AQuistion
DESY Deutsches Elektronen-Synchrotron

DOOCS Distributed Object-Oriented Control System Framework, software frame-
work for creating accelerator-based control system applications.

FLARE Facility at DESY that provides infrastructure for research on laser plasma

accelerators and their applications.
jddd Java DOOCS Data Display, editor and run-time engine for control system panels

LEAP Laser Electron Acceleration with Polarisation: Name of a project at DESY to

accelerate polarised electron beams with a laser plasma accelerator

LEMO cables Refers to single coaxial cables equipped with LEMO 00 series push-pull

connectors.

LPA Laser Plasma Acceleration

NIM Nuclear Instrumentation Module, standard defining mechanical and electrical

specifications for electronic modules used in experimental particle and nuclear

207
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physics. NIM logic is a fast logic standard. Negative Logic: NIM signals use
negative logic, where a logic "1" is represented by a voltage between -0.8V and
-1.2V, and a logic "0" is close to OV. [162]

Opera Simulation Software. Finite Element Analysis software suite that allows en-
gineers to perform simulations of electromagnetic (EM) and electromechanical

systems in two and three dimensions. [111]

PCle Peripheral Component Interconnect Express, high-speed serial computer expan-
sion bus standard for data transfer

PMT Photomultiplier Tube

QAC Charge to Amplitude Conversion

QDC Charge to Digital Conversion

TTL Transistor-Transistor-Logic, uses between 0 and 0.4 V for logical 0 and between
2.4V and 5V for logical 1. [163]

VME Versa Module Eurocard, computer bus standard physically based on Eurocard

sizes.
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