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Abstract

The BigBite Timing Hodoscope detector is the primary subject of this thesis. The Super BigBite Spec-
trometer is a Jefferson Lab Hall A Collaboration project that has and will continue to measure nucleon
electromagnetic form factors. This spectrometer includes the Timing Hodoscope which provides high
resolution particle timing data for scattered electrons in the electron arm of BigBite. The Timing Ho-
doscope utilizes 90, 25 x 25 x 600 mm?> scintillator bars stacked on top of each other to form a single
detector plane, and these bars are connected to 180 photo-multiplier tubes via light guides. Particles
collide with the scintillating material creating a shower of optical photons and these particle events in
the bars are collected to generate signals that are readout by the data acquisition (DAQ) electronics.
NINO ASIC amplifier-discriminator cards output signals from the photo-multiplier tubes into analogue
and logic signals, which are sent to analogue-to-digital (ADC) and time-to-digital (TDC) converter data
acquisition readout modules. This data is then used for analysis of the detector.

The focus of this thesis is the construction, commissioning, calibration, and performance of the Big-
Bite Timing Hodoscope before and during the first of five nucleon electromagnetic form factor experi-
ments at Jefferson Lab Hall A. Before the neutron magnetic form factor, G,, experiment, cosmic ray data
was collected during commissioning to confirm proper operation of the Timing Hodoscope electronics
by observing the ADC and TDC data. Commissioning studies for charge normalization, gain matching,
and other ADC and TDC detector data variables were performed before moving the detector into Hall A.
Following installation in Hall A, several calibration studies were implemented to fine-tune the detector
in preparation for use in the experiment. The calibration studies included analysis of timing cuts, TDC
alignment, the time-walk effect, time difference offsets, and scintillator velocity corrections. Once the
Timing Hodoscope was well-calibrated, data-taking during the experiment commenced and the beam-
on-target data was used to characterize the Timing Hodoscope performance during the G, experiment
run-time. The performance analysis included studies observing energy deposit, cluster size, rates, acci-
dentals, pile-up, tracking efficiency, position resolution, and time resolution. After application of physics
cuts to ensure a data set comprised of particle tracks corresponding to elastic electrons, which is the main
data of interest for measurement of G%,, the Timing Hodoscope is shown on average across all kinematic
settings to have a >98% tracking efficiency, a position resolution of 4-6 cm in the non-dispersive plane
and 1.5-2 cm in the dispersive plane, and a time resolution of 500-750 ps. These performance results are
compared to a GEANT4 based performance simulation of the BigBite Timing Hodoscope for reference,

showing to what degree the measured performance values match those taken from the simulation.
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Chapter 1

Introduction

One of the most important objectives in nuclear physics is furthering scientific knowledge on the structure
of nucleons and the characterization of quark confinement to better understand how mass is created in
the nucleus. Quantum Chromodynamics (QCD), the field theory which attempts to explain the strong
force and the gluon-quark interaction, is prohibitive when trying to be solved by perturbative methods at
the approximately femtometer (fm) scale characteristic of hadrons. Understanding non-perturbative QCD
continues to be a crucial problem facing theoretical physics [1]. The availability of high precision electron
scattering results over a wide spectrum of squared four-momentum transfer (Q?), especially at higher
momentum transfer, remains a central factor demanding advances in understanding nucleon structure.
Particularly for the neutron, the higher Q? range is comparatively lacking in reliable results, and therefore
has a vast potential to differentiate among various nucleon structure models to better understand how
matter is generated. At smaller transverse distance scales, the measurement of the electromagnetic form
factors, precise quantities encoding the electromagnetic distributions in nucleons, continues to play a
major role in the accumulation of information pertaining to quark distributions [2]. The diagram shown in
Figure 1.1 shows the spin structure from inside the nucleon. The simplified structure of the nucleon from
fifty years ago is shown on the left dating from before the gluon was fully incorporated into the structural
understanding of the nucleon, with the first proof for discovering the gluon surfacing in 1979 [3]. The
image on the right from Figure 1.1 is a diagram of nucleon structure with gluons incorporated to show
their purpose as carriers of the strong force, which glues quarks together to form nucleons. Each of these
nucleons have spin and the nucleon magnetic and electrical characteristics depend on the direction and

intensity of its spin, which affects the structure of the nucleon as its spin changes [4].



1980s now

Figure 1.1: A representative picture of quarks and gluons (yellow) within the nucleon. Blue, red, and
green arrows indicate the spins of the quarks, white arrows indicate orbital angular momentum of the
quarks and gluons, and the grey arrow represents the spin of the nucleon. Image from [5].

For the dependence of G /G},, the ratio of the Sachs electromagnetic form factors for the neutron,
on Q2 there is substantial expectation, due to the lack of data at high Q2, in relation to new results that
drive both G%/GY,, the ratio of the Sachs electromagnetic form factors for the proton, and G /G}, to
larger values of Q2. The capacity to measure the electromagnetic form factor (EMFF) with an acceptable
accuracy and breadth in the higher Q% domain will allow for some of the most essential and pertinent
questions in hadronic physics to be answered. The high-precision measurement of G% /G, over a range
of 9, through the quasi-elastic interaction >H (e, e'n), using the Super BigBite Spectrometer (SBS), poses
an opportunity to perform an analysis of the performance for the latest assembly of detector systems and
channels for measurements at the highest Q2 ever achieved [6]. Plots of the Sachs form factors (FF),
and their ratio for the neutron, and the magnetic form factor, and electromagnetic form factor ratio of the
proton from Figure 1.2 provide a set of world data points. This data provides a historical reference for
the range of Q” used to measure the neutron and proton EMFFs and their ratios. It is clear to see that
most data points from past experiments are limited to the Q? range below 3-4 GeV. The 21* century has

seen the construction and upgrade of several accelerators and colliders for probing higher Q? regions [7].
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Figure 1.2: A combination of world data for both the magnetic (top and bottom left) and electric (top
right) form factors of the neutron, the electromagnetic form factor ratio of the neutron (bottom right), the
magnetic form factor of the proton (middle left), and the electromagnetic form factor ratio of the proton
(middle right). These plots show that most data points are on the lower end of each plotted Q” range
respectively. The trend lines and markers are consistent across all above plots. Plots from [8].



As stated, advancements in nucleon structure and quark confinement behavior are of the highest
significance in nuclear physics due to the lack of data at high momentum transfer. This lack of data is
because the cross sections at Q> are so small therefore requiring higher luminosity and detectors able to
handle higher background. Because cross sections are small, the number of events decreases, causing
larger uncertainties. The creation of mass inside the nucleon mostly solves one of the biggest issues
challenging scientist when determining the origin of mass. Though the Higgs mechanism is often cited
in reaction to that problem it is widely considered that the majority of the proton and neutron mass arises
from the massless gluons and the essentially massless quarks, and their kinetic and potential energy, held
within the nucleon. Neutron structure can be probed using the reaction mechanism shown in Figure 1.3
which provides a Feynman diagram of electron scattering off a neutron using the one-photon exchange
process. In this case, the neutron, or target, and the incident electron, or beam, are both polarized. Again,
it is widely considered that the understanding of the non-perturbative area of QCD remains one of the
most important outstanding questions in theoretical physics. Those who study nuclear physics consider
hydrogen structure was to atomic physics, in the 20" century, what nucleon structure is to nuclear physics,

during the 21%" century in terms of the possible scientific advancements that can be made [9].

Scattered
electron

'

K'=(E,K)

Virtual photon
q"=(v,q)

//

Target
Incident neutron
electron P = (M, 0)
k" = (E, k)

Figure 1.3: A Feynman diagram of an incident electron scattering off of a neutron using the one-photon
exchange process. The generalized spin polarizabilities of the neutron can be measured when both inci-
dent electron and neutron are polarized. Here Q* = -¢*. Image from [10].



Even though a genuine answer to QCD for the non-perturbative regime continues to be obscure,
substantial improvements have been completed. Modern theoretical models have aided in clarifying the
pertinent degrees of freedom inside the nucleon. A few of these models come enticingly close to a method
akin to an analytic approach. Perturbative QCD (pQCD), although it cannot be utilized to determine fun-
damental measurements such as form factors or structure functions, is able to calculate how likely these
measurements change with Q%. Theoretical inventions like the creation of Generalized Parton Distribu-
tions (GPDs) have also permitted us to incorporate form factors and structure functions using a specific
uniting framework. Additionally, lattice QCD, which might eventually deliver subjectively exact mathe-
matical explanations to potentially any problem presented, continues to make spectacular improvement.
Some of the key reasons pushing growth in knowledge of nucleon structure is the accessibility of accu-
rate experimental findings at the highest achievable Q2. Several of the current theoretical methodologies
to understand nucleon structure analysis is centered around GPDs and lattice computations, necessitat-
ing values and constraints provided by measurements of form-factors. Low Q? measurements allow for
measurement of nucleon size, but at high Q? the structure of the nucleon is more complex in terms of scat-
tering. Thus, complexity evolves with increased O and the validity of theory models defining nucleon
structure over a range of Q” can be tested experimentally.

Measurements of the electric and magnetic form factors for both the proton and neutron are planned
for the Super BigBite Spectrometer (SBS), which is a multipurpose spectrometer for hadron structure
experiments at Jefferson Lab (JLab). Currently, the SBS measurements for G, and G are almost com-
plete. These experiments combined will deliver exact values of all four nucleon form factors, reaching
unparalleled Q?. Together, allowing for low expected systematic errors, the Super Bigbite Spectrome-
ter will offer exceptional precision at the highest achieved Q? regime with extraordinary breakthrough
capability [11].

The Continuous Electron Beam Accelerator Facility (CEBAF) is housed at Jefferson Lab (Virginia,
USA), which originally operated a 6 GeV electron beam. The upgrade of the CEBAF beam to 12 GeV
warranted the installation of the Super BigBite Spectrometer to achieve better precision measurement ca-
pability at higher Q2. The challenge at higher Q? is that spectrometer time and position resolution wors-
ens with an increase in GeV?, due to increased background rates. The SBS addresses this challenge by

utilizing the latest detector technology, improving upon previous spectrometers. The Timing Hodoscope



(TH) detector is one sub-system of the SBS that will provide improved particle time-stamping compared
to past form factor experiments [12]. The G}, experiment, or "GMn" utilized electron-nucleon scattering
with polarized beams over a series of kinematic settings. For completion of the SBS physics program,
accurate particle timing and position tracking over the entire planned kinematic range is important.

In order to accomplish this, the construction, installation, commissioning, calibration, and perfor-
mance analysis of the Timing Hodoscope detector for the BigBite electron arm of SBS was required.
The main expectation proving the usefulness of the TH detector will be its ability to provide a time
stamp for scattered electrons with high timing resolution. The research covered in this thesis illustrates
various comprehensive analyses which have contributed substantially to the successful operation and
performance of the TH detector during the running of the G}, experiment.

The thesis starts with an introduction to Jefferson Lab (JLab) and an overview of the physics studied
there. Next, an overview is given of SBS and its sub-detectors, their purpose and relevant SBS physics
background. A summary of the TH detector follows, providing information on the major components,
technologies, and design as well as TH detector construction, installation, commissioning, and calibra-
tion. The result of that work is a working TH detector, and therefore, the final chapter is devoted to the TH
detector performance during the G, experiment run-time. The analysis studies comprise a comprehen-
sive overview of the TH detector commissioning, calibration, and performance across several kinematic
settings including plots describing the detector performance simulation, energy deposit, average cluster
sizes, rates, occupancies, efficiencies, and resolutions. This thesis, based upon the results of the detector
studies, confirm the usefulness of the TH detector as a vital subsystem to the electron arm of the Super

BigBite Spectrometer.

1.1 Thomas Jefferson National Accelerator Facility

The objective of the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab (JLab)
is to explore nucleon structure, hadrons, and the fundamental interactions in the zone beneath the high-
energy asymptotically-free regime of QCD. The abilities of existing models are constrained, like how
deuteron structure is not completely known at sizes less than 1.5 fm. Mesonic degrees of freedom are

established as essential in the electromagnetic interaction, however pionic degrees of freedom are lacking



from current dynamics. As well, the influence of quark degrees of freedom in nuclei continues to be a
mystery. Nucleon structure is plagued with abstract obstacles when linking constituent quark models to
the primary QCD Lagrangian, established as doing well at the perturbative high-energy QCD regime [13].
CEBAF’s high luminosity continuous-wave electron beam is the perfect means for studying the strong
QCD zone since the electromagnetic interaction is clearly known, and the electron wavelength at that
energy is only a small percentage of the nucleon size. The advantages of polarized electron beams in-
clude the capacity of the lab to involve both parity-violation experiments and spin-dependent interactions
probing, respectively, the weak and the spin structures within the system. CEBAF was initially intended
to send electrons up to 6 GeV via passing the beam up to five times along two superconducting linear ac-
celerators (linacs) both generating an energy gain of 600 MeV per pass. Magnets bend the beam around

the curved sections of the accelerator [14]. Figure 1.4 provides a visual description of CEBAF.

Figure 1.4: An aerial view photo of the CEBAF accelerator site with red dashed lines for racetrack-shaped
design, with two linear accelerator (linac) sections in the straight-line portions of the racetrack, and red
circles to indicated the three experimental Halls A, B, and C where beam is delivered. Not shown is the
more recently built Hall D. Image from [15].



Electrons are injected to the accelerator using a polarized gun. For the polarized gun a strained Ga-As
cathode is illuminated using a gain-switched diode laser. Beam polarization is evaluated at the injector
with a Mott polarimeter, and a Wien filter can orientate the polarization vector. The current delivered to
the three experimental halls may be regulated individually. Both linacs house 25 cryo-modules which are
positioned in a series, one after the other. The beam has the ability to be divided indiscriminately among
four interspersed bunch trains that can peel off following each linac pass into either of Halls A, B, C, and
D utilizing RF filters and septa [16].

The essential arrangement of Hall A before SBS installation included two main features which were
two High Resolution Spectrometers (HRS), both of which offer high momentum resolution as the name
implies and horizontal angular resolution less than 2 mrad. The original baseline equipment in Hall A has
been applied with much success in experiments at high resolution and high luminosity. The Hall A left
(LHRS) and right (RHRS) spectrometers were intended for comprehensive analysis of nucleon structure
with (e, e’ p) scattering. Their dimensions expand the scope of internal nucleon momenta and momentum
transfer examined past the hitherto investigated zone. These measures can uncover constraints to the
standard nuclear structure built on nucleon interaction via meson exchange, sufficient to illustrating the
low momentum-transfer region. For few-body systems precise results may be ascertained for nucleon
interactions and these experiments might exhibit a full summary meson-exchange. More sensibly, the re-
search seeks to determine that quark models can present more efficient explanation of experimental data.
Spectrometers need high resolution to separate various reactions such that a clear comparison to theory
may be realized. High definite precision is essential to distinguish the different forms of electromagnetic
currents contributory to nuclei interactions [17].

Experiments of the electromagnetic and weak neutral current nucleon structure are likewise a key
element of Hall A studies. The HRS detector systems have been employed to determine the charge and
magnetic form factors for nucleons at high-level accuracy. An all-encompassing plan has been established
to examine neutron spin structure utilizing a polarized He target. The strange-quark impacts for the
charge and magnetization nucleon distributions have been explored through exceptionally accurate parity-
violating electron scattering experiments. These trials deliver rigorous analyses of nucleon structure [18].
A diagram of the JLab accelerator with major components such as the linacs, recirculation arcs, and cryo-

module locations is provided in Figure 1.5.
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Figure 1.5: A layout diagram of CEBAF before the 12 GeV upgrade. The electron beam is generated
with the injector which uses illumination on a photocathode. The beam is next accelerated in both
superconducting linacs, which can recirculate the beam. The beam is then extracted to each of the
experimental halls. Image from [17].

1.1.1 12 GeV Upgrade

The Jefferson Lab accelerator 12 GeV upgrade was built on the addition of 5 new cryo-modules to both
linacs on each side of the racetrack-like design. Originally, the CEBAF structure allowed additional drift
space towards the end of both linacs, therefore allowing space for the energy upgrade. The latest cryo-
modules have 7-cell cavities (rather than the 5-cell cavities from the first CEBAF) which have enhanced
surface treatments, allowing higher RF acceleration fields. Thus these cryo-modules can reach up to 100
MeV acceleration (contrasted 20 MeV in the first designs). Both linacs can now generate 1.1 GeV, and
every recirculated beam gets an energy boost of 2.2 GeV. Improvements to the arc magnets and power
supplies were required as well. The upgraded CEBAF is able to deliver beam to experimental halls A,
B, and C at energies reaching at or in some cases above 11 GeV. In theory, beam is offered in multiples
of the maximum 5-pass energy. The strength of the beams can amount to 85 pA while using beam
polarization. In order to enable supply of the 12 GeV beam for Hall D, a fifth magnet arc is attached
to the second recirculation arc, such that one beam may be accelerated across the north linac once more
prior to delivery to experimental Hall D. Control of the extra cryo-modules required an improvement to

the central helium liquifier capability [19].
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The fundamental spectrometer capacity in Experimental Hall A was previously preserved with just
the two HRS configurations, but other apparatuses have been built for further experiments specifically
intended for improved measurement of nucleon form factors. Most notably, the Super BigBite Spectrom-
eter assembled and located in Hall A. This is a bigger version of the effective BigBite Spectrometer influ-
ential in expanding the nucleon form factor measurements up to higher momentum transfer during the 6
GeV era. SBS utilizes the 48D48 dipole magnet with large area tracking Gas Electron Multiplier (GEM)
detectors, timing scintillators, and particle identification detectors, including Cerenkov and calorimeter
detectors. The solid angle acceptance is normally 50-100 msr, contingent on specifics of implementation,
and the spectrometer is able to run at high luminosity [20]. In parallel, the physics program in Hall A
will also consist of some high-precision parity violation experiments to deliver strict assessment for the
standard electroweak model. This concludes the overview of the Jefferson Lab accelerator facility and
the 12 GeV upgrade. The following sections provide a detailed summary of the formalism specific to

nucleon structure and the electron scattering experiments performed at Jefferson Lab.

add new hall

upgrade magnets
and power supplies

Figure 1.6: The essential diagram for the 12 GeV upgrade. With the upgrade of the accelerator system
to deliver 12 GeV beam, the experimental technologies are improved to allow complete advantage to be
made of the higher energy beam, including new detection systems and new Hall D. The setup for Hall A
involved upgrades such as the installation of SBS. Image from [21].
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1.2 Nucleon Structure and Electron Scattering Formalism

The spatial distributions of charge and magnetism in the nucleon are characterized by the electromagnetic
form factors. The two form factors of a spin-% object, Gg and Gy, in the basic non-relativistic portrayal,
correspond to the Fourier transforms of the charge and magnetization’s spatial distribution inside of the
body. Since quarks are the charge carriers in the nucleon, these observables are both a probe of the
underlying dynamics and directly related to the spatial distribution of quarks in the nucleon [22].

A revolution in the understanding of nucleon form factors was brought about by the development of
electron beams with high luminosity and polarization, as well as novel polarized targets, recoil polarime-
ters, and large-acceptance detectors. The scientific text on the proton and neutron form factors has been
completely revised in the last ten years as a result of experiments at Jefferson Lab. Now, physicists can
isolate the contribution of strangeness in the nucleon and make cleaner, more accurate measurements
of how the nuclear environment affects the internal structure of the proton and neutron thanks to the

techniques that have enabled this dramatic resurgence of interest in the form factors [23].

1.2.1 Nucleon Structure

Studying the structure of the nucleon is an important component to comprehend the nature of matter
because nucleons account for more than 99.9% of the mass of visible matter in the universe. The Stan-
dard Model, a very effective theory of strong and electro-weak interactions, serves as our framework.
This theory’s fundamental, spin—% particles are six flavors of quarks and six leptons. Their fundamental
properties are governed by a collection of gauge bosons, which include gluons, photons, and the W and
Z bosons. Quarks are subjected to all three basic interactions. The electron, muon, and tau are sensitive
to electromagnetic and weak interactions, but neutrinos are solely vulnerable to weak interactions. Ac-
cording to their masses, quarks are divided into two categories light quarks; up (u), down (d), and strange
(s), and heavy quarks; charm (c), bottom (b), and top (t). Each quark has a one-third baryon number, and
their electric charges are +%e for u, c, and t quarks and —%e for d, s, and b quarks. Such that e is the
magnitude of the electron charge. Each quark has an antiparticle, or anti-quark, that has the same mag-
nitude but opposite sign charge and baryon number. Furthermore, each quark has three different color

charges via which it links to the gluons. Indeed, the entire foundation of the theory of strong interaction
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inside the QCD standard model, is local gauge invariance under color changes [24].

The nucleon, being the lightest baryon, is the model of a system dominated by strong interactions.
It has a baryon number of 1 and a spin of % Early, simplistic depictions of the nucleon portrayed it
as a simple system made of three quarks, with individual baryon numbers of % adding up to unity and
the quark spins combining to give the overall nucleon spin of % One of the fundamental questions
in nuclear and particle physics is how these elements organize themselves to form the nucleon. The
light up and down quarks will be of key relevance in addressing nucleon structure. For example, the
proton’s valence quark content is two u-quarks and one d-quark (uud), but the neutron’s is (udd) - as can
be clearly shown by adding electric charges. Using high energy electron, muon, and neutrino beams,
physicists have gained the most trustworthy knowledge about the interior structure of the nucleon. The
electroweak interactions of those particle beams give a clearer probe of the nucleon’s quark currents.
Measurements of the proton and neutron magnetic moments revealed significant departures from the
values anticipated for point-like Dirac particles, which were the first evidence of a composite structure
of the nucleon. Until elastic electron scattering tests on the proton and deuteron began in the mid-
1950s, the full spatial distribution of the electromagnetic current inside the nucleon was unknown. The
scattering of thermal neutrons on electrons bound in closed-shell atoms provided the first signs of a
non-zero charge distribution of the neutron [24]. The electromagnetic structural characteristics of the
proton and neutron, sizes of their charge and current distributions, and electromagnetic polarizabilities,
are currently understood with amazing precision. Elastic electron scattering and Compton scattering on
the nucleon are the fundamental means for obtaining this information. Such information comes from
scattering on deuterium targets or neutron-electron scattering tests for the neutron, which has a lifespan

of less than 15 minutes [25].

1.2.2 Rutherford and the Coulomb Interaction

Rutherford made the nucleus discovery in 1911 by analyzing Geiger and Marsden’s findings on the
scattering of a-particles on an extremely thin gold foil. In this experiment the atom contains a nucleus
of charge Ze, where Z is the atomic number of the atom, the nucleus can be treated as a point particle,
and the nucleus is sufficiently massive compared with the mass of the incident o-particle that the nuclear

recoil may be neglected. The laws of classical mechanics and electromagnetism can be applied such that
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no other forces are present, and the collision is elastic. The closest approach distance, D, is determined
by equating the initial kinetic energy to the Coulomb energy at closest approach for a collision between
an incoming particle with kinetic energy 7" and electric charge ze (z = 2 for a-particle).

7Ze?

D= 1.1
dregT (1.1

At this point the o-particle completely reverses direction, thus the scattering angle 8 would be equal
to . However, the scattering angle will be less if the o-particle’s line of incidence is closer to the nucleus

than b, which is referred to as the impact parameter. The relation between b and 6 is given by

0 D

The conservation of angular momentum, Newton’s Second Law of Motion, and Coulomb’s Law for
the force between the a-particle and the nucleus are all used to give this relationship [26]. The quantity
of incident particles arriving at the target per unit area per second is known as the flux, F, of incident
particles. The number of particles, dN(b), with impact parameter between b and b + db is the flux
multiplied by the area between two concentric circles of radius b and b+ db. A formula can be written
for the quantity of a-particles dispersed through an angle between 6 and 6 + d0 after substitution by
differentiating this relation.

D? cos

dN(0) =Frn———=%

do 1.3
4 sin z 13)

The number of scatterings between 6 and 0 4 d 0 per unit flux, per unit range of angle, is known as
the differential cross-section, or do /d6.
do _dN(0) _D?cos$

A6~ Fd6 " 4 sin38

(1.4)

The differential cross-section may be expressed in terms of a specific solid angle, Q, that has a

relationship to both the azimuthal angle and the scattering angle.

0 0
dQ =sin0d0d¢ :2sin(§) c0s<5>d9d¢ (1.5)
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The following equation describes the relationship between the number of events, the flux, the differential

solid angle, d€, and the differential cross section.

dN do

An integration over the azimuthal angle introduces a factor of 27 and substituting d0d ¢ for dQ gives

do D?
dQ  16sin*9 (47
Although the differential cross-section rapidly decreases with the scattering angle, it is still far larger than
what previous models would have predicted.

As the scattering angle approaches closer to zero, the differential cross-section diverges, and the small
scattering angle leads to a large impact parameter. The distance of the incident particle from any nucleus
can increase up to a constraint of about half of the distance between the nuclei in the gold foil. The
differential cross-section multiplied by the flux, multiplied by the number of nuclei in the area of the foil

that is hit by the incident a-particles, is equal to the total number of particles that are scattered into a

given solid angle [27] [28].

1.2.3 Electron Scattering

Electron and photon scattering on hydrogen and deuterium exposes a diverse spectrum of resonances
that indicate excited states of the nucleon. There is a wealth of information available on the electric and
magnetic multi-poles, as well as the form factors for transitions from the nucleon ground state to numer-
ous such resonances. This type of information gives essential restrictions for building nucleon models.
Elastic electron scattering may be used to investigate the global characteristics of charge and current
distributions in nucleons. Figure 1.7 depicts the fundamental mechanism in the one-photon approxima-
tion. The one-photon approximation is excellent to around 1% accuracy because the electromagnetic
interaction is regulated by the modest fine structural constant o = e? /47 =~ 1/137.

Using fundamental Quantum Electrodynamics (QED), the process illustrated includes the component

electron current, the hadronic current J g - and the exchanged photon with four-momentum transfer
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Figure 1.7: A schematic of the one-photon exchange mechanism is depicted for elastic electron-nucleon
scattering showing resultant €’ trajectory.

g=p—p =P —P (1.8)

such that p = p* = (8,?) and p = p/u = (8,,7/) represent the four-momenta for the incident and
scattered electron, and P = P* = (¢, ?) and P = P;L = (€, ?/) represent the nucleon four-momenta in
the initial and final states respectively. In every case, four momentum is represented by the momentum
in 3D dimensional space, 7 or ? and relativistic energy, €.

Elastic scattering defines that the nucleon does not leave its ground state throughout the collision,
meaning that the energy transfer written as:

v=e—¢ =E —E (1.9)

and three-momentum transfer:

7=F-7 =P -P (1.10)

are thus both taken in by the recoiling nucleon in their entirety, and the squared four-momentum transfer

7 =vi-q*=-0*<0 (1.11)
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as a fundamental Lorentz invariant characteristic of this collision interaction [29].

Consider the elastic scattering of a relativistic electron off of a spinless, point-like particle with mass
M and charge e. Let e represent the incident electron’s energy within the laboratory frame and having the
target at rest. In this process we ignore the electron mass in relation to its energy. The conservation
of energy and momentum then requires that the scattered electron’s energy, ¢ , be linked by a formulaic

definition to its corresponding scattering angle 0 in a given laboratory frame using the following equation.

/ e

_ (1.12)
1 + 2 37 sin %
with the squared four-momentum calculated for kinematics as:
2 o, 2 9
0 =4ee sin 5 (1.13)

After that, a derivation leads to the Mott differential cross section that has the recoil component e,/ e
included.
do o ¢ , 0

= el 1.14

The elastic scattering from a point-like spin—% target with a normal Dirac magnetic moment is next ex-
plored. Magnetic dispersion from the spin source introduces a new component, which increases the
differential cross section at backward angles.

do do 0? , 0

a0 _ 1+ 2 ot 11
a0 = (g menll+ gy < 2tan” 5] (L.15)

And with a spin—% target using an expanded structure and the anomalous magnetic moment we get the

Rosenbluth cross section:

do . do 0>

O = (G Q) + s (3 Q%)+ 2(Fi(Q7) + Fa (@) tan D) (1.16)

This introduces the Pauli form factor F5(Q?) and the Dirac form factor Fj(Q?). The former contains

information on the target nucleon’s anomalous magnetic moment. The Sachs form factors are sometimes

more convenient:
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Q2

Ge(Q*) = Fi(Q) — =5 P (Q%) (1.17)
Gu(0?) = Fi(Q%) + F(0?) (1.18)

which are also named the electric Gg and magnetic Gy form factors. The Rosenbluth cross section can

then be written in terms of these electromagnetic form factors:

2
do do. GHOY)+25GL(Q%) (2 6
10 (d_Q)Mott[ " +4Aé2 YV Gy(Q?) tan’ 5] (1.19)
e

and this allows for the extraction of Gg and Gy, by performing a Rosenbluth separation where

do/dQ

0
_ 2 2y, 20
(do/dQ)mon GE(Q7) + Gu(QJran (120

2

would be plotted versus tan? g such that a straight line fit is generated.
The cross section for scattering electrons from a spin—% target in the one-photon approximation can

be written as

d_G _ nGMott
dQ 147

((GE)ZJFE(GM)Z) (1.21)

where 7 is the recoil factor, T = Q2 / 4M?, and € is the longitudinal polarization of the virtual photon.
The helicity conserving F; and non-conserving F, form factors can also be represented as simple linear
combinations of the electric G and magnetic Gy form factors. These form factors for the proton and
neutron are measured to investigate their electromagnetic structures.

Very little is understood about the magnetic form factor of the neutron at G, for Q? > 4 (GeV /c)?.
Because the form factors are merely functions of 0%, they may be separated using the Rosenbluth ap-
proach, which involves taking cross section measurements at the same Q2 but at various scattering angles
to produce distinct linear combinations [30]. This concludes the general overview of physics performed
at JLab, and the following chapter with provide an overview of the SBS in detail and the physics specific

to its experimental program.
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Chapter 2

Super BigBite Spectrometer

The JLab detectors in the four Experimental Halls (A, B, C, and D) offer a range of solid angles, ranging
from several msr for CLAS, CLAS12, and GlueX to around 4-6 msr for focusing magnetic spectrometers
like those in Halls A and C. For the large acceptance detectors, the maximum luminosity is constrained
to a level of 103 cm™2s~! for CLAS12 and substantially lower for CLAS and GlueX. The Super-BigBite
Spectrometer (SBS), offers a detector package capable of operating at higher luminosity, approximately
10** cm~2s~! for the GMn experiment, and yields an intermediate value of the solid angle of 70 msr [31].
The SBS magnets and detector package offer a versatile platform from which customized configurations

and layouts for a variety of significant experiments can be assembled for optimal performance.

2.1 SBS Physics Overview

The magnetic form factor of a neutron is approximately as big as that of a proton and can be accurately
measured. The results from single arm experiments, that are possible with pulsed accelerators, involve
significant systematic uncertainties, which arise from the sub-detector systems and their ability to mea-
sure energy, position, and timing of particle tracks. Single arm (e, el) G’y measurements with Q? upwards
of 10 (GeV /c)? were performed with an uncertainty of 10-25% [32]. Durand offered a method for quan-
tifying accurate G,/G", via detecting both the scattered electron and recoiling nucleon in coincidence
and from there calculating the ratio of the cross sections for the two quasi-elastic processes, (e, e/n) and

(e, ¢ p) [33]. With the advent of continuous-wave electron accelerators, this is possible. Numerous obser-

19



vations were made using the ratio technique, which is described in a later section, especially with recent
JLab findings, reaching up to Q% of 4.5 (GeV /c)? and using a 4 GeV electron beam [11]. Increasing to
higher momentum transfer is critical, but it necessitates a larger beam energy and higher luminosity.

As the interface between theory and experiment, form factors are critical. Nucleon structure cal-
culations may be assessed by their ability to accurately anticipate empirically available information on
nucleon structure reflected in form factors. In general, polarization observables and structure functions
will be important as well. In particular, lattice QCD predictions will ultimately have the power to provide
significant predictions about hadronic structure. The proton and neutron form factors will provide a key
to testing such predictions. Measuring the form factors of neutrons is more challenging because there
is no free neutron target. Spin-asymmetry methods are utilized to extract the neutron’s minute electric
form factor as well as to measure the magnetic form factor, particularly at low Q?. However, at high
Q?, quasi-elastic scattering from the deuteron is exploited to measure G);. Because the deuteron is a
loosely coupled system, high-Q? quasi-elastic scattering may be seen as a combination of scattering from

a proton target and scattering from a neutron target.

2.1.1 Electromagnetic Form Factors

Experiments, like the physics program using SBS, that employ polarization observables, can yield more
accurate results at higher momenta. Scattering of polarized electrons on hydrogen or deuterium, allows
for the measurement of neutron recoil polarization. Now it would be helpful to look at the theory behind
the derivation of the form factors measured using SBS. It is necessary to utilize some fundamental Dirac
algebra when considering the electromagnetic current’s nucleon matrix elements. Let |[Ny(P)) represent
the nucleon state such that N = p references the proton, N = n references the neutron, s = i% represents
the spin projection, and P* = (E, ?) is the four-momentum. Thus the energy that a free nucleon has is
E = 2 + M2, and the neutron and proton masses are M,, = 939.57 MeV and M, =938.27 MeV where

¢ = 1. In order to satisfy the Dirac equation, written in the form

(YuP* — M)uy(P) =0 2.1)

free nucleons are expressed using their spinors u(P) in their explicit form
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Xs
o2 P

ETM Xs

us(P)=vVE+M (2.2)

such that & = (ox, Oy, 07) and the y, represent the fundamental Pauli spin matrices and the two-component
spinors [34].

, consider the matrix elements among the different nucleon

For the electromagnetic current, JEM

states. With symmetry under space reflections and charge conservation, we get from the Lorentz in-

variance the most generalized form of that matrix element

(N(P)Jgp () IN(P)) = u(P') [P F{Y (Q) + iG“vzq—AZFzN (0%)]u(P) (2.3)

and we can reduce using translational invariance

(N(P)| Iy () IN(P)) = &P =PI (N(P')| 18, (0) [N (P)) (2.4)

Rather than dealing with protons and neutrons directly, it is sometimes useful to consider their isopin
symmetry properties using isoscalar and isovector combinations of the Pauli and Dirac proton and neutron

form factors as

1
FP,= E[Flf’jz + F) (2.5)
\%4 1 P n
Fl,z = E[Fl,z _Fl.,z] (2.6)

where S and V denote the use of isocalar and isovector [35].
To obtain measurements of Dirac and Pauli form factors using elastic electron scattering with low
momentum transfer we get values of the Sachs form factors Gg and Gy, and use the equations from 2.5

and 2.6. Their normalization at Q” of zero can be provided by the nucleon charges and magnetic moments

Gl(0)=1, GY =pu,=2.793 2.7)

21



GL(0)=0, GJy=p,=—1.193 (2.8)

such that u, , are written in the unit of the nuclear magneton, uy = e¢/2M,,. Their isoscalar and isovector

combinations written as

1
Gew = 5(Gk u+ Gl (2.9)
GV = G G 2.10
E,M_E[ Em — OFm] (2.10)
will give the normalization for each
S 1% 1
GE(0) =Ge(0) =5 2.11)
G3(0) = us = 0.440  G};(0) = puy = 2.353 (2.12)

The departure of the neutron electric form factor G% from zero suggests a nontrivial charge and
current distribution in the neutron. Even though its whole charge vanishes, it still contains a positively
charged core and a negatively charged cloud [36]. In studies of scattering using polarized electrons on
hydrogen or deuterium targets for measuring recoil polarization, the precise angular dependency of the
observed asymmetries allows one to map out the form factors in a way that minimizes reliance on the
analysis models used. The approach used for the electromagnetic form factors during the SBS Gjs and

G experiments for the neutron and proton will be the ratio method - described in a later section.

2.1.2 Born Approximation

Consider the Lippman-Schwinger equation which defines the scattering in the form of particle waves as

the following,

V) =19)+ ——=VIv) (2.13)



such that a solution exists since the state vector |y) appears on both sides of the equation. Equation 2.13

can be written in coordinate space as

. 1 1k 7 2m e 71 ﬁ
V)= G [ ad Ty () (2.14)

at distances far away from the scattering where r = ]7| and , and this defines the wave-vector of

ﬁ

V=W
_>

the scattered wave. Here ‘17‘ = k . Equation 2.14 is an integral equation for the unknown wave function,

‘V(7) Using perturbation theory is one way to solve Equation 2.13 by using a power expansion series

in V, in the absence of the potential, |y) = |@), or more accurately, |y) = |¢) + O(V). Thus the lowest

first order approximation can be written as

1

2
a0+ o) (2.15)
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If we neglect the O(V'?), then the result is the first Born approximation [37]. This approximation is
only useful in cases when the scattering is weak. Again, ¥ can be replaced by ¢ in coordinate space

using Equation 2.14 to get

1 2 N
V() = ol -0 < [adea v 216

where 7 =k — ﬁ is the momentum transfer that occurs in the scattering interaction. Equation 2.15

shows that the scattering amplitude is the Fourier transform of the potential such that

1 2m gy T
f( : ——Eh—z/dx 7 V(x') (2.17)

up to a factor of (1/4m)(2m/h*). The result is valid for the first order solution in V. This expression
also upholds the uncertainty principle such that in order to probe the structure of an object at small-
scale values, it is necessary for the experiment to have a high momentum transfer, otherwise the Fourier
transfer will average out the small-scale structure.

If the potential is central such that V(%) is only a function of r which equals | |, then Equation 2.17

can be simplified to
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%
and the scattering angle depends only on q = | 7| = ’ k — ﬁ‘ = 2ksin(6/2). Therefore, the equation is
%
only a function of the polar angle 6 such that f( k ,17) = f(0) [38]. The first order Born approximation
is analogous to the one-photon exchange mechanism used for elastic electron scattering as shown in

Figure 1.7, and it is the lowest order approximation for this interaction.

2.1.3 Ratio Method

The "ratio method" is based on the detection of both recoil protons and recoil neutrons. Even a simple
nucleon-coincidence condition significantly reduces inelastic background. If particle detection, partic-
ularly neutron detection, is well understood, this approach is vulnerable to the fewest systematic errors
because it benefits from significant cancelling of numerous types of systematic error that affect other
techniques such as “proton-subtraction” or “proton-tagging."

The "ratio method" necessitates the measurement of both neutron-tagged, d(e,e’n), and proton-tagged,
d(e,e’p), quasi-elastic deuteron scattering. Because several experimental errors, including target thick-
ness, beam intensity, dead-time, electron trigger efficiency, electron acceptance, and the detection and

reconstruction efficiency for the scattered electron track, cancel in creating the ratio,

do
a0 |d(e,e’n)

7
R'= 45 ‘
daQld(ee'p)

(2.19)

and simultaneous measurements of both reactions give a significant decrease in systematic error. This
is unaltered by factors such as target thickness, beam intensity, dead-time, electron trigger efficiency,
electron acceptance, and the detection and reconstruction efficiency of the scattered electron track. With
a modest and precisely calculated adjustment, &,,, this observed ratio of quasi-elastic cross sections may

be utilized to calculate the ratio of elastic cross sections:

do /"
; _ dalnee) R
R =95 =1 ) (2.20)
dQlplee) T Enuc

The ratio of interest may be calculated by writing R’ in terms of neutron form factors.
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Given just the proton’s elastic cross section at the relevant kinematics, this value of R allows Gj, to
be calculated [39] [40]. This concludes the overview of the physics background specific to the SBS
experimental program. The following sections describe the relevant experiments of the SBS Hall A

physics program.

2.2 SBS Hall A Physics Program

The SBS Hall A physics program includes five experiments of the ground-state electromagnetic form
factors: GMn (E12-09-019) [11] and nTPE (E12-29-010) [41], which ran in parallel, GEn (E12-09-
016) [2] and GEn-Recoil (PR12-17-004) [6], and GEp-Recoil (E12-07-109) [13]. These five experiments,
together with a very precise measurement of GMp using the Hall A HRS Spectrometers, which are
not part of the SBS Program, will collectively provide precise determinations of all four nucleon form
factors with unprecedented reach in Q2. The figures-of-merit (FOM) of these measurements represent
a significant improvement over all past nucleon EMFF measurement efforts. At the time of writing
this thesis, the GMn, nTPE, and GEn experiments have completed data taking, and analysis of those
experiments is working toward completion. The GEn-Recoil and GEp-Recoil experiments, which both

require the SBS hadron arm polarimeter to be installed, have not yet taken data.

2.2.1 Neutron FF Experiments

The GEn experiment makes a measurement of the electric form factor GEn at high four-momentum
transfer values of Q2 =4.4, 6.6, and 8.8 GeV? in double polarized semi-exclusive 3He(e,e’n) scattering
with quasi—elastic kinematics by measuring the transverse asymmetry, A, of the cross section. This
quantity can then be used to extract the electric form factor using precise high Q> GMn data. The

previous measurement of GEn at JLab provided data up to Q? of 3.5 GeV? [2]. Therefore at its highest
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setting the new GEn experiment more than doubles the previously covered Q? range. Data for GEn at
high Q? is necessary, in particular, to constrain spin-flip Generalized Parton Distributions (GPDs) at high
momentum transfer. The experiment utilizes the polarized *He target and the polarized JLab beam at
high beam energies. The electrons are detected in the SBS electron arm spectrometer with a new GEM
based tracker and the neutrons in HCal. Because of the high kinetic energy of the neutrons, a high
neutron detection efficiency with an excellent background suppression is needed. Separation of recoiling
protons and neutrons is performed magnetically. This measurement significantly increases knowledge
about a fundamental property of the neutron in a region where no data is available [2]. The detector setup
for GEn and GEn-Recoil is the same except for addition of the polarimeter. In GEn-Recoil, electrons
elastically scatter off neutrons in a liquid deuterium (LD2) target. Electrons are detected by the SBS
electron arm while neutrons and their polarization are detected by the SBS hadron arm. Two polarimetry
techniques are employed: charge-exchange np —> pn and conventional np —> np scattering. This is the
first proof of principle validation for charge-exchange polarimetry against the conventional approach
through direct comparison [1]. Plots of world data for EM neutron form factors are in Figure 2.1.

The GMn experiment made measurements up to a Q? of 13.5 GeV?. Its data will determine GMn
by a detailed comparison of the un-polarized elastic cross sections of the two processes d(e,e’p)n and
d(e,e’n)p by the ratio method described. It used essentially the same setup as GEn, with the exception
that the target was the liquid deuterium and liquid hydrogen cryo-target. Like the other SBS form factor
measurements, the GMn measurement in Hall A will provide excellent accuracy and reach in Qz, well
beyond all competing efforts. The excellent statistical power of the Hall A GMn experiment is derived
from many of the same factors that make the other SBS experiments so powerful: very high luminosity,
an open-geometry spectrometer that is close to the target, and very good position resolution that permits
strong suppression of accidental coincidences and inelastic events [11]. The nTPE experiment, which
ran concurrently with and had the same setup as GMn, made a high precision measurement of the two-
photon exchange contribution (TPE) in elastic electron-neutron scattering at a four-momentum transfer
up to Q? = 4.5 GeV2. While significant efforts to study the two-photon-exchange have focused around
elastic electron-proton scattering, the impact of TPE on neutron form factors was never examined ex-
perimentally. The nTPE experiment provides the very first assessment of the two-photon exchange in

electron-neutron scattering, which will be important for understanding nucleon form factor physics [41].
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Figure 2.1: Two plots for world data on the neutron magnetic form factor GMn (top) and the neutron
electromagnetic form factor ratio (bottom) with projected SBS statistical precision for the SBS GMn and
GEn experiments. Trend lines and data marker are specific to each plot separately. Data markers for Hall
A and C data are placeholders because these values have not yet been calculated, and are currently in the
post-experiment analysis stage. Plots by A. Puckett [8].
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2.2.2 Proton FF Experiments

The measurements of GEp at large Q? can be essentially improved in the recoil polarization experiments
when a longitudinally polarized beam of electrons is scattered by unpolarized protons. For the one
photon exchange mechanism, in the e + p — e + p reaction, the scattering of the polarized electrons
results in a transfer of polarization to the recoil proton. From the polarized cross section it follows that
the FF ratio can be extracted from the ratio of the measured polarizations. Practically, such a method
has several advantages. First, only a single measurement is required for given Q? if both components
can be measured at the same time. This allows to reduce the systematic errors associated with angle and
beam energy change. Second, ambiguities related with the normalization of the absolute cross section
also cancel in the ratio. Such experiments have been carried out at different values of Q? in JLab. Their
results, for the first time, showed a clear deviation of the proton FF ratio from Rosenbluth measured
values, starting from Q> > 1 GeV? with much smaller statistical and systematical errors compared to
previous similar measurements [12] [13].

The GEp-Recoil is the only proton form factor experiment in the SBS Hall A physics program and it
will measure the electric form factor of the proton using the polarization-transfer method and the reaction
p(e.e’p). The polarization of the recoil proton will be measured using a single polarimeter instrumented
with GEM trackers and a highly-segmented hadron calorimeter. The electron will be detected in coin-
cidence by a large existing electromagnetic calorimeter. The target will be the standard Hall A liquid
hydrogen (LH2) cryo-target. For GEp-Recoil, measurements will be made at three values of Q*: 5, 10,
and 14.5 GeV?, thus nearly doubling the maximum value of past Q> achieved for previous GEp experi-

ments. The measurement of the ground-state electromagnetic form factors becomes quite challenging at

2

be am/Qm. The polarization-transfer

high momentum transfer because the effective rate drops as roughly E
method also requires very large statistics because of the relatively low analyzing power, approximately
<0.1, of the recoil polarimeter. The GEp experiment meets these challenges through a fairly innovative
approach. The spectrometer in the proton arm is based on a large open-geometry dipole magnet that is
placed quite close to the target, and at a fairly small angle; a configuration that provides a large solid
angle at kinematics that have favorable statistics. The spectrometer will also be equipped with a recoil

polarimeter that provides improved efficiency. There are several features of the GEp-Recoil experimen-

tal design that are favorable from the perspective of controlling systematic errors. The implementation
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of the polarization-transfer method used involves measuring the ratio of the transverse and longitudinal
proton polarizations. This eliminates the systematic errors coming from the beam polarization and the
polarimeter analyzing power. Another source of systematic uncertainty is coincidences due to inelastic
events. Here, the tight angular and momentum correlations between the elastic electron and the recoiling

proton allows for a high degree of rejection [13].

2.3 SBS Design and Detectors

The ratio approach for extraction of GMn is dependent on the detection of both scattered neutrons and
protons. In calculating the acceptance and detection efficiency of these particles, several sources of
systematic error emerge. Nucleon acceptance errors can be decreased by matching neutron and proton
acceptances so that they cancel in the ratio, just as the electron acceptance and efficiency. In Hall A, the
momentum and angle of the scattered electrons is measured by the SBS electron arm, while the scattered
neutrons and protons are detected by the SBS hadron arm. Nucleons scattered in the direction of the
hadron arm detectors are deflected vertically relative to neutrons by the field of a large aperture dipole
magnet positioned along the nucleon flight path.

The limitation of the solid angle for a spectrometer is a result of the difficulty of designing a high
momentum magnetic spectrometer for operation at a small scattering angle. The High Resolution Spec-
trometer (HRS), for instance, in Hall A has a minimum angle of 12.5° and a solid angle of 6 msr. By
using the septum magnet, a solid angle of 4 msr was achieved with a substantially smaller central angle
of 6°. The main motivation behind the SBS is based on recent developments in tracking detector tech-
nology, namely Gas Electron Multiplier (GEM) chambers, which enable the use of tracking detectors at
luminosities of 10°? cm~2s~! in close proximity to the target at a relatively short distance of a few meters.
This new tracker has an excellent spatial resolution of 70 pm in addition to its high rate capabilities [42].

Planning to use a magnet with a relatively small field integral at a few Tesla-meters that will produce
a large solid angle is made possible by the improved spatial resolution in conjunction with the moderate
momentum resolution of 1% necessary for several of the SBS experiments. A magnet is employed at
small angles relative to the incident beam with a cut created in the mid-plane of the yoke to obtain the

smallest possible angles. An iron dominated magnet can readily deliver a 2-3 Tesla-meter field integral
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with a horizontal field direction. Figure 2.2 provides a whole schematic layout of SBS without the neutron
polarimeter (NPol) and coordinate detector (CDet) because these detectors were not installed in Hall A

for the G}, and G’ experiments.

GRINCH Gas Cherenkov

\
Pb—Glass Shower Counters
4

Schematic View of 4.5 (GeV/c) Kinematic Setting

N " .
N \\ Timing Hodoscope Dimensions mm
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y, GEM Trackers
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Electron

3721

Hadron Calorimeter

Figure 2.2: A layout diagram of SBS hadron (below electron beam) and electron (above electron beam)
arms, including detectors: Timing Hodoscope (light blue), Pre-shower and Shower (light blue), GRINCH
(green), GEMs (pink), Magnets (light purple), and Hadron Calorimeter (dark blue). The kinematic setting
of SBS varies throughout the experiment run time. Image from [13].

2.3.1 Targets and Magnets

The targets for GMn and nTPE, which ran in parallel to GMn, were 10 cm long liquid deuterium (LD2)
or liquid hydrogen (LH2) cells with 100 um aluminum windows. This yielded around 1.7 g/cm? of
target compared to approximately 0.054 g/cm? in the windows [31]. The target for the GMn and nTPE
experiments contained several cells for target, beam-line, and optics calibrations, but the two target cells
of most concern with data taking were the ones with liquid hydrogen and liquid deuterium. These are the
two cells from which production data was collected. Production data is commonly used to refer to data
taken while the beam is on and the target position is at one of the two aforementioned cells. The target
cells can be rotated in or out of the beam line using a remote operation control system, external to Hall A,
that keeps the target at 15° K. When the electron beam is not being delivered there is an empty target cell

used during down time, and target cells are only rotated when no beam is being delivered to the target.
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An enhanced polarized *He target was crucial for GEn, and GEn-Recoil uses an LD2 target. Novel
target-cell design using convection for quick mixing between the target portion in the beam and target
portion in which the *He nuclei are polarized means the new target withstands beam currents >80 i A . To
fully benefit from these advancements in polarized *He technology, the convection design was essential.
A liquid hydrogen target, 40 cm long, will be used in GEp-Recoil. The scattering chamber, with 100-cm
diameter, accommodates such a target. A projected value of 800W is the expected beam heat load [42].
LH?2 is used for proton scattering as it is the simplest proton target, and LD?2 is used for neutron scattering
as it is the simplest neutron target. *He is used for polarized experiments because it is easier to polarize.

The 20 ton dipole magnet labeled as BigBite in Figure 2.2 has a pole gap at 155 cm from the target
center so the minimal central scattering angle that BigBite can achieve, which is constrained by the
position of the exit beam line, is approximately 30°. The maximal integrated field is equal to 1.2 Tm. For

GeV electrons the bend angle is comparatively small, estimated by the following.

_03[B-di
=

0, (2.23)

In Equation 2.23 the field integral, represented by the symbols [ B-dl, is measured in Tm and the electron
momentum, p,, is measured in GeV/c [18].

The hadron arm dipole magnet, 48D48, is a warm coil magnet with an excitation current of 4 kA
and a field integral of 3 Tm. By rotating the magnet 90 degrees, the magnetic field is directed in the
horizontal plane, producing a vertical bend. With a deep incision in the iron yoke, the magnet is installed
at tiny angles. Only a slight distortion of the magnetic flux flow in the yoke and the field distribution
in the magnet gap is caused by the cut, which is parallel to field lines in the gap. The magnet consists
of five iron slabs and weighs 100 tons total. The 48D48 magnet is used for neutron FF experiments to
deflect high energy protons for clear identification of quasi-elastic electron-neutron events. The needed
value of the field integral in the GEn and GEn-Recoil experiments is 1.7 Tm, but for GMn and nTPE it
is 0.8 Tm. Two iron inserts are put inside the magnet for GEp-Recoil, which only needs a portion of the
magnet aperture. Inserts minimize the vertical size of the pole gap at the entry, distance between poles,
and acceptance. The field on the beam line is unchanged by the modification, but the field integral rises,

and the spin rotation angle is closer to the ideal value of 90° [42].
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2.3.2 Electron Arm

The electron arm of SBS is a non-focusing magnetic spectrometer with a high acceptance, approximately
70 msr, and it is used for the detection of electrons in the form factor experiments. It is constructed
for high momentum measurements, with the dipole’s entry aperture 1.55 m from the target and widely
spread coordinate-measuring detector planes. The spectrometer is outfitted with GEM detector planes
to accommodate the experiment’s high luminosity. These detectors are accessible for use as BigBite
tracking detectors and for later use in the polarimeter of the SBS hadron arm. The GEM detectors
are built in a modular format that allows them to be customized to both the electron and hadron arms.
Because of the higher resolution and low multiple-scattering guaranteed by the comparatively thin GEM
detectors, the predicted momentum resolution is 6,/p = 1%. In both horizontal and vertical angles, the
angular resolution is projected to be less than 1 mrad. The electron arm is a single-arm trigger, reducing
the neutron and proton bias and assuring the trigger efficiency cancels for the ratio, R. The BigBite
electromagnetic calorimeter (BBCal) made of lead-glass is utilized for the experiment’s trigger [39].
This allows for a reasonable single-arm trigger rate of less than 5 kHz. The Timing Hodoscope (TH)
which is a sub-detector of the electron arm is described extensively in Chapter 3. Descriptions of other

electron arm detectors important to this thesis are in the following sections.

Gas Electron Multipliers (GEMs)

The Gas Electron Multiplier (GEM) technique, developed by Sauli in 1997, offers an affordable option for
large-area monitoring in a high-rate setting. The GEM is built upon the multiplication of gas avalanches
within tiny holes etched on a Kapton foil with a thin coating of copper on both sides. Because of the
avalanche’s confinement to the hole, signals appear relatively quickly, with a 10-20 ns rise time [43]. For
high gain and operational stability, many GEM foils, which act as amplification stages, can be cascaded.
Secondary avalanches are less likely to form in cascaded GEM chambers because of the GEM foils’
comparatively low transparency [43]. All of these characteristics lead to extremely high rate capabilities
of up to 100 MHz per cm? and superb position resolution which is a function of the instantanious rate.
Because the GEM trackers provide a higher counting rate ability, there is an increased experimental

luminosity which can be reached [42].
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Front GEM trackers use triple-foil GEM modules which are 40x 50 cm? in size, assembled in groups
of three, providing a coverage of 40x 150 cm? for each tracking plane. The 2D readout strips are tilted
at 0.4 mm giving a coordinate resolution of 0.070 mm. Readout of these strips measure the strip charge
at a sampling rate of 40 MHz, 25 ns per sample, such that the start time can be determined within ~ 5
ns accuracy [13]. The back GEM tracker is comparable with the front end GEMs, but for the back these
modules are 60x50 cm? in coverage such that the single plane is assembled from 4 modules providing a
coverage of 60x200 cm?. The tilt of these readout strips is exactly as the front GEMs [13].

Three amplification steps are present in a chamber section assembly. A drift foil, three GEM foils, and
a readout board are included, and all components are arranged on top of a layer of honeycomb material.
The Permaglass TE630 frames with a width of 8 mm hold the foils with active areas of 40x50 cm? [42].
For sturdiness and optimum foil spacing, spacers are placed inside the frame. The spacers are placed at
the GEM boundaries, with a width of less than 0.5 mm. They make a small contribution to the chamber’s
inactive area. In contrast to the read-out of the final two chambers, which is ordered along U and V
directions (45° and -45° to the dispersive direction), the first two chambers are read out along X and Y
(0° and 90° to the dispersive direction). Strips with a 400 um pitch are chemically etched on a PC board
for the readout boards. The widths of the strips in the two directions are selected such that the X and Y
(or U and V) strips share the charge equally [42]. Diagrams of the GEMs are in Figure 2.3.

The cathode foil on one side and the anode read-out board serve as a barrier for the gas of a chamber
section. The GEM chamber parts of one chamber are installed between two robust aluminum frames [44].
Some dead zones between sections are acceptable. However, to achieve optimal effectiveness, these
regions are reduced as much as possible by putting the GEM foils on thin polyglass frames. In order to
prevent obstacles from blocking the GEM chamber active regions, the front-end electronics are positioned
perpendicular to the chamber plane behind frames, which places them well out of the way. Estimates
place the overall dead area at less than 5% of the whole active plane [44]. The GEMs provide crucial
particle tracking data used in the performance analysis of the TH detector, especially when analyzing the
TH detector’s tracking efficiency, which is calculated relative to the GEMs. The position of the particle
tracks in electron arm detectors can be projected from the GEM data. This allows for a predicted hit
position in the TH detector to be projected and compared to the measured location of a particle track by

the TH. This comparison provides a means for calculating a tracking efficiency for the TH detector.
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Figure 2.3: Several diagrams of the GEMs with a single GEM (top left) dimensions, a GEM chamber
layer frame of three GEMs, stack of single GEM chamber components (top right), GEM layers with

readout boards (ROB) using the U/V and X/Y strips design (bottom left), particle cascade in the three-
layer GEM foils filled with gas (bottom right), and readout board layout (bottom). Diagrams from [42].
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Pb Glass Calorimeter (BBCal)

The electron arm includes lead glass pre-shower (PS) and shower (SH) detectors with long axes perpen-
dicular and parallel, respectively, to the electron trajectory and the correlation of their signal amplitude
gives an extra method for differentiating electrons from other particles. The form factor experiments use
BBCal, a lead-glass electromagnetic calorimeter, for a number of reasons that are unique to these exper-
iments [20]. To identify the elastic reaction events during the run-time of production data taking, and
reduce the physical inelastic background, the data taken from BBCal is coupled with the reconstructed
proton parameters, so that elastic events can be singled-out in the analysis. Mapping diagrams of the PS

and SH calorimeter block arrays, not to scale, are in Figure 2.4.
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Figure 2.4: Calorimeter block arrays with numbering and Pb glass block positions for the PS (left) and SH
(right) detectors which comprise BBCal showing the direction of the incident scattered electron coming
out of the page. Therefore, this perspective is from the back of the two BBCal detectors relative to the
target. Diagrams by P. Datta.

BBCal is built of two different sized TF1 lead glass blocks. The shower’s 189 lead glass modules,

each measuring 8.5 x 8.5 cm?, and 37 c¢m in length, are arranged in 27 rows and 7 columns. The pre-
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shower is made of 52 9 x 9 cm?, in an array of 26 rows and 2 columns, 37 cm in length, lead glass
modules that are arranged transversely to the spectrometer’s center. In order to meet the requirements of
the SBS form factor experiments, the following upgrades were made to BBCal: building of a permanent
UV light box in front of the lead glass, replacing the 4" Al absorber with an 8" Al absorber, and using a
new power supply system of 58 LeCroy HV cards in 4 LeCroy HV crates [42]. The diagram in Figure
2.5 provides a layout for the electron arm. The GRINCH detector was not used for analysis results in this
thesis therefore it is not described here, but more information can be found in [6]. BBCal provides energy,
and momentum data crucial for defining physics cuts which are used in the performance analysis of the
Timing Hodoscope. These physics cuts help differentiate among different types of particle tracks, like
electrons and pions, which can be characterized by their energy-momentum ratio. Cuts can be applied
to separate electrons from elastic electrons using data from the HCal. This detector is described in the

following section for the SBS hadron arm.
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BigBite Magnet ShoWer

LD Target

400 x 1500 Timing Scintillator
Rear GEM

600 x 2000

Figure 2.5: A layout diagram of the BigBite electron arm showing the component detector subsystems,
including the BigBite magnet, GRINCH, GEM layers, TH detector, and the BigBite calorimeter com-
prised of the shower and pre-shower. The LD2 target chamber in the diagram can be interchanged with
the LH2 target chamber. The dashed black line shows the scattered electron trajectory with the BigBite
magnet off while the dashed blue line shows the scattered electron trajectory with the BigBite magnet
turned on. Diagram from [2].
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2.3.3 Hadron Arm

The hadron arm is comprised of the 48D48 dipole magnet, and the HCal detector. The subdivided hadron
calorimeter (HCal) is optimized to track and measure nucleons with momenta within 1.5 - 10 GeV/c at
high efficiency. The EMFF experiments deal with approximately 10 picobarn (pb) cross sections, hence
the luminosity should be as high as feasible for significant scientific results. The high energy of the
recoil nucleon is fully exploited in the trigger and detector arrangement for high luminosity conditions.
Depending on the measurement, the energy of the nucleon in the EMFF experiments ranges from 2 to
roughly 10 GeV. The substantial proton energy in GEp-Recoil makes it possible to utilize a 34 GeV
energy threshold in HCal without suffering a major decrease in detection performance. HCal has a strong
position resolution useful for data interpretation [13]. The polarimeter and Coordinate Detector (CDet)
excluded in Figure 2.2 were not used for data taking in either the GMn, nTPE, or GEn experiments, all
of which have completed their experiment run-time schedules. The data presented in this thesis focuses
on the performance of the Timing Hodoscope, and only uses data taken during the GMn experiment.

Therefore, the following section only covers the HCal detector and its purpose.

Hadron Calorimeter (HCal)

The modular architecture of the SBS HCal detector comprises 242 blocks grouped in an 11 x 22 matrix.
Forty iron and scintillator plates are interspersed between layers to form a single module. The iron and
scintillator plates have thicknesses of 5 mm and 20 mm, respectively. The plates’ cross-sectional area is
142 x 146 mm?. A wave shifter is used to gather the scintillator’s light. The wave length shifting light
guide has a 1200 mm length, a 1050 mm active length, and a 3 mm thickness. A calorimeter module has a
total length of 1450 mm, an active length of 1000 mm, and a 150 kg weight. The iron plates, wavelength-
shifting light guide, and scintillator are contained in a rectangular container with a cover, both made
of steel sheets measuring 1.4 mm thickness. High light yield and consistent light collecting over the
scintillator surface are the primary criteria for the scintillating plates. Given that the scintillator will be
subjected to radiation of high intensity, a strong radiation resistance is also essential for its long-term
experimental operation [42]. A single calorimeter block is shown in Figure 2.6.

The linearity of the HCal as a function of particle energy, momentum ratio, and its energy and spatial
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Figure 2.6: A diagram of a single HCal block, with all measurements in mm, pointing left toward the
target. These blocks are arrayed in an 11 x 22 matrix to make HCal. Diagram from [42].

resolutions, are its key features. The HCal has a 5.5 m? total active area. The kinematical concentrating
of quasi-elastic nucleons at the high momentum transfer of the form factor experiments will ensure that
HCal is useful enough despite the larger distance from the target to the detector. The hadron calorimeter
features a high granularity of 15 x 15 cm?, a time resolution of 1.5 ns, a coordinate resolution of 2 cm, as
well as a high energy threshold. The HCal is an effective neutron detector for the neutron FF experiments
thanks to all these important characteristics. For the HCal detector, the energy threshold in the timing
channel may be set significantly higher at 1 GeV, which is better than an entirely scintillator-based neutron
detector. This allows for a two orders of magnitude decrease in background rate. With HCal positioned at
the end of the SBS hadron arm detector package, it will be used to trigger the DAQ, in coincidence with
the signals from the BBCal used as the electron detector to register the elastic electron. The sensitivity
of HCAL between protons and neutrons is comparable and measurement of the efficiencies is dependent
on the applied energy thresholds. The peaked pulse-height, from the energy passed into the scintillator
sheets, allows thresholds at high settings so low energy background from the experimental trigger is

filtered out [45]. The HCal provides crucial position data for defining physics cuts which isolate elastic
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electron particle tracks, and these cuts are used in the performance analysis of the TH detector. Images
for the SBS electron and hadron arms are in Figure 2.7. Figure 2.8 provides a side view of the SBS hadron

arm with no polarimeter or coordinate detector, as the setup was for the first three SBS experiments.

Figure 2.7: Two diagrams of the SBS electron (left) and hadron (right) arms with target and detector
frames installed in Hall A. These images include both SBS arms with the electron arm left of the beam-
line and the hadron arm to the right, showing the setup for the GMn, nTPE, and GEn experiments,
which exclude the SBS hadron arm polarimeter and coordinate detector. Images courtesy of the SBS
Collaboration at JLab.
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Figure 2.8: An image showing just the SBS hadron arm, excluding the polarimeter and coordinate detec-
tor. The HCal is represented by the stack of orange colored blocks. The 48D48 dipole magnet is shown
in green, positioned close to the target. Image courtesy of the SBS Collaboration at JLab.
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Chapter 3

TH Detector Design and Major Components

The TH detector principal role is to give high precision time stamping of scattered electrons, and this
proves especially useful for two arm (e, e’N) measurements taken during the G}, experiment. The ¢’ hit
time in the TH may be utilized to calculate nucleon time of flight in the SBS electron arm. The TH will
also offer pulse height information, which proves useful in distinguishing minimum-ionizing particles
from low energy background, as well as hit location information. This proved useful in resolving tracking

ambiguities in the high-rate GEM systems [2].

3.1 BigBite TH Detector Design

The BigBite TH detector is a vertical stack of 90 plastic scintillator bars placed between the pre-shower
and shower lead glass arrays. The mean time from the two photo-multiplier tubes (PMTs) attached to
each end of a 25 x 25 x 600 mm? bar is used to calculate position independent timing for each bar. The
horizontal hit position is determined by the time difference between the two left and right side logic
signals. The TH encompasses the whole coordinate range of the lead glass arrays. Its job is to give
an accurate timing reference for minimum-ionizing particles over the whole range of particle momenta
studied by the BigBite detector package. It is designed to be capable of high-rate operation without
placing any substantial limitations on the luminosity that the BigBite spectrometer can tolerate during
the scheduled SBS electromagnetic form factor measurement experiments.

Attached to each end of the 90 TH scintillator bars are 180 light guides which alternate in shape
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between curved and straight to account for spacing between the PMTs and their shielding. The light
guides are attached to the scintillator bars via ultraviolet light treated optical glue, and on the opposite
side, the light guides are positioned flush against the faces of their respective PMTs using the PMT
housing and a series of screws to hold each PMT assembly in place such that there is no space between
the PMT face and its corresponding light guide. The scintillator bars are stacked one on top of the
other such that the only space between them is <0.1 mm caused by the light-tight wrapping used on the
scintillator bars to prevent external light from seeping into the detector. A series of metal supports and
plastic ties hold the entire detector scintillator bar plane flush against the BigBite detector package frame
such that there is no discrepancy in the angle of the focal plane of the TH detector relative to the other
detector subsystems, nor the polarized target. A stand-alone diagram of the fully assembled TH detector
without the surrounding frame is provided in Figure 3.1 for reference. The perspective in Figure 3.1 is
from the target on the side closest to the beam line, which is the right side of the TH detector. TH detector

requirements are provided in Chapter 4.
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Figure 3.1: A 3D diagram of the TH detector showing central plane made of stacked scintillator bars,
which are attached to light guides and PMTs. The PMTs are inside individual housing assemblies, which
are made light-tight. In the BigBite frame, the TH detector is installed between the PS and SH detectors
of the BBCal. Diagram courtesy of the SBS Collaboration.
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The PMTs are connected to custom-made bases, and each PMT high voltage may be modified inde-
pendently. The signals from each PMT are extracted and routed to specialized amplifier-discriminator
front-end cards. The signals from the front-end cards are then read out to VME-based CAEN multi-hit
TDCs, which are connected to the NINO cards. This allows the hit times to be extracted, as well as
providing some raw pulse height information that can be reconstructed using the NINO card time-over-
threshold capability; for example, the vertical bar number and the time difference between the two signals
extracted from the PMTs at either end of the bar can be used to calculate the raw position of an electron
hit on the TH detector. Each component of the TH detector from the scintillating material, to the PMTs,
and the readout electronics work together to provide a system by which the TH can be tested, calibrated,
and analysed for use in the high momentum electromagnetic form factor experiments. The following

sections provide some background information on the major hardware components of the TH detector.

3.1.1 Scintillating Material

When activated by ionizing radiation, a scintillator displays scintillation, which is emitted fluorescent
light from the material. Once impacted by an incoming particle, luminescent materials absorb the energy
and re-emit it in the form of light. When a scintillator is connected to an electronic light sensor, such as
a photo-multiplier tube, a scintillation detector is formed. Using the photoelectric effect, PMTs absorb
light produced by the scintillator and re-emit it in the form of electrons [46].

Some of the many desirable qualities of scintillators, depending on their application, could include
high or low density, quick operation speed, low cost, radiation hardness, production capability, light out-
put efficiency, and operational parameter durability. Temperature affects the light output and scintillation
decay time of most scintillators, but at room temperature, this dependency for the TH scintillators is dis-
regarded because it is minimal. The density of the Eljen EJ-200 scintillator bars used for the TH detector
is lower density, near that of water, at 1.023 g/cm> [47]. A high operating speed is required for optimal
time and position spectra resolution. Time measurement precision using a scintillation detector is pro-
portional to /Tscins, Where Tyein; is the decay time. Short decay duration is critical for measuring time
intervals and operating in quick coincidence circuits. In physics, short reaction time allows for detection
of unique particle interaction events in the material [48]. The scintillators used in the TH have a decay

time of 2.1 ns and rise time of 0.9 ns [47]. Figure 3.2 is a plot of the scintillator emission spectrum.
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Figure 3.2: A plot of the Eljen EJ-200 scintillator bar emission spectrum with measured wavelength
versus amplitude. This plot shows the peak wavelength occurring at 425 nm. Plot from [47].

A high efficiency for converting the energy of incident radiation into scintillation photons, trans-
parency to its own scintillation light for good light collection, efficient particle detection, linearity over
a wide range of energy, a short rise time for fast timing applications such as coincidence measurements,
and a short decay time to reduce detector dead-time are all desirable properties in a good detector scin-
tillator. The light output is the most crucial of the above-mentioned parameters since it impacts both the
detector’s efficiency and resolution. The efficiency is the ratio of detected particles to the total number
of particles entering the detector, and the energy resolution is the proportion of the full width at half
maximum of a specific energy peak to the peak position. Because light output is a direct consequence
of the type of incident particle and its energy, the type of scintillation material employed for a certain
application is heavily influenced by the particles being detected [48].

The term "plastic scintillator" typically refers to a scintillating material in which the primary fluo-
rescent emitter is suspended in the base, a solid polymer matrix. Plastic scintillators have a relatively
low light output and a fairly fast signal, but arguably their most significant benefit is their capacity to be
fashioned into any desired shape with a high degree of resilience using molds [48]. Anthracene is the

colorless crystalline aromatic hydrocarbon used in the TH scintillator bars giving them a light output of
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64%. Their scintillation efficiency is ten thousand photons per 1 MeV, they have a wavelength of maxi-
mum emission peaking at 425 nm, and their pulse width at full width half maximum is 2.5 ns [47]. A plot
of scintillation versus particle energy for different incident particle types is provided in Figure 3.3. The
most interesting set of data points from Figure 3.3 is the data corresponding to the electrons since the TH
detector is used in the electron arm of the SBS. For the kinematic settings in the GMn experiment, the
energy of the scattered incident electron ranges from 1.5-3.5 GeV and the energy deposit spectra of the
elastic electrons peaks in the range of 8-13 MeV. This range of energy deposit corresponds to an average
scintillation value of approximately 10 photons produced per elastic electron track particle interaction

event in the scintillating material.
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Figure 3.3: A plot showing how the TH detector scintillator bars respond to the energy of the particles
detected given by the number of scintillation photons produced. This plot shows electrons outputting
more photons per MeV thus making this specific scintillating material optimal for use in the BigBite
electron arm of SBS. Plot from [47].
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3.1.2 Photo-multiplier Tubes

An input window, a photo-cathode, focusing electrodes, an electron multiplier constructed of dynodes,
and an anode are all standard components of a photo-multiplier tube, which has a vacuum tube de-
sign. The external photoelectric effect causes photo-electrons to be released into the vacuum when
light enters into a photo-multiplier tube via the input glass window lens, stimulating the electrons in
the photo-cathode to generate an electric output signal. The focusing electrode accelerates and concen-
trates photo-electrons before they arrive at the first of several dynodes and multiply through secondary
electron emission. At each dynode in the electron multiplier, the secondary electron emission is repeated.
Finally, the last group of secondary electrons are multiplied by the last dynode one final time and re-
trieved from the anode [49]. A general diagram of a typical photo-multiplier tube is provided in Figure

3.4 with all the main components labeled.
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Figure 3.4: This diagram shows the internal construction of a general photo-multiplier tube design with
light incident on the PMT face plate and photo-cathode turned into electrons which are multiplied by the
dynodes and output as a signal pulse. Image from [50].

The two main types of photoelectric conversion are "external photoelectric effect,” where photo-
electrons are released from a material into the vacuum, and "internal photoelectric effect,” where photo-
electrons are stimulated into a material’s conduction band. The former effect is exhibited by the photo-
cathode, whereas the latter is exhibited by the photo-conductive or photovoltaic effect [49].

Photo-multipliers of type ET-9142 are used to capture and read out scintillation light from the TH
bars, most capable at 200-600 nm which matches the emission spectrum in Figure 3.2. These PMTs
feature an outside diameter of 28 mm, a blue-green sensitive bialkalai cathode with a diameter of 25 mm,

ten linear-focusing dynodes, and a typical gain of 10°. The linear focused design of the high stability
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SbCs dynodes allows for excellent linearity and timing [51]. A mu-metal shield, an insulating sleeve, and
an exterior conductive layer are placed on the glass envelope of the PMT. Typically, the multi-electron
pulse rise time at the anode is 2 ns or less. The PMTs and bases are housed in Al housings that hold
the PMTs flush against the light guides while a high voltage is given to the PMT pins through a bespoke
base. Additional protection against stray magnetic fields from the BigBite dipole magnet is offered by
an external mu-metal cylinder that is located outside of the aluminium housing [52]. Diagrams of PMTs
used for the TH detector, their internal circuitry, and housing assembly are in Figures 3.5 and 3.6. PMT

bases and assembly were design by J. Annand and A. Shahinyan.
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Figure 3.5: The left diagram shows the physical measurements in mm of the ET-9142 PMTs used for the
TH detector and the right diagram is a schematic of the internal circuitry showing all 10 dynodes, anode,
and resistors. Diagrams from [51] (left) and by J. Annand and P. S. Lumden [52] (right).
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Figure 3.6: A schematic of the ET-9142 PMT installed inside a unit of the PMT housing assembly with
measurements showing depth of light guide (light blue) within the housing. Image by J. Annand and A.

Shahinyan.
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3.1.3 NINO ASIC Amplifier-Discriminator Cards

A fast front-end amplifier discriminator with minimum noise rate is required for the extremely accurate
measurement of time. There are 12 NINO ASIC amplifier-discriminator cards for the TH detector and
each card contains 16 signal channels. Six NINOs are positioned on either side of the TH detector stack,
near to the PMTs. Each NINO card requires about 1.3 A and needs 5 V of power. An essential low-
noise, wide-bandwidth circuit that is based on a balanced common gate circuit arrangement serves as the
NINO’s input stage. Four identical cascaded amplifiers that are tuned for delay and noise rate provide
the appropriate signal amplification [52].

A voltage difference provided using two symmetrical inputs of a DC stabilization feedback cir-
cuit—which also serves as the common mode rejection circuit—sets the NINO threshold. A completely
differential circuit is designed from input to output to provide a high immunity to power supply noise
and ground noise. The channels of the NINO chip receive biasing currents and voltages from a common
biasing block. The differential input stage’s two input devices are biased similarly to a transistor. As a
result, the reference resistance value and the input devices’ impedance are matched. The output stage is
an open-drain differential circuit with current switching between a channel’s two outputs, and made to be
compatible with LVDS receivers. The correlation of pulse width with the front edge time-walk is linear,
and the pulse width measurement can thus be used to correct for the time drift of the front edge due to
the discriminator time-walk effect [52]. The NINO cards were designed by J. Annand. A block diagram

of the NINO ASIC chip logic flow for a single channel is provided in Figure 3.7.
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Figure 3.7: A block diagram of the NINO ASIC showing the logic behind the information flow for a
single channel in the electronic chip. Diagram form [53].
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For the input stage of the NINO ASIC amplifier-discriminator card shown in Figure 3.8, the input
current pulse enters the first M1 transistor’s source, exits through the drain, and then enters the source of
the second M2 transistor. The current pulse will subsequently emerge from M?2’s drain, but at that point
the impedance is significantly higher than it was at the input. This current charges the capacitance on the
drain. The rise time of this signal is determined by the properties of the transistor itself, and the fall time

is determined by how long it takes the capacitance to recharge [53].
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Figure 3.8: A schematic of the NINO ASIC amplifier-discriminator chip input stage showing signal input
and output, current source, and common gate. Diagram from [53].

In the photograph from Fig 3.9, we can see an example of the NINO ASIC amplifier-discriminator
card version used for the TH detector. This type of NINO has 16 input coaxial connectors where the

PMT signal enters. The connectors are housed in a box of metal shielding to protect the amplifiers from
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Figure 3.9: A photo of the specific 16 coaxial input connector NINO ASIC amplifier-dsicriminator card
version. This version is particular to the TH as NINO card designs can vary as needed to accommodate
different input signal cable connectors. Photo by R. Marinaro.
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RF background and it doubly acts as additional support to prevent damage as the gold connection pins
from the signal cables to the NINO were found to be somewhat fragile. Two sets of 17-pair connector
pins at the center of the NINO output the logic (TDC) and analogue (ADC) signals from the NINO card
to the data acquisition system. Each NINO outputs 16 channels of TDC and ADC signals connected to
16 corresponding PMTs with the 17-pair pin in each 34 pin set acting as a ground. The whole NINO
card is grounded with four screws attaching the NINO card to the BigBite detector package frame which
shares a common ground. Power is supplied to the NINO card via the black power supply connector pins
and thresholds are set using blue prism-shaped adjusters which have a set range between 1.3-1.9V. The
NINO card thresholds can be checked using a voltmeter connected to the adjacent threshold measurement
pins, and the low voltage (LV) supplied to the NINO card can be similarly measured at the NINO using
the base of the power supply pins and ground. Measured LV supplied to each of the 12 NINOs from
a common power supply varied from 4.95-5.2V across the TH detector. Circuit diagrams of the NINO
ASIC amplifier-discriminators used for the TH detector are provided in Appendix B. The diagrams from
figures in Appendix B show how the input signal from the PMT to the NINO is amplified and split
into analogue and logic signals which can be read out by the data acquisition system to provide particle

identification, tracking and timing information.

3.1.4 High and Low Voltage

Low voltage for the NINO cards is provided by an KEYSIGHT N5744A DC supply. It is housed in the
electronics racks in the electronics bunker in Hall A as shown in Figure 3.10. An LV distribution panel
which comprises a series of fuses has been installed on the TH detector frame to feed the 5V required
for operation to each NINO card. The LV distribution box is labelled H-LV-DISTRIBUTION with a
diagram showing its internal wiring in Figure 3.11. Each NINO card is supplied by a single 2 meter 20
AWG cable with a Molex LLC 0050579402 connector at the NINO card connection end, and soldered
directly to the TH detector frame LV distribution panel at the other end. A table of the cable mapping
connecting the NINOs and the LV distribution panel is provided in Appendix C.

Each NINO card line is fused at 1.5 A. Because of a voltage drop along the supply lines the LV power
supply is set to +7.13 V which delivers +4.8-5.0 V at the NINO card (its optimal operating voltage range).

The total current drawn is 15.77 A. Each NINO card, connected individually, draws the expected 1.3 A.
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Figure 3.10: A photo of the KEYSIGHT LV power supply unit mounted in an electronics rack in the
bunker used to power the NINO cards. The power supply on top is used for the TH detector, the other is
for the GRINCH. Photo by R. Marinaro.

The NINO discriminator threshold is set via an external voltage in the range 1.25- 2.00 V. The current
drawn is typically 1-2 mA. Normally, the NINO cards will all operate at the same nominal threshold,

which was set to 1.6V divided over sixteen channels per NINO for the entirety of the G}, experiment.
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Figure 3.11: A diagram of the TH detector frame LV distribution box which splits the power from the
KEYSIGHT power supply unit to the individual NINO cards. Diagram from [52].

High voltage (HV) for the TH detector during the G, experiment was supplied by a CAEN SY1527LC
mainframe, equipped with 4 A1932A, 48-channel, HV distributors. HV is output on a 52-pin Radiall

691803004 connector and is transported to a distribution panel via a multi-way HV cable, which has
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corresponding Radiall 691803002 connectors at each end. The cable has 48 HV lines, 2 ground lines and
2 lines for a safety interlock circuit. Each line has a high dielectric strength insulator, and when the safety
interlock is broken the HV is turned off automatically. An outer Cu-braided sheath provides mechani-
cal protection and electromagnetic shielding for the multi-way cables going to the four HV distribution
boxes on the TH detector frame. Connecting the HV mainframe to the PMT bases includes 4 60m braided
48-channel multi-way cables connected to 4 HV distribution boxes on the BigBite detector frame with
the 52-pin Radiall connectors. There are 180 individual 4m HV cables that bring the individual high
voltages from the distribution boxes to the PMT bases. The 4m HV cables connect to the HV distribution
boxes with CAGE 0541 type D-01 3-pin connectors, and attach to the PMT bases with custom, 2-pin
connectors. Images of the front and back of the HV main frame are provided in Figure 3.12. These
images show the 48-channel multi-way cables connected to the back of the HV mainframe. Spools of
additional HV cable length laid between the electronics bunker and the TH detector frame were housed
in the electronics bunker next to the rack holding the HV mainframe. A table of the mapping of the labels
for the entire TH detector HV system is provided in Appendix C. A further description of how the entire
detector data acquisition system and electronic components work together to provide a functioning TH

detector as installed in Experimental Hall A at JLab is provided in the following section.
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- ﬁ‘”uclpar

Figure 3.12: Front and back photos of the HV mainframe, which was installed in the electronic racks in
the Hall A SBS bunker, used for the TH detector to power the 180 PMTs. Photos by R. Marinaro.
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3.2 Data Acquisition

Before delving into the specifics of the data acquisition systems used for the TH detector, an enumerated
list of DAQ components and photos will be useful. The wires, cables, electronic panels, and front end
electronics that make up the TH detector are listed in Appendix D. Each NINO card is labelled in the form
H-NINO-## where the first # is either L or R corresponding to the left or right side of the TH detector
frame, and the second # goes from O to 5 depending on where the NINO is located top to bottom on the
frame with O at the bottom and 5 at the top. The NINO cards are further identified with serial numbers

stamped on the bottom right side. Serial numbers for NINO cards are in Table 3.1.

Table 3.1: NINO serial numbers corresponding to the NINO card labels.

Left Side Right Side
NINO Serial NINO Serial
H-NINO-LO | 18-06/04/18 | H-NINO-RO | 44-06/04/18
H-NINO-L1 | 31-06/04/18 | H-NINO-R1 | 6-06/04/18
H-NINO-L2 | 38-06/04/18 | H-NINO-R2 | 22-06/04/18
H-NINO-L3 | 14-06/04/18 | H-NINO-R3 | 1-06/04/18
H-NINO-L4 | 51-06/04/18 | H-NINO-R4 | 23-06/04/18
H-NINO-L5 | 50-06/04/18 | H-NINO-R5 | 30-06/04/18

Input numbering for the NINO is sequential for the top and bottom connection pins. Even numbered
inputs are on top (side where the ADC and TDC ribbon cables connect) and odd numbers on the bottom,
opposite side. Bars 1-16L and 1-16R go to inputs 0-15 on H-NINO-LO and H-NINO-RO respectively,
and so on. Mapping of the scintillator bars to cable to NINO card input is in Appendix E. All 180 TDC
digital outputs from the NINO card are connected to the TDC patch panel (TH LOGIC) on the detector
frame. The ADC analogue outputs from the NINO card, however, which are used for commissioning
purposes, only use a subset of 64 channels (4 NINO cards). Only 64 ADC channels are connected to the
ADC patch panel (TH ANALOG) on the TH detector frame at any time. A map of the TDC and ADC
patch panel labels is provided in Appendix E.

At the TH detector frame ADC patch panel, the signals from each ADC ribbon are converted to
individual signals, with the 17 pin connection terminating to ground. The 64 ADC signals are then carried
to the ADC patch panel in the electronics bunker. Then they are connected to the inputs of the FADCs in

a DAQ VME crate. Previously CAEN v792 ADC readout modules were used during commissioning of
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the detector with cosmic ray data before Experimental Hall A installation, but were swapped with FADCs
before the beginning of the G}, experiment due to rate concerns. A color coded map of the ADC channel
labelling is provide in Figure 3.13 for a typical G}, run taken using the middle third of the detector where
the event rate is highest. The mapping in these figures is an example of how the ADC channels are setup
during the G, experiment, but different combinations of bars and cables can be used. The order of cables

remains constant from detector to electronics bunker.

Bars ADC Cables |TH ANALOG FRAME MAP| ADC Cables Bars
1-16L NOT ATTACHED |27-25 [27-26 |27-27|27-28 | NOT ATTACHED 1-16R ADC SLOT 15 ADC SLOT 17
17-32L NOT ATTACHED [3¥-29|3¥-30|37-31 (3732 | NOT ATTACHED 17-32R
33-48L 4 3517|35183519|35-20 8 33-42R 36-17|36-21|36-25 [ 36-29 35-25|35-29|38-25(38-29
49-64L 3 35-21|35-22 (35-23|35-24 T 49-64R
36-18|36-22 | 36-26 [ 36-30 35-26|35-30|38-26(38-30
65-80L 35-25|35-26|35-27 (35-28 6 65-80R
31-89L-35—29 35-30|25-31|35-32 5 31-89R 36-19(36-23 |36-27 (36-31 35-27(35-31(38-27(38-31
3825|3876 |38°27|3828 36-20|36-24 | 36-28 [ 36-32 35-28|35-32 |38-28[38-32
38-25|38-30(38-31(38-32
3817|3818 3819|3820 ADC SLOT 14 ADC SLOT 16
38-21|38-22 |38-23 (38-24
33-25|33-26|33-27(33-28
38-17(38-21|33-25(33-29 37-25(37-29(35-17|35-21
33-29|33-30|33-31(33-32
36-17|36-18|36-19|36-20 38-18 | 38-22|33-26(33-30 37-26(37-20(35-18(35-22
36:21|36:22|3623|36-24 38-19(38-23 (33-27 (3331 37-27|37-31(35-19 |35-23
36-25|36-26 |36-27 (36-28
e e 38-20(38-24|33-28 (3332 37-28(37-32|35-20(35-24
(a) TH detector frame TDC patch panel. (b) ADC DAQ crate slot numbers.

TH ANALOG BUNKER MAP
38-29|38-30(38-31 38-32|38-25 38-26|38-27 | 38-28 |35-29|35-30(35-31|35-32 35-25|35-26|35-27(35-28
35-21|35-22 (35-23 |35-24 35-17|35-18 |35-19(|35-20 37-29(37-30|37-31(37-32 37-25|37-26|37-27|37-28
36-29|36-30|36-31|36-32 36-25|36-260|36-27 (36-28|36-21 | 36-22 | 36-23 | 36-24 (36-17 | 36-13 | 36-19 | 36-20
33-29|33-30(33-21 33—32|33—25 33-26|33-27|33-28 |38-21|38-22 (38-23 |38-24 |38-17 | 38-18 | 38-19 38-20

(c) Electronics bunker ADC patch panel.

Figure 3.13: The ADC slot number refers to the position of each FADC readout module in the DAQ crate.
The same crate houses the TDC v1190 readout modules.

The digital signals (LVDS) from each NINO card are carried to the TDC patch panel on the TH
detector frame labelled TH LOGIC. From there the signals continue to an LVDS-ECL level translator
repeater (LTR) in a separate electronics rack in the bunker. The level converter has its own power supply.
After passing through the LTR, the ECL signals are brought to the TDC patch panel in the electronics
bunker. The outputs from that TDC patch panel are connected to two CAEN vI1190A multi-hit TDC
readout modules via Robinson Nugent P50E-068-P1-SR1-TG type (34+34) signal connectors. Each
component label is provided in Appendix E, and a colour coded mapping is given in Figure 3.14. Pictures

of various electronics hardware are provided in Figures 3.15, 3.16, 3.17, and 3.18.
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Bars TDC Cable TDC FRAME MAP TDC Cable Bars

17-32L 17-321

33-48R
17-32R

17-321L
(a) TH detector frame TDC patch panel map.

LVDS to ECL Level Translator Repeater Map
17-32L 17-32R 33-48R

(b) TDC level translator repeater map.
TDC BUNKER MAP

(c) TDC electronics bunker patch panel map.

TDC Slot 2 TDC Slot 3

Ref Ref

Ch 127 Ch 127

17-32L 17-32R
33-48R

(d) DAQ crate TDC v1190 slot and readout modules input map.

Figure 3.14: Color coded maps of the TDC labelling used from the TH detector frame patch panel to the
TDC v1190 readout modules in the DAQ crates. The readout inputs A, B, C, and D correspond to the
physical position of the connection points to the v1190s further discussed in the next section.



HV Patch Panel (PP)
H-HV-PP-L1

Patch Panel (PP)
H-HV-PP-R1

Figure 3.15: Two photos with labels showing where the NINOs, and distribution boxes are located on
the TH detector frame. The NINOs are mounted to the frame with metal screws that provide grounding
to the frame which has a common ground for all electronics attached to the BigBite frame. Photos by R.
Marinaro, and labels by R. Montgomery.

Figure 3.16: Three photos showing the TH detector HV distribution boxes H-HV-PP-LO (left), H-HV-
PP-L1 (middle), and H-HV-PP-RO and -R1 (right). Photos by R. Marinaro.
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Figure 3.17: A photo of two NINOs mounted to the detector frame with ADC and TDC ribbon cables
installed (top left), the LV distribution box (top right), and the TDC and ADC patch panels at the TH

detector frame (bottom). Photos by R. Marinaro.
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Figure 3.18: Two photos of the level translator repeater (left) and the TDC patch panel (right) both located
in the electronics bunker racks. Photos by R. Marinaro.

3.2.1 Readout Modules and Trigger

Detector hit times in the TH detector are recorded in digital signals by TDC v1190s and the amplitudes of
the analogue signals are recorded by FADCs. The TDC CAEN v1190s are multi-hit devices. An example
is shown in Appendix F. Timing with respect to a trigger signal are recorded in 128 channels, but in order
to achieve the best resolution one channel must be reserved as a reference channel which is subtracted
from hit channels. The reference channel used for the TH detector is a copy of the BigBite calorimeter
trigger signal. The BigBite calorimeter trigger is used as it covers the entire acceptance plane of the TH
detector, and is most reliable. The trigger logic for the SBS form factors experiments uses the BBCal
pre-shower and shower detectors. There is not a one-to-one relationship between the sum of two rows
from the pre-shower and the sum of two rows from the shower because the geometry of the pre-shower
and shower blocks is not precisely the same.

NIM electronics modules are employed to process the signals from the BigBite pre-shower and
shower modules in order to generate the trigger. It is first necessary to amplify these signals. This is
accomplished for the shower using a 7-sum/amplifier custom module, which accepts the signals from 7
modules (1 row) from the shower as input. Through 500 ns delay cables, a duplicate of each shower
module’s signal is transferred to the SBS electronics bunker to be recorded by FADCs. Several PS 776
16-channel amplifiers are used to amplify the signal for the pre-shower. Through 500 ns delay wires, one

copy of the signal from the amplified pre-shower modules is delivered to the SBS electronics bunker to be
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recorded by FADCs. A passive splitter splits the second copy. In 4x(4-in/4-out) fan-in/fan-out modules
(Lecroy 428F or PS 740) the split pre-shower signals are summed. Each sub-trigger of the fan-in/fan-out
for the pre-shower summing receives the signal from pre-shower row “n” on the left and right, and the
signal from pre-shower row “n+1" from the left and right. Each sum of two row sub-triggers from the pre-
shower is summed with the sums of the corresponding shower sub-trigger rows. This summing is made
with 4x(4-in/4-out) fan-in/fan-out modules. The sums of the signals from the pre-shower and shower for
each group of corresponding sub-triggers from both detectors are passed into PS 706 16 channel discrim-
inators. Each discriminator channel outputs a gate signal if the amplitude of the final sum it receives as
an input is above the set discriminator threshold. Then, the discriminator signals are placed through a
"or" logic, using PS 754 Quad logic units 4x(4-in/4-out), which causes a trigger for data acquisition if at
least one discriminator generates a gate signal [54].

The TDC v1190s are programmed to readout both the leading and trailing edges of the input logic
signal such that a time over threshold (TOT) value for every digital signal is recorded. A time window
of acceptance, with respect to the trigger signal, of the individual hits is programmed and hits precede
to the trigger, avoiding the need for long delay cables. TOT provides a means to record the amplitudes
of scintillations from the TH detector, but TOT is related to integrated charge in a non-linear fashion
and must be calibrated against the measured charge. Thus the FADC readout modules are necessary.
A standard gated ADC will require considerable delay on the analogue signals from the NINO card, so
the coaxial cables are essential. The same crate houses the TDC v1190s and FADC readout modules
as well as readout modules for other BigBite electron arm detectors [52]. The Robinson Nugent P50E-
068-P1-SR1-TG connectors, which are compatible with standard 17-pair twist and flat cable, allows for
the adapting of one high density connector into two 17 17+17-pin header-type connectors. This is used
to combine inputs from two ribbon cables carrying 16 signals into one 32 channel slot on the v1190s.
Channels for the cable adapters are labelled CHO - CH15 on one input and CH16 - CH31 on the adjacent
input as seen in Appendix F, and a DAQ flow chart is in Figure 3.19.

Two CAEN v792 ADC readout modules were used for the TH detector prior to Hall A installation
since the Flash-ADCs (FADCs) were still being procured. This is only important as some of the initial
commissioning for the TH detector before moving it to Hall A was completed with the v792s. A diagram

of a v792 is provided in Appendix F. They were connected to slots 4 and 5 in the same VME crate housing

59



NINO Input

NINO ADC Output
NINO TDC Output
ADC Frame Patch

TDC Frame Patch 4 5 7 8
LVDS to ECL Level Translator Repeater

A
TDC Bunker Patch I_‘ l_l

ADC Bunker Patch
TDC v1190s

. FADCs J 10 ¢
. LV Distribution Box 1 2 3

. LV Power Supply

k4
(=]

PN R WNE

w

=
]

=
[

=
M

Scintillator Bars PMTs 11 12

A. HV Distribution Boxes CAEN SY1527
B. Al1932 HV Power A . B HV

Distribution Boards .
C. VMF X64 6U DAQ Crate Mainframe

Figure 3.19: A flow chart diagram of the DAQ system going from scintillator bars to DAQ crate, and
including the HV (red) and LV (pink) power supply systems for the PMTs and NINOs respectively. The
path for ADC and TDC signals are in green and blue respectively.

the v1190s respectively. Again, the v792s were replaced with the FADC readout modules, diagram
provided in Appendix F, before the G}, experiment began. The v792s are only relevant when discussing
pre-installation commissioning studies of the TH detector. All data taken after installation involving
calibration and performance analysis during the GMn experiment used the FADC readout modules. The
FADCs are connected to slots 14-17 in the VME crate. The next section details the software and analysis

structure of the TH detector used in conjunction with the data acquisition system.

3.2.2 Software and Analysis Structure

The SBS analysis software is based on Podd [55], the standard C++/ROOT-based Hall A analysis frame-
work, and uses the ROOT-based “panguin/OnlineGUI” for online monitoring plots during experiment
run-times. The existing structure can be broken down into four separate repositories: sbs-offline [56],
sbs-replay [57], g4sbs [58], and libsbsdig [59]. The sbs-offline repository is the main software repository

for SBS specific libraries and source code. It includes raw data decoders for all the readout modules used
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by the various detector data acquisition systems including the TDC v1190s and FADCs used for the TH
detector [60]. All of the detector class structure is housed in this repository which provides the informa-
tion for detector geometries and definitions for the desired data variables to be generated during replaying
of the raw EVIO data files. The EVIO data files are generated using CODA which is a control software
for starting and stopping data runs during experiment production data-taking. The configuration used by
CODA can be specialized for different detector groupings to produce raw data files for specific setups.
Raw data-files are output to a temporary directory at the end of each data run, and the raw data-files are
moved to cache disks and tape for long-term storage.

The sbs-replay repository is for storing analyzer database files, replay scripts, analysis and calibration
macros, and online GUI configuration files. This repository is needed to do the actual analyzing of the
EVIO raw data files, turning them into analyzed ROOT files which have a tree structure [60]. Each
branch of the data tree corresponds to desired data variables for the various detectors. The analyzing of
the raw data files is performed by the Hall A analyzer which is used in conjunction with executing replay
scripts. Replay scripts can be specialized in how they are written for creating a ROOT file specific to
detector sub-systems or for all detectors together. They can also be specialized for specific experiment
configurations. The replay scripts read in text files from the sbs-replay database where values for various
cuts and calibration values are stored for all the detector sub-systems. Once the desired ROOT file is
generated, analysis studies can be performed for detector commissioning, calibration, and performance,
as well as physics analysis for the experiments.

The last two repositories are for the purpose of simulation. The g4sbs repository provides all the
necessary software for a GEANT4 based simulation of the SBS detectors and experiments. It was used
during the simulation of the TH detector performance analysis provided in Chapter 5. The libsbsdig
library is for digitization of simulation output. It translates the g4sbs output, such as hit time, position,
and energy deposit, into simulated raw detector signals, and populates hit data structures used during
the reconstruction. Its purpose is to test and develop reconstruction algorithms on simulated events
using identical algorithms to those used for real data. This repository is crucial for performing high-rate
tracking studies using the simulation software [61]. Figure 3.20 shows a software flow chart.

The TH detector has its own macros specific to the needs of the commissioning, calibration, and

performance studies completed thus far. The sbs-replay repository houses the database files specific to
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the TH detector which hold all the cut and calibration values used in the replaying of the detector ADC
and TDC data [62]. The SBS detectors also utilize an EPICs based control software. For the TH detector,
EPICs is used to control the HV settings and power. EPICs graphical interfaces were developed and
implemented for all the HV under EPICs control for use during experiment data taking. These interfaces
include the ability to backup and restore HV settings. For each HV channel of the various SBS detectors,
a voltage difference EPICs signal is provided. Alarm limits are placed on these signals such that a
notification will alert via the alarm handler if a channel trips off or if the actual voltage provided by the
channel differs from the set voltage. By default, a minor alarm is raised if the monitored voltage is more
than 25 volts above or below the set voltage, and a major alarm is raised if the voltage is more than 50
volts away from the set voltage. These limits may be changed for individual channels using the alarm
handler. Every high voltage mainframe is assigned a unique crate mainframe number. EPICs Process
Variables (PVs) for HV channels have a consistent form, independent of hardware. The form matches
the built in EPICs on the mainframes. Using consistent PV name convention allows for GUIs that are
independent of hardware. This concludes the overview of TH detector design and data acquisition. The

following chapter outlines TH detector construction, installation, commissioning, and calibration.

SBS-REPLAY
FADC
RAW DATA DATABASE SBS
- COoDA FILES FILES OFFLINE
DAQ CRATE ANALYZER
READOUT ]
MODULES ANALYSIS ROOTFILES !
MACROS
1
TH DETECTOR LIBSBSDIG G4SBS
FRONT-END
ELECTRONICS COMPARISON OF RESULTS
SIMULATION

Figure 3.20: A flow chart diagram of the analysis software process going from the TDC and FADC
readout modules to sbs-replay using sbs-offline, and final analysis. This diagram includes the simulation
software repositories as well.
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Chapter 4

TH Construction, Installation, Commissioning,

and Calibration

The main components of the TH detector are the ninety 25 x 25 x 600 mm? EJ-200 plastic scintillator
bars acting as the active material of the TH detector for detecting light from particle events, the 180
ET-9142 photo-multiplier tubes with custom bases used to transfer light from the scintillator bars into
charged electrical signals, and the twelve NINO ASIC amplifier-discriminator cards which output the
PMT signals into both analogue (ADC) and timing logic (TDC) signals. Detailed descriptions of these
three main components and their purposes in experimental nuclear physics are provided in Chapter 3. The
TH detector and its operation requires an understanding of the procedure for: how the detector arrived
at its final construction, and the steps taken during the installation of the TH detector as part of the
BigBite electron arm package in JLab Experimental Hall A. Following the completion of the TH detector
construction, and installation, a series of studies were completed to determine the detector’s readiness
for use in the GMn experiment. This process is called commissioning. This process analyzes as much
data as possible concerning the ADC and TDC signals from every channel in the detector to confirm their
expected and proper operation. Also, there is the need to optimize the TH detector system by looking
at the HV settings of the PMTs with regard to charge normalization, and gain matching. Following
these preliminary commissioning studies, the calibration of the detector became the main focus. This
involves optimizing data gathered from cosmic ray and beam-on-target particle interaction events or hits

to account for any and all timing discrepancies among the several TDC channels.

63



4.1 SBS TH Detector Requirements

Before construction of the TH detector could be undertaken, a set of detector requirements and expec-
tations were determined for quantifying the successful operation of the TH detector during the GMn
experiment run-time. Considering the TH detector’s main function is to provide particle timing informa-
tion, it is crucial to note that the time resolution, based on the time difference, was expected to be less
than or equal to 300 ps for each scintillator bar, meaning that the overall average time resolution of the
TH detector should not exceed that value. This value of 300 ps is called the intrinsic time resolution of
the TH detector. Other than for particle timing data, the TH detector can be used to track particle position.
The expected horizontal position resolution of each scintillator bar should be less than 2.7 cm, based on
the intrinsic time resolution, and the average horizontal position resolution of the whole TH detector was
not expected to exceed that value. The vertical position resolution was expected to be less than or equal to
2.5 cm (the width of the scintillator bar) which is an unchangeable vertical position resolution limitation
constrained by the physical geometry of the scintillator bars. The TH detector is also expected to have
a certain efficiency that should be as close as possible to 100% in terms of particle tracking which can
be calculated using track matching analysis by comparing particle event interactions in the TH detector
with those events that are also recorded as having occurred in the GEM tracking layers.

Additionally, the physical requirements for the TH detector in terms of its design and construction
are crucial for understanding its successful assembly and operation. Each individual scintillator bar must
be prepared such that it is light-tight, meaning that no external light leaks into the detector. This confirms
that the only light being detected by the PMTs from the scintillator bars is originating internally from
the particles interacting with the scintillating material and not from an external source. The method used
for making the bars and PMT housing light-tight is provided in the following section. The bars must be
aligned to the center of the BigBite package detector frame such that the TH detector is positioned central
to the main axis of the other BigBite detectors. To secure the scintillator bars, a means of holding the bars
to the BigBite package detector frame must be engineered such that the bars will not slide around when
moving the BigBite platform from one kinematic setting to another. There is also a need to consider
the structural integrity of the detector as a whole, specifically between the joints where the scintillator

bars and the light guides meet. These connection points between the light guides and scintillator bars
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are fragile and a detailed procedure for improving the connecting of those components is provided in
the following section. To obtain clear ADC and TDC distributions for every channel, the high voltage
supplied to each PMT and the threshold settings, which discriminate out unwanted low signals and noise,
on each NINO must be optimized using analyzed detector cosmic ray and production data. These clear
distributions prove that every channel is working properly and ready for use during the GMn experiment

run-time. The following sections detail the construction and installation of the TH detector.

4.1.1 Repairs Procedure

After the first attempt at a complete assembly of the TH detector it became apparent over the course of
a few months and after having several joints break that the optical glue joints holding the PMT housing
and light guides to the scintillator bars was not sufficiently strong enough to withstand long term use. A
means for strengthening the joint between the light guides and scintillator bars was proposed such that
both surfaces would be roughened with industrial sandpaper. The optical glue would fill in the ridges
created by the sandpaper on both the surface of the scintillator bar and the light guide such that there
would be minimal degradation in the light transference between the two components. A test setup was
constructed using a red laser pointed at a miniature photo-cathode detector which was connected to an
ammeter to measure a current. Different configurations were used to test the effects of roughening the
surface starting with a baseline value of the current produced by the laser without any light guides up to
having two light guides roughened and attached together with UV-cured optical glue. A diagram of the
various test configurations are provided in Figure 4.1.

Table 4.1 provides a summary of measured electric current values and changes in light guide trans-
parency among the different configurations. A single light guide was found to have a transparency of
86.7% and this value reduces to 65.9% with two light guides, but when the two light guides are glued
together the transparency rebounds to 81.9%. A single light guide with one end roughened using the 400
grade industrial sandpaper has a transparency of 25.3% and this value drops to 19.2% with two lights
guide each with one side roughened, but when the two roughened surface are attached with the UV-cured
optical glue the transparency jumps up to 81%. This shows that the roughening of the two surfaces with
the UV-cured glue compared to the two smooth surfaces only accounts for a difference of 0.9% trans-

parency. Thus, the roughening proved to have minimal affect on the transference of light because the
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Figure 4.1: Laser tests in light-tight black box: resting no laser (1), no light guide (2), smooth light guide
(3), two smooth light guides (4), two smooth light guides glued together (5), light guide roughened one
side (6), two light guides roughened one side (7), two light guides roughened one side glued together (8).

optical glue fills in the roughened ridges of the light guide surface. This also makes the joint stronger,
and the next test determines by how much.

The diagram in Figure 4.2 provides a schematic of the setup used to test the strength of the glue joint
between two smooth-surface light guides versus those that were roughened with the 400 grade industrial
sandpaper. Weights varying from 4-8 kilograms were used at 2.5 cm, 11 cm, and 24 cm, which equals the
closest-end, middle, and furthest-end of the light guide from the glue joint. The test shows that not even
at 24 cm with 8 kg of weight equaling a force of 35 N and a torque of approximately 8.5 Nm could break
the glue joint for roughened surfaces. Next, attempts were made to break the joint by leaning on the light
guide and hitting the light guide with padded metal poles, and still the joint would not break. Considering
the glue joints without roughening would break with a moderate touch, it is plain to see that at a minimum
the strength of the glue joint between the smooth and roughened surfaces has increased approximately
by a factor of ten. Only after soaking the glue joint in isopropyl alcohol would the light guides break off.

A decision was made to forego repeating the laser and stress test using 200 or 300 grade sandpaper since
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Table 4.1: List of values for the measured currents and transparency of the different light guide configu-
rations for the laser test.

Laser Test Results
Light Guide Configuration Measured Current (uA) | Transparency (%)
1. Resting, No Laser 0.018 £ 0.003 N/A
2. Laser, No Light Guide 3.311 £ 0.015 100
3. Single Light Guide (smooth) 2.632 £ 0.015 86.7
4. Double Light Guide (smooth) 2.141 £ 0.018 65.9
5. Double Light Guide (smooth, glued) | 2.626 £ 0.018 81.9
6. Single Light Guide (rough) 0.882 £0.012 253
7. Double Light Guide (rough) 0.672 £ 0.011 19.2
8. Double Light Guide (rough, glued) | 2.619 £ 0.016 81.0

the 400 grade provides adequate strength in the glue joint with minimal loss in light guide transparency
using UV-curved optical glue. Convinced that the glue joints were strong enough for long term ware with
minimal decrease in light guide transparency, attention was turned to disassembling and reassembling all

the detector components using the following procedure.

&
GLUE JOINT sj;__g———y’

(ROUGH)

Figure 4.2: Diagram of stress test setup using clamp bolted to a table. Smooth-surface light guides would
break with only a moderate touch, but after roughening, the glue joint became significantly stronger.

First, all the previously assembled PMT housings were removed, outer light-tight coverings removed,
and light guides removed from scintillator bars. Upon removing the light guides from the scintillator

bars, a fair amount of hardened optical glue remained on the light guides. Thus, the light guides were
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soaked in isopropyl alcohol to remove excess glue. The ends of the light guides to be attached to the
scintillators were roughened with the 400 grade sandpaper in the same clamp used for the stress test. The
light guide ends that rest flush with the PMTs were left smooth. Both ends of the scintillator bars were
roughened as well with the same sandpaper in the same clamp. Care was taken to roughen the surfaces of
the light guides and scintillator bars using an equal number of passes across the surfaces, and alternating
the movement of the sandpaper so that no biasing pattern would form on the surface. The roughened ends
of the scintillators were next attached to the roughened ends of the light guides using a bespoke precision
alignment assembly to hold the scintillator and light guides in place so the optical glue could be cured
for thirty seconds with a pedal-operated, hand-held UV light source. Figure 4.3 provides a diagram of
the alignment apparatus used during the application of the UV-cured optical glue. Reflective mylar sheet
was wrapped around the scintillator and light guides, followed by black industrial wrapping paper. These
were secured around the light guides and scintillator assemblies using a durable clear tape. The purpose

of this wrapping was to make the individual scintillator bar and light guide assemblies light-tight.

light guide

\ alignment bolts

optical glue

scintillator bar

light guide

Figure 4.3: Diagram of the precision alignment apparatus used during the gluing of the roughened light
guides to the roughened scintillator bars. Only a drop of optical glue 5 mm wide and 1 mm high was
needed to cover the whole contact surface between the light guide and the scintillator bar. Optical glue
was stored in a sealed container to prevent drying.
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Figure 4.4: Diagrams of the wrapping procedure for both straight and curved light guides, and scintillator
bars with dimensions. The final wrapping thickness leaves only a <0.5 mm gap between the stacked
scintillator bars. The light guide is shown in blue, the yellow is the mylar wrap, grey is the industrial
wrapping paper, and black is electrical tape.
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Figure 4.5: A diagram of the PMT inside the housing and attachment to light guides using a brace and
screws which were tightened once the PMT and light guide were inserted in the housing.

Several diagrams of the wrapping procedure and dimensions can be seen in Figure 4.4. The black
industrial wrapping paper around the scintillator bar was cut longer than the bar so an overhang could be
folded down towards the light guides and secured with black electrical tape to make the scintillator bar
light-tight. The light guides were then made light-tight by inserting their exposed ends into the assembled
PMT housing which were then made light-tight using a foam material and more black electrical tape. A
diagram of the PMT housing with PMT inside can be seen in Figure 4.5. Finally, an additional support
beam, attached at the back of the bars relative to the target, was attached to each scintillator light guide

assembly with either electrical tape for curved light guides or aluminium straps for straight light guides.

1 Dr———l |

Figure 4.6: A diagram of the final light-tight scintillator bar, light guides, and PMT housing assemblies
with added support bars to further prevent roughened glue joint from breaking.
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Figure 4.6 shows the fully completed scintillator bar, light guides, and PMT housing assemblies. The
assemblies were then tested individually for light-tightness using a high voltage power supply going to
each PMT with a signal cable from the PMT to an ammeter which measured the base current output by
the PMT at 500V. This base current could not exceed 10 nA for confirmed light-tightness. A high power
flash light was used to pass over and around the tested assemblies to find holes or leaks in the wrapping
or housing. Leaks were plugged with more electrical tape.

After confirming light-tightness for each assembly, each PMT was tested at operational high voltages
ranging from 700V to 1150V. Currents on the ammeter, and signal amplitudes on an oscilloscope were
checked to be within reasonable values over the specified high voltage range such that the current would
be somewhere between 0.2 uA to 0.4 uA of current and 100 mV to 400 mV for the amplitude. An
external trigger scintillator was used to observe cosmic ray event signals on the oscilloscope. PMTs that
behaved outside these limits at operational high voltages were replaced and set aside to ensure some
initial uniformity among all the PMTs. Ultimately, only a handful of PMTs would need to be replaced.
Fortunately, the design of the housing was made such that easy removal and replacement of PMTs could
be done without completely disassembling the PMT housing.

A final normalization of the PMT signals using ADC data for gain matching would be completed
after complete assembly of the detector scintillator bar stack and that process is covered in a later section.
The scintillator bar, light guides, and PMT housing assemblies where then stacked in the BigBite detector
frame, with the assemblies secured to the frame using addition angled support brackets with straps to tie
down the housing flush with the angled supports shown in Figure 4.7. These angled support brackets
ensure that each individual scintillator bar assembly is aligned flush with the flat BigBite detector frame
and the bar above and below such that the focal planes of the TH detector match with those of the
other BigBite detectors. Special attention was given to the position right to left of each assembly with
measurements taken on both sides to confirm that each scintillator bar protruded equally on both sides
of the BigBite detector frame. Any sizable misalignment would cause unwanted discrepancies in the
data between the various BigBite detectors. Upon finishing the re-stacking in Fall 2020, the TH detector
had returned to the state it was in at the end of 2018 prior to the smooth glue joints breaking. After
roughening, reassembling, re-stacking, and the addition of the further support bars and angled brackets,

the TH detector was ready for long term use in Experimental Hall A as seen in Figure 4.7.
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Figure 4.7: Two images of the fully stacked and assembled TH detector. The left image shows what the
detector looks like without the detector frame to hold it up. The right image shows a portion of the red
detector frame and the angled brackets which the TH scintillator bars are attached. This allows for the
bars to be stacked without falling over. The angle brackets also help alleviate some of the weight pressing
down on the scintillator bars at the bottom of the stack. The right image is what the target would see if it
had a direct line-of-sight to the TH and no other detectors were blocking the TH from the target.
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4.1.2 Experimental Hall A Installation

For the TH detector, several front-end electronics were attached to the BigBite frame surrounding the TH
detector. Starting at the PMTs, these front end electronics include 180 signal cables coming from the
PMTs, the twelve NINO cards (NINOs) which those signal cables connect with, and 8 ADC and 12 TDC
34-pin 17-pair flat ribbon cables from the NINOs to the ADC and TDC patch panels. The seventeenth
pair in the ribbon cables is for ground. Only 8 ADC ribbon cables (4 for each side of the TH) were made
since the DAQ ADC modules can only read out 64 channels at a time with only two ADC ribbon cables
being used on each side per data run. Spare ADC ribbon cables were left plugged into the NINOs at the
top of the detector frame. After the patch panels, another set of twelve TDC ribbon cables continues on.
The ADC patch panel takes in four (2 from each side of the TH) 34-pin 17 pair ADC ribbon cables in one
side and out the other side comes 64 individual coaxial cables which correspond to the 64 channels being
read by the DAQ FADC readout modules. Both the twelve TDC ribbon cables and 64 ADC coaxial cables
continue on to the data acquisition system (DAQ) which was already covered in a Chapter 3. All twelve
TDC ribbon cables coming from the patch panel are used per data run since the DAQ TDC modules have
the capacity to read all 180 channels.

As for the high voltage (HV) starting from the PMT, there are 180 red 2-pin HV cables coming from
the PMTs connected to four 48-channel HV distribution boxes (2 on each side of the detector). On each
side, one of the HV distribution boxes corresponds to the lower 48 PMTs and the second box connects
to the top 42 PMTs. The second distribution box on each side of the TH has spare HV channels which
were used as back-up channels to replace troublesome HV distribution box connections, or HV channels
that were unreliable. Each of the four HV distribution boxes have one multi-coil HV cable going to the
HV mainframe which was covered in the previous chapter. Additionally, the NINOs have their own low
voltage power supply cables. All twelve of those NINO power supply cables connect from the NINOs
to one low voltage (LV) distribution box attached to the right side of the TH detector frame. This LV
distribution box has one LV power supply cable which connects to a LV power supply. This covers all the
front-end electronics and cables that are physically attached or connected to the BigBite detector package
frame. All HV, LV, and signal cables at the frame were tied down and secured, and given enough slack
such that cables would not become easily disconnected. Figure 4.8 provides a comprehensive diagram of

the electronics surrounding the TH detector on the BigBite frame.
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Figure 4.8: The HV distribution boxes (light grey) are attached to the frame (dark red) and are labeled
L0, L1, RO, and R1 corresponding to the right and left side and bottom (0) 48 channels or the top (1)
42 channels. Individual PMT HV cables (bright red) go from the PMTs to the HV distribution boxes.
The individual signal cables (blue) go from the PMTs to the NINOs (light green) labeled 1-12. NINO 1
corresponds to bottom left 16 PMTs, 6 to top left, 7 to bottom right, and 12 to top right. The individual
LV NINO power supply cables (orange) go from the LV distribution (dark grey) to the NINOs. ADC
ribbon cables (purple) and TDC ribbon cables (yellow) connect the NINO analogue and logical output to
the ADC and TDC patch panels (dark green). Cable lengths are provided in Appendix D.
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The TH detector scintillator bar stack, front end electronics, and DAQ were initially assembled in
the JLab TEDf building High Bay room. This is where the TH detector and DAQ went through its first
stages of commissioning, which is detailed in the following section. During Summer 2021 the BigBite
detector package and DAQ electronics were moved to Experimental Hall A. The BigBite electron arm
was placed on the BigBite platform with the TH detector included. The DAQ electronics were moved
to an electronics bunker which acts as shielding for the DAQ electronics to protect them from radiation
damage. The layout of SBS in Experimental Hall A can be seen in Figure 4.9. All HV, LV, ADC coax, and
TDC ribbon cables were run below the BigBite platform, under the Left High Resolution Spectrometer
(LHRS), and to the electronics bunker. A few meters of slack was left at the BigBite platform to allow
extra cable length for when the platform moves to different kinematic setting angles relative to the beam-

line. Extra cable length was bundled up, and hung on mounted wall hooks in the electronics bunker.

45 deg
mark on
the floor

Figure 4.9: The cable path for the HV, LV, ADC coax, and TDC ribbon cables are show by red arrows.
The total laid cable length from BigBite to the bunker is 90 ft with an additional few feet of laid cable at
BigBite for slack and inside the bunker to reach the electronics. Additional cable length was coiled and
stored in the bunker. The TDC ribbon cables were run through a flexible rubber conduit for protection.
Image courtesy of the SBS Collaboration at JLab.
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A new cable connected from the LV power supply in the electronics bunker to the LV distribution box
at the TH detector frame had to be created since the old LV power supply cable would not reach from
the TH detector frame to the bunker. Additionally, a set of twelve TDC ribbon extension cables were
made because the TDC ribbon cables came up approximately ten feet short of the TDC level-translator
repeater (LTR) in the electronics bunker. Photos of the fully installed BigBite electron arm, including
the TH detector and TH DAQ system can be seen in Figures 4.10, 4.11, and 4.12. After the TH detector
and its DAQ were constructed and repaired, but before and during the detector installation in Hall A, the
commissioning of the TH detector took place to prove its readiness for use in the G, experiment. This
process is detailed in the following sections as well as the calibration of the detector, which was initially
completed as a "rough" calibration during the experiment, but was eventually finalized. This concludes

the overview of the TH detector construction and installation.

Al

DC Patch Panel

Figure 4.10: A photo of the left half of the electronics racks (left) housing the TH detector TDC and
ADC bunker patch panels, the DAQ crate, the LV power supply, and HV power supply, and the right half
of the electronics racks (right) housing the LTR and other BigBite detector DAQ modules. Photos by R.
Marinaro.
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Figure 4.11: A side profile photo of the BigBite electron arm as it is currently, fully installed in Experi-
mental Hall A. Photo by R. Marinaro.

Figure 4.12: A photo of the back-view for the BigBite electron arm looking in the direction of the
detector stack towards the target hidden on the other side of BigBite. Platforms on either side allow for
access to the PMTs, and NINOs during experiment down time where troubleshooting takes place for any
malfunctions of the TH detector of which there were next to none. Photo by R. Marinaro.
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4.2 TH Commissioning Studies

Commissioning for all the TH detector ADC and TDC channels begins with first checking that correct
signals are present from PMT to readout modules using an oscilloscope. Signals were checked directly
from the PMT, directly from the NINOs, and at every patch panel on the detector frame and in the
electronic racks. Any components not showing correct signals or no signals were either fixed or replaced.
Initially, the TDC signals were unreliable until a grounding issue with the level translator-repeater (LTR)
could be fixed. Noisy or missing channels were typically caused by poor connections, or faulty PMT

bases. Once these few hardware issues were fixed, testing and analysis of the ADC and TDC data began.

4.2.1 ADC Testing and Analysis

The first step in testing the ADC channels of the TH detector is to confirm that every ADC channel has
the expected shape to its distribution. A good plot for an ADC distribution will show a distinct pedestal
made of noise or other electrical static coming from the signal channel and a secondary peak which
represents the actual ADC signals. For a clean separation between the pedestal and the ADC signals, cuts
are applied to the ADC of adjacent channels such that their ADC signals for the same event are above a
minimal threshold. This guarantees that only particle tracks which pass all the way or mostly through the
scintillator bar are being plotted. These cuts remove events where the particle track only passes through
a corner or a small portion of the scintillator bar. Events where the particle track only passes through a
small part of the scintillator bar are undesirable for the purposes of commissioning analysis because these
sort of events make it difficult to get a clean separation between the pedestal noise and the actual ADC
signals. The lack of clean separation makes the task of fitting the ADC distribution impractical and will
also incorrectly skew fits to the ADC signal distribution away from the correct value for parameters like
the distribution mean. An example of 16 good, analyzable ADC distributions is in Figure 4.13. The ADC
distribution plots like those in Figure 4.13 were generated for every channel in the TH detector using the
v792 ADC readout modules, which were later replaced with the FADC, and cosmic ray data with a large
scintillator external trigger. The x-axis is an ADC converted value for the actual amount of charge in each
signal read by a microprocessor which takes in the digital signal voltage and converts that digital signal

into a number calculated using a reference voltage.
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PMTs 48-63L: ADC bin vs. Hits

hADC Chand® RADC_Chandd hADE _Chanfd hADC _Chandl

RADC_Chani? RADC_Chansd RADC_Chaesd RADC_Chanst

BADC_ChanST hADC_ChasSi RADC_Chansd

AL

hADC_Chankl BADC_Charki i hADE_Chankd hADE_Chankd

o Al o

Al o

Figure 4.13: A plot of 16 good ADC distributions with pedestal and ADC signal peaks cleanly separated
using minimal ADC cuts on the ADC signals from adjacent scintillator bar ADC channels, which ensures
that only particle tracks from events that pass all or mostly through the scintillator are being plotted.
These plots were generated using cosmic data before installation in Hall A using a large external trigger
scintillator positioned on top of the detector frame.

Charge Normalization

After confirming all ADC channels present, and working appropriately, attention was given to a study of
charge normalization for each channel. The first step in this study is pedestal subtraction such that the
pedestal peak is centered at zero. This study was also completed using cosmic ray data with an external
large scintillator trigger and the v792 ADC modules. To subtract the pedestal, a Gaussian fit was applied
to the pedestal peak as in Figure 4.14, the mean of the pedestal Gaussian fit was recorded as in Figure
4.15, and the ADC distributions were re-plotted with the pedestal mean subtracted from the distribution.

This centers the pedestal mean at zero, and shifts the whole distribution to its correct ADC bin value.
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Pedestal Fit: Channel 48 ADC bin vs. Hits
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Figure 4.14: A plot of the ADC distribution for channel 48 left (48L) showing the Gaussian fit to the
pedestal. Once the mean is subtracted the whole distribution shifts down by an amount equal to the mean
of the fit. This was repeated for all ADC channels left and right.
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Figure 4.15: A plot of the pedestal Gaussian fit mean values for the set of 64 middle, bars 33-64 left and
right, channels of the TH detector using cosmic ray data with the v792s and large external scintillator
trigger. Similar plots were generated for every ADC channel to confirm an initial uniformity of the
pedestal means across the whole TH detector.
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The second step is removing the pedestal from the ADC distribution plots for a clean fit of the ADC
signal peak. The pedestal is removed by placing a pedestal cut at three RMS (standard deviations) above
the mean of the pedestal Gaussian fit. The ADC signal peak is fit with a Landau function. The peak of
the Landau fit on the ADC signal peak is called the ADC MPV (most probable value). Once the starting
ADC MPV for all channels are recorded, the HV value for every channel is adjusted to normalize all
ADC channel MPVs to one value in ADC bin. The chosen optimal ADC bin value was decided to be
300 since this ADC bin value was seen on the oscilloscope as equating to an ADC signal which has a
time over threshold (TOT) of 15-20 ns. The optimal operating range of the NINO cards in terms of TOT
is 10-20 ns. Thus, an ADC normalized bin value of 300 sets all channel HV values to be optimized to
have an ADC MPYV towards the higher end of the NINO card TOT optimal operating range. Having the
signals on the higher end of this range is good for two reasons: the signals are within the optimal TOT
operating range and the signals are large enough to be distinctly separated from the pedestal noise. Plots

of this charge normalization process are shown in Figures 4.16, 4.17, and 4.18.

Landau Fit: Channels 48-63L ADC bin vs. Hits Landau Fit: Channels 48-63L ADC bin vs. Hits
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Figure 4.16: The left set of 16 plots (in a 4x4 array) in this figure show the Landau fit for a set of 16 ADC
distributions with pedestals subtracted and removed. These plots are far less uniform than the set of 16
plots on the right which were generated after adjusting the HV settings for a successful optimized charge
normalization.
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Bar 11: ADC Left vs. ADC Right Bar 13: ADC Left vs. ADC Right
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Figure 4.17: Four plots from Bars 11, 13, 27, and 29 showing the ADC distributions left and right for
each bar plotted against each other after charge normalization. These plots show a strong correlation
and uniformity by their tight cone shape, which further underscores the success of the ADC distribution
charge normalization process. The only cuts applied here are ADC neighbor cuts to ensure cosmic tracks
that pass all the way through the scintillator bar.
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ADC Chan vs. ADC Mean
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Figure 4.18: Six plots of ADC Means or MPVs from the Landau fits on the ADC distributions. The
first column of plots shows charge normalization for the lower third of the detector progressing from
the initial ADC MPV values at the top to their final values at the bottom. The second column shows,
similarly, charge normalization for the middle third of the detector. This process was repeated for the
upper third with similar behavior and results as in the plots shown above. These plots were generated
using cosmic ray data with the ADC v792 readout modules and a larger external scintillator trigger.
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As seen from the bottom two plots in Figure 4.18, the study for charge normalization of the ADC
distributions was successful in normalizing all ADC channel landau fit MPVs to a value of 300 ADC
bins. This process took several rounds of adjusting the HV settings until all channels were set to their
optimal HV values. The optimal HV values were recorded in Appendix G, and used for the TH detector
during the G}, experiment. Some adjustments were made for a final set of HV values once an analysis
of the TH detector rates could be completed because the rates were estimated to be running above the
recommended limit. Therefore it was necessary to drop the HV values by 50V across the whole detector

toward the end of the G}, experiment run schedule.

ADC Multiplicity

Other than looking at the ADC distribution plots directly, another means of confirming that several ADC
channels in the TH detector are functioning properly is with a single plot of 64 ADC channels and their
multiplicities. ADC Multiplicity for the TH detector is the number of signals recorded during a single
opening of the ADC gate, prompted to open by the input trigger. Often, when the gate is open, the ADC
readout modules record two or more signal pulses, one being the desired signal, and the other(s) coming
from background accidentals. Some channels will have more events with >1 multiplicity and missing
channels will show no hits. Multiplicity allows for checking several missing or noisy ADC at once.

FADC Multiplicity vs. Bar Number 10
X

% ——
< 60
§
3
_E' —40
% 40
8 |
—20
20
L 0
ADC Multiplicity

Figure 4.19: A plot of ADC multiplicity where on the y-axis 0-31 corresponds to bars 33-64L and 32-63
to bars 33-64R. These bars are the middle third of the TH detector. This plot was generated with beam-
on-target data and using the BigBite calorimeter trigger and FADC readout modules.
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Relative Gain Curves

The ratio of the anode current to the photocathode current, G, is the gain or current amplification of a

PMT. It fluctuates according to the power of the supplied voltage and the ratio:

G %
G—j - VT aN (4.1)
Here G, and G are gains at supply voltages V,> and Vi, respectively; « is a coefficient (0.6 to 0.8)
determined by the material and geometry of the dynode; and N is the number of dynodes. For the ET-
9142 PMTs used for the TH detector, the expected gain taken from the data sheet is 10® where o = 0.8
at a nominal 50 A/lm (lumens) with 10 dynodes. Gain curves are often shown as straight lines with a
slope of aN since they are typically plotted on log-log coordinates. Once the gain at one high voltage is
known for individual tubes, data sheets provide the usual value of the slope, making it simple to compute
the gain at any supply voltage, or vice versa. For the ET-9142, for instance, aN is approximately 8.0,
so the gain will almost double for a 10% voltage increase. These data sheets provide gain curves which
are based on ideal operation of the PMTs, so it is best to produce gain curves for each PMT as their
performance will vary. Experiment scheduling did not allow for measurement of the absolute gain for the
TH detector PMTs, but relative gain curves were fitted for all PMTs to plots of the FADC amplitudes in

mV versus high voltage setting which ranged from 700 to 1000 volts as shown in Figure 4.20. A table of

all FADC mV values versus HV setting for each PMT is provided in Appendix H.
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Figure 4.20: Two plots for PMTs left and right attached to bar 36 showing the relative gain curves fitted
to FADC amplitude most-probable-values (MPVs) extracted from landau fits to the mV distribution from
each PMT. This process was completed for all TH detector PMTs and the parameters of their relative
gain curve power-law fits were recorded.
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4.2.2 TDC Testing and Analysis

The first step in testing the TDC channels of the TH detector is to confirm that every TDC channel has
the expected shape to its distribution. A good plot for a TDC distribution will show a single peak which
represents the actual TDC signals. This peak then has to be corrected using the reference signal input
into the TDC v1190 readout modules using channel 127 from the trigger. This corrects the timing of the
signal which has to pass through all the cables and electronics to its correct time. There were some initial
setbacks in terms of troubleshooting issues with the TDC channels, but all channels were confirmed to
work properly after fixing a grounding issue with the level translator-repeater which converts the TDC
signals from LVDS to ECL. The incorrect grounding caused an offset to the TDC signal baseline which
shifted the signal up or down, making the TDC distributions either disappear or incredibly noisy. An
example of a reference corrected TDC distribution after alignment is in Figure 4.21, and a 2-D plot of
all TDC distributions versus PMT number after Hall A installation, but before alignment, is in Figure
4.22. The data shown in Figure 4.21 is from an SBS-4 kinematic setting cosmics data run, but before

calibration of the TH detector was completed, therefore it is a plot of raw TDC leading edge data.
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Figure 4.21: An example plot of a corrected, not calibrated TDC distribution from after Hall A installation
during the SBS-4 kinematic setting of the GMn experiment. This plot was generated with cosmic ray data
using the BBCal trigger after alignment. Here the peak represents the center of the scintillator bar.
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TDC: Leading Edge Time vs. PMT number
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Figure 4.22: Two plots showing the TDC distributions for every channel plotted against their PMT num-
ber for the left and right side of the TH detector. Monitoring plots like these are used during the ex-
periment run time for quick checks as time passes and more data runs are taken to confirm there are no
missing or noisy TDC channels. These plots were generated with cosmic ray data after installation in
Experimental Hall A using the BigBite calorimeter trigger before alignment.

Mean Time

To calculate the mean time of a single bar, the average of the TDC leading edge distributions from the
left and right side PMTs for each bar is plotted. This represents the mean time for a single bar for every
event recorded from both the left and right PMTs connected to each scintillator bar via the light guides.
This calculation comes into consideration when calculating the horizontal position of each event and
horizontal resolution for each scintillator bar. This horizontal position calculation is also used in particle
tracking which can be compared to the trajectory of the particle track measured by the GEMs. A plot
of mean time distributions versus scintillator bar number is provided in Figure 4.23. Data for scintillator
bars toward the top of the TH is less reliable due to the lower number of events occurring in that region

and this is likely an effect of the BBCal trigger.
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TDC Mean Time vs. Bar Number

= — —
¥ sob- 2200
5 = —{2000
s OE —{1800
o
60 — —11600
coF- —1400
- 1200
401 1000
30— 800
20 :_ &00
E 400
101 200
U :I 1 1 1 | 1 11 1 | 1 L 1 1 1 1 |. 1 1 1 1 J 1 1 1 1 U
50 -40 -30 -20 10 0 10 20 30 40 50

TDC Mean Time (ns)

Figure 4.23: An example plot of the TDC mean time leading edge distributions versus bar number using
SBS-4 kinematic production data and the BBcal trigger.

Time Difference

To calculate the time difference for a single bar, the difference of the TDC leading edge distributions
from the left and right side PMTs for each bar is plotted. This represents the time difference for a single
bar for every event recorded from both the left and right PMTs connected to each scintillator bar via
the light guides. This calculation, like, the mean time, comes into consideration when calculating the
horizontal position for each event and horizontal resolution for each scintillator bar. A calculation of
the time resolution is also based on the time difference. This time resolution calculation could also be
based on the mean time but using the time difference provides better time resolution. Using the time
difference rather than the mean time to calculate the TH detector time resolution provides a better time
resolution by approximately a factor of 2-3 on average across all the G, experiment kinematic settings.
More on the time resolution analysis is provided in the corresponding section in Chapter 6. A plot of
time difference distributions versus scintillator bar number is provided in Figure 4.24, showing the same

low event statistical effect for bars at the top of the TH likely caused by the BBCal trigger.
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TDC Time Difference vs. Bar Number
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Figure 4.24: An example plot of the TDC leading edge time difference distributions versus bar number
using SBS-4 kinematic production data, an LH2 target, and the BBcal trigger.

Time Over Threshold

To calculate the time over threshold for an individual TDC channel the TDC trailing edge for each signal
is subtracted from the TDC leading edge. This gives a distribution of widths for the TDC signals in
nanoseconds. The time over threshold distribution can then be plotted against the TDC to see the time-
walk effect. When plotted against the ADC distribution, there is a curved shaped and when plotted
against the TDC there is a more elongated blob shaped. For the plots of TOT versus TDC a linear fit
can be applied to get parameters of the distributions that help in correcting the time-walk effect. After
applying these fits, the TDC data can be corrected using the linear fit parameters during the calibration.
The specific parameters of the linear fit that are used during the calibration are the intercept and slope.
A portion of the calibration studies detailed in a later section is dedicated to this correction. Example
plots of the fits applied to the time over threshold distribution versus the ADC and TDC distributions are
provided in Figures 4.25, and 4.26. The plot shown in Figure 4.27 is another useful plot for identifying

missing or noisy PMT channels based on their TOT distribution.
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Channel 11 Left: ADC vs. Time over Threshold
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Figure 4.25: An example plot of a time over threshold distribution versus ADC distribution for a single
channel using cosmic ray data with the FADC readout modules and the BigBite calorimeter trigger after
Hall A installation. The fit used is an exponential function.

Channel 11 Right: TDC vs. Time over Threshold
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Figure 4.26: An example plot of a time over threshold distribution versus TDC distribution for a single
channel using cosmic ray data and the BigBite calorimeter trigger after Hall A installation.
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Time over Threshold: TDC TOT vs. PMT number
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Figure 4.27: An example monitoring plot of the time over threshold distributions versus PMT number
using cosmic ray data and the BigBite calorimeter trigger after Hall A installation. This plot is useful
during experiment run time to monitor all TDC channels and their time over threshold distributions
making missing or noisy channels easy to identity.

TDC Multiplicity

Other than looking at the TDC distribution plots directly, another means of confirming that several TDC
channels in the TH detector are functioning properly is with a single plot of all 180 TDC channels and
their multiplicities. As previously defined, multiplicity for the TH detector is the number of signals
recorded during a single opening of the TDC gate, which is prompted to open by the input trigger. Often
enough, when the gate is open, the TDC v1190 readout modules record two or more signal pulses, one
being the signal corresponding to a desired particle interaction event in the detector, and the other(s) com-
ing from background accidentals, which increase with rate. The signal closest to zero in the distribution
is selected as the desired signal. If a channel is missing, it will show no hits. Therefore, multiplicity

allows for checking several TDC at once. Figure 4.28 shows an example plot of TDC multiplicity.
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TDC Multiplicity vs. Bar Number
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Figure 4.28: A plot of TDC multiplicity for all 180 channels of the TH detector. This plot was generated
with cosmic ray data and using the BigBite calorimeter trigger and FADC readout modules after Hall A
installation.

4.3 TH Calibration Studies

After commissioning the TH detector, and confirming that all of its channels were operational and ready
for use in experimentation, a series of calibrations were made to the TH detector timing data in the first
few weeks of the G}, experiment. These calibrations are intended to correct the timing data. They account
for various physical and electronic effects which skew the timing data such that, without calibration, it
is not true to the real timing of particle interaction events occurring in the scintillating material of the
detector. Each calibration improves the tracking efficiency, and time and position resolutions, making the
TH detector more useful in terms of its most important purpose which is to provide timing information
for the calculation of form factors. Arguably, the two most important plots for visual confirmation that the
TH detector is well calibrated are shown in Figures 4.23 and 4.24, using first cosmic and later production
data. These plots show fully calibrated distributions of mean time and time difference versus bar number.

With some exceptions for bars at the top and bottom of the TH where events occur less, thus lowering
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the usable statistics, and the reliability of the BBCal trigger at the TH detector extremes is lower, the
distributions are mostly uniform. The uniformity of these plots is key to maximizing the performance of
the TH in terms of track matching efficiency, and time and position resolutions. It is important to note
some calibrations are implemented on a PMT by PMT basis and others on a bar by bar basis.

The calibrations presented were completed using only data from runs in the kinematic setting run
group named SBS-4. There are six major kinematic setting run groups (SBS-4, SBS-7, SBS-11, SBS-14,
SBS-8, and SBS-9), and each corresponds to a certain distance and angle at which the SBS hadron arm
and BigBite electron arm were set. The distance is measured from the target and the angle is relative to
the beam line. The number of passes around the accelerator which determines the energy of the beam
measured in GeV also varies by kinematic setting as shown in Table 4.2. Since the SBS-4 kinematic
setting has the lowest Q% and beam energy, SBS-4 was chosen as the most reasonable kinematic setting
from which to extract calibration values. Eventually, calibration values will be extracted and implemented
in the database files for all six of the major SBS kinematic settings. A table of values for all of the

calibrations are provided in Appendix I.

Table 4.2: List of six SBS kinematic settings in run-time order from top to bottom, and their correspond-
ing kinematic values. Additional comments on added shielding and HV changes are in Table 5.1.

Setting | 0*(GeV /c)* | Epeam(GeV) | 6pp(deg) | dpp (m) | Osps(deg) | dsps (m) | ducar (m)
SBS-4 3.0 3.7 36.0 1.80 31.9 2.25 11.0
SBS-7 10.0 8.0 40.0 1.85 16.1 2.25 14.0
SBS-11 13.6 10.0 42.0 1.55 13.3 2.25 14.5
SBS-14 7.5 6.0 46.5 1.85 17.3 2.25 14.0
SBS-8 4.5 6.0 26.5 2.00 29.9 2.25 11.0
SBS-9 4.5 4.0 49.0 1.55 22.5 2.25 11.0

4.3.1 Timing Cuts

The three majors cuts on the TDC data readout by the TDC 1190s cuts are for defining the TDC good
timing, the TDC window, and the time over threshold distributions. The first cut for TDC good timing
accounts for the events where more than one TDC signal is recorded. For an event with TDC multiplicity
greater than 1, there must be a means for discriminating which of the multiple TDC signals is the true

signal for that event. This is done by fitting a Gaussian function to the TDC distribution to find the TDC
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time mean and then choosing the signal which has a TDC value closest to the mean of the TDC distribu-
tion. This process is also implemented for the reference TDC channels for both TDC 1190 modules. The
value for multiplicity timing cut on the reference signals remains the same throughout the calibrations,
but the TDC good timing cut on the individual TDC channels changes as more calibrations are imple-
mented. Since the alignment of the TDC distributions detailed in the following section shifts the mean of
the TDC distributions to be centered at zero, the TDC good timing cut also eventually gets closer to zero
with the TDC distribution mean as a result.

Less complicated are the cuts on the TDC window and the time over threshold distributions which
simply narrow the accepted range of events being used. Cuts on the TDC window help remove TDC
values that fall well beyond what could be considered real events within the given length of the scintillator
bars. The cuts on the TOT distributions remove a large amount of signals where the time over threshold
value falls so low that the signal could not correspond to a real event in the detector. After TDC alignment
the TDC window cuts were set at -20 to 20 ns and the TOT distribution cuts were set at 7 to 30 ns. These
cuts are implemented in the replaying of the evio data files using the Hall A analyzer, which is when the

data files are converted to analyzable ROOT files.

4.3.2 TDC Alignment

The calibration for aligning the TDC distributions corrects discrepancies among the various channels for
their timing caused by slight variances in the propagation of signals through the electronics and cables
from the scintillator bars to the readout electronics. This calibration is implemented on a PMT by PMT
basis by fitting the TDC distributions with a Gaussian, extracting the mean, and then applying an offset
by subtracting the mean from the distribution. This centers the distribution at zero. In this correction,
zero represents the center of the TH detector. As further cuts were applied, the alignment calibrations
were adjusted in a cyclical process until the final alignment values were determined after a few rounds of
calibration and subsequent re-calibration. Plots of the TDC distributions versus PMT number for both the
left and rights side of the TH detector are provided in Figure 4.29. These plots show improved uniformity
when compared to similar plots from Figure 4.22. Both figures show data taken with cosmic ray data,
and the calibration for TDC alignment was redone with production data from the SBS-4 kinematic setting

once the GMn experiment began.
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TDC Alignment: TDC Leading Edge vs. PMT Number
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Figure 4.29: Two plots of TDC leading edge time versus PMT number left and right after TDC alignment.
This data was taken from an SBS-4 cosmic data run in Hall A using the BBCal trigger.

4.3.3 Time-walk Correction

The time-walk effect is a shift in timing which arises due to the finite rise time of the PMT analog pulse.
For any given event, signal pulses with different amplitudes pass above the discriminator threshold at
different times. Essentially, the time-walk effect defines the difference in time delay between large and

small hits. Figure 4.30 gives a visual description of the time-walk effect.
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Figure 4.30: The difference in time for the leading edge of the blue versus the purple pulse is the result
of the time-walk effect which causes the time over threshold (TOT) to be shorter for smaller signals and
longer for larger signals. Image from [63].

95



As shown in Figure 4.26, the time-walk effect skews the TDC data. Since the primary purpose of
the TH detector is to provide timing information, the time-walk correction was applied to the TDC data
only. This makes the calibration simpler as the relation between the TDC and TOT is linear. Therefore
a linear function is fitted to a plot of the TDC versus TOT and this function gives two parameters of
interest which are the slope and the intercept. Both parameters are input into the TDC database file as
time-walk calibration values. The slope and intercept of the linear fit allow for all TDC leading edge
values to be corrected to zero no matter the size of the signal pulse. Example plots and a description of
the fitting process are provided in Figure 4.31 and 4.32 using SBS-4 data with an LH?2 target and BBCal
trigger. Segmentation of TOT by bin provides for a more accurate linear fit when applied to the Gaussian
fit extracted means. As TOT increases, the mean and sigma from the Gaussian fit to the TDC distribution
from each TOT segment becomes less reliable due to lower stats as events at larger TOT is less than in

the center of the TOT distribution as shown by the TDC maximum plotted versus TOT bin segment.
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Figure 4.31: Four plots including TDC leading edge versus TOT (top left) for PMT 42, left side. The
other three plots are the mean (top right), maximum (bottom left), and sigma (bottom right) parameters
taken from Gaussian fits applied to the TDC distributions for one bin segments of the TOT.
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Time-walk 42R: TDC Leading Edge vs. TOT Time-walk 42R: TDC Mean vs. TOT
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Figure 4.32: Four plots including TDC leading edge versus TOT (top left) for PMT 42, right side. The
other three plots are the mean (top right), maximum (bottom left), and sigma (bottom right) parameters
taken from Gaussian fits applied to the TDC distributions for one bin segments of the TOT.

For a better visual understanding of the time-walk correction being applied to the TDC leading edge
data, consider the plots from Figures 4.31 and 4.32 with the time over threshold plotted versus the TDC
leading edge. This plot has a slight downward slant that should be flat and centered around a TDC leading
edge value of zero. Just as the TDC alignment calibration corrects the TDC distribution to be centered at
zero, the time-walk correction adjusts this slanted behavior such that the TDC distribution is centered at
zero relative to the TOT. The time-walk correction was applied to all PMTs and their calibration values
taken from the slopes and intercepts of the linear fits to the TDC distribution means versus TOT segment

were recorded in the TDC database file.

4.3.4 Time Difference Offset

Just as the TDC distributions were aligned to be centered at zero, the TDC difference, which is the

difference in time measured by both the right and left side PMTs for a single bar, spectra were aligned to
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zero. The TDC difference offset is applied on a bar by bar basis, and accounts for discrepancies in the
electronics corresponding to the left and right side of each scintillator bar. Ideally, the TDC difference
between left and right side channels for each individual bar should be centered at zero since most particle
interaction events occur in the center of the TH detector. To extract the time difference offset from the
data a plot of time difference versus horizontal position along the bar is generated. The time difference
is calculated as the left side TDC leading edge minus the right side TDC leading edge for each bar. This
calculation of time difference was further improved on by using only events corresponding to one cluster,
a cluster size greater than one, and a cluster width no greater than two. A cluster is defined as an event
which generates sizable signals in more than one scintillator bar for both the left and right side PMTs.
Doing this allows for better precision in calculating the time difference since more bars are used which
helps filter events which exist farther out on the extremes of the time difference distributions, allowing
for a more refined, tight and narrow peak in the TDC time difference spectrum for fitting. Cutting on the
cluster width such that the width is less than two guarantees that the bars in the cluster are close enough
together to provide reliable data.

The horizontal position along the bar is calculated by first converting to a transport coordinate system.
The x-direction points in the dispersive direction of the detector and the y-direction points in the non-
dispersive direction, along the bar. For each scintillator bar of the TH detector, the transport coordinate
y-position is calculated by projecting the particle track trajectory for a given event out from the GEM
layers and to the location of the TH detector. This is done by using the known distance between each
of the detectors and the BigBite magnet, and the trajectory angles of the particle tracks passing through
the SBS electron arm as measured by the GEMs during the momentum reconstruction, which involves
back-tracing of the particle trajectory from the detectors, through the magnet, and back to the target.

Further cuts were applied to the data such that only events corresponding to elastic electrons were
used to generate the plots of TDC time difference versus transport coordinate y-position. These elastic
electron cuts involve cutting on energy momentum measured by the pre-shower and shower detectors in
the BigBite package, and other particle momentum values which are further detailed in Chapters 5. The
reason for using a transport coordinate system is because it makes for a simpler calculation of particle
hit position in the detector and for position resolutions which are provided in Chapter 5. Figure 4.33

provides example plots for two different scintillator bars, one bar from the lower region and one bar from
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the middle region of the TH detector, of TDC time difference versus transport coordinate y-position.
Here, y-position is projected from the GEMs, and the gradient gives the speed of light in the bar. A
linear fit is applied to each plot and the intercept gives the time difference offset which is recorded as a
calibration value in the TDC database file. This same process of fitting is applied to every scintillator bar

in the TH detector.
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Figure 4.33: Two plots of TDC time difference versus transport coordinate y-position for bars 9 (left)
and 45 (right). This data was collected using a run from SBS-4 with an LH2 target and a beam of 3.5 uA.
The BBcal trigger was used. Cuts correspond to cluster number, size, and width, and for ensuring only
elastic electrons were applied.

4.3.5 Scintillation Velocity Correction

The scintillation velocity correction accounts for slight discrepancies in the refractive index belonging
to each of the scintillator bars. Ideally, the speed of light through the scintillating material would be
constant, but minute impurities in the structure of the material can affect the time difference spectrum,
causing a slight slant to the data as in Figure 4.33. This slant can be corrected by using the slope taken
from the same fit to the TDC time difference versus transport coordinate y-position plot seen in Figure
4.33 as a calibration value for the scintillation velocity correction. Just as the time-walk effect causes a
slant to the TDC versus TOT plots, variance in scintillator velocity causes a slant to the plot of TDC time
difference versus transport coordinate y-position. Extraction of the slope from Figure 4.33 gives the error
and this was repeated bar by bar for all scintillators in the TH as shown in Figure 4.34. The slope values

were recorded as the scintillation velocity correction calibration values in the TDC database file.
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Scintillator Velocity Correction vs. Bar Number
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Figure 4.34: A plot of scintillator velocity correction values from the slope of the fit to the TDC time
difference versus transport coordinate y-position. These calibration values are plotted versus bar number.

Further calibrations that could be considered for improving upon the performance studies of the TH
detector include a time-of-flight correction which was proposed using timing data taken from the HCal
detector. A time-of-flight correction intends to correct for discrepancies in timing between two different
planes at various locations in the system of detectors, and that are placed at different distances from the
target. In this case the two planes would be the TH detector and HCal, and this calibration would improve
timing measurements with respect to both the SBS hadron arm where HCal is located, and the BigBite
electron arm where the TH detector is located. Another calibration to consider is a radio-frequency
(RF) alignment of the TH detector TDC data with the electron beam. This RF alignment would ideally
improve timing of the TH detector relative to the beam. Due to time constraints the only calibrations
included in the performances studies detailed in Chapters 5 were the timing cuts, TDC alignment, time-
walk correction, time difference offset, and scintillation velocity correction. These calibrations proved to
be sufficient for the purposes of a comprehensive TH detector performance analysis because, as is shown
in Chapters 35, the tracking efficiency compared to the GEMs is above 95% for all six kinematic settings

of the G}, experiment and the time and position resolutions are of an equal quality.
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Chapter 5

TH Performance Studies for G}, Experiment

This chapter details studies of the TH detector performance during the running of the GMn experiment.
These studies include analysis of energy deposit, average cluster size, occupancy, rates, accidentals,
pile-up, tracking efficiency, position resolution, and time resolution. Before discussing performance
studies, an overview of the physics cuts for all-tracks, electrons, and elastic electrons used to differentiate
between the different particle groups is provided followed by a section on the simulation of detector
performance, which provides a baseline for comparison between the simulated versus the real data. The
TH detector performance analysis provides important insight for characterizing how well the detector
measured various particle parameters, but most importantly for timing as that is the TH primary function,
and especially for elastic electrons, which are ultimately the primary focus of the SBS electron arm for
measuring the electromagnetic form factors in conjunction with data collected by detectors from the SBS
hadron arm.

Following the analysis of energy deposit and average cluster size, focus shifted towards analyzing
the TH detector rates, track matching efficiency, resolution for both the vertical and horizontal position,
and time resolution. The same physics cuts for all-tracks, electrons, and elastics apply to the timing
performance studies for rates, track matching efficiency, and position and time resolutions. Analysis of
the rates, tracking efficiency, and resolutions was implemented across all six SBS kinematic settings.
Rates are expected to increase with luminosity, which is dependent on the beam current and the type of
target used. Also, the beam energy, which varies across the six kinematic settings, must be considered

when analyzing detector rates. Evidence of pile-up, which is a term for defining a maxing-out of the
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detector rates, was investigated as concerns arose during the Gy, experiment run-time that the TH detector
operational rate limit of 2.5 MHz, which was determined relative to the maximum rates of the GEMs,
was surpassed at some of the higher momentum kinematic settings. As rates increase with higher 02, the
track matching efficiency in relation to the GEMs should decrease, due in part to the increased radiation
from the beam-line. Resolutions should worsen at higher Q?, generating larger showers, and thus a larger
Moliere radius from the pre-shower interacting in the scintillating material, making it more difficult for
the TH detector to measure the timing of an event. Considering all expected trends in the data, an analysis

of TH detector performance commenced.

Kinematic Setting Comments
SBS-4 No Comments
SBS-7 No Comments
SBS-11 Additional Shielding Installed
SBS-14 No Comments
SBS-8 Additional Shielding Installed
SBS-9 All TH HV Values Lowered by 50V

Table 5.1: List of six SBS kinematic settings and comments on adjustments made regarding shielding
added between the beam-line and BigBite magnet, and changes to the TH HV value settings.

5.1 Definition of Physics Cuts

Before conducting the TH detector performance analysis a series of physics cuts were defined for differ-
entiating groups of certain particle types by looking at data taken from the various SBS and BigBite de-
tectors. These distinct particle groups are named all-tracks, electrons, and elastics. The purpose of these
cuts is ultimately to get a purely elastic electron data set which is the data set specific to the measurement
of the electromagnetic form factors. The all-track particle group includes cuts on the reconstructed track
parameters at the target on the y-position, and the angles 6,5, and ¢ This is following the transport
coordinate system such that the positive z-axis goes along the BigBite central axis, the positive x-axis
goes vertically down along the face of the TH detector, and the positive y-axis goes to the left along the
length of the TH detector scintillator bars. The x-position and y-position at the target are defined as the
coordinates of the intersection of the reconstructed trajectory with the coordinate focal plane perpendic-

ular to the BigBite central axis containing the origin. The angles 6;¢; and ¢4, measured in radians are the
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track slopes dx/dz and dy/dz respectively, and are the tangents of the in-plane and out-of-plane angles
of the trajectory. These all-track cuts remove, for the most part, data which does not correspond to either
electron or pion tracks.

Following, and in addition to, the all-tracks cuts, another layer of cuts are applied to differentiate data
which represents only electron tracks. Figure 5.1 provides two helpful plots of how these electron track
cuts are applied. First, a cut on the energy-momentum ratio where the energy in GeV is measured by the
pre-shower (PS) detector for a track divided by the momentum of the track in GeV /c is applied to the

data such that the ratio is greater than a pre-set value.

Energy-Momentum Ratio Cuts for SH and PS
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Figure 5.1: Two plots showing before (left) and after (right) applying energy-momentum ratio cuts for
both PS and SH detectors to ensure only electron tracks, thus cutting out lower energy pions.

The momentum is calculated during the momentum reconstruction process using optics variables
which are calculated from particle track hit positions and trajectories provided by the BigBite detectors.

The optics values were obtained by using a method based on singular value decomposition. In spite
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of the complexity of the optics, positions and momenta at the target are precisely reconstructed from
the coordinates measured in the detectors by means of a single back-tracing matrix. The technique is
applicable to any similar magnetic spectrometer and any particle type, and a description of it can be
found in [64]. Another two cuts are applied to the energy-momentum ratio as measured by the shower
(SH) detector to be within pre-set minimum and maximum values. The three cuts as shown in Figure 5.1,
are adjusted slightly up or down for each kinematic setting to better fit the data.

The final layer of physics cuts for elastic electrons are applied to the hadron x-position and y-position
of particle track clusters as measured by HCal. First, distributions of the measured minus the predicted
position in both x and y are generated. The x-position and y-position are provided by HCal and measured
in mm using the transport coordinate system. To calculate x4, the predicted x-position, and y,.q, the
predicted y-position, Equations 5.1 and 5.2 were used. These predicted distributions were subtracted

from the measured to get distributions for both dx and 8y, which represent distributions of the measured

Xpred = —(dHcar) (SN Prcar) (5.1)

Ypred = (drcar) (sin Oxcar) (5.2)

minus the predicted x-position and y-position respectively. The angles 6y¢,; and @y, measured in
radians are the track slopes dx/dz and dy/dz respectively, and are the tangents of the in-plane and out-of-
plane angles of the trajectory as measured by HCal. The value of dyc, measures the distance between
the HCal detector and the target. The cuts on these position difference spectra in both x and y define a
range using pre-set means and sigmas which eliminate non-elastic electron tracks. Figure 5.2 provides
example plots showing the effect these cuts have on the position difference spectra comparing all-tracks
in blue to elastics in red. In these plots, the x-direction is vertical and the x-distribution is offset from
zero due to particles being deflected by the SBS magnet and HCal not being at beam height.

The last elastics cut is applied to a spectrum of the momentum difference, which is the measured
momentum of the track minus the expected momentum. The expected momentum is calculated using

the beam energy, Ejeq,, mass of the proton M), and 6, where 6, is calculated using the values for total
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Elastics: Position Difference Cuts for HCal
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Figure 5.2: Two plots (top) showing all-tracks (blue) and elastics (red) with HCal position difference cuts
applied, and plots of all tracks (bottom left), and elastics (bottom right).

momentum p and the momentum in the z-direction, p,, as measured by BBCal. Equation 5.3 defines the

calculation of 8, and Equation 5.4 provides the formula for the expected momentum, peyp.

6, = cos—' 2 (5.3)
p
Ej
Pexp = eéabr:m (54)

L+ a0 %oy

The plots provided in Figure 5.3 show the momentum difference distributions for all-tracks in blue
and elastics in red. A final momentum difference cut is applied to the elastics distribution with a mean

center at zero and a pre-set value for the sigma which provides a range that acts as the cuts above and
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below zero for the elastics momentum difference distribution. This completes the definition of cuts
for all-tracks, electrons, and elastics. The momentum difference cut applied to the elastic momentum
difference distribution in red from Figure 5.3 accounts for any non-elastic electron tracks which were
not removed by the HCal position difference cuts. A smaller secondary peak, representing leftover deep-
inelastic scattering events, is seen in the elastics momentum difference distribution, but this is cut out by
the elastics momentum difference cut such that the distribution of data considered for elastics analysis
is better centered around zero. Figure 5.4 provides a comparison of several plots for the momentum,
O:¢r, Prgr» and y;g distributions for all-tracks plotted in blue and elastics plotted in red. All physics cuts
categorized into all-tracks, electrons, and elastics are implemented similarly for each kinematic setting
with adjustments to beam energy, and spectrometer angles which vary. Also, adjustments are made by eye
to the energy-momentum ratio, position difference, and momentum difference cuts as deemed necessary

such that the cuts would best fit the data as it is plotted for each kinematic setting.

Momentum Difference: All-Tracks and Elastics
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Figure 5.3: Two plots of all-tracks momentum difference distribution (blue) and elastics (red). The data
shown is from SBS-4 kinematic setting runs 11547 and 11548 using an LH2 target with 3.5 uA beam.
These plots were generated for all six of the SBS kinematic settings to optimize the physics cuts, so each
could be specifically tailored to the data set being analyzed.
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Figure 5.4: Several plots comparing all-tracks (blue) and elastics (red) distributions for track momentum,
y-position at the target, and the angles 6,4, and ¢, measured at the target, which were generated using
the BBCal trigger and a 3.5 uA beam on an LH2 target from SBS-4 runs 11547 and 11548.

5.2 Simulation for Detector Performance

A simulation using GEANT4 software was used to predict how the TH detector performs in Hall A.
GEANT4 is a platform for simulation of the passage of particles through matter using Monte Carlo
methods [65]. The simulation utilized an electron source with energy in GeV incident on a block of
lead glass resembling the PS detector geometry. Behind the PS detector, the TH detector, constructed
of 90 plastic scintillator bars, in the simulation was positioned and set to record energy deposit and the
x-y position of particle tracks in a Cartesian coordinate system. The TH was placed behind the PS to
match the Hall A setup. This decision for detector placement was originally made over concerns of rates.
The PS acts as a shield lowering rates, but degrades resolution as the performance analysis shows. The
incident electron energy was varied between 1-3.5 GeV in 0.25 GeV increments to see how the mean
energy deposit and spread in the x-y position of particle tracks changes. Intuitively, mean energy deposit

of all tracks in the shower of particles should increase with increased energy of the incident electron.
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Figure 5.5 provides a visual of the simulation in action, comparing a shower of particle tracks coming
from the incident electron interaction in the PS detector to the TH detector for both a 1 and 3 GeV
electron. In the images of the simulation, the green lines represent neutral charged particles, the red lines
represent negatively charged particles, and the blue lines corresponding to tracks of positive particles.
The PS detector is presented by the block outlined in pink and the 90 scintillator bars are shown with a
blue outline. The view of the simulation in the images from Figure 5.5 are from behind and left of the
TH detector when looking toward the origin of the incident electron, which in Hall A would be the target.
By eye, it is apparent that the shower of particles for a 3 GeV electron versus a 1 GeV electron is much
larger and wider in terms of the spread and number of particle tracks hitting the TH detector. This larger
shower will correspond to a wider spread in the x-y distribution for tracks hitting the TH detector which
will degrade the timing resolution. The timing resolution is directly linked to how well the TH detector
is able to measure the mean position in the y-direction which in a transport coordinate system goes along
the length of the scintillator bar. The intrinsic time resolution of the detector must also be taken into
consideration when calculating the actual time resolution and this value has an expected value of 300 ps
based on the geometry and design of the detector, and prior simulation of the TH detector without the
PS included. The showering effect, caused by the PS detector, on the spread of particle tracks entering
the TH detector will degrade the time resolution. A quadrated sum calculates the actual time resolution
which will be >300 ps by an amount that varies with the energy setting of the incident electron.

The plot from Figure 5.6 shows the distribution in the y (horizontal) and x (vertical) for a 1 GeV
electron over fifty-thousand events. This plot is created by setting the incident electron angle effectively
equal to zero such that the spread in the horizontal and vertical directions are only affected by the show-
ering effect from the PS detector. Therefore, the showers for every incident electron are centered at (0,0)
which corresponds to the center of the TH detector. Projections of the horizontal and vertical distribu-
tions at zero for fifty-thousand events of 1 GeV incident electrons are provided in Figure 5.7, which also
shows the Gaussian fit used on those distribution to extract a value for the 1-sigma standard deviation
of the Gaussian fit. This 1-sigma is measured in centimeters. To convert this value to time, the 1-sigma
is divided by the speed of light through the scintillator bar which is approximately 18 cm/ns [66]. This
provides a time resolution relative to the shower of particles, and that value is used in quadrature with the

intrinsic time resolution to give an actual time resolution for the scintillator bars in the TH detector.
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Figure 5.5: Two images comparing visually the showering of particles created by the interaction of a 1
GeV (top) and a 3 GeV (bottom) electron in the PS and how that shower looks when passing through the
TH detector. The spread of the particle shower is much larger and creates a greater number of shower
particles at 3 GeV than at 1 GeV for the incident electron. This larger particle shower at the 3 GeV

setting will degrade the timing resolution of the TH detector compared to a smaller shower produced by
an electron energy of 1 GeV.
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Figure 5.6: A plot showing the position distribution in both the horizontal (y) and vertical (x) directions
for fifty-thousand 1 GeV incident electrons at a very small angle, and with a cut to remove photons. This
plot corresponds to the analyzed, not the Monte Carlo generated, events from the simulation.

Position Distribution vs. Number of Entries

7] w T T
[i}] : j
c c
200 L
o o i
E £
= = i
= z ?

100

o ; ; : . i |
—40 _20 0 20 40 =100 =50 50 100
y position (cm) X position (cm)

Figure 5.7: Two plots of projections of the y (left) and x (right) distributions center at (0,0) in a transport
coordinate system. These plots were generated using fifty-thousand 1 GeV incident electrons and are one
dimensional projections of the 2D plot from Figure 5.6. These distributions are a result of multiple scat-
tering which is Lorentzian in shape, but close to the center the distribution can be fitted with a Gaussian
function if the tails on either side are excluded.
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Figure 5.8 shows a plot of 1-sigma values from Gaussian fits to the plots in Figure 5.7 over a range
of GeV from 1-3.5 GeV for particle track energy of the incident electron. The second plot is the time
resolution which is a combined value of the particle shower time resolution calculated from the 1-sigma
values for the horizontal position distributions and the intrinsic time resolution of the TH. It is sufficient
to plot only horizontal resolution because the spreads in the vertical and horizontal directions are sym-
metrical for simulated data. The plots in Figure 5.8 include measured data for comparison from the six
SBS kinematic settings. Resolution for both position and time worsens at higher GeV values for incident
electrons. The measured and simulated data match in the range of 4-6 cm for horizontal resolution and
450-800 ps for time resolution over the same GeV range. Extraction of resolutions gives the errors for

the experimental data, and simulated data errors come from Poisson statistics of the Monte Carlo.
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Figure 5.8: Two plots of horizontal position distribution 1-sigma values and combined time resolutions
over a range of GeV for the incident electron particle track using fifty-thousand events. The data in
black is from the stimulation only, and the other data points are from measured data collected during the
running of the GMn experiment.

The plot from Figure 5.9 shows that as the energy in GeV of the incident electron particle track used
in the simulation increases the mean energy deposit of the particles in the shower that passes through
the TH detector also increases; because more individual particles hits come from the PS, which sum up
hitting at the same time therefore creating larger energy deposit. The real data matches this trend. Based
on all the trends from Figures 5.8 and 5.9, it can be concluded that as energy deposit increases so do
the position and time resolutions. These plots were generated with cuts to remove photons created in the
particle shower because this provides a cleaner distribution of the position and energy deposit spectra for

fitting, as was done for the plots in Figures 5.7.
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Mean Energy Deposit vs. Particle Track Energy
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Figure 5.9: A plot of mean energy deposit for particle showers created by an incident electron over a
range of GeV particle track values from 1-3.5 GeV with 0.25 incremental steps. The black data points
are only simulated data, and the other data points are from real data taken during the GMn experiment.

5.3 Energy Deposit

To analyze the energy deposit in the TH detector a calculation of expected deposited energy by a cosmic
muon using the known energy lost by a muon passing through a certain density, 2 MeV per g/cm? [67],
the density of the scintillator bars, 1.02 g/cm3 [47], and the thickness of those bars, 2.5 cm, provides a
value of 5 MeV. The FADC readout modules provide data for amplitude measured in mV of the signal
corresponding to an event. Thus, a conversion factor is needed to translate from mV to MeV. Assuming
the particle track passes mostly through the entire bar, we also know the mean of the FADC amplitude
distribution in mV should be equal to 5 MeV as well. Therefore, using a set of ADC cuts, like those
used in the charge normalization study, to guarantee only a distribution of cosmic muon events whose
tracks pass fully through the scintillator bars, the conversion factor can be calculated by dividing the
mean of the FADC amplitude distribution in mV by 5 MeV. PMT numbers for the middle third of the
TH detector, their conversion factors, and mean FADC amplitudes in mV are provided in Table 5.2. The
values in Table 5.2 are calculated using ADC cuts, same as those used for the charge normalization study
completed during the TH detector commissioning, to ensure that only particle tracks which pass fully
through the scintillator bars are used. This provides clean separation between the pedestal and the ADC
signal peak, which allows for better fitting of the data.

The reason for using the mean of the FADC mV distributions rather than the most probable value
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Table 5.2: FADC mean amplitudes measured in mV and their corresponding PMT number and MeV
conversion factors. These values were calculated using cosmic data of more than 350K events total for
all 64 PMTS connected to the FADC readout modules from run 11610 of the G}, experiment at the SBS-4
kinematic setting using only particle tracks that pass fully through the scintillator bars. The average error
for conversion factors is £0.6 and £0.8 for the means.

FADC Amplitude Means (mV) and MeV Conversion Factors

PMT | Conversion Factor | Mean (mV) | PMT | Conversion Factor | Mean (mV)
32L 9.23 46.16 48L 9.1 45.5
33L 10.8 54.21 49L 8.81 44.04
34L 10.45 52.28 50L 8.37 41.86
35L 10.32 51.58 51L 8.33 41.64
36L 10.83 54.2 52L 9.32 46.61
37L 10.06 50.3 53L 9.9 49.49
38L 10.4 51.97 54L 8.59 42.98
39L 8.3 41.57 55L 9.64 48.23
40L 11.87 59.36 56L 10.1 50.5
41L 10.45 52.3 57L 9.05 45.24
421 8.86 443 58L 9.64 48.21
43L 10.15 50.77 59L 9.2 45.9
441, 12.04 60.21 60L 11.82 59.1
45L 11.1 55.6 61L 9.6 48.1
46L 10.49 52.44 62L 9.43 47.14
47L 9.2 46.13 63L 8.31 41.54
32R 10.1 50.38 48R 9.3 46.5
33R 10.46 52.3 49R 8.37 41.9
34R 10.1 50.48 50R 9.23 46.14
35R 10.54 52.7 5IR 9.6 47.98
36R 10.33 51.66 52R 10.64 53.2
37R 9.34 46.7 53R 9.2 46.17
38R 9.78 48.9 54R 9.92 49.6
39R 10.4 51.95 55R 9.9 49.67
40R 10.6 52.9 56R 9.65 48.23
41R 9.37 46.8 57R 9.85 49.27
42R 9.79 48.94 58R 9.45 47.24
43R 9.03 45.16 59R 9.08 45.42
44R 9.43 47.17 60R 9.7 48.47
45R 9.53 47.67 61R 9.55 47.77
46R 9.53 47.6 62R 9.36 46.79
47R 8.8 49.1 63R 10.83 54.16
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(MPV) of a Landau function fitted to the mV distribution is because the mean provides a large enough
MeV conversion factor for each bar such that the MeV converted mean of the FADC amplitude distribu-
tion falls below 5 MeV as expected. The MPV from a Landau function fitted to the mV distribution was
not large enough to provide a conversion factor that gave a MeV converted FADC amplitude distribution
mean below 5 MeV likely due to the landau fits being skewed too low when plotted on the histograms by
lower energy events not filtered out of the data. Figure 5.10 shows a plot of the FADC amplitude means
measured in mV. These means in mV are on average 10 mV higher in value than the MPVs taken from the
landau fits to the same FADC amplitude spectra. The means in mV are divided by the theoretical energy
deposit of 5 MeV already calculated for full particle tracks to generate the MeV conversion factors for
each PMT. Figure 5.11 provides a plot of the conversion factors. Uncertainties in mean energy deposit
come from the extraction of the distribution means, and these are taken into account when calculating the

conversion factors whose main source of uncertainty comes from the FADC means in mV.

FADC Amplitude Mean (mV) vs. PMT
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Figure 5.10: A plot showing means for left PMTs (0-31), and right PMTs (32-63) for the 32 middle
scintillator bars of the TH detector. The average of these means for SBS-4 is 48.88 + 0.2 mV. The FADC
data used was taken from cosmic data run 11610 at the SBS-4 kinematic setting.
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FADC Conversion Factor vs. PMT
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Figure 5.11: A plot of the MeV conversion factors for each of the 64 PMTs in the middle third of the
TH detector. In this plot left PMTs are represented by PMT number 0-31 and right PMTs correspond to
PMT number 32-63.

Using the conversion factors taken from Table 5.2, plots of the MeV corrected FADC amplitudes are
generated for each PMT such as the example plot for PMT 7, which corresponds to scintillator bar PMT
number 39L, provided in Figure 5.12. This plot shows the MeV corrected distributions with just the ADC
cuts, TDC good timing, and TDC multiplicity cuts in black, added TDC window cuts on the leading edge
in blue, and added time over threshold cuts in red. All the TDC cuts are the same as those defined in the
TH calibration studies. These three layers were generated to show how the TDC timing cuts affect the
FADC amplitude distribution, making the mean slightly higher which each additional timing cut. The
three histograms corresponding to these three layers of cuts plotted on top of each other showing the
effect of the cuts on the FADC MeV corrected distributions. The distributions peak just below 5 MeV
because the means rather than the MPVs of the FADC mV distributions were used for the conversion to
MeV. The plot shown in Figure 5.12 was repeated for all 64 PMTs in the middle third of the TH detector

that were connected to the FADC readout modules during the G}, experiment.
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FADC Amplitude MeV Corrected
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Figure 5.12: An example plot for PMT 7, corresponding to PMT number 39L, of an FADC MeV cor-
rected amplitude distribution. This histogram has three layers: a distribution with just the ADC cuts,
and TDC multiplicity cuts (black), another distribution with added TDC window cuts (blue), and a third
distribution with added time over threshold cuts (red).

A plot of the means for each layer of the histograms like for those in Figure 5.12 is provided in Figure
5.13. With each layer of additional cuts, the mean for each PMT increases slightly showing how the TDC
timing and TOT cuts discriminate events not corresponding to full particle tracks. The average mean for
each layer of cuts goes from 4.0 MeV with only ADC cuts, TDC good timing cuts, and TDC multiplicity
cuts, to 4.13 MeV with added TDC window cuts, and to 4.31 MeV with added TOT cuts. All 64 FADC
amplitude MeV means with all cuts applied are listed in Table 5.3. As expected, the means in MeV from
Table 5.3 fall below the analytically calculated value of 5 MeV. Since the maximum energy the muon
could deposit in the full width of the scintillator is constrained to be below 5 MeV, it follows that the

mean in MeV would peak just below the expected upper bound for the theoretical energy deposited.
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Table 5.3: FADC mean amplitudes measured in MeV and their corresponding PMT number. These values
were calculated using cosmic data of more than 350K events from runs 11610 for SBS-4 and 13701 for
SBS-9 of the G}, experiment. This list of MeV mean values is take from the distributions which include
all three layers of TOT, TDC window, and ADC and TDC timing cuts. The average error for the means
is £0.1 MeV for SBS-4 and +0.05 MeV for SBS-9.

FADC Amplitude Means (MeV)
SBS4 SBS9

PMT | Mean | PMT | Mean | PMT | Mean | PMT | Mean
32L | 4.05 | 48L | 3.94 | 32L | 3.01 | 48L | 3.07
33L | 4.448 | 49L | 4.32 | 33L | 3.52 | 49L | 3.59
34L | 4495 | 50L | 4.14 | 34L | 342 | 50L | 3.43
35L | 4.101 | 51L 39 35L | 3.19 | 51L | 2.99
36L | 446 | 52L | 4.36 | 36L | 3.49 | 52L | 3.41

37L | 4429 | 53L | 433 | 37L | 3.46 | 53L | 3.46
38L | 4.597 | 54L | 4.14 | 38L | 3.545 | 54L 3.2

39L | 4.137 | 55L | 4.13 | 39L | 3.03 | 55L | 3.23
40L | 4.62 | 56L | 4.21 | 40L | 3.59 | 56L | 3.29
41L | 4.67 | 57L | 4.19 | 41L 3.5 57L | 3.28
421, | 426 | 58L | 421 | 42L | 3.46 | 58L | 3.28
43L 4.6 50L | 4.06 | 43L | 3.72 | 59L 3.2

441, | 4496 | 60L | 4.65 | 44L | 3.485 | 60L 3.6

45L | 448 | 61L | 4.135 | 45L | 3.487 | 61L 3.2

46L | 4.67 | 62L | 4.245 | 46L | 392 | 62L | 3.32
47L | 4.63 | 63L | 4.166 | 47L | 393 | 63L | 3.36
32R 4.3 48R | 4.23 | 32R 3.1 48R | 3.04
33R 4.6 49R | 4.09 | 33R | 3.36 | 49R | 3.04
34R | 439 | 50R | 431 | 34R | 3.26 | 50R | 3.29
35R | 4357 | 51R | 4.14 | 35R | 3.24 | 51R | 3.18
36R | 438 | 52R 4.4 36R | 3.31 | 52R | 3.24
37R | 429 | 53R | 4.15 | 37R 33 53R | 3.236
38R | 432 | 54R 4.3 38R | 3.42 | 54R | 3.18
30R | 4.245 | 55R | 4.21 | 39R 3.1 55R | 3.185
40R | 4.37 | 56R | 4275 | 40R | 3.32 | 56R | 3.23
41R 4.3 57R | 421 | 41R | 3.16 | 57R | 3.123
42R | 4.325 | 58R | 4.14 | 42R 33 58R | 3.145
43R | 4.416 | 59R 4.1 43R | 3.44 | 59R | 3.149
44R 4.4 60R | 422 | 44R | 343 | 60R | 3.19
45R | 4.185 | 61R 4.1 45R 3.2 61R | 3.19
46R | 4476 | 62R | 422 | 46R | 3.36 | 62R 3.1

47R | 4.647 | 63R | 438 | 47R | 343 | 63R | 3.24
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FADC Amplitude MeV Corrected Means
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Figure 5.13: A plot of the means for each addition of cuts to the FADC MeV corrected amplitude dis-
tributions. Plotted are means, all of which include the TDC multiplicity cut, TDC good timing, and the
ADC cuts (black), added TDC window cuts (blue), and added time over threshold cuts (red). The average
MeV FADC amplitude mean for SBS-4 with all cuts is 4.31 MeV.

All data shown thus far for the cosmic muon energy deposit portion of this analysis was collected
using a trigger on the BigBite calorimeter detector in Experimental Hall A and no changes were made
to the high voltage (HV) settings during the data run 11610 at the SBS-4 kinematic setting. This same
cosmic muon energy deposit analysis was applied to cosmic data run 13701 from the SBS-9 kinematic
setting. The SBS-4 and SBS-9 kinematic settings were the first and last, respectively, kinematic settings
during the G}, experiment run time. Throughout the experiment run time slight changes were made to TH
detector HV settings, specifically a 50V drop across all channels before the start of the SBS-9 kinematic
setting run period, and other changes to shielding around the target and magnets. These HV changes
and shielding additions were implemented over concerns of detector rates running too high, but changes
to the HV settings also affect the energy deposit spectra. Therefore, a comparison of the MeV means

from SBS-4 and SBS-9 was done, and those values are all compiled in Table 5.3. The same conversion
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factors calculated using the SBS-4 cosmic data were used to analyse the SBS-9 cosmic data to see the
effect. Figure 5.14 shows the FADC amplitude means for SBS-9 in mV and Figure 5.15 provides the
MeV corrected means for SBS-9 with the three layers of ADC and TDC good timing, TDC window, and
TOT cuts applied in the same way as for SBS-4. Comparing the average of the mV and MeV FADC
amplitude means between SBS-4 and SBS-9 shows the 50V drop in HV across all PMTs corresponds
to an average 10 mV and 1 MeV drop in the means. This makes sense because the average conversion
factor sits around 10 mV/MeV, so a 10 mV decrease in the average mean across all channels would result
in a 1 MeV decrease as well. Thus, the S0V drop across all PMTs connected to ADC channels resulted
in an average 1 MeV decrease in measured energy deposit across the same range of channels. The 50V
drop across all HV channels in the TH occurred at the start of the SBS-9 run period, and only effected

the data from that setting and not data from any of the other SBS kinematic settings.

FADC Amplitude Mean (mV) vs. PMT
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Figure 5.14: A plot showing Means for left PMTs (0-31), and right PMTs (32-63) for the 32 middles
scintillator bars of the TH detector. The average of these means for SBS-9 is 37.33 + 0.2 mV. The FADC
data used was taken from cosmic data run 13701 at the SBS-9 kinematic setting.
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FADC Amplitude MeV Corrected Means
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Figure 5.15: A plot of the means for each addition of cuts to the FADC MeV corrected amplitude dis-
tributions. Plotted are means, all of which include the TDC multiplicity cut, TDC good timing, and the
ADC cuts (black), added TDC window cuts (blue), and added time over threshold (TOT) cuts (red). The
average MeV FADC amplitude mean for SBS-9 with all cuts is 3.32 MeV.

The minimum value from the plots of the FADC mV and MeV corrected amplitude distributions
give a quantity for the minimum mV and MeV thresholds for each PMT. Two lots of these minimum
thresholds in mV and MeV per PMT are provided in Figures 5.16 and 5.17 for the SBS-4 and SBS-9
kinematic settings respectively. The minimum for each PMT in MeV is extracted from the plot of the
MeV corrected FADC amplitude with all ADC and TDC cuts applied represented by the red line in Figure
5.3. Plots in Figures 5.16 and 5.17 show the minimum ionizing energy threshold does not vary with the
50V drop between SBS-4 and SBS-9. This is expected because the minimum ionizing energy should
not vary with PMT HV setting and the NINO thresholds were constant throughout at 1.6V. Though the
minimum changes on the order of a few hundredths of an MeV or a few tenths of a mV for the PMT, the

average minimum ionizing energy for all 64 ADC channels is constant around 7.5 mV or 0.75 MeV.
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Figure 5.16: Two plots of the FADC mV (left) and MeV corrected (right) amplitude distribution minimum
thresholds for each PMT connected to ADC channels from SBS-4 cosmic run 11610. These plots provide
a basis for deciding where to set the minimum ionizing energy threshold for the TH detector.
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Figure 5.17: Two plots of the FADC mV (left) and MeV corrected (right) amplitude distribution minimum
thresholds for each PMT connected to ADC channels from SBS-9 cosmic run 13701. These plots provide
a basis for deciding where to set the minimum ionizing energy threshold for the TH detector.
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Using the conversion factors plotted in Figure 5.11, the same energy deposit analysis can be applied to
beam-on-target data from each of the six G, kinematic settings to get an average mean FADC amplitude
value in MeV across all 64 PMTs connected to the FADCs from the middle third of the TH. This can be
done for FADC amplitude spectra using data for all particle tracks, just electron tracks, and just elastic
electron tracks. The cuts to define those three groups are the same as previously defined for all tracks,
electrons, and elastics. A plot of average FADC amplitude mean in MeV across all six kinematic settings
using the three different layers of physics cuts is provided in Figure 5.18. The average mean FADC
amplitude values for SBS-9 are the lowest among the six kinematic settings for each layer of physics cuts
and this is because of the 50V high voltage drop across all channels which occurred before the start of
the SBS-9 run period. The average for all-track data points from Figure 5.18 is 7.3 + 0.1 MeV, 9.6 £ 0.1
MeV for electron tracks, and 10.8 £ 0.2 MeV for elastics. Since the all-tracks data points include lower
energy particles such as pions, these data points would naturally have lower energy deposit values than
data which only includes electrons, and the same for only elastic electrons compared to all electrons. Data
variance is because of the different number of minimum-ionizing particles due to specific track momenta

of scattered particles.
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Figure 5.18: A plot of average mean FADC amplitude in MeV across all 64 PMTs connected to the
FADC modules for each kinematic setting and with different layers of physics cuts.
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5.4 Average Cluster Size

Cluster size is calculated by looking for events in the TDC data where signals were recorded for one or
multiple neighboring bars simultaneously. The cluster size is always greater than or equal to one, and
tends to be less than four bars in size. A constraint is also placed on the analysis of the cluster sizes
such that the scintillator bars in a cluster must be within the same four scintillator bar block. Any signals
recorded outside that block of scintillator bars will not be included in the value of the cluster size. In
Figure 5.19 the elastics layer of physics cuts has the highest average cluster since high energy particles
will create a larger shower size in the pre-shower which sits just in front of the TH detector in the BigBite
package. This larger shower size will create a larger spread of hits across multiple scintillator bars for
a bigger cluster size. Similarly, the all tracks data points which include lower energy particles such as
pions will generate smaller showers in the pre-shower, less hits across fewer scintillator bars in the TH
detectors, and thus a smaller cluster size. The average of the all track data points from Figure 5.19 is

1.589 scintillator bars, for electron tracks the value is 1.92, and 2.06 for just elastic electrons.
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Figure 5.19: A plot of average cluster size across all TH detector PMTs connected to the TDC v1190
readout modules for each kinematic setting and with different layers of physics cuts.
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Figure 5.20 provides six plots of the cluster size distributions for the entire TH detector across the
six SBS kinematic settings staring with SBS-4 at the top left and ending with SBS-9 on the bottom right,
going in timeline order as shown going from top to bottom of Table 4.2. These six plots are for only
elastics data represented by the red data points in Figure 5.19. The SBS-8 kinematic setting shows the
lowest mean and SBS-4 shows the highest mean for the average cluster size distributions. Cuts on the
cluster sizes for each kinematic setting kept the distributions within the range of 1-4 scintillator bars
per cluster. The means for average cluster size increase with GeV of the incident elastic electron like
the means for the energy deposit. This makes sense since both cluster size and energy deposit should
increase for higher GeV, specifically for the cluster size because of the larger particle shower coming

from the PS detector into the TH detector for higher GeV particle tracks.
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Figure 5.20: Six plots of the average cluster size distributions for SBS-4 (top left), SBS-7 (top middle),
SBS-11 (top right), SBS-14 (bottom left), SBS-8 (bottom middle), and SBS-9 (bottom right).
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5.5 Occupancy and Rates

The occupancy for the TH detector can be defined on a PMT or bar level basis, but in either case, it refers
to the total number of hits recorded by an individual PMT, or by both PMTs connected to the same bar,
given a number of replayed events in the analyzed ROOT file. If an event is recorded in the data file
generated, which includes data for all SBS detectors, but is not recorded as a hit in the TH detector, then
the event does not count toward the total occupancy for any TH detector channel. Figure 5.21 shows a
plot of the occupancy as the number of hits versus the bar number. Occupancy for both left and right side
PMTs for each bar are shown in red and blue. Hits which meet the coincidence cut such that there are hits
recorded in both the left and right side PMTs, and that are within a narrowed TDC window cut, compared
to the red and blue which are over the whole TDC window, are shown in black for each scintillator bar.

The red and blue data is mostly accidentals from background.
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Figure 5.21: A plot of occupancy versus bar number using data from an 11 uA beam on an LD?2 target
from SBS-11 run 12946 with the BBCal trigger for S00K events. The black line is coincidence events
between left and right PMTs for each bar within a narrowed TDC window.
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The occupancy in Figure 5.21 for PMTs toward the top of the TH detector drop off slightly because
there are less particle tracks which scatter from the target in that region. This causes the BBCal trigger
to fire less for events toward the top of all BigBite package detectors, and this is a common trend not
unique to the TH detector. However, the number of hits with regard to bar coincidence for these top bars
remains fairly consistent, with less of a dropping off effect when compared to scintillator bars toward the
middle and bottom where particle tracks are slightly more abundant. The plot shown in Figure 5.21 was
used for monitoring purposes during the G}, experiment run-time and helped identify PMTs which were
running at output levels either too high or too low for normal operation. This would help identify noisy or
missing channels, signaling that an adjustment was needed. Plots of occupancy versus bar number were
generated for each run across all six SBS kinematic settings.

A study of rates was developed as a means for reviewing the TH detector’s performance and to deter-
mine how well the experiment run-time conditions adhered to the recommended operational restriction
of keeping individual scintillator bar rates below 2.5 MHz, an estimate based on DAQ trigger electronics
capability. Rates were monitored for the G, experiment run-time, but a comprehensive review was em-
ployed to see how rates changed with kinematic setting, and with the addition of shielding and changes
to HV settings at different stages. The rate for a single scintillator bar is defined as the number of hits,
or occupancy, divided by the number of events recorded by the event handler for the run being analyzed,
which gives us a hits ratio. The hits ratio is divided by the TDC window size, measured in microseconds,
to give the rate for the scintillator bar. Bar 40, which is located directly in the middle of the TH detector,
was chosen as a representative for the rates study since it is positioned where hits, and therefore the rate,
are likely to be the highest compared to the rest of the TH detector. The rates analysis was conducted
with varying beam energy for different SBS kinematic settings, and luminosity, which is a function of
beam current and target type. For each setting the beam energy is constant and only electron-neutron

2s~! changes. Figure 5.22 provides six plots of rates across different luminosity

luminosity, "eN" in cm™
values for each of the six SBS kinematic settings. Beam current values were taken from experiment run-
time condition records which may have varied slightly during the selected SBS runs used for the rates
analysis due to beam tripping, The beam current values shown on these plots are average values over

their corresponding run, and beam tripping was infrequent, so average beam current values are sufficient

for estimated rate analysis. Rates were calculated using fifty-thousand event replayed ROOT files.
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SBS-4 TH Average Hit Rate vs. Luminosity
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Figure 5.22: Six plots of scintillator bar rates versus luminosity for each of the SBS kinematic settings.
These plots are arranged in timeline order, going from top left to bottom right. The target type and
beam current are labeled next to their corresponding data points for each run used in the rates analysis.
The highest rates recorded from SBS-4 and SBS-11 come close to exceeded the recommended 2.5 MHz
upper limit, while SBS-8 surpasses this value by roughly a few hundred MHz. The symbol eN represents

electron neutron scattering luminosity with units of cm™2s~
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The rates were calculated using both the leading and trailing edge TDC data to investigate the pos-
sibilities of discrepancies between the leading and trailing edge signals which could have been caused
by some internal bias within the TDC 1190 readout modules. From the plots, it is plain to see that the
leading and trailing edge rates are consistent with each other, proving any concern over biasing between
the leading and trailing edge within the TDC 1190 readout module to be unfounded. From Figure 5.22,
SBS-8 is shown to have the highest rates, which precipitated the decision to lower the HV values by 50V
across all PMTs before the beginning of SBS-9. Between certain data points, specifically during SBS-11
and SBS-8, the luminosity increases, but the rates either stay the same or decrease, which is counter to
what would be expected. But in these cases, shielding was added between the target and the BigBite
magnet, and this accounts for that discrepancy because the added shielding would have a decreasing ef-
fect on the rate. Including changes to the shielding, a decrease in the TDC window from 2 micro-seconds
to 1 micro-second occurred before the highest rate date point in SBS-11. The TDC window was then
adjusted again to 1.2 micro-seconds before the start of SBS-14. This is important to note since it is the
TDC window size which the hits ratio is divided by that gives the value for the rate. Two more plots are
provided in Figure 5.23 which show the rates where the luminosity is relatively constant within a narrow

range for both low and high luminosity versus SBS kinematic setting, which varies the beam energy.

TH Average Hit Rate vs. Kinematic Setting TH Average Hit Rate vs. Kinematic Setting
E ATDC Leading mTDC Trailing ?000 ATDC Leading mTDC Trailing
=3 =
21500 2
5 LHZ, 4uA K 5
= 223000 1 A ID2,5.5uA
I I
o o
> >
<1000 <
2000 LD2,7uA A
LHZ,3.5uA A A 1H2,5uA A LHZ, 15uA
5 S A LH2, 4 uA
°00 ’ 1000 1 LDz,6uA & A LHZ, 15uA
> A LD2,8uA
A LH2,3 uA A LD2, 2 uA
0 0 T T T . T .
0 2 4 6 8 10 1 0 2 4 6 8 10 1

2 14 16 2 14 16
GMn Kin. Setting GMn Kin. Setting

Figure 5.23: Two plots of the average hit rate versus kinematic setting with relatively constant luminosity
at both low (left) and high (right) values within a narrow range. SBS-8 holds the highest rates for both data
sets because it has the smallest BigBite angle relative to the beam-line. This shows that a significantly
greater numbers of particle tracks originating from the beam-line and not the target are interacting with
the TH detector at this kinematic setting, causing the rates to increase drastically.
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The plots from Figure 5.23 were generated for the purpose of observing how beam energy and spec-
trometer angle affect rate. At both the low and high luminosity, SBS-8 has the highest rate which would
be unexpected given that it has neither the highest Q° nor the highest beam energy of the six kinematic
settings. What sets SBS-8 apart is its small BigBite angle relative to the beam-line which puts the TH
detector closer to the beam than any of the other five kinematic settings. This is why the rates are sig-
nificantly higher for SBS-8 compared to the other SBS kinematic settings. The range for low luminosity
data runs used in Figure 5.23 are within 3-5 x103¢ eN and 1.2-1.5 x 1037 eN for the high luminosity data
runs. Figure 5.24 provides a combined rates plot of those shown in Figure 5.22 with the SBS kinematic
settings in timeline order for each of the run groups starting with SBS-4 on the left and ending with
SBS-9 on the right. From Figure 5.24, it is easier to compare the SBS kinematic settings based on how
they performed in terms of their rates. The effect of the 50V drop to the HV values across the whole TH

detector is visible in the large difference in rates between SBS-8 and SBS-9.
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Figure 5.24: A combined plot of all rates for each of the six SBS kinematic settings during the Gj,
experiment in timeline order from left to right, segmented by run group with luminosity increasing from
left to right for each group of runs, which go left to right on the plot in the same order from top to bottom
of Table 5.1. SBS kinematic settings 4, 11, and 8 boasted the highest rate values which pushed the TH
detector right up and slightly past its limit in terms of its performance relative to the recommended range
of operation. Leading and trailing data points overlap.
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5.6 Accidentals and Pile-up

Complementary to the rates analysis, a study of the accidental ratios over different luminosity for each
of the six SBS kinematic settings was implemented. The structure of this accidental ratios study was
exactly the same as for the rates. An accidentals ratio is defined as the number of hits corresponding to
particle track events originating from the target and recorded by the TDC 1190 readout module for a cer-
tain scintillator bar divided by the number of hits in that same peak which do not correspond to particle
track events originating from the target. Thus, accidentals are events in the TDC peak which correspond
to background radiation mostly from the beam-line. Like the rates, the accidentals ratios should increase
with luminosity for the same reason as the rates increase with luminosity. The number of accidental
hits varies with beam energy and proximity to the beam-line where there is the most background. Beam
energy and BigBite angle vary with kinematic setting, so accidental ratios were calculated for each set-
ting separately, while varying luminosity. Figure 5.25 provides a visual for how the accidentals ratio is
calculated for scintillator bar 40, which was used as a representative for the purposes of the study. The
ratio is calculated by dividing the blue shaded region of the peak by the whole shaded region of the peak,

which is the red plus the blue region.

Bar 40: Accidentals Ratio Calculation
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Figure 5.25: An example plot of the accidentals ratio calculation for scintillator bar 40. This same plot
was generated and used for the calculation of the ratio for each of the same five data runs of the six
kinematic settings used in the rates analysis. The red straight line is an average of the background hits
without the peak included.
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Plots of the accidental ratios for the six kinematic settings with varying luminosity are provided in
Figure 5.26. These data points correspond to the same beam current and target type for the same runs used
in the rates analysis shown in Figure 5.22, thus the luminosity for each data point used in the accidental
ratios study is the same as in the rates study. The accidental ratios were calculated using only TDC
leading edge time data because, as was shown in the rate analysis, there is no difference in the number
of hits due to any biasing between the leading and trailing edge of the TDC signal, thus it is sufficient to
focus only on the leading for the accidentals ratio calculation. The highest of the accidental ratios shown
in Figure 5.26 reach values just below 0.4 for SBS-4, SBS-7, SBS-11, and SBS-14, while the highest
ratio for SBS-9 reaches just above 0.3. The accidental ratios from SBS-8 tend to be more uniform than
the other kinematic settings, and this is likely because of its closer proximity to the beam-line as shown
by Opp in Table 4.2. It shows that for SBS-8 the beam-line, which is at a constant energy for the kinematic
setting, has a greater effect on how much the ratio varies with luminosity since the background coming
from the target is more drowned out by background from the beam-line than at other kinematic settings.

Similar, to the rates study, two plots of accidental ratios for groups of low and high luminosity, across
the six kinematic settings are provided in Figure 5.27. The beam current and target type for the data points
shown in both the high and low luminosity plots for Figure 5.27 are exactly the same as those used for the
plots of the high and low luminosity rates plots in Figure 5.23, and therefore the luminosity is the same for
each matching data point. SBS-4, SBS-7, and SBS-11 tend to have higher ratios in the group of kinematic
settings, while SBS-9 and SBS-14 tend to have lower ratios. Figure 5.28 provides a plot of accidental
ratios, which is a combined plot of the six ratio plots in Figure 5.26, that are grouped in timeline order
starting with SBS-4 and ending with SBS-9. For all of the SBS kinematic settings, excluding SBS-8, the
highest ratio calculated fails to exceed more than 0.4, which is still a large portion of TDC leading edge
peak. Notably, the S0V drop before the start of SBS-9 has no major effect on the accidental ratios for that
kinematic setting compared to the other kinematic settings, which is in stark contrast to what was seen in
the rates study. However, the accidentals are more effected by the background radiation in Hall A, which
is highly dependent on the beam energy, and luminosity of the target, and not directly effected by the
operation of the PMT, so the drop in the HV values would not be expected to have that great of an effect
on the accidental ratios for SBS-9. The addition of shielding at points throughout the G}, experiment

run-time does not have the same decreasing effect on the accidental ratios as with the rates.
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Figure 5.26: Six plots of scintillator bar accidental ratios versus luminosity for each of the SBS kinematic
settings. These plots are arranged in timeline order, going from top left to bottom right. The target type
and beam current are the same for each data point as those used in the rates analysis. The highest ratios
recorded from SBS-4, SBS-7, SBS-11, and SBS-14 come close to a value of 0.4, while SBS-8 reaches
slightly above a ratio value of 0.2. The symbol eN represents electron neutron scattering luminosity with
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Figure 5.27: Two plots of the accidental ratios versus kinematic setting with relatively constant luminosity
at both low (left) and high (right) values within a narrow range. SBS-8 shows a more constant ratio value
when comparing both data sets. This shows that a significantly greater amount of background originating
from the beam-line and not the target is interacting with the TH detector at this kinematic setting causing
the ratio to be comparatively less affected by changes in the target luminosity. The left plot is from low
luminosity runs and the right is from high luminosity runs.
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Figure 5.28: A combined plot of all accidental ratios for each of the six SBS kinematic settings during
the G, experiment in timeline order from left to right, separated by run group with luminosity increasing
from left to right for each group of runs, which go left to right on the plot in the same order from top to
bottom of Table 5.1. SBS kinematic settings 4, 7, 11, 14, and 9 show similar behavior in there upward
trend such that the ratio increases with luminosity. SBS-8 shows an upward trend as well, but at a slightly
lower slope caused by proximity to the beam-line.
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To round-off the performance analysis for occupancy, rates, and accidentals, a study looking for
potential evidence of pile-up was completed. The reason for investigating potential pile-up was predicated
on the concern that the rates were too high. If the rates are too high than the FADC signals will bunch,
meaning that the peak of one signal peaks in the tail of a previous signal. This would cause the baseline of
the signals to increase and indicate pile-up. This study focused on the pedestal means and widths from the
FADC data and an increase in these means and widths would indicate an increase in the FADC baseline.
Therefore, the expectation is that as the rates increase, the means and widths would increase. Evidence of
pile-up would be characterized by a noticeable systematic shift among the data points for pedestal means
and widths as the rates increase. Examples plots of the FADC pedestal spectra versus PMT number for
the left and right side PMTs connected to the FADC are provided in Figure 5.29. The plots in Figure
5.29 were generated from the FADC data before pedestal correction to zero, so the raw pedestal spectra
could be analyzed. Interestingly, the plot of the right-side PMT pedestal spectra shows more background
noise above the pedestal peak which is due to the beam-line being in closer proximity to that side of
the TH detector. A Gaussian fit was applied to each pedestal distribution for each PMT similar to the
commissioning analysis implemented during the study of ADC normalization. The maximum bin FADC
values and root-mean-square (rms) values are extracted for the means and widths of the pedestal spectra.

These data points for left and right PMTs are provided in Figures 5.30 and 5.31, respectively.
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Figure 5.29: Two example plots of the FADC pedestal spectra for left (left) and right (right) PMTs versus
PMT number. These plots were generated from data taken during the SBS-4 kinematic setting using an
LH?2 target and the BBCal trigger.
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Figure 5.30: Two plots of left PMT pedestal means and rms values versus PMT number. For the PMT
numbering, 0-31 on the plots corresponds to the left PMTs that were connected to the FADC readout
modules during the experiment.

135



[ ] $BS-9, run 13656, LH2, 3uA, shielding, HV drop, 0.21MHz
SBS-9, run 11562, LD2, 1.75uA, 0.48MHz
= 120— ° SBS-4, run 11547, LH2, 3.5uA, 0.595MHz
L - ° SBS-7, run 11994, LH2, 8uA, 0.95MHz
Q 115
a - SBS-7, run 12013, LD2, 6uA, 1.12MHz
é - A SBS-4, run 11608, LD2, 10uA, 2.43MHz
= 110
© e (]
(] Ca [ ] i
= 105F= " !
O [ @
[ = ° A
o 100—_ A L] ® [ ) ° °
' B * w® ® 2 o L 2 ¢
V- ° * [d n
& 4 O kb L0 At egt ® °
o & ° o @ & o 2 A A » A @
957- P 2 A, b8 Aae om . ® A
° A&
L N 8 A A . . A @ A %
90F @ A F | 2 se
- ! ® . A
] Y A
L A A g A ° [ ]
il * H
85 °* A 2 : @
— L ]
- @ & A A
- A
80— .
- A
- H
75— &
I 1 1 1 | | 1 1 1 | 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1
70
0 5 10 15 20 25 30
Hodoscope Right PMT Bar ID
[ ] SBS-9, run 13656, LH2, 3uA, shielding, HV drop, 0.21MHz
=3 35 SBS-4, run 11562, LD2, 1.75uA, 0.48MHz
8 - . SBS-4, run 11547, LH2, 3.5pA, 0.597MHz
9: » ° SBS-7, run 11994, LH2, 8A, 0.95MHz
< -
; 30— SBS-7, run 12013, LD2, 6uA, 1.12MHz
= ~ A SBS-4, run 11608, LD2, 10uA, 2.43MHz
o | A
S [ A &
o I~ A
o5l - A A A
A A A A
r o a8 A N A A A . A
- A A A
o ° A LA A A A A A °
A L A A e A AT A
e e oo 4 nbh L g e, * .
20— * . * ., aara Dy . ,
- L] ® [ ] ° A & TAN Nl
° & * o ® .
[ é i a @ A ° & n®0n® o
n e 3 e 0 R P
| L] o [ ] [ ° &
* ° ® o0 o ° .
. ] " . e .
15— " . ] [ ] [ ] ®
l ° °
] [ ] o ° [ ]
- .
10 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I
0 5 10 15 20 25 30

Hodoscope Right PMT Bar ID

Figure 5.31: Two plots of right PMT pedestal means and rms values versus PMT number. For the PMT
numbering, 0-31 on the plots corresponds to the right PMTs that were connected to the FADC readout
modules during the experiment.
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Based on these plots, there is no apparent pile-up occurring even in the region closest to the recom-
mended maximum rate of TH detector. The points remain for the most part, around the same average
mean value which indicates that there is little change in the magnitude of the individual values as the rates
increase. Therefore it can be concluded that there is not enough evidence to cause concern over pile-up of
detector signals. Therefore, the rate has little effect on how well the TH detector and its readout modules
are able to record data. The pedestal means do not vary more than a few FADC bins with the change
in rate across the chosen data runs used for this study, even though rates increase significantly from 0.2
MHz up to 2.4 MHz. The pedestal means tend to decrease with the rate which is the opposite of what
was expected. This could in part be due to changes with the kinematic setting parameters. The pedestal
widths vary slightly more than the means relative to their average rms value, but there is no evidence
of the widths reaching a maxing-out limit in terms of the TH detector rates performance. This study
of pile-up indicates that even at the recommended maximum limit of 2.5 MHz for the overall rate, the

performance of the TH detector did not noticeably suffer in terms of its ability to record data.

5.7 Track Matching Efficiency

The track matching efficiency of the TH detector is defined on a bar by bar basis and calculated relative
to the tracking data collected by the BigBite GEMs. First, the x (vertical, dispersive) and y (horizontal,
non-dispersive) positions, using the transport coordinate system focal planes, of tracks in the TH detector
are calculated utilizing the timing data from the left and right side PMTs for each scintillator bar by taking
the mean of the x and y positions calculated for the cluster corresponding to the particle track. This value
for the x and y position of the particle track is the location where the TH detector claims a particle track
passed. A comparison of TH measured positions is made to where the GEMs claim projected particle
tracks pass using x and y values at the TH location for that projection, given the distances between the
detectors, and particle track trajectory angles. The result is four plots, two in the x focal plane and two
in the y focal plane for both the TH and the GEMs, and these plots can be overlaid as in Figure 5.32.
Interestingly, the number of tracks in the y focal plane increases in the direction toward the beam-line.
The plots shown in Figure 5.32 where generated for all six kinematic settings using an LH2 target and

the BBCal trigger with cuts applied for all-tracks, electrons, and elastic electrons.
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X and Y Positions vs. Number of Tracks
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Figure 5.32: Two plots showing the comparison of particle track locations in the TH compared to where
the GEMs predict the tracks should pass. These plots were generated using LH2 data and a 3.5 uA beam
from the SBS-4 kinematic setting with cuts applied for only elastic electrons.

The TH data from the plots for x and y position from Figure 5.32 can be converted to weighted sums
and divided by the corresponding GEM plots for x and y position which are also converted to weighted
sums. This gives the efficiency values versus position in both focal planes. To observe how the efficiency
varies on a bar by bar basis across the six SBS kinematic settings, it makes more sense to consider the
efficiency in the dispersive x-direction focal plane rather than the y-direction non-dispersive focal plane
because the TH detector is subdivided into bars vertically and not horizontally. Figure 5.33 provides an
example plot of these efficiencies values versus scintillator bar number. The plots like the one shown in
Figure 5.33 are generated using the bar identification data for the particle tracks to get the scintillator bar
number information for each efficiency value. The efficiencies tend to be unreliable toward the upper and
lower extremes of the detector due to the lower statistics. A mean of the scintillator bar efficiencies is
calculated, and this process is repeated for all six SBS kinematic settings with cuts applied for all-tracks,

electrons, and elastics. The mean efficiency values are plotted versus kinematic setting in Figure 5.34.
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Figure 5.33: An example plot of the track matching efficiency versus bar number for data taken from
the SBS-4 kinematic setting using an LH2 target, 3.5 uA beam, and the BBCal trigger. The mean is
calculated by excluding a couple bars on the extremes of the TH detector at the top and bottom with
efficiency values and statistics that do not allow for reliable data points.

Tracking efficiencies plotted in Figure 5.34 vary slightly between all-tracks, electrons, and elastics.
A marginal trend for some, but not all of the kinematic settings shows that the efficiency decreases with
the addition of more cuts, which makes sense because the higher momenta elastics created larger particle
showers from the PS and therefore decreased the track matching efficiency. The all-tracks efficiencies,
which are dominated by lower energy particles such as for pions, will generate less hits in the TH detector
thus making it easier for the detector to identify tracks. The efficiencies show no notable variation relative
to the addition of shielding during the GMn experiment run-time as provided in Table 5.1, and the 50V
drop to the HV values before the start of SBS-9 does not appear to affect the efficiencies. The cosmics
data uses the same ADC neighbor cuts as for charge normalization during commissioning, and the same
TDC timing cuts as for the calibrations. The black all-tracks marker for SBS-8 is overlaid by the blue
data marker for electron particle tracks because those two data points have close to equal track matching
efficiency. The larger disparity in data points for SBS-7 was due to a higher number of unreliable bar
efficiencies on the extremes at the top and bottom of the TH detector because of lower statistics in those
regions for that kinematic setting, likely an effect of the BBCal trigger. Track matching efficiency >100%

is due to infrequent recording of >1 hit from accidentals within narrow TDC window cuts.
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TH Tracking Efficiency vs. GMn Kinematic Setting
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Figure 5.34: A plot of the mean track matching efficiency across all scintillator bars for the six kinematic
settings with cuts applied for all-tracks, electrons, and elastics. This data was collected across several
runs from each kinematic setting using an LH?2 target and the BBCal trigger.

5.8 Position Resolution

To determine the position resolutions in both the horizontal and vertical directions, the same means
calculated from the clusters in the x-direction and y-direction focal planes for calculating the tracking
efficiency are also used for calculating the position resolutions. The difference in the calculation is that,
instead of dividing the measured position calculated by the TH and the projected x and y particle track
locations provided by the GEMs, the positions are subtracted to get values for the position difference
of each scintillator bar such that P..; = Prg — Pgeym. These position difference spectra for all-tracks,
electrons, and elastics can then be plotted and fit with a Gaussian to get the 1-sigma standard deviation,
the position resolution. A pair of 2D plots can be generated for each kinematic setting and each layer of
physics cuts for the position spectra in the x-direction and y-direction versus bar number as shown in the
example plots from Figure 5.35. The uniformity of these plots around zero also provides a useful visual
confirmation that the calibrations are properly aligned because the calculation of the x and y particle track

position for the TH detector is based on the time difference of the scintillator bars in each cluster.
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Position Difference vs. Bar Number
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Figure 5.35: Example plots of the position difference spectra in both the x-direction and y-direction
transport coordinate system focal planes versus scintillator bar number. These plots were generated with
data from the SBS-4 kinematic setting with cuts applied for only elastic electrons using an LH2 target
and the BBCal trigger. The same plots were generated for all six kinematic settings.

The position resolutions in both the vertical and horizontal directions can be plotted versus bar number
as shown in an example from Figure 5.36. As with the tracking efficiency, the low statistics on the
extremes of the TH detector are less reliable than in the center when fitting the position spectra for the
I-sigma standard deviation resolution value extracted from the Gaussian fit. A mean of the position
resolutions for each scintillator bar is calculated with a linear fit to give a value for the overall position
resolution of the TH detector in both the dispersive and non-dispersive focal planes. The plots shown in
Figure 5.36 are generated for every SBS kinematic setting for all three layers of physics cuts. The mean
position resolution in the vertical and horizontal directions is calculated using physics cuts for all-tracks,
electrons, and elastics at each SBS kinematic setting, and those position resolutions are shown in Figures
5.37 and 5.38. From the plot of vertical position resolution in Figure 5.37, it is clear that the vertical
position resolution varies little to none depending on the kinematic setting which makes sense because

the 2.5 cm width of the scintillator bars limits this resolution. The cluster based analysis allows for the
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Figure 5.36: Two plots of the position resolution in both the vertical and horizontal versus bar number
with a linear fit for the mean. This data was generated from the SBS-4 kinematic setting using only
elastics data with an LH2 target and the BBCal trigger.

resolution to be improved slightly to within 1-2 cm. However, the vertical position resolution does have
a slight variation depending on the physics cuts applied, but there does not appear to be any notable trend
when comparing the all-tracks, electrons, and elastics.

The position resolution in the horizontal direction is larger than in the vertical direction because the
TH detector is subdivided into bars vertically and not horizontally. This is also why the horizontal posi-
tion resolution varies more depending on the kinematic than the vertical position resolution. As the GeV
energy value of the incident particle track increases and decreases, the horizontal position resolution
varies. A noticeable trend among the three layers of physics cuts for the horizontal position resolutions
shows that generally elastic electron particles tracks have worse horizontal position resolution than elec-
trons and all-tracks. This makes sense because the elastic electron would create a wider spread for the
particle shower generated after passing through the PS detector. Compared to lower energy pions in the
all-tracks data, which would create a tighter spread, the position resolution is worse on average for elastic
electrons. This trend matches the simulation which shows that as the average GeV of particle tracks
increase, the resolution degrades. For the position resolution data points shown in Figures 5.37 and 5.38,
the horizontal values remain within a range of 3-6.5 cm and 1.25-2.25 cm for the vertical values. This
horizontal position resolution is sufficient but not critical to the physics program, and improvement would

only be feasible using faster tracking detectors or lower refractive index material.
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TH Vertical Resolution vs. GMn Kinematic Setting
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Figure 5.37: A plot of the vertical position resolution versus kinematic setting for each layer of physics
cuts applied to the data using an LH?2 target and BBCal trigger.

TH Horizontal Resolution vs. GMn Kinematic Setting
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Figure 5.38: A plot of the horizontal position resolution versus kinematic setting for each layer of physics
cuts applied to the data using an LH?2 target and BBCal trigger.
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5.9 Time Resolution

The timing resolution is calculated on a bar by bar basis by extracting the 1-sigma standard deviation
in pico-seconds of the time difference distribution, which is generated by subtracting the leading edge
of the calibrated TDC data between the left and right PMT of each scintillator bar. This calculation of
the time difference uses a cluster-based approach similar to the calculation of the x and y locations of
particle tracks for position resolution. The final time difference value for a given event is taken as an
average across all scintillator bars in a cluster. The plot in Figure 5.39 provides an example for the time

resolution of each scintillator bar and the mean which was measured with a linear fit to the data.
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Figure 5.39: A plot of the time resolution versus scintillator bar number using a time difference and
cluster-based analysis. This plot was generated using only elastics data from the SBS-4 kinematic setting
with an LH2 target and the BBCal trigger.

Some of the time resolution values for scintillator bars near the top and bottom of the TH detector
provided less reliable data points due to lower statistics in those regions. The time resolution analysis
used to generate the plot from Figure 5.39 was repeated for all six SBS kinematic settings used in the

G}, experiment with the three layers of physics applied for all-track, electrons, and elastic electrons.
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The plot in Figure 5.40 shows the average time resolution across all scintillator bars. There is a trend
in the data points shown in Figure 5.40 where the time resolution degrades with the addition of physics
cuts. This trend is similar to what was observed for the horizontal position resolution which makes sense
because both the time resolution and horizontal position resolution are dependent on the size of the spread
from the particle shower coming from the PS detector into the TH for a given particle track. Again, the
higher energy elastic electrons pass through the PS detector causing a wider spread. This leads to an
increase in the 1-sigma standard deviation of the time difference distributions for each scintillator bar,
therefore degrading the average time resolution measured for the whole TH detector. It can be concluded
from the resolution and tracking efficiency plots in Figures 5.34, 5.37, 5.38, and 5.40, that as tracking
efficiency decreases, position and time resolution worsen and vice versa. The time resolutions calculated
using cosmics data in Figure 5.40 shows the intrinsic time resolution of the TH detector to be 300 ps
as expected. The cosmics data uses the same ADC neighbor cuts as for charge normalization during

commissioning, and the same TDC timing cuts as for the calibrations.

TH Time Resolution vs. GMn Kinematic Setting
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Figure 5.40: A plot of the mean time resolution versus kinematic setting for each layer of physics cuts
applied to the data using an LH2 target and BBCal trigger. The cosmics data was also taken in Hall A
during the GMn experiment using the BBCal trigger.
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Chapter 6

Conclusion

The Super BigBite Spectrometer has been and will continue to be used in nucleon electromagnetic form
factor experiments to further probe nucleon structure, QCD, and hadronic particles, which increases sci-
entific understanding of nuclear physics into regions of higher momentum transfer that have previously
been unreachable. Prediction models for the electromagnetic form factors at higher momenta diverge thus
providing the scientific motivation for measurements up to ever larger values of Q2. This reach into higher
regions of O needs to be matched by more precise resolution when measuring particle trajectories, posi-
tion, energy, momentum, and timing, which is the reason for upgrading and installing the improved JLab
Hall A detectors used for SBS. One of these new detectors, the Timing Hodoscope, provides precision
timing data for scattered elastic electrons.

The purpose of this thesis is to provide an overview of the Timing Hodoscope construction, com-
missioning, installation, calibration, and performance before and during the G}, experiment, which was
the first of five nucleon electromagnetic form factor experiments to take place as part of the SBS Hall A
physics program. First, summaries of Jefferson Lab, SBS, and their associated physics background are
provided before giving a detailed summary of the TH detector itself. The summary of the TH detector
begins by covering its major components, data acquisition system hardware, construction, and eventual
installation in Experimental Hall A. This information precedes two sections devoted to the commission-
ing and calibration of the TH detector. What follows is the main results of the thesis which are several
data analysis studies concerning various aspects of the TH performance during the G}, experiment run-

time. These performance studies included results for energy deposit, cluster size, rates, accidentals,
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pile-up, tracking efficiency, position resolution, and time resolution across all six of the SBS kinematic

settings used for the G, experiment. Each of the performance studies were implemented across three

layers of physics cuts for defining data sets corresponding to all particle tracks, only electrons, and only

elastic electrons. In Tables 6.1-6.3, the variable Eg,, is average mean energy deposit, Cy,g represents the

average cluster size, T,y is the average track matching efficiency, H, is the average horizontal position

resolution, V,.; is the average vertical position resolution, and 7,.; is the average time resolution.

Table 6.1: A table for all of the six SBS kinematic settings and their corresponding performance values
for all-tracks data.

TH All-Track Performance Analysis Values

Setting Egep (MeV) Cavg (bars) Torr (%) Hyes (cm) Vies (cm) Tres (PS)

SBS-4 | 9.839 £ 0.003 | 1.996 £ 0.001 | 100.27 £ 0.05 | 3.601 £ 0.006 | 1.531 £0.001 | 4585 £ 1.1
SBS-7 | 7.536 £0.006 | 1.594 +0.001 | 101.36 £ 0.06 | 3.138 + 0.066 | 1.349 £+ 0.001 | 4449 £+ 144
SBS-11 | 6.254 £0.005 | 1.342 +0.010 | 99.35 £0.02 | 4.582 £0.033 | 1.524 +0.001 | 563.9 £5.5
SBS-14 | 5.591 £0.006 | 1.443 +0.002 | 100.39 £ 0.09 | 3.529 +£0.032 | 1.233 £ 0.001 | 4243 +5.6
SBS-8 | 9.121 £0.003 | 1.664 £+ 0.005 | 98.98 £0.05 | 4.943 +0.011 | 1.968 + 0.001 | 608.0 + 1.9
SBS-9 | 5.618 +0.002 | 1.493 £+ 0.001 | 100.06 4+ 0.06 | 4.080 4+ 0.009 | 1.331 £0.001 | 501.4 + 1.7

Table 6.2: A table for all of the six SBS kinematic settings and their corresponding performance values
for only electrons data.

TH Electron Performance Analysis Values

Setting E4.p (MeV) Cavg (bars) Torr (%) H,.; (cm) V,es (cm) Tres (ps)

SBS-4 | 10.802 +0.003 | 2.117 £ 0.001 | 99.76 = 0.05 | 3.926 & 0.002 | 1.560 = 0.001 | 4954 £ 0.4
SBS-7 | 11.978 £ 0.028 | 2.177 £ 0.005 | 99.80 4 0.23 | 3.941 + 0.009 | 1.644 £+ 0.003 | 500.2 = 1.6
SBS-11 | 10.072 4 0.049 | 1.771 £ 0.008 | 99.55 £ 0.10 | 4.888 + 0.005 | 1.837 £+ 0.001 | 610.6 = 0.9
SBS-14 | 8.272 £ 0.013 | 1.992 £ 0.004 | 99.27 £ 0.18 | 4.077 £ 0.007 | 1.486 £+ 0.002 | 500.3 = 1.2
SBS-8 | 9.711 £0.003 | 1.703 £ 0.001 | 98.96 & 0.06 | 5.281 + 0.003 | 1.980 £ 0.001 | 656.3 £ 0.6
SBS-9 | 6.946 £ 0.003 | 1.773 £0.001 | 99.27 £0.09 | 4.459 + 0.004 | 1.511 £ 0.001 | 540.1 £0.7

Table 6.3: A table for all of the six SBS kinematic settings and their corresponding performance values
for only elastic electrons data.

TH Elastic Performance Analysis Values

Setting Edep (MeV) Cavg (bars) Teff (%) Hyes (cm) Vies (cm) Tres (ps)

SBS-4 | 12.655 £0.013 | 2.307 £ 0.002 | 99.59 + 0.17 | 4.161 £ 0.002 | 1.584 £ 0.002 | 517.5 £0.3
SBS-7 | 12.718 £0.223 | 2.232 £ 0.034 | 95.74 + 1.50 | 4.907 £ 0.003 | 1.562 4+ 0.030 | 584.5 £ 0.5
SBS-11 | 11.073 4+ 0.339 | 1.828 + 0.054 | 99.84 £ 0.65 | 6.086 4+ 0.001 | 1.888 & 0.012 | 744.5 £ 0.2
SBS-14 | 9.514 £0.081 | 2.201 +0.019 | 98.34 £0.90 | 4.679 = 0.004 | 1.410 £0.012 | 542.9 + 0.7
SBS-8 | 10.836 £0.016 | 1.779 £0.002 | 97.33 £ 0.22 | 5493 + 0.003 | 2.043 £+ 0.003 | 684.1 £0.5
SBS-9 | 8.075£0.011 | 1.993 £0.003 | 99.46 4 0.24 | 4.834 £ 0.003 | 1.512 £ 0.003 | 566.6 & 0.5

The summary plots of all performance analysis parameters for all three layers of physics cuts are

provided throughout Chapter 5, but Tables 6.1-6.3 are tables of performance values which congregate

that data together in one place allowing for an easier comparison. The average values are calculated
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across all TH detector scintillator bars. These six values constitute the major parameters for the TH
detector performance analysis as defined in Chapter 5.

One minor improvement to the detector hardware that was implemented after the end of the G,
experiment was the replacement of the HV mainframe with a newer model that has the ability to be
better integrated with the EPICs HV control software. The function of the new HV mainframe is the
same as the previous one, but with a slightly simpler user interface for remote operation and setting
of the TH detector HV values. Two other improvements to the TH detector hardware that could be
implemented involve the PMT housing assemblies and the NINO ASIC amplifier-discriminator cards.
The PMT housing assemblies were originally designed to include air pumping systems, which would
filter clean air throughout the PMT housing. The purpose of this would be to help mitigate degradation
of the PMT itself caused by rogue helium molecules in the air originating from the cryogenic cooling
systems in Hall A. Rubber tubes for this pumping system are currently installed on the PMT housing
and only need to be connected to an air pumping system to be used for the original intended purpose.
The final improvement to the TH detector hardware which could be implemented would be a remote
control system for setting and adjusting the NINO card thresholds. A remote threshold setting system
was originally designed, and the NINOs have this compatibility. Without a remote threshold system,
the NINO thresholds were set manually before the start of the Gy, experiment, but a remote connection
would make it easier to set the NINO thresholds, especially for NINO cards attached at the top of the
detector frame that can only be accessed using a ladder and harness.

For the commissioning process of the TH detector, one improvement would be the implementation of
an absolute gain study for the PMTs. A study of relative gain was performed in lieu of an absolute gain
analysis due to time constraints before the beginning of the G}, experiment. This absolute gain study
would require the installation of LEDs pointed at the TH detector PMTs like the system of LEDs used
for HCal, which allowed for a study of absolute gain for that detector. As mentioned in Chapter 4, the
calibration process of the TH detector could be improved by implementing studies for radio-frequency
alignment to calibrate TH timing data with that of the beam-line. Another calibration would be a time-
of-flight alignment relative to HCal to further improve TH detector timing data. Discussion has taken
place debating the ability of these further calibrations to improve the TH time resolution. To do so,

these calibrations would need to somehow compensate for the considerable showering effect that the pre-
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shower has on causing the degradation of the TH time resolution. The location of the TH detector behind
the pre-shower is a major cause for the TH time resolution being on average double its intrinsic resolution,
and whether or not further timing calibrations would be able to compensate for the physical location of
one detector behind another remains an undetermined postulation when considering the calibration of
the TH detector relative to the beam-line or to other detectors. A proposal was also made to generate
calibration values for each SBS kinematic setting of the G), experiment using the calibration studies
already implemented. The detector calibration values for this thesis were generated using data from the
SBS-4 kinematic setting because it was the first major kinematic setting of the G, experiment and its,
on average, lower beam current made SBS-4 one of the more stable kinematic settings for performing
reliable calibration analysis. The SBS-4 calibration values were used for all six kinematic settings of
the G}, experiment, but generating calibration values specific to each of the six kinematic settings might
allow for some marginal improvements in the TH detector performance.

Despite all the improvements that could still be made to the hardware, commissioning, and calibration
of the TH detector, the results of this thesis show that after application of physics cuts to ensure a data
set comprised of particle tracks corresponding to elastic electrons, the data of interest for measurement
of G},, the Timing Hodoscope is shown on average to have a >98% tracking efficiency when compared
to tracking data from the GEM detector layers. The TH has a horizontal position resolution of 4-6 cm,
and this matches well with the performance simulation. In the vertical direction, the TH has a position
resolution of 1.5-2 cm, which is an improvement on the 2.5 cm width of the scintillator. This is achieved
through the implementation of a scintillator bar cluster-based approach to the analysis. Finally, the time
resolution of the TH detector on average across all kinematic settings of the G, experiment for the elastic
electron data set is 500-750 ps as the data currently stands with the calibrations and analysis approach
used in this thesis. These results provide a comprehensive overview of the TH detector performance
during the G, experiment, and give significant insight into how well the TH detector has and will con-
tinue to function, with the purpose of collecting timing information of scattered particles, for SBS Hall

A nucleon electromagnetic form factor experiments.
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Appendix A

List of Abbreviations

Table A.1: A list of abbreviations used throughout this thesis with their corresponding definitions, and
the page numbers of their first use.

List of Abbreviations
Abbreviation Definition First Use (Page No.)

’H Deuterium 3
SHe Helium-3 9
ADC(s) Analogue-to-Digital Converter(s) 1ii
BBCal BigBite Calorimeter 32
CDet Coordinate Detector 30
CEBAF Continuous Electron Beam Accelerator Facility 6
DAQ Data Acquisition iii
DC Direct Current 50
ECL Emitter-Coupled Logic 54
EM Electromagnetic 26
EMFEFE(s) Electromagnetic Form Factor(s) 3
EPICs Experimental Industrial Control System 62
FADC(s) Flash Analogue-to-Digital Converter(s) 58
FE(s) Form Factor(s) 25
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Abbreviation Definition First Use (Page No.)
FoM Figures of Merit 25
GEM(s) Gas Electron Multiplier(s) 11
G Neutron Sachs Electric Form Factor 3
GEn GEn Experiment 25
GEn-Recoil GEn Recoil Experiment 25
Gg Proton Sachs Electric Form Factor 3
GEp-Recoil GEp Recoil Experiment 25
GeV Giga-Electronvolt 3
Gy Neutron Sachs Magnetic Form Factor 3
GMn GMn Experiment 6
GY, Proton Sachs Magnetic Form Factor 3
GPD(s) Generalized Parton Distribution(s) 6
GUI(s) Graphic User Interface(s) 62
HCal Hadron Calorimeter 26
HRS High Resolution Spectrometer 9
HV High Voltage 51
JLab Jefferson Lab 7
LD2 Liquid Deuterium 26
LH2 Liquid Hydrogen 28
LHRS Left High Resolution Spectrometer 9
LINAC(s) Linear Accelerator(s) 8
LTR Level Translator-Repeater 54
LV Low Voltage 50
LVDS Low Voltage Differential Signal 54
MeV Mega-Electronvolt 10
NIM Nuclear Instrument Module 58
NINOC(s) NINO ASIC Amplifier-Discriminator Card(s) 47
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Abbreviation Definition First Use (Page No.)
NPol Neutron Polarimeter 30
nTPE Neutron Two-Photon Exchange Experiment 25

PMT(s) Photo-multiplier Tube(s) 40
pQCD Perturbative Quantum Chromodynamics 6
PS Pre-shower 35
PV(s) Process Variable(s) 62
Q? Squared Four-Momentum Transfer 2
QCD Quantum Chromodynamics 2
QED Quantum Electrodynamics 15
RF Radio-Frequency 9
RHRS Right High Resolution Spectrometer 9
ROB Readout Board 34
SBS Super BigBite Spectrometer 3
SH Shower 35
SvC Scintillator Velocity Correction 189
TAO TDC Alignment Offset 189
TDC(s) Time-to-Digital Converter(s) 11l
TDO Time Difference Offset 189
TH Timing Hodoscope 6
TOT Time over Threshold 59
TPE Two-Photon Exchange 26
TWI Time-walk Intercept 189
TWS Time-walk Slope 189
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Appendix B

NINO ASIC Amplifier-Discriminator Card

Circuit Diagrams

Listed in this appendix are circuit diagrams of NINO ASIC amplifier-discriminator chips, and these

schematics are provided on request from the Nuclear Physics Research Group, University of Glasgow.
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Figure B.1: Schematics of the circuit diagrams for two slightly different versions of the NINO ASIC chip
used for the TH detector. Diagram by J. Annand.
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Figure B.2: A circuit diagram of the front end from input to output for the NINO amplifier-discriminator
cards of which there are 12 used for the TH detector. Diagram by J. Annand.

I { Amplified
npu
[) Analogue
_ Signal
.
~
lrAw::z ==cu s Rin [Ruz L‘TDS
Nl Nefs (DL | g gurer [ I AT
. NiclP Ne Clzs () ML 35 { g oumaa |15 O
Example Schematic

Channel 1

H [g NINO

Figure B.3: A circuit diagram of a single NINO input channel with two outputs to analogue signal and
LVDS which are the ADC and TDC signals respectively. It is important for the NINO logic output TDC
signal to be LVDS compatible since the readout electronics require an LVDS to ECL converter which
makes the signals readable for the TH detector data acquisition system. Diagram by J. Annand.
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Appendix C

High and Low Voltage Mapping Tables

Listed in this appendix are two tables of the cable mapping for the LV and HV systems used to power the

NINO cards, and PMTs, respectively.

Table C.1: Table of the mapping for the labelling scheme used corresponding between the front-end
NINO ASIC amplifier-discriminator cards and the LV power cables to the TH detector frame at the LV

distribution box.

NINO

Power Cable

H-NINO-R5
H-NINO-R4
H-NINO-R3
H-NINO-R2
H-NINO-R1
H-NINO-RO
H-NINO-L5
H-NINO-L4
H-NINO-L3
H-NINO-L2
H-NINO-L1
H-NINO-LO

H-NINO-LV-R5
H-NINO-LV-R4
H-NINO-LV-R3
H-NINO-LV-R2
H-NINO-LV-R1
H-NINO-LV-R0O
H-NINO-LV-L5
H-NINO-LV-L4
H-NINO-LV-L3
H-NINO-LV-L2
H-NINO-LV-L1
H-NINO-LV-LO

A single power cable runs from the LV power supply in the electronics bunker to the LV distribution
box on the TH detector frame. Another grounding cable is connected to the BigBite package detector
frame, which itself is grounded to a common ground in Experimental Hall A such that all detectors in the

SBS electron arm are properly grounded.
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Table C.2: Mapping of the labels for the entire TH detector HV system from the PMT bases to HV patch
panels on the TH frame to the HV channel names for the HV mainframe. During the experiment run
time, this mainframe is controlled remotely from outside Experimental Hall A.

Bars M HYV Patch Panels

Frame HYV Distribution Panels CAEN Channels

Bar | HV Cable Panel Chan. Multiway Name No.

I-L | H-HV-LO | H-HV-PP-LO | 0-0 | H-HV-MW-LO | hodo_LO | 2.0001

I-R | H-HV-RO | H-HV-PP-RO | 0-0 | H-HV-MW-RO | hodo_RO | 0.0001

2-LL | H-HV-L1 | H-HV-PP-LO | O0-1 | H-HV-MW-LO | hodo_L1 | 2.0002

2-R | H-HV-R1 | H-HV-PP-RO | 0-1 | H-HV-MW-RO | hodo_R1 | 0.0002

3-L | H-HV-L2 | H-HV-PP-LO | 0-2 | H-HV-MW-LO | hodo_L2 | 2.0003

3-R | H-HV-R2 | H-HV-PP-RO | 0-2 | H-HV-MW-RO | hodo_R2 | 0.0003

4-L | H-HV-L3 | H-HV-PP-LO | 0-3 | H-HV-MW-LO | hodo_L3 | 2.0004

4-R | H-HV-R3 | H-HV-PP-RO | 0-3 | H-HV-MW-RO | hodo_R3 | 0.0004

5-L | H-HV-L4 | H-HV-PP-LO | 0-4 | H-HV-MW-LO | hodo_L4 | 2.0005

5-R | H-HV-R4 | H-HV-PP-RO | 0-4 | H-HV-MW-RO | hodo_R4 | 0.0005

6-L | H-HV-L5S | H-HV-PP-LO | 0-5 | H-HV-MW-LO | hodo_L5 | 2.0006

6-R | H-HV-RS | H-HV-PP-RO | 0-5 | H-HV-MW-RO | hodo_RS5 | 0.0006

7-L | H-HV-L6 | H-HV-PP-LO | 0-6 | H-HV-MW-LO | hodo_L6 | 2.0007

7-R | H-HV-R6 | H-HV-PP-RO | 0-6 | H-HV-MW-RO | hodo_R6 | 0.0007

8-L | H-HV-L7 | H-HV-PP-LO | 0-7 | H-HV-MW-LO | hodo_L7 | 2.0008

8-R | H-HV-R7 | H-HV-PP-RO | 0-7 | H-HV-MW-RO | hodo_R7 | 0.0008

9-L | H-HV-L8 | H-HV-PP-LO | 0-8 | H-HV-MW-LO | hodo_L8 | 2.0009

9-R | H-HV-R8 | H-HV-PP-RO | 0-8 | H-HV-MW-RO | hodo_R8 | 0.0009

10-L | H-HV-L9 | H-HV-PP-LO | 0-9 | H-HV-MW-LO | hodo_L9 | 2.0010

10-R | H-HV-R9 | H-HV-PP-RO | 0-9 | H-HV-MW-RO | hodo_R9 | 0.0010

11-L | H-HV-L10 | H-HV-PP-LO | 0-10 | H-HV-MW-LO | hodo_L10 | 2.0011

11-R | H-HV-R10 | H-HV-PP-RO | 0-10 | H-HV-MW-RO | hodo_R10 | 0.0011
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Bar | HV Cable Panel Chan. Multiway Name No.
12-L. | H-HV-L11 | H-HV-PP-LO | 0-11 | H-HV-MW-LO | hodo_L11 | 2.0012
12-R | H-HV-R11 | H-HV-PP-RO | 0-11 | H-HV-MW-RO | hodo_R11 | 0.0012
13-L | H-HV-L12 | H-HV-PP-LO | 0-12 | H-HV-MW-LO | hodo_L12 | 2.0013
13-R | H-HV-R12 | H-HV-PP-RO | 0-12 | H-HV-MW-RO0 | hodo_R12 | 0.0013
14-L. | H-HV-L13 | H-HV-PP-LO | 0-13 | H-HV-MW-LO0 | hodo_L13 | 2.0014
14-R | H-HV-R13 | H-HV-PP-RO | 0-13 | H-HV-MW-RO | hodo_R13 | 0.0014
15-L | H-HV-L14 | H-HV-PP-LO | 0-14 | H-HV-MW-LO | hodo_L14 | 2.0015
15-R | H-HV-R14 | H-HV-PP-RO | 0-14 | H-HV-MW-RO0 | hodo_R14 | 0.0015
16-L | H-HV-L15 | H-HV-PP-LO | 0-15 | H-HV-MW-LO | hodo_L15 | 2.0016
16-R | H-HV-R15 | H-HV-PP-RO | 0-15 | H-HV-MW-RO | hodo_R15 | 0.0016
17-L | H-HV-L16 | H-HV-PP-LO | 1-0 | H-HV-MW-LO | hodo_L16 | 2.0017
17-R | H-HV-R16 | H-HV-PP-RO | 1-0 | H-HV-MW-RO | hodo_R16 | 0.0017
18-L | H-HV-L17 | H-HV-PP-LO | 1-1 | H-HV-MW-LO | hodo_L.17 | 2.0018
18-R | H-HV-R17 | H-HV-PP-RO | 1-1 | H-HV-MW-RO | hodo_R17 | 0.0018
19-L | H-HV-L18 | H-HV-PP-LO | 1-2 | H-HV-MW-LO | hodo_L18 | 2.0019
19-R | H-HV-R18 | H-HV-PP-RO | 1-2 | H-HV-MW-RO | hodo_R18 | 0.0019
20-L | H-HV-L19 | H-HV-PP-LO | 1-3 | H-HV-MW-LO0 | hodo_L19 | 2.0020
20-R | H-HV-R19 | H-HV-PP-RO | 1-3 | H-HV-MW-RO | hodo_R19 | 0.0020
21-L | H-HV-L20 | H-HV-PP-LO | 1-4 | H-HV-MW-LO | hodo_L20 | 2.0021
21-R | H-HV-R20 | H-HV-PP-RO | 1-4 | H-HV-MW-RO | hodo_R20 | 0.0021
22-L. | H-HV-L21 | H-HV-PP-LO | 1-5 | H-HV-MW-LO | hodo_L21 | 2.0022
22-R | H-HV-R21 | H-HV-PP-RO | 1-5 | H-HV-MW-RO | hodo_R21 | 0.0022
23-L | H-HV-L22 | H-HV-PP-LO | 1-6 | H-HV-MW-LO | hodo_L22 | 2.0023
23-R | H-HV-R22 | H-HV-PP-RO | 1-6 | H-HV-MW-RO | hodo_R22 | 0.0023
24-L. | H-HV-L23 | H-HV-PP-LO | 1-7 | H-HV-MW-LO0 | hodo_L23 | 2.0024
24-R | H-HV-R23 | H-HV-PP-RO | 1-7 | H-HV-MW-RO | hodo_R23 | 0.0024
25-L | H-HV-L24 | H-HV-PP-LO | 1-8 | H-HV-MW-LO | hodo_L.24 | 2.0025
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Bar | HV Cable Panel Chan. Multiway Name No.
25-R | H-HV-R24 | H-HV-PP-RO | 1-8 | H-HV-MW-RO | hodo_R24 | 0.0025
26-L | H-HV-L25 | H-HV-PP-LO | 1-9 | H-HV-MW-LO0 | hodo_L25 | 2.0026
26-R | H-HV-R25 | H-HV-PP-RO | 1-9 | H-HV-MW-RO0 | hodo_R25 | 0.0026
27-L | H-HV-L26 | H-HV-PP-LO | 1-10 | H-HV-MW-LO | hodo_L26 | 2.0027
27-R | H-HV-R26 | H-HV-PP-RO | 1-10 | H-HV-MW-RO | hodo_R26 | 0.0027
28-L | H-HV-L27 | H-HV-PP-LO | 1-11 | H-HV-MW-LO | hodo_L27 | 2.0028
28-R | H-HV-R27 | H-HV-PP-RO | 1-11 | H-HV-MW-RO | hodo_R27 | 0.0028
29-L | H-HV-L28 | H-HV-PP-LO | 1-12 | H-HV-MW-LO | hodo_L28 | 2.0029
29-R | H-HV-R28 | H-HV-PP-RO | 1-12 | H-HV-MW-RO | hodo_R28 | 0.0029
30-L | H-HV-L29 | H-HV-PP-LO | 1-13 | H-HV-MW-LO | hodo_L29 | 2.0030
30-R | H-HV-R29 | H-HV-PP-RO | 1-13 | H-HV-MW-RO0 | hodo_R29 | 0.0030
31-L | H-HV-L30 | H-HV-PP-LO | 1-14 | H-HV-MW-LO | hodo_L30 | 2.0031
31-R | H-HV-R30 | H-HV-PP-RO | 1-14 | H-HV-MW-RO | hodo_R30 | 0.0031
32-L | H-HV-L31 | H-HV-PP-LO | 1-15 | H-HV-MW-LO | hodo_L31 | 2.0032
32-R | H-HV-R31 | H-HV-PP-RO | 1-15 | H-HV-MW-RO0 | hodo_R31 | 0.0032
33-L | H-HV-L32 | H-HV-PP-LO | 2-0 | H-HV-MW-LO | hodo_L32 | 2.0033
33-R | H-HV-R32 | H-HV-PP-RO | 2-0 | H-HV-MW-RO | hodo_R32 | 0.0033
34-L | H-HV-L33 | H-HV-PP-LO | 2-1 | H-HV-MW-LO | hodo_L33 | 2.0034
34-R | H-HV-R33 | H-HV-PP-RO | 2-1 | H-HV-MW-RO | hodo_R33 | 0.0034
35-L | H-HV-L34 | H-HV-PP-LO | 2-2 | H-HV-MW-LO | hodo_L34 | 2.0035
35-R | H-HV-R34 | H-HV-PP-RO | 2-2 | H-HV-MW-RO | hodo_R34 | 0.0035
36-L | H-HV-L35 | H-HV-PP-LO | 2-3 | H-HV-MW-LO | hodo_L35 | 2.0036
36-R | H-HV-R35 | H-HV-PP-RO | 2-3 | H-HV-MW-RO | hodo_R35 | 0.0036
37-L | H-HV-L36 | H-HV-PP-LO | 2-4 | H-HV-MW-LO | hodo_L36 | 2.0037
37-R | H-HV-R36 | H-HV-PP-RO | 2-4 | H-HV-MW-RO | hodo_R36 | 0.0037
38-L | H-HV-L37 | H-HV-PP-LO | 2-5 | H-HV-MW-LO | hodo_L37 | 2.0038
38-R | H-HV-R37 | H-HV-PP-RO | 2-5 | H-HV-MW-RO | hodo_R37 | 0.0038
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Bar | HV Cable Panel Chan. Multiway Name No.
39-L | H-HV-L38 | H-HV-PP-LO | 2-6 | H-HV-MW-LO | hodo_L38 | 2.0039
39-R | H-HV-R38 | H-HV-PP-RO | 2-6 | H-HV-MW-RO | hodo_R38 | 0.0039
40-L | H-HV-L39 | H-HV-PP-LO | 2-7 | H-HV-MW-LO | hodo_L39 | 2.0040
40-R | H-HV-R39 | H-HV-PP-RO | 2-7 | H-HV-MW-RO | hodo_R39 | 0.0040
41-L | H-HV-L40 | H-HV-PP-LO | 2-8 | H-HV-MW-LO | hodo_L40 | 2.0041
41-R | H-HV-R40 | H-HV-PP-RO | 2-8 | H-HV-MW-RO | hodo_R40 | 0.0041
42-L. | H-HV-L41 | H-HV-PP-LO | 2-9 | H-HV-MW-LO | hodo_L41 | 2.0042
42-R | H-HV-R41 | H-HV-PP-RO | 2-9 | H-HV-MW-RO | hodo_R41 | 0.0042
43-L | H-HV-L42 | H-HV-PP-LO | 2-10 | H-HV-MW-LO | hodo_L42 | 2.0043
43-R | H-HV-R42 | H-HV-PP-RO | 2-10 | H-HV-MW-RO | hodo_R42 | 0.0043
44-1. | H-HV-L43 | H-HV-PP-LO | 2-11 | H-HV-MW-LO | hodo_L.43 | 2.0044
44-R | H-HV-R43 | H-HV-PP-RO | 2-11 | H-HV-MW-RO0 | hodo_R43 | 0.0044
45-L | H-HV-L44 | H-HV-PP-LO | 2-12 | H-HV-MW-LO | hodo_L44 | 2.0045
45-R | H-HV-R44 | H-HV-PP-RO | 2-12 | H-HV-MW-RO0 | hodo_R44 | 0.0045
46-L | H-HV-L45 | H-HV-PP-LO | 2-13 | H-HV-MW-LO | hodo_L45 | 2.0046
46-R | H-HV-R45 | H-HV-PP-RO | 2-13 | H-HV-MW-RO | hodo_R45 | 0.0046
47-L | H-HV-L46 | H-HV-PP-LO | 2-14 | H-HV-MW-LO | hodo_L46 | 2.0047
47-R | H-HV-R46 | H-HV-PP-RO | 2-14 | H-HV-MW-RO | hodo_R46 | 0.0047
48-L. | H-HV-L47 | H-HV-PP-LO | 2-15 | H-HV-MW-LO0 | hodo_L47 | 2.0048
48-R | H-HV-R47 | H-HV-PP-RO | 2-15 | H-HV-MW-RO | hodo_R47 | 0.0048
49-L | H-HV-L48 | H-HV-PP-L1 | 2-15 | H-HV-MW-L1 | hodo_L48 | 6.0001
49-R | H-HV-R48 | H-HV-PP-R1 | 0-0 | H-HV-MW-RI1 | hodo_R48 | 4.0001
50-L | H-HV-L49 | H-HV-PP-L1 | 2-14 | H-HV-MW-LI1 | hodo_L49 | 6.0002
50-R | H-HV-R49 | H-HV-PP-R1 | 0-1 | H-HV-MW-R1 | hodo_R49 | 4.0002
51-L | H-HV-L50 | H-HV-PP-L1 | 2-13 | H-HV-MW-L1 | hodo_L50 | 6.0003
51-R | H-HV-R50 | H-HV-PP-R1 | 0-2 | H-HV-MW-R1 | hodo_R50 | 4.0003
52-L | H-HV-L51 | H-HV-PP-L1 | 2-12 | H-HV-MW-L1 | hodo_L51 | 6.0004
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Bar | HV Cable Panel Chan. Multiway Name No.
52-R | H-HV-R51 | H-HV-PP-R1 | 0-3 | H-HV-MW-R1 | hodo_R51 | 4.0004
53-L | H-HV-L52 | H-HV-PP-L1 | 2-11 | H-HV-MW-L1 | hodo_L52 | 6.0005
53-R | H-HV-R52 | H-HV-PP-R1 | 0-4 | H-HV-MW-R1 | hodo_R52 | 4.0005
54-L | H-HV-L53 | H-HV-PP-L1 | 2-10 | H-HV-MW-L1 | hodo_L53 | 6.0006
54-R | H-HV-R53 | H-HV-PP-R1 | 0-5 | H-HV-MW-R1 | hodo_R53 | 4.0006
55-L | H-HV-L54 | H-HV-PP-L1 | 2-9 | H-HV-MW-LI | hodo_L54 | 6.0007
55-R | H-HV-R54 | H-HV-PP-R1 | 0-6 | H-HV-MW-R1 | hodo_R54 | 4.0007
56-L | H-HV-L55 | H-HV-PP-L1 | 2-8 | H-HV-MW-L1 | hodo_L55 | 6.0008
56-R | H-HV-R55 | H-HV-PP-R1 | 0-7 | H-HV-MW-R1 | hodo_R55 | 4.0008
57-L | H-HV-L56 | H-HV-PP-L1 | 2-7 | H-HV-MW-LI | hodo_L56 | 6.0009
57-R | H-HV-R56 | H-HV-PP-R1 | 0-8 | H-HV-MW-R1 | hodo_R56 | 4.0009
58-L | H-HV-L57 | H-HV-PP-L1 | 2-6 | H-HV-MW-LI | hodo_L57 | 6.0010
58-R | H-HV-R57 | H-HV-PP-R1 | 0-9 | H-HV-MW-R1 | hodo_R57 | 4.0010
59-L | H-HV-L58 | H-HV-PP-L1 | 2-5 | H-HV-MW-LI | hodo_L58 | 6.0011
59-R | H-HV-R58 | H-HV-PP-R1 | 0-10 | H-HV-MW-R1 | hodo_R58 | 4.0011
60-L | H-HV-L59 | H-HV-PP-L1 | 2-4 | H-HV-MW-LI | hodo_L59 | 6.0012
60-R | H-HV-R59 | H-HV-PP-R1 | 0-11 | H-HV-MW-R1 | hodo_R59 | 4.012
61-L | H-HV-L60 | H-HV-PP-L1 | 2-3 | H-HV-MW-L1 | hodo_L60 | 6.0013
61-R | H-HV-R60 | H-HV-PP-R1 | 0-12 | H-HV-MW-R1 | hodo_R60 | 4.0013
62-L | H-HV-L61 | H-HV-PP-L1 | 2-2 | H-HV-MW-L1 | hodo_L61 | 6.0014
62-R | H-HV-R61 | H-HV-PP-R1 | 0-13 | H-HV-MW-R1 | hodo_R61 | 4.0014
63-L | H-HV-L62 | H-HV-PP-L1 | 2-1 | H-HV-MW-L1 | hodo_L62 | 6.0015
63-R | H-HV-R62 | H-HV-PP-R1 | 0-14 | H-HV-MW-R1 | hodo_R62 | 4.0015
64-L | H-HV-L63 | H-HV-PP-L1 | 2-0 | H-HV-MW-L1 | hodo_L63 | 6.0016
64-R | H-HV-R63 | H-HV-PP-R1 | 0-15 | H-HV-MW-R1 | hodo_R63 | 4.0016
65-L | H-HV-L64 | H-HV-PP-L1 | 1-15 | H-HV-MW-LI | hodo_L64 | 6.0017
65-R | H-HV-R64 | H-HV-PP-R1 | 1-0 | H-HV-MW-R1 | hodo_R64 | 4.0017
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Bar | HV Cable Panel Chan. Multiway Name No.
66-L | H-HV-L65 | H-HV-PP-L1 | 1-14 | H-HV-MW-LI | hodo_L65 | 6.0018
66-R | H-HV-R65 | H-HV-PP-R1 | 1-1 | H-HV-MW-R1 | hodo_R65 | 4.0018
67-L | H-HV-L66 | H-HV-PP-L1 | 1-13 | H-HV-MW-LI | hodo_L66 | 6.0019
67-R | H-HV-R66 | H-HV-PP-R1 | 1-2 | H-HV-MW-R1 | hodo_R66 | 4.0019
68-L | H-HV-L67 | H-HV-PP-L1 | 1-12 | H-HV-MW-L1 | hodo_L67 | 6.0020
68-R | H-HV-R67 | H-HV-PP-R1 | 1-3 | H-HV-MW-R1 | hodo_R67 | 4.0020
69-L | H-HV-L68 | H-HV-PP-L1 | 1-11 | H-HV-MW-LI | hodo_L68 | 6.0021
69-R | H-HV-R68 | H-HV-PP-R1 | 1-4 | H-HV-MW-R1 | hodo_R68 | 4.0021
70-L | H-HV-L69 | H-HV-PP-L1 | 1-10 | H-HV-MW-L1 | hodo_L69 | 6.0022
70-R | H-HV-R69 | H-HV-PP-R1 | 1-5 | H-HV-MW-R1 | hodo_R69 | 4.0022
71-L | H-HV-L70 | H-HV-PP-L1 | 1-9 | H-HV-MW-L1 | hodo_L70 | 6.0023
71-R | H-HV-R70 | H-HV-PP-R1 | 1-6 | H-HV-MW-R1 | hodo_R70 | 4.0023
72-L | H-HV-L71 | H-HV-PP-L1 | 1-8 | H-HV-MW-L1 | hodo_L71 | 6.0024
72-R | H-HV-R71 | H-HV-PP-R1 | 1-7 | H-HV-MW-R1 | hodo_R71 | 4.0024
73-L | H-HV-L72 | H-HV-PP-L1 | 1-7 | H-HV-MW-L1 | hodo_L72 | 6.0025
73-R | H-HV-R72 | H-HV-PP-R1 | 1-8 | H-HV-MW-R1 | hodo_R72 | 4.0025
74-L | H-HV-L73 | H-HV-PP-L1 | 1-6 | H-HV-MW-L1 | hodo_L73 | 6.0026
74-R | H-HV-R73 | H-HV-PP-R1 | 1-9 | H-HV-MW-R1 | hodo_R73 | 4.0026
75-L | H-HV-L74 | H-HV-PP-L1 | 1-5 | H-HV-MW-LI | hodo_L74 | 6.0027
75-R | H-HV-R74 | H-HV-PP-R1 | 1-10 | H-HV-MW-R1 | hodo_R74 | 4.0027
76-L | H-HV-L75 | H-HV-PP-L1 | 1-4 | H-HV-MW-LI | hodo_L75 | 6.0028
76-R | H-HV-R75 | H-HV-PP-R1 | 1-11 | H-HV-MW-R1 | hodo_R75 | 4.0028
77-L | H-HV-L76 | H-HV-PP-L1 | 1-3 | H-HV-MW-LI | hodo_L76 | 6.0029
77-R | H-HV-R76 | H-HV-PP-R1 | 1-12 | H-HV-MW-R1 | hodo_R76 | 4.0029
78-L | H-HV-L77 | H-HV-PP-L1 | 1-2 | H-HV-MW-L1 | hodo_L77 | 6.0030
78-R | H-HV-R77 | H-HV-PP-R1 | 1-13 | H-HV-MW-R1 | hodo_R77 | 4.0030
79-L | H-HV-L78 | H-HV-PP-L1 | 1-1 | H-HV-MW-L1 | hodo_L78 | 6.0031
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Bar | HV Cable Panel Chan. Multiway Name No.
79-R | H-HV-R78 | H-HV-PP-R1 | 1-14 | H-HV-MW-R1 | hodo_R78 | 4.0031
80-L | H-HV-L79 | H-HV-PP-L1 | 1-0 | H-HV-MW-L1 | hodo_L79 | 6.0032
80-R | H-HV-R79 | H-HV-PP-R1 | 1-15 | H-HV-MW-R1 | hodo_R79 | 4.0032
81-L | H-HV-L80 | H-HV-PP-L1 | 0-15 | H-HV-MW-L1 | hodo_L80 | 6.0033
81-R | H-HV-R80 | H-HV-PP-R1 | 2-0 | H-HV-MW-R1 | hodo_R80 | 4.0033
82-L | H-HV-L81 | H-HV-PP-L1 | 0-14 | H-HV-MW-L1 | hodo_L81 | 6.0034
82-R | H-HV-R81 | H-HV-PP-R1 | 2-1 | H-HV-MW-R1 | hodo_R81 | 4.0034
83-L | H-HV-L82 | H-HV-PP-L1 | 0-13 | H-HV-MW-L1 | hodo_L82 | 6.0035
83-R | H-HV-R82 | H-HV-PP-R1 | 2-2 | H-HV-MW-R1 | hodo_R82 | 4.0035
84-L | H-HV-L83 | H-HV-PP-L1 | 0-12 | H-HV-MW-L1 | hodo_L83 | 6.0036
84-R | H-HV-R83 | H-HV-PP-R1 | 2-3 | H-HV-MW-R1 | hodo_R83 | 4.0036
85-L | H-HV-L84 | H-HV-PP-L1 | 0-11 | H-HV-MW-L1 | hodo_L84 | 6.0037
85-R | H-HV-R84 | H-HV-PP-R1 | 2-4 | H-HV-MW-R1 | hodo_R84 | 4.0037
86-L | H-HV-L85 | H-HV-PP-L1 | 0-10 | H-HV-MW-L1 | hodo_L85 | 6.00038
86-R | H-HV-R85 | H-HV-PP-R1 | 2-5 | H-HV-MW-R1 | hodo_R85 | 4.0038
87-L | H-HV-L86 | H-HV-PP-L1 | 0-9 | H-HV-MW-LI1 | hodo_L86 | 6.0039
87-R | H-HV-R86 | H-HV-PP-R1 | 2-6 | H-HV-MW-R1 | hodo_R86 | 4.0039
88-L | H-HV-L87 | H-HV-PP-L1 | 0-8 | H-HV-MW-L1 | hodo_L87 | 6.0040
88-R | H-HV-R87 | H-HV-PP-R1 | 2-7 | H-HV-MW-R1 | hodo_R87 | 4.0040
89-L | H-HV-L88 | H-HV-PP-L1 | 0-7 | H-HV-MW-LI | hodo_L88 | 6.0041
89-R | H-HV-R88 | H-HV-PP-R1 | 2-8 | H-HV-MW-R1 | hodo_R88 | 4.0041
90-L | H-HV-L89 | H-HV-PP-L1 | 0-6 | H-HV-MW-LI1 | hodo_L89 | 6.0042
90-R | H-HV-R89 | H-HV-PP-R1 | 2-9 | H-HV-MW-R1 | hodo_R89 | 4.0042
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Appendix D

List of Cables and Electronics Hardware

Listed below is a complete inventory of the electronics hardware going from the TH detector frame to the

Hall A electronics bunker used for the TH detector data acquisition system.

1. 12 NINO ASIC amplifier discriminator cards, 6 on each side of the TH detector frame. They are
labelled H-NINO-## where the first # is either L or R for left and right side and the second # goes
from O to 5 corresponding to the physical NINO card location from bottom (0) to top (5) on the
detector frame. The physical location of these cards can be seen in the photos from Figure 3.10

and a photo of two mounted NINOs with cables is shown in Figure 3.12.

2. 4 HV distribution boxes, 2 on each side of the TH detector frame. They are labelled H-HV-PP-##
where the first # is either L or R and the second # goes from O to 1 as shown in Figure 3.8 and Figure
3.10. The cable mapping for each HV distribution box is detailed in Table 3.8 and the labeling of
the connections on the HV distribution boxes is in the form H-HV-##-# where the first # is L or R,
the second # is 0 or 1, and the third # goes from 0-95. Three photos of the four HV distribution

boxes are provided in Figure 3.11.

3. 1 LV distribution box on bottom right side of the TH detector frame. It is labelled H-LV-DISTRIB
and a photo of the LV distribution box is in Figure 3.12. NINO power cable mapping to each LV

distribution box channel can be found in Table 3.7.

4. 2 patch panels for collecting digital and analogue signals from NINO cards. Both are located on the

upper right side of the TH detector frame as seen in Figure 3.8. They are labelled TH LOGIC and
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TH ANALOG corresponding to the connected TDC and ADC cables respectively. The ADC patch
panel takes in four 34-pin 17-pair ribbon cables and outputs 64 individual BNC connector ADC
coax cables. The TDC patch panel takes in and outputs 12 34-pin 17-pair TDC ribbon cables. A
photo of both patch panels is provided in Figure 3.13 and their cable mapping is provided in Table
3.4,3.5,and 3.6.

5. 1 LVDS to ECL level translator repeater (LTR), which is attached to a separate electronics rack
along with its own LV power supply. In Hall A the LTR is housed in the electronics bunker racks
shown in Figure 3.25. The LTR is labelled LVDS2ECLI and a photo is provided in Figure 3.13.
Input TDC ribbon cables coming from the TH LOGIC patch panel begin by connecting to the LTR
on the left most slot when looking from the front of the rack, and move sequentially across. The

LTR mapping is detailed in Table 3.6 and a color-coded map is in Figure 3.15.

6. 1 patch panel for the ECL TDC signals from the LTR located in the electronics bunker racks shown
in Figure 3.25. A photo is provided in Figure 3.13. The patch panel mapping is identical to the
level translator, and is also detailed in Table 3.6 and a color coded map is in Figure 3.15. This patch

panel is exactly the same as the TDC patch panel at the TH detector frame.

7. 1 patch panel for collecting ADC analogue signals located in the electronics bunker racks as shown
in Figure 3.14. The patch panel is a straight through junction which takes in 64 BNC connector
ADC coax cables in the back and outputs the same from the front which split into individual LEMO

connections that go directly to the FADC readout modules.

Listed below is a complete inventory of the cables going from the TH detector frame to the Hall A

electronics bunker used for the TH detector data acquisition system.

* 180 co-axial signal cables which are connected to the PMT bases. They connect to the inputs of
12 total NINO cards. There are 90 cables and 6 cards on each side of the BB frame. These cables
have a length of 1.5m and consist of RG174 type co-axial and have MCX connectors on each end.

These gold pin cables can be seen connected to the tops of the NINO cards in Figure 3.12.

* 180 HV co-axial cables (90 per side) with a length of 4m connected from the base of each PMT.

They connect to the HV distribution panels on the BB frame. The HV cables have a custom
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connector at the PMT base end of the type BaBar DIRC PMT HV connector and a Cage 50541
type DO1 3-pin connector which goes to the HV distribution box. These HV cables can be seen

connected to the HV distribution boxes shown in Figure 3.11.

4 braided 48-channel multi-way cables of length 60m. They are connected to one of four HV
distribution panels on the BB frame, going to the HV mainframe power supply in the electronics

bunker.

12 LV shielded pair 20 AWG power cables of legnth Sm going from the NINO cards to the LV
distribution panel on the BB frame. The cables have a Molex LLC 0050579402 connector at the
NINO card, and are soldered directly to the LV distribution box. There is one cable for each card,
1.e. 6 per side of the frame. These braided LV cable can be seen connected to the LV distribution

box in Figure 3.12.

2 8-AWG cables of length 60m going from the LV distribution box on the detector frame to the LV

power supply unit in the electroics bunker.

12 34-way twisted ribbon cables of length 2m for TDC signals going from the NINO cards to the
TDC patch panel on the right hand side of the frame. These cables can be seen attached to the

NINO card in Figure 3.12.

24 34-way twisted ribbon cables twelve of which have a length of 30m for TDC signals which
reach from the patch panels on the BB frame to the electronics via a level translator located in
a separated electronics holding rack. 12 cables run from the TDC frame patch panel to the level
translator. The remaining 12 of length 10m reach from the level translator to the TDC signal patch
panel in the electronics bunker. These cables can be seen coming from the detector frame TDC
patch panel in Figure 3.12 and in both photos from Figure 3.13. Another set of 12 10m long TDC

extension cables of the same type were added to reach the LTR in the electronics bunker.

12 34-way twisted ribbon cables of length 1m which reach from the TDC digital signal patch panel
in the electronics bunker to the input of the CAEN VME v1190 TDC readout modules in the DAQ

crate. These again are the same type of cables shown in Figure 3.13.
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* 8 34-way twisted ribbon cable of length 2m (4 on each side), soldered to 16 way co-axial ribbon
cable, from the NINO analogue output going to the detector frame ADC patch panel. These cables

are shown coming from the NINO in Figure 3.12.

* 64 individual signal co-axial cables of length 100m with BNC connectors on each end. These are
connected coming from the detector frame ADC patch panel going to the ADC patch panel in the
electronics bunker. These co-axial signal cables are shown coming out of the ADC patch panel on

the detector frame in Figure 3.12.

* 64 individual signal co-axial cables of length Sm which reach from the ADC analogue signal patch
panel in the electronics bunker going to the inputs of the four FADC FASTBUS readout modules.
These cables have BNC connectors at the ADC patch panel and LEMO connectors going into the

FADC readout modules.
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Appendix E

DAQ Mapping Tables

Listed below are several tables showing the mapping of cables and electronics hardware used for the TH

detector data acquisition system.

Table E.1: Map for the labelling of components from the scintillator bars to the NINO card inputs.
Scintillator bars — NINO cards
Left Side Right Side

Bar Cable NINO Input | Bar Cable NINO Input
I-L | H-Signal-LO | H-NINO-LO 0 I-R | H-Signal-RO | H-NINO-RO 0
2-L. | H-Signal-L1 | H-NINO-LO 1 2-R | H-Signal-R1 | H-NINO-RO 1
3-L | H-Signal-L2 | H-NINO-LO 2 3-R | H-Signal-R2 | H-NINO-RO 2
4-L | H-Signal-L3 | H-NINO-LO 3 4-R | H-Signal-R3 | H-NINO-RO 3
5-L | H-Signal-L4 | H-NINO-LO 4 5-R | H-Signal-R4 | H-NINO-RO 4
6-L | H-Signal-L5 | H-NINO-LO 5 6-R | H-Signal-R5 | H-NINO-RO 5
7-L | H-Signal-L6 | H-NINO-LO 6 7-R | H-Signal-R6 | H-NINO-RO 6
8-L | H-Signal-L7 | H-NINO-LO 7 8-R | H-Signal-R7 | H-NINO-RO 7
9-L | H-Signal-L8 | H-NINO-LO 8 9-R | H-Signal-R8 | H-NINO-RO 8
10-L | H-Signal-L9 | H-NINO-LO 9 10-R | H-Signal-R9 | H-NINO-RO 9
11-L | H-Signal-L10 | H-NINO-LO | 10 | 11-R | H-Signal-R10 | H-NINO-RO | 10
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Bar Cable NINO Input | Bar Cable NINO Input
12-L | H-Signal-L11 | H-NINO-LO | 11 | 12-R | H-Signal-R11 | H-NINO-RO | 11
13-L | H-Signal-L12 | H-NINO-LO | 12 | 13-R | H-Signal-R12 | H-NINO-RO | 12
14-L | H-Signal-L13 | H-NINO-LO | 13 | 14-R | H-Signal-R13 | H-NINO-RO | 13
15-L | H-Signal-L14 | H-NINO-LO | 14 | 15-R | H-Signal-R14 | H-NINO-RO | 14
16-L | H-Signal-L15 | H-NINO-LO | 15 | 16-R | H-Signal-R15 | H-NINO-RO | 15
17-L | H-Signal-L16 | H-NINO-L1 0 17-R | H-Signal-R16 | H-NINO-R1 0
18-L | H-Signal-L17 | H-NINO-L1 1 18-R | H-Signal-R17 | H-NINO-R1 1
19-L | H-Signal-L18 | H-NINO-LI1 2 19-R | H-Signal-R18 | H-NINO-R1 2
20-L | H-Signal-L19 | H-NINO-L1 3 20-R | H-Signal-R19 | H-NINO-R1 3
21-L | H-Signal-L20 | H-NINO-L1 4 | 21-R | H-Signal-R20 | H-NINO-R1 4
22-L | H-Signal-L21 | H-NINO-L1 5 22-R | H-Signal-R21 | H-NINO-R1 5
23-L | H-Signal-L22 | H-NINO-L1 6 | 23-R | H-Signal-R22 | H-NINO-R1 6
24-L | H-Signal-L23 | H-NINO-L1 7 24-R | H-Signal-R23 | H-NINO-R1 7
25-L | H-Signal-L24 | H-NINO-L1 8 25-R | H-Signal-R24 | H-NINO-R1 8
26-L | H-Signal-L25 | H-NINO-L1 9 | 26-R | H-Signal-R25 | H-NINO-R1 9
27-L | H-Signal-L26 | H-NINO-L1 | 10 | 27-R | H-Signal-R26 | H-NINO-R1 | 10
28-L | H-Signal-L27 | H-NINO-L1 | 11 | 28-R | H-Signal-R27 | H-NINO-R1 | 11
29-L | H-Signal-L28 | H-NINO-L1 | 12 | 29-R | H-Signal-R28 | H-NINO-R1 | 12
30-L | H-Signal-L29 | H-NINO-L1 | 13 | 30-R | H-Signal-R29 | H-NINO-R1 | 13
31-L | H-Signal-L30 | H-NINO-L1 | 14 | 31-R | H-Signal-R30 | H-NINO-R1 | 14
32-L | H-Signal-L31 | H-NINO-L1 | 15 | 32-R | H-Signal-R31 | H-NINO-R1 | 15
33-L | H-Signal-L32 | H-NINO-L2 | 0 | 33-R | H-Signal-R32 | H-NINO-R2 | 0
34-L | H-Signal-L33 | H-NINO-L2 1 34-R | H-Signal-R33 | H-NINO-R2 1
35-L | H-Signal-L34 | H-NINO-L2 | 2 35-R | H-Signal-R34 | H-NINO-R2 | 2
36-L | H-Signal-L35 | H-NINO-L2 | 3 36-R | H-Signal-R35 | H-NINO-R2 | 3
37-L | H-Signal-L36 | H-NINO-L2 | 4 | 37-R | H-Signal-R36 | H-NINO-R2 | 4
38-L | H-Signal-L37 | H-NINO-L2 | 5 38-R | H-Signal-R37 | H-NINO-R2 | 5
39-L | H-Signal-L38 | H-NINO-L2 | 6 39-R | H-Signal-R38 | H-NINO-R2 | 6
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Bar Cable NINO Input | Bar Cable NINO Input
40-L | H-Signal-L39 | H-NINO-L2 | 7 | 40-R | H-Signal-R39 | H-NINO-R2 | 7
41-L | H-Signal-L40 | H-NINO-L2 8 | 41-R | H-Signal-R40 | H-NINO-R2 8
42-L | H-Signal-L41 | H-NINO-L2 | 9 | 42-R | H-Signal-R41 | H-NINO-R2 | 9
43-L | H-Signal-L42 | H-NINO-L2 | 10 | 43-R | H-Signal-R42 | H-NINO-R2 | 10
44-L | H-Signal-L43 | H-NINO-L2 | 11 | 44-R | H-Signal-R43 | H-NINO-R2 | 11
45-L | H-Signal-L44 | H-NINO-L2 | 12 | 45-R | H-Signal-R44 | H-NINO-R2 | 12
46-L | H-Signal-L45 | H-NINO-L2 | 13 | 46-R | H-Signal-R45 | H-NINO-R2 | 13
47-L | H-Signal-L46 | H-NINO-L2 | 14 | 47-R | H-Signal-R46 | H-NINO-R2 | 14
48-L | H-Signal-L47 | H-NINO-L2 | 15 | 48-R | H-Signal-R47 | H-NINO-R2 | 15
49-L | H-Signal-L48 | H-NINO-L3 0 | 49-R | H-Signal-R48 | H-NINO-R3 0
50-L | H-Signal-L49 | H-NINO-L3 1 50-R | H-Signal-R49 | H-NINO-R3 1
51-L | H-Signal-L50 | H-NINO-L3 2 | 51-R | H-Signal-R50 | H-NINO-R3 2
52-L | H-Signal-L51 | H-NINO-L3 3 52-R | H-Signal-R51 | H-NINO-R3 3
53-L | H-Signal-L52 | H-NINO-L3 4 | 53-R | H-Signal-R52 | H-NINO-R3 4
54-L | H-Signal-L53 | H-NINO-L3 5 54-R | H-Signal-R53 | H-NINO-R3 5
55-L | H-Signal-L54 | H-NINO-L3 6 | 55-R | H-Signal-R54 | H-NINO-R3 6
56-L | H-Signal-L55 | H-NINO-L3 7 56-R | H-Signal-R55 | H-NINO-R3 7
57-L | H-Signal-L56 | H-NINO-L3 8 57-R | H-Signal-R56 | H-NINO-R3 8
58-L | H-Signal-L57 | H-NINO-L3 9 | 58-R | H-Signal-R57 | H-NINO-R3 9
59-L | H-Signal-L58 | H-NINO-L3 | 10 | 59-R | H-Signal-R58 | H-NINO-R3 | 10
60-L | H-Signal-L59 | H-NINO-L3 | 11 | 60-R | H-Signal-R59 | H-NINO-R3 | 11
61-L | H-Signal-L60 | H-NINO-L3 | 12 | 61-R | H-Signal-R60 | H-NINO-R3 | 12
62-L | H-Signal-L61 | H-NINO-L3 | 13 | 62-R | H-Signal-R61 | H-NINO-R3 | 13
63-L | H-Signal-L62 | H-NINO-L3 | 14 | 63-R | H-Signal-R62 | H-NINO-R3 | 14
64-L | H-Signal-L63 | H-NINO-L3 | 15 | 64-R | H-Signal-R63 | H-NINO-R3 | 15
65-L | H-Signal-L64 | H-NINO-L4 | 0 | 65-R | H-Signal-R64 | H-NINO-RO | 0
66-L | H-Signal-L65 | H-NINO-L4 1 66-R | H-Signal-R65 | H-NINO-R4 1
67-L | H-Signal-L66 | H-NINO-L4 | 2 | 67-R | H-Signal-R66 | H-NINO-R4 | 2
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Bar Cable NINO Input | Bar Cable NINO Input
68-L | H-Signal-L67 | H-NINO-L4 | 3 68-R | H-Signal-R67 | H-NINO-R4 | 3
69-L | H-Signal-L68 | H-NINO-L4 | 4 | 69-R | H-Signal-R68 | H-NINO-R4 | 4
70-L | H-Signal-L69 | H-NINO-L4 | 5 70-R | H-Signal-R69 | H-NINO-R4 | 5
71-L | H-Signal-L70 | H-NINO-L4 | 6 | 71-R | H-Signal-R70 | H-NINO-R4 | 6
72-L | H-Signal-L71 | H-NINO-L4 | 7 72-R | H-Signal-R71 | H-NINO-R4 | 7
73-L | H-Signal-L72 | H-NINO-L4 8 73-R | H-Signal-R72 | H-NINO-R4 8
74-L | H-Signal-L73 | H-NINO-L4 | 9 | 74-R | H-Signal-R73 | H-NINO-R4 | 9
75-L | H-Signal-L74 | H-NINO-L4 | 10 | 75-R | H-Signal-R74 | H-NINO-R4 | 10
76-L | H-Signal-L75 | H-NINO-L4 | 11 | 76-R | H-Signal-R75 | H-NINO-R4 | 11
77-L | H-Signal-L76 | H-NINO-L4 | 12 | 77-R | H-Signal-R76 | H-NINO-R4 | 12
78-L | H-Signal-L77 | H-NINO-L4 | 13 | 78-R | H-Signal-R77 | H-NINO-R4 | 13
79-L | H-Signal-L78 | H-NINO-L4 | 14 | 79-R | H-Signal-R78 | H-NINO-R4 | 14
80-L | H-Signal-L79 | H-NINO-L4 | 15 | 80-R | H-Signal-R79 | H-NINO-R4 | 15
81-L | H-Signal-L80 | H-NINO-L5 0 | 81-R | H-Signal-R80 | H-NINO-R5 0
82-L | H-Signal-L81 | H-NINO-L5 1 82-R | H-Signal-R81 | H-NINO-R5 1
83-L | H-Signal-L82 | H-NINO-L5 2 83-R | H-Signal-R82 | H-NINO-R5 2
84-L | H-Signal-L83 | H-NINO-L5 3 84-R | H-Signal-R83 | H-NINO-R5 3
85-L | H-Signal-L84 | H-NINO-L5 4 | 85-R | H-Signal-R84 | H-NINO-R5 4
86-L | H-Signal-L85 | H-NINO-L5 5 86-R | H-Signal-R85 | H-NINO-R5 5
87-L | H-Signal-L86 | H-NINO-L5 6 87-R | H-Signal-R86 | H-NINO-R5 6
88-L | H-Signal-L87 | H-NINO-L5 7 88-R | H-Signal-R87 | H-NINO-R5 7
89-L | H-Signal-L88 | H-NINO-L5 8 89-R | H-Signal-R88 | H-NINO-R5 8
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Table E.2: Table of mapping for the labelling scheme used for the TH detector frame TDC patch panel
(TH LOGIC) and ADC patch panel (TH ANALOG).

| Frame Patch Panels |
| THLOGIC | TH ANALOG |

81-90R 37-25 37-26 37-27 37-28
65-80R 37-29 37-30 37-31 37-32
49-64R 35-17 35-18 35-19 35-20
33-48R 35-21 35-22 35-23 35-24
17-32R 35-25 35-26 35-27 35-28
1-16R 35-29 35-30 35-31 35-32
81-90L 38-25 38-26 38-27 38-28
65-80L 38-29 38-30 38-31 38-32
49-64L 38-17 38-18 38-19 38-20
33-48L 38-21 38-22 38-23 38-24
17-32L 33-25 33-26 33-27 33-28
1-16L 33-29 33-30 33-31 33-32
NOT USED | 36-17 36-18 36-19 36-20
NOT USED | 36-21 36-22 36-23 36-24
NOT USED | 36-25 36-26 36-27 36-28
NOT USED | 36-29 36-30 36-31 36-32

Table E.3: Table of mapping for the labelling scheme corresponding between the components going from
the front-end NINO ASIC amplifier-discriminator cards on the TH detector frame to the FADC readout
modules in the DAQ crate located inside the Hall A SBS electronics bunker.

NINO ADC Ribbon Cable TH ANALOG Frame
H-NINO-RO 8 35-24 - 37-25
H-NINO-R1 7 38-24 - 35-25
H-NINO-LO 4 33-32 - 38-17
H-NINO-L1 3 36-32 - 36-17

TH ANALOG Bunker Coaxial Cable ADC Slot

35-24 - 37-25 35-24 - 37-25 16

38-24 - 35-25 38-24 - 35-25 17

33-32 - 38-17 33-32 - 38-17 14

36-32 - 36-17 36-32 - 36-17 15
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Table E.4: The TDC slot labels are slightly different from the ADC as they have an additional letter. This
letter corresponds with which set of pins (L-left, R-right) the Nugent cables connectors attach to on the
TDC v1190 readout modules. The TDC slot number corresponds to the v1190’s position in the DAQ
crate, same as the FADCs.

NINO TH LOGIC Ribbon Cable LVDS2ECLI1 Ribbon Cable
H-NINO-R5 81-90R 81-90R
H-NINO-R4 65-80R 65-80R
H-NINO-R3 49-64R 49-64R
H-NINO-R2 33-48R 33-48R
H-NINO-R1 17-32R 17-32R
H-NINO-RO 1-16R 1-16R
H-NINO-L5 81-90L 81-90L
H-NINO-L4 65-80L 65-80L
H-NINO-L3 49-64L 49-64L
H-NINO-L2 33-48L 33-48L
H-NINO-L1 17-32L 17-32L
H-NINO-LO 1-16L 1-16L
TH LOGIC Bunker Cable Cable to TDC TDC Slot
81-90R 81-90R 3C
65-80R 65-80R 3C
49-64R 49-64R 3B
33-48R 33-48R 3B
17-32R 17-32R 3A
1-16R 1-16R 3A
81-90L 81-90L 2C
65-80L 65-80L 2C
49-64L 49-64L 2B
33-48L 33-48L 2B
17-32L 17-32L 2A
1-16L 1-16L 2A
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Appendix F

Readout Module Diagrams

Listed below are several diagrams pertaining to the ADC and TDC readout modules used for the TH

detector data acquisition system.
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(a) Front view of TDC v1190. (b) Input connector pin.

Figure F.1: Caen v1190 TDC diagrams from manual. Inputs A, B, C, and D for the v1190 (a) are labelled
under their respective locations. The diagram of the input connector (b) for the v1190 shows the locations
of the pin assignments. Images from [68].
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Figure F.2: Input Connector (Mod. A967 Cable Adapter) takes in two TDC ribbon cables (two sets of 16
channels each) and delivers their signals to the v1190s. Image from [52].
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Figure F.3: Front view of the CAEN v792 ADC readout module. These were replaced by the FADCs
and were mostly used initially simply to confirm all ADC data coming from the PMT signals through the
NINO analogue output looked as expected. Image from [69].
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Figure F.4: Front view of the FADC readout modules. Four FADCs were installed to replace the two
v792s. Their channels are labelled 1 to 16 from bottom to top. This picture shows four FADCs together
as they are in slots 14-17 of the DAQ crate. The two FADCs on the left read in 32 channels from the left
side of 32 scintillator bar PMT assemblies in the TH detector, and the same corresponding scintillator
bar PMT assemblies channels for the two FADCs on the right to the right side of the TH detector. Image
from [70].
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Appendix G

Table of Charge Normalization HV Values

Table G.1: List of HV value settings from the ADC charge normalization study which were used for the
G}, Experiment. These values are from after the S0V drop across all channels which occurred before the
SBS-9 kinematic setting run period.

HYV values used for G}, Experiment

PMT No. | HV (-) | PMT No. | HV (-) | PMT No. | HV (-) | PMT No. | HV (-)

1-L 918 I-R 729 2-L 944 2-R 877
3-L 717 3-R 899 4-L 817 4-R 829
5-L 792 5-R 996 6-L 805 6-R 930
7-L 1067 7-R 946 8-L 983 8-R 767
9-L 909 9-R 853 10-L 884 10-R 792

11-L 757 11-R 873 12-L 925 12-R 716

13-L 833 13-R 856 14-L 953 14-R 871

15-L 890 15-R 901 16-L 953 16-R 863

17-L 953 17-R 833 18-L 808 18-R 824

19-L 805 19-R 836 20-L 862 20-R 847

21-L 696 21-R 832 22-L 818 22-R 771

23-L 968 23-R 890 24-L 899 24-R 889

25-L 909 25-R 923 26-L 847 26-R 898

27-L 692 27-R 820 28-L 813 28-R 866
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PMT No. | HV (-) | PMT No. | HV (-) | PMT No. | HV (-) | PMT No. | HV (-)
29-L 768 29-R 906 30-L 864 30-R 877
31-L 942 31-R 847 32-L 955 32-R 912
33-L 776 33-R 934 34-L 860 34-R 804
35-L 777 35-R 774 36-L 826 36-R 808
37-L 904 37-R 784 38-L 827 38-R 877
39-L 809 39-R 787 40-L | 1021 | 40-R 855
41-L 834 41-R 864 42-L 831 42-R 956
43-L 885 43-R 853 44-L 890 44-R 921
45-L 811 45-R 817 46-L 900 46-R 930
47-L 926 47-R 909 48-L | 1084 | 48R 937
49-L 694 49-R 994 50-L 768 50-R 728
51-.L | 1065 | S51-R 883 52-L 863 52-R 911
53-L 740 53-R 806 54-L 835 54-R 957
55-L 926 55-R 813 56-L 813 56-R 818
57-L 762 57-R 895 58-L 841 58-R 875
59-L 826 59-R 823 60-L 761 60-R 907
61-L 928 61-R 862 62-L 864 62-R 769
63-L 864 63-R 860 64-L 833 64-R 873
65-L 866 65-R 961 66-L 832 66-R 993
67-L 850 67-R 965 68-L 961 68-R 920
69-L 958 69-R 786 70-L 957 70-R 972
71-L 873 71-R 952 72-L 853 72-R 873
73-L 837 73-R 950 74-L 901 74-R 807
75-L 824 75-R 883 76-L 915 76-R 885
77-L 953 77-R 699 78-L 947 78-R 971
79-L 778 75-R 877 80-L 893 80-R 839
81-L 794 81-R 888 82-L 794 82-R 780
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PMT No. | HV () | PMT No. | HV (-) | PMT No. | HV (-) | PMT No. | HV (-)
83-L 797 83-R 804 84-L 927 84-R 862
85-L 956 85-R | 1053 | 86-L 930 86-R 983
87-L 757 87-R 791 88-L 890 88-R 934
89-L 919 89-R 804 90-L 0 90-R 0
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Appendix H

Table of Relative Gain FADC Values

Table H.1: List of FADC mV values for each HV setting, from 700V to 100V in one hundred volt
increments, used during the study of PMT relative gain for the TH detector. The mV values listed below
were generated in Hall A using cosmic ray data with the BBCal trigger. The average error across all
PMTs for mV values at 700, 800, 900, and 1000 V are +0.3, £0.5, £0.7, and +2.1 mV, respectively.

FADC (mV) values for each HV setting

PMT No. | 700V | 800V | 900V | 1000 V | PMT No. | 700V | 800V | 900 V | 1000 V

33-L 1.3 16.7 | 70.2 144.8 33-R 0.1 0.3 24 19.7

34-L 2.8 4.7 21.1 49.1 34-R 0.4 3.9 26.1 92.5

35-L 2.1 244 | 813 153.9 35-R 1.9 23.0 | 57.7 141.8

36-L 0.3 2.8 26.0 68.5 36-R 0.6 1.8 12.7 38.9

37-L 1.6 4.4 15.1 38.0 37-R 4.9 13.4 | 62.8 150.6

38-L 6.0 142 | 47.8 84.5 38-R 0.5 0.7 12.6 42.1

39-L 6.6 209 | 449 104.4 39-R 1.4 16.8 65.6 151.0

40-L 0.1 0.2 2.5 22.1 40-R 1.9 1.7 16.4 49.9

41-L 3.7 8.4 23.0 32.1 41-R 0.5 2.1 23.8 61.4

42-L 5.9 8.8 34.0 85.4 42-R 0.1 0.2 1.2 9.1

43-L 1.2 1.4 13.9 37.0 43-R 0.3 1.7 34.5 63.8

44-L 0.5 1.0 19.3 53.6 44-R 0.3 0.8 3.0 22.4

45-L 1.1 13.7 | 62.8 138.2 45-R 1.8 6.3 342 86.4
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PMT No. | 700V | 800V | 900V | 1000 V | PMT No. | 700V | 800V | 900 V | 1000 V
46-L 0.9 1.3 16.9 45.0 46-R 0.1 0.3 3.5 20.0
47-L 0.9 1.6 9.8 24.5 47-R 0.3 0.5 3.6 24.7
48-L 0.5 0.6 1.1 8.5 48-R 0.1 0.2 1.8 23.8
49-L 2.6 49.0 | 153.0 | 3293 49-R 0.3 0.3 1.6 9.0
50-L 2.6 12.7 | 59.9 154.0 50-R 1.4 23.8 | 98.4 | 206.7
51-L 0.5 0.5 1.5 12.3 51-R 1.0 1.2 10.2 35.7
52-L 0.4 1.2 9.9 31.3 52-R 0.1 0.29 3.5 31.1
53-L 1.6 23.7 | 107.2 | 185.6 53-R 0.5 142 | 50.5 134.0
54-L 2.1 2.3 19.7 66.6 54-R 0.1 0.1 1.6 17.8
55-L 0.2 0.6 6.2 19.3 55-R 6.9 14.8 30.2 88.9
56-L 1.0 15.6 | 36.1 148.3 56-R 4.4 9.6 34.5 88.9
57-L 1.5 16.1 61.7 160.9 57-R 0.2 0.5 8.8 27.8
58-L 0.7 2.2 15.3 51.1 58-R 0.4 1.0 10.5 47.8
59-L 3.9 546 | 42.1 817.5 59-R 0.6 3.2 30.2 84.0
60-L 1.2 154 | 80.4 149.5 60-R 0.1 0.3 8.2 22.7
61-L 0.5 1.4 7.4 25.2 61-R 0.1 0.1 2.5 34.3
62-L 0.1 0.4 23.6 75.6 62-R 6.4 437 | 101.1 | 201.5
63-L 3.6 13.9 | 243 45.8 63-R 0.2 0.6 14.0 42.2
64-L 5.5 59 35.7 57.2 64-R 3.1 3.2 16.2 53.3
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Appendix I

Table of Calibration Values

Table 1.1: A table of calibration values for every scintillator bar in the TH detector: bar number, TDC
alignment offset (TAO) in nanoseconds (ns), Time-walk slope (TWS), Time-walk intercept (TWI) in ns,
TDC time difference offset (TDO) in ns, and scintillation velocity correction (SVC).

TH Calibration Values
Bar No. | TAO (L) | TAO(R) | TWS (L) | TWS (R) | TWI(L) | TWI(R) | TDO | SVC
1 -963.53 | -957.10 -0.27 -0.45 2.35 5.54 -2.65 | 0.18
2 -913.80 | -909.29 -0.16 -0.33 0.60 2.83 -0.68 | 0.18
3 -922.10 | -967.00 -0.13 -0.29 0.27 3.07 -2.66 | 0.18
4 -926.80 | -948.40 -0.09 -0.27 -0.99 1.92 -2.86 | 0.17
5 -919.10 | -948.20 -0.07 -0.23 0.02 2.02 -2.40 | 0.16
6 -947.01 | -996.50 -0.19 -0.30 1.64 3.38 -1.70 | 0.18
7 -951.75 | -957.60 -0.14 -0.21 1.59 3.18 -1.26 | 0.17
8 -972.50 | -977.40 -0.04 -0.13 0.55 3.11 -1.17 | 0.15
9 -948.60 | -955.07 -0.10 -0.14 2.32 3.33 -1.05 | 0.15
10 -943.80 | -945.50 -0.12 -0.20 3.88 4.67 -1.28 | 0.16
11 -921.68 | -941.50 -0.14 -0.20 3.19 3.14 -1.47 | 0.16
12 -939.30 | -920.81 -0.11 -0.17 2.58 3.68 -1.43 | 0.15
13 -937.67 | -947.85 -0.10 -0.18 2.14 3.40 -1.66 | 0.14
14 -971.20 | -975.50 -0.11 -0.15 1.30 2.09 -1.38 | 0.16
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Bar No. | TAO (L) | TAO (R) | TWS (L) | TWS (R) | TWI(L) | TWI(R) | TDO | SVC
15 | 93428 | -943.70 | -0.13 -0.14 1.68 1.6 |-136|0.15
16 | -936.07 | -924.77 | -0.20 -0.20 2.50 23 | -1.30] 0.16
17 | 926.60 | -953.23 | -0.33 -0.27 4.86 363 | -0.88 | 0.18
18 | -855.90 | -884.47 | -0.37 -0.33 4.89 478 |-0.90| 0.19
19 | -882.14 | -927.45 | -0.33 -0.34 43 411 |-1.01] 0.19
20 | -914.35 | -918.23 | -0.37 -0.36 4.05 394 | -1.07 | 0.19
21 | -858.40 | -919.76 | -0.37 -0.37 3.89 410 |-1.17 ] 0.19
22 | -886.60 | -937.98 | -0.32 -0.38 3.1 427 |-1.17] 0.19
23 | -905.56 | -945.30 | -0.34 -0.35 4.11 447 | -1.11 | 0.20
24 | 94120 | -971.20 | -0.31 -0.33 4.24 424 |-1.06 | 0.18
25 | -908.72 | -960.70 | -0.27 -0.28 3.66 400 |-1.25]0.17
26 | -903.17 | -950.50 | -0.27 -0.28 4.07 373 | -1.19| 0.17
27 | -880.26 | -953.30 | -0.29 -0.29 431 452 |-1.05] 0.17
28 | -886.90 | -954.77 | -0.3 -0.30 4.26 501 |-0.92 ] 0.18
29 | -887.57 | -969.60 | -0.32 -0.30 4.60 492 |-0.75| 0.18
30 | -931.13 | -988.20 | -0.33 -0.31 5.39 559 | -0.93 | 0.18
31 | -898.90 | -942.20 | -0.30 -0.29 4.59 453 |-1.17 | 0.18
32 | -889.19 | -946.07 | -0.24 -0.25 3.79 441 |-14810.17
33 | -889.99 | -1003.10 | -0.27 -0.23 3.90 2.55 | -1.370.17
34 | -820.38 | -890.70 | -0.31 -0.26 3.89 2.57 | -1.04 | 0.18
35 | -846.15 | -920.06 | -0.28 0.22 4.2 2.87 | -0.83 | 0.17
36 | -870.48 | -958.28 | -0.32 -0.20 4.75 270 | -0.55 0.16
37 | -867.60 | -929.60 | -0.30 -0.19 5.37 347 | -04110.16
38 | -840.30 | -924.30 | -0.33 -0.24 4.62 396 | 0.01 | 0.17
39 | -848.70 | -931.60 | -0.29 -0.25 4.54 477 | -0.03 | 0.17
40 | -916.46 | -979.80 | -0.31 -0.25 4.84 576 | 0.01 | 0.17
41 | -855.40 | -947.02 | -0.26 -0.25 4.11 437 |-020] 0.17
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Bar No. | TAO (L) | TAO (R) | TWS (L) | TWS (R) | TWI(L) | TWI(R) | TDO | SVC
42 | -860.26 | -967.30 | -0.27 -0.26 3.79 450 |-0.21 | 0.18
43 | -866.47 | -938.37 | -0.35 -0.28 4.36 428 |-0.17 | 0.18
44 | -851.77 | -933.00 | -0.32 -0.28 4.38 477 |-0.151 0.18
45 | -856.76 | -936.40 | -0.28 -0.28 3.96 469 |-038|0.18
46 | -903.30 | -973.52 | -0.31 -0.35 4.10 564 |-0.540.19
47 | -848.45 | 92936 | -0.32 -0.38 3.81 6.16 |-0.56 | 0.19
48 | -851.59 | -921.76 | -0.32 -0.38 4.43 6.99 | -0.53| 0.19
49 | -864.01 | -980.40 | -0.36 -0.33 5.70 6.43 | -0.16 | 0.18
50 | -793.70 | -876.70 | -0.30 -0.27 3.73 461 |-031]0.17
51 | -864.30 | -951.30 | -0.25 -0.19 3.36 371 | -0.36 | 0.16
52 | -866.40 | -958.50 | -0.21 -0.15 3.20 266 | -0.64 | 0.16
53 | -828.60 | -919.90 | -0.22 -0.18 2.73 3.06 | -0.74 | 0.16
54 | -858.62 | -972.10 | -0.33 -0.30 5.02 549 | -0.48 | 0.18
55 | -862.30 | -933.45 | -0.37 -0.37 6.32 7.10 | -0.73 | 0.19
56 | -873.50 | -960.50 | -0.35 -0.38 5.54 707 | -0.66 | 0.19
57 | -839.80 | -958.92 | -0.26 -0.28 4.59 574 | -0.67 | 0.17
58 | -850.30 | -943.56 | -0.16 -0.16 2.51 347 | -0.66 | 0.16
59 | -839.60 | -929.90 | -0.16 -0.14 2.50 287 | -0.63 | 0.16
60 | -822.26 | -930.35 | -0.18 -0.20 3.25 466 |-0.79 | 0.16
61 | -867.25 | -946.60 | -0.20 -0.26 3.91 6.43 | -1.02| 0.16
62 | -89552 | -965.30 | -0.17 -0.25 4.47 6.88 | -1.06 | 0.16
63 | -849.80 | -932.16 | -0.17 -0.25 4.63 6.73 | -1.10 | 0.16
64 | -837.20 | -939.47 | -0.22 -0.24 6.30 798 | -1.0 | 0.17
65 | -893.25 | -101540 | -0.22 0.22 5.70 6.47 |-0.78 | 0.17
66 | -809.30 | -955.60 | -0.24 -0.17 5.87 539 | -0.62 | 0.17
67 | -856.80 | -1008.50 | -0.33 -0.27 7.24 7.19 | -0.41 | 0.18
68 | -870.20 | -1000.60 | -0.36 -0.30 7.00 7.17 | -0.38 | 0.18
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Bar No. | TAO (L) | TAO (R) | TWS (L) | TWS (R) | TWI(L) | TWI(R) | TDO | SVC
69 | -868.77 | -973.50 | -0.29 -0.23 5.50 560 |-045] 0.17
70 | -891.59 | -1041.80 | -0.25 0.22 5.29 593 | -041]0.16
71 | -867.04 | -1017.50 | -0.30 -0.31 551 6.76 | -0.73 | 0.19
72 | -889.80 | -1050.50 | -0.37 -0.42 6.54 9.01 | -0.87 | 0.20
73 | -876.04 | -104230 | -0.34 -0.41 6.37 879 | -0.72] 0.19
74 | -892.70 | -1029.30 | -0.33 -0.35 7.58 872 |-0.79 | 0.18
75 | -881.36 | -1028.40 | -0.23 -0.23 5.53 528 | -0.820.17
76 | -880.90 | -1026.38 | -0.16 -0.10 4.48 367 |-0.76 | 0.15
77 | -892.20 | -995.80 | -0.16 -0.12 4.14 326 | -1.10 | 0.14
78 | -902.60 | -1071.20 | -0.13 -0.05 3.37 205 |-0.7710.15
79 | -859.98 | -1010.98 | -0.30 -0.30 4.40 10.80 | 2.06 | 0.15
80 | -873.60 | -1004.10 | -0.25 -0.14 4.11 830 | 1.49 | 0.14
81 | -956.04 | -1121.05| -0.50 -0.36 7.69 500 |-0.36| 0.20
82 | -886.50 | -1057.90 | -0.81 -0.69 1220 | 1050 |-0.21 1 0.18
83 | -908.43 | -1094.70 | -0.82 -0.62 12.96 8.16 | -0.68 | 0.17
84 | -973.10 | -1141.90 | -0.54 -0.41 9.24 589 | -0.36 | 0.20
85 | -937.20 | -1127.30 | -0.44 -0.44 6.58 6.40 | -0.95 | 0.15
86 | -937.36 | -1141.46 | -0.54 -0.43 7.10 7.14 | -0.68 | 0.17
87 | -917.70 | -1112.96 | -0.28 -0.27 4.27 499 |-0.68 | 0.17
88 | -973.30 | -1161.10 | -0.29 -0.57 1470 | 25.69 |-0.68 | 0.17
89 | -936.40 | -111045| -0.37 -0.43 1450 | 17.39 | -0.68 | 0.17
90 2420 | 24.20 0.00 0.00 0.00 0.00 |-0.68 | 0.17
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