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ShowerMax
An Electromagnetic Calorimeter for Independent Measurement of the Parity-Violating

Asymmetry in Mgller Scattering

Thesis Abstract-Idaho State University (2018)

This document outlines the design selection of an electromagnetic sampling calorimeter,
deemed ShowerMax, which will make an independent measurement of the parity-violating
asymmetry in electron-electron scattering in JLabs’s MOLLER experiment. The physics
motivation for the experiment is outlined and a justification for using such a detector is
given. The theory of electromagnetic calorimetry is covered along with the challenges for
using a calorimeter in order to measure a parity-violating asymmetry. Next, the testing,
simulations, and general decision making process for all aspects of the detector are covered.
Finally, a beam test is devised in order to benchmark the simulations and test the full scale

ShowerMax prototypes.
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Chapter 1
Introduction

This thesis details the design of an electromagnetic calorimeter called ShowerMax that
will be used at Jefferson Lab in the MOLLER Experiment. MOLLER! proposes to measure
the parity-violating asymmetry (Apy) in electron-electron scattering at an average Q* of
0.0056 GeVZ2. It will be the most precise measurement of Apy to date. At MOLLER’s
kinematics Apy is expected to be approximately 36 parts per billion and the experiment
proposes to measure this value with an error of 0.7 parts per billion. This measurement serves
several purposes. It will look for evidence of yet-to-be-discovered particles and their possible
interactions. It is also an attempt to find fault in the standard model of particle physics
and give guidance to the future of physics as we search for a unified theory. MOLLER will
push our technological boundaries; precision physics requires mankind to exert control over
nature with accuracy that has never been achieved before. ShowerMax will be an integral
part of this experiment. It will make an independent? measurement of Apy while remaining
more resistant to soft photon and charged hadron backgrounds than other detectors in the
experiment. In addition, it will provide an extra handle on pion background identification
during event—or tracking—mode calibrations.

This chapter gives a broad overview of the MOLLER experiment and the role that
ShowerMax plays. Section 1.1 is a brief introduction to the motivation and physics behind
the MOLLER Experiment. In Section 1.2 the experimental setup of MOLLER is explored.
The last section of this chapter serves as a justification for the use of ShowerMax in this
experiment. It details what the detector will contribute and how it helps the broader goals
of MOLLER.

The rest of this document is a description of electromagnetic calorimetry and the Shower-

I'MOLLER stands for Measurement Of a Lepton Lepton Electroweak Reaction. It also serves to honor
the Danish physicist, Christian Mgller, who first calculated relativistic electron-electron scattering [15].

2MOLLER will take two independent measurements of Apy. The first measurement will be made by
thin quartz detectors and the second will be by ShowerMax.



Max detector. In Chapter 2 the underpinnings of electromagnetic calorimetry are explored.
This includes the theory of electromagnetic cascades and their development in tungsten. It
also includes the subtle complications involved with using a calorimeter to measure Apy (as
opposed to thin quartz detectors) and the resolution of such a device. Chapter 3 details
the work done to optimize all of the considerations of the ShowerMax detector, such as the
detector geometry, material layout, light guides, relevant simulations, and engineering con-
siderations. Chapter 4 details experimental methodology used to benchmark the optical and
shower properties of the material used. Finally, a compact summary and conclusion is given
in Chapter 5. Additional information is included in the appendices. Appendix A analyzes
the structural integrity of the ShowerMax frame. Several failure analyses are performed
to ensure that the detector will not undergo any structural failures during the experiment.
Appendix B includes a study of lateral shower development with respect to the benchmark-
ing apparatus. It also includes the results of several different configurations of the full-scale
ShowerMax. All of the CAD drawings of the ShowerMax frame and light-guides are included
in Appendix C. The final appendix, Appendix D, provides the code used to develop a model

of longitudinal shower development.

1.1 Physics Motivation

The MOLLER experiment is looking to test® the standard model of particle physics and set
bounds for hypotheses Beyond the Standard Model (BSM). When trying to find error in an
existing model it is best to look where that model makes precise predictions. One such place
for the standard model is the weak mixing angle, fy,. The theoretical uncertainty in its value
for Mpller scattering is only 0.6%, making it a prime candidate for measurement [7]. For

comparison, this uncertainty is much less than the thickness of the curve in Figure 1.1. This

3This is the current jargon of the field. I would prefer to say “Falsify the standard model.” It’s my opinion
that all of our scientific endeavors should be framed in terms of falsification as Karl Popper suggested [20] to
resist sliding into pseudo-science. While the standard model is extremely successful, we also know it must
be incomplete. Particle physics is the endeavor to find all of the places where it’s wrong so that we can
usher in a better theory that fits this data and makes bold new predictions.



section covers the basics of electroweak physics and the usefulness of MOLLER in setting

bounds on BSM models.

1.1.1 Electroweak Physics

In an attempt to explain beta decay, Enrico Fermi proposed a fourth force of nature [26].
This force plays a central role in modern physics and is known as the weak nuclear force.
Since its initial proposal, the theoretical framework of the weak interaction has evolved
significantly. Fermi originally proposed a four-fermion interaction with no range (a contact
force). Today, the weak interaction and the electromagnetic interaction are unified under
an SU(2) ® U(1) gauge group. There are three bosons corresponding to SU(2), W/, and
one corresponding to U(1), B* [23]. The Higgs mechanism causes spontaneous symmetry
breaking of the group into U(1).,, and makes the W} and B* amalgamate into the Z° boson
and the photon (7). This symmetry breaking is described by rotating the W4 and B* vector

boson plane by an angle 0y, (known as the ‘Weinberg angle’ or ‘weak-mixing’ angle):

cos sin 0 B#
g _ w w (1.1)

A —sinfy  cos Oy wi

Maybe the most interesting part of the weak interaction is that it violates parity. All
of the other known forces of nature conserve parity. Parity transformation is described by

flipping the sign of all of the spatial coordinates:

T —T
Plyl=1|-y (1.2)
z —Z

Put simply, when an interaction associated with any of the other three forces (such as

gravity) is observed through a mirror, the observer can’t tell any difference between the



mirror world and the real world*.

Throughout the history of physics, parity was assumed to be conserved. In 1956 physicist
Chien-Shiung Wu performed an experiment that showed this was not true [27] using beta
decay of cobalt-60. In fact, it was later shown that the charged current, weak interaction
mazimally violates parity.

Today parity violation is used in many experiments. Polarized electron-electron (Mgller)
scattering can be used to measure the weak-mixing angle. Present measurements (such as
the mass of the Higgs) combined with the standard model have put very tight constraints on
the weak-mixing angle, making it a good candidate test bed of the standard model. It is also
a good way to look for new particles or interactions. Some proposed dark matter candidates,
such as dark photons or a dark, low mass Z boson (Z;) [16] are predicted to violate parity
enough to be detected in the MOLLER experiment. Figure 1.1 shows the predicted value
of the weak-mixing angle as a function of experimental energy. As stated previously, the
theoretical precision of the weak-mixing angle is much less than the thickness of the line in
this figure. If the MOLLER experiment finds any statistically significant deviations from

theory (greater than 20) it could be an indication of BSM physics.

1.1.2 Parity Violating Asymmetry

The weak-mixing angle can be extracted by measuring the parity violating asymmetry (Apy )
in polarized electron-electron scattering. Apy is the difference in cross-section between left
and right polarized incident electrons divided by their sum. More simply put, it is a measure
of how many more interactions happen for right vs. left polarized electrons. The asymmetry
is due to the interference terms of the electromagnetic and weak amplitudes which violate
parity and thus give a non-zero result in the numerator.

_op—or AAz Gr 4 sin® (Oy)

= :meEa
ORr+o0op, A,Qy : b\/ﬁﬂ'@ (3+C082(ew))

; Qw (1.3)

4This analogy breaks down because a mirror only flips the sign of one spatial coordinate.



lI'I'| T |||||I'I'| T |||||I'I'| T |||||I'I'| T |||||I'I'| LLILRLLL
— SM
0.248 + current
0.246 | e proposed

0.244
0.242
= (e)
=4 0.24 QW(APV) I w
D
~N_ 0.238 |
‘»
0.236
0.234 % MOLLER
0.232 I Qweak ‘|' Tevatron
0.23
0.228
Illlllul Illlllul Illlllul Illlllul Illlllul Illlllul L1111l
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]

Figure 1.1: Standard model prediction of weak mixing angle as a function of measurement
energy scale. The blue curve illustrates the ‘running’ of the weak-mixing angle. Red di-
amonds represent completed experiments and purple dots represent proposed experiments
and are arbitrarily placed (but shown with their proposed error bars).

Because of the low Q? in MOLLER, the experiment will be sensitive to tree (or Born)
level diagrams as well as the full set of one-loop and leading two loop radiative corrections.
It is at the single loop level, shown in Figure 1.2, in which new physics could appear. That
is, virtual “new” particles could be subtly coupling to radiative correction (virtual) loops of

the known real particles in the experiment (the electrons).

1.2 The MOLLER Experiment

The MOLLER Experiment aims to measure Apy in electron-electron (Mgller) scattering
with unprecedented precision. At the proposed kinematics Apy is predicted to be approxi-

mately 36 part per billion (ppb) and the goal is to perform a statistics limited measurement



Figure 1.2: Single Loop Electroweak Diagrams in Mgller Scattering.

of this quantity with a precision of 0.7 ppb. This will give the weak charge of the electron
(Q%,) to a fractional accuracy of 2.4% at an average Q2 of 0.0056 GeV? [4]. The electron’s
weak charge at this accuracy leads to immediate knowledge of the weak mixing angle to a
precision matching the most precise previous experiments®. In order to achieve this goal,
the MOLLER Experiment will use several novel features and an extremely detailed analysis
in order to completely understand backgrounds and systematics that could drown out such
a small asymmetry. Figure 1.3 illustrates the experimental setup of MOLLER.

The first component of this experiment is the polarized electron beam. The beam source
and accelerator will create 11 GeV longitudinally polarized electron bunches which are uni-
formly polarized. The electron beam’s polarization is created using circularly-polarized
laser-induced photoemission from a strained, super-lattice GaAs wafer[21]. It will be flipped
on a pseudo-random basis at a frequency of 1.92 kHz. The flipping of the electron polar-
ization changes the beam helicity, thus simulating a parity operation without the need of
physically rotating any of the experimental components. The beam position, trajectory,
current, and energy of each helicity window will be continually monitored. Fluctuations in
these values must be small in order to prevent any significant false asymmetries or other
systematic errors in the measurement.

The electron beam is proposed to be incident on a 1.5 meter thick liquid hydrogen target.

SMOLLER precision on #y matches the SLC and LEP-I measurements. Notice on Figure 1.1 that the
results of these experiments are incompatible. MOLLER will resolve this discrepancy.



upstream liquid
hydrogen
target

toroid

electron
beam

Figure 1.3: Experimental setup of MOLLER. Beam enters from lower left corner. Shower-
Max is located at the rear of the detector systems.

The target will be unpolarized and should be capable of removing up to a 5 kW heat load
(from the beam). The liquid hydrogen target is used because it is electron dense and pro-
vides the highest ratio of electron target thickness to radiation length. Another advantage
to a liquid hydrogen target is that the radiative backgrounds are relatively well understood®.
These backgrounds are due to electron-proton elastic and inelastic scattering. In order to
decrease false asymmetries from possible target density fluctuations (boiling) special pre-
cautions must be taken. Fluctuations of the target must remain below the timescale of the
helicity flip rate of the beam.

The center of mass energy of an 11 GeV electron scattering off of a fixed target electron
is 106 MeV. In the laboratory frame the acceptance of these electrons is at extremely low
angles. As a result the MOLLER Experiment will need to have an acceptance of scattered
electrons with energies between roughly 2 GeV and 8 GeV. Additionally, since Mgller scat-

tering is coplanar scattering of identical particles, combined with an odd number of toroid

6Hydrogen targets also minimize false asymmetries due to the intrinsic momenta of the target electrons.
This is called the Levchuk effect [17, 24].
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Figure 1.4: Shape and Radial Focusing of Spectrometer. Left: Radial focusing of spectrome-
ter. Color represents energy. Note the gross scale mismatch for r (in mm) and z (in m)—this
is a factor of 1000. Right: Shape of spectrometer.

coils, the experimental apparatus will accept the full range of azimuthal angles. These
factors, in combination with the high event rate, require that the scattered electrons be
focused to a small region with low background. In order to achieve this, a novel hybrid
toroidal spectrometer design is used. The spectrometer will focus the full momentum range
of scattered electrons to a ring approximately 28.5 meters downstream of the target with a
radius of approximately 1 meter from the beam line. This part of the design has subtle con-
sequences for the ShowerMax detector. Its overall resolution will be impacted by how well
the magnetic field can be mapped. These considerations will be revisited throughout this
thesis. Figure 1.4 illustrates the radial focusing and shape of the spectrometer. Figure 1.5
and Figure 1.6 show the rates of Mgller and ep scattered electrons at the detector plane.
Many detectors will be used in the experiment to measure Apy and monitor backgrounds.
The main detectors will use thin quartz Cherenkov detectors operated in current mode
(integrating). The advantage of using quartz is that it does not scintillate and is radiation
hard. Additionally, the signal from a thin quartz detector is independent of the energy
of incident particles so long as they are highly relativistic (and have charge). However,
this makes the thin quartz detector more susceptible to soft photon and charged hadron

backgrounds. In order to understand backgrounds and help identify any false asymmetries,



calorimeters and event-mode tracking ges electron multiplier (GEM) planes will be used.
They will identify charged hadrons, e.g. pions, and MIP (minimum ionizing particle) signals
from muons generated in the target. Additionally, ShowerMax will be used to get a second
independent measurement of Apy and will also be operated in integrating mode. Given the
design of ShowerMax it will be resistant to backgrounds and have the ability to identify MIP

signals.
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Figure 1.5: Azimuthal rate distribution at the detector plane. Black represents Mgller
scattered electrons while red represents elastic ep scattered electrons.



Detector Plane Radial Distributions
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Figure 1.6: Radial rate distribution at the detector plane. Black represents Mgller scattered
electrons while red represents elastic ep scattered electrons. The detector ring is located at
the Mgller peak (1 m).

1.3 Why ShowerMax

ShowerMax is an electromagnetic sampling calorimeter. Electromagnetic sampling calorime-
ters use a dense metal (such as tungsten), called a radiator, to create a shower of particles.
This shower grows bigger transversely, the further into the metal it travels, until the average
energy of the showering particles falls below a threshold level. This threshold level is reached
when the showering particle energy equals the critical energy of the radiator, at which point
the transverse shower development tapers off rapidly. At several key locations along the
shower’s growth, an optical material (such as quartz) interrupts the metal and allows the
shower to release detectable light.

ShowerMax will be located behind the thin quartz detector rings and in front of the pion
detectors as shown in Figure 1.7. As shown in Figure 1.8, it will be positioned radially to
intercept Mgller scattered electrons so that it can make an independent measurement of Apy,
subject to its own set of systematic errors. There are several key implications of calorimeters

that will make ShowerMax a crucial detector for MOLLER.

10



Figure 1.7: Detector ring cross-section. The first several rows of detectors are thin quartz
for measuring Apy and backgrounds. ShowerMax is the orange detector with its own ring.
The remaining detectors are pion detectors and beam monitors.

The most important implication is that much more light is created in a calorimeter
than for a thin quartz detector. Additionally, the response is linear with respect to energy.
Because of this, particles with low energy (such as the backgrounds for MOLLER) make a
significantly smaller signal than higher energy particles. Because of this, ShowerMax will be
more resistant to backgrounds than the thin quartz detectors. Additionally, it will act as a
backup to the thin quartz as it will be able to independently measure Apy in the case that
they have problems. This could be due to extremely high background rates, unexpected
false asymmetries in the backgrounds, or other technical issues.

Another reason for the use of an electromagnetic calorimeter is to increase the statistics

11
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Figure 1.8: Detector ring cross-section with signal (Mgller) and background (ep) electron
paths. The ShowerMax sits behind ring 5 (the Moller ring). Notice that the signal elec-
trons (blue) are separated, spatially, from the background electron-proton scattered electrons

(green).

of the overall Apy measurement. As previously mentioned, ShowerMax will make a mea-
surement completely independent of the thin quartz detectors and subject to its own set of
systematic errors. This will potentially enhance the statistical precision of the experiment’s
measurement by a factor of /2. In essence, ShowerMax will cross-check the thin quartz
measurement, doubling the sample size of the experiment.

Finally, it’s important to note that electromagnetic calorimeters have been the standard
detectors in previous measurements of Apy. Due to this, they are a well developed technol-
ogy in the field. Thin quartz detectors are relatively new to the field. Having a calorimeter
in the experiment will provide securities for unforeseen problems with thin quartz since it is

a well tested and trusted technology.
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Chapter 2
Theory
A calorimeter is a device that is used to measure the energy of a particular reaction.
The most common image of a calorimeter is that of the bomb calorimeter encountered in an
introductory chemistry class. However, there are a wide range of different calorimeters for
a wide range of applications. This chapter will focus on the type of calorimeter ShowerMax
is (an electromagnetic sampling calorimeter), its use in asymmetry measurements, and its

limitations.

2.1 Electromagnetic Calorimetry

Electromagnetic calorimetry is a method of measuring the energy of an electron (or photon)
through its absorption into some bulk material. In an electromagnetic sampling calorime-
ter, the electron first encounters the bulk material, or radiator, and begins to undergo
bremsstrahlung and pair production reactions. This process leads to an exponential increase
in the number of particles moving through the bulk material and is referred to as an elec-
tromagnetic cascade (or electromagnetic shower). Sampling calorimeters have alternating
“detector” tiles sandwiched in between radiator plates which is referred to as a ‘stack’. The
quartz tiles in the stack allow a sampling of the shower at various depths along the shower’s
development. The longitudinal and lateral shower development are important considerations
when designing such a device. Due to the properties of shower development (Section 2.1.1),
the response of an electromagnetic calorimeter is linear with respect to energy. Given a re-
dundancy of energy measurement (for calibration purposes), an electromagnetic calorimeter
can be used to measure an asymmetry, and this is the purpose of ShowerMax. Throughout

this chapter the properties and limitations of such a detector will be covered.
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2.1.1 Electromagnetic Cascades

An electromagnetic cascade occurs when a relatively high energy electron impinges on some
material and begins to lose energy [8]. The primary mode of energy loss in these energy
regimes is bremsstrahlung radiation. The bremsstrahlung photons then undergo pair pro-
duction, creating secondary electrons and positrons. These secondary particles will then
undergo the same process which creates an exponential increase in particles, known as an
electromagnetic cascade or an electromagnetic shower. Figure 2.1 gives an illustration of

this process.

Figure 2.1: Illustration of an electromagnetic cascade [14].

The shower will continue to grow until the average particle energy is such that losses are
only due to ionization processes instead of bremsstrahlung radiation. This energy is referred

to as the critical energy and is described satisfactorily as [1]

610 MeV

c 9 2]_
Z+1.24 (21)

where Z is the atomic number of the material (or radiator).
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Electromagnetic cascades can be quantified through several key parameters. A simple
model of these showers can be made through a thought experiment. Consider an electron of
incident energy FEj impinging on a radiator. It should be expected that the electron travels
one radiation length before undergoing bremsstrahlung and creating a photon. Therefore,
on average, the number of particles doubles after one radiation length. The electron will
undergo the same process after the next radiation length. The photon will also pair produce
upon traveling approximately another radiation length!. Thus, the number of particles will
again double at two radiation lengths. Therefore the number of particles at a given depth

is given as [9],

N(t) = 2", (2.2)

where N is the number of particles in the shower and ¢ is the depth in radiation lengths.
With each doubling of the number of particles comes a halving of the average energy of the

particles in the shower. The average energy of a shower particle is then given by,

Eo

E(t) = St

(2.3)

where Ej is the energy of the initial electron. Since the primary mode of shower production is
bremsstrahlung radiation, shower growth reaches its maximum at the critical energy. Using
this knowledge, Equations 2.2 and 2.3 can be rearranged to give the depth and number of

particles at shower maximum. The resulting equations are

B In(Ey/E,)
tmaz = W (2.4)
and
%

Niaz = Qtmaz — £
c

(2.5)

'Note that this is not as accurate as it is for the electron. The mean free path for pair production is
2X, X,
7405 not Xp.
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where t,,,.. and N, are the depth and number of particles, respectively, at shower-maximum.

Equations 2.4 and 2.5 are very important. They show that the number of particles
created in the electromagnetic shower process is linear with energy. They also show that
the depth of the shower maximum only increases logarithmically. Thus, electromagnetic
calorimeters have a response that’s proportional to energy. Additionally, they can remain
quite compact and still accept a wide range of energies. This greater compactness provides
a wide range of benefits when engineering such devices. However, it does create some unique
challenges for the MOLLER experiment as will be outlined in Chapter 3.

Another important property of electromagnetic showers are their radial size. As it turns
out, this is an extremely difficult value to quantify [3]. However, it is common to quantify
radial size with a value known as the Moliere radius (Rjs). It is defined as the radius of
an infinitely long cylinder that contains, on average, 90% of the shower energy deposition.
A cylinder of radius 2R, contains 95% of the shower energy deposition. Figure 2.2 shows
the fraction of energy loss as a function of Moliere radius. The Moliere radius can be

approximated in units of grams per square centimeter by [11]

B 21MeV

Ry E

Xo, (2.6)

where X, is the radiation length of the material> and E. is the critical energy. In these
units, the Moliere radius is approximately constant with respect to energy.

This section has provided a simplistic model for the properties of electromagnetic showers.
For more advanced detector considerations, a more detailed analysis is needed. The following

section provides an expanded analysis of longitudinal shower development in tungsten.

2If the shower passes through more than one material, the Moliere radius can be found by RKII =
>_jwj/Ruj, where w; is the weight fraction of each material.
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Figure 2.2: Fraction of energy escaping with respect to Moliére radius [13]. Materials shown
are copper, lead, and aluminum.

2.1.2 Shower Development in Tungsten

While the parameters in the previous section are sufficient for most applications, devel-
opment of ShowerMax requires a more detailed understanding of electromagnetic shower
development®. The reason for this is covered in more detail in Section 2.2, but is essentially
due to the unique focusing characteristics of the spectrometer in the MOLLER experiment.
This section provides a more detailed model of the longitudinal development of electromag-
netic showers in tungsten and the crude model from the previous section is expanded upon.

This gives a model that will be extremely useful in Chapter 3. Specifically, this section will

3It will also be important to understand the rate of neutron production (mostly photoneutrons) in
ShowerMax because it will be a source of noise for the thin quartz detectors. The parity violation group at
SBU is currently working on ‘splash-back’ studies of ShowerMax that will include neutron production.
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examine incident energies between 2 and 8 GeV due to the fact that the MOLLER spec-
trometer will focus all energies in this range on to the ShowerMax ring. The model that will
be developed is still only an approximation but will be extremely important in ShowerMax
design considerations discussed in Chapter 3.

In the previous section it was shown that the number of particles in a shower initially
grows as 2'. However, this does not continue indefinitely throughout the material due
to energy loss. As the average energy of shower particles decreases, the chance of pair
production also decreases. Therefore, a slow tapering off of N(t) should be expected as a
function of shower depth into the material (as seen in Figure 2.3). The standard method of
modeling longitudinal shower development was pioneered by Longo and Sestili in 1975 [5].

Shower growth as a function of depth (t) is represented by,

N(t) = Atve Pt (2.7)

where A, «, and (8 are generally found using Monte Carlo simulations. Using data from
Longo and Sestili along with the known t,,,, and N, in tungsten, the best fit for these
parameters was found using Matlab. Figure 2.3 shows the results of shower size with respect
to depth in tungsten while Table 2.1 shows the values for the best fit. Appendix D contains
the code which was used to find the fit. Notice that the shower size grows at approximately
the same rate at shallow depths (< 3Xy) of tungsten for all incident energies; after that
they begin to diverge. Lower energy showers begin to lose energy to ionization at a quicker
rate than higher energy showers. Also notice the depths and magnitudes (max value of the
curve) at which the peaks occur. The magnitudes are linearly separated along the vertical
axis while the depth at which they occur increases very slowly (logarithmically). This is

shown more clearly in Figures 2.4 and 2.5 and are manifestations of Equation 2.5.
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Figure 2.3: Longitudinal shower development Table 2.1: Fitted pa-
in tungsten for incident electron energies be- rameters for Figure 2.3
tween 2 and 9 GeV. For a larger image, see found using Matlab.
Appendix D.
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Figure 2.4: Depth at which the maximum shower size occurs in tungsten as a function of
energy.
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Figure 2.5: Maximum number of particles in an electromagnetic shower as a function of
energy.
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2.2 Calorimetry to Measure Apy

Measuring an asymmetry with a calorimeter seems counter-intuitive. This is because, in
essence, MOLLER is an electron counting experiment. Ideally, each electron would give the
same flash of Cherenkov light. However, this is not the case in calorimetry. To understand
the issues further, the logistics of asymmetry measurements are covered in this section. Then
the methodology of measuring Apy with a thin quartz device is contrasted with performing
that same measurement with ShowerMax.

The standard parity violating asymmetry (Apy) measurement is done with a highly
longitudinally polarized electron beam. The beam polarization (and therefore helicity) is
flipped in pseudo-random intervals. Each time interval is referred to as a gate whereas two

consecutive gates of opposite helicity is considered a pair (Figure 2.6).

Gate
e N,

L] L
vttty

N e Ve Ve i Vo

Pair Pair Pair Pair Pair

Figure 2.6: Illustration of beam helicity, gates, and pairs.

To measure Apy, in essence, is to subtract the number of electrons detected from one
helicity gate (1) from the electrons in the opposite helicity gate ({) of this pair; this is then

divided by the sum of the electrons in the two gates.

(2.8)

Measurement of Apy is straightforward to perform with a thin quartz detector. Each

electron that passes through such a detector creates the same amount of photo-electrons,
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on average, independent of the incident electron energy. Consider a thin quartz detector
that creates « photo-electrons (PEs) per incident electron. If this detector is found to have
measured N photo-electrons in a gate, then the number of incident electrons passing through
the thin quartz detector is n = N/x. To find Apy, the number of photo electrons can be
used in a simple calculation given by,

Nifx — Nz ny—ny

A = . 2.9
PVOCNT/ZL‘-F]\Q/ZE ny +ny (29)

The process of measuring A py becomes slightly more complicated when using a calorime-
ter. Experiments like MOLLER focus electrons with a wide range of energies on the measur-
ing apparatus. The response of a calorimeter is linear with respect to energy. This implies
that an electron incident on ShowerMax with an energy of 8 GeV makes four times more
light than an incident electron with 2 GeV. Therefore, someone might conclude that the use
of a calorimeter to measure Apy could be problematic. How might we know the difference
between one 8 GeV electron and four 2 GeV electrons? Furthermore, at the kinematics in
the MOLLER experiment, only one extra electron is expected for roughly every 5 pairs [18].
Some clever analysis can be used to (mostly) overcome this challenge. As briefly mentioned
earlier, the solution will come from a redundancy in energy measurement. The first “mea-
surement” comes from the GEM planes mapping the spectrometer’s fields so that the energy
distributions of incident electrons will be known. This can then be used to back out the
energy dependence of the calorimeter.

In order to better understand how to measure Apy with ShowerMax, three separate
gedanken-experiments will be discussed. The experiments take place in worlds in which the
physics causing Apy is only an approximation to our world. The first gedanken-experiment
takes place in a world (call it “World-A’) where parity is maximally violated during a Z°
exchange. Additionally, the electromagnetic and weak interaction energy transfer are the
same in T and | gates. That is to say that the distributions of scattered electrons arriving

at the detector are the same in both gates. The second gedanken-experiment takes place in
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a world (‘World-B’) nearly identical to World-A. In this world, however, the energy trans-
fer in the T and | gates are different between the electromagnetic and weak interactions.
Therefore, the energy distributions arriving from opposite helicity gates are also different
(though both have the same underlying purely electromagnetic distributions). The third
gedanken ("World-C’) is also very similar to World-A. Parity is maximally violated during a
7 exchange and the energy transfer is the same in both the electromagnetic and weak inter-
actions. The difference in this world is that there is a new, yet-to-be-discovered, interaction
that can influence Apy measurements. This interaction maximally violates parity as well
and the Lagrangian of this interaction can be as unusual as one can imagine. Therefore, the
physicists in this world do not know the probability of energy transfer in this new interaction

at all and are therefore looking for deviations from known physics.

World-A

Consider now running an experiment in World-A similar to MOLLER. Recall that World-A
is only an approximation to our world. In this world, parity is maximally violated during a Z°
exchange?. That is to say that the Z° only couples to electrons of, let’s say, a positive helicity
gate (1). Furthermore, the energy transfer of the electromagnetic and weak interactions are
the same. This is to say that the energy distribution of electrons entering the detector
are the same for positive and negative helicity gates. In this world there are no unknown
interactions lurking in the background. The physicists somehow know this and are merely
performing this measurement as a display of technological prowess.

The experiment in World-A is also measuring Mgller scattering, and the only detector
is an electromagnetic calorimeter. This experiment also has a unique spectrometer that
focuses scattered electrons on the detector with energies between 2 GeV and 8 GeV (just

like MOLLER). For simplicity, assume that the energy of the electrons entering the detector

4Note that this is not the case in our world. In our World-A Z° exchange mostly violates parity. The
strength of this violation is determined by the weak-mixing angle
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have a constant probability distribution®, P(E) = 1/6. The calorimeter in this experiment
has a perfect PMT and a response that is perfectly proportional to energy. This perfect
response is merely given by the number of particles at shower maximum, i.e. N, = E/E.
(Equation 2.5). In this scenario, the total detector response for each gate in a pair is given

by the equations,

8
N, = / Nyawtts P(E)dE (2.10)
2

and

8
N, = / Noaanty P(E)dE (2.11)
2

Here, n, is the actual number of electrons that entered the detector during a negative helicity
gate. Since parity is maximally violated in this world during a Z° exchange (i.e. only during
positive helicity gates), ny = n; + ngpy, Where n,y, is the scattered electrons entering the
detector due to electromagnetic-weak interference. Plugging in the values of Ny, P(E)

and integrating, Equations 2.10 and 2.17 become:

1 s Sne 5
N, — EdE = = — ave 2.12
T 6Ech/2 Ec Ec (ni + n 7Y ) ( )
and
1 8 5n¢
N, = FEdFE = . 2.13
| 6Ecn¢/2 B (2.13)

This is an interesting result. Notice what happens if the physicists in this world analyze
their data in the same way they would with thin quartz detectors:
5E_1(TLT—TLJ’> e — Ny

Apy < = 2.14
v 5Ec_1(n¢+n¢) nT+n¢ ( )

It reproduces Equation 2.9 exactly! No fancy analysis has to be done to get Apy. They just

have to perform a subtraction of two gates and divide by the sum in the exact same way

This is normalized for energy between 2 GeV and 8 GeV.
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they would with thin quartz. A calorimeter can measure Apy just as good (or better) than
a thin quartz detector in this world since the energy dependence of the response cancels out.
This expression can be reduced further by recalling that ny = n| + ng4y,. This expression

will become useful when contrasting this world with World-B.

n
A . 2.15
Py X 2n + Ngpy ( )

World-B

Now consider World-B. World-B is identical in almost every way to World-A. The exchange
of a Z° maximally violates parity (ny = ny + n4p,). The difference between the two worlds
occurs within the energy distributions of the excess electrons in a positive helicity gate.
The energy distribution of the scattered electrons from Z° exchanges are different from the
electromagnetic interactions. For this example the energy distribution of electrons scattered
by the electromagnetic interaction will be P|(E) and will be the same function as it was in
World-A (P, (E) = 1/6). The electrons scattered by a Z° exchange will be P,(FE). In this
example, we don’t need to know the functional form of P,(E). However, we will assume
that the physicists in this world know all about these distributions as they did in World-A.

The experimental set up for this world is also identical to World-A. They have the
same perfect calorimeter (N,,.. = E/E.) and, as before, the spectrometer focuses scattered
electrons to the detector with energies ranging between 2 GeV and 8 GeV. In World-B, the

total detector response for each gate in a pair is given by the following equations:

N, = /2 8 Noaz [0, P (E) + N Py (E)] dE (2.16)

and

8
Ni :/ Nmaxn¢P¢<E)dE. (217)
2

Notice that Equation 2.16 is essentially the same as Equation 2.10 except that different prob-
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ability distributions must be applied to the electromagnetic and weak scattered electrons.

Substituting the known values of N,,q, and P, into Equations 2.16 and 2.17 and integrating,

we get:
Ny = 2 o / “Ep (B)dE (2.18)
" Ec Ec 2 Y ‘
and
N, = 2 (2.19)
1= Ec .
Using these values in the same way the physicists in World-A results in:
8
Ny — N Napw |, EPy(E)dE

Nt + Ny 100, + napy [3 EPu(E)dE

Notice the difference between Equation 2.12 and Equation 2.18. If the physicists in World-B

do the same analysis as in World-A they will get the wrong result! To see this compare

Equation 2.15 and Equation 2.20. The only way that these equations could be equivalent
would be if P, (F) = P|(E). As stated earlier, this is not the case in World-B.

Fortunately, the physicists in this world know the energy distributions and they can do

a different analysis that will give the correct Apy. They have to use their knowledge of the

incident electron energy distributions and the calorimeter (Equation 2.5) to convert N4 and

N, to ny and n;. The solution is:

8 N
n:/2 T (2.21)

To understand this equation, first consider a given energy E;. The quantity N P(FE;) gives the
amount of the signal in the gate from that energy. Then to divide N P(E;) by Npaz(E;) is to
get the number of incident electrons, n(E;), at that energy (just as was done in Equation 2.9).
Integrating over all of the energies gives the total number of incident electrons. Now the

physicists in this world can apply this equation to find Apy. Recall that ny = n| +ngp, and,
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therefore, ny —n| = ngp, and ny +n; = Ngpy +2n;. The physicists of World-B will then find:

S e Pw(E)dE

Napy 2 Npmao(E)

APV X = 3 . (222)

Napv
Napo + 2n¢ 9 Nmaz(E)Pw(E)dE + 2 f2 Nmaz )P\L(E)dE

Equation 2.22 can be written in a form that is more useful. This is done by combining and
normalizing the probability distributions of the electromagnetic and weak interactions (P}

and P,) into P;(FE). Then Apy can be written as follows:

8 N 8 N
nm—n, _J —Nma;(E)P (E)dE — fQ —Nma:j E)P (E)dE

= :
netng [ S PUE)E + [ it PUE)AE

Apy (2.23)

Equation 2.23 is a more useful form for the real world as will be discussed at the end of
this section. The lesson to be learned here is that the physicists in World-B can not blindly
subtract the integrated response from their calorimeters and divide it by their sum in order
to get Apy. They must be aware of the incident electron’s energy distributions® (P and P))
and their calorimeter’s response (N,,q.(F)). They can then use this knowledge to extract

ns and ny. Once they have these values they can accurately calculate Apy.

World-C

Now for the final gedanken-experiment. World-C is almost identical to World-A and the en-
ergy transfer of the electromagnetic and weak interactions are the same. Just as in World-A,
assume that the energy of the electrons entering the detector have a constant probability
distribution (P(E) = 1/6). The physicists use the same calorimeter and the same spectrom-
eter as before; this time there is new physics to be discovered. The electrons that scatter
due to this interaction have an unknown energy distribution when they are incident on the
detector (Ppey). Assume for simplicity that this new interaction also maximally violates
parity. Therefore, ny = ny + ngpy + Npew. Here, ny are electrons scattered due to the electro-

magnetic interaction, ng,, are electrons scattered due to the weak interaction, and n,,,, are

6Tt is very important to note that this requires a good mapping of the spectrometer’s fields.
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electrons scattered due to the undiscovered interaction. Of course, for this interaction to be
undiscovered, it must be that n,., << ngp,. In this world, the total detector response for

each gate in a pair is:

8
Ny = / Niaz [Ny P(E) 4 napy P(E) + Nipew Prew(E) | dE (2.24)
2

and

8
N, = / Noaonty P(E)dE . (2.25)
2

Substituting the known values of N, P(E), and integrating, Equations 2.24 and 2.25

become:
5 nnew 8
NT = _(ni + napv) + / EPnew(E)dE (226)
E, E. J,
and
N, =24 (2.27)
U Ec . .

Notice that Equation 2.13 and Equation 2.27 are the same expression. Also, the first term in
Equation 2.26 is equivalent to Equation 2.12. Most importantly, P, (F) is not known. The
best that the physicists in World-C can do is use the analysis of World-A to approximate
Apy. They won’t get the same result as World-A but, as we saw from World-B, neither
will they get the correct result of their world. Given that n,e, is small, they will have a
result very close to the correct Apy. Notice, however, that the physicists from World-C
could use a thin quartz detector and a calorimeter. If they perform a good experiment their
thin quartz detector will give them the correct” Apy. They should not be surprised to see
that their calorimeter gives them a slightly different Apy compared with the thin quartz

detector. In fact, this difference can be used to glean some information about P, (E) and

"Given that the thin quartz has approximately the same response for all particles it always gives the
correct value for Apy. No fancy analysis is needed. However, these quartz detectors are more susceptible
to false asymmetries from background noise.
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thus the Lagrangian of the new interaction.

MOLLER Apy

The real world is quite different than the worlds of the previous gedanken-experiments. In
the real world, parity is not maximally violated during a Z° exchange. The Z° couples
more strongly to helicity electrons of one gate than another and the strength of the violation
is determined by the weak-mixing angle. However, the three worlds discussed can still
provide insight into how calorimetry can be used to measure Apy. The standard model
predicts Apy very precisely. In the same way it also predicts precisely the expected energy
distributions of the scattered electrons arriving at the ShowerMax in each gate. We can
use these distributions, and insight gained from the gedanken-experiments, to back out the
energy dependence of ShowerMax and extract Apy more precisely to connect to theory.

A large part of the motivation for MOLLER is to try to probe physics beyond the
standard model. One might ask, “Wasn’t it already shown that an accurate measurement of
Apy can not be done when we don’t know what the energy distribution from the unknown
reaction will be?” Not exactly. Almost all of Apy is going to be from known processes and
the probabilities from the known physics can be used in the analysis to help understand any
deviations that could result from unknown physics. If the result has any significant deviation
from the standard model prediction, that will be an indication of possible new physics.
Furthermore, in this situation a comparison between the Apy from the thin quartz and Apy
from ShowerMax can be used to glean information about the new interaction’s Lagrangian.
In the case that there is no deviation from the standard model, that will be telling too. It will
further the success of the standard model and will also put further restrictions (bounds) on
BSM models that contribute to parity violation. However, it must be noted that there could
be Lagrangians from new physics that MOLLER still may not be sensitive to. As discussed

previously, designing ShowerMax to have a low energy-linearity® can greatly mitigate any

8To clarify any confusion: what is meant here is that the detector will have some response that is
dependent on energy. Something of the form N = mFE +b. Low energy-linearity is referring to a small m
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concerns. In any case, lower energy-linearity will provide a more accurate measurement of
Apy so long as good detector resolution and resistance to backgrounds are not compromised.

In order to measure Apy with ShowerMax, a method needs to be constructed that
uses the energy distribution of incident electrons to back out the energy dependence of the
signal. This is contrasted from World-A and World-C in that n4 and n, are trying to be
extracted from Ny and N| instead of being assumed. Additionally, the known physics is more
complicated than the physics of the gedankens. Asymmetry electrons can be in both gates of
a pair, making the analysis slightly more complicated. However, the energy distributions of
each gate are well known? and will be measured during the experiment’s calibration. These
distributions will be referred to as Pr(E) and P|(E).

Consider first a single gate in which ShowerMax has a total response of N, i.e. the PMT

sees N photo-electrons'®

. If nothing was known about the energy distribution of incident
electrons, N could only be used to find Apy to within a factor of four. However, two tools
can be used to cope with this. First, Equation 2.5 gives us a value for the amount of shower
particles N,,q..(F) created by a single incident electron. Second, P(E) gives the energy

distribution of incident electrons. Therefore, the number of incident electrons required to

make a signal of N is

0 N
= —  P(E)dE . 2.2
n /NmE (E) (2.28)

Now it is straight forward to calculate Apy for a pair using Equation 2.8. In this instance
ny and n are found using Equation 2.28 where the energy distributions for each gate are
used. Here we find
00 N. 00 N

T P(E)dE — [, mﬂ(E)dE

0 Nmaz(E) ) . (229)
Jo w m(E) HE)E + [§7 W(E>P¢(E)dE

APV X

(slope).

9This, of course, does not include effects from potentially new physics

10This number is directly proportional to the total number of shower particles throughout a gate. For
simplicity, these two values can be assumed to be the same here.
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Equation 2.29 will give a completely accurate result for Apy within the standard model.
Note, however, that the final MOLLER analyses must be cognizant that the space of po-
tential Lagrangians for new interactions is infinite. As World-B and World-C illustrated,
this can result in a measurement of Apy that is good, but not exact. Fortunately, the con-
tribution to Apy from known interactions will be the overwhelming majority. Given this,
Equation 2.29 will result in an acceptable and useful measurement of Apy, especially when

combined with the thin quartz measurement.

2.3 Detector Resolution

In this text, the resolution is defined as the rms of the detected and digitized signal divided
by the mean of that signal. In essence, it is the relative width of the signal. In the ideal
detector, the resolution would be 0% and the signal would be a delta function. The resolution
of ShowerMax also needs to be known well because it determines the excess statistical noise
contribution to its Apy measurement. Excess noise is the error inflation in the nominal
statistical error due to the fact that the experiment must be performed in “integration-

mode” as opposed to the more traditional “event-mode”. It is given by

Excess Noise = 4 /1 + < o > -1. (2.30)

mean

ShowerMax will have many different incident electron energies and each one has their own
resolution. Naively, one might expect that the total resolution is just the total rms/mean
of a standard helicity gate, however, this is not true. Given that the analysis of Apy uses
knowledge of the gate energy distributions, so must the resolution. To do this, the energy
distribution of the incident electrons and the resolution as a function of energy are convoluted
as in Equation 2.31. An example of this convolution, for an early ShowerMax prototype, is

shown in Figure 2.7.
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Figure 2.7: Sample resolution analysis. Resolution and normalized energy distribution are
convoluted using Equation 2.31 to find a resolution of 0.146.

This chapter has documented the theory of electromagnetic calorimeters for Apy mea-

surement. This included the development of electromagnetic showers, specifically for showers

initiated by 2 GeV to 8 GeV incident electrons in tungsten. It also discussed how the energy

dependence of a calorimeter needs to be backed out in order to accurately calculate Apy .

The resolution of such a detector was also covered. In the following chapter, this knowl-

edge will be used in order to design a calorimeter (ShowerMax) that will suit the needs of

MOLLER.
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Chapter 3
ShowerMax

3.1 Design Parameters

When designing the ShowerMax detector there are four considerations at the forefront: the
first is the radial size of the detector ring, second is the detector resilience to backgrounds,
third is the detector linearity with respect to energy, and the final is the resolution. This
section covers the importance of each of these topics.

The size of the ShowerMax detector ring is fixed by the optics of the spectrometer!. The
inner most edge of the detector ring is at a radius of 93.5 centimeters from the beam line
while the outer edge of the detectors vary slightly depending on the azimuthal location.
The detectors directly in the shadow of the coil are the largest radially while those out of
the shadow are the smallest (the azimuthal extent of each detector is the same). This is
due to the Mgller electrons having lower energies and thus greater radial dispersion in the
shadow. The detectors can not be any closer to the beam line due to Mott backgrounds; Mott
Scattering is elastic electron proton scattering (or ep). Due to the larger mass of the proton,
Mott scattered electrons typically have more energy than Mgller scattered electrons and are
therefore bent less through the spectrometer. Placing the ring in this position optimizes the
ratio of signal to background in the detectors. Figure 3.1 shows a cross section of electron
positions at the detector ring. Red dots are Mott scattered electrons and black are Mgller
scattered electrons. The second image shows the same plot with an overlay schematic of the
ShowerMax detector ring.

Another feature of the detector ring placement is that the energy distribution seen by the
detectors will be determined by this placement. Recall that the spectrometer not only focuses
electrons radially but it also smears (or defocuses) them azimuthally. Figure 3.2 shows this

focusing and smearing in a progression of transverse “cut-outs” of the scattered Mgller

'The optics of the spectrometer have been tuned to give the sharpest radial focus with the largest
separation from the main ep background peak.
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Figure 3.1: Above plot shows the transverse (relative to beam direction) distributions of
electron positions at the detector ring. Red dots are Mott scattered and black dots are
Moller scattered electrons. The image below is an overlay of the above plot onto a schematic
of the ShowerMax detector ring. The electron rates are indicated by dot color: red is the
highest and blue is the lowest.

electron envelopes as they progress through the spectrometer to the detector plane. Each
cutout is an illustration of the radial position combined with angle (or energy) information
at a certain location downstream of the target. Initially (upper left pane) the energies
are well segmented by radius and azimuth according to the seven-fold symmetry of the
toroidal spectrometer coils. As they move downstream they begin to focus radially and
smear more and more azimuthally, with lower energy (higher angle) electrons experiencing
more azimuthal smearing. By the time the electrons reach the location of the detector ring

(lower right pane) all but the highest energies are fully smeared around the ring. This
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has serious consequences for the ShowerMax detector design and cannot be mitigated by

selectively choosing the detector segmentation schemes as will be discussed in Section 3.2.3.

L
0B 06 04 02 0 02 04 06 08 1 080606020 02 04 06 08 1
x (m) x im)

Figure 3.2: This progression of figures shows the radial focusing and azimuthal smearing of
electrons by the spectrometer. Each image gives information about electrons at certain lo-
cations downstream of the target. Here blue represents higher energy (lower angle) electrons
while red represents lower energy (higher angle) electrons.

In addition to the radial size and location of the detector ring being fixed, the radial
location of the PMT is also fixed. To help minimize background noise, the PMT must be
encased/shielded in a lead annulus. The annulus has an inner radius of ~ 135 centimeters

which determines the overall length of the light guides for each detector. The light guides
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are discussed in Section 3.3.

ShowerMax must be resilient to soft photon and charged hadron backgrounds. The
sensitivity of the main detectors in MOLLER make this extremely important?. It is possible
that when the experiment is run, the anticipated suppression of photon and monitoring of
pion backgrounds from the target hampers the efficient use of the bare, thin quartz detectors.
In this case ShowerMax must be able to make the measurement at a reasonable precision
on its own. In order to reduce the possibility that soft photons can make a sizeable signal,
ShowerMax must be sufficiently thick such that only 2-8 GeV electrons make a significant
signal. To test if this is the case, pion and photon beam simulations will be explored later
in Section 3.5.

Another parameter is the detector’s energy-linearity. The signal strength of an electro-
magnetic calorimeter is linear with respect to energy. As previously stated, the spectrometer
focuses electrons between 2 GeV and 8 GeV in an inseparable smear at the detector ring.
Since the experiment is ‘counting’ electrons, it is best if an 8 GeV electron makes, as close as
possible, the same signal as a 2 GeV electron as possible. This will be studied using integer
beam energies (2-8 GeV) incident on potential detector designs and fitting a linear curve to
the resulting PE means. The slope of the fit will be referred to as the energy-linearity. The
energy-linearity results are detailed at the end of Section 3.2.4.

The final parameter is the detector resolution. This may be the most important param-
eter. Detector resolution is defined as the rms of the signal divided by the mean of the
signal. A perfect ShowerMax (0% resolution) would give the same delta function signal for
any electron that passes through it and, therefore, it is desirable to ‘minimize’ the resolu-
tion. This will be studied using the same mono-energetic simulations as was used for the

energy-linearity studies.

2This is due to the fact that they are thin quartz detectors. The response of these detectors is highly
sensitive to photons and charged particles as compared with ShowerMax.

36



3.2 Stack Selection

3.2.1 Material

There are two materials in the stack of an electromagnetic calorimeter. The first is the
radiator which is responsible for initiating and growing the shower. The second is the optical
material which is used to release light from the shower in order to create a signal that can
be digitized by a photo-sensitive device (i.e. PMT). It is not uncommon to use a single
material for the stack which acts as both the optical material and the radiator. Generally,
optical materials have larger radiation lengths (Xj) than radiators. As a result, the showers
can grow more slowly and therefore require larger or physically thicker detectors. Given
the space constraints imposed on the experiment apparatus, ShowerMax will be a compact
sampling calorimeter. A sampling calorimeter consists of alternating radiator and optical
materials.

There are many commonly used radiator materials for calorimeters. E158 at SLAC, the
parent experiment of MOLLER, used copper [2] while other experiments often use lead.
Table 3.1 gives the radiation length and Moliere radii of commonly used calorimeter ma-
terials. ShowerMax must also be compact due to the positioning of the other detectors in
the experiment. Therefore, tungsten was chosen as the radiator because it has a very low

radiation length. It has a lower radiation length than lead and is much easier to handle in

the lab [10].

Material Use Xo (cm) | Moliere Radius (cm)

Tungsten Radiator 0.3504 0.9327

Lead Radiator 0.5612 1.602

Copper Radiator 1.436 1.568

Quartz Optical 12.29 5.154

Acrylic Optical 34.07 8.422

Lead glass Radiator/optical | 1.265 2.578

Lead tungstate | Radiator/optical | 0.8903 1.959

Table 3.1: Properties of commonly used calorimeter materials [10].
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Given that the energy of the incident electrons on ShowerMax is relatively high, Cherenkov
radiation will be its main source of generated light. Cherenkov light is radiation emitted
when a particle travels faster than the speed of light in that medium. The preferred opti-
cal material for transmitting Cherenkov radiation is fused silica (quartz for short) because
it has been well tested and is known to be radiation hard, have low response to hadronic
backgrounds, and have negligible scintillation [4]. Quartz also has remarkably good material
properties such as high melting point and low thermal expansion coefficient [18]. The quartz

to be used in ShowerMax will be optically polished Spectrosil-2000.

3.2.2 Quartz Geometry

The earliest ShowerMax designs were modelled after a calorimeter designed by Piotr De-
cowski. This design used ten pieces of tungsten interleaved with ten pieces of quartz. Scat-
tered electrons traversed this ‘stack’ of material at a 45° angle. One end of the quartz was
bevelled to prevent electrons from passing through different thicknesses of quartz while the

other end was square allowing light to exit the quartz towards a PMT as shown in Figure 3.3.

[ 7 7 PMT

6.7 cm

y{*dfcm area

Beam

Figure 3.3: Original calorimeter design by Piotr Decowski.
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Beam tests at the Mainz Microtron (MAMI), and simulations performed by the UMass
(now SBU) and ISU Parity Violation Groups, led to a change in the design. Having the
beam at a 45° angle to the quartz face causes half the generated Cherenkov light cone to be
lost due to the angle in which it encounters the quartz-air boundary as shown on the left
side of Figure 3.4. This can be fixed by rotating the quartz such that the incident electrons
pass perpendicularly through the quartz face as shown on the right side of Figure 3.4. The
electron emits a Cherenkov cone that experiences total internal reflection on all quartz faces
except for at the bevel where the light exits. The only potential downside of the new design
is that the light output is much more sensitive to small deviations in the incident electron
angle. Fortunately, this is not a serious concern for ShowerMax because the electromagnetic
shower process washes out the sensitivity of this dependence (see Appendix B). MAMI test
beam data had good agreement with simulation—showing that the new quartz orientation
resulted in higher photo-electron yields (or means) and lower resolution®. As a direct result,
the excess noise is also reduced. Given that the new design outperforms the old in nearly
all aspects, the quartz geometry for ShowerMax will use rectangular pieces with a 45° bevel
at the outer edge and be positioned such that electrons are perpendicularly incident on the

front face.

3.2.3 Azimuthal Width

A major consideration for stack selection is the stack azimuthal width (which directly corre-
sponds to detector width and segmentation). As previously stated, there are regions inside
and out of the shadow of the spectrometer coils. It is desirable to have a detector in the
center of the region not in the shadow of a coil due to the high rate densities in these regions
of the ring. This phi-region is referred to as the ‘Open’ region. The region directly in the

shadow of a coil is referred to as the ‘Closed’ region while the region half in the shadow are

3A lower resolution is attained because incident electrons pass through a factor of v/2 less material. As
a result, there is a smaller chance of producing secondary particles, known as delta rays, which produce an
asymmetric light tail in the signal which blows-up the rms and the resolution.
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Figure 3.4: Red arrow indicates the direction and position of the electron while the yellow
rays are optical (Cherenkov) photons. Left:Geant4 simulation visualization of a single elec-
tron event for the Original design. Note that half the light escapes the quartz and is lost.
Right: Visualization of the updated design which uses total internal reflection to capture
the entire Cherenkov light cone.

referred to as the ‘Transition’ region. These phi-regions are illustrated in Figure 3.5.

The question of how wide (azimuthally) and how many detectors there should be can
now be addressed. The ideal layout would make it such that each detector region receives
an energy distribution with the smallest spread possible. Six different phi-segmentation
configurations were examined and are shown in Figure 3.6 along with their accepted energy
distributions. As is shown, varying the stack width has little effect on reducing the energy
spread within an individual detector, therefore the original (baseline) layout was chosen as
the preferred one. This layout results in 28 detectors, each with an azimuthal width of
246 millimeters. It was selected as the best compromise between energy resolution and cost.
Figure 3.6 reveals that varying the detector widths unfortunately does not effectively change
the shapes or relative widths of the accepted energy distributions. While there are layouts
that do improve the energy distribution relative widths, the change is not significant enough

to warrant the increased cost and complexity of more and different sized detectors.
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Figure 3.5: An illustration of the ShowerMax detector ring and azimuthal detector segmen-
tations. The grey triangles protruding from the center represent the coils. The red, green,
and blue parallelograms represent open, transition, and closed detector regions respectively.
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Figure 3.6: Azimuthal stack width and segmentation study with associated energy distribu-
tions. The cartoon above each plot shows the detector layout (looking radially) within one
septant, or one seventh, of the entire ring. The light hash marks depict 61.5 millimeters of
detector width. Starting in the upper left is the preferred detector layout (labeled original
baseline) and five other configurations that were studied. The integral rates (in GHz) and
relative widths are given in the legends.
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3.2.4 Configuration

This section is concerned with the layout of tungsten and quartz in the calorimeter stack.
It deals with parameters such as how many layers of tungsten and quartz and what their
individual thicknesses should be.

The first thing we will consider is how many layers of tungsten and quartz to use in the
detector stack. We first considered choosing this parameter based upon balancing resolution
and cost. The cost is important here because the detector ring has an estimated budget
of $250k that should not be overshot. Additionally, the quartz used is optically polished
(to the nanometer scale) and such polish comes at a significant expense. The number of
layers we considered varied between one and ten while keeping the total radiation length,
total quartz thickness, and total tungsten thickness of each design permutation constant. It
was found that six layers was best as shown in Figure 3.7. However, there was not a great
advantage over four layers and given the cost of polished quartz, the four layer option was
chosen.

Next, we can consider choosing the thicknesses of the tungsten and quartz to minimize the
energy-linearity of the detector. To keep energy-linearity low, it would be best to sample the
shower where the ratio of particle numbers between 2 GeV and 8 GeV electrons are closest
to one. This is a challenge as shower size dies off much quicker for lower energy particles.
Plotting the shower development model on a semi-log scale makes this apparent This is
shown in the upper plot of Figure 3.8, where the shower development model is plotted on
a semi-log scale. As the shower development progresses, the ratios grow worse and worse
(farther from unity). This is especially apparent when considering the ratio between 2 GeV
and 8 GeV shower sizes. The result is a near exponential decay as shown in the lower plot
of Figure 3.8.

Figure 3.8 leads to the conclusion that the stack thickness should not proceed past the
depth at which shower-max occurs (thus, the name ShowerMax) due to the worsening ratios

of the high and low energies shown by the blue curve in the lower plot. Near the beginning
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of the shower development the ratios are near unity but the total radiation length of the
detector is too low at this depth to be resistant to backgrounds. Also, the detector resolution
in this region is poor as will be shown later in Figure 3.10. Ideally, the final piece of quartz
in the shower development will occur somewhere near the shower-max of the 2 GeV shower.

Next, we can imagine sampling the shower at various depths while holding quartz thick-
ness constant. Given that the radiation length of quartz is much larger than that of tungsten,
the quartz pieces can be assumed to play a negligible role in the growth of the shower. Fig-
ure 3.9 shows one possible sampling where the quartz pieces are evenly spaced. In order
to get an idea of how different configurations affect the detector response Geant4/Qsim
simulations were performed on several different configurations. These configurations were
chosen in order to keep the ratios between 2 GeV and 8 GeV shower sizes as low as possible.
Appendix B has tabulated many of the configurations that were tested and their results.

Figure 3.10 shows the effect of varying tungsten thickness while keeping the quartz thick-
ness constant. Here it can be seen that the resolution is dominated by total tungsten thick-
ness and is less driven by quartz thickness. Thicker tungsten plates result in lower resolution
but differences in light levels are not significant in this range of tungsten thicknesses. From
the right side of Figure 3.9, it can be seen that 6 mm and 8 mm tungsten offer good resolution
and energy-linearity.

Next, tungsten thickness can be held constant while the quartz thickness is varied. Fig-
ure 3.11 shows that quartz thickness primarily affects light levels and energy-linearity. The
plots show a direct trade off between energy-linearity and resolution. Configuration 1A%
offers the best resolution while configuration 4B has the lowest energy-linearity. Configura-
tion 1B may be the best of both worlds as it has low energy-linearity and decent resolution.
Given the trade-off, both of these detector configurations were chosen to build-full scale

prototypes for testing (the prototype test beam experiment is discussed in Chapter 4).

4The ‘A’ in the configuration title refers to 10 mm thick quartz tiles while ‘B’ indicates 6 mm thick
quartz.
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Figure 3.7: Four and six layer PE distributions. The black line shows 4-layer and the
blue shows 6-layer PE response to 2 GeV electrons. Notice only marginal improvement in
resolution going from 4 to 6 layers. Also note that the overall radiation lengths, quartz
thickness, and tungsten thickness are the same.
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Figure 3.8: Top: Longitudinal shower development with respect to depth in tungsten on a
logarithmic scale. Bottom: Shower development with respect to depth in tungsten at 2 GeV
(red curve) and 8 GeV (orange curve). The ratio of 2 GeV to 8 GeV is also shown as a blue
curve. Notice that the numbers of showering particles is given on the right side y-axis while
the ratios are given on the left.
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Figure 3.9: One possible shower sampling scheme. Vertical red lines indicate the position of
quartz while the gaps between them represent the tungsten.
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Figure 3.10: Left side: Figures show 2 GeV and 8 GeV shower development (right y-axis)
and their ratios (left y-axis) as a function of shower depth. The dashed lines indicate quartz
placement (10 mm thick). Right side: Results of the corresponding sampling scheme. The
black lines are PE means and the red dots are the resolution with respect to energy. Note
that the slope of the black line is the energy-linearity and is given by a fit at the bottom left
of each plot. From top to bottom tungsten thicknesses are 4 mm, 6 mm, and 8 mm.
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3.3 Light Guide

ShowerMax will use an aluminum-mirror, air core light guide design that can efficiently
direct the Cherenkov light from the stack to the PMT while being relatively immune to
the high flux of charged particles passing through it. These light guides are known to be
radiation-hard and will produce negligible background light (Cherenkov and scintillation)

compared with ShowerMax’s light.

3.3.1 Geometry

It is well known that the optimal shaped mirror for focusing incoming plane waves is a
paraboloid. This was the guiding principle for developing the geometry of the ShowerMax
light guide. There are two planes to be considered when designing the geometry. The first is
the plane parallel to the beam line and the radial direction of the ring; this will be called the
“side-plane” and is illustrated in Figure 3.12. The second plane is perpendicular to the beam
line and parallel to the radial direction of the ring; this will be called the “front-plane” and is
illustrated in Figure 3.13. This paper will discuss light guide design by first focusing on the
side-plane then moving on to the front-plane. A constraining design parameter of the light
guide is due to the distance between the outer edge of the stack the lead annulus that will
be used to shield the electronics. For the Open detector, the light guide must have a length
of ~ 25 c¢m in order to connect the outer edge of the quartz to the PMT. Additionally, in
order to minimize light losses, it is desirable that photons leaving the quartz only experience
a single bounce before reaching the PMT.

When observing the stack from the side-plane, the quartz 45° bevel orientations alternate
as shown in Figure 3.12. The reason for this design choice is primarily to keep the detector
compact. It also provides a symmetry to the detector which allows for more straightforward
structural design. The bevels of the outside quartz tiles point to the center of the PMT. This

is a necessity for light guide compactness because light exits perpendicular to the bevel’s
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face.

In order to determine the best geometry for the light guide cross section in the side-plane,
an application was written in order to test the space of parabolas with the correct concavity?®.
Once the best parabola was determined, it was approximated to a straight line extending
to the point where it intersects with the furthest light ray (point ‘P’ in Figure 3.12). The
angle of the straight line approximation is found to be 15.5° degrees off of the vertical. From
point ‘P’ the light guide is bent to return to the outer edge of the PMT at the shallowest
possible angle. Figure 3.12 shows the best parabola and the straight line approximation to

it.

Side Plane

3" PMT

Best parabola

Point 'P'

| =

250

Straight line approximation

Beam Line

Figure 3.12: This is the side-plane view. Yellow lines represent light rays and green represents
quartz. Dimensions are in millimeters.

Next, we can consider the front-plane. When viewing a cross-section of the detector

from the front-plane, light rays appear to be exiting the quartz in the direction of the PMT

5This work was pioneered by Kevin Rhine using Wolfram Mathematica.
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as illustrated in Figure 3.13. In order to find the optimal shape of the light guide in this
plane the same procedure that was used for the side-plane was followed. An application
was made to test the space of parabolas for optimal focus at the PMT. Notice in the top
image of Figure 3.13 that the width of the quartz is much more than that of the PMT and
two straight lines had to be used to best approximate the parabola. Construction of this
light guide is very complex and, as will be discussed later in Section 3.5, too much light is
incident on the PMT which could damage the electronics. To mitigate these concerns, a
simpler light guide geometry was chosen and is shown in the bottom image of Figure 3.13.

This design will allow for simpler construction, which will also help prevent light leaks®.

5Due to the fact that they will be bent from flat sheets, the more bends that are present the more seams
there will be. Each seam has a potential to leak light.
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Front Plane

250

Best parabola

Beam Line

PMT

Figure 3.13: This is the front-plane view. The top image is the best fit to the optimal
parabola using two straight lines. The bottom image is a simplified light guide that will
make construction more repeatable and reduce light leaks.

53



3.3.2 Material

ShowerMax will be in a high radiation environment for about five years. Given this, pre-
cautions need to be taken that ensure the light guide will be able to perform throughout
the experiment’s lifetime. To ensure this, ISU’s parity violation group (of whom the author
is a member) took measurements of light guide reflectivity at the Idaho Accelerator Center
(IAC). Several candidate light guide materials were exposed to an 8 MeV electron beam with
4 us pulse width at 250 Hz repetition rate”. The peak current of the beam ranged between
65-110 mA. Given this, the materials were exposed to approximately 5 kRad/s during the
irradiation.

Light guide reflectivity measurements were performed using an Ocean Optics light source
and spectrometer. To calibrate the equipment, NIST calibration standards for a high re-
flectivity aluminum mirror were used. Measurements were taken before and after exposure
at 90° (or normal incidence) to the light guide surface for wavelengths between 180 nm and
900 nm.

The conclusion of the irradiation reflectivity study was that all of the light guide materials
were quite robust (including aluminized mylar). Materials with silver were found to be poor
reflectors of deep UV light; however, the silvered mirror performed better in the MAMI
beam-tests. Due to this, miro-silver 27 was chosen for the light guide material. It should
be noted that more experimentation on the radiation hardness of reflective materials will be
done in the future with more advanced techniques. However, Figure 3.14 shows the results

of our initial radiation hardness study of ShowerMax light guide materials.

"Quartz will also be irradiated at the IAC in the near future to see how light transmission is effected.
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Figure 3.14: Results from reflectivity measurements of various light guide materials con-
sidered for ShowerMax. Top: Reflectivity of materials before irradiation. Bottom four:
Reflectivity measurements after irradiation for anolux UVS and Miro-silver 27. The pro-
gression of numbers give the color encoding for the plots with corresponding dose exposures.
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3.4 Engineering Considerations

There are two key engineering challenges for ShowerMax. The first is that the design must
be able to support its own weight in any position on the detector ring and the second is that
there must be a low profile way to suspend the tungsten and quartz without blocking light.

This section covers our solutions to these problems.

3.4.1 Structural Support

The ShowerMax stack and light guide must be securely suspended from the lead annulus in
a reproducible manner. We considered a number of potential different designs to fulfill this
requirement. In the end, we chose to build a frame for each stack and light guide in the ring
that can independently support its own weight. The quartz-tungsten stack is supported by

1 5

four = x

1 g inch aluminum flat bars that have a gusseted “T” for bolting onto the annulus

as shown in Figure 3.15. To ensure the bars will be load bearing, a failure analysis was
performed using standard failure theories. The analysis was conservative and assumed a
worst case scenario in which only two of the four columns support the entire load. In this
scenario, it was found that the columns would have a factor of safety® of approximately 2.5.

This analysis is included in Appendix A.

8 A factor of safety of 2.5 means that 250% more weight could be supported before failure in that situation.
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1/4 X 5/8 flat bars

Figure 3.15: ShowerMax frame. The frame includes load bearing columns that bolt to the
lead annulus.

3.4.2 Stack Stabilization

Supporting the tungsten and quartz stack against its own weight for all possible ring positions
and without blocking much light is challenging. Additionally, the design must not contribute
to stress concentrations on the strong but brittle quartz. The chosen solution is to use
structural support bars with specially machined ledges that hold the stack in place. Renders
of the machined ledges are shown in Figure 3.16. The square ledges shown in the right
image provide support for the first and third tungsten pieces. The other two ledges provide
support for the remaining tungsten and quartz pieces and have multiple shallow corners to
be forgiving on the quartz. Each ledge protrudes an eighth of an inch from the support

bar. This is enough to support the stack while remaining small enough not to block too
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much light. Additionally, the machined ledges anchor to the frame in such a way as to allow

pressure on the stack to be increased or decreased as needed.

Figure 3.16: Stack stabilization method. Left: Aluminum ledge supporting stack. Note that
the ledge has bolts that can be used to apply a controlled amount of pressure to the stack.
Right: Front view of the ledge geometry.

3.5 Final Designs

Two ShowerMax detector configurations have been chosen to be constructed. The first is
called config 1A. This consists of four tungsten radiators. The radiators are each 8 mm
thick with dimensions, perpendicular to the beam line, of 246 mm (azimuthally) by 105 mm
(radially). The optical material is 10 mm thick, optically polished Spectrosil 2000 with a
45° bevel on one edge. The quartz dimensions perpendicular to the beam, not including the
bevel, are the same as the tungsten. The second detector is called config 1B. This detector
is made of the same radiator and optical material as config 1A. It has the same dimensions
perpendicular to the beam line and the thickness of the tungsten is also 8 mm. The only
difference is that the thickness of the quartz is 6 mm for config 1B. The final light guide is a
straight line approximation to the optimal parabola on the side-plane. On the front-plane, a
simple design was chosen to minimize light leaks and simplify construction. The light guides
are made from water-jet cut 0.02 inch thick miro-silver aluminum sheets. The detectors are
also designed with a load bearing frame that can support the weight of the stack in any

position in the detector ring and the stack is supported with specially machined ledges.
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The simulations for the detector configurations show a trade off between energy-linearity
and resolution as was shown in Figure 3.11. Config 1A shows great resolution and reason-
able energy-linearity (140 PE’s/GeV). Config 1B shows good resolution and better energy-
linearity (80 PE’s/GeV). Simulations also show that PE means are too high. For higher
energy electrons in config 1A, over a thousand PE’s are generated on average by the PMT,
thus neutral density filters will need to be used on both detectors in order to reduce the num-
ber of PE’s per electron to less than 200. This is necessary to protect the PMT. Table 3.2

shows the expected performance of the detectors for mono-energetic incident electrons of 2,

5, and 8 GeV.
Configuration | Energy (GeV) | RMS | Mean | Resolution | Energy-linearity
1A 2 63.36 | 315.9 0.20 140
1A 5 123.7 | 768.5 0.16 140
1A 8 183.2 | 1197 0.15 140
1B 2 45.46 | 197.7 0.23 81
1B 5) 87.82 | 473.6 0.19 81
1B 8 129.1 | 732.3 0.18 81

Table 3.2: Performance of final ShowerMax designs for mono-energetic incident electrons.

The ShowerMax detectors are expected to be resistant to the photon and charged hadron
backgrounds present during the experiment. In order to guage the response of ShowerMax to
pions, a Geant4 simulated beam incident on the detector was studied. Figure 3.17 shows that
a b GeV pion incident on config 1A will have a response that is only 22% of that of a 2 GeV
electron; for config 1B it is 15%. This response is quite good and thus when the experiment
is run in event-mode, pions will be easily distinguishable from the desired channel. The
detectors were also simulated using Geant4 to incident photon beams. Figure 3.18 shows
the results for incident photons between 10 MeV and 100 Mev.

Once the detector is fully built, it will be tested in the ISU parity violation group’s
cosmic ray stand. This will serve as an additional benchmarking procedure and is described
in Chapter 4. A Geant4 simulated beam, incident on the detector, was studied in preparation

for the first prototypes. 1 GeV muons are predicted to generate 36 PE’s in the PMT on
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Figure 3.17: ShowerMax response to mono-energetic 7~ beams. Red, blue, and black rep-
resent 2, 5, and 8 GeV pions respectively. Left and right hand plots are configurations 1A
and 1B respectively.

average for config 1A and approximately 19 for config 1B as is shown in Figure 3.19.

Geant4 simulations have also been conducted in order to gauge our expectations for
the full-scale ShowerMax prototypes in the future test beam studies (further detailed in
Chapter 4). Figure 3.20 shows the expectations for configurations 1A and 1B. Config 1A is
expected to make much more light and have better resolution than config 1B. At the high
end of the energy scale, config 1A is expected to produce more than 1000 photo-electrons,
on average, at the PMT for each incident electron. Config 1B gives a significantly lower
yield at around 700 photo-electrons per incident electron. As mentioned earlier, the average
mean PE yield across different energies should be closer together (lower linearity) for config
1B compared with config 1A, according to simulations.

It is also of interest to look at the total resolution of the detector. This is the overall
resolution of the entire energy spectrum, of a single helicity gate, convoluted with the prob-
ability distribution of the incident electrons as discussed in Section 2.3. In order to find the
detector resolution as a function of energy the resolution data shown in Figure 3.11 was fit to
a cubic function. Next, this function was convoluted with the normalized energy distribution
according to Equation 2.31. Surprisingly, the difference in resolution between the different

configurations makes very little difference in the final result as shown in Figure 3.21. The
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ShowerMax 1A Photon Response

10° )
2000 Fit 1 Rist Fit n_hist Rit n_hist 20 Config 1A - Photon Beam .
g Eniries. 5000000 | Entries. 5000000 | Entries. 000000
oo S W[ ] |
RMS 2481400007844 | RMS 7661+ 0002425 | AMS 10,83 +0.008455 *  Resolution .
Integra e i ral fey [ ral Sel
800 ntegral 06 | Intege: 06 | Inage: DB 6t 132
200 RMS _,, RMS _ RMS _ oo

-
=

Mean ~ ~"" Mean ™ '~ Mean

-
X

PE Mean
N
o
rms/mean

=

=

g @ Z:

==&z
g2

o ®

Ll Lo b 0
60 70 80 90 100 10 20 30 40 50 60 70 80 80 100
Photo-electrons Energy (MeV)

Figure 3.18: ShowerMax response to mono-energetic photon beams. Left image: Red, blue,
and black represent 10, 50, and 100 MeV photons respectively. Right image: Black represents
PE means and red represents resolution with respect to energy. Notice the low energy-
linearity for the PE means (0.14 MeV ™).

convoluted resolution for both detectors is expected to be 0.146 which equates to an excess
noise of 1.06%.

Up to this point, the simulations discussed have had particles incident on the center
of the detector face (a center sampled beam). In addition to a center sampled beam, the
detector response can be studied for particles incident on different parts of the detector face.
This will be helpful for MOLLER analysis since there will be electrons incident at all points
on the face of the detector.

First, we’ll consider how the PE yields and resolution are effected when electrons are
incident at different positions azimuthally on the detector face. To study this, electrons
were simulated in Geant4 to be incident on any part of the detector face with an equal
probability. Then, PE yields and resolution were extracted from electrons that had been
incident on certain azimuthal slices of the detector face. Figure 3.22 shows the result of
these slices in the azimuthal dimension for 5 GeV incident electrons. There is a very distinct
“M” in the shape of the PE yield across this dimension. Simulations have shown that light
is emitted approximately uniformly across the quartz in the azimuthal direction. Thus, the

“M” shape is entirely due to light guide effects.
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ShowerMax - 1 GeV Muons
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Figure 3.19: ShowerMax response to 1 GeV muon beams. Black and blue represent config-
urations 1A and 1B respectively.

Next, we’ll consider how the PE yields and resolution are effected when electrons are inci-
dent at different positions radially on the detector face. The same data from the azimuthal
segmentation study will be used again, however, this time PE yields and resolution were
extracted from electrons that had been incident on certain radial slices of the detector face.
Figure 3.22 shows the result of slices in the radial dimension for 5 GeV incident electrons.
For most of the detector, the results for the signal are quite flat, however, there is interesting
behavior at the inner and outer edges. Electrons incident near the bottom/inner edge of
the detector (the slice furthest from the PMT) create a lower signal than the average, while
electrons incident near the top/outer edge create a higher one. It is suspected that this
could be due to at least two factors: first, at the inner edge of the detector a fraction of the
shower is lost due to the lateral size of the shower escaping the stack and second, there is

more attenuation through the quartz for light produced at the inner edge of the detector
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Figure 3.20: Full Scale ShowerMax Response. Red, blue, and black represent 2, 5, and 8
GeV electrons respectively. Left and right are configurations 1A and 1B respectively.
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Figure 3.21: Convoluted resolution for config 1A (left) and config 1B (right). Blue represents
the normalized energy distribution while red represents the resolution. Integrating according
to Equation 2.31 gives the total (convoluted) resolution.

than light produced at the outer edge. A similar argument can be made for the top of
the detector. Here, there is lateral shower leakage but there is nearly no attenuation which
results in the peak in the PE mean at large r (or positive x) as illustrated in Figure 3.23.
The resolution is flat for most of the detector, however, it gets worse at the edges.

The ShowerMax detectors chosen for construction perform well in simulations. They are
expected to have low energy-linearity and good resolution. The resolution is good enough
that the excess noise is acceptably low. Additionally, ShowerMax will be sufficiently immune

to any large backgrounds encountered during the experiment. They are designed with an
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Figure 3.22: ShowerMax azimuthal segmentation study. Top: Config 1A. Bottom: Config
1B. Note the scale of the vertical axis. While the light yeild changes by more than 10% the
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aluminum frame which is able to support the stack in any position on the detector ring. In

order to ensure the expected performance of the detector, a test beam experiment will be
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performed to benchmark the simulations, which is discussed in Chapter 4
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Figure 3.23: ShowerMax radial segmentation study. Top: Config 1A. Bottom: Config 1B.
Note the scales of the vertical axis. The resolution remains very flat.
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Chapter 4
Future Test Beam Studies

In order to achieve the precision goal of the MOLLER experiment, the response of
ShowerMax needs to be very well understood. There are several parameters that need
to be tuned in Geant4 (G4) simulations for the ShowerMax analysis. These include the
optical properties of the quartz such as polish, reflectivity, refractive index, etc. They also
include shower properties of the tungsten such as step size, density, and absorption constant.
Properties of the light guide and PMT photo-cathode, such as reflectivity, must also be well
known. In order to gain a better understanding of these properties for the ShowerMax
detector, a beam test will be performed.

A benchmarking detector has been designed for ShowerMax that will have the abil-
ity to test most of the parameters needed for the G4 simulations mentioned above. The
optical properties of the quartz will be studied by placing a single quartz piece in a well
controlled beam (without using a light guide). The shower properties can then be studied
by adding stack components one at a time during the measurement process. Additionally,
the “full-scale” ShowerMax will be placed in the beam in order to test its response and light
guide properties. Note that the full-scale prototype stack configurations match those of the
benchmarking prototypes.

This chapter describes the experimental setup to be used during the beam test. It also
describes the experimental procedures that will be used. Finally, the predictions of what we

expect to see are outlined based on the current G4 simulations that have been performed.

4.1 Experimental Apparatus

The beam test consists of two main parts, each with various stages. The first part is the
optical and shower benchmarking tests. The second is testing the full-scale prototypes. The

beam test is to be performed at the SLAC End Station Test Beam (ESTB) facility with
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mono-energetic electrons between 2 GeV and 8 GeV with a nominal bunch length and spot

size.

4.1.1 Benchmarking Prototype

A fully 3-D printed benchmarking detector apparatus has been made using 100% ABS
plastic for the first part of the beam test. The apparatus consists of a light-tight enclosure
with the ability to encapsulate the entire stack. The radiation hardness of ABS plastic is
unknown. Thus, in order to avoid having the beam pass through the plastic, sliding doors
are designed that attach to the body with inset Kapton windows for the beam to pass
through. Each stack configuration has its own interior support frame (deemed ‘elevators’)
used to hold the stack layers in place. The elevators are constructed so that the leading piece
of quartz always remains at the same position relative to the PMT for each iteration of a
configuration measurement. The PMT (which will be shielded from the beam) sits atop the
whole configuration inside a PVC pipe and encapsulates the entire stack within its circular
window. Figure 4.1 shows an exploded view of two configurations (a single piece of quartz
and the full stack).

The biggest concern in designing the benchmarking apparatus was the stack width (trans-
verse to the beam line). Stacks with insufficient width could lose a significant portion of the
shower due to the transverse development. The minimum acceptable width the stack can
have, without significant transverse light leakage, was determined using G4/qsim simulations
and the Moliere radius. Various overall stack widths—that could be circumscribed within
a 3 inch PMT to avoid the use of a light guide—were compared against a “wide” stack in
which there would be no loss due to shower size!. These simulations and a spreadsheet of
the results are given in Appendix B. Due to this study, it was determined that the stack
width should be 40 mm. This is enough to comfortably circumscribe config 1A (the thickest

configuration) in a 3 inch PMT window with nominal losses (less than 0.09%) as discussed

! Although the wider stacks did have more losses due to attenuation of internally reflected light, this was
not a significant contributor to any differences seen in the PE distributions in Appendix B.
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Figure 4.1: Exploded view of Config 1A benchmarking apparatus for the single quartz
configuration (top) and the full stack (bottom).

in Appendix B.

Past test beam studies from our group have shown that incident electron angle has
a large effect on thin quartz detector PE yields as shown in Figure 4.2. This data was
obtained in 2015 at the Mainz Microtron (MAMI) in Germany during preliminary tests of
the CREX and PREX II detectors. It is apparent that angular dependence will be important
to control, especially for stack configurations with only one piece of quartz (with or without
one radiator). We are also interested in quantifying the effect of angle on the full stack

configuration.
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Figure 4.2: Dependence of signal with respect to incident beam angle for thin quartz. Data
collected from 2015 MAMI testbeam.

In order to control the position and angle of the incident beam, the apparatus will
be fastened to a linear and rotary stage. The linear stage will have the ability to move the
apparatus entirely out of the beam path if desirable. The entire assembly will be controllable
from outside the beam area which will allow for more efficient testing—without having
to continually re-enter zones that may still be radioactive and have time-intensive entry
procedures. The upper plot of Figure 4.3 shows a graphic of the completed benchmarking
assembly and the size constraints of the device. The entire apparatus (linear and rotary
stages included) is under a meter in each dimension allowing for easy setup at the ESTB

facility.

4.1.2 Full-Scale Prototype

The second part of the beam test is for testing the full-scale ShowerMax prototypes. As
was the case for the benchmarking assembly, the full-scale device will sit atop computer

controlled linear and rotary stages. This will enable control over the beam position and
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Figure 4.3: Experimental test beam set up for the benchmarking apparatus (top) and full-
scale prototype (bottom). Notice the linear and rotary stages they are mounted to.

angle. Shielding may be placed around the detector in order to keep the PMT and light
guide from having any potential backgrounds but is not likely to be necessary given the clean,
low current beam of the ESTB. As with the benchmarking assembly, the entire apparatus
is again under a meter in any direction—making it easy to install and work around in the
ESTB. This detector will also have the ability to be moved entirely out of the beam line
from a remote location providing more flexibility and beam time. A graphic of this assembly

is shown in the lower plot of Figure 4.3.
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4.2 General Run Plan and Procedures

The desired beam for the benchmarking experiment is a single particle electron beam with
energies ranging from 2 GeV to 8 GeV. The beam should have a nominal bunch size, meaning
only one electron is delivered to the detector at a time. It should also have the smallest
possible spot size (how precisely the electrons can be focused on the target). The ESTB
facility boasts a sufficiently small spot size of approximately 1 mm [6].

Simulations have shown that, when testing the fully loaded stack, the position of the
beam should be centered on the stack with precision under 2 mm?. The apparatus should
also be perpendicular to the beam with precision of less than 2 degrees® (this needs to be
more precise when testing a single piece of quartz). Figure 4.4 shows the beam position
sensitivity of the fully loaded config 1A benchmarking apparatus. The response of the

detector will only be minimally perturbed if the spatial beam parameters are kept within

2mm of stack center and with < 2° angular deviation from the normal incidence.
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Figure 4.4: Expected spacial sensitivity of benchmarking apparatus from simulation. Left:
Effects of offsetting the beam spatially. Right: Effects of rotating the apparatus.

Once the spatial parameters of the beam have been calibrated, a single piece of quartz

(config 1A) should first be subjected to the beam and at least three energies should be

2This is to ensure that less than 1% of the shower is lost due to its transverse size. Appendix B contains
the results simulations showing this for various stack configurations.

3Interestingly, more light is created with the full stack when an incident electron has a small angle. This
is because more of the shower can develop. Appendix B shows this for various stack configurations.
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subjected to the apparatus. Once this is complete, a single radiator should be placed in
front of the quartz and then repeat the measurement. After this, another radiator should
be added downstream of the first piece of quartz along with another piece of quartz; the
measurement will then be repeated. This procedure should continue until the full stack
configuration has been tested. This entire procedure should then be repeated for config 1B.
Once this is done, each full-scale prototype should be subjected to the beam.

During each data collection run with the accelerator, enough particles should be sent
through the apparatus to get the appropriate statistics. Given that the standard error goes
asn %%, it’s recommended that n be as large as possible. The author of this text recommends
that the statistical precision of the data collected exceed that of the G4 simulations discussed
throughout this text by a factor of ten. This is a recommended n of 250,000 for each

configuration tested.

4.3 Simulated Results and Expectations

As has been discussed throughout this thesis, the PE response for a single piece of quartz is
essentially energy independent. Given incident electron energies of 2 GeV, 5 GeV, and 8 GeV
their individual PE responses should be nearly indistinguishable, as shown in Figure 4.5.
The relative width (or resolution) of the signal responses are expected to be around 19%.
Once a single radiator is added to the apparatus, the mean, rms, and rms/mean of
the signal significantly increases. This is due to the under-developed shower that forms
before the quartz. An under-developed shower creates fluctuations in the number of charged
particles that traverse the quartz for each electron, and the rms increases more than the
mean increases. As more radiators are added to the apparatus, the Gaussian-like responses
should become more separated for the different energies due to the further developed shower
and thus more consistent numbers of shower particles produced per electron. While the rms
of the PE distribution progressively increases as more stack layers are progressively added,

the rms/mean of the distribution improves with each added set of tungsten and quartz to the
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Benchmark 1A: Single Quartz
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Figure 4.5: Response of benchmarking apparatus configured with a single piece of quartz.
Notice that the responses are the same for 2, 5, and 8 GeV.

configuration. This result is simply a consequence of a more fully-developed and predictable
shower?. Figure 4.6 Shows the increasing mean and decreasing rms/mean for successively

adding more layers with 2 GeV, 5 GeV, and 8 GeV electron beams.

4This is merely statistics. As the number of shower particles (IV) increases, the fluctuation in that number

goes as 1/\/N
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Figure 4.6: Expected response for various benchmarking configurations. Notice that the
resolution gets better and the signals for different energies separate as more layers are added
to the stack. Also note the huge numbers of mean PE’s—this will require the use of 1-10%
transmission ND filters to keep the mean PE’s below 200.
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Chapter 5
Conclusion

This document has given an overview of the work done to design and test the ShowerMax
detector for the MOLLER Experiment. The purpose of MOLLER is to measure the parity
violating asymmetry in Mgller scattering with unprecedented precision (0.7 ppb). At the
very least it will set limits on possible BSM physics and at the most could discover potential
interactions or particles—such as dark photons or heavy Z’s. In addition, MOLLER will
serve to push the limits of technology. The extreme precision of the experiment will advance
our technological capabilities and sharpen our knowledge.

ShowerMax will be a key component of MOLLER. It will make an independent measure-
ment of Apy subject to its own set of systematic errors—different than those of the main
thin quartz detectors. In conjunction with the thin quartz detectors, this will increase the
statistical precision of the experiment by a factor of v/2. ShowerMax will also be resistant
to backgrounds from photons, charged hadrons (mainly pions), and muons produced in the
target. This is especially important given that the response of the thin quartz detectors
is independent of energy—resulting in each type of background making a similar signal.
While the pions and muons make a much smaller signal than any of the scattered electrons
in ShowerMax, it is still detectable, giving it the added benefit of cross-checking the pion
detectors®.

While ShowerMax is crucial to Mgller, it has its own hurdles to overcome. Given that a
large range (factor of 4) of scattered electron energies are incident on the detector, special
care needs to be taken because the response of a calorimeter is energy dependent. This
means that 8 GeV electrons make four times as much light as 2 GeV electrons, thus an
8 GeV electron is indistinguishable from four 2 GeV electrons. Because of this, the data
analysis of ShowerMax will rely on a redundant measurement of energy. The spectrometer

will need to be well mapped-out and track detecting GEM planes can then be used to

!These detectors are in the experiment solely to monitor backgrounds.
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determine the energy distribution of scattered electrons on ShowerMax; this serves as the
first energy “measurement.” For an accurate measurement of Apy with ShowerMax, the
energy distribution of the incident electrons will then need to be used to cancel out the
energy dependence in the signal?. Therefore, it will be important to fully understand the
errors associated with the field-maps and GEM tracking event reconstruction as they will
carry over to the ShowerMax analysis in a non-trivial manner.

ShowerMax consists of four plates of tungsten interleaving with four tiles of optically
polished quartz. Two different detectors will be built with different tungsten thicknesses
for preliminary testing. In order to detect the signal from the quartz, a specially designed
light guide has been designed. The light guide was first designed to optically transmit light
to the PMT by only a single-bounce using a parabolic funnel mirror. Then the design was
simplified to a flat funnel mirror such that it could be easily and consistently built. In
MOLLER, 28 ShowerMax detectors will be arranged in a ring with an approximately 1 m
radius around the beam line as in Figure 5.1. A frame was designed that can support the
weight of the detector from any orientation on the ring. The weakest structural members
have a factor of safety of 2.5 in the worst case scenario®. Specially machined supports were
designed to hold the tungsten and quartz in place around the ring (without inflicting damage
to the material) and only blocking a very small amount of light.

Finally, a beam test was designed to benchmark the optical quartz and showering param-
eters of the Geant4 simulation parameters and to test the full-scale ShowerMax prototypes.
The beam test will require an electron beam and a range of energies (approximately 2 GeV to

8 GeV). An apparatus was designed with the ability to first test a single piece of quartz and

2T am not sure if this was not done in legacy experiments such as SLAC’s E158[2]. This is equivalent
to assuming that scattered electrons from the electromagnetic and weak interactions have the same energy
probability distribution. For most cases it is OK to make this assumption as any deviation is probably quite
small. Additionally, the rates and ranges of energies have been more favorable (a factor of two instead of
four) in these experiments and first order QED corrections were not considered[28]. This said, we do not
know how strange “yet-to-be-discovered” physics might be and MOLLER is a BSM search. For this reason
it will be important to cancel out the energy dependence as accurately as possible in order to attain as
precise a measurement as possible.

3It should be noted that the frame was not analyzed for fatigue under dynamic or cyclic loading. The
detector should be handled with care during transportation and installation.
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Figure 5.1: ShowerMax detectors in final ring geometry.

then progressively add stack pieces until the full configuration is reached. As in Figure 5.2,
the apparatus will sit atop a linear and rotary stage that will enable precision positioning
abilities. Full-scale ShowerMax prototypes will also be tested; they will also be fastened to
the linear and rotary stage as shown in Figure 5.3

ShowerMax is expected to meet all the experimental requirements and even exceed some.
If the actual resolution of the detector is close to the simulations, its excess noise will
only minimally affect its measurement error. While making an independent measurement
of Apy that is resistant to the experiment’s backgrounds, ShowerMax will greatly boost
MOLLER’s statistics and provide a safety net against any unexpected complications. As
a whole, MOLLER will make the most precise measurement of Apy to date. It will take
precision physics to a new level and expand our technological capabilities. It also has the
potential to probe physics beyond the standard model with unprecedented sensitivity and to
identify as yet discovered interactions. The measurement will provide guidance for the future
of physics as we search for a more complete or unifying theory. In the end, MOLLER will
expand our knowledge and provide a telling glimpse into the inner workings of the universe.

ShowerMax will play a crucial role in this endeavor.
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Figure 5.2: Experimental setup for benchmarking apparatus.

Figure 5.3: Experimental setup for the full-scale ShowerMax prototype.
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Appendix A
Structural Analysis

Consider the worst case scenario that the ShowerMax detector will be in. This is where
the detector is at 90 degrees to the vertical and the supporting struts are subject to the
largest possible moment. Figure A.1 shows a detector in this configuration and a free-body
diagram of a structural member.

For a conservative estimate, it is assumed that only two of the beams support the load of
the detector. The weight of the stack and the frame is approximately 50 pounds. Given this
configuration we find that the maximum shear in the beams is 22.5 Ib and the maximum
moment is 23 ft-1b. Figure A.2 illustrates the shear and moment the beams are subject to.

In this model we are most likely to have failure at = 14.5 in. First, we must find the

stresses due to the shear and moment at this point. The transverse shear stress is given by

[12]:

vQ)
T = F s (A].)

where v is the shear force, () is statical moment of area, I is the moment of inertia, and ¢ is

the thickness of the beam. The values of each are:
e v=2251b
e Q =yA=0.0122in*
o I = 4tb* = 0.00509in"

Plugging these values in we find the following:

T = 215.7ps. (A.2)

The stress due to the moment is given by the well known equation [12]:
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oMy (A3)

where M is the moment, and y is a distance from the center of the beam. The max stress

5

-5 in). Plugging in the known

due to the moment is, therefore, at the edge of the beam (y =

values we find,

o, = 17000psi. (A.4)

Next, Mohr’s circle is used to find the max and principle stresses in the beams. Since
there is no o,, the max normal stress is 0, at 6 = 0. The max shear is the radius of Mohr’s

circle, which is given by [12]:

R=(%52) 47 = (A5)

The max stresses are approximately:

Timaz = 8500psi (A.6)

and

Tmaz = 17000psi. (A.7)

Given that o, is zero, he principle stresses are found to be:

oa=2% )% 4
470 4
|04 = 17000psi. | (A.8)
and
o oz
op — 7 — Z —+ T



A9

Figure A.3 illustrates Mohr’s circle for this particular case. The principle stresses are

now ready to be used in various failure models. This appendix covers three such models.
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Figure A.1: Structural worst case scenario. The top image shows a ShowerMax detector
in this position. The bottom image shows a free-body diagram of the structural members
being analyzed.
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Figure A.2: Shear and Moment Diagrams.
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Figure A.3: Mohr’s circle for the structural members in ShowerMax [19].
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A.1 Von Mises Criterion

The factor of safety (n) in the Von Mises Failure criterion is given by the yield strength over

the Von Mises stress [22]:

oy = 0 (A.10)
OovmMm
Where,
1
ovmMm = \/5((0'3; —0oy)? 4+ (0y —0.)2 + (0. — 0,)% + 672) =03+ 372 (A.11)

For 2024 T4 Aluminum the following values are known [22]:

e Ultimate Tensile Strength: S,; = 64.8 kip.
e Yield Strength: S, = 43 kip.

e Compressive Yield Strength: S. = 43 kip.

Plugging these values in we find:

A.2 Standard Coulomb-Mohr

Another failure theory to check is the standard Coulomb-Mohr model. The equation for the

factor of safety in this model is [22]:

1 oA

—_=2_== A3

- (A13)
Plugging in the known values and solving for n:
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nscym = 2.5 (A.14)

For a conservative estimate of the total factor of safety the lowest value is taken.

n=25 (A.15)

A.3 Critical Load

Another structural concern is the critical load. This is the maximum load a column can

bear without buckling. The critical load is given by the following formula [12].

mEl

b = 4010

(A.16)

For aluminum, the modulus of elasticity (F) is 107 psi [25]. The structural members
are fixed on both ends making the shape factor, K, equal to 1. Using the values calculated
previously for the moment of inertia and length, the critical is found to be well above the

50 pounds the members will have to support.

P, = 2390 1b (A.17)
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Appendix B
Moliere Radius Study

A major reason for performing the beam test outlined in Chapter 4 is to benchmark
the optical and shower properties of tungsten and quartz used in Geant4/Qsim simulations.
To achieve this, a scaled down version of the ShowerMax stack will be used. The stack
must have a width such that it can be circumscribed by a 3 inch PMT (which is the size
of PMT that will be used in MOLLER). The stack must also be wide enough that most
of the transverse size of the shower is contained with in the stack. These parameters come
from the fact that a light guide can not be used with the benchmarking apparatus because
it would add a layer of uncertainty to the data. The beam test is designed to accept light
directly from the quartz so that the data reflects the desired physics as well as possible.

The spreadsheet on the following pages is a summary of the simulations that were per-
formed to determine the design of the benchmarking apparatus!. Figure B.1 defines the
variables that were used to describe the stack geometry. Note that the thickness of the first
layer of tungsten is not necessarily the same as the others. Due to this study, it was deter-
mined that the stack width should be 40 mm. This is enough to comfortably circumscribe
config 1A in a 3 inch PMT with nominal losses (less than 0.09%).

Following the spreadsheet are selected PE distributions from the study. The first four
plots show the change in signal for configuration 1 while increasing the number of layers
(starting with one radiator and one optical tile). Stack widths of 1 in, 2 in, and 3 in are
shown. Notice that there is a significant decrease in the signal (3.5%) for the full 1 inch
wide stack. Such losses are what these simulations were used to avoid. The next two PE
distributions show the result of a beam that is not perfectly centered on the benchmarking
apparatus. The final two show the result of a beam coming in at a slight angle. Notice that

configurations A and B have no significant losses from offset or angled beams?.

!These simulations also played a major role in selecting the full-scale stack components.
2In fact, angled beams make more light. This is due to a further developed shower.
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Results Spreadsheet

Sheetl
Material Values (Particle Data Group) [PMT Radius (mm) [ Gravity (mis/s) |
R (g/lcm/cm) R (cm) X (g/cm/cm) X (mm) Z  Density (g/cc) | 39 | 9.81
Tungsten 18.00 0.93 6.76 3.50 74.00 19.25
[Copper 14.05 157 12.86 14.36 29.00 8.96 Moliere Radius:
Quartz 11.34 5.15 27.05 122.90 ~11 2.65
LIS wk W
RM ES Xj RM}
Wi = relative weight
Tungsten Quartz Total Moliere
Config # t_f(mm) t g (mm) t_ w (mm) b (mm) a (mm) X Weight (N) Weight (N) Weight (N) R_m (mm)
1 8 125 8 74 24.66 9.54 156.09 35.57 191.66 11.00
2 17 125 5 65 43.12 9.54 156.09 35.57 191.66 11.00
3 14 125 6 68 38.21 9.54 156.09 35.57 191.66 11.00
4 6 12.5 6 68 38.21 7.26 117.07 35.57 152.64 11.53
Benchmark - 2GeV Full Scale ShowerMax — 2GeV
Leakage Leakage
Config # RMS/Mean  Leakage (%) 1mm offset (%) 2mm offset (%) Config # RMS Mean RMS/Mean
1 0.17 2.97 3.13 3.29 1 74.37 369.5 0.20
2 0.19 0 0 0 2 99.1 382.4 0.26
3 0.2 0.52 0.63 0.84 3 88.43 393.2 0.22
4 0.19 0 0 0 4 99.82 468.7 0.21
Benchmark - 5GeV Full Scale ShowerMax — 5GeV
Leakage Leakage
Config # RMS/Mean  Leakage (%) 1mm offset (%) 2mm offset (%) Config # RMS Mean RMS/Mean
1 0.13 35 3.6 3.8 1 146.4 905.8 0.16
2 0.15 0 0 0 2 1955 1075 0.18
3 0.13 0.25 0.35 0.52 3 1749 1052 0.17
4 0.17 0 0 0 4 212.1 1067 0.20
Benchmark — 8GeV Full Scale ShowerMax — 8GeV
Leakage Leakage
Config # RMS/Mean  Leakage (%) 1mm offset (%) 2mm offset (%) Config # RMS Mean RMS/Mean
1 1 218.8 1414 0.15
2 2 290.9 1772 0.16
3 3 261 1696 0.15
4 4 319.7 1603 0.20
a
a’ +b* = 4R?
R=39mm
F‘MT'-\
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Sheet2

Material Values (Particle Data Group) PMT Radius (mm) | Gravity (m/s/s
R (g/cm/cm) R (cm) X (g/cm/cm) X (mm) z Density (g/cc) 39 9.81
Tungsten 18.00 0.93 6.76 3.50 74.00 19.25
[Copper 14.05 157 12.86 14.36 29.00 8.96 Moliere Radius:
Quartz 11.34 5.15 27.05 122.90 ~11 2.65
Ry E.Ls X Ry;j
Wi = relative weight
Max Tungsten Quartz Total Moliere
Config # t_f (mm) t_g (mm) t_w (mm) b (mm) A (mm) X Weight (N)  Weight (N) Weight (N) R_m (mm)
1A 8 10 8 64 44.59 9.46 156.09 35.57 191.66 11.00
1B 8 6 8 48 61.48 9.33 156.09 35.57 191.66 11.00
4A 6 10 8 64 44.59 8.89 146.33 35.57 181.91 11.11
4B 6 6 6 42 65.73 7.04 117.07 35.57 152.64 11.53
Benchmark - 2GeV Full Scale ShowerMax — 2GeV
Leakage Leakage
Config # RMS/Mean Leakage (%) 2mm offset (%) 2° angle (%) Config # RMS Mean RMS/Mean
1A 0.17 0 0 -0.1 1A 63.36 315.9 0.20
1B 0.19 0 0 0.2 1B 45.46 197.7 0.23
4A 0.19 0 0 - AA* 60.16 300.2 0.20
4B 0.21 0 0 - 4B** 39.67 179.3 0.22
Benchmark - 5GeV. Full Scale ShowerMax — 5GeV
Leakage Leakage
Config # RMS/Mean Leakage (%) 2mm offset (%)  2° angle (%) Config # RMS Mean RMS/Mean
1A 0.13 0.04 0.09 -0.4 1A 123.7 768.5 0.16
1B 0.14 0 0 0.2 1B 87.82 473.6 0.19
4A 0.17 0.06 0.3 - 4A* 126.8 677.4 0.19
4B 0.19 0 0 - 4B** 80.61 397.4 0.20
Benchmark — 8GeV Full Scale ShowerMax — 8GeV
Leakage Leakage
Config # RMS/Mean Leakage (%) 2mm offset (%)  2° angle (%) Config # RMS Mean RMS/Mean
1A 0.12 0 0 - 1A 183.2 1197 0.15
1B 0.13 0 0 - 1B 129.1 732.3 0.18
4A* 0.18 0 0 - AA* 187.9 1012 0.19
4B 0.19 0 0 - 4B** 118.8 591.3 0.20
a * Small bump from 10,000 PE limit
t **
a4 b= 4R? Center Sampled Beam
R=39mm
PMT~
Page 2
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a’ + b = 4R?
R=39rmm

t

PMT\

1]

Figure B.1: Depiction of a generic stack that is being viewed from above. The circle rep-
resents a 3 inch PMT. The blue represent quartz pieces and the grey represents tungsten.
Notice that all of the quartz pieces are circumscribed by the PMT.

Benchmarking Apparatus: Moliere Radius Study
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N=1 Benchmark PE Distributions

2000 Fit_n_hist Rit_n_hist RIt_n_hist
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LEBGD__ Mean 1101+ 2194 |Mean 1114 & 2222 [ Mean 1109 & 2202
C AMS 49054 1551 |[AMS 4968+ 1.571 | AMS 4923 + 15587
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- Mean Mean Mean
1200 ,
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— —— Zinch
800 __ —— 3inch
600—
400(—
200(—
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0 1000 2000 3000 4000 5000

Figure B.2: PE distribution of configuration 1 benchmarking apparatus with one tungsten
plate and one quartz tile. Three different stack widths are shown to compare relative losses
due to transverse shower size. Black, blue, and red represent 1 in, 2 in, and 3 in stack widths

consecutively.
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N=2 Benchmark PE Distributions
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Figure B.3: PE distribution of configuration 1 benchmarking apparatus with two tungsten
plates and two quartz tiles. Three different stack widths are shown to compare relative
losses due to transverse shower size. Black, blue, and red represent 1 in, 2 in, and 3 in stack
widths consecutively.
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N=3 Benchmark PE Distributions
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Figure B.4: PE distribution of configuration 1 benchmarking apparatus with three tungsten
plates and three quartz tiles. Three different stack widths are shown to compare relative
losses due to transverse shower size. Black, blue, and red represent 1 in, 2 in, and 3 in stack
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2000 hit_n_hist Fit_n_hist Rit_n_hist
@ [ Entries 50000 | Entries 50000 | Entries S0000
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Figure B.5: PE distribution of configuration 1 benchmarking apparatus with four tungsten
plates and four quartz tiles. Three different stack widths are shown to compare relative
losses due to transverse shower size. Black, blue, and red represent 1 in, 2 in, and 3 in stack

N=4 Benchmark PE Distributions

widths consecutively.
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5GeV Benchmarking 1A Offset Beam
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Figure B.6: PE distribution for 5 GeV beam incident on configuration 1A benchmarking
apparatus. Black and blue are for a 40 mm wide stack. Black is a perfectly centered beam
and blue is a beam that has been offset by 2 mm. Red represents a 76.2 mm wide stack
with a centered beam. Notice that the losses are negligible.
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Figure B.7: PE distribution for 5 GeV beam incident on configuration 1B benchmarking
apparatus. Black and blue are for a 40 mm wide stack. Black is a perfectly centered beam
and blue is a beam that has been offset by 2 mm. Red represents a 76.2 mm wide stack

5GeV Benchmarking 1B Offset Beam

with a centered beam. Notice that the losses are negligible.
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5GeV Benchmarking 1A Angled Beam

£000r Fit_n_hist Rit N hist Rit_n_hist
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Figure B.8: PE distribution for 5 GeV beam incident on configuration 1A benchmarking
apparatus with a 40 mm wide stack. Black and blue represent 1° and 2° angled (and
centered) beams. Red represents a centered and perpendicular beam. Notice that there is
more light created for the angled beams. This is because more material is traversed and

therefore the shower becomes more developed.
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5GeV Benchmarking 1B Angled Beam
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Figure B.9: PE distribution for 5 GeV beam incident on configuration 1B benchmarking
apparatus with a 40 mm wide stack. Black and blue represent 1° and 2° angled (and
centered) beams. Red represents a centered and perpendicular beam. Notice that the losses
are negligible.
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Appendix C
CAD Drawings
This appendix contains the CAD drawings created using SolidWorks for the ShowerMax
frame and light guides. Configurations 1A and 1B are included. Notice that the machined
ledges that support the tungsten and quartz are not included. This is because they have

been 3-D printed for the first prototypes in order to test the designs effectiveness.
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Shower Properties

This script finds the properties of an electromagnetic shower in tungsten. First it plots the depth of the shower max in tungsten and the number
of particles at that depth. Next, it picks out these properties atinteger energies. It uses these parameters to find the function for the longitudinal
development of the EM shower using the function described in Egidio Longo and Ignazio Sestili's 1975 paper in Nuclear Instruments and
Methods, volume 128, no.2

Contents

= Properties of Shower Max

= Properties of Shower Max at Integer Energies

= Functions Describing Longitudinal Shower Development
= Asuperficial search

= Anin depth search

= Shower Development Results

= Ratios of Particle Number by Depth

= More Comparisons

Properties of Shower Max

close
clc
clear

E = 2:0.01:9; % Range of energies we are interested in in GeV.
N_max = E/(7.97*10”-3); % Number of particles at shower max. E/E_critical. E_critical= 7.97 MeV
x_max = 5.055*1log(N_max); % Depth of shower max in millimeters. x_max = x_0* 1n(N_max)/1ln(2), x_© == radiation length.

figure
plot(E,x_max);
hold on
title('Depth of Shower Max')
xlabel('Energy (GeV)'")
ylabel('Depth (mm)")
grid on

figure
semilogx(E,x_max);
hold on
title('Depth of Shower Max (semi-log)')
xlabel('Energy (GeV)')
ylabel('Depth (mm)")
grid on

figure
plot(E,N_max);
hold on
title('Number of Particles at Shower Max')
xlabel('Energy (GeV)'")
ylabel('N")
grid on

figure
plot(E,x_max,E,N_max)
hold on

title('Properties at Shower Max')
xlabel('Energy (GeV)'")

file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html 1/23
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legend('Depth of Shower Max (mm)','Number of Particles at Shower Max (N)','location', 'northwest')
grid on

figure
semilogy (E,x_max, E,N_max)
hold on

title('Properties at Shower Max (semi-log)')
xlabel('Energy (GeV)")

legend('Depth of Shower Max (mm)','Number of Particles at Shower Max (N)', 'location’, 'northwest')
grid on

file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html 2/23
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Depth of Shower Max
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file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html 3/23
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Number of Particles at Shower Max
1200 T T T T . .

1100 1

10001 1

900 1

80O 1

Z T00r J

600 1

500 1

400 - 1

300 1

200 * ’ " ! " !
2 3 B 5 6 7 ] 9

Energy (GeV)

Properties at Shower Max
1200 T . T .

Depth of Shower Max {mm})
Number of Particles at Shower Max (N}
1000 1

80O 1

600 1

400 1

200 1

0 . . ! . ! .
2 3 B 5 6 7 ] 9

Energy (GeV)

file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html 4/23
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Properties at Shower Max (semi-log)
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Properties of Shower Max at Integer Energies

x_max_integerEnergies=zeros(1,7);
N_max_integerEnergies=zeros(1,7);
E_integer=zeros(1,7);
n=1;
for i=1:length(E)
if mod(E(i),1)==0
x_max_integerEnergies(n)=x_max(i);
N_max_integerEnergies(n)=N_max(i);
E_integer(n)=E(1i);
n=n+1;
end
end

E_integer

X_max_integerEnergies
N_max_integerEnergies

E_integer =

x_max_integerEnergies =
Columns 1 through 7
27.9300 29.9796 31.4338 32.5618 33.4835 34.2627 34.9377
Column 8

35.5331

N_max_integerEnergies =

file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html 5/23
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1.0e+03 *

Columns 1 through 7
0.2509 0.3764 0.5019 0.6274 0.7528 0.8783 1.0038
Column 8

1.1292

Functions Describing Longitudinal Shower Development

N o— Ay g-b
Number of particles with respect to depth is descibed by the equation +¥ = Ate |l-where A, o, and b, are to be determined.
A superficial search

t=1:0.1:25; %depth in radiation length
Xx0=3.504; %radiation length

x=t*x0; %depth in mm

A=9:1:16;

alpha=3:0.5:4.0;

b=0.5;

N=zeros(length(x),length(A),length(alpha),length(b)); % allocate space

for i=1:length(x)
for j=1:length(A)
for k=1:1length(alpha)
for 1=1:1length(b)
N(i,j,k,1) = A(F)*(x(i)/xe)~(alpha(k))*exp(-b(1)*x(i)/x@); % N=A*t~alpha*exp(-b*t)
end
end
end
end

figure
hold on

clear
clear
clear
clear

= A G b

for j=1:length(A)
for k=1:length(alpha)
for 1=1:length(b)
semilogy (x,N(:,3,k,1));
end
end
end

title('Possible Longitudinal Shower Development Models')
xlabel('x (mm)")

ylabel('N")

dim = [.5 .55 .3 .3]; %dim = [.2 .5 .3 .3];

str = 'A=9:1:16; \alpha=3:0.5:4; b=0.5";
annotation('textbox',dim, 'String',str, 'FitBoxToText','on"');
grid on

str2 = '$$ N=A t~\alpha e~{-b t}$$';
text(55,1300,str2, "Interpreter’, 'latex")
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Possible Longitudinal Shower Development Models
1400 1

N = At"e ™"
1200 F A=9:1:16; a=3:054; b=0.5

1000

BOO [

600

400

200

An in depth search

clear A
clear alpha
clear b
clear N

A=4:0.05:12;
alpha=1:0.1:5;
b=0.4:0.01:0.6;

N=zeros(length(x),length(A),length(alpha),length(b)); % allocate space

for i=1:length(x)
for j=1:length(A)
for k=1:length(alpha)
for 1=1:1length(b)
N(i,j,k,1) = A(F)*(x(i)/xe)~(alpha(k))*exp(-b(1)*x(i)/x@); % N=A*t~alpha*exp(-b*t)
end
end
end
end

clear n

final_A_values=zeros(1l,length(x_max_integerEnergies));
final_alpha_values=zeros(1,length(x_max_integerEnergies));
final_b_values=zeros(1,length(x_max_integerEnergies));

for n=1:length(x_max_integerEnergies)

for j=1:length(A)
for k=1:length(alpha)
for 1=1:1length(b)
tempN = N(:,],k,1);
[NFunctionMax,arrayPositionOfNMax] = max(tempN);
if all([NFunctionMax >= ©.95*N_max_integerEnergies(n), NFunctionMax <= 1.05*N_max_integerEnergies(n),
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x(arrayPositionOfNMax) >= 0.95*x_max_integerEnergies(n), x(arrayPositionOfNMax) <= 1.05*x_max_integerEnergies(n)])
final_A_values(n)=A(j);
final_alpha_values(n)=alpha(k);
final_b_values(n)=b(1);

end
end
end
end

end

Shower Development Results

final_A_values
final_alpha_values
final_b_values

figure
hold on

finalNs=zeros(length(E_integer),length(t));
for i=1:length(E_integer)

finalNs(i,:)= final_A_values(i)*(t.~(final_alpha_values(i))).*exp(-final_b_values(i)*t);
plot(x,finalNs(i,:))

end
title('Longitudinal Development of Electromagnetic Showers in Tungsten')
xlabel('Depth (mm)")
ylabel('Number of Particles')
legend('2 GeV','3 GeV','4 GeV','5 GeV','6 GeV','7 GeV','8 GeV','9 GeV', 'location', 'northeast"')
grid on
figure
hold on

for i=1:length(E_integer)
plot(t,finalNs(i,:))
end

title('Longitudinal Development of Electromagnetic Showers in Tungsten')

xlabel('t (X_0)")

ylabel('Number of Particles')

legend('2 GeV','3 GeV','4 GeV','5 GeV','6 GeV','7 GeV','8 GeV','9 GeV', 'location', 'northeast')
grid on

figure

for i=1:length(E_integer)
semilogy(x,finalNs(i,:))

hold on
end
title('Longitudinal Development of Electromagnetic Showers in Tungsten (semilog)')
xlabel( 'Depth (mm)")
ylabel('Number of Particles')
legend('2 GeV','3 GeV','4 GeV','5 GeV','6 GeV','7 GeV','8 GeV','9 GeV', 'location', 'northeast')
grid on
figure
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for i=1:length(E_integer)
semilogy(t,finalNs(i,:))
hold on

end

title('Longitudinal Development of Electromagnetic Showers in Tungsten (semilog)')

xlabel('t (X_0)")
ylabel('Number of Particles')

legend('2 GeV','3 GeV','4 GeV','5 GeV','6 GeV','7 GeV','8 GeV','9 GeV', 'location’, 'northeast"')

grid on

final_A_values =
Columns 1 through 7
11.0500 10.1000 8.8000 8.8000 8.5000 9.9000
Column 8

8.1000

final_alpha_values =
Columns 1 through 7
3.1000 3.3000 3.56000 3.6000 3.7000 3.7000
Column 8

3.9000

final_b_values =
Columns 1 through 7
0.4100 0.4000 0.4000 0.4000 0.4000 0.4000
Column 8

0.4000
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Lungitlﬂdinal Development of Electromagnetic Showers in Tungsten (semilog

Shower Properties
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This section looks at the ratio of the number of particles in the shower with respect to depth. Both the regular ration and the ratio of the integrals

are considered.

ratio_2and3=finalNs(1,
ratio_2and5=finalNs(1,
ratio_2and7=finalNs(1,
ratio_2and8=finalNs(1,

1)./finalNs(2,
1) ./finalNs(4,
:)./finalNs(6,
1) ./finalNs(7,

s
)5
)5
)5

ratio_3and5=finalNs(2,:)./finalNs(4,:);

152

file:///C:/Users/Owner/Documents/School/Phys%20Research/shower PropertiesStudy/htm|/showerPropertiesF ullStudy.html

11/23



6/5/2017 Shower Properties

ratio_3and7=finalNs(2,:)./finalNs(6,:);
ratio_3and8=finalNs(2,:)./finalNs(7,:);

ratio_5and7=finalNs(4,:)./finalNs(6,:);
ratio_5and8=finalNs(4,:)./finalNs(7,:);

ratio_7and8=finalNs(6,:)./finalNs(7,:);

integral_2GeV=zeros(1,length(x));
integral_3GeV=zeros(1,length(x));
integral_5GeV=zeros(1,length(x));
integral_7GeV=zeros(1,length(x));
integral_8GeV=zeros(1,length(x));

for i=2:1:1length(tempN)
integral_2GeV(i)=integral_2GeV(i-1)
integral_3GeV(i)=integral_3GeV(i-1)
integral_5GeV(i)=integral_5GeV(i-1)
integral_7GeV(i)=integral_7GeV(i-1)
integral_8GeV(i)=integral_8GeV(i-1)

(x(i)-x(i-1))*(finalNs(1,i)+finalNs(1,i-1))/2;
(x(1)-x(i-1))*(finalNs(2,i)+finalNs(2,i-1))/2;
(x(i)-x(i-1))*(finalNs(4,i)+finalNs(4,i-1))/2;
(x(i)-x(i-1))*(finalNs(6,i)+finalNs(6,i-1))/2;
(x(1)-x(i-1))*(finalNs(1,i)+finalNs(7,1i-1))/2;

+ 4+ + + +

end
integralRatio_2and = integral_2GeV./integral_8GeV;

figure
hold on

plot(x,ratio_2and3,x,ratio_2and5,x,ratio_2and7,x,ratio_2and8)

title('Ratio of N for 2GeV and Higher Energies')

xlabel('x (mm)")

ylabel('%")

legend('2Gev & 3GeV', '2Gev & 5GeV', '2Gev & 7GeV', '2Gev & 8GeV', 'location’, 'northeast"')
grid on

figure
hold on

plot(t,ratio_2and3,t,ratio_2and5,t,ratio_2and7,t,ratio_2and8)

title('Ratio of N for 2GeV and Higher Energies')

xlabel('t (X_0)")

ylabel('%")

legend('2Gev & 3GeV','2Gev & 5GeV','2Gev & 7GeV', '2Gev & 8GeV', 'location’', 'northeast"')
grid on

figure
hold on

plot(x,ratio_3and5,x,ratio_3and7,x,ratio_3and8)

title('Ratio of N for 3GeV and Higher Energies')

xlabel('x (mm)")

ylabel('%")

legend('3Gev & 5GeV', '3Gev & 7GeV', '3Gev & 8GeV', 'location’, 'northeast")
grid on

figure
hold on

plot(t,ratio_3and5,t,ratio_3and7,t,ratio_3and8)
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title('Ratio of N for 3GeV and Higher Energies')

xlabel('t (X_0)")

ylabel('%")

legend('3Gev & 5GeV', '3Gev & 7GeV','3Gev & 8GeV', 'location', 'northeast')
grid on

figure
hold on

plot(x,ratio_5and7,x,ratio_5and8)

title('Ratio of N for 5GeV and Higher Energies')

xlabel('x (mm)")

ylabel('%")

legend('5Gev & 7GeV', '5Gev & 8GeV', 'location', 'northeast')
grid on

figure
hold on

plot(t,ratio_5and7,t,ratio_5and8)

title('Ratio of N for 5GeV and Higher Energies')

xlabel('t (X_0)")

ylabel('%")

legend('5Gev & 7GeV', '5Gev & 8GeV', 'location', 'northeast')
grid on

figure
hold on

plot(x,ratio_7and8)

title('Ratio of N for 7GeV and 8GeV')
xlabel('x (mm)")

ylabel('%")

legend('7Gev & 8GeV', 'location', 'northeast")
grid on

figure
hold on

plot(t,ratio_7and8)
title('Ratio of N for 7GeV and 8GeV')
xlabel('t (X_0)")
ylabel('%")

legend('7Gev & 8GeV', 'location', 'northeast")
grid on
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Ratio of N for 2GeV and Higher Energies
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Ratio of N for 5GeV and Higher Energies
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Ratio of N for 7GeV and 8GeV
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figure

hold on
plotyy(x,ratio_2and3,[x',x"'],[finalNs(1,:)"',finalNs(2,:)"']);
title('Shower Development: 2GeV vs. 3GeV')

xlabel('x (mm)")

legend('N_2/N_3",'N_2","'N_3")

grid on
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figure

hold on
plotyy(x,ratio_2and5,[x"',x"'],[finalNs(1,:)",finalNs(4,:)']);
title('Shower Development: 2GeV vs. 5GeV')

xlabel('x (mm)")

legend('N_2/N_5","'N_2",'N_5")

grid on

figure

hold on
plotyy(x,ratio_2and7,[x"',x"'],[finalNs(1,:)"',finalNs(6,:)']);
title('Shower Development: 2GeV vs. 7GeV')

xlabel('x (mm)")

legend('N_2/N_7","'N_2",'N_7")

grid on

figure

hold on
plotyy(x,ratio_2and8,[x',x"'],[finalNs(1,:)"',finalNs(7,:)"]);
title('Shower Development: 2GeV vs. 8GeV')

xlabel('x (mm)")

legend('N_2/N_8","'N_2","'N_8")

grid on

figure

hold on
plotyy(x,ratio_3and5,[x"',x"'],[finalNs(2,:)",finalNs(4,:)']);
title('Shower Development: 3GeV vs. 5GeV')

xlabel('x (mm)")

legend('N_3/N_5","'N_3",'N_5")

grid on

figure

hold on
plotyy(x,ratio_3and7,[x',x"'],[finalNs(2,:)"',finalNs(6,:)"']);
title('Shower Development: 3GeV vs. 7GeV')

xlabel('x (mm)")

legend('N_3/N_7",'N_3",'N_7")

grid on

figure

hold on
plotyy(x,ratio_3and8,[x',x"'],[finalNs(2,:)"',finalNs(7,:)"]);
title('Shower Development: 3GeV vs. 8GeV')

xlabel('x (mm)")

legend('N_3/N_8","'N_3",'N_8")

grid on

figure

hold on
plotyy(x,ratio_5and7,[x"',x"'],[finalNs(4,:)"',finalNs(6,:)"']);
title('Shower Development: 5GeV vs. 7GeV')

xlabel('x (mm)")

legend('N_5/N_7','N_5",'N_7")

grid on

figure

hold on
plotyy(x,ratio_5and8,[x"',x"'],[finalNs(4,:)"',finalNs(7,:)']);
title('Shower Development: 5GeV vs. 8GeV')

xlabel('x (mm)")

legend('N_5/N_8"','N_5","'N_8")

grid on
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figure
hold on

plotyy(x,ratio_7and8,[x"',x"'],[finalNs(6,:)",finalNs(7,:)']);

title('Shower Development: 7GeV vs. 8GeV')
xlabel('x (mm)")
legend('N_7/N_8"','N_7",'N_8")

grid on
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Shower Development: 3GeV vs. BGeV
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Shower Development: 5GeV vs. BGeV
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Published with MATLAB® R2015a
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