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ABSTRACT

The WATer CHerenkov Monitor for ANtineutrinos (WATCHMAN), is a new detector concept

for nuclear non-proliferation monitoring. WATCHMAN will use inverse beta decay reactions in

its gadolinium-doped water tank to detect the low energy antineutrinos from nuclear reactions.

The detector consists of a 5 kiloton water tank instrumented with around 3600 photomultiplier

tubes. This thesis presents the design, simulation and testing of the TARGETC ASIC-based

FPGA Mezzanine Card (FMC) Prototype as a demonstration that a TARGET solution will satisfy

WATCHMAN’s readout requirements. The TARGETC FMC Prototype is a cost-e�ective data

acquisition system that can handle a large number of photomultiplier tubes while digitizing the

signals at a high sampling rate. The system uses the TARGETC ASIC, developed by the University

of Hawaii as a multi-channel transient waveform digitizer. Employing a commercial System-On-

Module with a Zynq-based FPGA, the TARGETC FMC Prototype system o�ers a self-triggered,

dead-time less (at 10 kHz trigger rate), low-cost system compared to commercial alternatives.

Simulations of the readout module under 10 kHz dark noise rate are carried out to ensure 100%

e�cient capture of neutrino inverse-beta decay events.
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CHAPTER 1
INTRODUCTION

The WATer CHerenkov Monitor for ANtineutrinos (WATCHMAN) will use gadolinium(Gd)-

doped water to detect low energy anti-neutrinos. The primary aim of WATCHMAN is to demon-

strate that neutrinos can be used to passively monitor nuclear reactors for non-proliferation pur-

poses [1]. WATCHMAN will use inverse beta decay reactions inside its active water volume to

detect the reactor antineutrinos [1]. An antineutrino undergoes inverse beta decay when it in-

teracts with a quark in a proton of a hydrogen nucleus producing a positron and converting the

proton into a neutron [2]. A prompt signal is generated by the positron when it annihilates with an

electron. A second, delayed signal, is the result of energy being released after the neutron capture

by a gadolinium or hydrogen nucleus. The method of antineutrino detection is the coincidence of

a prompt and delayed signal from an inverse beta decay event.
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Figure 1.1: Boulby Underground Laboratory [3]

The detector will be built in the Boulby Mine under 1,100 meters of rock (Fig. 1.1), near

Boulby, United Kingdom [3]. The site is located 25 km away from the Hartlepool nuclear power

station, which will serve as the source of the reactor neutrinos. The cylinder shaped tank will be

a part of the existing Boulby Underground Laboratory. The tank will be 20 meters high and 20

meters in diameter, containing 5 kilotons of Gd-doped water. WATCHMAN will use around 3,600

254 mm diameter photomultiplier-tubes (PMTs) to detect photons generated inside the tank (see

Figure 1.2).
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Figure 1.2: WATCHMAN Tank Conceptual Design [3]

1.1 WATCHMAN Project Goals

The main goal for WATCHMAN consists of monitoring the activity of nuclear reactors. Specif-

ically, WATCHMAN will have the ability to con�rm the existence of an operating reactor and

determine the operational status of the power plant. WATCHMAN will allow the next genera-

tion of U.S. and U.K. scientists and nuclear-policy experts an opportunity to develop, operate and

analyze results from nonproliferation technology deployments as well as collecting data for future

research and analysis for antineutrino-based detection[3]. In the future, this detector can also be

used as a testing ground for new emerging technologies such as Water Based Liquid Scintillators

(WbLS) and Large Area Picosecond Photodetector (LAPPD) [3].

WATCHMAN seeks to add to the number of detectors around the world such as KAMLAND

[4], JUNO [5], and Daya Bay [6], among others, that can detect reactor antineutrinos. Hartlepool

Nuclear Power Plant will operate until 2024, when it is expected to shut down. The expected

lifetime of the WATCHMAN detector is 10 years. Even after the reactors are powered down,

3



WATCHMAN can still provide important information regarding backgrounds [3]. Additionally,

WATCHMAN has scienti�c merit for studying supernova neutrinos due to its ability to measure

the direction of incoming neutrinos. Once built, WATCHMAN would be the largest supernova

neutrino detector in the western hemisphere [1].

1.2 WATCHMAN Readout and DAQ Subsystem

WATCHMAN requires a readout and data acquisition (DAQ) system that will ful�ll the project

goals. To this end a DAQ subsystem group was convened to formulate a solution for WATCHMAN.

The DAQ subsystem group consists of two parts, a hardware electronics group and a software group.

Three universities make up the core of the WATCHMAN DAQ hardware group, Pennsylvania State

University, Iowa State University and University of Hawaii. Each university is set to present a

readout and DAQ system solution for WATCHMAN. From these three proposed systems, the most

cost-e�ective system that meets all requirements will be implemented as the �nal WATCHMAN

readout system. From the University of Hawaii, the Instrumentation and Development Lab (IDLab)

was purposed to develop a design for a suitable readout system.

This thesis presents the development of a DAQ system prototype for WATCHMAN. The sec-

ond chapter explores on the physics behind the reactor antineutrinos, the method of detection, and

the photodetectors utilized. The third chapter illustrates WATCHMAN's functionality, based on

detector simulations using GEANT4 [7] and RAT-PAC [8]. The fourth chapter details the require-

ments for the DAQ system. The DAQ prototype design is explained in detail in chapter �ve. The

results of this prototype are summarized in chapter six. Chapter seven discusses the next step in

development for the proposed DAQ system. Chapter eight discusses the viability of the proposed

DAQ hardware as a solution for WATCHMAN's readout system.
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CHAPTER 2
PHYSICS OF WATCHMAN AND INVERSE BETA DECAY

NEUTRINO DETECTION

2.1 Reactor Antineutrinos

The process by which nuclear reactors produce antineutrinos is beta decay. Beta decay is a

process where a bound neutron in a neutron-rich nucleus will undergo a reaction by changing into

a proton and emitting an electron and an electron antineutrino [9]. This interaction is described in

equation 2.1 below:

n ! p + e� + ve (2.1)

Nuclear reactors use the �ssion of235U as the main fuel source to generate energy. Free neutrons

from the reaction can be captured by238U present in the fuel source, in turn producing two other

isotopes 239Pu and 241Pu [9]. After neutron capture, 238U produces electron antineutrinos as it

beta decays into239Np and then 239Pu. 235U, 239Pu, and 241Pu also produce electron antineutrinos

through the beta decay of their �ssion products. Fission of 238U requires higher energy neutrons,

around 1 MeV, and its products can also beta decay, producing antineutrinos. The energy spectrum

of reeactor neutrinos from these four isotopes is detailed in Figure 2.1. High power reactors produce

around 2 � 1020 antineutrinos isotropically per second for each gigawatt (GW) of thermal power.

[9]. The Hartlepool power plant has two reactors each producing 1.5 GW of thermal power [3].
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Figure 2.1: Antineutrino energy spectrum from the �ssion products of 235U, 238U, 239Pu,
and 241Pu, the inverse-beta decay cross section, and the measured spectrum. The upper
section describes the inverse beta decay interaction.[3].

2.2 Inverse Beta Decay (IBD)

Antineutrinos can be detected through the Inverse Beta Decay (IBD) process:

ve + p ! e+ + n (2.2)

Antineutrinos react with the protons (hydrogen nuclei) in water molecules to produce a positron

and a neutron. Through the inverse beta decay process, antineutrinos generate two signals, one

immediately from the from the positron when it annihilates with an electron, and a second delayed

response as the neutron is captured by gadolinium after it loses energy through elastic collisions

with protons in the water [9]. The delayed signal will happen approximately 30 microseconds after

the prompt signal with .01% gadolinium concentration [3]. The gamma-rays emitted by the neutron

capture can transfer energy and accelerate nearby electrons that will emit Cherenkov radiation [3].

This distinct signature of the coincidence of two separate signals is a very useful feature because it

helps distinguish an IBD event from other background signals. The energy of the antineutrino can

be approximated to the energy of the prompt signal using energy conservation.

Using energy conservation on the Inverse Beta Decay reaction yields:

Eve + Eproton = Epositron + Eneutron (2.3)
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The energy of the proton, Eproton , with natural units is represented as Tproton + mproton , the

kinetic energy of the proton plus the mass of the proton respectively. Similarly, the energy of the

neutron, Eneutron , is expressed as kinetic energy of the neutron,Tneutron , plus the mass of the

neutron, mneutron . Substituting these expressions into equation 2.3 results in:

Eve + Tproton + mproton = Epositron + Tneutron + mneutron (2.4)

Assuming the proton is at rest, (Tproton = 0), and solving for Eve , the equation approximates

to:

Eve � Epositron + Tneutron + mneutron � mproton (2.5)

Energy conservation applied to the electron-positron annihilation results in:

Evis � Epositron + melectron (2.6)

The visible energy, Evis , is equal to the energy of the positron and the mass of the electron.

Substituting 2.6 into 2.5 and solving for Eve yields:

Eve � Evis + mneutron � mproton � melectron + Tneutron (2.7)

Using the current world average values formneutron , mproton , and melectron from the Particle

Data Group [10], the energy of the neutrino,Eve can be related to signal from the positron-electron

annihilation and the kinetic energy of the neutron:

Eve � Evis + :78MeV + Tneutron (2.8)

The energy of the delayed signal, which comes from the neutron capture is smaller, around

tens of keV, when compared to the energy of the antineutrino [9]. Gadolinium has the highest

neutron capture cross section of all elements. Gadolinium is used to increase the photon yield

of the neutron capture as it yields more photons than a neutron capture through hydrogen and

reduces the capture time[9]. Neutron capture by a hydrogen nucleus takes around 200 microseconds

compared to around 30 microseconds with gadolinium [11]. This method of detecting antineutrinos

is shown in Figure 2.2. The gamma ray photons from both types of signals will transfer energy to

nearby electrons that will accelerate and emit Cherenkov radiation.
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Figure 2.2: Inverse Beta Decay as a antineutrino detection method with Gd-Doped Water
[9]

2.3 Photodetectors

The Cherenkov photons generated by the IBD can be detected by sensitive photodetectors. The

walls of the WATCHMAN tank will be lined with about 3600 photomultiplier tubes (PMTs), which

convert Cherenkov photons from the IBD events. In order to be able to reconstruct an IBD event,

the signals from many PMTs must be collected and processed. WATCHMAN requires a DAQ

system employing high-speed, multichannel analog-to-digital converters to collect data from all the

PMTs.
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Figure 2.3: Hamamatsu R7081-100 PMT [12]

The photodetectors of choice are the Hamamatsu Large Photocathode Area PMT model R7081-

100. This PMT has a diameter of 253 mm with a surface area of 470 cm2. The spectral response

ranges from 300 nm to 650 nm, with the peak e�ciency at a wavelength of 470 nm. This spectral

response covers the Cherenkov radiation spectrum in water as shown in Figure 2.4. Cherenkov

radiation wavelength in water peaks at 375 nm [13]. The R7081-100 PMT has a quantum e�ciency

of 35% for wavelengths of 390 nm [12]. The typical gain ranges around 1:0 � 107 with a supply

voltage of 1500 volts [12]. These PMTs have a single channel output. The PMT speci�cations

determine many of the design requirements for the data acquisition system. Among the more

important characteristics of this PMT is the rise time of the output pulse. The output of the

PMT has a rise time of 3.8 ns [12]. Another important characteristic is its intrinsic noise rate,

called dark noise. Due to the low energies associated with the IBD prompt and delayed signals,

it is imperative to retain sensitivity to the smallest possible outputs from the PMT, which have

the same magnitude as the dark noise, due to photocathode thermal emission. The only way to

di�erentiate between a single photoelectron signal from an IBD event and dark noise is that an

IBD event has a coincidence of multiple PMT hits in a time window. In contrast the PMT dark

noise is randomly distributed. For this particular model, the PMT dark count rate is typically 8

kHz with a maximum rate of 16 kHz.
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Figure 2.4: Cherenkov radiation spectrum in water [13] (left). Hamamatsu R7081-100
(red) Photocathode Sensitivity and Quantum E�ciency [12] (right).
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CHAPTER 3
WATCHMAN DETECTOR EVENT SIMULATIONS

3.1 RAT-PAC and GEANT4

In order to understand WATCHMAN as a detector, a series of simulations have been carried out

[3]. A software tool called RAT-PAC, (Reactor Analysis Tool Plus Additional Codes), generates

reactor signals and backgrounds [8]. RAT-PAC uses GEANT4 [7] and GLG4sim [14] to simulate

how particles propagate in gadolinium-doped water and it also models the photons resulting from

the particle interactions. RAT-PAC has a virtual DAQ system that determines if an event would

generate a trigger.

The WATCHMAN software group has incorporated the WATCHMAN detector structure, in-

cluding geometry, and PMT type into RAT-PAC. It takes into account the rock surrounding the

detector, the concrete walls, the PMT support structure and the PMT cables. The simulated de-

tector is 99.9% water and 0.1% gadolinium. The current geometry in RAT includes 3554 PMTs,

3257 inner PMTs and 295 outward facing veto PMTs. The tank has a diameter of 20 meters and

is 20 meters tall. Figure 3.1 shows an image of the WATCHMAN detector geometry generated by

RAT-PAC.

The goal of the simulation studies presented in this chapter is to understand the requirements

for the WATCHMAN DAQ system. It is possible to ascertain the minimum readout speci�cations

needed to reliably reconstruct an IBD event. The e�ect of dark noise on the number of PMT hits

is also examined. Additionally, muons are simulated to gain an understanding of the impact that

a muon traversing through the detector will have on the DAQ system.
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Figure 3.1: Visualization of the WATCHMAN detector ge-
ometry implemented in RAT-PAC.

3.2 Event Generators

RAT-PAC depends on GLG4sim to generate physics events. The generators have many useful

parameters that can be con�gured freely. The gun generator was used to carry out all the simula-

tions in this thesis. Gun was chosen because it allows direct control over the the initial position of

a particle as well as its direction and energy. This generator also allows the initial position to be

set uniformly in a volume. This feature was used to generate events throughout the inside of the

detector.

3.3 PMT Model

RAT has a model for the Hamamatsu R7801 PMT. The software loads a table with the position

and direction of every PMT. The PMT photocoverage is about 25% of the surface area of the

detector. Probability density functions (PDFs) for single photoelectron charge and transit time are

used to produce a realistic response to a photon being detected by a photocathode [8]. The PDFs
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for charge time and transit time for the R7801 PMT are shown below in Figure 3.2. The model

for the PMT does not include dark noise. Dark noise is simulated separately in the event builder

module discussed in the Event Processor section.

Figure 3.2: PDF of R7081pe charge distribution for single photoelectron hits (right).
Transit time PDF used to simulate signal delay, with a second peak for afterpulses (left).

3.4 Virtual DAQ System

The virtual DAQ will create a timestamp the moment a PMT is hit by a photon. The timestamp

of the hit corresponds to the �rst photon hitting the PMT plus the PMT's transit time. The

charge of the PMT is the total charge accumulated by the PMT regardless of the time it took to

accumulate [8]. The virtual DAQ creates a timestamp, calculates the total charge, and records the

location of all PMTs that were hit by photons for every Monte Carlo event.

3.5 Event Processors

RAT-PAC includes tools that will process the raw simulation data called event processors. The

tools used to process the simulation outputs were FitCentroid and BONSAI, (Branch Optimization

Navigating Successive Annealing Iterations)[15]. Both of these processors taken together were used

to rebuild a physics interaction based on the timestamp, charge and number of PMT hits in an

event. The minimum number of hits per detector event was set to four PMT hits. BONSAI also

adds simulated PMT dark noise. Dark noise was simulated at a 10 kHZ rate using a Poisson trigger.

The output of BONSAI includes the reconstructed detector events' vertices position and direction,
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as well as the trigger time, number of p.e. per event and number of PMT hits per event. In

Table 3.1 the main parameters speci�ed for detector event reconstruction are listed. Reconstructed

detector events are not the same as physics events. One Monte Carlo simulation for an IBD event

can generate two reconstructed detector events, where the prompt and the delayed signal are two

separate detector events.

Table 3.1: BONSAI Parameters

PMT time resolution 1.00 ns

PMT coincidence time di�erence 1.00 ns

Minimum Number of PMT hits 4

Minimum wall distance for 4-hit vertices 1000 mm

PMT dark noise rate 10 kHz

3.6 Inverse Beta Decay

In order to simulate inverse beta decay physics events, RAT-PAC has a reactor antineutrino

generator. This reactor antineutrino generator produces a positron and a neutron pair for every

Monte Calro event as shown in Figure 3.5. The energy of the positron and neutron depends on

initial energy of the neutrino energy based on a PDF total neutrino 
ux from a reactor and the

inverse beta-decay cross-section [8]. A histogram of the initial energy of the Monte Carlo particles

is shown in Figure 3.3 below. It is possible to specify where in the detector the particles will be

created. Inverse beta decay simulations were carried out with 10,000 Monte Carlo events uniformly

distributed inside the detector.
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Figure 3.3: Antineutrino energy histogram for 10,000 Monte
Carlo Reactor IBD Events.

The positron will annihilate with the electron and the gamma rays will transfer their momentum

to nearby electrons which will then emit Cherenkov radiation. The neutron will be losing kinetic

energy until it can be absorbed by a hydrogen nucleus or a gadolinium nucleus, in turn creating

gamma rays that will accelerate electrons again emmiting Cherenkov photons. IBD events on

average generate around 2350 Cherenkov photons, as shown in Figure 3.4. The Cherenkov photons

are propagated through the water volume until they are either absorbed by the water, the tank

wall or hit a PMT. If they reach a PMT surface then the virtual DAQ will register a hit after

taking into account quantum e�ciency. The virtual DAQ will create a timestamp, and store the

accumulated charge for each hit.
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Figure 3.4: Number of Cherenkov photons generated per IBD Event for 10,000 Monte
Carlo simulations.
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3.6.1 Reconstruction of IBD Events using BONSAI

Figure 3.5: Reconstructed Inverse Beta Decay event in WATCHMAN detector, simulated
using RAT-PAC, with the initial MC position (red), the positron vertex (purple) and the
neutron capture vertex (blue).

The simulated raw data was processed using BONSAI. BONSAI �nds clusters of PMT hits and

reconstructs the vertices of the Cherenkov cone. In Figure 3.5, above, the red marker is the initial

Monte Carlo position of the IBD event, the purple marker is the reconstructed vertex of the positron

and the light blue maker is the vertex of the neutron capture.

Simulations with 10,000 Monte Carlo IBD events uniformly distributed inside the detector were

carried out and reconstructed. The simulation uses the same reactor neutrino energy spectrum for

the initial Monte Carlo energy for all the events.

A heat map showing the position of all the reconstructed vertices is shown in Figure 3.6. All

the reconstructed events are inside a cylinder with a diameter of approximately 15.4 meters and

a height of 14.4 meters. This is a feature of BONSAI where no events are reconstructed at close

proximity to the PMT walls.
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Figure 3.6: A density map of the reconstructed vertices in the XY (right) and the XZ
plane (left).

The p.e. distribution per event was plotted against the number of PMT hits per event as shown

in Figure 3.7. One of the main challenges for the DAQ system is the relatively low amount of

p.e. per PMT. Most hits are single p.e. hits for both the prompt signal from the positron and the

delayed signal from the neutron. There are fewer Cherenkov photons created than the number of

PMTs in the detector.
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Figure 3.7: Number of p.e. per IBD event.

It is possible to determine the particle that produced the signal by looking at the trigger time.

Figure 3.8 shows a histogram of the distribution of event trigger time. The positron-electron anni-

hilation prompt signal takes place within 10 to 100 nanoseconds after an inverse beta decay inter-

action. The delayed signal due to neutron capture is signi�cantly slower, starting at 1 microsecond

and up to 100 microseconds. The considerably larger triggered time range for the neutron makes

sense because the neutron needs to lose kinetic energy, mostly from elastic collisions with hydrogen

nuclei in the water, before it can be captured by a nucleus.
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Figure 3.8: Distribution of trigger timestamp for all events.

Proper time-stamping of the events is important because both signals have similar range of total

charge (p.e.) demonstrated by Figure 3.9. The prompt and delayed signal cannot be identi�ed in

terms of charge. The time referred here is the time from the Monte Carlo simulation generated the

positron and neutron pair to when the virtual DAQ registered a hit on the PMT.
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Figure 3.9: Trigger time versus total charge of all reconstructed events.

Dark rate noise is an important aspect to consider for the DAQ system. Most hits from IBD

events are single p.e. hits and for reconstruction every hit is important. The thermal noise from

the PMTs causes single p.e. hits that cannot be distinguished from a hit from an IBD event. To

understand how dark noise will a�ect the reconstruction process, dark noise with a Poisson rate

of 10 kHz was simulated for each PMT. In Figure, 3.10, the total number of PMT hits including

simulated dark noise is shown.
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Figure 3.10: Number of PMT Hits per event plus 10 kHz Dark Noise rate.

3.7 Muons

Muons are a signi�cant background due to the amount of photons that they generate inside the

detector. The muon rate is also signi�cantly higher than IBD, around 0.1 Hz versus 1.7 IBDs

per day. A particle gun was set up with muons as the particle. 800 MeV was speci�ed as the

energy of the muon. The gun was set up so that all the muons' trajectory is downwards with

the initial position being distributed uniformly on a disk on top of the detector. In Fig 3.11,

the number of Cherenkov photons simulated by each event is shown. Due to high computational

resource utilization by RAT when simulating and tracking all the Cherenkov photons, higher energy

muon event simulations that would create larger amounts of Cherenkov photons were unable to be
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simulated.

Figure 3.11: Number of Cherenkov Photons per 800 MeV Muon event.

The distribution of reconstructed vertices of the muon events is shown in Figure 3.12. The

muons immediately radiate Cherenkov photons upon entering the detector from the top.

Figure 3.12: A density map of the reconstructed vertices in the XY (right) and the XZ
plane (left).
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Muons deposit a much larger amount of charge on the PMTs and hit a much higher number of

PMTs. In Figure 3.13 , the number of p.e. per event is plotted against the number of PMT hits

per event.

Figure 3.13: Number PMT hits per event versus number of p.e. per event.

The total number of PMT hits per muon including dark noise is shown in Figure 3.14.
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Figure 3.14: Number of PMT Hits per muon event plus 10 kHz Dark Noise rate.
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CHAPTER 4
WATCHMAN DAQ REQUIREMENTS

There are two elements that dictate the WATCHMAN DAQ requirements. The �rst driver is

the intrinsic dark noise rate of the PMTs. Based on measurements from a sample of 100 PMTs,

the expected noise rate when submerged in water should be around 3 kHz [3]. The expected dark

rate of 3 kHz due to the temperature of the water being colder than the ambient temperature. For

a trigger system that requires four or more PMTs to register a hit within a 100 ns time window,

with noise following a Poisson distribution, the trigger rate will be approximately 15 kHz. Based

on simulations such as the ones shown in the previous chapter, WATCHMAN will detect about

nine photoelectrons (p.e.) per MeV of deposited energy [3]. A summary of the DAQ requirements

is shown in Table 4.1.

Table 4.1: Summary of important DAQ system requirements based on PMT gain of 107 [3]

Single Photoelectron Threshold 0.25 p.e.

Time Resolution 1.0 ns

Dynamic Range 12 bits

Trigger Threshold 4 hits in 100 ns

Maximum average PMT noise rate 10 kHz

The second important element is the rate of cosmic ray muons. Downward-pointing muons

enter the detector with an estimated rate of .01 Hz. The main di�culty is the large amount on

photoelectrons, around 20,000, that are generated in the PMTs [3]. These muons must be identi�ed

in order to remove them as a background. This forces the DAQ system to be sensitive to single

photoelectron hits from IBD events to a large number of p.e. from a muon, requiring a large

dynamic range.
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CHAPTER 5
TARGET FMC PROTOTYPE DESIGN

5.1 DAQ System Overview

The WATCHMAN DAQ system requirements drive the overall system design. The main require-

ments revolve around the ability to resolve a single p.e. per signal. The system should be able to

make a trigger decision and have no deadtime. Moreover the system should have the capability

of extracting essential features of a signal for event building, such as the leading-edge time and

amplitude, and transmit that information through Ethernet. The DAQ system has four main com-

ponents: (I) the TARGETC ASIC as an analog to digital converter, (II) analog gain stages, (III) a

trigger system, and (IV) a FPGA to serve as a controller. A readout system called the TARGETC

FMC Prototype was designed to demonstrate a working solution for the WATCHMAN DAQ shown

below in Figure 5.1.

Figure 5.1: TARGETC FMC Prototype (blue) mounted along with MicroZed on a FMC
Carrier Card (red)

The prototype readout card is designed to instrument 4 PMTs. Each PMT signal is sent through

four analog gain stages in parallel. The four groups of x4 gain stage outputs are then connected

to a TARGETC ASIC for analog-to-digital conversion. From the gain stages a copy is also sent to

the trigger system, to determine if a hit occurred. The DAQ system utilizes a MicroZed [16], which

has a combination of a processor and FPGA, to communicate with the TARGETC and process the

outputs from the trigger system. Finally the system processes the waveform by time-stamping the

hit and calculating the peak voltage before sending the it to an event builder through Ethernet. In

Figure 5.2 the full signal path of the TARGETC FMC Readout System is shown.
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Figure 5.2: Signal 
ow overview for the TARGET FMC Prototype.

5.2 TARGETC as Analog to Digital Converter (ADC)

The analog to digital conversion is done by the TARGETC ASIC. TARGETC is a 16 channel,

1 Giga-sample per second waveform sampler, which includes a Wilkinson ADC. The usable input

range of the TARGETC is from .5 V to 2 V is continuously sampling into an analog capacitor

array but will only digitize groups of samples when triggered. The TARGETC has internal and

random-access storage controlled by the FPGA, allowing the system operate deadtime-less. This

internal storage is constructed by 512 addressable windows each holding 32 nanoseconds of analog

waveform data. The whole bu�er can therefore store up to 16 microseconds of waveform data per

channel. Samples on all channels are digitized and read out simultaneously. Up to 4 PMTs can

be connected to a single TARGETC. Monte Carlo simulations were carried out to demonstrate the

capacity of the TARGETC to handle 4 PMTs at 10 kHz trigger rate.

5.2.1 Simulation for TARGETC memory bu�er

In order to demonstrate the feasibility of the TARGETC as a solution that meets DAQ require-

ments, a comprehensive simulation was carried out. One of the main concerns of the readout system

is the ability to handle a high trigger rate. A Monte Carlo simulation was developed to determine

how the TARGETC would respond with four PMTs at its inputs. For this simulation the dominat-

ing trigger rate source comes from the dark noise of the PMTs. 10 kHz was the rate speci�ed for

the noise rate of each PMT. A virtual circular bu�er was implemented based on how much space

is available in the TARGETC internal memory bu�er. The simulation takes into account how long

it will take to digitize and transmit the data into the FPGA. The readout rate was speci�ed at 24

microseconds. The percentage utilization of the memory bu�er over time is shown in the upper

plot of (Figure 5.3). The lower plot in this �gure is a histogram of the frequency of the utilization

of the memory bu�er.
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Figure 5.3: Occupancy simulation of the TARGETC internal memory bu�er for the case
of 4 PMT inputs each producing 10 kHz of dark noise rate.

This simulations demonstrate that the TARGETC bu�er utilization is generally well-below

100% utilization. This means that the system is capable of digitizing every hit, without deadtime

for the TARGETC with 4 PMTs at a rate of 10 kHz. This is important as the DAQ system needs

to be able to digitize every hit from the PMT, to feed the reconstruction process of an IBD event.
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5.3 Gain Stages

Figure 5.4: Each PMT output is connected to four ampli�cation stages. The output for
the x10 (V/V) stage is connected to the trigger system. A total of 16 channels, from 4
PMTs are connected to the TARGETC

Each PMT is an input to four separate gain stages, in order to increase the input dynamic range.

Each input has a 50 Ohm impedance termination. The TARGET has a usable range of about 1.5

V. Pulses from the PMT can range from 10 mV for a single p.e. to 100 V for larger hits. The four

stages have the gains (V/V): x10, x1, x1/10, x1/100 respectively as shown in Fig 5.4. A resistor

divider circuit is used for all stages but the ampli�er stage.

For the x10 gain stage a non inverting ampli�er is used, AC coupled on the input and output.

It is driven by a single supply of 4 volts. The ampli�er used is the Texas Instruments LMH6629

selected for its high bandwidth, low noise and low power consumption. There is an isolation circuit

before the ampli�er to protect it from large voltage pulses that would damage the ampli�er as

shown in Figure 5.5.

30



Figure 5.5: LMH6629 Ampli�er Schematic Circuit for x10 gain stage.

5.4 Trigger System

The trigger mechanism consists of four Analog Devices ADCMP601 comparators, each connected

to the output of an ampli�cation stage, one per PMT input. When a pulse amplitude exceeds a set

threshold, the comparator �res a trigger output signal. It was chosen for its fast rise time and small

propagation delay. This comparator is CMOS compatible and it can be driven by single supply of

2.5 V. When any of the PMTs have a pulse, the FPGA will be able to receive the trigger signal,

determine which PMT was triggered, and create a signal for the TARGETC to start digitizing.

The threshold for the trigger is controlled by a digital-to-analog converter (DAC).

5.5 MicroZed - Zynq-based System-on-Module

The TARGETC FMC readout module employs a MicroZed Board as a controller. The MicroZed

is a commercially available System-On-Module (SoM) with a Xilinx Zynq-based FPGA. It has

several useful built-in features, like 1 gigabyte of RAM, an SD card reader, an Ethernet port, a

UART interface and easy access to 100 I/O pins. The MicroZed is powered by a 5 volt single

supply. An FMC Carrier Card was used to connect the TARGETC FMC board and the MicroZed.

The main feature of the MicroZed board is the Zynq FPGA. The Zynq architecture combines

a FPGA with an ARM processor. The Zynq receives trigger inputs, generates clocks, controls and

collects data from the TARGETC. The Zynq subtracts pedestals and compresses the waveform

data by extracting the charge and timing information of a pulse. Data are then streamed through

an Ethernet link into an event builder.
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