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Abstract

Space environment is particularly harsh for human activity and human assets. As hu-
man activity expands rapidly into space, it becomes ever more urgent to monitor the
space environment in situ and in real time. This thesis aims to study a low resource,
miniature detector system to be employed on the satellites to monitor the in-situ space
environment particularly for the hazard high energy particles. The vision is that every
satellite even at small scale can afford to carry one such detector system. The core
technology used in the detector system is scintillator + SiPM. The scintillator is a ma-
ture and traditional radiation detector and the SiPM is the latest generation of photon
detector, which rapidly replaces the role of traditional PMT. Development of such de-
tector system requires knowledge over space environment, detector material and ge-
ometry, electronics, data processing and more. This thesis tries to have a as complete
coverage as possible to demonstrate the flow and the structure of such development.
The thesis closely couples the theoretical knowledge to engineering realization. A de-
tector system prototype for pioneering study is fully built and tested from end to end.

This serves as the first stepping stone for the path to the full-scale space instrument.



Impact Statement

In 1492, Christopher Columbus first crossed the Atlantic and discovered America. Be-
hind this huge success was the mature of a range of technologies for human sea sail-
ing activity. One of the technologies was the weather observation and prediction. Sail-
ors carry instruments to monitor the wind direction, humidity and pressure. This infor-
mation gave prediction to the incoming weather condition, upon which, the captain
could make knowledge-based decision to optimize the route and avoid the hazards
ahead as much as possible. History always amazingly repeats itself. In the dawn of
the great space exploration, we are rapidly developing the technology to monitor the
space weather. This serves the similar purpose as the weather to the sea sailors. Our
satellite operator or future spacecraft captain need the information of space weather

to make knowledge-based decision.

The space weather is part of a wider Space Situational Awareness (SAA) operation.
ESA has established a large operation in this area. Industry body such as satellite
providers continuously demand a reliable and affordable radiation monitoring instru-
ment. There is a wide range of scientific instruments developed to study the space
environment from different aspects but none of them are purposely developed for the
need of routinely monitoring of hazard environment. None is manufactured in great
quantity to form a monitoring network around the Earth orbit. None is compact and
light enough while maintaining a good reliability and capability for the very small sat-
ellite to carry. This thesis aims to fill in this gap with a new type of radiation monitor
instrument. The thesis has completed the pioneering concept study and established
the framework for the development of such instrument. Following this thesis, a stand-
ardized, highly modulated, low resources and highly reliable radiation monitor instru-
ment will be developed. The vision is to equip it with nearly every Earth orbiting satellite
to form a huge network. This network will provide dynamic, real time and ever abun-

dant radiation environment data. With such large scale of data, new space environ-



ment model can be created, or the current model can be greatly extended and im-
proved. Our understanding of the near-Earth space environment can be extended.
Combining the latest data mining technology and artificial intelligence technology, a

second development of the data can yield a flourish of new applications.

Such development will be one of the many technology evolvements that pave the way
for the great human exploration of space. We stand at the door step of a very exciting
era, when our civilization is spreading outside of our beloved blue planet. It is very
exciting that the work done by this thesis and idea behind it can contribute to such

great historical movement.

Our step will not stop after this study. We will continue to optimize our design, solve
the problems discovered in this study and ultimately develop the instrument. To
achieve this goal, more efforts and more expertise are required. We welcome funding

agency, industry body or any individual who share the same vision to join the force.
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1.1 - Thesis Overview

Chapter 1 Introduction

1.1 Thesis Overview

Since the first satellite launched into space, humanity have built up extensive
knowledge about the hazard of the space environment. The intensive, highly penetra-
ble and energetic particles impose great threat to the human safety in the near-Earth
space and is the prime reason for the failure of electronics on the satellites. So, it is of
great interest to develop the space situation awareness capability to monitor the dy-
namic and hostile near-Earth Space environment. The in-situ particle measurement
instruments are a key part of such capability. Such instruments have a history as long
as that of human space exploration. From Faraday Cups, Langmuir Probes to Plasma
Analysers, Mass Spectrometers and Solid-State Detector Instruments, in-situ instru-
ments become more complex and capable. This thesis describes the development of
a miniature, low resources, solid-state detector instrument. The long-term vision is to
make it an affordable (in terms of both resources and cost) payload to the emerging
miniature satellite constellations, such as the OneWeb constellation. The benefit is
both ways. One way is that the Satellites made mainly of commercial of the shelf
(COTS) components can receive in-situ real time warning of the surrounding space
environment and probably some autonomous action can be pre-programmed to pro-
tect the satellite electronic system upon sever radiation interaction. The other way is
that the vast number of instruments with standard design can form a network to pro-
vide a complete coverage of the near-Earth space where the satellite constellation is.

The data from the network can then feed into a global space weather monitor system.

Developing a space instrument is a complex system project which requires efforts be-
yond a single person’s expertise. Therefore, this thesis focuses on the core detector
system of the instrument. The chosen detector system is the scintillator + SiPM plat-
form. A scintillator made of high z material can be very radiation hard and be able to

stop high energy particles within a small volume. A SiPM is the most sensitive photon
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sensor and does not require a high bias voltage, unlike the traditional PMT. This brings
the benefits of both high photon detection efficiency (hence improving the overall de-

tector system efficiency) and low demand on power resource.

The remaining of the Introduction chapter will introduce the near-Earth space environ-
ment, a brief review of the common detector technology and a brief survey of similar
in-situ instruments. Following the introduction, there are six major chapters, which
thoroughly discuss the research, development and test of the Scintillator+SiPM detec-
tor system prototype. These chapters follow the nature order of an instrument devel-

opment cycle as:

Chapter Scintillator Design studies the principles of scintillators. The understanding
helps us to guide the selection of scintillator material. 18 popular scintillators are sur-
veyed and compared for all the relevant properties. After three iterations of design, we
finalized our scintillator module for manufacturing. The manufactured scintillator mod-
ule is presented. The last part of the chapter discussed the concept of the full instru-

ment based on our scintillator module design.

Chapter Simulation presents the Geant4 simulation outcome of the first scintillator
module design. The simulation covers the energy resolution, angular resolution and
energy range to different particle species. Geant4 is a very powerful simulation tool.
The accuracy of the simulation output depends on the good understanding of the code
function and the proper configuration of the physics process and detail setup of detec-

tor geometry. ROOT toolkit is used to analyse the Geant4 simulation output data.

Chapter Electronics discusses about the SiPM preamplifier circuit design. This is the
first and very important stage of the readout electronics chain. Two common pream-
plifier architectures (current mode and voltage mode) are thoroughly studied and com-
pared. The study shows the current mode preamplifier has better bandwidth while
maintaining the system stability. A theoretical noise model of the current mode pream-
plifier is studied. This paves the way to deliver a low noise circuit design. The last
section presents the development, manufacturing and testing of a compact preampli-

fier board.

Chapter Signal Processing is about data processing. The idea is to use some smart
software filters to tackle the signal pile-up issue. The adopted filters are Deconvolution

filter and Wiener filter. Deconvolution filter can sharpen the signal, i.e. narrow the pulse,
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at the cost of increasing noise. Wiener filter can improve the signal to noise ratio, so it
serves to compensate the increasing noise introduced by Deconvolution filter. The two
filters can be constructed as a single combi filter. The second half of the chapter pre-
sents the other general data processing software developed in Python language. This
software helps to decode the raw data and run statistical analysis. This customized

software provides powerful tool for the analysis conducted in the next chapters.

Chapter System Characterization explores the data collected from the system test with
a LED source to characterize the SiPM and its readout system performance. We have
found the major time response limit comes from the readout electronics and software
after the preamplifier stage. The SiPM system is characterized for after-pulse, optical
crosstalk, photon detection efficiency, linearity and dynamic range. The results are
compared to those published in the manufacturer datasheet. We are pleased to see
the close match between them with the relatively simple test setup. The SiPM dark
count is a very important parameter that affects the overall system performance. We
develop a statistic model to describe the occurrence of dark count. The model proved
that without after-pulse and cross-talk, the chance of a signal >2 photo electrons (p.e.)
is negligible. In another word, the dark count shall be a 1p.e. signal. Those 2p.e. or
above signal that we captured at dark condition are, therefore, all from the effect of
after-pulse and cross-talk. Based on the statistic model, we develop a simulation pro-
gram to simulate the dark count event with a random generator. The result matches

the model prediction well. The real dark count rate is also measured.

Chapter Radiation Test discusses the final, end-to-end system test with a radioactive
source. The test is carried out in air with Am-241 alpha source. This limits the signal
strength as alpha particle can only penetrate a short distance in air. However, we in-
deed recorded the system response as we alter the distance between the source and
our detector system. The Am-241 source also emits gamma ray as a by-product of the
alpha decay at a ratio of 1:0.4. We use timing to separate the output signals from the
two different scintillators. The ratio of the number of signals collected from the two
scintillators match the same 1:0.4. We run a theoretical calculation to predict the signal
height from each scintillator. The prediction matches our observation statistically well.
Overall, partially limited by the test in air and partially because of the low photon col-

lection efficiency, the signal strength requires further improvement.
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The last Conclusion chapter summarizes the project and points out the next step to

the development of an operational instrument.
1.2 Space Environment

Up to now, human’s activity in space has concentrated on the near-Earth region. Nat-
urally, this near-Earth environment is the most important and of the most interest to
our study. In this environment, there are three major sources of high energy particles:
(a) trapped charged particles in the Earth’s radiation belts (ERBs), (b) solar energetic
particles (SEP) from our sun and (c) galactic cosmic ray (GCR) from the external of
our solar system [1]. All three sources are impacted by the Earth’s magnetic field.

Figure 1-1 presents the three sources and their interaction with Earth’s magnetic field.

Cialactic Cosmic H:_|'_'.- 5

| Earilis Trapped
Fadiatiom Bells

" Solar Flare
(Solar Particle Event)

Galactic Cosmic Rays

Figure 1-1 The illustration of the interaction of Earth Magnetosphere to all three high energy particle sources. [2]

1.2.1 Trapped charged particles

The Earth radiation belts were discovered in 1958 from the Explorer 3 mission by Van
Allen. The detail description of the radiation belts and the related physical process can

be found in [3][4][5]. Here we will only briefly describe its main characteristics.
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The radiation belts are formed by the Earth magnetic field capturing the charged par-
ticles (mainly electron and proton) from the solar wind. There is mechanism that these
particles are accelerated in the magnetosphere to reach even higher energy level.
According to the Maxwell’s electromagnetic theory, the acceleration should be done
by some electric field not by the magnetic field as magnetic field only changes the

charged particle direction of motion and it doesn’t apply work to the particles.

There are mainly two radiation belts around the Earth. The outer belt locates between
3 Earth radii (Re) and as far as 10 Earth Radii. It is mainly made up of high energy
electrons (0.1 -10 MeV). The inner belt is located between 0.2 Re and 2 Re. It contains
both high energy electrons (hundreds of keV) and energetic protons with energy ex-
ceeding 100MeV. Due to the non-concentricity of Earth and its magnetic dipole, the
inner belt comes closest to the Earth’s surface at South Atlantic area. The existence
of excessive high energetic particle flux in this area is named South Atlantic Anomaly
(SAA).

Decades of data has been collected through various missions to study the radiation
belts. Based on the data, a few models for the radiation belt charged particle popula-
tion, flux and energy distribution are created. The most widely used models are
NASA'’s AP-8[6] and AE-8[7] because only these two models have full coverage over
spatial and spectral range of the radiation belts. The models present the omnidirec-
tional, integral electron and proton fluxes in the energy range 0.04MeV to 7Mev for
electrons and 0.1MeV to 400MeV for protons in the form of maps. Figure 1-2 shows

some example.
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Figure 1-2 The left is the section view of integral proton flux > 10MeV. The coordinate is the number of Earth ra-
dii. The right is the world map of the AE-8 integral electron flux >1MeV at 500km altitude. Source: SPENVIS help

page[8]
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The 11-year solar cycle has a periodic impact on the low altitude trapped particle flux
as the Earth’s neutral atmosphere expands during solar maximum, which erodes into
the lower edge of the inner radiation belt. This will change the proton and electron flux

level periodically.

To compensate the inadequacy and error in the AP-8 and AE-8 models, other models
specializing in, e.g. low altitude or a certain energy range have been developed. They
are also available in the SPENVIS tool [9] and a brief introduction of them can be found
in the SPENVIS help page.

In the magnetosphere, besides the radiation belts, there is also a drift current, called
Ring Current[10][11], circulating the Earth longitudinally at altitudes of ~10,000 —
60,000km. The current is made up of medium-energy particles, with proton drifting
westward and electron drifting eastward. Protons/ions ranging from ~10keV to a few
hundreds of keV comprises most to the current. The electron contributes little because
of their negligible energy density. The ring current is closely linked to magnetic storms
in the near-Earth space, which is known as a cause of the disturbance or even per-

manent damage of telecommunication and navigation satellites [12].

The structure of the Earth Magnetosphere is shown in Figure 1-3.

Earth’s Magnetosphere

The inner magnetosphere is compased of threa populations of charged particles that are trapped in the Earth's magnetic fild. These
particles move in circular MOY0MS—or QyFats—arcund e feid ies but rarely Interact with each ather

ke reservoir of very

here, forming
plasmma that co rctates with the Earth

Figure 1-3 The illustration of Earth Magnetosphere and its major components. [13]
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1.2.2 Solar Energetic Particles

Solar Energetic Particles (mainly protons and some ions) originate from our Sun as its
name suggests. Their energy ranges from a few tens of keV to many GeV. The study
[14] so far shows two mechanisms that create these energetic particles: impulsive and
gradual. The impulsive SEP is associated with Solar Flares and Jets and is rich in
electrons. The duration is only at the order of hours. The frequency is estimated to be
~1000/year at the sun, and we can observe ~100/year at the Earth. The gradual SEP
is accelerated in shock waves driven by CME [15] and is rich in protons. The duration
can reach several days. It is less frequent and is estimated to be ~10/year. However,
the gradual SEP carries much higher energy and imposes a much larger threat. Figure

1-4 describes the mechanism of both SEP.

\\ Flares, Jets CME Shocks

Figure 1-4 The left is Impulse SEP and the right is gradual SEP. The solid black on the right is the front of the
shock waves driven by the CME (grey). Re-produced from [14].

Both classes of the SEP travel along the interplanetary magnetic field line, also called
the Parker Spiral [16]. Figure 1-4 illustrates the gyration trajectory of the SEP along

the magnetic field line. This gyro-motion is governed by the Lorentz force.

It is not possible to predict the onset of an SEP event. However, it is possible to provide
an early warning. The reason is that it takes some time for the shock wave carrying
hazardous SEPs to arrive while the occurrence of a CME-driven shock wave on the
solar surface can be observed by radio burst with a delay as little as about 8 mins. The

time window is about 12 hours [17].

We should differentiate SEPs from the Solar Wind [18]. The Solar Wind is a stream of
energized, charged particles, primarily electrons and protons, originating from the Co-
rona (the upper atmosphere of the Sun). Differentiated by the position of their origin

on the Sun, two fundamental states of solar wind are observed, which is termed the
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slow solar wind and the fast solar wind. The slow solar wind has a typical velocity of
300-500km/s and the fast solar wind has a typical velocity of 750km/s. Extreme case
of 1850km/s associated with CME driven shock are also reported [19]. Unlike SEPs,
the Solar Wind is a continuous process although the energy level of the charged par-
ticles it carries is relatively low (between 0.5 and 10keV) and, therefore, imposes little

risk to the human space assets or activity.

Based on the collective mission data, a few SEP models were developed. The King
model [20] was created using data from the active years of solar cycle 20 (1966 —
1972). The model mainly covers protons in the energy range 10-100MeV. The JPL
model was developed by Feynman [21] . Its latest version JPL-91 model covers data
from the IMP and OGO spacecraft between 1963 and 1991. The model has energy
thresholds of 1, 4, 10, 30 and 60MeV. The ESP model [22] is based on more complete
data covering the 3 full cycles (20, 21 and 22). In addition, the model was developed
on a newer and better theoretical basis called maximum entropy theory [23]. All three
models are for long term total Solar proton fluence use with the ESP model the default
choice in SPENVIS. Only active years (7 out of the 11 year cycle) are used and only

high energy protons are counted.

For single event upset rate prediction, CREME96 model [24] is widely used. It covers
flux data for the worst week, worst day or worst 5 min for a large SEP event observed
during 19-27 October 1989.

1.2.3 Galactic Cosmic Ray

Galactic Cosmic Rays (GCRs) [25][26] are very high-energy charged particles that
enter the solar system from the outside. GCRs are composed of mainly protons at
90%, helium nuclei at ~9% and the remaining heavier elements at ~1%. GCRs are
known for their extreme high energy (starting at 1MeV and continuing to around 10?'eV
[26]) compared to the trapped charged particles and solar energetic particles. GCR’s
flux is relatively much lower than them, and this is partly attributed to the protection of
the solar interplanetary magnetic field, carried by the solar wind. In plain word, the
solar wind can “push” back the GCR flux from reaching the inner solar system. As
solar wind strength varies through the solar cycle, this modulates the flux intensity of
GCRs. Therefore, GCR flux is at a peak when solar activity is at minimum [27]. Figure

1-5 shows the flux of all nuclear components present in GCR.
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Energies and rates of the cosmic-ray particles
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Figure 1-5 Spectrum of cosmic rays observed at Earth [25]
SPENVIS provides four models for estimating the GCR flux intensity: the ISO-15390
model (an ISO standard), the CREME96 model [28], the CREMES86 model (part of
CREMES86 software package) and the Nymmik model[29]. Figure 1-6 compares the
GCR flux intensity predicted by different models.
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Figure 1-6 The Hydrogen GCR flux near Earth predicted by the different GCR particle flux models at solar mini-
mum [30]

1.2.4 Environment for the target mission orbit

We need to establish a set of detector requirements to narrow down the detector de-
sign choice and shape the detector geometry. We select a near-Earth satellite mission
that we previous participated in. The purpose is to demonstrate the process that the
detector requirements such as the energy range and flux rate, are determined from
the target mission orbit environment. The selected mission is TDS-1 [31] launched by
SSTL [32] in 2014. TDS-1 satellite operates in a sun-synchronous circular orbit, alti-
tude of ~650km with a high inclination angle of ~98.3°. Its orbit two-line code (two lines

of orbit parameters that unambiguously determine the satellite orbit) is:

140076U 14037H 16252.22481556 .00000205 00000-0 33619-4 0 9994

240076 98.3252 346.4000 0004790 258.8803 101.1897 14.81248253117283
We use SPENVIS web tool to generate all the mission related space environment data.

The first step is to generate the mission profile and satellite trajectories. It is straight-
forward with just entering the two-line codes and the duration of mission. Figure 1-7

shows the TDS-1 trajectory on the world map for a complete 24 hours.
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Figure 1-7 TDS-1 orbit trajectory on the world map for a full day. The colour bar shows the altitude. Together with
Longitude and Latitude, this plot completes the 3D position of the satellite on a 2D format.

The second step is to calculate the trapped proton and electron fluxes using the AP-8
MIN and AE-8 MAX models. The result is shown in Figure 1-8 and Figure 1-9.
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Figure 1-8 The proton flux for the TDS-1 satellite orbit calculated by the AP-8 model
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AE-5 MAX Orbit averaged flux
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Figure 1-9 The electron flux for the TDS-1 satellite orbit calculated by the AP-8 model
SPENVIS can also provide world map view to intuitively show the high flux density

area, which is linked to the intrusion of the inner radiation belt due to the irregular of
the Earth magnetic field. The highlight of most famous SSA area and polar region is

obvious as shown in Figure 1-10.
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Figure 1-10 The world map view to show the electron flux density distribution along the orbit trajectory. The SSA
and polar region with outstanding high intensity is clearly shown.

The third step is to calculate the solar energetic particle flux for both long term (total
influence) and short term (worst week). The long-term data from ESP-PSYCHIC model

is used for estimating the mission dose and the short-term data from CREME-96 is
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used for evaluating the single event upset rate. Figure 1-11 and Figure 1-12 show the

model calculation results.

ESP—PSYCHIC total fluence: solar protons

1012__‘ T IIIIIII| IIIIIIII| T IIIIIII| T IIIIIII|_1014
1011_

§ _1012

L g

L5

a- [ _ =

! 1w o

Emf 't

w a N

F —1a

zZ i g

- 108 = - [

S F T

g0 F

o r &

= L _1GE

" —

10% = =

i —1¢°
1907 =

108 —{10*

| 1 IIIIIII| IIIIIIII| 1 IIIIIII| 1 IIIIIII|
o1 1.0 10.0 100.0 1000.9

Energy (MeV)

Figure 1-11 The total proton fluence for the TDS-1 satellite mission life calculated by ESP-PSYCHIC model

CREME—96 {worst week): solar protons

105__I T T T IIIII| T T T IIIII| T T T IIIII| T T T IIIII|_1010
107 .
E — ¥ I
i 5
~ L I
T 108 Y
5E s
L —{10°
L E
=R s
C 10 b =
—_ E L
[m} ~ -
[ r Ei
a1} — 4 =
E b 198
P10t £
: = | £
- —102
10°
107 | | | 19
1 1 1 | I I 1 1 1 11111 1 1 1 L1111 1 1 1 |
o1 1.0 10.0 100.0 1000.0

Energy (Mey)

Figure 1-12 The worst week proton flux intensity for the TDS-1 satellite calculated by the CREME-96 model
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The fourth step is to calculate the galactic cosmic ray flux using 1ISO-15390 standard
model with Solar Minimum (May 1996) data. The model generates flux spectrum cov-
ering ions from atomic number z=1 to z=92. We know hydrogen (z=1, also called pro-
ton) and helium (z=2, also called alpha) made 90% and 9% of the entire GCR popu-
lation as the dominant species. Therefore, we only plot the flux of these two particles

in Figure 1-13 and Figure 1-14.
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Figure 1-13 The GCR high energy particle H (Z=1) flux intensity spectrum

41



1.2 - Space Environment

jon spectrum (GCR)

II| T T TTTTTIT T T IIIIII| T T IIIIII| T T TTTTIT T T IIIIII| -1
100000 & - 10

- I
€
B [eleReta] = 107
T C . =
o F 3 =
'T6 C ] —Iw
g i 1 %
1]

£ 10,00 = —{ 1073
I = 3 E
L ] ¢
= (e
3 [ - 0
L >
— 3
g 1.00 {10t
2 g 1 =
= C ] T
. F i [
; 2
B | IS

010 =107

[ | -&

O‘D‘I :Il 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|:‘IO
10° 10! 102 10° 1ot 10°

Ensrgy {MeV,/n)

Figure 1-14 The GCR high energy particle He (Z=2) flux intensity spectrum
The summary of data from the SPENVIS calculation is presented in Table 1-1. It shall

be noted that trapped particles data and SEP data quote the peak differential flux to
represent the most abundant energy level. The GCR data quotes the integral flux for
the dominant species proton and helium nuclei. Iron nuclei is also listed as it is excep-
tionally abundant at such high atomic number. We inherited the original unit that

SPENVIS quoted. Be aware the subtle difference in the units used in different rows.

Table 1-1 Summary of TDS-1 satellite mission flux (peak level) for the charged particles from three main sources

Source Species Energy range Peak flux Unit
Protons 100keV-400MeV 1.3675E+4" cm? s MeV-"
Trapped par-
ticlesinbelts | p 0 4rons 40keV — 6MeV 1.1939E+72 | cm?2s' MeV-
Total fluence 100KeV — 500MeV 1.777E+123 cm?2 MeV-!
Solar Ener-
getic Protons Worst week 100KeV — 500MeV 1.019E+8* | m2sr's' MeV!
Proton 1MeV — 100GeV 1.076E+03° m2 sr'! s
Galactic
) Helium 1MeV - 100GeV 1.209E+02°¢ m2sr' s
Cosmic Ray
Iron 1MeV - 100GeV 3.6357E-17 m=2 sr! s
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Note:

Differential proton average flux over total mission at 100KeV.
Differential electron average flux over total mission at 40KeV.
Differential solar proton total mission fluence at 100keV.
Differential solar proton worst week flux at 100keV.

Integral GCR proton average flux from 1MeV.

Integral GCR helium nuclei average flux from 1MeV.

Integral GCR iron nuclei average flux from 1MeV.

Nook,owdh =

These energy ranges are limited by the data model capability. In the real space envi-
ronment, there is no definite range.

The SPENVIS tool provides a simple and quick method to estimate the mission envi-
ronment. This gives a good indication about what will be seen for the orbit that our

instrument will be launched into over the mission life.

It is worth pointing out that all the models used in the calculation are only statistic
model based on historical data. These data are limited in energy range, resolution and
flux range. To compensate, scientists developed the mathematical model to fit the
limited observation data and then they used the model to extend the energy coverage
and resolution. This inevitably is imperfect as the physical process is so complex and
dynamic that it is not possible to be represented by just a few mathematic formulas.
However, on a macro scale and over the average of mission life, the model predicted

data make statistical sense.
1.2.5 Other orbits

The TDS-1 orbit is a typical Low Earth orbit or Polar orbit. To complete our survey but
not at the same level of environment analysis as for the TDS-1 orbit, we list the defini-
tion and feature of other orbits in Table 1-2.

Table 1-2 Classification of orbits and description of orbit characteristics [33]

. o . Operational
Altitude Inclination . o Satellite ap- P .
Orbit description o satellites
(km) (deg) plications
[34]
Cold, dense, iono-
spheric plasma; CubeSat, Sur-
dense, supersonic veillance, ISS,
Low earth or-  100- neutral atmosphere; Communica- o
bit 1000 <65 solar ultraviolet(Uv); tion, Earth ob-  471(47%)
orbital debris; servation
South Atlantic Anom-
aly(SAA)
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: o . Operational
Altitude Inclination : o Satellite ap- P .
Orbit description o satellites
(km) (deg) plications
[34]
Solar UV;
Medium Earth  1000- Trapped radiation GPS, Satellite o
orbit 36000 <65 belts; broadband, 69(7%)
Plasmasphere;
Solar UV;
Cold, dense iono-
sphere;
Supersonic neutral at-
mosphere; Imaging
Polar orbit >100 >65 Orbital debr!s; space 35(4%)
Auroral particles;
weather
Solar flares;
Cosmic rays;
SAA;
Horns of radiation
belt;
High energy
plasmasheet; Sub- Communica-
Geosvnchro- storm plasma; tion, Weather
NOUS )c/erit ~36000 O UV radiation; forecast, TV 419(42%)
Outer radiation belts;  broadcast,
Solar flares; Signal relay
cosmic rays
Outside Solar-wind plasma; Large science
Interplanetary .
orbit magne- N/A Solar flares; exploration
tosphere cosmic rays mission

1.3 General measurement requirements

The environment analysis gives us the knowledge of the target particles that our in-
strument will encounter. It is ideal to be able to detect all these particles simultaneously
with good energy resolution and time resolution. The reality is that current technology
of particle instrument and satellite downlink rate can’t support this goal. Therefore, a
trade-off must be made to focus on the most valuable particle species and their energy
range for a single instrument design. Alternatively, a couple of instruments forming a

suite can possibly cover the full spectrum.

We list a few general design considerations for a particle instrument in space environ-

ment.
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Flux, Energy Ranges and Time Resolution

These are the most basic requirements that a particle instrument shall consider. De-
pending on the application, the instrument shall have the non-saturation max detection
rate above the peak flux level. If it is not possible to cope with the very rare high flux
event, the instrument shall be designed to be safe and be able to resume normal op-
eration when the flux level drops. If an instrument can vary its geometry factor, algo-

rithm can be developed to adjust the geometry factor to cope with different flux range.

Energy range is another challenge to the detector design. From Table 1-1, we can see
GCR particles have an energy range of five orders of magnitude and the trapped par-
ticles have nearly four orders of magnitude. Such a wide range imposes difficulty not
only on the detector design but also on the readout electronics. The wider the range

that the instrument needs cover, in general, the poorer the energy resolution will be.

Time resolution highly depends on the application. If dynamic process of the particles
to be measured are very important, the time resolution is critical. For example, to
measure the substructures in the solar wind, the instrument needs a time resolution
less than the time that the Solar Wind passes the spacecraft. For other application like
dosimetry the time resolution is not critical and, generally, an instrument with one sec-

ond resolution can meet most of the need.
Angular Coverage

A 411 angular coverage is always a good feature to have. However, this often require
a spinning spacecraft or multiple instruments to achieve. Therefore, the instrument
design or the number of instruments can be simplified if the angular coverage require-

ment can be tailored down.

A general approach to assess how much angular coverage is required is to consider
three characteristic velocities: the thermal velocity of the particle group Vi, their bulk

velocity, Vb and the spacecraft velocity, Vsc.

If Vb is much larger than Vi, for example the ions in the solar wind, the particles will
be confined in a small cone of directions and a small range of velocities (kinetic en-
ergy). In this case, the instrument can have a small angular and energy coverage and
be optimized for a finer angular and energy resolution. The pointing accuracy and sta-

bility become more critical in this type of application.
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If Vb is much smaller than Vi, for example the solar wind electron or most of the
plasma in Earth’s magnetosphere, the particles will encounter the instrument from all
directions. In this case, a 41 angular coverage becomes necessary. As the thermal
energy becomes more significant, the total particle energy (thermal energy + kinetic
energy) will be more diverse. Therefore, the instrument shall have a wider energy

range to cover the disperse.

If Vsc is much larger than Vi and Vb , for example the plasma in the low-Earth orbit,
the particles appear to be still to the spacecraft. In this case, the dominant direction is
the spacecraft “ram direction” (the moving direction of the spacecraft) and the particle

energy is determined by Vsc and the particle mass.
Particle identification

Some applications require the capability of identifying the ion species. This knowledge
is useful to trace the source of the particles. For example, a high portion of Helium
nuclei indicates the origin of the Solar Wind while a high portion of oxygen ion indicates
the origin of ionosphere. The current standard instrument for an accurate ion species
identification is the mass spectrometer. This kind of instrument incorporates time of

flight (ToF) technique and is usually very bulky and complex.
Background particle rejection

In some sense similar to the particle identification, background particle rejection allows
the detection to focus on the target particles only. Often it is difficult to distinguish the
incident particle merely from the detector output signal. Therefore, we design the in-
strument in such a way that only the wanted particles can enter and trigger the detector
response. Many ways can be deployed to achieve this from the simple passive method

such as shielding, to complex active method such as anti-coincidence.

1.4 Survey of particle instruments in space

The ISSI scientific report by M.Wuest et al. provides a very good review [35] of the
particle instruments in space. Wuest points out that a typical particle instrument con-
sists of these elements shown in Figure 1-15. However, not all elements are neces-
sarily present in a single instrument. The choice depends on the application needs

and the instrument technique.
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Collimator || lonizer — Energy —> Mass —» Detector
Analyzer Analyzer
|
v
Analog Digital Ground
Signal —> Signal —» Telemetry [ Data
Processing Processing Storage

Figure 1-15 The major elements of a typical particle instrument

The collimator is the first mechanical structure that shapes the instrument inlet. It
largely defines the instrument field of view (FoV). The exception is instrument with
input deflector plates which can achieve FoV larger than the limit of the instrument
opening/aperture as the electric field inserted by the deflector plates can bend the

incident charged particles’ flow/trajectory.

The ionizer is only present in the neutral particle instrument. It converts the neutral
particle into ions, which are influenced by an electromagnetic field. The reason to
amend the trajectory of the particles is to allow the detector to be not in the line of sight
to the instrument inlet. This can reduce the signal contamination by unwanted UV or

other sources that can trigger the detector.

The energy analyser can be a solid detector like scintillator or an electrostatic analyser.
This stage can convert the particle energy into secondary signals or filter the particles

by energy. The purpose is to complete the measurement of particle energy.

The mass analyser is a second analyser section that serves for ion mass discrimina-
tion. This can be the total E detection while the previous analyser serves as AE detec-
tion. Together, the two form a AE/E detector system. Also, this can be the stop section

of the time-of-flight instrument while the previous analyser serves as the start section.

The detector is the stage that converts the secondary signals or the prime particles

into electrical signal, which can be further processed by the readout electronics.

The initial electric signal is always in an analogue form. So, the function of the ana-
logue signal processing is mainly to amplify, shape and condition the signal. The un-
avoidable electronic noise in this stage shall be kept as low as possible. The band-
width shall be as large as possible to preserve the raw signal information. The pro-

cessed analogue signal is then ready to be converted to the digital signal.
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The digital signal then can be further processed. In digital form, the signal is much
more robust against electric noise interference. Digital processing is very flexible and
various filtering algorithm with adjustable parameters can be implemented. The pro-
cessed signal is then ready for passing to the spacecraft and being relayed to the

ground via telemetry.

On the ground, the data can be further processed, e.g. applied complex calibration to

correct the data. Lastly, the data is stored and achieved into a database.

For more detail instrument technique discussion, books like Pfaff et al. [36][37] provide

a very good coverage.
1.4.1 Langmuir Probes

Langmuir probes (LP) [38][39][40] is one of the first instruments that have been used
in the early day’s rocket and satellite experiments. It is probably the simplest instru-
ment for plasma measurement. The sensor can be a wire or a cylindrical or of any
other geometry metal probe. During measurement, the sensor/probe is inserted into
the target plasma and electrically biased with a constant or varying voltage in respect
to the plasma potential. The current is measured against different bias voltage to plot
an |-V curve. The presence of the plasma will affect the ideal |-V curve in a predicable
way, therefore, the plasma parameters like electron density, electron temperature, ion
mass and ion density can be derived from the |-V curve characteristics. Figure 1-16
shows the principle block diagram of a typical Langmuir probe and its theoretical |-V
curve. Interestingly, this curve is very similar to a semiconductor device, Diode’s |-V

curve, though their principle is completely different.

The Langmuir probes are suitable for low energy (i.e. a few eV for electrons) plasma
measurement. When targeting the low-density space plasma like the magnetosphere,
solar wind etc., the probe is usually placed on a boom to reach outside of the Space-
craft sheath, which is characterized by the Debye length. This is to avoid the impact

of spacecraft potential on the probe measurement accuracy.

The mathematic description for the interaction between the probe and the plasma is
very complex [41][42] and we still have some problem of interpreting the |-V curves
observed in real experiments [43][44]. This might be due to the complex real situation
or our theoretical understanding is not yet complete. This makes interpreting the |-V

curves in-situ and in real time very difficult. The data must be processed on the ground
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with some human intervention. This makes this instrument not the ideal candidate for

real time warning system in space.

Another limiting factor is the Langmuir has no intrinsic gain. The current is only tens of
nA or even down to pA. This means the readout electronics must be very sensitive
and extremely low noise (as the noise shall be kept 10 times below the signal to have
a good signal to noise ratio.) This makes the instrument very sensitive to the surround-

ing interference, such as electromagnetic interference.

However, this is a proven instrument with long history. The simple structure means it
is very robust and it can survive very high radiation environment. It is still widely used
in science mission. Beyond that, on the ground, it can also be found in use in the

semiconductor manufacturing process.
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Figure 1-16 The block diagram of the Langmuir probe instrument and the theoretical I-V curve. [38]

1.4.2 Faraday Cups

Faraday cup (FC) is another plasma instrument with a long history. The principle is
very simple: an ion hitting the metal collector will deposit a single charge. Therefore,
a continuous flow of ions can deposit a continuous charge onto the collector. By meas-
uring the discharge current rate of the collector, the rate of ions can be calculated. The
real instrument is more complicated with extra elements to improve the detection effi-

ciency and rejection of unwanted particles. For example, an entry “modulator section”
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can filter the ions with right energy. A “suppressor” grid with negative bias to prevent
the emission of electrons due to ions striking the collector plate. A split design of col-
lector plate will help to determine the ions flow angle by comparing the current depos-

ited on the equal half. Figure 1-17shows a Faraday cup instrument [45] flown on Wind
spacecraft.

V_
N L
B e o | ']
gL VI
g3
V'
@ S
85E | LILT
5 1T
233 ,

| To Preamp

N —
3
'_<M
VAN
0
<
O
IW—

qV, <gmv? < qV,—

-

f /

A Collectors

% | To Preamp
L
Modulator

Suppressor (-120 V)
Assembly Central Aperture Stop

amv?>qV,

Figure 1-17 The schematic cross section of the Wind FC instrument.

The Faraday cup is commonly used for measuring the Solar Wind. As a direct meas-
urement instrument, there is also no intrinsic gain in the detector system. This means
the instrument readout electronics must be very sensitive and low noise like that of
Langmuir probe. The difference is that a Faraday cup can provide real time measure-

ment. The output data is simple to interpret, so it can be used to provide in-situ, real
time warning for space awareness monitoring.
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The Faraday cup is faster than the Langmuir probe as it doesn’t need to complete the
full I-V scan. However, it still requires time to integrate the ion induced electric current.
This limits the instrument response time. This is the side effect of direct measurement
as the signal is too weak. However, the benefit is the accuracy. Therefore, a Faraday

cup is often used as a calibration instrument in an ion beam facility.

1.4.3 Electrostatic Analyser

The Electrostatic Analyser (ESA) is also used for low energy plasma measurement
like Langmuir probe and Faraday cup, while it is much more sensitive and complex.
Young[36] provides a good survey of various types of electrostatic analyser. The ESA
can be designed in different geometry such as cylindrical curved plate[46] , spherical

sector analyser[47] and Top-Hat analysers[48].

The electrostatic analyser uses electric field to steer and select the species and energy
of incident charged particles. The choice of electric field rather than magnetic field
gives multiple benefits: easy to control, lower mass and lower power. The right parti-
cles will be collected by an active detector with intrinsic gain as high as 10°, e.g. a
micro-channel plate (MCP). This allows the detection of single particle. The detector
output signal is then processed by the readout electronics. Two modes of operation
are commonly used: count mode and PHA (pulse height analysis) mode. In count
mode, the signal pulse height is not recorded and only the number of pulses above a
threshold is counted. This can keep the electronics simple and further data processing
simple. In PHA mode, the pulse height is measured. Assuming the gain of the detector
is constant at a given bias and ignoring the gain fluctuation, from the pulse height, the
captured particle’s fine energy can be extracted. However, PHA mode requires more

complex electronics and more stringent noise control.

Top-Hat analyser allows a 360° field of view with fine angle resolution in the azimuth
plane. To increase the FoV in the elevation direction, a pair of electrostatic deflection
plate can be deployed. Since the deflectors were exposed to sunlight, only positive
bias voltages can eliminate photoelectron emission. In addition, two aperture grids are
recommended to shield the leakage fields from the deflectors. Figure 1-18 shows the

section view of a Top-Hat instrument from MSSL[49] .
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With extra Time-of-Flight (ToF) elements, the enhanced ESA can measure the ion

species. A detail example of such instrument can be found by D.T. Young et. al. [50].

ESA has a capability of detecting single particle and has a dead time limited by the
detector (MCP) and readout electronics recovery time. Generally, a detection rate of
1MHz is achievable. The energy range can cover from sub eV to a few 10s keV/nuclei

for both electron and ions.

1.4.4 Solid-state detector instruments

Solid-state instruments are used above 20keV energy (as technology evolves quickly,
the threshold is being lowered continuously). This threshold is usually defined by the
thermal noise of the solid-state detector which shall be below the minimum signal that
the deposited energy can generate. Solid-state instruments include both semiconduc-
tor (like silicon) detectors and scintillator detectors. The configuration of two layers of
solid-state detectors in a stack creates a solid-state detector telescope. Usually, the
upper detector is very thin to only absorb a portion of energy, defined as AE. The lower
detector is thick enough to absorb all the residual energy, defined as E. The combina-
tion of AE and E signal can be used to determine the incident particle energy and even

particle species.

The basic structure of two-layer detector can be extended to form a more advanced

telescope like RAD[51] on Mars Science Laboratory (MSL) mission. Figure 1-19 shows
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the cross section of the RAD instrument, which deploys six different solid-state detec-

tors marked as A to F, which include both silicon detectors and scintillator detectors.
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Figure 1-19 the cross-section of RAD instrument [51].

The solid-state instrument can cover a very wide energy range, but as a result, the
energy resolution is relatively poor. The instrument response time can be extremely
fast as the solid-state detector dead time is in the order of 10s ns or even shorter. The
electronics can operate at equivalent bandwidth to preserve the fast detector signal.
However, wide bandwidth electronics generally mean higher power consumption. To
confine the instrument data volume, the detector signal needs to be heavily processed
in the instrument onboard computer. The data product usually includes pulse height

analysis (PHA) and histograms.

Table 1-3 lists the survey of some recent miniature solid-state instruments.
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Table 1-3 Miniature radiation monitor instruments for space application

Principle

Target

Species

Energy
Range

Application

Features

SREM[52]

HMRM[53]

RAD[51]

LUCID[54]

RAD-
FET[55]

EPD[57]

RADEM[58]

Silicon detec-
tor

APS sensor

Silicon detec-
tor, scintilla-
tor detector

Hybrid silicon
pixel detector

MOS struc-
ture sensitive
to ionising ra-
diation

Solid state Si
detectors

Si-microstrip

Protons
Electrons

Electrons
Protons

Electrons
Protons
Heavy ions
Neutrons
Gamma

Protons
Electrons
Neutrons
Heavy ions
Photons

Protons
Heavy ions

Electrons
lons

Electrons
Proton and
lons

10-600MeV
0.5-10MeV

0.06 — 6MeV
1-500MeV

~0.2 -12MeV
~10 —

100MeV/nuc
~5—-100MeV
~5—-100MeV

All energy
range *

50keV—4MeV
50keV-500keV

100keV-
20(40)MeV
2MeV-
200MeV

Radiation data
collection, ra-
diation warn-

ing
Radiation

monitor, early
alert

Measure parti-
cle spectra,
dose on Mars
and transmis-
sion to it

Cosmic Rays
particle spe-
cies identifica-
tion

Local real time
dosimetry

Radiation
monitor

Radiation
monitor

3 solid state detectors
cover wide range of en-
ergy and species

“Chip sized “
ASIC solution

3 silicon PIN diodes
1 CslI(TI) + photon diode
2 Plastic scintillator

Timepix hybrid sensor

APS

Specially designed P-
MOSFET [56]

Two detectors to differ-
entiate electron and ion
population

Radiation hard design

* Quote from http://www.thelangtonstarcentre.org/index.php/capability

1.5 Detector technology

The core of the particle instrument is the detector. Here follows a brief survey of the

detector technology to understand their principle, characteristic and application.

1.5.1 CEM

Channel electron multipliers (CEM) [59] is the first device developed under the concept

of continuous-dynode electron multiplier. This contrasts with discrete dynode electron
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multiplier like the PMT in that the dynode is formed on a continuous high resistance
and high secondary electron yield surface. It is usually constructed as a tube using
special glass, such as lead silicate glass, which has a stable property on exposure to
air. When in operation, the tube is biased with a high voltage (2 to 4kV) This produces
a uniform and strong electric field along the tube. When a primary particle strikes onto
the tube entry, a few secondary electrons are emitted from the dynode surface. Driven
by the electric field, these secondary electrons continue to strike the opposite surface
and more secondary electrons are emitted. The process repeats itself and the number
of electrons multiplies after every strike. When the cloud of electrons reaches the exit
of the tube, the number can reach 10° to >108. The shape of the tube is often curved
to avoid ion feedback. Figure 1-20 shows a typical CEM structure and operation prin-

ciple.

PULSE
AMPLIFIER

GLASS CHANNEL R @ S kv

WITH SEMICONDUCTING
INNER SURFACE

Figure 1-20 A typical configuration of a CEM detection system, from Moore et al. [60]
A CEM is generally operated in count mode with the gain saturated. Uniform gain can

be maintained if the pulse current is kept less than 10% of the standing current. This
is one of the factors that limit the count rate. Generally, a count rate >1MHz is achiev-

able with background rates < 0.5Hz.

A CEM can also be operated in analogue mode, in which the CEM current is propor-
tional to the particle flux. As the fluctuation of the high gain introduces a very large

variation, the CEM output pulse height is not used to measure the particle energy.
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A CEM has a different detection efficiency (also called quantum efficiency) depending
upon particle species and energy level. Generally, the efficiency is higher for higher
energy impact, higher for ions than electrons and very low for photon radiation like UV
or gamma ray. Figure 1-21 shows one study [61] of different ion detection efficiency.
More can be found on the CEM manufacturer Dr. Sjuts [62] website. The published
results show large discrepancy which suggests that the measurement result is very

sensitive to the test setup and any subtle difference in configuration parameters.
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Figure 1-21 lon detection efficiency measured by a CEM. The x-axis is scaled to energy per square root of the
ion mass [61].
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1.5.2 MCP

A micro-channel plate (MCP) [63] is an array of micro electron multipliers channels
(made of a glass tube) bundled together. The micro channel operates in similar prin-
ciple as the CEM, but in much smaller size. The typical channel diameters are in the
range 10-100pum and the length is less than 1mm. Usually the length to diameter ratio
(usually defined as a) is between 40 and 100. This parameter is very important for the

performance and operation condition of the micro channel.

All the channels are physically and electrically connected in parallel. The total re-

sistance of the plate is at the order of 107-10° Q. Given a plate is made up of tens of
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thousands of channels, each channel resistance is as high as 10'* Q. With the channel
capacitance, this RC constant determines the channel recovery time, which can be as
long as 10s of millisecond. However, as usually only one or a few channels are trig-
gered at a time, the remaining channels are still active. This effectively reduces the

average dead time of the total plate.

A single MCP typically has a gain of 103 - 10* at a bias of ~1000V. This is not high
enough. The solution is to stack two identical plates with the channel bias angle in
opposite direction. This configuration is named Chevron. The Chevron can reach a
total gain as high as 107 without suffering from ion feedback. The Z-stack configuration

with three plates stacked can yield even higher gain.

Figure 1-22 illustrates the micro-structure and the basic operation principle. Figure

1-23 presents a typical MCP configuration in an electrostatic analyser instrument.
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Figure 1-22 MCP structure and operation principle [64]
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Figure 1-23 The MCP and its readout configuration from a space particle instrument.

The MCP can detect a wide range of particles, including ions, electrons, UV, X-ray

and even neutron. The detection efficiency is highly dependent on energy or wave-

length. Table 1-4 shows the typical detection efficiency of MCP manufactured by Ha-

mamatsu.

Table 1-4 Typical detection range and efficiency of a MCP [63]

Types of Radiation

Electron

lon(H*, He*,Ar")

uv

Soft X-ray
Hard X-ray
High energy particle(r,p)

Neutron

Energy or Wavelength

0.2keV to 2keV
2keV to 50keV

0.5keV to 2keV
2keV to 50keV
50keV to 200keV

300 A to 1100A
1100 A to 1500 A

2Ato50A
0.12Ato02A
1GeV to 10GeV

2.5MeV to 14MeV

Detection Efficiency (%)

50 to 85
10 to 60

5to 58
60 to 85
4 10 60

5t0 15
1t05

5t0 15
Upto1

Up to 95

0.14 to 0.64

From the table, we can clearly see that the best operation range for electron detection
is 0.2keV to 30keV and for ion is 2keV to 50keV. Compared to CEM, MCP is less

efficient in ion detection.
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1.5.3 Silicon Solid-State Detectors

Silicon solid-state detectors (SSD) [65] are built using pure silicon crystals. As a parti-
cle traverses the crystal, it ionizes along the path and creates many electron-hole pairs.
The electron is promoted from the valence band to conduction band, where it can
freely move. The hole created by the missing electron still locates in the valance band,
but it can also “move” under the influence of the electric field in the opposite direction
to the electron in the conduction band. The combination of movements forms an elec-

tric signal (a pulse) that can be detected.

The magnitude of the signal is proportional to the number of pairs that is created.
Further, the number of pairs is proportional to the energy of the incident particle. This
creates a link between the signal magnitude and the particle energy. Over a good
energy range, the relationship is linear. In silicon, it requires 3.6eV to create an elec-
tron-hole pair for its bandgap of 1.12eV. This determines the principle energy resolu-
tion of SSD at 3.6eV. However, such a signal is well below the thermal noise and
therefore it is not detectable. An important fact that limits the minimum energy that
SSD can detect is a layer of thin material on the surface of the SSD. The layer doesn’t
contribute to the signal generation, so it is named as dead layer. A particle must pen-
etrate this layer to enter the active volume of the SSD. With the current technology, an
SSD with typical dead layer can reach about 20keV. This is much higher than MCP or

CEM'’s lowest detectable energy.

An SSD is very compact in its form. The thickness is under 1mm. This means for
higher energy particle, it doesn’t have enough depth to stop the particle and absorb
the full energy. However, partial energy can still be absorbed and detected. Therefore,

in a high energy detector telescope, an SSD is often used as a AE detector.

The electric field over the detection volume is moderate and it takes 10-20ns for the
electrons and holes to move towards electrodes for a distance 300um. This means
the response time of an SSD is slower than those detectors with intrinsic gain who has

a very high electric field to accelerate the ionized electrons and holes.

Damage by ionizing and non-ionizing radiation is the major limitation for the use and
life of an SSD in space. Part of the surface damage caused by ionization from charged
particles and X-ray photons are recoverable by annealing at room or elevated temper-

ature. Damage by excessive current (over heating) can be irreversible. Non-ionizing
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damage like the displacement damage is an accumulated effect and is hardly reversi-
ble.

1.5.4 Scintillator

A scintillator is a traditional material, which can convert a photon or a charged particle
to a large number of secondary photons in visible or UV range. The initial interaction
process with the particle in some form is similar to that of an SSD, but because of
different material conductivity, the later process goes in different direction. The silicon
is a semi-conductive material, in which the ionized electron-hole pairs can be collected
by an external electric field, while the scintillator is an insulator material, in which the
electron-hole pairs can’'t move. Eventually the promoted electrons lose energy in the
form of photon emission and return to the valence band. The emitted photon needs to
be collected by a photon sensor and converted to an electrical signal. This two-stage
detection means much poorer energy resolution and overall detection efficiency when

compared to SSD.

More about the scintillator detector is discussed in depth in chapter 2.

1.5.5 PMT

A photomultiplier tube (PMT)[66] is a traditional single photon detector with intrinsic
gain at the order of 108 — 107. It belongs to the type of discrete dynode electron multi-
plier. Figure 1-24 shows the typical structure of a PMT. The first stage of the PMT is
called photocathode, which converts the photon to a few photoelectrons. The material
choice of the cathode determines the spectral range and quantum efficiency. This cru-
cial stage dominants the overall PMT performance like spectrum response and gain.
Follow that is the multiple stage of dynodes. The dynodes are biased with a uniform
high voltage and are positioned in the way that the secondary electrons can only emit
towards the next dynode. The dynodes stage basically serves as a multiplier. The last
stage is anode, which collects the electron clouds from the last dynode. The output
signal from anode is a negative pulse with Gaussian shape and area equal to the total

charge.
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A PMT is sensitive to magnetic field as the trajectory of the secondary electron can be
directed away from the target path under the field. A dark current exists in a PMT even
when it is operated in a completely dark condition. The total dark current increases
with an increasing supply voltage and the change is exponential. Different sources
dominate the level of dark current at different bias voltage region. But overall, the level

of dark current is very low ranging from 10-° to 10-°A.

A PMT has a superb time response with typical pulse width (FWHM) around a few ns.
The response time is determined primarily by the transit time that takes the initial pho-
toelectrons liberated in the cathode to reach the anode. Hence, different PMT structure

design particularly the dynode type and position have a major impact on timing.
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Figure 1-24 Typical PMT structure [66]
1.5.6 SiPM

A silicon photon multiplier (SiPM) is an array of avalanche photon diodes operating in
Geiger-Mode. Each pixel operates independently, like the microchannel of an MCP.
The electrodes of all the pixels are connected in parallel and to a common supply and
output. Hence, there is only one signal output from a SiPM, which is the sum of all the
pixel outputs. This is different to an MCP, which maintains individual outputs for each
microchannel. The common connection arrangement of a SiPM makes it easy to in-
terface with but the down side is the loss of spatial/imaging function as the information

of which pixel is triggered is lost.
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The SiPM development originates from a Russian group [67] from early 2000s. After
more than just a decade of efforts, the process and design of the device have pro-
gressed significantly. Almost all the performance characteristics of the device, from

bias voltage, gain, dark count, efficiency etc. have been improved.

Many paper and technique notes have studied the principle and characteristics of
SiPM in detail [68][69] [70][71] [72]. Here we discuss them briefly to provide a quick
insight.

The architecture of SiPM pixel varies from different design by different manufacturers.
Figure 1-25 presents a typical architecture. This architecture is called n*-p- -p*. From
the top, the Si resistor (red) is the quenching resistor. The Al-conductor (small yellow
block on top) is an electrode for bias voltage. The two form the optical dead region.
The SiOz2 layer is an optical window, which is transparent to the incident photon. The
guard ring is for reducing the optical cross-talk. The n* (blue) region is a heavily doped
n-type layer. It is made very thin (about 0.1-1.5um) to minimize Auger and SHR
(Shockley-Read-Hall) recombination. The p (green) region is a thin p-type layer next
to the n+ layer. The junction of the two regions forms a depletion region of about 1um
thick. The 1 layer (white) is a thick and very lightly doped p-type layer (almost intrinsic).
The p* substrate (big yellow block at the bottom) is another heavily doped p-type layer.
The p, T and p* layer help to modify the electric field distribution across the structure.
The field strength is at maximum at the n*p junction and decreases slowly through the
1 layer until it vanishes in the p* layer. Figure 1-26 shows the configuration of the

electric field along the x-axis.
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Figure 1-25 Schematic structure of a typical avalanche microcell of SiPM [70]
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Figure 1-26 Electric field distribution across the structure [70]
The absorption of photons at wavelength of around 400nm takes place in the t-layer.
Under the nearly uniform electric field in 1r-layer, the electron-hole pairs are separated.
Electrons drift towards the positive electrode and holes drift towards the nega-
tive/ground electrode. The electrons pass through the p region where field becomes
stronger. The electrons are accelerated under the stronger field. When electrons reach
the n*p junction, where the field becomes abruptly high, the avalanche process is trig-
gered. Millions of new electron-hole pairs are created. Thus, a large current flow is
formed. The avalanche process will be terminated by the voltage drop across the

quenching resistor as current surges. The termination point can be set by the value of

63



1.5 - Detector technology

the quenching resistor and the bias voltage. Usually, the amplification of the initial

photoelectron can reach the order of 10° before termination.

A SiPM has a higher noise level than a PMT and it has many different noise sources.
In count mode, the thermally triggered counts are the dominant noise source. This
type of counts is often defined as dark count. The typical temperature coefficient for
dark count is -5%/°C. So, every drop of 10°C can see the reduction of dark count rate
by a factor of 2. After-pulse and cross-talk are the other two sources of noise. After-
pulse is the delayed event by the trapped electron in a crystal defect, impurities or
generation-recombination centre. Hence, better process and quality of crystal can re-
duce the after-pulse rate. Cross-talk is because some of the few emitted photons in
the avalanche process may successfully travel to another pixel and initiate an ava-
lanche process there. Better optical isolation between the pixels such as an optical

trench, can reduce this effect.

An SiPM has even better time response than a PMT. This is because all the multipli-
cation processes occur within a very small region (a few ym), and therefore, it takes

less time for the ionized electron-hole pairs to travel to the electrode.

1.5.7 Summary

We can see all the detectors can be categorized into two general classes. One has a
very high gain and the other has no intrinsic gain. The detectors with high gain are
capable to detect a single particle or photon, but due to the fluctuation of the gain or
even saturation, the detectors mostly operate in count mode. They don’t have a linear
or interpretable energy response. CEM, MCP, PMT and SiPM belong to such class.
The detectors with no intrinsic gain have a very good linear energy response, but with-
out any gain, the detector signal is very small so it is much more susceptible to back-
ground noise, like the thermal noise. The response time is also slower due to the lack
of strong electric field to accelerate the secondary electrons, which forms the output

signal. SSD and scintillator are in this class.

Another categorization method is to divide the detectors by the output and input signal
type. CEM, MCP and SSD are one class that can accept a wide range of charged

particles or energetic photon and output electric signal directly. Scintillators is another
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class which output in the form of photon. As photon cannot be processed by the elec-
tronic system directly, another photon to electron conversion sensor is required. Of the
range of photon sensors, PMT and SiPM have the highest sensitivity due to their huge
gain. So, itis common to find a scintillator coupling to PMT or SiPM to form a complete
detector system. The second class of the detector system has much poorer detection

efficiency compared to the first class.

Detectors with high gain generally operate with a high bias voltage. However, due to
the downsize of the detector, the required voltage scales down significantly. CEM,
MCP and PMTs have an acceleration distance in the order of mm. They require bias
voltage of the order of 1000V. A SiPM’s depletion region is in the order of um. It re-
quires bias voltage at only a few 10s volts. This is because to reach the same level of
electric field strength, the shorter distance requires less voltage difference across it.
To maintain a sustainable multiplication, the electric field strength needs to reach 10°

— 108 V/cm. This seems to be a common level for all the detector technologies.

The general trend for detector development is smaller in size, better efficiency and
faster in response. However, some of these features usually come at the cost of in-
creasing noise or higher power. There is yet no detector that can outperform the others
in every aspect, which is probably intrinsically impossible. Therefore, the choice of the

detector remains highly dependent on the application.

Table 1-5 provides a general overview of the surveyed detectors.
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Table 1-5 Overview of the detector performance

Intrinsic ~ Bias Volt e Energy res-  Operation Background Detect o Opera’uon
Detector : sponse : : : Energy range Efficiency Environ-
gain (V) . olution mode noise species
time (ns) ment
CEM 10%8-108 2000-4000 1-10 No Saturated <0.5s" e-, >100eV e- 25% - 85% e- Vacuum
Counting i+ >10keV i+ 50% - 90% i+  <10°mBar
uv 0.1% -10% uv
MCP 108 2000-4000 0.2 No Saturated <1 cm?s™ e- 0.2 to 30keV e- 10-60% Vacuum
Counting i+ 2 to 50keV i+ 5-85% <10"mBar
uv 30-150nm
SSD No 100-300 10-100 <200eV (e-) Linear Low e- >10keV (e-) Ambient
~30keV (i+) i+ <14MeV (p)
uv
Scintilla- No No 10-1000 moderate Linear Almost zero e- Ambient
tor .
1+
xly
n
PMT 108 1000 1 No Saturated 107 -108A  Photon Up to 650nm <30% Ambient
Counting
SiPM 108 <100 <0.1 No Saturated <1MHz Photon  300nm — 800nm <40% Ambient
Counting
Note:

1. the numbers quoted in the table are all typical values collected from various documents, some of which might be out of date. Also, individual product
will differ a lot from the typical values. So, these numbers are here for comparison purpose only.

2. e- means electron, i+ means ions, p means proton. Ambient means detector can be operated in both ambient and vacuum.
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1.6 System requirement and the proposed solution

The survey of space environment near Earth helps to identify the target charged par-
ticles or energetic photon’s energy range, flux and abundance. It is beyond a single
instrument’s capability to cover the full range. On the other hand, different applications
have different target ranges. For example, only high energy particles like GCRs, SEPs
or the high energy charged particles from the radiation belts impose threat to the safety
of satellite and astronauts. An application to monitor such particles only need to focus
on the medium to high energy range. This means that the scintillators and SSDs are
the best detector choice. The average flux of high energy particles is low, but when a
solar event occurs, the burst of high energy particles can reach very high intensity in
a short period. This means the instrument shall have fast time response and wide
dynamic range so that it doesn’t saturate under intense flux. The instrument can op-
erate in a reduced capability mode in a quiet time to preserve power and it automati-
cally switches to a full capability mode as soon as detecting the onset of a large event.
This arrangement can lower the average instrument power. The instrument shall be
able to withstand extreme space weather event and remain functional during such

event even if the host spacecraft is in partial shut-down.

By studying the data from SPENVIS toolkit, we further simplify Table 1-1 as

Table 1-6 Refined Near-Earth Environment Specification

Proton Trapped 0.1 10 99.99% 197 AP8

Electron Trapped 0.04 1 99.74% 14218 AES8

Proton Solar 0.1 10 99.96% 169 ESP-PSYCHIC

Proton Solar 0.1 10 99.78% 4634 CREME96 (wrt. week)
lon(He) GCR 1 100 30.56% 0.1076 1ISO15390

Gamma* Solar, GCR

* No gamma data is found in SPENVIS database.

It shall be possible to design an instrument to cover most of the specification in Table

1-6. In addition, the instrument shall have:

e Good energy resolution, i.e. <10%
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¢ Wide solid angle, i.e. 21T
e A degree of particle identification/background rejection capability
o Moderate spatial resolution

e Good temporal resolution

Both SSD and scintillator detectors can meet the target energy range as specified in
Table 1-6 with sufficient response capability for the peak flux. We opt for scintillator as
it is more robust to radiation damage and it can be made thicker to detect higher en-
ergies. Our choice for the scintillation photon collection is SiPM. With SiPM, the
readout electronics and bias voltage power supply can be much simplified. This saves
the instrument resources in both power and mass. The combined Scintillator+SiPM
detector platform can be realized in a very compact format. Many experiments using
the same platform for different applications have been published and the results are
very encouraging. Table 1-7 shows the survey of a few such experiments with key

information listed.

Table 1-7 some similar study on the Scintillator+SiPM solution

Application Scintillator Energy Resolution :;rsmng
Ground high LYSO Hamamatsu- 300MeV 6MeV 350ps [73]
energy exper- SiPM
iment
Gamma spec- Csl(TI) SensL ~7.1MeV  7.88%@662keV [74]
trometer
PET LYSO Hamamatsu- ~14.4keV@511keV [75]
Nal(TI) SiPM ~27.5%@122keV
CsI(TI) ~32.7%@122leV
Gamma spec- Csl(TI) SensL 30- ~6%@662keV [76]
trometer 3000keV
Nuclear phys- Plastic Hamamatsu-  Very high ~1ns [77],
ics experi- SiPM [78]
ment
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Chapter 2 Scintillator

2.1 Introduction

This chapter will discuss the design of the stacked scintillator detector module. First,
the basic category and theory of the scintillator is introduced. Detail underlying physics
can be found in [79]. For particle identification, in-depth knowledge of the scintillation
mechanism in relation to different particle species are helpful. Also, knowing the phys-
ical process of scintillation, the cause of non-linearity can be understood. This

knowledge can help to improve signal processing and overall instrument design.

The second part focuses on the discussion of the scintillator module we designed and
manufactured for this project. The design takes a sandwiched approach (commonly
also known as phoswich), of which two different scintillators are glued together. The
configuration can provide good particle identification of different species within an en-
ergy range. This concept is proven by simulation and we can also find support from
the literature[80]. We have gone through three major iterations of the scintillator design.
The driving reason for the change of design is the manufacturing capability. Each iter-
ation has been validated with a range of simulation tools to confirm the performance.
The penetration depth/energy range can be calculated with data from NIST web tool
[81][82]. SRIM[83] is also a very easy to use tool for simulating the charged particle
interaction with matter. It provides visual illustration of some particle trajectories and
the output also shows the lateral dispersion. Geant4[84] is the universal tool that can
cover all the particle species in any material and geometry, but it requires dedicated
programming. The summary of the simulated detector performance is presented in
this chapter. More detail about the simulation setup and results, particularly for the first
scintillator module design, are discussed in Chapter 3. By simulation, we compared
the geometry impact on the photon collection efficiency and we also tested the idea of

particle identification.
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The last section proposes the concept of a new instrument, which is a hemisphere
structure holding a group of cylinder geometry scintillator modules to cover 2n field of
view. This design has a good angular resolution and a good redundancy benefiting
from the modular design approach. This concept design is the first step towards a flight
instrument prototype. The design is flexible and expandable, allowing it to be tailored

to different mission needs.

2.2 Scintillator

The property of a material that can emit photon under a mechanism of energization is
called luminescence. If the mechanism is via chemical reaction, it is called chemilumi-
nescence. If the mechanism is via an incident energetic photon, it is called photolumi-
nescence. Photoluminescence is further divided into fluorescence and phosphores-
cence. The main difference is the time that it takes to release photon. Fluorescence
releases the photon immediately while phosphorescence can store the energy for
some time and release the photon later. This is because the phosphorescence can go
through a middle triplet stage before returning to the ground state. The principle is

illustrated by the Jablonski diagram in Figure 2-1.
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Figure 2-1 The Jablonski diagram for the energy transfer in a diatomic molecule [85]

Scintillation is a type of fluorescence. A scintillator material can absorb energy from
either a charged particle or energetic photon. The emitted photon has a wide range of
wavelengths. The rule is the absorbed energy must be higher than the emitted photon

energy to compensate for the energy loss in the scintillation process.

Figure 2-2 shows the hierarchy of the terms we have discussed.

Luminescence

Fluorescence Phosphorescence
(<100 ms) (2100 ms)

Scintillation the other Fluorescence
(Scintillators) (Phosphors)

Figure 2-2 the diagram shows the relationship of the terms for different types of luminescence.
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The most important characteristics of scintillation materials are listed below:

e Scintillation efficiency

e Photon yield

e Linearity of the light response

e Stopping power

e Response time

e Emission spectrum, (aim to match the photon detector)
e Chemical and mechanical stability

e Radiation hardness

e Cost (a concern for large scale)

There are abundant types of scintillator material available, but none is perfect in all
aspects. So, the choice of scintillator shall be tailored to the application needs. For
example, in this thesis study, the scintillator aims to be used in space to monitor the
radiation environment. This target means the chosen scintillator shall be radiation hard
and suitable for use in a vacuum. The emission spectrum of the scintillator shall match
the absorption spectrum of the chosen SiPM. Short decay time is desired to match the
fast timing of SiPM. The space environment contains full spectrum of X/y-ray and full
range of high energy patrticles (i.e. solar energetic particles, cosmic high energy parti-
cles, high energy electron/protons in the trapped Van-Allen Belts etc.). It is impossible
to cover the full spectrum and range, so the chosen scintillator shall be designed to

focus on the key part that matters to the target science study.

To understand the characteristics of the scintillator and help to choose the right scin-
tillator, we first provide a brief review of the fundamentals of the scintillator. We will
keep the discussion to an essential minimum. For more detail and thorough discussion,

these are very useful reviews [86][87][88][89].

2.2.1 Interaction with energetic photon and charged particles

Scintillator can interact with a wide range of particles/photons, from energetic photon
(including X- and y-rays), charged particle to neutron. All the interactions lead to pho-
ton emission, but the intermediate process is different. The process follows the princi-

ple of how the photon or particle interacts with matter.

In the case of energetic photons, the interaction is covered by three major processes:

photoelectric absorption, Compton scattering, and pair production. Each dominates in
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a different photon energy range with the boundary overlapping. The photoelectric ab-
sorption dominates low energy section. Compton scattering dominates medium en-
ergy section. And pair production dominates high energy section. For the energy range
that our application focuses on, the photoelectric absorption dominates. In the photo-
electric absorption process, the photon energy is absorbed by the host atom com-
pletely. In return, an energetic photoelectron is ejected by the atom. This “hot” electron
often comes from the most tightly bound K shell of the atom. Generally, one photoe-
lectron is generated per event. This “hot” photoelectron can continue to excite many
secondary electrons via Coulomb scattering until its energy is exhausted. This Cou-
lomb scattering process is very similar to the way a charged electron directly interacts
with the crystal. The similarity is observed in the Geant4 simulation, which shows the

scattering effect in the crystal response to both y-ray and charged electron.

In the case of charged particles, particularly the charged, heavy particles, such as
proton, alpha and other heavier ions, the interaction with scintillator is a continuous
loss of its kinetic energy via mostly Coulomb scattering. The direct impact of incident
particles to the nucleus makes up a very small portion due to the low possibility. The
lost/deposited energy will create a string of secondary electrons. These secondary
electrons will eventually recombine with holes and release the energy in the form of
scintillation photon. Figure 2-3 from [88] compares the processes of the charged par-
ticle and energetic photon in an illustration. Note, the energy loss of the heavy charged
particle along its track is continuous but not linear. Most of the energy will be dumped
near the end of the track. The differential energy loss along the track is described by

the Bragg curve [90].
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Figure 2-3 the illustration of the interaction between the scintillator and different incident species: charged particle
and energetic photon (reproduced)

Since the interaction process is different, the way to describe the interaction in math-
ematic form is also different. For the energetic photon, it is governed by the probability
that any of the three processes (photoelectric absorption, Compton scattering, and
pair production) occur within the volume of the absorber. If one occurs, the primary
photon deposits its energy and disappear or is scattered (depends on the process). If
not, the photon leaves the absorber unchanged. The probability is affected by the ab-
sorber property, thickness and the primary photon energy. For an initial flux of lo, the
number of photons that pass through the crystal (with thickness t), I can be described

as.

I=TIe" (2.1)

where y is called the linear attenuation coefficient.

The linear attenuation coefficient is limited in use as it varies with the absorber den-
sity. So, a modified term called mass attenuation coefficient is used more widely

and is defined as:

mass _attenuation _coefficient = £ (2.2)
P
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Where p is the density.

Then, eq.(2.1) can be expressed as:
—(u/
[ =1, (2.3)

In summary, for energetic photon, once we know the mass attenuation coefficient
and the absorber thickness, we can calculate the detection efficiency in the form of the

percentage of flux that will be absorbed.

For the heavy charged particle, the continuous energy loss along the track in the ab-
sorber in unit length is defined as linear stopping power S in the form:

dE

S=_2=
dx

(2.4)

The negative sign indicates the energy is diminishing. The calculation of the stopping
power for heavy ion in a defined absorber can be precisely described by the famous
Bethe-Bloch formula [91]:

2022
_dE =K Zgi[lln 2mC By W _Igz _M] (2.5)

S=-——=Kz 2 2
dx Ap 2 I 2

Where,
A: atomic mass of absorber; x/4=4zN 12mc?/ A=0.307075MeVg 'cm® for A =1g mol™

z: atomic number of incident particle
Z: atomic number of absorber

. . .. . 202, 2
Wmax: max energy transfer in a single collision with jr _ 2me fy
14 2ym, I M +(m, | M)

O(By): density effect correction to ionisation loss.
re: classical electron radius = 2.817x10"3cm

me: electron mass

I mean excitation energy

B: v/c of the incident particle

Y =1/4/1- 7
X = ps, surface density or mass thickness, with unit g/cm?, where s is the length
dE/dx has the unit MeVcm?/g.

This formula is valid in the region 0.1< 8y <1000 with an accuracy of a few percent.

For light charged particle as electron, the energy loss due to ionization and excitation

(the “collisional loss”) can be described with a modified eq. (2.5):
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2mc By {mec (7/_1)/2}+(1_ﬂ2)_272_11n2+%(7—_1)2_5] (2.6)
4

dE\ 1 1
[zt
dx/ 2 i I y

With these proximity formulas, we can work out the analytic solution given the

Z1h,
Af 2

knowledge of absorber type and geometry and the incident particle species and en-
ergy. However, modern Monte-Carlo based simulation software can generate results
very similar to the analytic solution and that can save us from the complicated and

sometimes intractable calculation.

Table 2-1 summarizes the principle process that is used to describe the stopping
power, range and the secondary distribution for the interaction with three major prima-

ries.

Table 2-1 Summary of stopping power, range and the secondary distribution for proton/ion, electron and gamma

Proton/low Z ion Electron Gamma
Stopping power Median energy: Basic Below critical energy: Low energy: photoelec-
S(E) Bethe-Bloch Collision loss( Mgllor tron effect

cross section)

Low energy: add Shell + Middle energy: Compton

Barkas + Bloch correc- (MeV g'cm?) scattering
tions. Above critical energy:  High energy: pair pro-
High energy: add Den- Bremsstrahlung loss duction
sity corrections. (Y.S.Tsai[92]) Ultra-high energy: pair
(MeV g'cm?) production reduced
Range Mean range (cm) Radiation length Absorption length A
B0 (Y.S.Tsai[92]) (glcm?)
——— dE
J; S(E) L ()t
Iy
Bragg curve

Secondary dis-  Landau distribution
tribution

2.2.2 Inorganic and organic scintillator

The scintillator materials can be categorized as solid, liquid and gases by the physical
state. It can also be categorized as inorganic and organic by the scintillation mecha-
nism. The second category method is more useful because it distinguishes the scintil-
lator material by two major characteristics: decay time and photon vyield. For the or-

ganic scintillators, the decay time is short, and the photon yield is low. For the inorganic
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scintillators, the decay time is long, and the photon yield is high. The two characteris-

tics are mutually exclusive.
2.2.2.1 Inorganic scintillator

Inorganic scintillator material is generally in the form of solid crystal. The discovery
and application of the inorganic scintillator can be traced back to more than 100 years.
The review by M.Weber[86] presents the timeline of the major inorganic scintillator

discovery in Figure 2-4.

1900 1920 1940 1960 1980 2000
T T T T T T
LaCl3:Ce; LaBrS:Ce’J
RbGd2Br7:Ce
LUAIO3:Ce
Lu28i05:Ce

PbwO4
CeF3

(Y,Gd)203:Ce
Gd2Si0o5:Ce

BaF2 (fast)
YAIO3:Ce
Bi4dGe3012
BaF2 (slow)
Csl({Na)

Csl(TI)
Cdwo4

Nal(Tl)
Z2ns
IE,W04
| | | | | |
1900 1920 1940 1960 1980 2000

Figure 2-4 the history of the major inorganic scintillator material discovery (reproduced)

We can see the widely known and used alkali halide [93] based crystal like sodium
iodide (Nal), caesium iodide (Csl) are discovered in the 1950s. With thallium activator,
Nal(Tl) and Csl(Tl) possess close to intrinsic photon yield. However, both scintillators
exhibit strong afterglow, which limits their use in medical imaging application. Since
1980s, Ce-doping becomes a standard approach for new scintillator development. Lu-
tetium oxyorthosilicate with Ce-doping (LSO:Ce) and its Y-admixture LYSO becomes

standard materials. LYSO now is the first choice for the positron emission tomography
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(PET) scanner (a medical imaging equipment) for its balanced excellence in both pho-
ton yield and decay time. The lead tungstate (PbWOa4) scintillator [94] is the choice for
the large hadron collider (LHC) experiment at CERN. It is chosen for its high density
(8.28g/cm3), short decay time and good radiation hardness, which are all tailored for
the need of the high energy physics experiment. Bismuth germanate (BGO) is another
high density and high Z material scintillator before the introduction of LYSO:Ce. BGO
is widely used in gamma-ray detector. However, it is intrinsically radioactive, which

increases the background noise.

Apart from these insulator-based scintillators, there are also semiconductor-based
scintillators under development because of their intrinsically high photon yield and
short decay time (the two properties hardly found co-exist in another insulator-based
scintillator). Among them, Ga203 [95] shows promising performance for practical ap-

plication.
Emission mechanisms

In the inorganic scintillator, the luminescence can occur without activators (also called
intrinsic luminescence) or with activators (also called extrinsic luminescence). Various
subgroups of mechanism under each catalogue are found. Takayuki Yanagida [88]

summarizes the classification clearly as shown in Figure 2-5.

Luminescence without activators (Intrinsic luminescence)

I Free exciton luminescence

I Self-trapped exciton (STE) luminescence
111 Auger free luminescence
AY Self-activation

LLuminescence with activators (Extrinsic luminescence)

=

V Is < 2p transition (e.g., F-center)
VI ns’ <> nsnp transition
(Ga*, In*, TI*, Ge**, Sn?*, Pb?*, Sb*+, Bi**, ...)
- VI 3d <« 3d, 4d < 4f transition (transitional metals)
VIII 4f <> 41, 5f < Sf transition (rare earth, Actinoid)
IX 4f < 5d transition (Ce*', Eu*", ...)
| X charge transfer luminescence (Yb*", VO3, ..))

Figure 2-5 Classification of the photon emission mechanism under both Intrinsic luminescence and Extrinsic lumi-
nescence (reproduced)
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Understanding the details of these subgroup is out of the scope of this thesis and
generally it has little contribution to the selection of scintillator for our experiment. For
those who are interested to know the fundamental details, G.Blasses and B.C. Grab-
maier have made a thorough discussion in the book Luminescent Materials [79]. The
book expresses two observations: a) generally scintillator with activators will see im-
provement of photon yield. For example, Csl pure crystal has a photon yield of 2000
photons/MeV, while Csl with Tl activator sees the photon yield jump to 65,000 pho-
tons/MeV. b) The scintillators incorporating 4f-5d transition often shows good photon

yield and short decay time simultaneously. This typically exists in Ce-doped scintillator.
2.2.2.2 Organic scintillator

Organic scintillator is featured by short decay time (<10ns), and low effective atom
number and density. This makes them a good candidate for time of flight application,
but not so good for the high penetrating photon like y-ray. The photon yield is generally
very low, which will limit the energy resolution. One advantage of organic scintillator is

it can be made to relatively large size at economical cost.

The fluorescence mechanism in organic scintillator occurs at the molecular level. In
comparison, the mechanism in inorganic scintillator occurs at the atom level. Upon the
deposit of the incident energy, the molecular state will go through excitation, transfer
and settlement. Imprecisely speaking, this process is similar to that of the inorganic
crystal. But, the energy excitation occurring at molecular level requires more energy
than that is required at atomic level. This can explain why the organic scintillator has

much lower photon yield, because more energy is required to produce one-unit photon.

As the fluorescence can be observed independently of the physical state, the organic
scintillator can be found in gas, liquid or solid form. The common material is stilbene,
anthracene and plastic scintillator. They can be made into different shapes and sizes.
Cast film sheet is a popular form that has good photon yield and good internal light

transmission.

Review by F.D.Brooks[96] explains some interesting features of the organic scintillator.
First, there exists prompt and delayed emission. The prompt component is exponential
and independent of the species of the incident radiation or particles. The delayed com-
ponent is non-exponential with mean life typically above 300ns. Figure 2-6 shows the

resolution of an organic scintillation into prompt and delayed component.

79



2.2 - Scintillator

ScintitLation, J{ t)

ﬂgnol prompt , Kt )

INTENSITE (unités orbitroires)

WE
Signol ditféré, I'(t)
s X ."‘\.
h
'
'
]
'
: N
1 |
0 t,
TEMPS

Figure 2-6 The illustration of the two components of an organic scintillation emission. I(t) is the prompt compo-
nent, I'(t) is the delayed component and J(t) is the sum. This figure is requoted from [97].

The delayed component is less sensitive to ionization quenching (a saturation effect)
than the corresponding prompt excitations. Hence, the relative integrated intensities
of the two components can be linked to differentiate incident particle species. This

provides a route for particle identification by pulse shape discrimination.

Second, the response function L(E) of organic scintillators to heavily ionized particles
is a non-linear function of the particle energy. And when comparing different particle
species, the heavier ones at the same energy show lower response function output.
This non-linear effect is caused by ion quenching. Birks [98] described this effect with

an empirical formula:

dE
Si
dL
e (2.7)
ax g9t
dx

Where, dL/dx represents the fluorescence energy emitted per unit path length and
dE/dx represents the energy deposit per unit length. S is the nominal scintillation effi-
ciency. kB represents the fraction of the density of quenching centres that will not

produce scintillation photons.
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2.2.3 Scintillator property

A good knowledge of the definition and interlink of the scintillator property can help us
to choose the right scintillator for the application. The key properties i.e. photon yield
efficiency, timing characteristics and emission spectrum will be discussed in this sec-
tion. Beyond these, other properties might be of interest to other specific applications.
The survey in Appendix B: Survey of popular scintillators provides a comprehensive

coverage of property for many popular scintillators.
2.2.3.1 Photon yield efficiency

Generally, a higher photon yield efficiency means higher overall detection efficiency,

better energy resolution and better detector sensitivity.

The photon yield efficiency is closely related to the physical process of scintillation.

Now, we understand the process can be divided into three stages [99]:

a) The conversion stage, in which the energy of the incident particle or radiation
is converted to a large number of electron-hole pairs.

b) The transfer stage, in which the energy of an electron-hole pair is transferred
to the luminescence centre.

c) The emission process, in which the luminescent ion returns from the excited

state to the ground state and emits photon.

The overall photon conversion efficiency is then described as the product of the effi-

ciency of the three stages as [99]:
n=yS8q (2.8)

Where y denotes the conversion efficiency, S is for the transfer efficiency and q de-

notes the quantum efficiency of the luminescent centre.

It is discovered that the energy required to create the electron-hole pair is much larger
than the bandgap energy of the material. Here we can introduce a coefficient 8 to
represent the ratio of the actual required energy E to the bandgap energy Eg, i.e.

E=pE, - The expression to calculate y is defined as [99]:

E

g m

o EaE B L
Eg Egﬂ

t

(2.9)

Where Em is the maximum energy of the emitted photon.
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The transfer efficiency is the most unpredictable particularly in solid material, because
the electron-hole pair might recombine before reaching the luminescent centre, for
example, it can be captured by the defects and impurities. The quantum efficiency q

can be determined by experiment and many materials are known with q close to 1.

It is noted not all the radiation energy are absorbed by the scintillator. The loss will be

either reflected or transmitted. So a more general expression of eq. (2.8) is:
n=~1-r)ySq (2.10)

Where r denotes the amount of radiation that is lost.

Thus, the full expression to calculate the photon yield is:

N, =E(0—-r)ySq (2.11)

Where Eiis the incident energy, and Nph represents the number of photons emitted.

As most of the parameters in Eq. (2.11) is material dependant and constant, for con-
venience, manufacturer often groups them together and quote with a single parameter

called photon yield coefficient in a unit of photons/MeV.
2.2.3.2 Timing characteristics and time resolution

The scintillation photon decay time can be described with a simple exponential formula.
If there are more than one decay components, they can be joined by linear superpo-

sition. A two components decay model can be written as:

t

N(t) = Ae[ ,] + Be{_“] (2.12)
Where N is the number of emitted photons, 1+ and 71s is the fast(prompt) and slow(de-

layed) decay constants. A and B are the scale factor.

Eq.(2.12) is quite basic and it ignores the rise time. A more comprehensive equation

[100] including the rise time for a single decay component is:

N@) = L[e"/ e ] (2.13)
Td —7T

r

Where No is the total number of photons generated by the energy deposit. Tr and Td

are the intrinsic rise time and decay time of the scintillator.
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The rise time and decay time is mostly determined by the scintillator type but the pho-
ton output also has a small impact as discussed by P.Lecoq [101]. The high photon

output will improve the rise time and decay time.

For time critical application, the detector size will have an impact on the timing in two
aspects. One is the added delay by the photon travelling time within the scintillator.
For those photons born with initial direction not aiming at the photon detector, the
potential reflection path will add more delay. The other is that the time dispersion of
the scintillation photon is proportional to the detector size (mainly the dimension in the
direction of travelling). The dispersion will worsen the time resolution as it effectively

prolongs the decay time.
2.2.3.3 Emission spectrum

The scintillator emission spectrum must match the absorption spectrum of the coupling
PMT cathode or SiPM or any chosen photon sensor as close as possible to maximize
the photon detection efficiency. A single response factor n can be obtained by inte-

grating over the spectrum:

_ j HA)F(A)dA

(2.14)
j F(A)dA

Where @(A) is the absorption spectrum and F(A) is the emission spectrum.

2.2.4 Scintillator application
2.2.4.1 Scintillator detector vs other semiconductor detectors

In a scintillator detector system, usually we will find two stage detection process before
the signal can be processed by the readout electronics. The first stage is the conver-
sion of incident particle/photon to photons by the scintillator and the second stage is
the conversion of photon to electric signal by a photon sensor. Each stage will intro-
duce signal loss, delay and error. The overall impact is cascaded. In contrast, a sem-
iconductor detector like the silicon solid state detector has only one stage process,
which can convert the incident particle/photon directly into electrical signal. In this
sense, a semiconductor detector is intrinsically more sensitive, faster and more accu-
rate than the scintillator detector system. Moreover, the bandgap of semiconductor is

lower than scintillator material. This enables the semiconductor detector to generate
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more secondaries than a scintillator for the absorption of the same energy. This is

reflected as a better energy resolution.

However, a scintillator still has some unique features that a semiconductor doesn’t
possess. For example, the lower bandgap of semiconductor also means worse ther-
mal noise as it is easier for the electron to break the bandgap barrier. In comparison,
a scintillator is less prone to thermal noise due to its higher bandgap. A scintillator can
also be made with a large volume while it is very rare to see large silicon detector,
particularly in large depth. For a similar reason, semiconductor detectors suffer more
radiation damage than a scintillator, because the defects created by the radiation in
the detector causes more thermal noise problem in silicon than in a scintillator. In de-
tection of high energy and high penetrating particles/photons, scintillators with high z
materials are the best choice, because a high z material has higher stopping power
and provides better energy/flux absorption. These features make scintillator detector
system still the first choice for high energy applications, for example, LXSR scintillator

is the first choice as gamma detector in the PET instrument.
2.2.4.2 Scintillator in space instruments

There are many past and existing space instruments equipped with a scintillator de-
tector. A short survey is given in Appendix A: Survey of scintillator detector application

in space instrument.

The survey focused on the large-scale flagship space instrument missions. We can
see the traditional scintillator Nal and Csl remain the first choice for gamma and hard
x-ray detection. In recent years, many smaller-scale, low-cost space instruments
based on scintillator detection system have flown or are in development. For example,
HERMES[102] used a silicon detector “siswich” with a Ce:GAGG scintillator as the
main detector for x-ray and gamma-ray. CAMELOT[103] carries Csl detectors cou-
pling with SiPM for Gamma Ray Burst (GRB) detection. Another GRB application

BurstCube [104] also carries Csl (TI) scintillator coupling with SiPM sensor.

Therefore, the scintillator detector remains a popular choice for space instrument ap-
plication. Particularly, the fast development of the new generation photon detection

sensor SiPM greatly improves the overall scintillator detector system performance.
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2.3 - Scintillator module prototype design

2.3 Scintillator module prototype design

This section will discuss about the scintillator prototype module that we studied, de-

signed, simulated and manufactured for this project. Our goal is to develop a scintilla-

tor module that possesses the following features:

basic energy resolution

wide solid angle

medium to high energy range
sensitive to a range of particles
particle identification

direction identification

Also, it is desirable for it to be compact, low resources and radiation hard, as required

by space instruments.

2.3.1

Initial scintillator module design

The initial concept of the scintillator module is shown in Figure 2-7.

Oiifer scintillator Shield&Reflectivie wrapping

_Inner scinillator

_— SIPM

Figure 2-7 Initial concept of the scintillator detector module

The hemisphere scintillator module is composed of two layers. The outer layer is made

of a fast response organic scintillator and the inner layer is made of a slow response
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inorganic scintillator. The outer layer is wrapped with a thin reflective layer. Four SiPMs

are positioned in the centre of the hemisphere.

The hemisphere geometry provides a uniform 2pi solid angle coverage. All the scintil-
lator photons (except those being reabsorbed) shall be focused by the reflection layer
onto the centre of the sphere, where the photon sensors are located. This geometry
can maximize the photon collection efficiency optically. The principle is illustrated in

Figure 2-8.

The four SiPM sensors each shall detect a portion of the total photons depend on the
incident direction of the incoming particle. The ratio of the signal strength among the
four SiPM provides a coarse angle detection. For example, if the signal of the four
sensors are equal, the incident particle must come from the zenith of the scintillator

module.

The initial configuration of the module is shown in Table 2-2.

Table 2-2 The basic configuration of the first scintillator module design

Property Inner Scintillator Outer Scintillator Wrap
Material Csl BC408 Teflon

Yield (#/MeV) 54,000 500 n/a
Thickness/Radius  1.5mm 0.2mm 0.055 mm
Shape Semi sphere Semi sphere Semi sphere
Refractive Index Spectrum (avg.1.79) 1.58 1.35

The choice of the two scintillators are based on two fundamental purposes. One is to
achieve the AE/E discrimination. Second is to have a differentiable decay time. This
is because the two scintillators will share the common SiPM photon sensors. The sen-
sor will rely on the timing of the photon to identify their source. Therefore, the outer
scintillator shall have a very short decay time and serves as triggering detector. As a
AE detector, it shall be made very thin to allow the bulk energy of the primary to pen-
etrate through. The inner scintillator shall have a relatively long decay time and high
photon yield. As an E detector, it shall have high density and be made to large volume

in order to absorb the full energy. Hence, we chose BC408 as the outer scintillator and
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Csl as the inner scintillator. Another reason is that these two scintillators are commonly

used and widely available.

p+

p+

[RFLECTOR WRAPPING

Scintillator
(csi)

Figure 2-8 The secondary photon reflection in the hemisphere geometry (Created with FreeCAD software)

Various methods and tools are used to check the performance of the detector module.
The stopping-power&range tables for electrons, protons and alpha from NIST[81] and
the x-ray mass attenuation coefficients also from NIST[82] are used for analytic esti-
mation of the penetration depth of electron, proton, alpha and gamma ray in our de-
tector module. SRIM software[83] is used to simulate and calculate the response for
heavy ions. Geant4 [84] is the main simulation tool that is useful to cover all the as-

pects of simulation we need.

The full detail of the simulation setup and results will be discussed in Chapter 3. Here
we only present some brief results. Table 3-11 lists the energy range of the detector
module for different incident species. It should be noted that these thresholds are not
a clean cut off. They only mean that beyond that energy, the detection efficiency will
greatly drop.
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2.3.2 2" scintillator module design

Unfortunately, a hemisphere scintillator in crystal format is not practical to manufacture
within the scope of this work, let alone a double layer configuration. Therefore, the
detector module design is changed accordingly. The revised geometry is cylinder
based as shown in Figure 2-9.

Reflector

BC408
Optical Epoxy

Csl (Na)

Figure 2-9 The revised 2" scintillator module design (created with SolidWorks CAD software)

The property and size of the 2" scintillator module is listed in Table 2-3.

Table 2-3 The configuration of the 2" scintillator module design

Property ![_Oc;wer Scintilla- Glue ILeJ‘tpoprer Scintil- Wrap
Material Csl(Na) Epoxy BC408 Teflon
Yield 8,500 n/a 500 n/a
Thickness 4mm 0.1mm 0.9mm 0.055 mm
Radius 5mm 5mm 5mm 5mm
Shape Cylinder Cylinder Cylinder Thin layer
Refractive Index Spectrum 1.56 1.58 1.35
(avg. ~1.79)
Response time  630ns n/a 2.5ns n/a
Max emission 420nm n/a 425nm n/a
Function High-z slow de- Glue two scin- Low-z fast de- Blacking, reflec-
tector tillator tector tion
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The original CsI(Tl) scintillator was replaced by the Csl(Na), which has the output pho-
ton peak emission wavelength matching the SiPM max response wavelength better.

The downside is the reduced photon yield.

The energy response range is quickly re-evaluated using SRIM and NIST database.

Some evaluation results are shown in Table 2-4.

Table 2-4 Some evaluation results for the energy response range

Particle Energy Range Lateral Stop Notes Tool

Proton 10 MeV  1.21mm  24.2um Csl SRIM

Alpha 100MeV  8.14mm  213um Penetrate the full detec- SRIM
tor

Alpha 75MeV 4.8mm 119um Csl Max E to stay in Csl SRIM

Proton 100KeV  1.18um 1270A Teflon SRIM

Proton 2.5MeV  71um 1.44um BC408 Min E to penetrate the SRIM
Teflon

Alpha 10MeV 68um 6300A BC408 Min E to penetrate the SRIM

Teflon
Proton 18MeV 4.44mm  213um Csl Max E to stay in Csl SRIM
e- 2MeV 3.4mm Csl Max E to stay in Csl NIST
e- 200keV  57.8um BC408 Min E to penetrate the NIST
Teflon
Gamma  30keV 45.1% Skipped Teflon NIST
Gamma  200keV  99.9% Csl Absorbed by Csl NIST

2.3.3 3 scintillator module design

After sourcing an American scintillator manufacturer SEMicro[105], we further modi-
fied our design. The cylinder geometry hasn’t changed, but the scintillator material,
thickness and wrapping have. The upper scintillator is revised to an organic scintillator
disc BC-404 of 3mm radius and 1mm thickness. This is due to the manufacturer has
the 1mm thickness disc as one of the standard products. The radius is cut to the cus-
tomer requirements. The lower scintillator is revised to a single crystal LXSR of 3mm
radius and 4mm thickness. This scintillator has similar photon yield as the Csl(Na) but

much shorter decay time (~42ns), which is still slow enough compared to the 1.8ns
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decay time of the BC-404. The two scintillators are bonded with NOA 61 optical glue.
Aluminium is coated around the scintillator module except for the exit face (the SiPM
bonding face). The coating thickness is 50nm for the top face (particle entry face) and

100nm for the cylinder body. Figure 2-10 shows the configuration.

Al coating, 50nm on the top entry window,
100nm around the bundle wall.

Q/ BC404 1mmin height, 3.0mm radius

——NOA 61 Optical adhesive, max thickness 1um

__— LXSR 4dmm in height, 3.0mm radius

Figure 2-10 The revised 3 scintillator module design

This design replaced the previous wrapping layer with a reflective coating layer. The
coating thickness can be controlled to bare minimum. In our case, 50nm is achieved
for the input face. This greatly reduced the dead layer and extended the minimum

energy that can be detected.

BC-404 and BC-408 come from the same Polyvinyltoluene based organic scintillator
family. Their performance is very similar except BC-404 is slightly faster and has
higher photon yield. The wavelength of BC-404 is 408nm and that of BC-408 is 425nm,
which matches the chosen SiPM’s peak sensitivity wavelength at 440nm better. Also,

the replacement was a practical choice as the manufacturer only had stock of BC-404.

The Csl(Na) is hygroscopic. The replacement LXSR has no such problem. In addition,
LXSR has much faster response comparable to the popular LYSO and high photon
yield comparable to Csl (Tl). The chemical composition of LXSR remains undisclosa-
ble as manufacturer’s intellectual property. Table 2-5 shows its basic property and

emission spectrum.

Table 2-5 LXSR property and emission spectrum
Property LXSR Emission Spectrum
Light Output(%Nal) 80

Decay Constant 42 ns

Peak Emission 420 nm
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Property LXSR
Index of Refraction 1.80
Density 4.45
Hygroscopic NO

Emission Spectrum

CL Intensity (a.u.)
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200000

100000

0

J

LXSR Emission Spectrum

>

200

300

T
400

500

Wavelength (nm)

T T T
600 700 &00 500

The optical adhesive used to glue the two scintillator is NOA 61 from Norland [1086]. It

is a clear, colourless, liquid photopolymer that can cure under ultraviolet light. It has a

typical refractive index in cured form of 1.56, which matches the index of the SiPM
entry window well, although not that perfect for LXSR’s. The photon transmission
spectrum of NOA 61 is shown in Figure 2-11. We can see its peak transmission range

from 300nm to 2000nm, which is enough to cover both scintillators’ emission spectrum.
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summarized in Table 2-6.

2

a

Wawel ength (microns)
Figure 2-11 NOA 61 transmission spectrum

The energy response threshold is rechecked for charged particles and the results are
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Table 2-6 The energy response threshold for charged particles for the 3™ scintillator module design

Layer Depth Proton Alpha Electron lonC
mass 1 mass 4 mass 12

Aluminium 50nm 3.5keV 5.5keV ~1keV

BC404 1mm 10MeV 40MeV 200MeV

LXSR 4mm 35MeV 140MeV

The gamma response is calculated using NIST data for LXSR scintillator at 4mm thick-

ness as shown in Figure 2-12. We can see after 200keV, the absorption rate drops
below 100%.

Gamma Absorption in LXSR
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4cm thick LXSR

Figure 2-12 Gamma absorption in LXSR

This module was manufactured by SEMicro. Figure 2-13 shows the finished module.
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Figure 2-13 the manufactured scintillator module. (a) is the dimension, (b) is the side view (the bonding line of the
two scintillators can be clearly seen), (c) is the bottom view (clear entrance), (d) is the top view (covered by 50nm
Al coating).

2.3.4 Photon collection efficiency comparison between hemisphere and cylin-

der geometry

We have run Geant4 simulation on both geometries. The results proved our prediction
that the hemisphere is more efficient for photon collection than the cylinder, because
in the hemisphere geometry, the optical path can be focused to the origin with the
shortest path or least number of reflections. This minimized the photon transmission
loss and reduced the chance for the photon to be reabsorbed. illustrates the photon
trajectory in both geometry with a single primary particle hit. We can clearly see that
in the cylinder, the secondary travels through multiple reflections with long path before
it reaches the exit face, while in the hemisphere, the secondary reaches the exit face

with just one reflection.

To quantify the comparison, we setup simulation (Figure 2-14) to check the photon
collection efficiency of the two geometries. We defined the photon collection efficiency
as the number of collected photon divided by the theoretical number of emitted pho-
tons. Then we run a few tests at different primary energy. The test results are shown
in Table 2-7 with key figure highlighted in yellow. We find at the same incident particle

species and at the same energy, the efficiency for the hemisphere is almost 100% for
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both scintillators, while for the cylinder, the efficiency drops to 39% for the fast scintil-
lator and 66% or 69% for the slow scintillator. The poorer efficiency of the fast scintil-
lator (on the top) is probably because it has longer distance to reach the exit surface,

hence more photon loss on the path.

Figure 2-14 Secondary photon trajectory (green) in cylinder geometry (left) and hemisphere geometry (right)
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Table 2-7 The comparison of scintillation photon detection efficiency of different geometry shape

Energy Energy Deposit |Energy Deposit |Photon from Photon from Total SiPM Fast Scint. |Slow Scint. |Photon Photon Yield Geometry eff. | Geometry eff.
in Fast Scint. in Slow Scint. Fast Scint. peak |Slow Scint. peak|Photon Photon Photon Yield in Fast]in Slow Scint. For Fast Scint. | For Slow Scint.
(Alpha) peak peak peak Yield Yield Scint.
Hemisphere Geometry: Teflon=55um, BC408 =0.2mm, Csl=1.5mm
keV keV keV # # #/KeV #lkeV
10000 2748 0 1365 0 1369 0.5 54 1374 0 99.34%
20000 9944 6746 4916 3.61E+05 3.66E+05 0.5 54 4972 364284 98.87% 99.12%
50000 3287 45135 1621 2.43E+06 2.43E+06 0.5 54 1643.5 2437290 98.63% 99.57%
100000 1800 35484 875 1.90E+06 1.90E+06 0.5 54 900 1916136 97.22% 99.30%
Cylinder Geometry: AI=50nm, BC408 = 1mm, LXSR=4mm
keV keV keV # # #/KeV #lkeV
5000 4999 0 941 0 941 0.5 32 2499.5 0 37.65%
10000 9999 0 1881 0 1881 0.5 32 4999.5 0 37.62%
20000 20000 0 3833 0.00E+00 3.83E+03 0.5 32 10000 0 38.33%
50000 18433 31561 3573 6.66E+05 6.72E+05 0.5 32 9216.5 1009952 38.77% 65.96%
100000 9275 90784 1800 2.00E+06 2.01E+06 0.5 32 4637.5 2905088 38.81% 68.91%
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2.3.5 Particle identification

Particle identification is a very desirable but quite challenging task. There are a few
approaches to address this task. However, due to the wide range of energy and spe-
cies, it is impossible for a single approach to cover all the cases. The common ap-

proaches are:
At instrument level:

e Time-of-flight mainly used to identify the ion species
¢ Anti-coincidence mainly used to reject particles not from the designed FoV
e Active electric or magnetic field, mainly to select the energy and direction

e Shielding, mainly to reject particles not from the designed FoV
At detector level:

e Pulse shape analysis for a single and certain scintillator crystal

e Stack of multiple scintillator/silicon detectors
We will discuss the two approaches at detector level here.

One approach taken by F. Benrachi[107] is to investigate the pulse shape of the two
decay components of the Csl(Tl) scintillator. The two decays can be described as the

linear sum of two exponential functions:

! t

hy = h
L()=—Le "+2e " (2.15)
Tf T

N

Where 1t and T1s are the time constant of the two decays and hf and hs is the pulse
height of them. After experiment with different charged particles, the following features

are discovered:

a) The ratio R=hs/(hs+hs) increases as the ionisation density of the incident parti-
cle decreases;
b) T¢increases as the ionisation density decreases;

C) Tsis almost constant regardless of the particle species;

Then, by measuring the pulse height of the two decays and working out the ratio, good

particle identification can be achieved. See Figure 2-15 for some measurement results.
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F. Benrachi et al. / The performance of CsI(Tl) for charged particle identification

1

50 100 150 E (MeV)

60 100 150 E (Mev)

Figure 2-15 The trajectory of fast decay time ¢ (top) and the ratio hs/hs (bottom) against different particles across

a medium energy range. (reproduced from [107])

The second approach is through a multiple scintillator stack, which is also the ap-
proach we take. In this approach, two or more detectors can be staked together. Each
detector will capture a portion of the incident particle energy or stop it fully within an
energy threshold. The ratio of captured energy between the detectors can help to de-
termine the incident particle species and energy. This method seems to work well for

proton and heavy ions, but not quite well for electrons and gamma.

In our case, we opt for two detectors with a thin and fast scintillator on top of a thick
and slow scintillator. This sandwich structure shares a common SiPM sensor coupling
to the exit face of the slow scintillator. When a prime particle hits, the fast scintillator

will be triggered first. The emitted photons will travel through the slow scintillator and
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be registered by the SiPM sensor. The pulse height of this leading signal represents
the portion of energy captured by the fast scintillator. This signal is defined as AE. This
leading signal quickly diminishes and SiPM is ready for the new signal. Assume the
prime particle hasn’t lost all its energy in the fast scintillator, it will continue to travel to
the slow scintillator. With much higher density and bigger volume, the slow scintillator
is likely to absorb all the remaining energy. The emitted photons from it will form the
second, wider span (due to slow decay) and higher amplitude signal. This signal is

defined as E. The ratio of AE/E provides key information to identify the particle species.

Commonly, an organic scintillator featuring fast response and low photon yield is a
good candidate for the fast scintillator. An inorganic scintillator featuring slow re-
sponse and high photon yield is a good candidate for the slow scintillator. We changed
the specific scintillator through the design iteration, but the choice always follows the

same principle.

We tested this strategy in Geant4 simulation with several common particle species
across a median energy range. The findings are very encouraging as shown in Figure
2-16. We can see the AE/E ratio trajectories for different particle species are clearly
separated. This effect appears very similar to Figure 2-15 although the underlying

mechanism is different.
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Figure 2-16 Geant4 simulation shows different AE/E ratio trajectory for different ion species. The turning corner of
each line is the minimum energy that is required for the ion to penetrate the fast scintillator and enter the slow
scintillator.

The simulation assumes a perfect photon detection and a perfect signal separation of
the two scintillators by the single SiPM detector. In the real experiment, we will find

that the signal separation remains a big challenge.
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Through literature study, we have found that our approach has a successful prede-
cessor. J.Alarja[108] reported a successful charge separation of up to Z=19 with a
phoswich structure (a 0.2mm NE102A scintillator on top of a thick Csl(Tl) scintillator).
This further increases our confidence that our design approach shall provide a prom-

ising particle identification, particularly for the charged heavy ion.

2.3.6 Scintillator choice and their radiation hardness

As mentioned a few times in the previous discussion, the fundamental criteria for the
selection of scintillators for our detector module is the timing. As we want to use a
single SiPM sensor, the only way to separate the scintillation photon is by timing.
Hence, we require the top scintillator to have a very short decay time and the bottom
scintillator to have a comparably long decay time. Naturally, scintillator of short timing
tends to have low photon yield and that of long timing has high photon yield. This
perfectly matches the demand of the AE/E configuration.

Other factors are all driven by the engineering practise. For example, to maximize the
SiPM detection efficiency, the chosen scintillator emission spectrum peak shall be as
close to the SiPM reception spectrum peak as possible. The refractive index of the
scintillator shall match that of the SiPM as close as possible to reduce the reflection at
the boundary. The scintillator material shall be manufacturable to the geometry we

require.

One special consideration for space application is the radiation harness. BC404, Csl
and Nal scintillators are commonly used for space mission for their good radiation
tolerance. In general, a scintillator is much more radiation hard than silicon detector
for it has much higher band gap. As irradiation builds up, the scintillator photon yield
will drop for various reasons such as nuclei displacement damage. Yu.M.Protopopov
[109] reported BC404 scintillator photon yield drops by 50% post 3.4x104Gy (=
3.4Mrad) y-irradiation, and by 58% post 1x105Gy(10Mrad) y-irradiation. It heals a little
after 23 days recovery. There is no published data found for LXSR scintillator. We
suspect LXSR is a variant of LYSO with very similar performance. A study carried out
by Chen [110] show the photon emission spectrum is not affected and photon yield

drops at about 12% by y-irradiation up to 1Mrad.
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While, as an insulator, care should be taken to avoid the charge building up in the
scintillator. A conductive path shall be provided through the coating or the close con-

tact material.

2.4 Full instrument concept

The cylinder geometry lost the 2nt solid angle coverage that the previous hemisphere
geometry has. To compensate the missing field of view (FoV), we designed a concept
of using multiple cylinder detector modules to form a big hemisphere structure as
shown in Figure 2-17. The grey hemisphere structure is filled with a number of evenly
positioned scintillator module (in blue). Each module can cover a small FoV. Together
the full 2n FoV is covered. This way, the angle of the incident particle can also be

clearly detected.

Figure 2-17 The concept design of an integrated structure. Left is the full view and right is the section view. Blue
is the scintillator module, grey part is the hemisphere structure. Green is the support PCB.

Based on the stacked scintillator module shown in Figure 2-10, we add a collimator to
refine the FoV. It is possible to add extra electric field in the collimator to deflect the
unwanted low energy electron and possibly very low energy proton. The SiPM (in yel-
low) is directly glued to the scintillator module. A small PCB can be used to both sup-
port the SiPM and host a compact preamplifier circuit. The dimension of the module
can be adjusted to fit the energy range and target particle species. The ratio of dimen-
sion to depth/height of the module shall be studied to optimize the optical path. The

ratio of radius (R) to depth (D) of the collimator determines the FoV as:

FoV,

(half —width—conical )

= arctan(R/D) (2.16)
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The required number of modules can also be adjusted to fit the requirement of angular
resolution. The max number of modules are limited by the power and processing re-
sources that the instrument host (the spacecraft) can provide. Figure 2-18 and Figure

2-19 shows the concept instrument design in detail.

Figure 2-18 the section view of the concept instrument

Single Detector Optical Design

FOV
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\ / low energy e- and p+
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o | (OF 2uminium Block UV, visible light that
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Reflective scintillator
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(alumi_nium Optical bonding
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scintillator 1) The diameter of the
(e.g. Csl) scintillator stack is 6mm.
2) The depth of the plastic
Sensitive area scintillator is about 1mm.

3) The depth of the inorganic
scintillator is about 4mm.

SiPM
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Figure 2-19 The detail of the enhanced single detector module

101



2.5 - Conclusion

2.5 Conclusion

We successfully manufactured our first stacked scintillator module using the 3™ design.
This design will be the baseline for the development of the remaining thesis except the

work in Chapter 3.

The 3rd design introduces a very thin layer of coating, which is the dead layer at the
detector entry and determines the minimum energy that the detector can receive. This
minimum energy is shown in Table 2-6. The dimension of the module and each scin-
tillator is designed to address the target particles defined in Table 1-6. However, the
dimension is also limited by the manufacturing capability and the simulation accuracy.
It is not possible to have one dimension fitting all the different particles and their energy
range. So, we adopt a convenient and common dimension of 1Tmm for the BC404 and
4mm for LXSR at 3mm radius. The dimension can be further improved once our un-

derstanding of the system is better and the final application needs is more focused.

The key motivation of the stacked scintillator module design is to make particle identi-
fication. This is a very important but also very difficult aspect for the scintillator-based
particle instrument. We briefly explore the effectiveness of particle identification with
our stacked scintillator by simulation. We have found the strategy works well for proton
and heavy ions, but less well for electron and gamma. The simulation has assumed
some ideal situation for example, the source of scintillation photon is unmistakably
known. In the real detector circuit, this will be a great challenge due to the unavoidable

overlap in the two scintillators’ photon signal.

To fulfil the 2t FoV with the cylinder shape detector module, a concept is proposed to
assemble an array of the modules into a hemisphere structure. The number of mod-
ules can be expanded, which can improve the angular resolution. However, the in-
creased total power, data and mass must be restricted by the host satellite’s capability.
The concept will be left as the next step of the study. It is better to have a detail appli-
cation in place so that the scintillator module dimension and the instrument concept

can be further optimized for a clear target.
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Chapter 3 Simulation

3.1 Introduction

As mentioned in the last chapter, the design of scintillator detector module has evolved
through three iterations. Thorough Geant4 simulation has been done for the first iter-
ation only. For the second and third iteration, only delta simulation has been done to
confirm the performance of the revised design. This chapter will present the simulation

setup, method and results based on the first design.

Geant4 toolkit[84] is an open source, free license, C++ code assembly for the simula-
tion of the passage of particles through matter using Monte Carlo methods. This code
toolkit is developed and maintained by CERN. The original initiative was to assist the
design of the nuclear high energy experiment at CERN. Over decades of development,
Geant4 evolves into the most sophisticated and accurate simulation tool. Many large
nuclear experiments have built their simulation programs using Geant4 toolkit and the
simulation results have been checked against the experiment results. This further

helps to refine the toolkit.

Geant4 toolkit packs all the underlying physics process and core program into a library
with open interface for user to access. Geant4 aims to keep the user task as simple
as possible. So, a Geant4 program with minimum user configuration can run itself. To
make the simulation meaningful, the minimum task that the user shall define is the
detector geometry (including material), the primary particle information (position, di-
rection, energy, species) and the physics list. More advanced application can dynam-
ically interact with the simulation process to acquire the middle step information.
Geant4 provides a large collection of example applications, which is also the best

place to start building the user application.

The output data from the Geant4 application program is saved in ROOT format. Data

in this format can be analysed by another open source toolkit, ROOT[111]. ROOT is
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also an open-source, C++ code assembly, which packages all the functions in a
standalone library. ROOT is developed and maintained by CERN as well with initiative
to process its huge amount of experiment data. ROOT is like a sister code package to
Geant4 with seamless connection between them. ROOT toolkit comes with a basic
graphic user interface (GUI) program for visual interaction with the data. For batch
processing, the user can develop customized code with ROOT functions embedded.
In this research, we both used GUI program and developed some simple batch pro-

cessing scripts to process the simulation data.

Like any simulation program, computation time is a bottleneck. It increases exponen-
tially with the number of simulation runs and the complicity of the geometry. We initially
run the simulation on local computer. Later, we immigrate the program to UCL’s super
computer network: Legion. This network contains a large cluster of CPUs and huge
memory. In the cluster, each CPU isn’t particularly fast. The advantage is for the par-
allel processing with multiple CPUs and the access to big memory pool. Hence, if the
simulation program can be configured to run in multiple-threads, the simulation time
can be greatly reduced. The older version of Geant4 can’t support multiple-thread until
v10.0 (Dec. 2013). So, we migrate our original program to the newer Geant4 version
and compile it with multiple-thread enabled. This greatly speeds up our simulation

work.

The great challenge working with Geant4 toolkit is to understand its interface and par-
ticularly to understand the definition of the parameters for the interface functions that
the toolkit offers for access. The difficulty arises from the lack of detail documentation
for each function. The user manual that Geant4 community provides doesn’t neces-
sary cover all the functions. In many cases, user has to learn the features from the
example code or even directly check out the source code. For example, the available

options to configure the material reflectivity property are not documented.

Another challenge is the lack of material data and the lack of understanding of the
Geant4 physical processes. To have an accurate simulation, the material properties
are very important. These properties, like refractive indies, need to be sourced from
the open data, which is rare and is limited to a few common materials. Geant4 has
many physical process packages which defines the detail interaction process between
particles and matter. For different energy level, the physical process or model is dif-

ferent. For example, for electromagnetic physics, Geant4 provides five options. Each
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option represents some different physical process or uses a different mathematical
model. It is not straightforward to understand which option the best for our application
is.

Geant4 is a very powerful and versatile tool, but it requires a deep learning curve. To
simplify the use, many third parties have done second development on top of the
Geant4 toolkit to provide much simpler user interface. However, direct development
with the Geant4 library provides us the best understanding of the simulation process

and the full control and access to every detail.

Another important function that Geant4 lacks, but catching up, is the support to a mod-
ern CAD model. A modern detector is so complex that its geometry is usually built in
a modern CAD software. Geant4 lacks capability to directly import and convert such
CAD models. This function is still under development by Geant4 and it might be avail-
able by the time of this thesis writing. However, during the time of the simulation work
development, this function is not available. So, our detector geometry is developed

using Geant4’s built-in geometry definition functions.

3.2 Geant4 at a glance

Geant4 is the short of GEometry ANd Traking. The name suggests this is a tool about
tracking particle that traverses a geometry. This is the core function of the tool. Today,
it has grown to a full-scale tool including functions covering all the aspects that are
required from the start to the end of the simulation. The simple list for the type of

functions is:

the geometry of the system,

the materials involved,

the fundamental particles of interest,

the generation of primary events,

the tracking of particles through materials and electromagnetic fields,
the physics processes governing particle interactions,

the response of sensitive detector components,

the generation of event data,

© © N o a kM wbdh =

the storage of events and tracks,

105



3.2 - Geant4 at a glance

10.the visualization of the detector and particle trajectories, and
11.the capture and analysis of simulation data at different levels of detail and

refinement.

This toolkit architecture is described in Figure 3-1. Each block represents a cluster of
classes (a term in C++ language). This architecture provides an overview of the func-
tionality coverage of the toolkit. The link between the blocks indicates the logical rela-

tionship between them, but the interaction is not restricted to those links shown.
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Ceantd

Figure 3-1 Geat4 toolkit architecture[112]

3.2.1 Basic functions

As a minimum, to run the Geant4 simulation, the user needs to understand and define

the following three aspects:
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1. Detector definition and response;
2. Tracking and physics;

3. User actions.

3.2.1.1 Detector definition and response

The detector definition includes the detector geometry and material, which form the
base of the detector to be simulated. As mentioned in the introduction, Geant4 doesn’t
support importing the CAD model directly from the mainstream CAD software. It pro-
vides a set of built-in functions to generate some basic shapes like cube, sphere, cone
etc. To build the detector geometry, the user needs to code in each basic shape, and
position them precisely in a defined coordination system. For example, our detector
module is made up of three semi-spheres and one cube. If the overlap detection option

is enabled, Geant4 will report any volume confliction.

This approach is only practicable for simple geometries. Also, it is not convenient to
share the hard-coded geometry with other programs like ROOT. To address this,
Geant4 provides another approach, called Geometry Description Markup Language
(GDML) [113]. GDML is an XML based script language, which allows the geometry to
be defined in a simple human readable description language in a structured format.
The GDML script can be directly imported by Geant4. In the other direction, Geant4

can also export the hard-coded geometry in GDML format.

The GDML is still not the ultimate solution, as modern complex detector is often de-
veloped in CAD software, which doesn’t support GDML format. Some third-party soft-
ware is trying to bridge the gap by providing an intermediate conversion function. For
example, GUIMesh[114] makes use of the FreeCAD library to convert the geometry
from STEP format (a common format that most CAD software support) to GDML for-
mat. CADMesh[115] can load triangular mesh based CAD files into Geant4.

FastRad[116] provides a commercial solution.

Each component of the geometry needs a material associated to it. The material prop-
erty plays an import role in affecting the physics interaction between particle and mat-
ter. Geant4 has a good size predefined material database, which covers all the ele-

ments in the periodic table and NIST material database[117]. However, not all the
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needed properties are included and many newer materials particularly composites are

not included. For those, Geant4 provides function to manually enter the data.

Detector response in Geant4 is enabled by the definition of sensitive volume. A com-
ponent of the geometry that is defined as sensitive volume can collect and output the
data of any particles i.e. secondary photons, that enters the volume of the component.
For example, in our detector geometry, the cube representing the SiPM sensor is de-
fined as a sensitive volume, which aims to collect the scintillation photons. The Teflon
wrapping layer is left as non-sensitive volume as we are not interested in any second-
ary particles that interact with that layer. The sensitive volume can be further tailored
to be only “sensitive” to a particular particle. In our case, we configure the SiPM sensor
to be only “sensitive” to photons. This feature helps the user to reduce the amount of

simulation computation and memory consumption.

3.2.1.2 Tracking and Physics

Geant4 kernel tracks the life of every primary or secondary particles during the inter-
action. A new track thread is created when the particle is born. The thread is killed
when the energy of the particle is below a pre-set threshold. Along the track, the ve-
locity, position of the particle at each step is recorded. Users can access the step data
interactively, but it is not recommended as too frequent access slows down the simu-
lation. It is more efficient to access the data through a sensitive volume mentioned

above.

Geant4 maintains a full range of physics modules that define the particle interaction
with matter at different energy, different process and different particles. There are

following types of physics modules:

electromagnetic physics;

extra physics processes for gamma and leptons;
decay;

hadron elastic;

hadron inelastic;

stopping particles capture processes;

ion nuclear interactions;

© N o a bk~ wDdh =

step limiters;
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9. others.

Each application shall call at least one physics module or its submodule. Multiple mod-
ules or submodules can be grouped to form a PhysicsList. Geant4 predefines a few

PhysicsLists for some typical application.

Each physics module is built on some mathematic model, which simulates the particle
interaction numerically. Sometimes, there are a few models for the same physics pro-
cess. Each model is optimized for different aspects. So, a careful selection of the best
module for the application requires a good knowledge of the module definition and the

application needs.

To maximize the computation efficiency, enable only those physics modules or sub-
modules which are relevant. Even within the module, non-relevant or non-interest par-
ticle and process can be disabled. For example, for our application, we only enable
electron, proton, gamma and heavy ions. The other particles like positron, muons etc

and their associated process are all disabled.

3.2.1.3 User actions

User actions are a set of interface Classes that allow user’s code to interact with the
Geant4 kernel. There are three mandatory actions that must be realized in any user
application, which are DetectorConstruction, PhyscisList and PrimaryGenerationAc-

tion. Besides, there are five optional actions:

UserRunAction
UserEventAction
UserStackingAction

UserTrackingAction

a K 0N =

UserSteppingAction

The optional user actions provide user interface to the different level of the simulation
run. For example, UserRunAction is called only when a run starts and ends. UserEven-
tAction is called when an Event starts and ends. An event is defined as a tracked
particle hits the sensitive volume. In our application, UserEventAction is the main ac-
cess to collect the event data. UserStackingAction and UserTrackingAction provides

access to manage the track. UserSteppingAction is called when a step starts and ends.
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A step is defined as one move of the primary or secondary particle. Figure 3-2 is the
state machine of a simulation run. The logic relationship of all the five user actions can

be seen clearly in the state machine.

Beam On
<run starts>

Y

User Run Action
<Begin of run=

¥

User Event Action
<Begin of event>

¥

User Stacking Action
=Define track stacking
mechanismz=

¥

User Track Action
<Pre user tracking action>

¥

User Stepping Action

<User stepping action>

More steps?

Mo
¥

User Track Action
<Post user tracking action>

b4

More tracks?

MNo
¥

User Event Action
<End of event=

More events?

Mo
¥

User Run Action
<End of run>

Figure 3-2 State machine of a complete run cycle in Geant4 (reproduced from Geant4 user manual)
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3.2.2 Monte Carlo Methods

To solve the particle transport in a geometry, there are two approaches. One is to
solve the analytic equation and the other is to use the numeric approximation. For

complex 3D geometry, the latter is more efficient in computation.

The numeric method adopted by the Geant4 toolkit is Monte Carlo (MC). Monte Carlo
is a very old method. The first example can be dated as early as 1777 by Comte de
Buffon. He developed a needle tossing experiment to calculate the 1. The method is
further developed and applied first on the computer during the Manhattan project
(1940s). M.Berger[118] developed the first complete coupled electron-photon trans-

portation code using MC methods.
The basic idea of Monte Carlo method follows the following steps:

1. Define the distribution of the input

2. Generate a random input according to the input distribution

3. Calculate a score function with the input and check the output to a predefined
criterion. Accept the input if the criteria are met and reject it if not.

4. Repeat from step 2 until statistically enough samples are collected.

5. Analyse statistically the results.

This is basically how Geant4 calculates each step of the particle traverse. The feature
of random sampling with Monte Carlo method also matches the random nature of the
particle motion. The accuracy of Monte Carlo method improves as the number of sam-

plings increases.

Certainly, the underlying mathematics process and implementation of Monte Carlo
methods are very complicated. More details can be found in publications
[119][120][121].

3.2.3 Optical Photons

The heart of our simulation lays in the scintillator photon creation, transmission and
boundary interaction. In Geant4, a photon is defined as optics (a wave) when its wave-
length is much greater than the typical atomic spacing. While, for high energy optical

photon with very short wavelength like gamma ray, the treatment in Geant4 is different.
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When a photon is treated as optics, all the physics about wave propagation in and

through media apply, like Snell’s law.
An optical photon is produced when a charged particle or gamma traverses:

1. a dielectric material with velocity above the Cerenkov threshold:;

2. a scintillation material.

Here two physical processes are involved: Cerenkov radiation and scintillation. Ceren-
kov radiation occurs when a charged particle passes through a dielectric medium at a
speed greater than the phase velocity of light in that medium. We know light speed in
a vacuum is c. The speed of light in a medium will be less than ¢. For example, light
in water is only 0.75¢. So, particle with sufficient energy can possibly exceed the light
speed in the matter. As the high energy particles traverse, it disrupts the local electro-
magnetic field in the medium. If the particle is slow (below speed of light in that media),
the medium will return to mechanical equilibrium in a short time. If the particle is fast
(above speed of light in that media), the disturbance will be left in the wake of the
particle and the energy contained in this disturbance will be released in a form of pho-
ton. Usually, the emitted photon is in ultraviolet spectrum. This process is called Ce-
renkov radiation. In our experiment setup, the involved charged particle or gamma
don’t have high enough energy to cause Cerenkov radiation, so we disable this pro-

cess in the simulation.

Scintillation is another physical process that produces photons. It occurs in some spe-
cial crystal or materials that can fluorescent upon absorbing of incident energy. The
detail mechanism is discussed in the Chapter 2. Here, we focus on the Geant4 related

setup about scintillation process.

In Geant4, to produce a proper scintillation reaction, we need to set the optical property

of the involved volume materials correctly. A few key properties are listed below:

Photon yield

Emission spectrum
Emission angle distribution
Absorption length spectrum

Refractive index spectrum

I

Emission decay time
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To be closer to reality, Geant4 also allows the user to define the statistical yield fluc-
tuation of photon generation through a parameter called RESOLUTIONSCALE.

Geant4 defines three kinds of interactions for optical photons with matter:

1. Elastic (Rayleigh) scattering;
2. Absorption;

3. Medium boundary interactions.

Of the three, only 2 and 3 are closely related to our experimental setup.

3.2.3.1 Absorption

Material will absorb photons. The mean path for a photon at a wavelength/energy is
defined as absorption length. Geant4 simply kills the photon when it is deemed “ab-

sorbed”. Absorption is a material property that user can input in a spectrum array.
3.2.3.2 Medium boundary interactions

This is a critical and complex part to set in Geant4 for optics transport. The nature of
the two materials that form the boundary determines the photon boundary behaviour.

Geant4 defines three types of boundaries:

1. dielectric to dielectric
where photon can be refracted or reflected.
2. dielectric to metal
where photon can be absorbed by the metal or reflected into the dielectric
3. dielectric to black material
A black material means an artificial material that user doesn’t define any optical
property. In this case, the photon is absorbed undetected immediately by the

black material.

The surface property of the dielectric can be further defined into different types. For
each type, the photon transport at the boundary is treated differently. The collection of
process is called UNIFIED model in Geant4. Figure 3-3 presents the structure of UNI-
FIED model.
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UNIFIED MODEL FOR OPTICAL SURFACES
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Figure 3-3 UNIFIELD model for optical surfaces [122] (reproduced)

3.3 Simulation Overview

We construct the simulation work in three parts: the first is the Geant4 program, which
runs all the simulation and generate all the data. All the detector module information
and the interested physics process are included in the code. The second is a small
C++ utility which converts the SPENVIS particle flux data into a macro script as the
input data to Geant4 program. The aim is to test the detector response in a real envi-
ronment. The third is the post data analysis program interfaced to ROOT. At this stage,
we only plot all the results and we haven’t gone very deep into mining the data.

Figure 3-4 shows the work flow of the simulation and highlights the major function of
the full system. The upper block is the Geant4 program. Four blue circles represent
the user configuration and inputs. Once all set, the Run function operates the Monte
Carlo simulation. The lower block is the data storage and post data analysis in ROOT.

The further data mining in Python or MATLAB are for future work.

115



3.3 - Simulation Overview
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Figure 3-4 Simulation work flow and complete program structure
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3.4 Simulation Setup

It is important to setup the detector module with as much detail as possible to achieve
a good simulation accuracy, but this comes at the cost of computation time and com-
plexity of the Geant4 program. So, a trade-off needs to be made. In our program, we
put as much detail as possible into the scintillator detector module while we keep the
SiPM detector as simple as a big silicon block, whose role is only to collect the scintil-

lation photon.

Any Geant4 application must realize three compulsory classes: detector construction,
physics list and particle source. Geant4 provides default version but user needs to
inherit them and add application specific codes. Next, we will discuss what is included

in each class.

3.4.1 Detector Construction

This class includes the definition of geometry and material. As introduced above, there
are two ways to construct the detector geometry in Geant4. Since our detector module

is made up of a few simple volumes, we simply hard-coded it.

Each volume shall be assigned with a material type. For each material, a list of prop-
erty shall be defined. Some basic properties can be called from Geant4’s built-in ma-
terial database. Special properties like those relates to the optics behaviour can be
manually input with data collected from open publication. For those missing data, sim-
plified or approximate data are used. For example, if the refraction index spectrum is

missing, a single constant figure can be used across the spectrum.

With both volume and material defined, the next step is to specify the exact position
of each volume in the application coordinate system. Geant4 can check the spatial

confliction to avoid miscalculation of any volume position.

The last step is to define the sensitive volume. This is simply to assign a previous
defined physical volume as a sensitive volume and reference it to the assigned re-

sponse function.

Figure 3-5 shows the construction of the detector module and the SiPM sensor. It is

made of four basic volumes: fast scintillator (cyan and transparent), slow scintilla-
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tor(green), reflection wrap layer(transparent) and the SiPM sensor(blue). The four vol-
umes are placed together with no gap between any of two adjacent volumes. Table
3-1 describes the base material and size of each volume. A large aluminium block

(grey) is place behind the SiPM sensor to simulate the shielding effect of the space-

craft body.
Table 3-1 Detector construction in the simulation
Fast Scintillator BC408 Semi-sphere  0.2mm
Slow Scintillator CslI(TI) Semi-sphere  1.5mm
Reflection Wrap Layer Teflon Semi-sphere  0.055mm
Photon Detector Si Box 1mm

Run 0 (1 event) Mon Mar 27 10:55:0

Aluminium block
-

Teflon wrap

*®
s

Particle t

—— Slow detector
™ Fast detector

MPPC photon detector

MDM by HH

Figure 3-5 Detector module prototype construction in Geant4 program

The optical property of each volume is critical for the photon detection efficiency. Any
incident particle with sufficient energy to penetrate the Teflon layer will interact with
either the fast scintillator or the slow scintillator and the later subsequently emits a
series of scintillation photons. These photons will either be reabsorbed or find a path
to reach the SiPM sensor, where they are counted. The basic process as described
above is very simple. The complexity is at the boundary of two mediums/volumes,
where Snell’s law dominates the process. In Snell’s law, the refractive index of the
medium is important to determine whether the photon will be reflected back or re-

fracted. For some materials like Csl, its refractive index has a wavelength dependence
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as shown in Figure 3-6. For other materials like BC408, whose dependence is ne-
glectable or data is just not available, a single constant refractive index across the
wavelength has been used. The key optical property of each volume is defined in the
following tables (Table 3-2,Table 3-3,Table 3-4 and Table 3-5).

Table 3-2 Optical property of the reflection wrapper - Teflon

Value Unit
Absorption length 100 cm
Refractive index 1.35
Reflectivity 100 %

Table 3-3 Optical property of the SiPM sensor — Si based with window cover

Value Unit

Refractive index (for window) 1.5

Table 3-4 Optical property of the slow scintillator — Csl (TI)

Property Value Unit
Photon yield 54000 #/MeV
Density 4.51 g/cm3
Decay time (mean) 1000 ns
Absorption length 39.3 cm
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Figure 3-6 Csl refractive index and emission intensity against wavelength
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Table 3-5 Optical property of the fast scintillator - BC408

Property Value Unit
Photon yield 500 #/MeV
Density 1.032 g/lcm?
Decay time(mean) 1 ns
Absorption length 210 cm
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Figure 3-7 BC408 refractive index and emission intensity against wavelength

3.4.2 Physics List

This class defines the physics processes and the particles used in the simulation.
Geant4 has a large library of physics modules derived from the established standards
and theoretical models. To save simulation time and make accurate simulation, it is
important to tailor the selection of physics processes and particles to the application
need.

Our application involves scintillation and basic particle interaction with matter in me-
dium to low energy range. So, our simulation program only registers two modules:
G40pticsphysics and G4EMStandardPhysics.

The electromagnetic physics package (G4EMStandardPhysics) defines the interaction
with matter for low to medium energy for y, e—, e+, uy—, u+, -, 7+, and all stable

charged ions.

120



3.5 - Two Simulation Tests

The optical physics package (G4Opticsphysics) defines the scintillation and optical

behaviour.

The main physics processes involved in the application are described in Table 3-6.

Table 3-6 Main physics process used in the application

Electron lonization, continuous energy loss defined <1GeV
by Berger-Seltzer formula

Proton, Alpha lonization, continuous energy loss defined <1GeV
by Bethe-Bloch formula

Gamma Photoelectric effect; Compton scattering <10MeV

3.4.3 Particle Source

This class defines the primary particle type, energy, position and direction. These pa-
rameters can be defined in one of the three ways: hard-coded, GUI interface and
macro script via the specific class GeneralParticleSource (GPS). We adopted the third

way for its flexibility and programmability.

As a wide range of particle type, energy, position and direction needs to be covered,
we developed a small utility C++ program to generate the GPS macro script automat-
ically. It was found particularly useful for the angular response simulation, where the

particles are injected from a 41 sphere breaking into 648 blocks.

3.5 Two Simulation Tests

Two simulation tests are performed on the detector module as energy response and

angular response.
3.5.1 Energy Response

In energy response test, the primary particle is placed at a fixed position and direction.
Then its energy is swept across a predefined range with either a number of discrete
steps or a continuous distribution by random sampling. At each step/sampling point,
10000+ runs are committed to provide sufficient statistics. Geant4 allows user to spec-
ify the energy spectrum in different distribution, i.e. uniform, Gaussian, logarithm or

even arbitrary (user defined shape in a two-column list). In our test, we mainly use a
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uniform distribution. Figure 3-8 shows an example primary particle energy distribution
used in one of the energy tests. The fluctuation shows the effect of random sampling
and the macro profile matches the uniform distribution. In this example, 5000 primary

particles are generated.
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Figure 3-8 An example of primary energy distribution for a proton test

The predefined energy range is tailored for the detector size and the primary particle

type. Both has an impact on the required energy to penetrate through. The minimum

end of the range is defined by the energy required to penetrate the wrapping layer

minus some margin. The maximum end is defined by the energy required to penetrate

the entire detector module plus some margin. Table 3-7 summarizes the energy range

defined for each type of primary particle.

Table 3-7 The energy range of primaries

Electron 0.01 20 MeV 50000
Proton 0.5 20 MeV 5000
Alpha 10 80 MeV 2000
Gamma 0.001 1 MeV 500000

* Beam on means the number of primary particles fired onto the detector.

The number of primary particles shall be high enough for the results to be statistically
meaningful. However, the computation time shall also be kept within reasonable limit.

It is relatively quick to calculate the electron and gamma interactions, but it is much
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3.5 - Two Simulation Tests

slower for protons and alpha particles. Therefore, the chosen particle numbers are

different.

The stopping power and penetration range for the charged particles

Both are energy and material dependent. NIST [81] database has the data for electron
(Figure 3-9), proton (Figure 3-10) and alpha particles (Figure 3-11) for the materials
used in our experiment. In each figure, the penetration range of the particular particle
in each material is plotted against the energy. The thickness of each detector volume
(the straight lines) is drawn for comparison. The intersections region (marked with red
vertical dashed bar) are the effective energy range that the full detector module can
capture. The NIST data is used as a preliminary prediction for the effective energy
range, which is fed into the Geant4 simulation for fine checking. This is the basis of
the data selected for Table 3-7.

Electron Penetration Depth

Figure 3-9 Electron penetration depth against energy. Data is sampled from NIST ESTAR database.
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Proton Penetration Depth

1.E+00 1.E+01 1.E+02

Alpha Penetration Depth

1E+01

Figure 3-11 Alpha penetration depth against energy. Data is sampled from NIST ASTAR database.

The mass attenuation length for photon

The treatment for high energy photon (gamma in this case) penetration range is dif-
ferent from the charged particles. The process is described as a percentage of the
photon flux that will be absorbed by the target medium with thickness t over its mass
attenuation length A. The percentage depends on the target material density, thickness

and mass attenuation coefficient.
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3.5 - Two Simulation Tests

A=1/(uxp) (3.1)
I=1exp(-t/ 1) (3.2)

Where,

p is the density (g/cm3)

u is the mass attenuation coefficient (cm?/g)

A is the attenuation length (cm)

t is the thickness of matter that the photon is traveling through

lo is the initial intensity

| is the intensity after traversal of the thickness t.

Using the NIST XCOM database[82], the gamma absorption in Csl is calculated. From

Figure 3-12 we can see gamma energy up to 60keV can be 100% absorbed for Csl

thickness of 1.5mm (radius of the slow scintillator.)

A very small percentage of photons will be absorbed by the Teflon volume and the
BC408 volume. Their contribution to the total loss is so small that it can be safely

ignored.
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Figure 3-12 Gamma absorption length in Csl against energy. Raw data is collected from NIST database XCOM.
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3.5.2 Angular Response

In angle response test, the incidence direction of the primary particle is swept through
a 21 or 41 solid angle. To simplify the test setup, the 41 sphere is divided into 648
blocks of size 10° x 10° in altitude 6 and azimuth ¢. With the same block size, a 21
hemi-sphere is divided into 324 blocks. Note, the surface size of each block in altitude
direction is different due to the curvature of the sphere. The nominal direction of each
block determines the incident angle of the primary particle. This setup means the an-

gular response will be tested at 10° step in both altitude and azimuth direction.

We use a circle plane source to cover as much area of each block. The primary parti-
cles are launched from the circle plane with a uniform spatial distribution. The source
plane is placed far enough from the detector module at the origin so that the circle
plane source can be as big as the cross-section of the detector module from the view

of source. This is to ensure a uniform illumination.

The macro script for the 648 or 324 plane sources are generated by a C++ utility pro-
gram. Figure 3-13 shows the concept and the steps that the utility program generates
the macro script. Appendix B shows how the circular plane source orientation is de-
rived from its position vector and a typical micro script for a circular plane source in a
block.

This setup does have two limitations. One is that the circle plane doesn’t cover the
entire area of the block. The other is the density of blocks in the 41T sphere is not
uniform. There are more blocks concentrated in the polar region than in the equator

region.
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GPS Setup for Angle Test

648 divisions in 10° x 10° unit angle Circle plane source in each block

Cross section at ¢ = 0°
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Figure 3-13 Global Particle Source (GPS) setup for angle test.
We select a few mono energies within the valid range for each particle type. Mono

energy removes the response difference due to the energy difference. Table 3-8

shows the setup detail.

Table 3-8 Angle response test primary source setup

Particle = Mono Energy Blocks Beam On (per block)
Electron 100k,250k,500k, 750k 648 1000

Proton 2M, 5M, 7.5M, 15M 324 75

Alpha 20M 324 75

Gamma 100k 648 1000

As our detector module only has 21 field of view, a 21 coverage with 324 blocks is
sufficient in principle. However, around the equator, it is desirable to have more cov-
erage. To simplify the program, we just use a 41T coverage with 648 blocks. Due to the
computation time limit, we can only afford to do so for electron and gamma. For proton
and alpha, we cut back to 21T coverage. The limit is so severe that we have to cut the

number of primaries in each block as well.
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3.6 Results

3.6.1 Initial Results

Some trial runs are conducted as a quick check for the simulation setup and Geant4
program. We use gamma as the trial source as it is quick to compute. The trial runs
are manually commanded to allow more interaction. Detail trial run data can be found

in Appendix C: Initial Simulation Data.

3.6.1.1 Photons Yield in Csl Scintillator

There are 34 discrete points between 5keV and 1000keV selected for the Gamma
primary. For each point, the total energy deposited in the Csl scintillator and the total
photon received by the SiPM sensor was recorded. The ratio of the two is the photon
yield. Here we assume the scintillation photon are almost 100% detected. This can

only be true in an ideal simulation configuration with almost no optics transmission

loss.
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Figure 3-14 Photon yield in Csl scintillator for gamma primary in the range of 5keV to 500keV
Figure 3-14 plots the detected photon counts against the deposited energy. The slope
of the fit line is the photon yield. We calculate the slope value at 54 photons/keV. This

exactly matches the photon yield setting for the Csl scintillator in the Geant4 program.
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3.6.1.2 Scintillator Response Timing

The scintillator response time is a critical data for particle identification and anti-coin-
cidence algorithm. We record the timestamp of every photon at the moment it is de-
tected by the SiPM sensor. In real experiment, it is hard to distinguish the source of
photon that is detected. In the simulation, every photon is fully trackable to its origin,
so we can clearly identify the source of every photon. Figure 3-15 plots the histogram
of photon arrival time for both BC408 and Csl(Tl) scintillators. The histogram is gener-
ated in ROOT, which automatically calculates the statistics of each histogram and
shows them in a top right box of the plot. From the statistics, we read the mean arrival
time for BC408 is 1.249ns and for Csl(Tl) is 966.3ns. These figures match the simula-
tion setting of 1ns and 1000ns well. The slightly bigger error (in terms of percentage)
in BC408 timing is probably due to the extra photon transport time from BC408 through
CslI(TI) to the SiPM.
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Figure 3-15 Histogram of scintillation photon arrival time. Top is BC408 and bottom is Csl (Tl)

129



3.6 - Results

The actual profile of the photon arrival time (= detector response time) matches the
exponential decay distribution. The long tail can extend to multiple of the mean arrival
time and the onset of the profile is much shorter than the mean arrival time. This po-
tentially will create an overlap period when it is difficult to identify the source of photon

by timing.

We also studied the relationship between arrival time and the incident energy. We

found no correlation between them as shown in Figure 3-16.
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Figure 3-16 Average scintillator response time at different primary energy.

3.6.1.3 Photon Energy in the SiPM sensor

We collect the energy of the arrival photons and plot the histogram. The result is shown
in the top left of Figure 3-17. The black dot is the real data and the red line is the
Gaussian fit. The top right is the Csl(Tl) emission spectrum that we manually enter into
the Geant4 program. We find the two plots matches very well. This proves that Geant4
generates the scintillation photon closely matching the input spectrum. The random
sampling has introduced some fluctuation but over accumulated samples, the input
spectrum is clearly seen. The match also proves that the scintillation photon en-

ergy/wavelength is not altered through different medium.

The bottom left of Figure 3-17 is the Csl(Tl) and Csl(Na) emission spectrum from the
manufacturer datasheet. The bottom right is the spectrum we extract from the
datasheet plot for Csl (Tl). The top right is just the conversion from wavelength to

energy for the bottom right plot.
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Figure 3-17 Secondary photon wavelength/energy intensity distribution from datasheet to simulation data.

3.6.1.4 Photon Hit Position at the surface of SiPM sensor

In the real experiment with one SiPM sensor, the photon hit position is not resolvable.
In the simulation, we can track the hit position. This provides some interesting infor-
mation. It indicates whether the photon spatial position is uniformly distributed or
whether it is sensitive to the direction of the incident primary. It can also indicate what
the impact of the detector geometry is on the photon spatial position. If the single sen-
sor is replaced with a matrix of sensor, the above knowledge can help us to develop

the primary direction identification algorithm.

We experiment a few discrete directions: 6 = 0°, 30°, 60°, 90° for altitude and 0° for
azimuth (see definition in Figure 3-13) with two types of primary: 500keV electron and

8MeV proton. The result is shown in Figure 3-18 and Figure 3-19.
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Figure 3-18 Secondary photon hit position on the SiPM sensor with a primary electron at 500keV.
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Figure 3-19 Secondary photon hit position on the SiPM sensor with a primary proton at 8MeV.
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The scintillator detector geometry is a hemisphere with a radius of 1.5mm. The SiPM
sensor is a square with side length the same as the hemisphere base circle diameter
at 3mm. This ensures all the hemisphere base circle area is covered. This knowledge
helps us to understand the photon hit position plot. The ring indicates the hemisphere
base circle edge. The edge blurred square like shape indicates the SiPM sensor out-

line. All the plots are charted with heat map with red colour indicating high intensity.

When the primary hits from the zenith (8 = 0°) of the detector, large amount of photon
hits at the edge of the hemisphere base circle. As primary direction shifts down (in-
creasing 0), the hit position distribution shifts accordingly. These plots clearly show a
link between the primary incident direction and the photon hit position. The pattern is

similar for both electron and proton, with proton’s photon hit centre more focused.

3.6.1.5 Mono energy response

The mono energy response shows the statistic fluctuation of the scintillation photon
yield and the photon transmission loss in and across the scintillator. We launch 1MeV
electron from a fixed direction (zenith) onto the detector module for 10000 times. The

histogram of the total SiPM detected photons are shown in Figure 3-20.
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Figure 3-20 The histogram of total SiPM detected photon.

The energy deposited in BC408 scintillator and CsI(TI) scintillator are shown in Figure
3-21.
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Figure 3-21 The energy deposit in each scintillator detector (left is BC408 and right is Csl(Tl)). The x-axis is MeV.
We can see the peak deposit energy in BC408 is about 0.16MeV and the peak deposit

energy in Csl(Tl) is about 0.84MeV. The sum of them equals to the total primary en-
ergy of 1MeV. This demonstrates a good example of AE/E detector strategy. It might
be possible to use this strategy to identify different particle with the same energy as

the energy deposition share in the two scintillators will be different for different particle.

3.6.2 Energy Response Results

Once the Geant4 program was verified with good initial results, we start the full-scale
simulation. This section presents the energy response simulation results. Table 3-9

lists the simulation data and setup.

Table 3-9 Simulation jobs summary for energy response test

2195083 e- 50,000 <001> 0.01M - 20M 23h22m
2226259 e- 50,000 <100> 0.01M - 20M 1d1h57m
2161912 Proton 5,000 <001> 0.5M - 20M 19h12m
2209211 Proton 5,000 <100> 0.5M - 20M 21h9m
2195080 Alpha 2000 <001> 10M - 80M 1d10h4m
2209212 Alpha 2,000 <100> 10M - 80M 1d13h24m
2195077 Gamma 500,000 <001> 0.001M-1M  5h37m
2209213 Gamma 500,000 <100> 0.001M-1M  9h7m

The energy unit is eV. The angle <0 0 1> means the position of the primary source is
at coordinate <0 0 1> and its direction is <0 0 -1>. This equals to 8 = 0°. Similarly, <1
0 0> means direction of <-1 0 0>. This equals to 8 = 90°. Figure 3-22 illustrates the

two angle directions.
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MDM by HH MDM by HH

Figure 3-22 Primary injection angle <1 0 0 > (left) and <0 0 1> (right)
The running time is from the log of computation time. The length of simulation is largely
driven by the primary energy and type. As the Csl scintillation photon yield is 54000
photons/MeV, it means that for each MeV of deposit energy, it will generate 54000
photons. Each photon requires tracking from birth to death (either absorbed by the
scintillator or detected by the SiPM sensor). The tracking and interaction of these vast
photons consumes most of the computation time. Alpha particle requires higher en-
ergy to penetrate the Teflon wrapping layer, so we have to set high energy range for
alpha particle. This means the BeamOn times (=number of primary) have to be limited

to cap the simulation time.

3.6.2.1 Proton Results

The proton simulation results are shown in Figure 3-23 and Figure 3-24. Figure 3-23
displays the total number of photons collected by the SiPM sensor against primary

energy. The photons from both BC408 scintillator and CsI(Tl) scintillator are summed

together.
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Figure 3-23 Proton energy response simulation result
With ROOT built-in tool, we fit a first order polynomial line (red) for the proton energy
response. The statistics box in the top right corner shows that the fit parameter. PO is
the offset and P1 is the slope. The slope shall be close to the total photon yield of the
two scintillators. The P1 reads 61170 while the sum of photon yield of BC408 and Csl
is 500 + 54000 = 54500 photons/MeV.

We can see the onset of response is about 4.2MeV and response drops at about
18MeV. This means the effective detection range for our detector module for proton is
4.2MeV to 18MeV. However, the Csl(Tl) scintillation photon dominates y-scale due to
its much higher photon yield. The information of BC-408 scintillation photon is not
readable. Figure 3-24 splits the response to each scintillator which gives better view
of the BC-408 response. From this closer view, we can see the effective range for the
BC-408 is about 2MeV — 4.2MeV. And it is 4.2MeV to 18MeV for Csl(Tl). Beyond
18MeV, the deposit energy in Csl(Tl) starts dropping, which indicates proton above
this energy starts leaving the Csl(TI) scintillator. We note even the proton penetration
range exceeds the scintillator depth, there is still a small amount of energy deposited

in the scintillator. This result agrees with NIST data in Figure 3-10 well.
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Figure 3-24 Energy response to proton. Top plot is the combined response, middle plot is BC408 response, and
bottom is Csl(TI) response.
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The shape of the energy response is proportional to the shape of energy loss of
charged particle in the matter. The curve matches the Landau distribution [123] well.

The BC408 curve is very typical. The Csl(Tl) curve is not quite complete as the simu-

lated energy range is not wide enough to show the long tail.

3.6.2.2 Alpha Results

The energy response to alpha is very similar to that of proton, with just different cut-

off energy. Figure 3-25 and Figure 3-26 present the results.
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Figure 3-26 Energy response to alpha. Top plot is the combined response, middle plot is BC408 response, and

bottom is Csl(Tl) response.
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Similarly, the cut-off energy for the Teflon layer for alpha is about 10MeV, for the
BC408 layer is about 18MeV, and for the CsI(Tl) layer is about 70MeV. This means
effective energy range for BC408 is 10MeV to 18MeV and for Csl(Tl) is 18MeV to
70MeV. Beyond 70MeV, the alpha starts escaping the detector module. This result
again matches the NIST data shown in Figure 3-11.

Both proton and alpha interaction with matter can be described by Bethe-Bloch for-
mula with corrections at low energies. Within the effective range, the response shows

very good linearity.

3.6.2.3 Electron Results

The energy response of electron shows different characteristics. Figure 3-27 and Fig-
ure 3-28 present the results. The number of scintillation photon in proportion to the
deposit energy is widely spread from 0% to 100% of the full absorption. The red line
in Figure 3-27 marks the boundary of full absorption, where all the incident energy is

absorbed by the two scintillators.
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Figure 3-27 Electron energy response result.
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Figure 3-28 Energy response to electron. Top plot is the combined response, middle plot is BC408 response, and
bottom is Csl(Tl) response.

Figure 3-29 zooms into the range of 0 to 1MeV for the same data as Figure 3-27. The
response scattering is very severed. Here, scattering means for the same primary

electron energy, the amount of energy being absorbed by the scintillator differs greatly

from event to event.
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Figure 3-29 Zoom in of electron energy response into the valid detection range.
This scattering creates huge difficulty in interpreting the incident primary energy by

counting the scintillation photons. For example, a 1MeV e- deposits 50% of its energy
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can’t be distinguished from a 500keV e- deposits 100% of its energy, as the number

of the detected photons is the same.

REFLECTION

INCIDENT
PARTICLE

Figure 3-30 Typical electron trajectories in a foil [118]
The underlying physics explanation of the scattering is very complex. One of the ex-
planations is that due to the light mass of electron, Coulomb interaction is the dominant
mechanism for electron trajectory. As shown in Figure 3-30, at the boundary, electron
can go on three types of trajectories: reflection, absorption and transmission. The re-
sulting trajectory is influenced by the incident energy, direction and random fluctuation.
Along the trajectory, electron gradually loss energy through ten- or even hundred-
thousanths of Coulomb interactions/collisions. In simulation, this is modelled as con-
tinuous slowing down approximation (CSDA). The length of the trajectory is propor-
tional to the energy loss or absorption (the energy loss of primary electron is the en-
ergy absorption of scintillator). The observed scattering of energy deposit is the reflec-

tion of fluctuation of trajectory length in the scintillator.
3.6.2.4 Gamma Results

The energy response of gamma is similar to that of electron. Figure 3-31 presents the
response from 0 to 1MeV. Again, the red line marks the boundary of full absorption,
which is defined by the sum of the theoretical photon yield of two scintillators. The

gamma interaction with matter is dominant by photoelectric effect at low energy,
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Compton scattering at middle energy and pair production at high energy. The test en-
ergy range in our simulation falls into the range that produces photoelectric effect and
Compton scattering. Both processes will first transfer the photon energy to one or mul-
tiple electron. These “hot” electron will propagate further in a trajectory similar to the
electron traverses in the matter. This might explain why the energy response of

gamma presents similar scattering effect.

However, there is one difference in gamma response, that is between the full absorp-
tion boundary and the scattering region, there is a gap with almost no data point. Within
the current knowledge, we are not clear what the underlying cause is.
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Figure 3-31 Gamma energy response result.
Figure 3-32 zooms in the energy range from 0 to 0.12MeV.
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Figure 3-32 Zoom in of electron energy response into the valid detection range.

141



3.6 - Results

3.6.2.5 Short Summary and more results

We have the findings:

1) The proton and alpha energy response are very similar.

2) The detector acceptance range is wider for primary incident direction <1 0 0>
(side injection) than <0 0 1> (top injection).

3) The electron and gamma energy response behave similarly but gamma re-

sponse has an unexplained gap.

Figure 3-33 and Figure 3-34 present the results in group for easy comparison. Note

the energy range (x-scale) is different.
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3.6.3 Angular Response Results

The second test is the angular response. The setup is explained in section 3.5.2. Table
3-10 lists all the test runs. A few mono-energies were tried to see the impact of energy
on the angular response. High energy proton and alpha test are limited to small Bea-

mOn times to save computation time.

Table 3-10 Job summary for angle response test

Job ID Particle Beam On Running time
2471225 Electron 1000/ang 648 100k 21m

2307579 Electron 1000/ang 648 250k 7h27m
2481819 Electron 1000/ang 648 500k 2d23h12m
2472177 Electron 1000/ang 648 750k 1d17h39m
2471227 Electron 1000/ang 648 ™ Time out (>3d)
2471285 Proton 75/ang 324 2M 8 min
2307582 Proton 75/ang 324 5M 52m

2472180 Proton 75/ang 324 7.5M 1d9h40m
2226257 Proton 75/ang 324 10M 2d10h39m
2308333 Proton 75/ang 324 15M 11h5m
2226258 Gamma 1000/ang 648 100k 8h45m
2308336 Alpha 75/ang 324 20M 2d11h49m

3.6.3.1 Simulation coordination system
To understand the result plots we present next, it is helpful to review the simulation

setup coordination system as shown in Figure 3-35. The zenith direction is Z-axis, and
X-axis, Y-axis completes the right-hand rule. The results are presented in a 2D cross
section view. For example, XOZ view means view from Y-axis, XOY view means view

from Z-axis and YOZ view means view from X-axis
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Figure 3-35 Simulation coordination system and an example XOZ view

To be noted, the angular test results are presented in a 2D projection of the 3D circular
plane source sphere not the actual detector sphere. Figure 3-36 shows the projection

of the 3D source sphere on three different axis view.
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Figure 3-36 The 2D projection of the 3D source in YOZ, XOY and XOZ view (left to right)

As the hemisphere is symmetric to Z-axis, XOZ and YOZ view are identical and so we

only present result from one of the two views.

3.6.3.2 Electron Results

Angle response test with electron is shown in Figure 3-37 (XOY view) and Figure 3-38
(XOZ view). Four mono energies are used: 100keV, 250keV, 500keV and 750keV.

The rainbow scale represents the scintillation photon intensity.

The electron test has covered the entire 411 sphere. In XOZ view, we can clearly see
the effect of the 21 FoV of our detector as the bottom half of the sphere has almost
no response (cold blue). In the XOY view, it shows stronger response in the centre
and weak response in the edge. This is because the effective interaction length be-

tween the source and the detector is different for the primary at different position of
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the source plane as illustrated in Figure 3-39. The longer interaction length will result
in better energy absorption and more photon yield in general. The impact changes as
the source plane angle changes. In the XOZ view, some of the source circles show
splits of responsive and non-responsive sections (red and blue sections). This might
be because the source plane is slightly bigger than the cross-section of the detector

module, which results in the primary in part of the source circle missing the detector.
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Figure 3-37 Electron angle test results in XOY view. Four mono energy is tested.

n
=]
m

E = 500 keV

ol
niries

Entries E48000 E48000

n
=]
m

15000 5

L L L L | | L L L
-20 -15 -10 -5 [i] 5 10 15 20

I L L
-20 -15 -10 -5 i} 5 10 15 20

E = 100 keV E = 250 keV
Bhi PRz
:‘ 4000
2p | Entries 648000 . — 2g | Entries 548000 . _ 10000
Er DR R o, 3500 = ; .
r - ¥ 4 3 3000 wf— . Boao
; : . 2500 SE- __
E 16000
o By : 2000 e
4 -5 :_ & a Y = - £
1500 E k. N . 14000
2 > p —nE— < P . .
- - 1000 E g -
cecc oo oo sas L] = e e e e e e 2000
— E
20—
o E 1 1 1 L L L L L L A
20 —20 15 -0 5 0 5 10 15 20
E = 500 keV E = 750 keV
25000 L)
Enfries 48000
202 35000
15
20000 E 20000
(=2
E 25000
15000 3=
== 20000
10000 SE 15000
=
E 10000
5000 T =N
E 5000

L L L | L L L L o
-20 15 10 -5 ] 5 10 15 20

Figure 3-38 Electron angle test results in XOZ view. Four mono energy is tested.
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Figure 3-39 The effective interaction length (dark red solid line) between detector module and the primary at dif-
ferent position of the source plane

Four mono energies were tested. And we can see the energy difference has no impact

on the angle response pattern.

3.6.3.3 Proton Results

For proton source, again four mono energies are chosen but with energy tailed for
proton response. The results are shown in Figure 3-40 and

Figure 3-41 in the same XOY and XOZ view. Due to the computation limit, only half
sphere (217) is examined and 75 primaries in each block. As the primary number is so
low, the circle shape of the source plane is not very clear. But the pattern is similar to

the electron case and the explanation is the same.
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3.6.3.4 Gamma Results

For Gamma, only one mono energy is tested in a 41T sphere. Results are shown in
Figure 3-42 and Figure 3-43.
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Figure 3-42 Gamma angle test results in XOZ view.
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Figure 3-43 Gamma angle test results in XOY view
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3.6.3.5 Alpha Results
For alpha, one energy and 21 are covered. Only 75 primaries are launched in each

block due to computation limit. Results are presented in Figure 3-44 and Figure 3-45.
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Figure 3-44 Alpha angle test results in XOZ view.
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Figure 3-45 Alpha angle test results in XOY view.
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3.7 Conclusion and future work
Energy Response

The simulation result of the detector module energy response matches the theoretical
data from NIST database (Figure 3-9,Figure 3-10,Figure 3-11 and Figure 3-12) very
well. The energy threshold results are summarized in Table 3-11. Between the min
and max is the effective energy range that the corresponding scintillator can detect.

The data is manually read from the plot, so we use ~ to represent estimation.

Table 3-11 Simulation results for energy response

BC408 Csl (T1)

Min Max Min Max
Electron ~0.1 ~0.2 ~0.2 ~1 MeV
Proton ~2 ~4.2 ~4.2 ~18 MeV
Alpha ~10 ~18 ~18 ~70 MeV
Gamma neglect ~4 ~100 KeV

Within the effective range, the energy response of proton and alpha is highly linear
while the response of electron and gamma is highly scattering. This should be driven

by the physics nature of the interaction between the species and matter.

Good linearity of the detector response is the essence of good instrument energy res-
olution. Therefore, our current detector module design can provide a good energy res-
olution of proton and alpha particles, but we will have difficulty to interpret the electron
and gamma energy by just counting the number of scintillation photons. Additional
method or different approach are required to detect the energy of single electron or

gamma.

Particle with energy deposited in both scintillators demonstrates the working of AE/E
detection method. This provides an approach to distinguish different particles as the
ratio of the energy deposited in the two scintillators for a given primary energy is dif-
ferent for different particle specie. So, it is possible to identify the particle specie by

interpreting this ratio with the total absorbed energy.
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Angular Response

As expected, our detector module shows good symmetric angular response. Different
particle energy, different particle species don’t make a difference to this symmetric
feature. The photon yield of the detector module is affected by the incident direction
as the interaction length in the line of sight of the incident direction will be different for

different incident direction.

The scintillation photon hit position distribution with different incident direction shows
very interesting results. There is clear link between the hit position distribution and the
primary incident direction. If the hit position distribution knowledge is required, it is

possible to predict the incident direction.

Future work

Our simulation work has thoroughly covered the detector module energy response
and angular response. Part of the particle identification work is also covered with result

reported in the last chapter.

Our work has simplified the SiPM sensor response. We have assumed 100% SiPM
detection efficiency. To have better simulation of SiPM, more advanced coding to rep-
resent the feature of SiPM is required. There are third party packages freely available.
For example, G4SiPM[124] provides a good simulation function sets for SiPM. GOD-
DeSS (Geant4 Objects for Detailed Detectors with Scintillators and SiPMs)[125] is an-
other package that covers both SiPM and scintillator. This thesis has tried out these
packages briefly but without much success. Some efforts are required to integrate

these packages into the existing Geant4 program.

The current work only uses simple fixed energy primary source. To simulate the real
behaviour of a radioactive source, which will be used in the real system end to end
test, it is desirable to introduce the radioactive source into the simulation. Geant4 pro-
vides such capability. Hence, we suggest that the radioactive source option to be in-

cluded in the next simulation program.
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Chapter 4 Electronics

4.1 Introduction

The key research and development of electronics for this PhD work focuses on the
SiPM readout circuit. As illustrated in a typical space instrument electronics architec-
ture (Figure 4-1), the sensor readout circuit is often referred to as front-end electronics
(FEE). It usually locates next to the sensor/detector in order to minimize the electrical
noise pick up. The FEE is tasked to amplifier the micro electric signal generated by
the sensor, to condition the signal (including signal shaping and filtering) and to con-
vert the signal from analogue to digital (usually via an A-D convertor). This analogue
dominant circuit is critical to the instrument performance particularly in the signal to
noise measure because the instrument detection sensitivity is largely determined by

the noise floor of the readout circuit.
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Figure 4-1 The architecture of a typical instrument
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Section 2 first introduces the SiPM electric model. The work starts from Corsi’s classic
model [126] and moves onto Marano’s improved model [127]. The circuit published in
Marano’s paper doesn’t run very well in LTSpice (a free electric circuit simulation tool),
so some practical adjustments are made to it and then the revised model is used in

our project.

Section 3 discusses the methods of acquiring the electric parameters that is used in
the SiPM electric model. Not all the parameters are available in the manufacturer’'s
datasheet, actually very few are directly available. The remaining unknowns have to
be acquired by either direct measurements or indirect calculation. We run through all
the measurements and calculation on one real example SiPM model to examine the

theory. The results are given at the end of the section.

Section 4 studies about the preampilifier circuit theory. There are two basic preamplifier
circuit configurations. By studying their small signal and control stability, the current
preamplifier mode proves to be a better choice for SiPM sensor. The circuit is simple
in its format, but if not, enough attention is paid to the detail, the performance can be
far away from satisfaction. Therefore, much is spent to study and discuss about the
noise analysis of the circuit as a major part of this section. The time-domain signal
analysis is also studied. And it reveals the analytic solution for the preamplifier output

waveform.

Section 5, after all the theoretical preparation, we present the final hardware develop-
ment work and result. Two version of the PCBs have been developed. The main dif-
ference is that version 1 is manufactured on the standard FR4 PCB material and the

version 2 is on a RF PCB material with much lower dielectric constant.

Section 6 will provide a brief survey of the SiPM devices on the market and a short
discussion about our choice. The radiation hardness of SiPM will also be briefly men-

tioned

4.2 SiPM SPICE Model

In electric circuit simulation, an electronic device is represented by a SPICE

model[128] to describe its electric performance. The circuit simulation software can
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read such a model and simulate the circuit behaviour. To assist the preamplifier cir-
cuit design, it is very useful to have a SiPM SPICE model to represent the circuit be-
haviour of SiPM. Hence, we studied such a model as the first step for the SiPM pre-

amplifier circuit study and development.

4.2.1 Introduction to SiPM structure and its parameters

Before introducing the SPICE model, it is useful to review the SiPM structure and its
electric parameters that play a role in the model. SiPM is basically a matrix of single
photon avalanche diodes (SPADs) with all the anodes and cathodes connected in
parallel. Each SPAD can operate independently but there is only one output for the
entire SiPM device. Therefore, if multiple SPADs are triggered at almost the same
time, their outputs will stack up to form one larger signal. The charge of this total sig-
nal shall equal to the sum of the charge of all the fired SPADs. When the triggering
time is close enough and the total number of the triggered SPADs are relatively
small, the peak of the total signal equals to the number of the triggered SPAD multi-
ples the peak of a single SPAD signal. Hence, the operation of SiPM is straightfor-
ward while the complexity and the key parameters related to the SiPM performance

mostly lay within a single SPAD.

A SPAD is basically a PN junction designed to be able to operate in Geiger-mode
[129][130]. Geiger-mode means bias the PN junction reversely above its breakdown
voltage. This creates an extremely high electric field in the junction region that can
sustain a continuous electron-hole pair multiplication process, which is called ava-

lanche. When an incident photon or energetic particle initializes the process, the ava

lanche is self-sustained until the over voltage condition is not met. This feature is uti-
lized to stop the avalanche process at a certain point to avoid the PN junction being
burned due to excessive high current. The simplest method to self-adjust the over-
voltage is a high value resistor in series to the PN junction. As the current increases,
the voltage drop across the resistor increases, which results in lower bias voltage
across the junction given the external bias voltage is constant. This drives bias volt-
age below the breakdown threshold and terminates the avalanche process. This sim-
ple negative feedback mechanism is easy to implement in the SiPM construction, so
it is the most common method utilized. The drawback is this resistor introduces a

long recovery time with the PN junction capacitance as it limits the current that is to
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restore the bias voltage across the PN junction. To address this issue, there is ac-
tively controlled termination method, for example, using a MOSFET to replace the
termination resistor. This MOSFET is actively controlled to turn off to stop the ava-
lanche and to turn on to restore the bias voltage. However, this active method re-

quires complex implementation including independent control circuit. Both passive

and active methods to terminate the avalanche is called “quenching”.

The operation principle of a SPAD can be illustrated in a simplified electrical equiva-
lent circuit as Figure 4-2 (left) shows. The switch S represents the on and off status
of avalanche. When S closes, avalanche process starts and the PN junction capaci-
tance (Cj) starts discharging to the junction resistance (Rs) during conducting. The
current flow is represented with the red arrow. When S opens, avalanche process
ends and the Veias source starts recharging Cj through the quenching resistor (Ra).
The current flow is represented with the blue arrow. The current pulse is also pre-
sented in Figure 4-2 (right). The fast-rising edge represents the rapid current surging
during the avalanche. The peak (imax) represents the termination point of the ava-
lanche. The slow falling edge represents the long recovery time. Rs and Cj form the
time constant for the rising edge while Ra and Cj form the time constant for the fall-
ing edge. The peak is determined by the over voltage (Veias-VeRr) divided by the sum
of Ra and Rs.
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Figure 4-2 A simplified electrical equivalent circuit of a SPAD (left) and the profile of a typical current pulse (right).
Both are reproduced from Hamamatsu [131]

More comprehensive overview of SiPM can be found in Acerbi’'s review [132] and the

excellent presentations by Collazuol [72][133].
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4.2 - SiPM SPICE Model

4.2.2 Corsi’s model and Marano’s model

The electric model presented in Figure 4-2 doesn’t include any parasitic parameters,
which plays an unneglectable role in shaping the SiPM signal. Therefore, a more ad-

vanced model is required to include the impact of them.

As Shen Wei[134] argued, there is no universal SPICE model for all SiPM types due
to the different parasitic effects from the different design. Of the various models,

Corsi’'s model is so far the most widely accepted. Figure 4-3 shows the schematic

L

description of Corsi’'s model.

Rs -
" . V out
Rq T Ca
2 (N1)Cq
Rqg/(N-1) | T
|av@,) + o4 = (N-1)Cd

& J_ <
V bias

Figure 4-3 Corsi's electric model of SiPM [126]
In Corsi’s model, each SiPM pixel/cell is represented as one Rq in series to one Ca.

Rq is the quenching resistor and Ca is the pixel (a SPAD diode) capacitance. For high
frequency performance, the parasitic parameters must be considered, which are Cq
and Cq4. Cq is the body capacitance of the quenching resistor Rq. Cg is the SiPM total
grid capacitance. The model represents the situation that one pixel is triggered, and
the remaining pixels are in standby. The current source lav represents the charge re-
leased by the triggered pixel. This charge can be represented as a Dirac delta pulse
with a very short duration and high peak. Note this charge pulse only represents the

release of avalanche current. The SiPM output current is the convolution of this Dirac
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4.2 - SiPM SPICE Model

delta pulse and the RC network formed by all the parasitic parameters. Lastly, N rep-

resents the number of pixels.

Corsi’s model is verified against the experiment SiPM electric performance. However,
in practice, it is a step away to convert this theoretical model to an operable SPICE
model that simulation software like LTSpice can run. Marano’s improved SPICE model
has filled in the gap and more. Figure 4-4 shows Marano’s SPICE model in real sche-

matic.

cathode b
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°
®
o
~
\r
e}
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®
Q
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S1_eq2 S2_eq2
S S

o : <__1ph Cm_eq2 L
TE:' = {Cm"NT}
VON = {Ph} | VON = {Ph}
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/ Cd_eq2 L
Rd_eq2 {Cd*Nf} |

uT {Rd/Nf}

I

I
- mllls
OPAMP Vth

. L Vbd_eq2
{Rd"Ith} =N

“>anode

Figure 4-4 Marano's improved electric model of SiPM [127]

Compared to Corsi’'s model, Marano’s spice model introduces one more electric pa-
rameter Rd, which is the resistance of the diode space-charge region. This model clev-
erly introduces two voltage-controlled switches: S1 and S2. S2 simulates a photon
strike. On striking, S2 will close to mark the start of the avalanche event. The ava-
lanche current through Ra will keep increasing until it reaches I (a pre-set threshold).
Beyond this point, the voltage across Rd will be higher than Vin (=Rd*lth). This will
change the U1 output from 0 to 1V. This will further close the switch 81. As the S2
duration is very short (set to a few picosecond), switch $1 allows the current to con-
tinue flowing from the bias supply (external connection to cathode) to the output
(external connection to anode). The event is terminated when V4 drops below the Vid

plus Vin due to the voltage loss across the Rq (passive quenching effect).
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4.2 - SiPM SPICE Model

This dual switch design solved a practical problem that a more basic SPICE model
with a single switch will present. In a single switch setup, the output signal strength
(related to the total generated charge) will be dependent on the duration of the switch
close time, while the dual switch design removed this dependency and it makes the

output signal strength proportional to the total charge defined by equation (4.1).
O=AV(C,+C) 4.1)

Another advantage of Marano’s model is its capability of simulating event with multiple
photon strikes. By simply adjusting the Nfvariable (define the number of photons), the

model can generate the output signal with proportional amplitude.

4.2.3 Our practical improvement on Marano’s model

The initial trial of the Marano’s model in the LTSpice was not successful. Further study
discovers that the problem was the response time of the op-amp (U1 in Figure 4-4).
The role of the op-amp here is to act like a comparator. That is when the signal at the
positive input is higher than the negative input, the output shall go positive. This posi-
tive signal shall turn on switch S1. Initially a general op-amp model is used in the
simulation, but its response is too slow. Then parameters as slew rate, open-loop gain,
are adjusted to be very large in order to achieve a fast response, but the result is still
not satisfactory. What the circuit needed was almost an instantaneous response upon
the two input comparison signal. We discovered a B source (an electric model in the
LTSpice, with full name as arbitrary behaviour voltage source) can fit this role well.
The B source can set its status on the condition of other electric signals with instant

effect. The modified circuit as shown in Figure 4-5 now operates fully as expected.

Variable parameters are widely used in this circuit so that different SiPM devices can

be simulated by simply updating the parameter values.
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4.2 - SiPM SPICE Model

A SPICE circuit model for MPPC

by Dachua Hu, 18/09/2019
Kathode
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-param Cm=18.6188f | (ROHN-NDITeeqeN-Npy
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= < Rd TiCd (NN
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== -
V={if(V(Vrd)>V(Vth), 1,0} ) B1 Vth {Cd*Nf}
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.lib opamp.sub Anode

.model MYSW SW(Ron=0.001 Roff=1Meg Vt=0.5 Vh=-0.4)
.tran 10U

Figure 4-5 The improved dual switch SiPM spice model based on Marano’s model

Note the section at the right of the dashed-line is for the untriggered pixels and the
section at the left is for the triggered pixels. The passive structure of the two sections
are the same. That is the quenching resistor value(Rq) and its body capacitance(Cq)
in series to the pixel diode capacitance(Cd). The sum joins the pixel grid capacitance
(Cg) in parallel. Here Cq is defined per pixel, which is different from that in Corsi’'s
model which defines the Cq per device. 81 and S2 are two switches for the event
control and a voltage source Vuad is for setting the breakdown voltage.

To examine this SPICE model, a test circuit is developed (Figure 4-6). In this circuit,
the SiPM (X1) is reverse biased. A pulse generator (V2) is set to produce the trigger
signal (simulate a photon strike event). The Nf (number of fired pixel) variable is
stepped from 1 to 3 to simulate one, two and three pixels firing events. The SiPM

output current is converted to a voltage signal through R1.
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A mini test circuit for MPPC SPICE model

by Daohua Hu, 18/09/2019

HVbias
v
[ﬁ\\ )
T {VK}
kathod
PULSE(0 {Ph} 1us 1f 1f 1p 1u) 2 10%®
V2
/’"ﬂ/*F U 7\
L ) ph 7"\ Nf ={Nf}
\ / ph Y \
X1
o anode
.param Ph =1 . Vout
.param Vk=54.9 i
.tran 10U —R1
.step param Nf list1 2 3 > 50
N

Figure 4-6 A test circuit for the improved dual switch SiPM circuit model

Figure 4-7 shows the simulation output. The top panel shows the output current and
the bottom panel shows the output voltage. All three events (one photon, two photon
and three photon) are stacked in the same plot. The simulation shows the output signal
has a very sharp rising edge and relative slow falling edge. The rising edge builds up
during the avalanche process, which is extremely fast (in the order of pico-seconds).
The peak is reached when the avalanche is terminated by the quenching resistor. The
falling edge is dominant by the period that the pixel capacitance (Ca) is recharged to

the external bias voltage through the quenching resistor.
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Figure 4-7 The improved SiPM SPICE model test circuit simulation output: current (top) and voltage (bottom)

We continued to simulate more photon events and record the peak current values

against the number of photons. Figure 4-8shows the results with very good linearity.

No of Photons | Current peak Differetiate
# uA uA The linearity of the Simulaiton Circuit
1 2.99 2.99 140,00
2 7.49 4.50
3 12.82 533 190,00 y= 6.72495x - 7.9697
4 18.66 5.84 R®=0.9986
5 24.84 6.18 100.00
6 31.25 6.41
7 37.82 6.57 L B0
8 44.52 6.70 3 000
9 51.31 6.79
10 58.17 6.87 40.00
11 65.10 6.92
12 72.07 6.97 20.00
13 79.08 7.01 °
14 86.12 7.04 0.00
15 93.18 7.07 0 5 10 15 20
16 100.27 7.09 No of photons
17 107.38 7.11
18 114.51 7.13 —e— Current peak UA —@— Differetiate UA  +eeseeeee Linear (Current peak uA)
19 121.64 7.14
20 128.80 7.15

25

Figure 4-8 The improved SiPM SPICE model output current vs input number of photons (blue). Red line is the

differentiate of blue line.
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4.3 - Evaluate the SiPM electric parameters

4.3 Evaluate the SiPM electric parameters

With the SPICE model defined, the next step was to determine all the electric param-

eters required by this model. The list of parameters is summarised in Table 4-1.

Some parameters (marked with *) can be acquired from the manufacturer datasheet.
Others have to be acquired by lab measurement plus using Corsi’'s methods[126] to
derive. Note Rq, Cq, Cd, Rd and Cnm all refer to a single pixel. Cg, Vba and N refer to the
entire device. Corsi’s formula is rewritten here to be consistent with the spice model

shown in Figure 4-5.

1+ @°C?, R’
CdTOT = 2 TgT ot Gm (4-2)
@ RqTOT
CqTOT =Cror = Caror (4.3)
Cg — Cm _ CdTOT _ a)zcdzTOTCTOTquTOT (4-4)

22 p2
1+ & Cror R ror

Where Cqrot = NCq, Cdtor = NC4q and Rqrot = Rg¢/N.

Table 4-1 The list of parameters used for the SiPM electric model

Symbol Parameter Name Method to acquire
Rq Quenching resistor per pixel We-V curve, forward bias
Cq Parasitic capacitance of the quenching Corsi’'s formula
resistor
Cq Diode junction capacitance per pixel Corsi’'s formula
Rq Diode conducting resistance per pixel Estimate 1-10ohm
Cq Parasitic capacitance between metal grid Corsi’s formula
and substrate per device
Cror A virtual parameter Work out from single pixel charge
Cn* Device equivalent terminal capacitance Manufacturer data or LCR meas-
urement
Gn* Device equivalent terminal conductance = LCR measurement
Vba* Breakdown voltage Manufacturer data or I-V curve, re-
verse biased
N* Number of pixels Manufacturer data
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4.3 - Evaluate the SiPM electric parameters

4.3.1 Measure the I-V curve of the SiPM

A typical diode |-V curve measurement circuit is setup as Figure 4-9.

Reverse bias Forward bias

10k 10k

N
DC () " I sipm  PCC) J’ S‘QN‘

“a

Figure 4-9 SiPM I-V curve measurement circuit

Note:

1) The current is acquired by measuring the voltage drop across the resistor and
then using the ohm law to work out the current.

2) The voltage across the SiPM is acquired from the DC voltage minus the voltage
drop of the resistor.

3) Sweeping the voltage and recording the current, the |-V curve can be plotted.
Note under reverse bias, the voltage and current are both plotted on the negative
quadrant of the XY plane. Under forward bias, both are placed on the positive
quadrant.

Using the above method, the SiPM S13360-1325CS from Hamamatsu is measured.
The result is plot in Figure 4-10.

MPPC I-V Curve

400

200
: g-Ld
-50/ -40 -30 -20 -10 0

\_f -50 ) 10
T \ -200

-60
o y Forward
S Breakdown s Voltage
Voltage -600
-800

-1000

-1200

—+—MPPC 513360-...

Figure 4-10 I-V curve measurement result for SiPM S13360-1325CS
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4.3 - Evaluate the SiPM electric parameters

The corner at the negative x-axis is the breakdown voltage, biased beyond which the
avalanche will start. The corner at the positive x-axis is the forward voltage, biased

beyond which the diode is forward conducted.

Reading from the |-V curve, the breakdown voltage for SiPM S13360-1325CS is
51.47V. The manufacturer test data in the product shipment package states the exact
same figure. This proves that our test method is the same as the manufacturer’s setup

and also this |-V measurement method can provide consistent and accurate result.

Similarly, the forward voltage is read at 0.485V. Under forward bias, the diode current
is determined by the (bias voltage — forward voltage) / (Rq + Rd). Since Ra is very small
(0.1 to 10ohm) and Rq is very large (>100kohm), the contribution of R4 can be ne-
glected. Hence, we can work out the Rq from the slope of the |-V curve under forward
bias. The data is quite noisy, which might indicate the forward voltage of the diode is
not very stable (The temperature will impact the forward voltage. As the amount of
current that passes through the diode will heat up the device, the rising temperature
will allow more current through at the same bias voltage.) A simple linear fit works out
the slope at 0.0006Mohm (=600ohm). Since all the pixel is connected in parallel, the
measured resistance is the sum of all the pixel's Rq in parallel. Given the knowledge
of total number of pixels (2886) for this device, we can work out a single pixel's Rq is
600 x 2886 = 1600kohm.

MPPC under Forward Bias

0.25
= y =0.0006x+0.0681
= R?=0.7331
o 02
-
=]
= 0.15
e
o
T 01
@
g
< 0.05
=
>
0
0 50 100 150 200
Diode current (uA)
—@— MPPC 513360-1325CS  eeeeeees Linear (MPPC $13360-1325C5)

Figure 4-11 The measurement of IV curve under the forward bias
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4.3 - Evaluate the SiPM electric parameters

4.3.2 Measure the Terminal Capacitance and Conductance of the SiPM

The total terminal capacitance of the device can be measured with an LCR bridge
instrument. The principle of the instrument is to inject a signal through the device under
test at a known frequency while measuring the voltage and current across the device.
The magnitude of the impedance can be calculated from the ratio of the voltage to

current.

Note the SiPM terminal capacitance and conductance will change with its bias voltage.
So, the measurement shall be done just under its breakdown voltage. As our LCR
bridge output is limit to maximum 40V that is short of the SiPM required breakdown
voltage(>50V), the out of range voltage point is extrapolated using the fit function on

the measured data points from 0 to 40V. The result is shown in Figure 4-12.

MPPC Capacitance Measurement

225
200
T 17 479.35x0512
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MPPC Conductance Measurement

140.0000
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Figure 4-12 The capacitance (top) and conductance (bottom) measurement of SiPM S13360-1325CS
The acquired result is terminal capacitance (Cm) of 63.73pF and terminal conductance

(Gm) of 40.055uS at the breakdown voltage of 51.47V. This again matches the manu-

facture datasheet value at 60pF and 40uS very well.

4.3.3 Measure the Quenching Resistor Parasitic Capacitance and the Pixel Di-

ode Capacitance of the SiPM

These two capacitances can only be measured indirectly with the help of a preamplifier.

The procedure is described below.

First, connect the SiPM device to a preamplifier with a known gain. Bias the device at
a few volts above the breakdown voltage and place the system in a dark box. Next,
connect an oscilloscope to the output of the preamplifier and only capture the dark
count signal (ignore all those signals with pile-up effect). On the oscilloscope, the out-

put charge can be measured as Qout. With the preamp gain at A, the input charge can
be worked out as 0, =0,,,/ A. The Qi is the charge of the SiPM device with one-

pixel triggered (= 1p.e. signal). Rearrange equation (4.1), we can have:

C,+C,=0,/AV (4.5)

Multiply by the pixel number N, we can work out C;,, =N-(C, +C,)
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Here the preamp gain A is 50. The result of single pixel charge measurement result
is shown in Figure 4-13. From the linear fit, we can work out the Cq+Cq = 0.0245pC.
Then using Corsi’'s equation (4.2),(4.3) and (4.4), we can continue to work out Cq, Cq
and Cgq at 18.29fF, 6.29fF and 43.22pF.

Deltav  |Qin MPPC Single Pixel Output charge vs Delta Voltage
(V) (pC) 0.30
5.33 0.13 0.5
5.53 0.13
6.03 0.15 S 0.20
6.53 0.16 % 0.15 y = 0.0245x + 0.0007
7.03 0.18 3 R*=0.9965
7.53 0.19 0-10
8.03 0.20 0.05
8.53 0.21 0.00
9.03 0.22 R 6 7 8 9 10 11
9.53 0.23 Delta voltage (V)
10.03 0.24
10.53 0.26 —@— MPPC 513360-1325CS  «eeeeeeee Linear (MPPC S13360-1325CS)

Figure 4-13 The single pixel charge measurement of SiPM S13360-1325CS
4.3.4 Summary

Now all the SiPM electric parameters are acquired. The result for the SiPM device
S13360-1325CS from Hamamatsu is summarized in Table 4-2:

Table 4-2 Summary of the electric parameters of MPPC S13360-1325CS

Parameter Symbol  Value Unit Manufacturer specification
Rq 1600 kQ N/A
Cq 18.29 fF N/A
Cd 6.29 fF N/A
R ~1 Q N/A
Cg 43.22 pF N/A
Cror 65.57 pF N/A
Cm 63.73 pF 60
Gm 40 uS 40
Vbd 51.47 \Y 51.47
N 2668 # -

N/A means Not Available
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4.4 Preamplifier circuit theory

The first readout circuit stage following the sensor is called preamplifier. Generally, the
role of preamplifier is to amplify the sensor signal and convert it to a suitable electrical

signal format (usually a voltage signal) for the following stage of readout circuit.

Thanks to the intrinsic high gain of SiPM, its signal is relatively large (peak current at
about 1-10uA). So, only mild amplification is required. The raw signal is in the form of
charge. This needs to be converted to a voltage signal. Preamplifier serves for this
kind of raw signal is also called charge amplifier. The charge preamplifier usually de-

fines its gain as Volt to Charge ratio (with unit VV/pC).

Another important role of preamplifier is to improve the signal to noise ratio. This is
achieved by keeping the preamplifier self-generating noise low. Radeka [135] has a
very thorough discussion about low-noise techniques for charge amplifier working with

detectors.
4.4.1 Two basic preamplifier configurations

There are two basic configurations for SiPM detector readout. They are defined as
voltage amplifier and current amplifier as illustrated in the Figure 4-14. Here the
name “voltage” and “current” refer to the signal being amplified by the op-amp. Both
configurations will convert the SiPM raw signal to a voltage signal. The difference is in
voltage amplifier, the conversion is done by a load resistor Rs while in current amplifier,
the conversion is done by the feedback resistor Rs. Don’t confuse them with the spe-
cific terminology used by the semiconductor manufacturer for the two different types

of operational amplifier.
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Voltage Amplifier Current Amplifier

Figure 4-14 The basic circuit of two pre-amplifier configuration: voltage amplifier (left) and current amplifier (right)

4.4.1.1 Voltage amplifier

As the name indicated, in this configuration, it is a voltage signal that is amplified by
the op-amp. As the op-amp has very high input impedance, the photon current |s will
only flow through the resistor Rs. By ohm’s law, a voltage signal is generated on the
top of Rs. The op-amp here is configured as a unit gain buffer, which simply maintains
the output voltage equal to the voltage at its non-inverting input. Equation (4.6) de-

scribes the circuit mathematically.

Vow =1 R (4.6)

out

Sometimes, the op-amp can also be configured with a gain. This is realized by two
resistors on the feedback link. This gain however will decrease the circuit bandwidth
as the op-amp has a fixed gain-bandwidth product (GWP). Figure 4-15 shows the cir-
cuit with a gain. The gain is defined as (R2+R1)/R1.
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Vbias
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Figure 4-15 Voltage amplifier with a gain
The principle of the voltage amplifier is simple, but there are certain limits to it. The

first limit is the bandwidth. The impulse photon current has very fast rising time, for
example 0.5ns. To double sample this edge or more, the op-amp should have a mini-
mum bandwidth of 4GHz. The choice of op-amp with such high bandwidth is limited
and usually they come with high power consumption and high noise. More details
about the bandwidth will be discussed in the next section on the small signal analysis.
The second limit comes from the voltage signal generated on Rs. This voltage will
effectively reduce the bias voltage across the SiPM device. This can terminate the
avalanche too early. Also, the diode junction capacitance Cq is dynamically affected
by the voltage across it. That capacitance increases as the bias voltage decrease. An
increased Cq will extend the signal pulse falling tail, which is defined by the time con-
stant of Ca*Rs. This means longer dead time of the circuit. This is the reason that

generally Rs is kept very small (<1kQ).

The limits of the voltage amplifier are just the advantage of the current amplifier, which

will be discussed next.

4.4.1.2 Current Amplifier

In this configuration, it is the current signal being amplified. The op-amp with very high
input impedance forces photon current Is through its feedback resistor Rr. As the op-
amp tends to keep its two input signals at the same potential, the inverting input signal

will equal to the non-inverting input signal which is tied to ground. Hence this inverting
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input is electrically at zero potential though not physically connected to ground. This
feature is often referred as “virtual ground”. The output signal will be driven to the

potential that helps to maintain this virtual ground potential through R.

We can quickly work out the formula of the gain of this circuit as:

Vo =—1,- R, (4.7)

The negative sign indicates the output signal has an opposite polarity to the current
flow direction of Is. That is if the current flows out of the photon sensor, the output
voltage signal is negative. Vice versa if the current flows into the photon sensor, the
output voltage signal is positive. We can change the flow direction of Is by reconfiguring
the circuit as Figure 4-16. This makes Is flow into the photon sensor and hence the
op-amp generates a positive Vout. This circuit is also called trans-impedance amplifier
(TIA).

N\ Vout

Figure 4-16 Bias the SiPM with negative Vbias to generate a positive Vout signal
In the most basic form (4.6)(4.7), the gain formula of the voltage amplifier and current
amplifier is the same. The gain in both cases is defined by a single resistor. However,
as mentioned in the limitations of the voltage amplifier, the choice of its resistor value
is limited to relatively small value. Oppositely, the current amplifier can employ rela-

tively large feedback resistor. This helps the circuit to achieve a relatively high gain.

For AC signal analysis, the common approach is called small signal analysis.
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4.4.2 Small signal analysis

Eq. (4.6) and (4.7) are only valid for signal from DC to very low frequency. As the
avalanche photon current pulse is extremely fast, the impact of all the circuit parasitic
parameters becomes non-neglectable. To evaluate the circuit performance at high fre-

quency, we convert the circuit into small signal mode to perform the AC analysis.

In small signal analysis, all the DC supply will be connected to ground and the active
device will be replaced with a linear electrical model. The SiPM small signal model (as
shown in Figure 4-5) is too complex for this discussion, so we simplified it to be an
impulse current source in parallel to a capacitor Cq. All the op-amp’s parasitic param-
eters are ignored for the moment, so the op-amp is just modelled as a voltage gain
AoL.

The small signal of the two amplifier circuits is shown in Figure 4-17.

R¢
AN

s
!

(a) (b)

Figure 4-17 Small signal of the voltage amplifier (a) and current amplifier (b) circuit

4.4.2.1 Voltage amplifier

Let’s work out the signal gain equation of the voltage amplifier circuit first.
e, =e xA, (4.8)

e =i, XXy —e

o

(4.9)
Replace ei in eq. (4.8) with equation (4.9) and re-organize the new equation. We can
get the result of e as:
. XRC
e =1 -
I PRy
i,
Here, Xrc is the total impedance of Rs and Cq in parallel, which is:
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Ry

X, =—35
=15 joR.C,) (4.11)

Replace Xrc and reorganize the equation (4.10), we can derive the final gain equation

as
iR
¢, =——F—"— (4.12)
1+ +(1+ - joR,C
( AOL) ( AOL)J sCo

4.4.2.2 Current Amplifier

Similar process can apply to the current amplifier circuit. First, from Figure 4-17(b), the

following set of conditions is derived.

l AOL

ip =1 +1,

)] (4.13)
Rf

i =S

2 XCD

: € 6 i

=)y by
Rf XCD

After cancelling i1, i2 and ei, and re-organize the new equation, the gain equation is

derived as:

i ‘R
“=—T— % (4.14)
I+ —(1+—
o )

oL Cp

Replace X with 1/ joC, , equation (4.14) can be finalized as:

e = 1 y 'ff (4.15)
(I+——)+——joR,C),
OL AOL

Compare equation (4.12) and (4.15), it is found that the gain equation of the two cir-

cuits are very similar with the difference only at the denominator. That difference will
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see voltage amplifier’s gain rolling off quicker than the current amplifier’s at increasing

frequency.

At low frequency, as the gain Aol is very large, the 1/AoL is close to 0, and Cp is at the
order of 10s pF, so jwRCp is about 0 as well. Both equation (4.12) and (4.15) can be
simplified to eo=ip*R, which matches the equation (4.6) and (4.7).

From the frequency response plots of the two circuits (Figure 4-18) by LTSpice with
exact the same component values, it is found that the current ampilifier circuit has wider
bandwidth (defined as the frequency where the gain is 3dB below the DC level) than

the voltage amplifier circuit.
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Figure 4-18 Frequency response of the two circuits by LTSPICE simulation with the same component values.
Top is from current amplifier. Bottom is from voltage amplifier.

Both circuits take Cp at 20pF and Rr at 1Tkohm. The simulation shows for the current
amplifier circuit, the -3dB point is at 12MHz while for the voltage amplifier circuit, it is

at merely 5.6MHz.
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With wider bandwidth and higher trans-impedance gain, the current amplifier circuit is
selected as the baseline choice for the next stage development. According to [136],

the current amplifier also has better linearity.

4.4.3 System stability analysis
4.4.3.1 Stability of the uncompensated system

For any circuit with feedback to close the control loop, it is crucial to understand the
stability of the circuit. Because an unstable circuit will oscillate. Even the circuit ap-
pears to be designed with a negative feedback loop in the schematic, the circuit be-
haviour at different frequency can be very different. If at any frequency, the feedback
signal turns to be 180deg phase shift with a positive gain, this negative feedback will

become positive feedback and the circuit will oscillate at this frequency.

The stability of a closed loop system can be further analysed in MATLAB with the bode

diagram function.

First, it is assumed the open-loop gain of the op-amp is a two-pole system with a s-

function expressed as:

dy

Ao =
(sm37m)

(4.16)

Where ao is the DC gain, w1 and w2 are the angular frequency of the two poles.

The wideband op-amp THS4304 (from TI) is taken as an example. Its open-loop gain

(AoL) frequency response plot from its datasheet is shown in Figure 4-19 (a):
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OPEN-LOOP GAIN Bode Diagram of THS4304 Open-loop Gain
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Figure 4-19 (a) is the open-loop gain frequency response from THS4303 datasheet. (b) is the MATLAB bode plot
of the s-function of (4.16).

From Figure 4-19(a) gain curve, we can read all the parameters we need for Eq. (4.16).
The DC gain ao is sampled at the start of the curve at 65dB. The first pole is at the first
corner where the curve starts rolling off at 20dB/decade. The second pole is at the
second corner where the rate of the drop doubles to 40dB/decade. Thus, f1=300kHz,

f2=1GHz. So, the two angular frequencies are: w1=21f1=1.885E6, w2 = 21f2 = 6.28E9.

Using the MATLAB bodeplot function to plot the s-function in (4.16) with all the param-
eters acquired above, the bode diagram of the open-loop gain can be generated and
shown in Figure 4-19 (b). We can see the plot (b) matched (a) closely well. This proves
the op-amp open-loop gain frequency response can be closely approximated with a

second order two-pole system.

The gain dropped to 0dB at frequency f.. 0dB means gain of 1. So that fc is often
named as the op-amp unity-gain bandwidth. Beyond the frequency fc, the op-amp gain

will drop to below one where the op-amp is not function as an amplifier any more.

Next, the closed loop system is derived from the open loop system. First introduce two
new definitions: feedback factor B and loop gain L. Feedback factor B is the fraction
of the amplifier output signal fed back to its input signal. Loop gain L is the product of

AoL and B. These two definitions will be used below to simplify the formula.

For the current amplifier circuit defined in Figure 4-17 (b), its transfer function in (4.14)

can be re-written as:
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i R

e, =—— 1 — (4.17)
I+ 1/(A0L IB)
Where g = Xe, 1
Xe, R, 1+5R.C,
The trans-impedance closed-loop gain AcL can be defined as:
' &
e AT E— (4.18)
C (A B

Using the same MATLAB tool, the magnitude of the frequency response of AoL, 1/8
and Ac. are plot in Figure 4-20.
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Figure 4-20 Frequency response plot of Aor, 1/8 and AcL.
In the plot, ff is the pole of feedback factor B so it becomes the zero of 1/. fzf can be

defined as
fy= 1/27erCd (4.19)
For Rf = 5kohm and Cq = 35pF, fzf is worked out at 9.1e5 Hz.

fc is the unit gain bandwidth of the open-loop gain. We can read its value from the plot
at 5e8 Hz.

fi is the gain peaking point of the closed-loop gain. fi sits in the geometric centre of fzs

and fc. As the x-axis is logarithm, fi can be defined as:

f= /fszc (4.20)
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Then we can calculate the fi = 2.2e7 Hz.

The system bandwidth is generally defined as:
BW =14f (4.21)

Similar to AoL, the bandwidth of AcL is defined at the point where the gain dropped by
3dB from its flat part.

The gain peaking is something that shall be limited in the system as it will contribute
to the system instability. The system stability can be better viewed using MATLAB

function margin for the loop gain L.

Bode Diagram
Gm=7.94dB (at 2.18e+08 rad/s), Pm = 1.89 deg (at 1.38e+08 rad/s)
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Figure 4-21 Bode diagram that shows the phase margin and gain margin of the uncompensated system
In a control system, phase margin and gain margin are the two terms often quoted to
evaluate the system stability. The phase margin is defined as the phase difference to
the -180deg when the gain magnitude drops to 0dB. The gain margin is defined as the
distance of gain magnitude below 0dB when the phase drops to -180deg. The gain
must be a negative value when phase reaches -180deg otherwise the system will os-
cillate. The general empirical rule of thumb for the safety design margin is over 45deg

for the phase margin and over -20dB for the gain margin. Between the two, the phase
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margin is more critical. For the uncompensated system shown in Figure 4-17(b), the
phase margin (Pm) is only 1.89deg and gain margin (Gm) is only 7.94dB. Both are well

below the safety design margin requirements.

Without enough margin, as system degrades with components aging or we encounter
wider component tolerance, the system will drift into the unstable region. To improve

the stability, a common method will be discussed in the next section.

4.4.3.2 Phase compensation

The method is called phase compensation. It is very simple, by just adding a capacitor
Crin parallel to the feedback resistor. This capacitor will introduce a zero to the circuit
and boost the phase by 90°. Figure 4-22 shows the updated current amplifier circuit

with the added feedback capacitor and the updated small signal circuit.

Ce
||
[
R¢

VOUt

OE

Figure 4-22 Improved circuits with the phase compensation feedback capacitor. Left is the full schematic and
right is the small signal circuit.

The technique appears very simple by just using a single capacitor. However, it is
important to understand the full role of this capacitor and its complication to the circuit
bandwidth. The right choice of the value of this Ct is the result of the trade-off between
stability and bandwidth of the circuit. To better understand the complication, the math-

ematic derivation of the circuit frequency response will be gone through.
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The first step is to update the closed-loop gain equation (4.14). Rris replaced with Xrrct,
which is the total impedance of the feedback network Rrand Ct. The same logic as the

derivation of equation (4.18) is followed to derive the new AcL.

Equation (4.13) can be updated to:

e
_el_ — o
AOL
i =i +i,
e —e,
1 =—(); ) (4.22)
R, C,
e.
i =——
CD
. (e, —¢) e
lp — i +(_ i )
Rfcf CD

Similarly, cancel the i1, i2 and ei, then combine and rearrange the (4.22)conditions into:

i X
e = G (4.23)

The revised trans-impedance gain Act then is:

Xe e,
Ay o= R (4.24)
1 R, C;
1+ “(1+ ~)

oL Ch

Here a subscript ¢ is added to differentiate it from the original AcL.

The feedback factor can be updated to:

5, = Xe, _ 1+sR,C, (4.25)
Xe +Xp o, 1+sR.C,+5R,C,
Use Bc, equation (4.24) can be re-written as:
R, C
Aoy ¢ :—’1’ (4.26)
1+
AOLﬁC

Again, plot the magnitude of the frequency response of Ao, 1/Bc and AcL_c with the

result shown in Figure 4-23. For the plot, the Cris set at 1.5pF.
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Figure 4-23 Frequency response plot of AoL, 1/8¢c and Aci_c.
Compared to Figure 4-20, the gain peaking at fi has been greatly attenuated. As a side
effect, fi has reduced slightly, which means the updated circuit has a narrower band-
width. A replot the stability bode diagram of the loop gain L_c with margin function

again with the result shown in Figure 4-24.

Bode Diagram
Gm = Inf dB (at Inf rad/s), Pm = 53.3 deg (at 1.74e+08 rad/s)
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Figure 4-24 Bode diagram that shows the phase margin and gain margin of the compensated system
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The improved phase margin is 53.3deg and the gain margin is Inf (it means the phase
never reached -180deg). The simulation result is an ideal and may not fully reflect the
real circuit performance. But clearly, it indicates the feedback capacitor makes a large

improvement to the circuit stability margin.

Jerald Graeme [136] has a thorough discussion about how to work out the optimum
Cr with the aim of setting the circuit phase margin at 45deg. Here, only the conclusion
is presented in Eq. (4.27) and (4.28).

C, =\C,C, (4.27)

when C, >>C, and where Cc is an artificial capacitance defined as C, = 1/271Rffc :

When the condition C, >>C, failed, the more exact solution for Cr is
C,=(C./12)1+ 1+ 45[)) (4.28)

4.4.4 Noise model and analysis

Besides the circuit stability, circuit noise is another important issue that greatly affects
the system performance. This section will discuss the major noise sources in the pre-

amplifier circuit and the noise model that describes the circuit noise performance.
4.4.4.1 Common noise source

First, it is useful to understand the intrinsic noise source of a general-purpose op-amp.

Figure 4-25 shows a classic op-amp noise model.
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Noiseless Amplifier

Amplifier with noise

Figure 4-25 Classic operational amplifier noise model

Here Vn is the op-amp input voltage noise. It is a differential voltage across the two
inputs. This noise is bandwidth dependant and measured in noise spectral density with
the unit »»/JHz . Bipolar op-amp (a type of op-amp uses bipolar junction transistor
(BJT) as the first input stage) tends to have lower input voltage noise than JFET op-
amp (another type of op-amp uses junction gate field-effect transistor (JFET) as the
first input stage) in general. However, there are some exceptions from some specially

designed op-amps.

Ini is the op-amp input current noise. Each input has one flowing out of the device.
This noise is similarly bandwidth dependant and measured as well in noise spectral
density with the unit p4/JHz or f4/JHz. As JFET has extremely low gate current

(also called bias current), the JFET op-amp exhibits very low current noise at the level

of r4/JHz while BJT op-amp’s input current noise is much higher at the level of
pA/~JHz . For simple op-amp with basic BJT or JEFT input stage, the current noise is

just the shot noise of the bias current. It can be calculated with Eq. (4.29)
iy =~[21,q [VHz (4.29)

In the voltage-feedback op-amp (Don’t be confused with the voltage feedback pream-
plifier circuit discussed above. This voltage-feedback op-amp is a type of op-amp), the

current noise in the two inputs is uncorrelated but roughly equal in magnitude.
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In other more complicated op-amps with bias compensated input stages or in current-
feedback op-amp (another type of op-amp), the current noise can’t be calculated. Their

current noise at the two inputs could be very different.

Both input voltage noise and input current noise have a 1/f frequency characteristic.

This can be described by a general equation (4.30) and illustrated in Figure 4-26.

e, =k (@, +5)/s (4.30)

Where, k is the noise floor, and wr represents the corner angular frequency.

Op-amp input noise density spectrum
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Figure 4-26 The 1/f characteristic of the op-amp input noise spectrum

Another common noise source is the thermal noise of the resistor. It is also called

Johnson—Nyquist noise. It is related to the resistor value and the junction temperature.

Equation (4.31) describes it clearly:

e = JAKTR, (4.31)

Where K is the Boltzmann’s constant (1.38x10-23J/K) and T is the absolute temper-

ature in Kelvin.

184



4.4 - Preamplifier circuit theory

4.4.4.2 The current amplifier circuit’s noise model

After identifying the common noise source that is related to the preamplifier circuit, we

can construct a noise model for the current amplifier circuit as shown in Figure 4-27.

Cs

[

I

Rf €nr
NN—

Any photodiode

Noiseless Amplifier

eno

= Amplifier with noise

I+ is shorted to ground by
the external connection.

Figure 4-27 The noise model of the current amplifier circuit
Note, as the non-inverting input is connected to ground externally. Its associated cur-

rent noise is shorted, so its noise can be skipped from the analysis.

For a linear circuit with multiple uncorrelated noise sources, superposition theory can
be applied. The method is to analyse each noise source contribution individually and

combine all the contributions by root square sum to form the total noise contribution.

Under superposition, the analysis starts with one noise source with all the other
sources removed following the principle that the voltage source is replaced with a short
circuit and the current source is replaced with an open circuit. From the simplified cir-
cuit, the contribution to the output signal from the one noise source can be worked out.
The steps are repeated until all the noise sources are processed. Lastly, calculate the

root square sum of all the contributions to get the total noise contribution.
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The noise source is generally presented in spectral density. To get the output RMS

noise, we need to evaluate the integral:

Ae,| df (4.32)

E)120 :J.

0

where, an is the gain of the circuit for the noise under study, en is the noise spectral
density and Eno is the output RMS noise for the given bandwidth or full spectrum if we

integrate from 0 to +.

With all the theory preparation ready, below is the application of the noise analysis on

our current amplifier circuit.

4.4.4.2.1 The feedback resistor thermal noise: enr

This is the noise related to the feedback resistor. Since, for the photodiode trans-im-
pedance circuit, this resistance provides the gain of converting the current signal to
voltage signal, a high resistance is generally desired to achieve high gain. The side
effect is the increased thermal noise associated with high resistance. Therefore, the
choice of this feedback resistor is a balance between sufficient gain and reasonable

noise.

Using the method from the superposition theory, we can update the noise model to:
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€noR

= Amplifier with noise

In+ is shorted to ground by
the external connection.

Figure 4-28 The noise model for enr noise source

Since the inverting input is held at virtual ground, we can get
=e, (4.33)
Further with Eq. (4.31),

€, =€ =|4KTR, (4.34)

Then exercise the integral (4.32) to calculate its output RMS noise. As thermal noise
is frequency independent “white” noise, the circuit bandwidth (BW) is the up limit of
the integral. For this application, BWtis limited by the pole created by Crand Rs. Finally,

Enor is worked out as:

E,. =~2KTR,zBW, (4.35)

where BW,=1/2zR,C,
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4.4.4.2.2 The op-amp input current noise: in;

The op-amp input current noise converts to an output voltage noise through the feed-
back network of Ct and Ry, see Figure 4-29. If we define the total impedance of the

network as Zs, the output voltage noise enoi can be described as:
(4.36)
where Z, =R, //C, =R, [(1+5R,C,).

Cs

I—

Any photodiode

Noiseless Amplifier

= Amplifier with noise

I+ is shorted to ground by
the external connection.

Figure 4-29 The noise model for ini noise source

Then update Eq. (4.36) with the definition of Zr and ini (4.30),

. - Rf " (a)f+s)
hoi (1+SRfo) 1 S

(4.37)

Work out its magnitude expression as required by the integration (4.32),

188



4.4 - Preamplifier circuit theory

. |= Rf " (a)f+s)
(1+sR,C,) s
R +
I |kl. (@, +5) (4.38)
(1+sR,C,)| s

=R, : : -ki4/l+(£)2
"\N1+Q2zR,C)) f

Unfortunately, this equation is too complex for the direct integration to get an analytic
solution. The approach is to use numerical technique to approximate it. MATLAB is
the ideal tool to do this. From the plot of the approximate frequency spectrum (Figure

4-30), we can get a quick view of the shape of the spectrum of enoi in comparison to

.
ini and Zs.
Output voltage noise density spectrum from op-amp input current noise
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Figure 4-30 The MATLAB plots of the enoi , Zr and ini frequency response spectrum
From the spectrum plot, it is noted the curve of enoi is modulated by a few basic curves

(in this case, ini and Zs). This suggests a way to simplify the complex curve. That is to
break the curve into a few frequency bands. At each band, use the dominant basic

curve to represent the final curve.

The curve of enoi can be divided into three frequency bands. Each band is treated

separately in detail.

In band 1, where f<ft, the ini's 1/f characteristic is dominant and the Zs is at the flat

region. So enoi can be simplified to
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Sy
=R -k [|[2L 4.39
k7 (4.39)

In band 2, where f>fr and f<fswt, ini reaches its flat plateau noise floor and Zs is still at

e

noi

its flat region. Then enoi can be simplified to

e

noi

= Rk, (4.40)

1

In band 3, where f>fsw, ini stays in the flat noise floor and Zs starts rolling off at

20dB/decade. Then enoi can be simplified to:

enoi

1 Sow
=R -k, ~ R k- —= (4.41)
/ \/ 1+Q27fR,C,) o

Then do the integration with An = 1.

In band 1,

A

n enoil

B =4, el df

Sy f
= [ (&, -k,-\/z)zdf
doi ! (4.42)

S
/ 5 ff
= | (R,k) (=)d

0.01

= (R, k)* f,(In(f,)~In(0.01))

Here, the integration starts from 0.01Hz to avoid 0 as In(0) is infinite. This is a theoret-

ically unsolved problem in 1/f noise.

In band 2,
Sow,
Enoi22 = J (Rf kz)zdf
7 (4.43)
= (Rfki)z(me _ff)
In band 3,
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Jow, .2

J Rk, -
,BIW,( ; 2O\ gf
1 1
=(R k. H(——
(R fo V' (——+ me) 0.0

1
= (R k, BW, (—
(/,f,)Q&W)

= (Rfki)szW,

Finally, Enoi is acquired by combining result (4.42), (4.43) and (4.44) in root square

sum as:

+E?

noi3

E, =\E* ,+E

noil noi2

(4.45)

4.4.4.2.3 The op-amp input voltage noise: en,

env is the op-amp input voltage noise. Using superposition, the noise model is updated
to Figure 4-31.

Ct

I

Any photodiode

Noiseless Amplifier

enov

= Amplifier with noise

I+ is shorted to ground by
the external connection.

Figure 4-31 The noise model for env noise source
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Similarly, the first step is to work out the theoretical solution for enov. Due to the exist-
ence of env, the inverting input is not at “virtual ground” potential any more. So, the
effect of the photodiode input capacitance and resistance has to be considered. Using

Kirchhoff’s circuit law, we can construct three equations:

e, =V, =V (4.46)
enov = (0 - vl) ’ AOL = _leOL (447)
v, =e,, —2 (4.48)

Zf + ZD

where Aol is the op-amp open loop gain, Zp is the total impedance of the photodiode
(Rd//Cd) and Zs is the total impedance of the feedback loop (Rf//Cf).

After combining the three equations by removing v2 and v1, the relationship between
enov and env is derived as:
AOL

e =e ~—————
nov nv
1+ 4,8

4.49

B 1+
Ao B

Where B is the feedback factor. For the updated circuit as Figure 4-31, its reciprocal

can be worked out as:

F “ (4.50)
~ +Rf(1+SRDCD) '
~ R,(1+sR,C))
From Eq. (4.49), An can be defined as:
1 1
4, = () (4.51)
B I+

Ao

The reason to write An in this way is to allow the reader to compare it to Eq. (4.18).

The two are very similar.

Eq. (4.30) can be rewritten for eny as:
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(@, +s)

(4.52)

N

Here wr represents the corner angular frequency in env noise spectrum. Note it has
different value to the corner angular frequency in ini expression, but the same symbol
is used in Eq. (4.30) to unify the formula.

With An and env both defined by Eq. (4.51) and (4.52), the integral (4.32) can be called

again. The result is the final equation for Enov

Ly (4.53)

E [l
B 1+
Ao

nov

S X

Now this again is very hard to solve analytically, so similar approach used for Enoi is
taken. Figure 4-32 is the spectrum of the approximated frequency response calculated
by MATLAB.

Op-amp cutput noise density spectrum
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Figure 4-32 The MATLAB approximation of the enov , Act, AoL and 1/8 frequency response spectrum
In Figure 4-32, the green line is enov frequency response. It is shaped by the 1/f char-

acteristic at the initial low frequency (band 1), then it stays constant at kv noise floor
(band 2), then it follows the 1/B curve (band 3), then it is plateaued shortly as 1/p curve
is plateaued due to the feedback capacitor Cs (band 4) and lastly it is rolling off together
with the AoL (band 5).

As the plot suggests, enov curve can be divided into five frequency bands. In each

band, a simpler and dominant curve can be used to approximate the enov Curve.
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In band 1, for frequency up to ff, since 1/ = 1 and AoL>>1, it is reasonable to assume

4 ~1.

As f << f, env magnitude can be closely approximated as:

Then, run the integration to get the output noise in rms for band 1 as enov1:

(note: below section quotes enov2 for band 2, enovs for band 3, etc.)

Jy
2
Enovl - j

0
Sy

=I 2 df
0

f;

i ffz
=\ (k [—)d
!(v,/f) if

f
_ S
—kv£7df

I
0

Ade I df

n-nv

e}’lV

=kv2ff In(

(4.54)

(4.55)

Again, there is a problem of dividing by zero. The practical solution is to use a very

low frequency f1 = 0.01 to replace the zero. Hence, the final equation is derived as

Ir

1

Er?uvl = k\?f;‘ ln(

(4.56)

In band 2, for frequency between fr and fz, env falls to its floor kv. The 1/ and Aol

hasn’t changed, so An is still close to 1. Then Enovz is:
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nov2 I| n nv

2

k

v

df (4.57)
=k (fzf 1)
where [, =1/2zR (C,+C;)

In band 3, for frequency between fz and fpr, env remains at floor kv. 1/8 curve now
becomes dominant and Ao is still flat, so An is revised to 4, * 1/ . Enovs is derived in

detail below:

nov3 I

jp/

—I

HﬂV

(4.58)

l+sR C,

) af

}
1y
Rewrite Eq.(4.58) using fzr and fyr, where [, =1/2zR,(C,+C,) and f,=1/2zR,C,

1+ /”/nf,

D

fp/

E}fov?a (459)
fzf Aﬂ- o ‘
Since Rp >> Ry, f<<fyr and f>>fz, Eq. (4.59) can be further simplified to
fﬂf 2
E:av?& kv ’ J. L df
A (4.60)
k(=1
A

In band 4, for frequency between fpr and fi (where 1/B intercepts to AoL), An continues
to follow the 1/B curve, which reaches a plateau. env remains at its floor kv. Enov4 can

be derived similar to Enova:

195



4.4 - Preamplifier circuit theory

Ji
Er120v4 = I Anenv ’ df
Tor
f 2
¢ |1 2
= [ k[ ar (4.61)
i \B
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R 2
(1+ /)+%
R, 27Z'fzf i
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pf

As f>>fyr, R>>Rp and f>>fz, Eq. (4.61) can further be simplified to

2
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/ :
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S

o { et o

df (4.62)

af

k

v

where f,=f.C,/(C,+C,) and [, =1/27R,C,

In band 5, for frequency between fi and fc, An starts rolling off with the AoL. env remains
at the floor kv. For AoL up to fc, there is only one pole, after which AoL starts rolling off
at 20dB/decade until fc, which is the op-amp unit-gain crossover frequency. So, the

slope part of the AoL can be presented as:

f
4, |=Le (4.63)

Now we do the same integral for Enovs:
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Finally, we have worked out all the five bands of Enov. The root square sum of them

can provide the total Enov as:

+E?

novSs

+E?

nové

+E?

nov3

E,, =AE, +E

nov?2

(4.65)

4.4.4.2.4 The total preamplifier circuit noise

After establishing individual noise source’s contribution to the output noise and given
they are independent to each other, their contributions can be combined with root

square sum to get the total output noise as

E, =\E  +E +E (4.66)

noi noe

4.4.4.3 Other simplified noise model for Transimpedance Amplifiers (TIA)

A technical note [137] from Tl summarized one simpler formula for estimating the cir-
cuit noise for the application of TIA with photodiode. Figure 4-33 shows the noise
model with the op-amp input voltage noise and feedback resistor thermal noise both
converted into the input current noise. Combined with the op-amp input current noise,

all three noise sources merge into one single equivalent input current noise ini.
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Figure 4-33 The noise model for the TIA with photodiode

The expression for ini is defined as:

2
i _\/iz+(e_n)2+4kT+(en27Tf-3d3Cuv) (4.67)

" R, R, 3
Where:

in=inverting input spot current noise

4KT = 16.4 x 10-2'J at room temperature
Rr= feedback resistor

en= non-inverting input spot voltage noise
Cin= Total inverting input total capacitance

f.3d8= noise integration frequency limit

We haven’t compared the effectiveness of this simplified noise model to our compre-

hensive noise model. This can be left for future study.

4.4.5 Time domain signal analysis

The frequency domain analysis is very useful to study the circuit stability and noise
performance. The frequency domain analysis has wider coverage, and it is commonly
used as the standard approach for checking circuit stability. However, all the circuit
signal observed in real life are presented in the time domain. For example, the oscil-

loscope capture of the preamplifier output signal is in the time domain. Therefore, it
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4.4 - Preamplifier circuit theory

has practical benefit to carry out time domain signal analysis. The analytic output sig-
nal waveform can be directly checked against the oscilloscope capture from a real

circuit.

The time domain analysis is generally more complicated, but it provides new insight
of the circuit performance. For charge preamplifier circuit, the impact of the input ca-
pacitance on the output signal is particularly of interest. And this can be revealed by

time domain analysis.

First is to re-arrange the current feedback amplifier circuit as in Figure 4-34.

. Cs
S|
Qn il
\'\I R|N fin in Rf
VN - _\\
CIN AOL L O
/]/ T Vo Qour
o * o)

Figure 4-34 The simplified current feedback circuit for the time-domain analysis

Here the output of the SiPM is considered as a group of charge Qin (electrons cloud
in very short duration). Cin is the combination of SiPM capacitance and the line para-
sitic capacitance. Rin is the combination of line resistance and any part of the series
resistance inside the SiPM that is limiting the discharge current in. The Cin and Rin

can be linked to the parameters defined in 4.2, but it is not very straightforward.

The physical process of the event can be described as: once avalanche occurred, the
group of charge Q\ is released into the input capacitance Cin in a very short period.
Then Cin is discharged through Rin at the rate of in. This i further charges up Cr. As
Cr charges up, Vo rises. At last, the charge distribution between Cin and Cr will reach
a balance, when Vo reaches the peak. It is important to understand Cin will retain some
charge and only the charge being transferred to Cs will contribute to the preamplifier
output signal. The maximum possible charge transferred to Cris half of the total charge
and this occurs when Cgis equal to Cin. After reaching Vo peak, the discharging of Cs

through R becomes dominant and as a result Vo starts falling.
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Point A in Figure 4-34 is the virtual ground. Use Kirchhoff’'s law at point A:

Iy +i+i,=0

(4.68)

Where, i is the discharge current from Cin, ic is the current through Cr and ir is the

current through Rr. Note these three currents are all dynamic in time, but their sum at

point A must be zero at any time.

iR can be described as:

i _Y _ 40 _40
R
R, C/R, 7,
ic can be described as:
l' =dq0
< ar

iNn can be described as the discharge current of a capacitor through a resistor:

. _ Q[N —t/Ty
lIN =—e
Ty

Where 7,y =R, C)y and -, =g, C,
Substitute (4.69),(4.70) and (4.71) into (4.68) and rearrange:

%+q_0 = _%e’t”nv

a7, Ty

This is a first order linear differential equation of form:

dy
— 4+ —
oy =a

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

The solution is found by multiplying an integrating factor I(x):efp(x)dx at both side of

the equation, and then the solution is derived as:

II(x)q(x)dx+C
1(x)

y:

From (4.72), the integrating factor /() is worked out as

I(t)= ej%fdz = e%’
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Multiply the /(f) across (4.72), and follow the standard process of solving the first order

linear differential equation, we can derive:

e%/’ -%+e%” _&:_&e%m _e%/'
t T

r Tiv

J.(e%’ -qo)'dtzj.—&e%’“’ -e%’dt
0 0 T]N

t
_ Q[N . 1 el.(%/ 7%1]\/)
%(}/7V)
Ty /T
TNy
o TIN _ Tf

t
e%’ -q,+k=

0

INTr 1

Here k is a constant. To solve k, an initial condition ¢,(0)=0is introduced. It is very

simple to derive that £ =0. Then continue the above solution:

t Q T t(ﬂ)
e%’ g, +0=—" L e T ]

o T]N _ Tf

Q T t(ﬂ) _/ _/
g, =L o (4.76)
T[N - Tf
) - _ QIN ' Tf e%m _e%f :|

v =Ty

Equation (4.76) is quite significant. It describes the output charge waveform in the time

domain. To find out the output voltage waveform, simply divide Eq. (4.76) by Cr. Re-

member, Qv is defined in Eq. (4.1).

The current amplier output charge waveform
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(b)
Figure 4-35 (a) the calculated output waveform in the time domain for the current feedback amplifier circuit with a
SiPM; (b)the oscilloscope captures of a real SiPM preamplifier output waveform.
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Figure 4-35 shows the output waveform (a) calculated from Eq. (4.76) in comparison

of a real SiPM preamplifier output (b).

The theoretical output waveform has the same characteristics as the real waveform
with a very sharp rise time and a slow and exponential decay time. Note the different
polarity is because in real circuit, SiPM is negatively biased to make the preamplifier
output a positive pulse. This is to tackle the 180deg phase shift introduced by the
preamplifier circuit. And generally, a positive pulse is preferred for circuit processing
and the later stage analogue to digital conversion. This polarity difference doesn’t af-

fect the discussion here.

Further, the time for the peak qo can be worked out from the fact that the derivative of

the waveform is zero at the peak as dg, /dt =0.

The derivation process of Eq. (4.76) is skipped and the result is directly given as:

T,
ln(?) TpTyy
tpeak = — (477)
(T, —7p)

4.5 Development of the preamplifier board

4.5.1 Schematic capture

With all the theory established, we are ready to engineer an actual preamplifier board.
The Electronic Design Automation (EDA) tool that was chosen for the schematic cap-
ture and board layout is DesignSpark [138] from RSComponents. It is simple and free
to use, which is ideal to create a fast turn-around prototype. One good feature of this
tool is its seamless link to the RSComponents’ product database. This not only pro-
vides the access to a very large electronic components library, but also makes the
process of generating the bill of material a simple click. This EDA tool also has a grow-
ing large community, where extra component libraries can be sourced. Even for those
components that still can’t be found, it is quite straight-forward to build a customized
component with the built-in utility. Of course, this is a relatively basic EDA tool and for
more advanced projects, other large commercial EDA tools like DxDesigners from

MentorGraphics, SolidWorks PCB etc. can provide much more functionality.
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4.5 - Development of the preamplifier board

We chose the current amplifier circuit shown in Figure 4-1 as the base form of our
preamplifier board. The work focuses on selecting the wideband op-amp(IC1) and de-
termining the right feedback resistor (R1) and capacitor(C3) for the selected SiPM

model.
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Figure 4-36 Schematic of the pre-amp board
R2 and C12, C11 filters the Vgias supply voltage for the SiPM. The SiPM is biased

negatively at the anode and its cathode is directly connected to the inverting input of
the op-amp (IC1). This is explained before as the need to compensate the 180deg
phase shift. The non-inverting input of the op-amp is connected to ground (0V) via a
49.90hm resistor R4. R4 aims to counter balance the input bias current impact at the
inverting input. R3 sets the op-amp output impedance at 50ohm (49.90hm is just an
engineer practical value which is close enough to 50ohm), which allows the imped-
ance matching with the common 50-ohm co-axial cable that takes the signal to the
next stage. The op-amp is biased with +2.5V. The output of the op-amp is limited to
its supply voltage. Hence, the selection of the supply voltage is to match the input
range of DRS4 data processing module that we use as the next stage processing.

The choice of the op-amp and the feedback network value will be discussed in detail

in 4.5.4.

4.5.2 PCB layout

Once the schematic is complete, the next step is the layout of PCB, shown in Figure

4-37 (a). The PCB profile is set to match an existing PCB mechanic holder. The PCB
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design opts for a four-layer solution to comfortably route all the tracks with one layer
dedicated to the ground plane. For high speed application, it is vital to have at least
one ground plane. Layer 1 (top) is for mounting the SiPM sensor only. The remaining
space shall be kept clear to avoid clashing with the mechanical holder. Layer 2 is set
to a ground plane (not shown). Layer 3 is for signal and power tracks (coloured in
cyan). And Layer 4(bottom, coloured in red) is for fitting all the remaining circuit com-

ponents and for some signal/power tracks.

One nice feature of DesignSpark is the integration of the 3D view tool. RSComponents
provide 3D models for many popular components. If the component’s 3D model is not
available, by setting the component height parameter, the tool will just visualize the
part as a cube to represent its volume. This is very useful to check for any potential
confliction when the PCB is integrated into the mechanical holder. Figure 4-37 (b)
shows the 3D view of the bottom side of the PCB.

OnlEiin

PL1

(a) (b)
Figure 4-37 (a) The PCB layout of the pre-amp board; (b) the PCB 3D show

4.5.3 PCB manufacturing

Two versions of PCB have been manufactured. Version 1 was manufactured with
common PCB material FR4 and version 2 was changed to the special RF material
RO4350B. Compared to FR4, RO4350B has a lower dielectric constant. This is key
for high frequency performance, because the low dielectric constant can reduce the

parasitic capacitance formed between any PCB conducting surface e.g. tracks, planes,
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chassis. Despite their very small value (usually at the order of few pf or even less),
these parasitic capacitors can play a key role in altering the circuit signal path at very
high frequency (say above a few hundred MHz, the impact starts surfacing.). For many
circuit applications, the schematic is only a part of the design. The layout and the se-
lection of PCB material are also crucial to the circuit performance. The latter is to en-
sure the signal travels through the designed path as the schematic specifies across

the frequency spectrum of interest.

RO4305B material also exhibits other benefits such as better thermal stability. Its ther-
mal coefficient of expansion (CTE) is closer to that of copper, which reduces the mis-
match of the thermal expansion of the two material under extreme temperature envi-
ronment. For space application where extreme temperature cycle is expected to ex-
perience often, two contacting material with very close CTE is important to minimize

the structure failure caused by the CTE mismatch.

The PCB is manufactured by PCB-POOL, from Beta-layout. This company is famous
for low cost and quick turn-around for PCB prototype. Figure 4-38 shows the manu-

factured PCB of prototype v1 and its bottom view post fitting.

(b)
Figure 4-38 (a) The blank v1 PCB; (b) the populated v1 PCB bottom view
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4.5.4 Key component selection

The preamplifier circuit is relatively simple. The key to the superb performance is to
understand the principle of operation and the theory of the noise model. Based on
such knowledge, the right op-amp can be selected. Table 4-3 shows the comparison
of system noise with different commercial op-amps.

Table 4-3 System Noise Calculation with different op-amps

Parameter LMH66 THS43 MAX42 LTC62 Unit

29 04 23 68-10

SiPM — S13360-1325CS

Device capacitance (Cg) 43.22 43.22 43.22 43.22 43.22 pF
Number of pixels 2668 2668 2668 2668 2668 #
Grid capacitance per pixel 16.20 16.20 16.20 16.20 16.20 fF

Parasitic capacitance of pixel quenching 18.29 18.29 18.29 18.29 18.29 fF
resistor (Cq)

Diode junction capacitance per pixel (Ca) 6.29 6.29 6.29 6.29 6.29 fF
Total SiPM output capacitance per pixel 40.78 40.78 40.78 40.78 40.78 fF
Pixel quenching resistor (Rq) 1600 1600 1600 1600 1600 kQ

Circuit Setting

Feedback resistor (Ry) 4.99 4.99 4.99 4.99 4.99 kQ
Feedback capacitor (Cs) 0.60 0.60 0.60 0.60 0.60 pF
Op-am

Opamp input capacitance 4 15 0.8 3.6 0.1 pF
Current noise floor (ki) 2.5 1 3 30 12 pA/NHz
Current noise corner (fr i) 200 2000 10 5 200 kHz
Voltage noise floor (kv) 0.7 24 2 0.8 4 nV/AHz
Voltage noise corner (f;_v) 10 30 10 20 500 kHz
Open-loop unit gain cross point fre- 4000 1000 1000 1500 4000 MHz
quency (fc)

Circuit Characteristics
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Parameter LMH66 THS43 MAX42 LTC62 Unit
29 04 23 68-10

Total input capacitance (Cp) 44.78 42.28 41.58 44.38 40.88 pF

Circuit Bandwidth (BW) 53.16 53.16 53.16 53.16  53.16 MHz

Circuit first zero frequency (fz) 0.70 0.74 0.76 0.71 0.77 MHz

Circuit first pole frequency (fpr) 53.16 53.16 53.16 53.16  53.16 MHz

Circuit peaking point frequency (fi) 52.89 13.99 14.22 20.01 57.86 MHz

Thermal noise

Boltzmann constant 1.4E-23 1.4E-23 1.4E-23 1.4E- 1.4E- J/k

23 23
T at ambient 298 298 298 298 298 k
Thermal noise (EnoR) 82.81 82.81 82.81 82.81 82.81 uVrms

Input Current Noise

Band 1 noise (Enoi1) 22.87 30.85 5.56 38.35 109.80 uVrms
Band 2 noise (Enoi2) 90.78 35.69 109.14 1091.4 435.76 uVrms
Band 3 noise (Enois) 90.95 36.38 109.15 1091.4 436.58 uVrms
Total input current noise (Enoi) 130.53 59.58 154.45 15439 626.54 uVrms

Input Voltage Noise

Band 1 noise (Enov1) 0.26 1.61 0.74 0.43 11.91 uVrms
Band 2 noise (Enov2) 0.58 2.03 1.73 0.66 2.07 uVrms
Band 3 noise (Enovs) 222.86 721.99 591.84 25245 1164.0 uVrms
Band 4 noise (Enova) 0.00 0.00 0.00 0.00 599.63 uVrms
Band 5 noise (Enovs) 382.46  637.09 52649  266.47 2088.2 uVrms
Total input voltage noise (Enov) 442.65 962.89 792.13 367.06 2464.8 uVrms
Output

Total circuit noise at output 468.87 968.28 811.28 1589.2 25445 uVrms

Note:

LTC6268-10 and MAX4223 are current-feedback op-amp, which has different current noise character-

istic curve than that of the voltage-feedback op-amp, which are the case for the other three.
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This table is designed into eight sections. The first two sections are the characteristics
of the SiPM device S13360-1325CS and the circuit setting for Rf and Cr. These are
fixed once selected and kept unchanged for the comparison of op-amps. The third
section is the characteristics of op-amps. The data is quoted from the manufacturer’s
datasheet. However, for the current and voltage noise spectrum, most datasheets only
publish a plot. So, that data is extracted from the plot by sight reading with limited
accuracy. With the information from the top three sections, the circuit characteristics
then can be calculated with results in the fourth section. Note here Cp refers to the
total input capacitance, which is the sum of the SiPM output capacitance and the op-
amp input capacitance. In a real circuit, the PCB parasitic capacitance will also con-
tribute to this sum. The next three sections calculate three dominant noise sources

using the equations developed in 4.4 .4.

From the comparison, LMHG6629 seems to be the best choice for its lowest total noise.

4.5.5 Electric bench test result

Theoretical calculation provides a direction of component choice. But it cannot replace
the real circuit test. So, we have tried all the op-amps under comparison for our circuit.
Here, the initial result with op-amp LMH6629 and SiPM S13360-1325CS is presented
in Figure 4-39 and Figure 4-40.
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Figure 4-39 Oscilloscope capture of a single dark count pulse with LED off. The oscilloscope is set to persistent
mode.
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Figure 4-40 Oscilloscope capture of multiple photons events with LED on. The oscilloscope is set to persistent
mode.

The preamplifier output captured directly by the oscilloscope is very clean and smooth.
The peaks of different p.e. signal in Figure 4-40 are clearly separated. This suggests

the preamplifier circuit preserves the SiPM signal waveform very well while amplifying
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it. There is a small ringing after the leading primary pulse. The amplitude of the ringing
increases as the primary pulse amplitude increases. This suggests the control loop is
a bit underdamped. A little bit higher feedback capacitance can help to improve the

damping.

In the multiple photon events plot (Figure 4-40), the pulse peaks correspond to differ-
ent number of triggered pixels. If the peaks are plotted in a linear chart, a straight line
is presented as shown in Figure 4-41. This line can be fit with a first order polynomial.
The slope of that is the gain of the preamplifier circuit and the SiPM together in unit
mV/pixel. The y-axis zero crossing value of the fit is the preamplifier circuit DC offset,

which is a constant output signal level when the input signal is zero.

More about the preamplifier circuit performance (including the SiPM) analysis can be
found in Chapter 5 and Chapter 6.

No of fired pixel vs Output Signal Peak
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Figure 4-41 The plot of preamplifier circuit output pulse peak vs the number of firing pixels from the prototype

4.6 The selection of SiPM and its radiation hardness

At the early stage of this research project, we conducted a market survey of SiPM
sensor covering the manufacturer, typical product number, and the sensor parameters.
The aim is to build an overview of SiPM available on the market and the status of
mainstream performance. This survey is presented in Appendix G. This survey was
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done in 2015 and the market offer has progressed significantly since, therefore, some

data might be out of date.

Follow the MPPC technique note from Hamamatsu [139], we calculate the perfor-
mance of four Hamamatsu SiPMs as presented in Table 4-4.

Table 4-4 Comparison of four Hamamatsu SiPMs

MPPC comparison S$12572- S$12572- S$13360- S13360-

010C 015C 025C 050C
Pixel size 10u 15u 25u 50u
MPPC terminal capaci- 320 320 320 320 pF
tance
Npixel 90000 40000 14400 3600
Pixel capacitance 0.0036 0.0080 0.0222 0.0889 pF
Pixel quench resistor 1000 1000 300 150 kohm
Recovery time 16.4 36.8 30.7 61.4 ns
PDE 0.1 0.25 0.25 0.4
Dark current 1000 1000 400 500 kcps
ton)
Nfired 3899 8820 7191 3557
Pulse width 42.0 42.0 42.0 42.0 ns
Dark count per ns 0.0010 0.0010 0.0004 0.0005
S/N ratio 62.4 93.9 84.8 59.6
Non-Linearity 2.2 11.5 27.8 7.7 %
Bandwidth 44.76 19.89 23.87 11.94 MHz
f = 1/recovery time 61.07 27.14 32.57 16.29 MHz

The yellow section is the electrical parameters of each SiPM. The blue cell is an as-
sumed scintillator photon emission and it is kept the same for all the four SiPM for
comparison. Then we use the formula in the MPPC technical note to calculate the
expected number of fired pixels, the S/N ratio and the non-linearity. We can find that
the pixel number of the SiPM shall be selected to maintain a good linearity at the target
maximum scintillation photon. The increasing pixel number comes at the cost of in-
creasing dark count rate. This will reduce the signal to noise ratio. The calculation
shows that S12572-015C is the best choice which balances the linearity and S/N ratio

well for the assumed scintillation photon.

Common to other silicon based electronic device, SiPM is sensitive to radiation dam-
age. The most sensitive parameters are dark count rate. Other parameters like signal
amplitude and shape, I-V curve shape, timing (timing resolution, rise and fall time) are
relatively stable after mild exposure e.g. 30krad dose. This level of radiation hardness

is sufficient for near-Earth orbit environment for a 2-3 year mission.
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4.7 - Conclusion and future work

We don’t expand the discussion here. More details can be found in these publica-
tions: [140][141][142].

4.7 Conclusion and future work

A complete preamplifier circuit development from theory to realization is covered in
this chapter. Though the SiPM signal is relatively large due to the amplification pro-
vided by the avalanche process, the preamplifier circuit still needs to be carefully de-
signed to achieve the targets: (1) good signal to noise ratio, (2) good stability and (3)

enough bandwidth to keep the original signal not distorted.

The theory study in this chapter can help to guide the real circuit design and reduce

the number of try-and-error practices.

Two types of preamplifier circuit (voltage and current) are introduced and compared
with small signal analysis. We found the current preamplifier circuit had better band-

width with the same circuit setting.

The stability analysis shows the importance of phase compensation technique to sta-

bilize the preamplifier circuit.

Focussing on the current preamplifier circuit, we constructed a noise model of the cir-
cuit. Three major noise sources feedback resistor thermal noise, op-amp input current
noise and input voltage noise are identified and their spectrum distribution are ana-
lysed. The total noise projected to the preamplifier output are the square root sum of

all the individual noise projected independently.

We also derived the equations for the time domain analysis. This is very useful to help
to understand the output waveform profile and its timing. This analysis also proves the
rising edge and falling edge of the output is associated with the two time constants

formed by the SiPM and preamopilifier circuit together.

Lastly, we designed and built a preamplifier circuit board. We used the knowledge built
in the theory study to calculate and select the proper op-amp for the chosen SiPM.
The initial test with an oscilloscope directly connected to the preamplifier board output
shows good system linearity. More system characterization with more advanced DRS4

module as the next stage data sampling and digitizing will be discussed in Chapter 6.
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For future work, more advanced preamplifier with temperature monitor and bias volt-
age compensation can be added. The preamplifier can be integrated with the SiPM
coupling to the scintillator detector or centralized into a mother board located nearby.

The choice shall be application dependant.
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Chapter 5 Signal Processing

5.1 Introduction

The last chapter introduced the electronic design of the preamplifier board as the first
stage of the readout electronics. The remaining stages of the readout electronics is
made up of a discrete electronic module called the DRS4 module from PSI[143].
Later, we also refer the preamplifier circuit plus the DRS4 module as the readout

system. More about the full readout system is covered in Chapter 6.

The output of the readout system is a waveform in digital format, like the oscillo-
scope capture. This chapter will discuss about the data processing of this waveform.
A series of Python scripts are developed to batch process the waveforms and to ac-
quire the parameters like the peak, charge, duration, rise time of the waveform.

These are presented in 5.4.

During the analysis of the digital waveform, a phenomenon called signal pile-up is
often observed. This occurs when two consecutive signals are too close to each other.
This led to some research into how to tackle this issue with a data processing algorithm.
The adopted algorithms are Deconvolution and Wiener filter. This is discussed in depth
in 5.3.
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5.2 - Typical digital waveform of the SiPM readout system

5.2 Typical digital waveform of the SiPM readout system

The output of the SiPM photon sensor is a very short pulse with extreme fast rising
and falling time (depends on the SiPM design, the falling time can be almost as fast
as the rising time.) This pulse is amplified by the preamplifier circuit board, but the
pulse waveform shape is largely conserved, except both rising time and falling time
are extended with falling time extending more significantly. This amplified pulse
waveform is sampled and digitized by the DRS4 module. The data is transferred to a
PC where it becomes available for display and further processing. Figure 5-1 shows
a typical amplified pulse waveform sampled at 5GHz frequency. When one pixel is
triggered, its output pulse is called 1p.e. signal (p.e. is short of photoelectron, which
is commonly used as a unit for SiPM pixel event.). The pulse for two-pixel event is
called 2p.e. and so on. The number not only indicates how many pixels are trig-
gered, but also suggests the amplitude of the pulse peak as that is linearly propor-

tional to the number of pixels within the readout system dynamic range.

MPPC_characteristic/s13360-1325 _56v5_led_off

0.0200 A
No 7
0.0175 -
0.0150 A
0.0125 -

0.0100 A

Signal(V)

0.0075 A
0.0050 A

0.0025 A

0.0000 AMM

0 25 50 75 100 125 150 175 200
Time(ns)

Figure 5-1 A typical amplified SiPM pulse waveform for a 1p.e. signal.
But some events will look like Figure 5-2, where two pulses occur so close that their
pulse waveforms overlap with each other. This phenomenon is called pulse pile-up.
Pile-up on SiPM sensor is quite common due to its design. A SiPM has a matrix of

pixels. Each pixel operates independently with its own bias voltage electrode, quench-
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5.2 - Typical digital waveform of the SiPM readout system

ing resistor and the photon-sensitive p-n junction. But the output of each pixel is elec-
trically connected together to form one single output. This creates a problem that if the
second pixel is firing while the first pixel event is not completed, the two signals will
pile-up.

There could be many causes for the second pixel occurring immediately after the first
pixel. One cause is the incident photon flux is too high, i.e. under a strong light source.
Another cause could be the after-pulse signal, which is triggered by the delayed elec-
tron in the trapping centre or defect of the silicon. Another cause could be the coinci-
dence with a self-generated thermal triggered dark count signal. This occurs by

chance and the probability is very low.

The preamplifier circuit extends the pulse duration due to the inevitable delay intro-
duced by the circuit. This makes the pile-up situation worse. Therefore, the preampli-

fier circuit is desired to be as fast as possible from this point of view.

Figure 5-2 shows an example of two pulses piling up. From the plot, it suggests that

the second pulse is not necessarily smaller than the first pulse.

MPPC_characteristic/s13360-1325_56v5_led_off

No 8
0.020 4
0.015 H
>
©
)
A 0.010 H
0.005 +
0.000 - WM

0 25 50 75 100 125 150 175 200
Time(ns)

Figure 5-2 An example of two pulses pile up
The pile-up increases the error in the signal processing. Often, the overlapped multiple
pulses are treated as a single pulse. When the system is operating in counting mode,
this means loss of counts. When the system is in pulse height analysis (PHA) mode,

this makes the peak searching algorithm miss pulses. Figure 5-3 shows an example
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of three peaks with only two peaks are identified. The middle peak is too close to the

leading pulse.

A SIPM response from DISTANCE 4 data 56v5 thrdzmv_2.dat 37
»

0.06

005 4

004 4

m

0.03 -

002 -

001 4

000 = "
0 200 400 £00 800 1000
Nns

Figure 5-3 The example of pulse pile-up causing missing peak search.

There are ways to tackle or relief the pile-up issue at both hardware and software level.
A common hardware method is called CR-RC shaping network[144]. As indicated in
Figure 5-4 (left), this network is typically composed of a high pass filter (CR), a buffer
op-amp and a low pass filter (RC). The function of the buffer is to isolate the CR and
RC network to avoid interaction between them. CR forms a high pass filter, which can
sharpen the long decay time. RC forms a low pass filter, which improves the signal to
noise ratio. The Figure 5-4 (right) shows the signal waveform from input to output. We
can see the prolonged input waveform (green) is reshaped to a gaussian like short

waveform (blue) after the network.

720mV———— V(vout) V(vmid1) Vivmid2)
CR-RC Shaping Network caomv| |
560mV-| -‘f‘;‘h
480mV-| fw‘ Ml
Vin Vmidl Vmid2 R Vout  aoomv- | |

320mv{ | 4}

240mv— ; "x;i\
160mV—| )
80mV—| \k
OmV-{ A\

‘ _80mV—| AN - 7_77_J_,_,;—-""""J_/
-160mV-

T T T T T T T T T
Ons 10ns 20ns 30ns 40ns 50ns 60ns 70ns 80ns 90ns 100ns

R1 Cc2

Figure 5-4 The typical circuit of a CR-RC shaping network (left) and its typical signal waveform (right)
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This method is widely used in nuclear detector application. The CR-RC values can
be adjusted to fit the detector signal characteristics and the flux rate. The big draw-
back of the hardware method is the inflexibility. Once the hardware is manufactured,
it is not possible or very costly to change the CR-RC values. On the other hand, the
dynamic signal flux rate will require more flexible configuration of the CR-RC shaping

network.

This drawback is the advantage of the software-based solution. A popular choice to
mimic the performance of the CR-RC network with a software solution is the Decon-
volution filter and Wiener filter. Deconvolution filter is a variant of high pass digital fil-
ter and Wiener filter is a variant of low pass digital filter. The combination of the two

filters can provide similar signal shaping function as the CR-RC network.
Next section will discuss the Deconvolution filter and Wiener filter in detail.
5.3 Deconvolution and Wiener filter

5.3.1 Background knowledge

It is necessary to prepare some background knowledge first. In signal processing, a
continuous function f(t) in time domain can be transformed into frequency domain by
Fourier Transform (FT) (4.78). Reversely, a function F(w) can be transformed back to

time domain by Inverse Fourier Transform(IFT) (4.79).

F(ow)= :T f (e ™ dt (4.78)
f(t)= 1 T F(w)e™dw (4.79)
2 =,

For discrete signal, the Discrete Fourier Transform(DFT) pairs are defined as:

Nl _izﬂkn
X[k]1=Y x[n]-e " (4.80)
n=0
1 N-1 +i27rkn
dnl=— 3 Xk]-e * (4.81)
k=0

DFT is widely used in the digital signal processing.

Figure 5-5 shows a classic signal processing system.
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Y
Y

X(t) h(t)

y(t)

Figure 5-5 A classic signal processing system.
X(t) represents the input signal, h(t) represents the processing function and y(t) repre-

sents the output signal. All the three functions are prepared in the time domain.

Through Fourier transform defined by equation (4.78), the three functions can be
transformed to frequency domain as X(w), H(w) and Y(w). The system can be ex-

pressed as:
X(w)-H(w)=Y(w) (4.82)
Equivalent but in the time domain, Eq. (4.82) can be rewritten as:
x(@®)*h(@)=y(@) (4.83)

The * operation is called convolution. Mathematically, convolution is defined as:

y(t)= T x(0)h(t—7)dt (4.84)

—00

Equation (4.82) and (4.83) are equivalent in describing a linear system. They are in-

terchangeable through Fourier Transform or Inverse Fourier Transform.

Deconvolution means given the knowledge of h(t) and y(t), find the solution of x(t). The

basic approach is:

1. Compute the Fourier transform of h(t) to get H(w) and of y(t) to get Y(w).
2. Obtain X(w) from X(w)=Y(w)/ H(w).

3. Compute the Inverse Fourier Transform (4.79) of X(w) to get x(t).

This seems very simple and straightforward, but in the real application, quite often we
find y(t) is mixed with noise, and h(t) is difficult to identify. These all make the problem

difficult to solve.

5.3.2 Deconvolution filter

The SiPM readout system that is discussed in Chapter 4 can be constructed to match

the classic system in Figure 5-5 as:
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h(t)
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1 |
Rf |
—A NN/ ¢
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Figure 5-6 Construct the SiPM readout system into the classic signal processing system

Here, the SiPM raw signal is set as the system input x(t), the preamplifier circuit that

processes the input signal is h(t) and the output signal is y(t).

y(t) is known from the measurement result. If h(t) can be found, then x(t) can be derived
following the approach defined previously. It is easier to discuss about this problem
mathematically and in frequency domain. What needs to be found is such a H(w) that

can help to work out the X(w) from

Define H ,(w) = I/H(a)) as the deconvolution filter. So equation (4.85) can be re-

written as:

X(w)=Y(w) H,(w) (4.86)
The way to find Hp(w) is to define a desired X’(t), then estimate h’(t) from some training
data y’(t) as:

X (o)

H,(0)= Y(a))

(4.87)

Then with this acquired deconvolution filter, we can recover the original signal x(t)

using equation (4.86) followed by a IFT.
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5.3 - Deconvolution and Wiener filter

The choice of X'(t) is arbitrary, but a pulse-like function with a smaller pulse width than
the original signal x(t) is a good choice. The widely used X'(t) is Blackman window

function:

0.42—-0.5cos(2xt/ 7,,)+0.08cos(4xt/7,,) (0<t<7,,)

0 (otherwise)

BW (t; Z’BW)={ (4.88)

The parameter 18w determines the width of the Blackman window function. Its value
will affect the time resolution and the signal to noise ratio(S/N) of the filtered waveform

result. More detail about the choice of Tew will be discussed later.

Figure 5-7 shows the Blackman window function in time domain and its frequency

response.

Blackman window Frequency response of Blackman window
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Figure 5-7 Blackman window function waveform in time domain (left) and its frequency response (right)

In real system, noise will be inevitably added into the signal through the processing
function h(t). The Deconvolution filter as a type of high pass filter is quite poor in tempt-
ing the noise. So, another low pass filter is needed to reduce the system noise and
hence compensate for the degradation of signal to noise ratio. The Wiener filter is a

common choice and it often works together with the Deconvolution filter as a pair.

Adding the Deconvolution filter and the Wiener filter, system described in Figure 5-5

can be extended to:
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Input »| Process | »| Output

x(t) h(t) y(t)
Desired Wiener Deconv
X'(t) h(t) ho(t)

Figure 5-8 Extended signal processing system that includes the Deconvolution filter and Wiener filter

The Deconvolution filter and Wiener filter can be cascaded together to form a single
filter Haw (= HaHw) in practice. This can save the computer processing power as only
one FFT and one IFFT calculation is required to switch the combined filter between

time and frequency domain.

5.3.3 Wiener filter

To include both signal and noise item, the input signal can be redefined as

X, () = x, () + x,(2) (4.89)
Then equation (4.83) can be rewritten as:

Yeen ()= (x,(0) + x,(6)) ¥ h(1) (4.90)
Apply the Fourier transform, and Eq. (4.90) becomes:

Y, (0)=[X (0)+ X, (0)] H(w)
=X (0)-H(w)+ X, (0)- H(w) (4.91)
=Y (0)+7, (o)

Apply the Inverse Fourier transform, and Eq. (4.91) becomes:
YVen @) =y,(O)+y,() (4.92)

This suggests the output signal is also composed of two parts: signal and noise. Ac-

cording to Figure 5-8, write the signal processing system equation:
Y. (0)-H,(0)-H, (0)=X" () (4.93)

And assume the Deconvolution filter Ha(w) is perfect, then:
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5.3 - Deconvolution and Wiener filter

Y () -Hp(w) = X (@) (4.94)

Here, Hw(w) is the Wiener filter. To find out what is the best form for this filter, the

judgement criteria is set to achieve the minimum error between x(t) and x’(t).

First define a function L as:
+0 ' 5
L= [|x@)-x@)f di (4.95)

Using Parseval’s theorem, equation (4.95) can be converted from time domain to fre-

quency domain as
1 ¢ 2
L=—o j X (@)~ X ()| dew (4.96)
2w =,
Then expand L with the definition from (4.93) and (4.94) to get:

Y, (@) H,(0)-H, (0)~Y,(0)-Hy(o) do

_—
L:ZL

=i [ (@) + Y, (@) Hy(@)- H, (@)~ Y, (@) Hp (@) do

(4.97)

Since there is no correlation between ys(t) and yn(t) (this means Ys(w)Yb(w)=0), further

re-organize (4.97) into:

L= i [|H (@) [(H, (@)~ DY, (0)+ H ()Y, (o) do
o (4.98)
Y(o)| +|H, (@)

_ $T|H0(w)|2 (181, (@) -1f V@) |do

To find the Hw(w) which makes L minimum, need to solve this partial differential equa-

tion:

oL
oH ()

(4.99)

The mathematic derivation of the solution is quite simple as:
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oL |7 ) 2 2
oH (o) =g£|HD(w)I [2|HW(0))—1 Y ()| +2|H, (0)||Y, (@) }da):o
2| @=L (@] +2|H, @], @) =0 (4.100)
AT AT

This is the form of the Wiener filter. What this means is that the filter is constructed as
the ratio of the power spectrum of signal and the sum of the power spectrum of both
signal and noise. The power spectrum is defined as the square of the magnitude of
the complex number. This form also suggests that Wiener filter is a pure scalar with
no phase element. So, applying the filter won’t add any phase shift to the original signal.
With Wiener filter, the recovered signal x'(t) has the smallest absolute error to the

original signal x(t).

5.3.4 Impact of normalization for the Wiener filter

It worth noticing that it is important to normalize the signal ys and noise yn before ap-
plying equation (4.100) in practice. To understand the reason, first examine this Figure
5-9.
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Figure 5-9 The waveform of a 1p.e. signal(yellow) and the noise floor(black)

The pulse in yellow is the waveform of a 1p.e. signal. The white noise like signal in

black is the electronic background noise acquired by biasing the SiPM just under its
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breakdown voltage. Given no correlation between the signal and noise, rewrite equa-
tion (4.97) as

+00

1
L:EJ

—00

(Y, (@) +Y,(@))- Hy(0)-H, (@)Y, (@) Hy (o) do

1+oo

:EI

—00

(Y, (@)-[H, (@) H,(0)~ H,(@)]+Y,(0)) Hy(0)-H, ()] do

:i j (Y, (0)-[H, (@) H, (@)~ H,(o)]] do+

—00

Y, (@) H,(@)-H, (o) do

(4.101)

Equation (4.101) is composed of two integration terms, one for the signal and the other
for the noise. Refer to Figure 5-9, it is corresponding to the integration of the 1p.e.
signal and the electronic noise over the entire time window. Clearly the 1p.e. signal
only exists for a very short period while the electronics noise occupies the full time
window. If both are integrated over the full time window, the result of the noise term is
amplified compared to the signal term. The problem gets worse if the window gets

larger.
Therefore, it is necessary to localize the noise integration only over the time window
of signal. Update the equation (4.100) as:

H (0)= Y (@) (4.102)

Y@ +¢ | (@)

Where v (o) =%Yn(a))and Cn is a normalization constant with size of ~1. The factor

Tsig/T is the ratio of the signal duration over the full window. To simplify the calculation,
the ratio can be regarded as a constant and be merged with Cn as a single correction

constant.

5.3.5 Impact of tsw for the Deconvolution filter

The shape of the desired signal x'(t) after the deconvolution filter is determined by the
Blackman window function. And the width of this window function is determined by the
parameter Tsw. How to select the right value for this parameter depends on the pulse

width of the original signal being processed. If the generated signal x’(t) has the equal
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or higher pulse width to the original signal x(t), the piling-up issue will be worse. So,
the upper limit for Tsw is that it shall ensure the output X’(t) has shorter pulse width than

x(t). However, we can’t make tew too small, as a smaller Tsw will reduce the signal to
noise ratio (S/N).

The lower limit is determined by the minimum signal level that should be maintained
after the filter. To distinguish signal from noise, we will generally set a threshold at a
certain amplitude. Above the threshold, the data is discerned as part of the signal and
run the necessary processing like peak searching algorithm and below that, we regard
the data as noise and simply discard them. A good figure for such threshold is 5 times
o (amplitude of noise). For the after-pulse signal after the primary pulse, its amplitude
usually is lower than the primary pulse. Let’s allow the after-pulse to be as low as 25%
of the primary pulse. This means 25% of the full signal level (defined as S) shall be
above 5 times o (defined as N) threshold. A quick calculation can conclude:

25%S8 >5N

4.103
£>20 ( )
N

Therefore, the bottom limit of Tew is that it shall ensure the S/N is above 20.

The mathematic definition of the link between 18w and x(t) pulse width and the link
between 18w and S/N is not very clear. So, it is hard to work out the best value by the
defined calculation. Therefore, in practice, the old-fashioned try and error method is
applied to find the right Tew that can achieve a good balance. An example of the effect
of different value of Tswis shown in Figure 5-10:
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Figure 5-10 The filter performance impact with different setting of 1sw.
Note the dotted blue waveform is the original signal and the red waveform is after the

filter. Four different values of 1sw have been experimented.

Clearly the blue waveform is the result of two individual signals piled up. From the
results, we can see 18w = 4.8ns has the best balance of the four values, that it can
separate the two pulses with clear gap while still maintain enough S/N ratio. 18w = 4ns
generates too much noise and the other two values fail to separate the two pulses

wide enough.

The performance of the Deconvolution+Wiener combined filter is not only determined
by the choice of 1w, but also by the choice of cn. For example, although selecting a
very small Tew leads to higher noise, a proper choice of cn can improve the perfor-
mance of Wiener filter to damp the noise. This improves the signal to noise ratio and
compensate the negative effect of Deconvolution filter. Thus, the combined effect
could achieve a better performance. See Figure 5-11 demonstrates a better outcome

with the choice of a large cn while adopting the overly filtering Tsw = 4ns setting.
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Figure 5-11 The performance of the combined filter with the choice of Tew = 4ns and c,=500
Therefore, in a practical system, the two parameters can be evaluated together to
achieve the best outcome of the combined filter. The theoretical method in the form of
one or a set of mathematic formula that can work out the optimized parameters com-
bination of Tsw and cn require further study.

5.4 Python program

The data processing scripts in this project are developed in Python[145]. As an open
source, platform independent language, Python has one of the largest communities in
the world. This brings the benefit of enormous third-party packages. Most of the func-
tions that are required by the data processing in this thesis study are readily available
from the well-established packages. For example, the Discrete Fourier Transfer (DFT)
function can be found from NumPy package[146]. This advantage can greatly shorten
the script development time. Python as an interpretive language is not great in com-
puting efficiency compared to the compiling language like C or C++. However, com-
puting time of data processing is not the primary concern for this project. The focus is

to demonstrate the effectiveness of the filter algorithm and explore the influence of
different filter parameters.
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The Python scripts are developed in Jupyter Notebook[147]. The notebook can run
on any standard browser as a web page. The Jupyter console running in the back-
ground provides all the interactive interpretation. Jupyter Notebook features what you
see is what you get. This makes it perfect to try out different ideas quickly and debug

the scripts in real time.

5.4.1 Deconvolution + Wiener Filter implementation

One Python script is developed to demonstrate the implementation of the Wiener +

Deconvolution filter. Figure 5-12 shows the principal data flow of the script.
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Figure 5-12 Data flow of the Python script for Deconvolution and Wiener filter
The script first loads three data files containing different waveforms. The first is the
noise data file. This is acquired when biasing the SiPM just under its breakdown volt-

age. This file shall contain no signal but only white noise (a spectrum independent
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noise). The second is the 1p.e. signal data file. This can be acquired when the LED
signal is off and SiPM is biased at normal operating voltage. Signal acquired in this
condition is mostly 1p.e. signal but occasionally 2p.e. or higher signal can occur. Since
only one 1p.e. waveform is required to construct the filter, it is feasible to manually
pick up one correct 1p.e. waveform from the signal data file. The third is the normal
signal data file. This contains the working signal waveforms to be processed. The sig-

nal file in this chapter study is acquired under a LED illumination.

Figure 5-13 shows some sample results of the Deconvolution+Wiener filter on working
signal waveform. These waveforms are sampled at different LED setting (brightness).
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Figure 5-13 Waveform examples at different LED setting. The dotted blue waveform is the original signal. The red
solid waveform is after the Deconvolution+Wiener filter.

The filter parameter setting is kept unchanged for all the signal waveforms while the
signal amplitude is changing under different LED setting. The results show that this
filter parameter setting works well for low amplitude signal but not equally well for the
high amplitude signal. This finding may suggest that the filter parameters shall be ad-
justed according to the signal amplitude. Exactly how to adjust the filter parameters in
relation to the signal amplitude are not explored in this project. This is left for a future
study.

5.4.2 Pulse waveform parameters and its histogram

Another Python script is developed to help to understand the system linearity and dy-
namic range. This script can automatically scan through all the events stored in a data
file and extract key pulse parameters like peak amplitude, rise time, falling time and
total charge from each event. One event might contain more than one pulse. Each

pulse will be analysed. Then, the script can create the histogram of each parameters
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with all the pulse entry. Figure 5-14 shows how an event looks like and the calculated
parameters are shown on the same graph. Note, an event is presented and processed

as one waveform frame that the DRS4 module can capture at a time.
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Figure 5-14 Example waveform with the prime pulse parameter calculation information

From the pulse waveform, initially four parameters are extracted. They are pulse
charge, peak amplitude, rise time and duration. A threshold (red dotted line) is cho-
sen so that only the waveforms above the threshold are counted. The threshold is
chosen at about half of 1p.e. signal peak. Our first version of parameter extraction

algorithm is very basic.

The assumption is each signal pulse will intersect with the threshold line twice. The
waveform between the two intersection points is defined as the pulse window. In this
window, the maximum point is defined as peak amplitude. The time between peak
point and the window starting point is defined as rise time. The length of the window
is called duration. The area formed by the waveform and the x-axis within the window
can be calculated by simply sum all the waveform points. The sum divided by 50ohm
is defined as charge. Note the pulse under study here is the output of the preamplifier
circuit, not the original SiPM signal. So, the charge is not the represent of SiPM signal
charge, however they are related. The definitions of the parameters are visually shown

in Figure 5-15.
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Figure 5-15 lllustration of the definition of peak, charge, rise time and duration for a typical pulse
The algorithm of calculating the four parameters just follow from their definitions. It
works well for most of the pulses with the typical shape as the example in Figure 5-15.
It is vital to ensure the two intersection points are correctly picked up. If there is glitch
in the waveform just around the intersection points, mis-judgement by the algorithm
will occur. This raises the demand to smooth the waveform to remove the glitches
before the calculation. The smooth filter we used is the simple Median filter [148],

with the filter window length set at 3 or 5.

One data set file often contains thousands of events. For each pulse in each event,
the four parameters are calculated and saved. This is done in batch processing. Once
all the parameters of all the pulses have been extracted, the collected parameter data
sets are plotted in histogram. The histogram provides a visual interpretation of the
system response statistically. Figure 5-16,Figure 5-17 and Figure 5-18 shows the ex-
ample of the histogram of the peak, charge and rise time parameter for one experiment

data file.
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Figure 5-16 An example of histogram of pulse peak
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Figure 5-17 An example of histogram of pulse charge

Histogram of Rise Time : LED_set_3 00 _preamp_signal_count_2000events_ext trig_1Mhz_osc_trig_28mV

0.30

025 4

0.20

015

Probability

0.10 4

0.05 4

L

Figure 5-18 An example of histogram of pulse rise time
The histogram is constructed using the hist() function from the Matplotlib package

[149] for Python. Each bin is colour coded corresponding to its height. Note, the y-axis
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of each histogram is normalized and displayed as probability, not as frequency.
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The key parameter for the histogram construction is the bin size (this determines the
number of equal-width bins for the entire sample population). Choosing the right bin
size to recover the true data distribution can be quite technical. If the chosen bin size
is too small, the structure of the data distribution will be distorted. If it is too big, the
height of the individual bin will be impacted by sampling error as each bin doesn’t
contain enough data sample to smooth out the individual sample’s error. There are
two popular methods named as Scott rule[150] and Freedman&Diaconis rule[151] for
tuning the optimal number of bins. Here by practice, a bin size at a fraction of about

1/20 — 1/50 of the total number of sample population is found to work well.

5.4.3 Histogram Analysis

The histogram can reveal the feature of the data that can’t be clearly seen from the
time series data (waveform). In Figure 5-16, it is observed the waveform amplitudes
concentrate in a few discrete Gaussian shape pulses with almost equal gap between
them. This observation matches the nature of the SiPM device, which sums all the
pixels signal as a single output. Each pixel signal has an almost identical amplitude.
Hence, the final output signal waveform has an amplitude proportional to the number

of pixels triggered.

With this knowledge, the histogram peak can be easily interpreted as the first peak
(from the left) represents 1p.e. output, the second peak as 2p.e. output, the third peak
as 3p.e. and so on. The average gap between the histogram peaks represents the
system gain in mV/p.e. (Note, this is briefly touched in 4.5.5, but here we use the

histogram method.)

The y-axis of a histogram plot means the probability of the data that lands in the cor-
responding bin at x-axis. Therefore, the height of each histogram peak means the
likelihood of that p.e. signal in the data set. The breadth of the histogram peak sug-
gests the fluctuation of the p.e. signal amplitude. As the preamplifier circuit and the
digitization circuit have very good linearity, the fluctuation most likely originates from

the SiPM pixel signal introduced by the internal avalanche process.

As the x-axis position of each histogram peak represents the most likely amplitude for

the corresponding p.e. signal, it worth to find the x-axis position of these peaks.
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5.4.3.1 Kernel Density Estimation (KDE)

In the histogram, the information that is of interest for further study is the x-axis value.
For y-axis value, the absolute number is not very important. The Y-axis value is only
needed to find the histogram peaks. Therefore, some data processing technique can
be applied to smooth out the samples to assist the peak searching but at the cost of
losing the absolute y-axis value. The technique used here is called Kernel Density
Estimation (KDE) [152]. This is a way to estimate the Probability Density Function
(PDF) of the variable that the data sample represents. The general mathematic defi-
nition of KDE method is:

X —X;

h

];h(x):%iZ;:Kh(x—xi):#lZ;:K( ) (4.104)
Where K is the kernel function and h > 0 is called the bandwidth, which is a parameter
that can strongly influence the estimation results. The optimization of the selection of
h is beyond the discussion of the thesis. The method chosen in the implementation is
called Scott rule [150] offered by the gaussian_kde() function from Python SciPy
package[153].

The orange smooth curves shown in Figure 5-16,Figure 5-17 and Figure 5-18 are the
outcome of the KDE method on the raw data samples. The KDE curve removes the
small glitches and randomness of the raw data samples. It should be noted that the
KDE method is fundamentally different from those noise filtering methods. The noise
filtering methods can only reduce the noise at the cost of losing some of the signal at
the same time. The KDE method creates a linear distribution function that is closely
matching the distribution of the data sample. The created function is perfectly smooth

and free of noise.

Then the KDE curve is ready for next step of processing: peak search.

5.4.3.2 Peak search and linear fit

The peak search algorithm selected here is from the Python PeakUtils package [154].
This package is based on the first-order difference method to find all the peaks. This
method is better than the max searching method used in 5.4.2. The max searching

method simply finds the maximum point within a specified window. Within that window,
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only a single highest point will be identified. The first-order difference method is based
on the fact that the first-order difference of the waveform at the peak point is zero. This
method allows the detection of multiple peaks. While the method also allows the de-
tection of waveform valley, this error can be excluded by checking the signs of the
first-order difference before and after the zero point. This correction is implemented in
the package. Another source of error is the wrong picking of noise spike particularly
around the base of the histogram peak. This can be mitigated by some PeakUtils
package built-in functions, like minimum peak threshold, minimum distance between

two peaks, the compensation for the baseline distortion etc.

The red dots in Figure 5-16,Figure 5-17 and Figure 5-18 represent the peak search
results. The peak search detection is on the KDE smoothed curve. So, most of the
search results are accurate. There is still some small errors as missing peak or false
peak. This is because the data is highly dynamic, which causes some KDE mis-filtering
and the consequent peak search failures. The static search setting (minimum thresh-
old and minimum distance) can hardly be one fit for all cases. Maybe some dynamic

setting approach can be explored. Such task will be left for the future research.

The collected peak data points are plotted in a 1D series graph. Figure 5-19 illustrates

the principle of how to map the histogram peak x-axis values to the 1D series graph.

The dashed line is the linear regression fit for the data points. The work uses the
PolyFit() function from the NumPy package. The better the fitting result suggests the
better the linearity of the data acquisition system is. The slope of the fitting line is the
gain of the system. As the gain of the analogue to digital conversion (DRS4 module)
is 1, the gain of the preamplifier circuit represents the gain of the full data acquisition
system. The cross of the fitting line means the y-axis value when the input signal is
zero (=0 p.e.). This is the offset of the full data acquisition system. The DRS4 module
has very small contribution to the offset, so the offset is dominant by the preamplifier
circuit. In the top figure of Figure 5-19, it shows the slope at 0.015765V per p.e. and
cross at 0.001017V. The merely 1mV offset is very small compared to the amplitude

of a typical 1p.e. at around 15.7mV.
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Figure 5-19 Plot the Gaussian pulse peaks in the histogram as a 1-D line

Besides the histogram of pulse amplitude, the study also covers the histogram of the
charge parameter. Figure 5-20 shows the similar fit of histogram peaks from the
charge histogram in Figure 5-17. In this case, the linear regression fit shows poorer
result. This suggests it is less accurate to use the charge parameter to estimate the
readout circuit gain. The reason can be the method used to calculate the charge in

section 5.2 is too coarse, particularly when there is signal pile-up, the result of the
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calculated pulse charge is hugely misleading as an example shown in Figure 5-21. In
this example, the two peaks can still be identified, but the calculated charge is the
merge of two pulses body which does not equal the sum of two pulse charge if the

pulses were separate.
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Figure 5-20 The fit curve of the histogram peak points [x-axis value] for the signal pulse charge
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Figure 5-21 An example of misleading charge parameter in a pile-up event.
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Although not as accurate as the peak parameter, the charge parameter is more useful
at higher photon flux condition, where the pulse peak saturates and stops responding

to further incident photon flux increment. While, the charge parameter can continue to

5.4 - Python program

respond but not in a linear way.

As an independent check, an experiment is set to use the DRS4 module PC software
to calculate the output signal waveform peak and charge parameters. The experiment

sweeps the LED driver setting from step 0 to 100 and records the signal peak and

charge at each step. The results are plotted in Figure 5-22.
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In Figure 5-22, the blue curve is the response of peak parameter and the orange
curve is the response of charge parameter. Two curves track each other during the
low LED setting range up to setting of 55. After that, two curves start separating. The
peak curve stops increasing after setting of 70, but the charge curve continues to in-

crease. However, the increase rate is slowing down.

Figure 5-23 is a calibration plot from the LED source manufacturer. The plot shows
the relationship between LED setting and the output photon flux. The x-axis of Figure
5-22 and Figure 5-23 are the same but expressed in different scale with Figure
5-22’s value 10 times that of Figure 5-23.

It is interesting to compare Figure 5-22 and Figure 5-23. It is found the peak curve in
Figure 5-22 is very similar to the photon number curve in Figure 5-23. The close
match suggests the good linearity between the SiPM readout system output and the
LED driver output photon (the input to the SiPM system) when measured with peak

parameter.

Although the dynamic range is wider when the SiPM system output is measured with
charge parameter, the linearity is quite poor after the photon flux reaches a certain
level. Therefore, for the system characterization discussed in the next chapter, peak

parameter is our first choice.

5.4.4 Mapping signal amplitude peak to p.e. number

Due to the nature fluctuation of the avalanche process, the amplitude of the SiPM
signal follows a gaussian distribution. The good linearity of the preamplifier can pre-
vent from adding further distortion but the intrinsic SiPM signal fluctuation can’t be
reduced. Hence, the amplitude is not very suitable for pulse height analysis. It is best

used to interpret the number of p.e.

With the proper avalanche gain of SiPM (by setting the deltaV) and a proper pream-
plifier gain, the amplitude of different p.e. signal can be clearly separated even with
the avalanche fluctuation as shown in Figure 5-19. Figure 5-20 shows the relationship
between the signal amplitude to p.e. number is a simple first order linear function. The

function shall have crossed the origin (assume the small system offset is neglectable.).
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So, the conversion of signal peak to p.e. number can be a very simple ladder compar-
ison as shown in Figure 5-24. The procedure is first to acquire the 1p.e. signal peak
from some training data. Then use this 1p.e. signal to construct a ladder with each
step as high as 1p.e. amplitude. All the thresholds are set at half of 1p.e. position. If
the signal falls between two neighbouring thresholds, the output is the p.e. number
between the threshold. For example, if a signal falls between 0.5p.e. and 1.5p.e. , the
output is 1p.e. The signal below 0.5p.e. is counted as noise and recorded as Op.e.
This method is crude and simple, but also effective. It is important to keep the SiPM
gain and preamplifier gain stable across the operation temperature range, because

any shift in the system gain will distort the constructed comparison ladder.
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7 p.e
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Figure 5-24 the illustration of process and principle of converting the signal peak to the p.e. number

Use this method, the difficulty to process analogue histogram is addressed by conver-

sion to a discrete digital histogram. Figure 5-25 shows some conversion examples:
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Figure 5-25 Examples of mapping analogue peak histogram to the discrete digital histogram in p.e. number

The histogram of p.e. number is much clearer than the histogram of the signal peak.

The method has a digitization error close to each threshold. A signal just under a
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threshold might be flipped above the threshold by random noise. In this case, the out-
put p.e. number is one digit above its true value. We called this digitization error and
it shall be no more than 1p.e. as long as the maximum noise is kept below 50% of
1p.e. signal. The frequency of such error is related to how wide the gap is between
SiPM signal amplitude. In Figure 5-25, it is found that at low light condition, the gap
between histogram pulse is very clear but at intense light condition, the gap is much
less clear. There might be a few reasons behind it. First is the fixed bin numbers for
different amplitude scale. At intense light, the SiPM signal amplitude is much larger
compared to the low light condition. With the same bin number, this means the reso-
lution per bin for large signal is poorer. This will result in reduced gap. A second reason
could be for each light condition, the same amount of SiPM events are acquired. The
fixed amount might be sufficient to show the histogram structure for low light but not
sufficient to show that of intense light, where the range of signal amplitude is much
wider. The third reason could be the baseline shifting at the intensive light. This shift
is due to the readout system can’t reset back to the default baseline before the next
signal is triggered. This is explained at the beginning of the chapter for signal pile-up
effect. Another interesting observation of Figure 5-25 is for intense light, the 1p.e. and
2p.e. signal is blurred together and appeared to be much broader than the correspond-
ing signal at low light condition. The first and third reasons discussed above shall apply
to this phenomenon. The third reason might be more dominant as the shifted baseline,
which varies randomly depending on the signal intensity, will lead to shifting 1p.e. and
2p.e. signal amplitudes. A signal pile-up removal algorithm discussed in this chapter
shall help to address this issue. However, our first attempt at filtering software works
well for low light, but for intense light, the effect is not that obvious. The histogram
display at intense light is largely distorted by the dominant 1p.e. pulse. One positive
outcome is very clear that after applying the filters, more SiPM signals are detected
(see the no of peaks statistics in the plot). Some results are presented in Figure 5-26
with left column represents the original signal and the right column represents the fil-

tered signal.
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Figure 5-26 The comparison of SiPM signal peak histogram before the Deconvolution+Wiener filter processing
(left) and after (right).

5.5 Conclusion and future work

This chapter discussed the system data processing (software aspect of this research
work). This includes the Deconvolution and Wiener filter, the waveform parameters
extraction algorithm, the histogram analysis tools, the KDE pulse fitting algorithm and
pulse peak search algorithm. All the processing scripts are developed in Python lan-
guage on Jupyter console. All the scrips are developed for concept demonstration
purpose only with no performance consideration in mind. So, they are only suitable for
post data processing on the PC but are not suitable for the real time processing in the
onboard computer. Therefore, the next step will be to optimize the code to fit into the
onboard real time processing environment. Besides, the key parameters of the filters
which greatly determines the filter performance should be studied further to under-

stand how to dynamically change them to fit the dynamic data.
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Chapter 6 System Characterization

6.1 Introduction

This chapter describes the work based on the previous chapters. With all the tools
(both hardware and software) ready, it was possible to make a major characteriza-
tion of the SiPM detector system. The system is excited with a LED source powered

by an adjustable LED driver.

This chapter starts with a review of the hardware and software setup and the limits
these setup present particularly in timing. After the dataset overview, the system
characterization mainly driven by the SiPM sensor characteristics are thoroughly dis-
cussed. Limited by the availability of equipment and the simplicity of test setup, not
all the SiPM parameters can be measured very accurately. However, many charac-

teristics have been successfully measured with good accuracy.

The key aspect of the system characteristics or performance is the dark count rate.
This is studied in great depth. A statistic model is built to describe the dark count tim-
ing distribution based on a Poisson distribution. A software simulator is built on this
statistical model. The simulator is useful to generate a large amount of data for sig-

nal timing analysis

Our system in normal configuration is not feasible to measure the dark count rate
due to the timing limit. To correct this, we replace the DRS4 data acquisition module

with a fast counter. This way, the dark count rate can be measured accurately.
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6.2 Test setup and system limitation

6.2.1 Review of the data acquisition system hardware setup

In this research, a full chain data acquisition and processing system has been devel-

oped from scratch. Figure 6-1 shows the system architecture:

HV PSU
HV bias

= == == mm oEm oEm oEm Em Em oEm Em Em Em Em e Em Em Em e o= e 1
I v "
| | LED | Fibre | SiPM !
I SP5601 S13360 I
| l 1
I .
: ! Analog signal Pre-amp board
I 1 1
| | Pre-amp > DRS4 Lal LAPTOP :
I Digi Data =
|

Digital Processing |_
(Python Program) |

11111

DRS4 acquision software
Figure 6-1 The full chain data acquisition and processing system for SiPM sensor

The high voltage power supply unit (HV-PSU) is a bench instrument, which provides

the bias voltage for the SiPM. The temperature compensation for the breakdown volt-

age drift of the SiPM is not built into the HV-PSU. For the next system revision, a

Hamamatsu power supply C11204-11 with temperature compensation function can

replace this bench PSU.

The LED driver SP5601 from CAEN shown in Figure 6-2 including a LED source is
used as stimulus signal. The driver is equipped with a Smm super violet LED (part
number OSSV5111A from OptoSupply), which has the peak wavelength of 405nm.
The driver can clock the LED from 500Hz to 5MHz with a typical 8ns pulse width. This
frequency can be externally synchronized. This LED driver provides an alternative test
signal to the radioactive source. Unlike the radioactive source, a LED driver can be

easily controlled and synchronized. It also has less safety hassle for operation. The
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6.2 - Test setup and system limitation

wavelength of the LED is chosen to be as close to the SiPM absorption spectrum peak
as possible. The 8ns pulse width is not adjustable. The short duration limits the number
of photons the LED produces in each pulse, but it is not short enough for more timing
critical system testing such as coincidence function or time of flight application. For
those more demanding application, a laser driver like the NPL series from THORLABS

are more suitable, albeit 10x as expensive.

r—
- . s - .
wow | wr N T : i
y ¢ o () &
HIGH EXT e - =
.. FREC TRIGGER ~~ POWER

= SP5601
@ CAEN | spiat

Figure 6-2 SP5601 LED driver with the SP5650 sensor holder (the round piece on the left). The left is the back of
the SP5601 and the right is the front.

SP5601 can adjust the amplitude (which sets the output pulse light intensity) with a
10-turn dial. Each turn contains further 50 steps. So, in total, there are 500 steps of
amplitude level. The SP5601 driver adjusts the LED current to control the output pho-

ton flux. This way it can achieve better control linearity than adjusting the LED voltage.

Figure 6-3 shows the output photons vs LED amplitude setting. Figure 6-4 shows the
response of the LED output to various synchronization frequency. Both plots are pro-

vided by the manufacturer.
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Photons vs LED Amplitude (@ 2kHz)
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Figure 6-3 The manufacturer calibration of the photons output vs LED amplitude setting [155]
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Figure 6-4 The manufacturer calibration of the influence of synchronization frequency to LED output photon num-
ber for SP5601 LED driver [155]

The output light is focused onto the SiPM by an optic fibre cable (model type
JTFLH400430730 from Polymicro) as shown in Figure 6-5. A percentage of photon

will be lost during the transmission. This is usually defined as the attenuation in dB/km.
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Figure 6-5 The optic fibre cable connects the SP5601 LED output to the SiPM sensor holder input.
The CAEN SP5650 sensor holder (Figure 6-6) can support a wide range of SiPM sen-

sor. A few Hamamatsu SiPMs have been tried and tested, from the old S10362 series
to the latest S13360 series. The SiPM is mounted on a round PCB fit in a metal me-
chanical case. The original PCB (shown in Figure 6-6) from CAEN can only provide
basic function such as biasing the SiPM. This is replaced with a more advanced PCB
that includes an active preamplifier circuit (discussed in Chapter 4). All the tests and

data collected and analysed in this thesis use MSSL preamplifier circuit board.
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(@) - ©

Figure 6-6 CAEN SP5650 sensor holder assembly break down (a). The original circuit board (b)(c) is simply a
SiPM sensor host with no preamp circuit. (b) shows bottom side and (c) shows bottom side

The preamplifier output signal is collected and digitized by the DRS4 evaluation board
(Figure 6-7, also called DRS4 module in this thesis.), which contains a Domino Ring
Sampler (DRS) chip developed by PSI. The DRS4 has 9 independent channels. Each
channel contains 1024 sampling cells that can store the analogue waveform at a sam-
pling rate between 700MHz and 5GHz. The DRS4 chip only samples and holds the
analogue signal. To digitize the signal, an external ADC is required. In DRS4 chip, the
optimized readout time for each cell is 30ns. This means an ADC operated at 33MHz
(~30ns) can provide a continuous and smooth output data stream. This slow ADC data
rate is the major bottle neck of the readout system processing rate. More about the
timing will be discussed in 6.2.3. The DRS4 module is designed around DRS4 chip
and it includes the ADC for digitization and a FPGA for data handling and communi-
cation to the external interface (USB2.0). This module is effectively a mini oscilloscope.
In the future instrument design, the design of the DRS module can be a very good

reference design for the central processing and control board.
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Figure 6-7 DRS4 evaluation board from PSI. The top picture shows the evaluation board PCB. The bottom pic-
ture shows the DRS4 evaluation board architecture [156].

With the DRS4 evaluation board comes a PC based application software called DRS
Oscilloscope (Figure 6-8, in short DRSOsc), which serves to control the module and
collect data from the evaluation board. The software allows user to save the digitalized
data to the PC in either XML or BIN(ary) format. The XML format is easier to decode
(as it is better structured, and the data is saved in ASCII text), but the file is much
bulkier. It takes longer for DRSOsc to generate an XML data file. This will directly result

in much lower event processing rate. The BIN format is much faster to process. In this
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project, BIN format is selected as the standard data format. With BIN format, the pro-
cessing rate can reach about 442 events per second. Each event is a complete wave-
form with 1024 data point. The BIN format does require more effort to write the decode

function, but it is just a one-off development effort. This decode function is integrated

in the overall waveform processing Python script.
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B . . . Tri er
14868 mV; - . o _ _ . 99
47'3 my: . : : : ‘ Run H Single ‘
Type
Normal — ‘
4 ||CFG
@ Auto |*‘
Max Delay Min
1
Q1 ‘ g £ 3 b
: Horizontal
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(] ] ] )
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Connected to USB board #0, serial #2860, firmware revision 30000, T=49.2 C

Figure 6-8 DRS Oscilloscope software screen capture

The full hardware setup is shown in Figure 6-9 with each subsystem marked out.
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Preamp board top side with
SiPM fit in the centre

MSSL customized
preamplifier

Figure 6-9 The bench test setup with each subsystem marked out

6.2.2 Review of the data acquisition system software setup

In 5.4, a set of Python scripts developed for this project are discussed. These scripts
are combined into a single master script to handle the full data processing chain as

shown in Figure 6-10.

The processing flow is firstly to decode and load an experiment data file, which con-
tains 2000 or more events(also called frame in the later discussion) in BIN format, into
the PC memory. Next, each waveform is cleaned with the mean filter. Next, construct
the Deconvolution+Wiener filter using the reference data acquired in the same setup
including the electronics noise waveform and the 1p.e. signal waveform. The filter is
applied to each waveform to reduce the signal pile-up. Next, run the SiPM signal pa-
rameters calculation function. Each waveform might contain more than one signal. So,
each signal will be calculated. The extracted parameters of all the signals are stored

for the histograms construction. Last is the histogram analysis. KDE algorithm is used
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to fit the histogram Gaussian like distribution. Then apply the peak search algorithm
to find all the distribution peaks (each distribution represents a p.e. number). Then
apply a linear fit to all the collected peaks. The system gain ,offset and other infor-
mation can be extracted from the fit line. Save all the SiPM signal parameters, histo-
gram plots, peaks plots as various PC files. Further process and deep data analysis

can be added for the future work.

The master script can automatically loop through all the data files within a folder. This
helps to automate the post experiment data processing, because generally an exper-
iment will generate a batch of data files with each specified for different experiment
setup. The file name is used to identify the key test setup. And all the generated plots
use the file name as the base name for the plot title. This is just for the convenience

of the data interpretation.
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Figure 6-10 The data flow of SiPM data acquisition system software
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6.2.3 The system time limit
6.2.3.1 System data acquisition timeline

The current data acquisition system has couple of bottlenecks limiting the data rate.
There is no public data about the dead time of the DRS4 module and the DRSOsc
software processing time. The DRS4 module user manual and the DRS4 datasheet

suggests the module operates to the following timeline shown in Figure 6-11.

Frame Capture and Processing Timeline

Hubert Hu, 15/08/2020

One full frame DA conversion USB transfer Software processing
and disk file writing

Start of . End of End of End of End of All processing and
Frame  Trigger Frame Conversion Transfer Ready for next Frame

L™l _eeses | e | |

0 200n 41us 143us ~2.82ms

Y

Sampling at 5GHz, USB2.0 data rate at 20 MBps,
1024 buffer cells for 2048 Bytes

Frame signal time

— — Frame processing time (system dead time)

Figure 6-11 The timeline of the full data acquisition system based on the theoretical calculation and some data
observation

The DRS4 chip has 9 independent sampling channels. Each channel contains 1024
sampling cells. The cell sampling rate can be set to 5GHz at maximum. At 5GHz, 1024
cells can hold a period of analogue signal for ~200ns. Such a 200ns window is defined
as a full frame. In the previous software processing flow discussion, a frame is defined
as an event or waveform. At the data level, they refer to the same thing, which is the

full amount of data points one DRS4 channel can hold at one trigger.

Each channel of the DRS4 chip can be connected to one external ADC. Thus, all the
channels can be read out in parallel. Or to save resources, all the channels can be
multiplexed into one single output and then to be readout by just one ADC. The DRS4

module takes the latter approach.

The cell shifting time is 30ns for optimized performance. The multiplex will add 10ns
delay. The DAC conversion rate is set to 33MHz (=30ns per sample) to match the cell
shifting time. This means to readout and digitize all the cells in a single channel, it will
take 1024 * (30 + 10) = 40.96us.
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The DRS4 module uses a 14-bit ADC (AD9245 from Analog Device). To simplify the
data format, two-byte (=16-bit) is assigned for one cell. This means the full frame has
a total data volume of 1024*2 = 2048 bytes. The onboard USB2.0 bus module has the
capability of data transfer at 20MBps (Mega Byte per second). This works out that to
transfer a full frame data from the module to the host PC, it will take 2048 / 20 =
102.4us. There is a small overhead for the USB2.0 protocol, which is ignored here for

simplicity.

Once the data is collected by the PC, the PC software DRSOsc will pack the frame
data (defined as an event) into a structured format with additional information like
timestamp, voltage and time calibration data. The timestamp is from a PC system
clock, so its accuracy is only down to one millisecond. Then the structured data will be
written to hard disk as either an XML file or binary file under user choice. As discussed
already, we adopted the binary format for the shorter PC processing time. The exact
processing time depends on the PC hardware performance. For the PC used in the
experiment, the average frame rate is about 354fps. This is calculated from 27 data

file containing total 28,000 frames.

By close examining of the timestamp of each frame package (the timestamp is added
by the DRSOsc software with accuracy of 1ms) , it is found for those photon intensive
test data files, there is often a continuous set of 6 frames (also called events in the
thesis) at the same timestamp. This suggests the DRS4 module can buffer 6 frames
onboard and send to the PC in one USB data packet. Following the 6 frames, the
timestamp of the next frame often shows a large delay of 15 or 16ms. The reason is
likely that the DRSOsc takes much longer time to process a large USB packet. Another
case is for the lower photon intensive test data files, the gap between consecutive
frames is usually 2,3 or 4ms. This probably is the time for the DRSOsc to process a
USB data packet containing just one frame. Of all the data files, apart from those cases
of sharing the same timestamp, there is no observation for a gap less than 2ms. This
probably suggests the full system deadtime is around 2ms. If inverse the average
frame rate 354fps, the average delay is 1/354 = 2.82ms. Given the accuracy of the

software timestamp is just 1ms, this can match the observation of 2, 3 or 4ms gap.

In summary, if the system operates in a real time mode, the system deadtime after
processing a frame (200ns at 5GHz sampling rate) is 2.82ms. This greatly limits the

capability to characterize the SiPM detector system in real time. To mitigate this, the

259



6.2 - Test setup and system limitation

SiPM detector system characterization experiment data is acquired in trigger mode,
and the experiment focuses more on the signal amplitude related performance char-

acterization rather than the timing related performance.

6.2.3.2 The deadtime of SiPM and the preamplifier

From the above analysis, the dominant deadtime of the system is the PC processing
and the data transfer from DRS4 module to the PC. The deadtime of the SiPM and the
preamplifier are much smaller. However, it is useful to understand these deadtime as

that can help to estimate how much photon signal will be lost due to the deadtime.

The deadtime of the front-end electronics can be discussed in three different areas:
the pixel deadtime (a pixel of the SiPM sensor), the device deadtime (the whole

SiPM sensor) and the readout deadtime (limit to the preamplifier).

The pixel deadtime is the period that a triggered pixel takes to recharge its body
capacitance. This time is estimated at 5 times the time constant formed by the quench-
ing resistor and the pixel body capacitor. Using the SiPM parameter calculated from
Table 4-2 in section 4.3, the pixel deadtime of SiPM S13360-1325 is calculated as:

t =5R,C, =5x1600k€2x6.69 fF = 50ns

pixel deadtime

The device deadtime is the period for the device grid (parasitic) capacitance to dis-
charge. The similar rule of thumb as 5 times of the time constant by the grid resistance
and total effective capacitance can be used to estimate this deadtime. The grid resistor
should not exceed a few ohms. The grid capacitance is around tens of pF. Using the
figures from Table 4-2, the device deadtime of SiPM S13360-1325 can be estimated

as:

=5R,C, =5x2Qx43.2 pF ~ 432 ps

device deadtime

This device deadtime is neglectable small.

The readout deadtime (limit to the preamplifier) is determined by the recovery time
of the preamplifier circuit, which is mainly the reset time for the integration capacitor.
The capacitor is discharged by the feedback resistor in parallel to it. Again, take 5
times of the time constant as a figure in merit. Using the component values from the

preamp board design (4.5.4), we can estimate this deadtime as:
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t =5R,C, =5%x4.99kQ2 < 0.6 pF' = 15ns

preamp _deadtime

The device deadtime and the readout deadtime both locates at the serial section of
the front-end electronics, therefore this two deadtime can be combined. Between them,
the readout deadtime is dominant. The pixel deadtime locates at the parallel section
of the front end, so its situation is different. While one pixel is inactive during the
recovery period, the other pixels are still active and are ready to trigger. At very low
light intensity or dark count only cases, the effective pixel deadtime can be relaxed to
the single pixel deadtime divided by the number of pixels, as in these cases, the
chance of more than two pixels being triggered simultaneously is extremely low. This
feature has some analogy to MCP. For S13360-1325CS SiPM with 2668 pixels, the

effective pixel deadtime is calculated as:

t / n =50ns /2668 = 18.7 ps

pixel _deadtime pixels

So, the total deadtime of the SiPM readout front end electronics can be calculated

as.

+t ~15.5ns

device _deadtime

+17

preamp _deadtime

t /' n

total _deadtime = tpixel _deadtime pixels

To check the total deadtime in the real experiment data, the duration (see Figure 5-15
for the definition of the duration) of 3679 dark count pulses from a data set are col-
lected. The duration represents the total deadtime including the pixel deadtime, SiPM
device deadtime and preamp deadtime. The calculated average is 15.4ns. This

matches the theoretical calculation of 15.5ns very well.

To eliminate the noise interference, the duration is defined as the period that the signal
is above the 10mV threshold line (see Figure 5-15). It can be argued that the 10mV
threshold line has cut off part of the signal that is below the threshold, which shall be
counted as deadtime as well. This is true, but this missed extra duration is only a very
small fraction of the total duration. Therefore, skip of such extra only introduces a very

small error that won’t impact our conclusion.

The front end deadtime changes as the signal amplitude changes. The larger the sig-
nal is, the longer the deadtime is. The above theoretical dead time calculation and the
real experiment data (dark count) dead time measurements are all based on 1p.e.

signal. For 2p.e. signal or bigger, the theory needs to be adjusted. As signal amplitude
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signal duration against different light intensity (leads to different p.e. number)
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Figure 6-12 The histogram of the duration of SiPM preamplifier output pulse at different LED condition. The pa-
rameter is based on the original waveform, i.e. no Deconvolution+Wiener filter is applied

We can see at low light condition, the structure of different duration corresponding to
different p.e. number is clearly visible. As light intensity increases, the structure is not
clear any more. The relationship between the signal amplitude and the duration is left

for future study.

Another observation on real data is that our dead time theory based on the pulse du-
ration might have overestimated the real system deadtime if some degree of signal
pile-up is allowed. For example, in Figure 6-13, a second signal immediately appears
before the first signal is fully reset to zero potential. This suggests the preamplifier can
accept new event before its integration capacitor is fully discharged. Though it is not

perfect, duration of the output signal is still a close estimation of the front end deadtime.
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Figure 6-13 The overestimate of the system total deadtime when signal pile-up appears.

6.3 SiPM detector system characterization data overview

As introduced above, the SiPM detector system characterization experiment is done
using an adjustable LED source on the bench at room temperature. The LED intensity
adjusting knob has two levels of setting. The course level is from 0 to 9. At each step
of the course level, the fine level ranges from 0 to 100 in a step size of 2. This means

the total adjustable range contains 10x50=500 fine steps.

In this characterization experiment, the LED intensity is swept from setting 0.00 to 5.00
in a step of 0.20. The first digit represents course level. The two digits after decimal
represent the fine step. At each step, we acquired 1000 events in trigger mode with a
threshold at 0.5p.e. amplitude. This produces a dataset containing 26 different LED
intensity level. The reason that the intensity beyond setting 5.00 is not covered is be-

cause the pre-scan tests show the SiPM system deeply saturates beyond setting 5.00.

In addition, a dark count (made up of majority 1p.e. signal) data file is captured with
LED completely off (power removed, not the intensity setting to 0.00). An electronic
noise background data file is also captured with LED off and SiPM biased below the
breakdown voltage. These two files are used for the Deconvolution+Wiener filter con-

struction. And the dark count data file is also used for the dark count analysis work.
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Figure 6-14 SP5601 LED driver (right) and the DS2628 sensor holder (left)

During the data acquisition, the DRS4 module is configured at 5GHz sampling rate.

So, for an event frame made up of 1024 samples, frame can cover 1024*0.2ps=200ns.

Figure 6-15 shows some randomly selected, typical event waveforms at different LED

setting. These are random chosen waveforms so that their peak amplitude not neces-

sary reflect the increasing LED setting.
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Figure 6-15 Random event waveform examples at different LED setting

The last sample is at LED setting of 5.00. It shows the system output signal reaches
saturation with a sign of flat plateau of the signal pulse top. The saturation voltage is

0.7V, which is the up limit of the DRS4 module intake signal.

The acquired data set contains 27 files in total (1 LED off and 26 LED on files). The
file detail is listed in Table 6-1.The find pulses column means how many signal pulses
are found over all the captured events in that file. This figure is higher than the total
events because some events contain more than one signal pulse. The minimum and
maximum counted pulse peaks for each data file are recorded here. Due to the fluctu-
ation, for the same LED setting, the signal pulse peak will swing in a wide range. Du-

ration is the time that it takes to collect the 1000/2000 events. This is calculated using
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the first and last event’s time stamp. The events rate is then calculated using the num-

ber of events divided by the duration.

Table 6-1 The overview of the full data set acquired for the SiPM system characterization experiment

# LEDsetting Events Find Pulses Pulse Peak (V) Duration Events Rate
# # min max ms fps
1 LED = off 2000 2131 0.01538 0.03980 5564 359
2 LED=0.00 1000 1100 0.01509 0.05539 2995 334
3 LED=0.20 1000 1109 0.01419 0.05390 2964 337
4 LED=0.40 1000 1103 0.01429 0.05599 2995 334
5 LED=0.60 1000 1107 0.01090 0.05689 3011 332
6 LED=0.80 1000 1105 0.01470 0.05500 2933 341
7 LED=1.00 1000 1110 0.01200 0.09049 2918 343
8 LED=1.20 1000 1112 0.01380 0.07439 2902 345
9 LED=1.40 1000 1089 0.01429 0.06159 2902 345
10 LED=1.60 1000 1093 0.01509 0.09040 2855 350
11 LED=1.80 1000 1079 0.01499 0.09069 2871 348
12 LED=2.00 1000 1079 0.01490 0.09209 2746 364
13 LED=2.20 1000 1079 0.01409 0.11080 2714 368
14 LED=2.40 1000 1060 0.01659 0.14069 2730 366
15 LED=2.60 1000 1060 0.01470 0.12809 2699 371
16 LED=2.80 1000 1063 0.01589 0.16519 2730 366
17 LED=3.00 1000 1076 0.01389 0.19838 2761 362
18 LED=3.20 1000 1081 0.01479 0.21118 2715 368
19 LED=3.40 1000 1064 0.01549 0.26529 3105 322
20 LED=3.60 1000 1071 0.01110 0.30959 2730 366
21 LED=3.80 1000 1071 0.01090 0.40099 2715 368
22 LED=4.00 1000 1090 0.01090 0.43529 2730 366
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# LED setting Events Find Pulses Pulse Peak (V) Duration Events Rate

23 LED=4.20 1000 1077 0.01110 0.54949 2714 368

24 LED=4.40 1000 1084 0.01189 0.68839 2683 373

25 LED=4.60 1000 1085 0.01119 0.70919 2714 368

26 LED=4.80 1000 0.01409 0.71009 2684 373

27 LED=5.00 1000 1704 0.01490 0.71128 2714 368
Note:

The number of pulses found in LED setting 4.80 and 5.00 are not accurate due to the primary
pulse secondary ringing bouncing above the 10mV threshold and being counted as a separate
pulse. The ringing is related to the preamplifier board design and in general, the higher the
primary pulse is, the bigger the ringing will be. Therefore, the ringing is caught as a new pulse

in error only in those two highest signal cases.

The max pulse peak found at each LED setting can be used as a rough guide for
system response, but it is not very accurate because the max includes the sum of
nominal response and the uncertainty. Later in the system linearity analysis, the sys-
tem response will be better presented with the nominal response which can be ac-
quired from the pulse peak histogram distribution. Here, for initial view, the max pulse
peak is plotted against LED setting in Figure 6-16. This plot is only partially linear for
the middle range because: first the LED intensity vs LED setting is not fully linear (as

shown in Figure 6-3), second the SiPM system saturates after LED setting above 4.60.

The Maximum Pulse Peak at different LED setting
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Figure 6-16 The max pulse peak recorded for each LED setting
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6.4 SiPM detector system characterization

6.4.1 SiPM after-pulse

During the avalanche process, a small portion of the avalanche carriers get trapped in
defects in the silicon but are released after short delays (typically on the order of a few
ns to many tens of ns). If the release occurs during the cell recovery time, its amplitude
will be lower than that of a normal (1p.e) pulse. If it occurs after the cell’s recovery, it
will develop into a full avalanche process and appear the same as a genuine pulse.
These are called after-pulses. After-pulse is an unwanted signal and a contamination
to the true signal. The partially developed after-pulse can be discriminated by the pulse
height. At some specific conditions, the fully developed after-pulse can be excluded
by a time-delay filtering algorithm. Such conditions can be the timing of the pulse is
known when the incoming signal is driven by a trigger, or in very low pulse rate appli-

cation where the time difference between consecutive pulses is very large.

Since the amplitude of the after-pulse generally is equal to or below the amplitude of
1p.e. signal, it can be filtered out together with most of the dark count together by
setting the discrimination threshold at 1.5p.e. Figure 6-17 shows the full-grown after-
pulses captured by an oscilloscope set in hysteresis mode, which means stacking up
multiple waveforms. The waveforms are coloured in heat mode, with red standing for
high intensity and blue for low intensity. The leading/triggering pulse is the primary
SiPM signal. The trailing pulse is the full-grown after-pulse. This plot is acquired with
no LED signal, so only dark count presents. As dark count hardly reoccurs within the
same screen frame (1us width), these blue (blue means occur less frequently) pulses

are mostly after-pulse.
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Figure 6-17 The oscilloscope captures of after-pulse in hysteresis mode in dark count measurements
From the SiPM characterization dataset, we picked up two examples in Figure 6-18 to

illustrate the partially developed and fully developed after-pulse.
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Figure 6-18 Example of partially developed after-pulse (leff) and fully developed after-pulse (right)

6.4.1.1 Calculation of after-pulse ratio

The data file #1 with light source switched off is used to calculate the after-pulse ratio.

As there are two types of after-pulse: partially developed and fully developed, the dis-

cussion will be separated into two parts.
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Contribution from partially-developed after-pulses

Before the discussion, let’s explain some background information about the data file.
This data file is made up of 2000 events. Each event is a 200ns long frame. As each
event is acquired on trigger, there is at least one pulse in each frame. This triggered
pulse is defined as the primary. In some frames, there is one or more pulses after the
primary. These pulses are defined as the secondary. A customized algorithm has been

developed to detect and analyse all the pulses.

From Figure 6-18 left plot, we notice the immediate after-pulse is so close to the pri-
mary pulse, that it often causes signal pile-up. To detect the overlapped pulses
properly, we applied the Wiener-Deconvolution filter on this data file. Before applying
the filter, our algorithm picks up 131 secondary pulses over the entire 2000 events.
After the filter, our algorithm picks up 186 secondary pulses. This shows the success
of the filter. And it can be quite certain the delta (186-131=55) number of pulses are

the partially-developed after-pulse.

Then plot all the pulses (2000 primary pulses + 186 secondary pulses) as a time series
taking the relative time to the first pulse as the timestamp of each pulse. The result in
Figure 6-19 shows most of the peaks lay around the 1p.e. line and a few around the
2p.e. line. This reflects the fact that with no light source, the majority of the signal is
the 1p.e. dark count. The 2p.e. signal can be a mixture of a 1p.e. dark count triggering
one optical cross-talk or two dark counts from different pixel at the same time. Those
peaks lay below the 1p.e. line and between 1p.e. and 2p.e. line are the under-devel-

oped after-pulse.
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Figure 6-19 Pulse peak against the pulse arrival time (relative to the first pulse)

Then the after-pulse ratio contributed by the under-developed pulses can be estimated
by counting those partially developed secondary pulse to the total number of primary
signals. Here the data is calculated by reading the plot Figure 6-19. With pulse peak
under 0.015V counted as less than 1p.e. pulse, with peak between 0.02V and 0.03V
counted as less than 2p.e but above 1p.e., we derived the results shown in Table 6-2.
The thresholds used here are a bit arbitrary. Because the fluctuation of a nominal 1p.e.
or 2p.e. signal amplitude partially overlaps with the amplitude of the under-developed

after-pulses, this causes the thresholds very hard to set precisely.

Table 6-2 Statistics for After-Pulse calculation

less than 1 p.e. 45
less than 2 p.e. but above 1 p.e. 18
Sum of partially developed after-pulse 63

Total number of signals 2000

Ratio 3.15%
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Contribution from fully-developed after-pulses

This type of after-pulse can’t be distinguished from a normal dark count pulse. So, we
took a statistic approach to estimate how many fully-developed secondary pulses are

genuine dark counts and the remaining shall be after-pulses.

It is reasonable to assume the average dark count rate is uniform across all the 200ns
event frame. The data file #1 includes 2000 events. This gives a total 2000*200ns long
time window. With the average dark count rate at 70kHz, the expected dark counts for

the total time window is:
Total dark counts =70k x200ns %2000 =28

This means 28 pulses out of the 186 counted secondary pulses are dark count. This
calculation is valid assuming each dark count is an independent event. Then after
removing 63 under-developed secondary pulse from Table 6-2, the balance is mostly
the fully developed after-pulses. We then can calculate the portion of fully developed

after-pulse as:

. _ 186-28-63
after _ pulse_sec 2000

=4.75%

Combining this result with the result in the Table 6-2, we can acquire the final after-

pulse ratio as:

R =R

under _developed + Rﬁtlly _developed

=3.15%+4.75% =7.9%

after _ pulse _ final

This calculation provides a very good approximation for the SiPM after-pulse perfor-
mance. However, there is inaccuracy in the process. For example, the amplitude of
the pulse peak varies even if it is fully developed. This is governed by a Gaussian
distribution. So, at extreme cases (whose probability is quite low), some pulse will fall
into the low amplitude region, where it can be counted as an under-developed after-
pulse. Another example is the statistic estimation for the number of dark counts. The
events are captured in triggering mode while the triggered pulse is mostly like already
a dark count. This creates a bias as its timing (of the 200ns window) is selected rather

than a random section in the timeline.
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Nevertheless, the methodology here provides an easy and very practical (it requires
very little computing resources.) approach to estimate the after-pulse ratio with a rea-

sonably good accuracy.

6.4.1.2 The study of the delay time between the primary and secondary pulse in

a single capture frame

The parameter that is closely studied is the delay time between the primary pulse and
the leading secondary pulse (in data file #1, only the delay time between the primary
and the first secondary is counted. The time between the primary to the second or
more secondaries is ignored. There are very few such cases, so this cut-off shall not
affect the results. Plus, for event with more than 2 secondary pulses, it is hard to judge
the nature of the secondary, which could be a genuine after-pulse, or a coincident dark
count, or another after-pulse triggered by the first after-pulse.) The delay is defined as
the peak time of the primary pulse to the peak time of the next secondary pulse as

shown in Figure 6-20.
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Figure 6-20 The definition of delay time between the primary(triggering) pulse and the first secondary pulse
In this way, the delay time for all those frames is calculated and collected. Then plot
the histogram of all the delay time in 24 bins ranging from 5ns to 120ns. The result is
shown in Figure 6-21. Note, the data used here is the original data before the filtering
because we would like to study the nature of the occurrence of the after-pulse exclud-

ing the impact of the filter.
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Figure 6-21 Histogram of the delay time between the primary pulse and the leading secondary pulse

Firstly, this distribution is interpreted as the sum of several Gaussian pulses. The fitting

formula for each Gaussian pulse is constructed as:
2
y=B+A-exp(_(x;2'u)) (5.1)
20

Where,

y represents the frequency,

x represents the delay,

B is the offset,

A is the amplitude of the peak of the Gaussian pulse,

M is average of delay, and

o is the standard deviation of the delay, which determines the width of the pulse.

By trial and error of the four parameters B, A, y and o, a set of Gaussian pulses that
can closely fit to the plot are found. Four Gaussian pulses are created and the sum
of them represents the final fit function. The quality of fitting is examined with Chi-
square calculation. With Gaussian pulses, the best fitting score we can get has a

Chi-square error of 41.5. The result is shown in Figure 6-22. In the figure, four
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Gaussian pulses are coloured differently. The leading pulse dominants. The dotted

curve is the sum of all the four pulses.
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Figure 6-22 The fit function using Gaussian pulse

The Gaussian pulse doesn'’t look like the best fit to the data as the pulse appear in the

data shows a bit asymmetric. This suggests that a Poisson fit might be better. The

standard Poisson distribution function is slightly modified to include a x-axis shift and

y-axis offset. The revised function is shown as:

x=C) -
y=B+A4- ;(l;_—)é);l

Where,

y is the frequency,

x is the delay,

M is the mean and standard deviation of delay,

B is the offset,

C is the shift of peak in x-axis to compensate the non-origin start point and

A is the amplitude of the peak of the Poisson pulse.

(5.2)

Again, Chi-square score is used to check the quality of the fitting and find the best fit

function parameters. The final fit function is similarly made up of four independent
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Poisson pulses. With the Poisson pulse, a better Chi-square score at 16.5 is ob-

tained. The new result is presented in Figure 6-23.
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Figure 6-23 The fit function using Poisson pulse

The statistic modelling of the delay time of the secondary pulse doesn’t directly con-
tribute to the after-pulse ratio calculation, but it indicates an important feature of the
delayed after-pulse. That is the timing of the occurrence of the after-pulse seems to

obey the superposition of a number of Poisson distribution.

At the time of thesis writing, we discovered a study about the timing of the occurrence
of after-pulse and crosstalk by J.Rosado [157] . We haven’t examined the outcome of
that study. It will be interesting to compare his study to our independent study finding

in future work.

6.4.2 SiPM optical crosstalk

In the avalanche process, millions of carriers will be generated in a very thin depletion
region, where the electric field can reach 10%— 108V/cm. Of all the carriers, some might
not contribute to the carrier multiplication, but instead they lose their energy to emit
new photons. These photons with energy above the silicon band gap (~1.14eV) can
travel to the neighbouring pixels and trigger new avalanches in them. This phenome-

non is known as optical crosstalk and first observed by Newman[158].
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To understand the feature of the waveform of the crosstalk signal, it is important to
know its timing. Let’s first estimate the travel time for the new-born photon to reach the
neighbouring pixel and then compare it to the typical pixel avalanche time and recov-

ery time.

All the photons, of any energy, travel at the same speed of light at 3x108m/s in vacuum.
In the material, the speed will change with its refraction index. So, in Si with a refraction
index of 3.45, the speed of light is reduced to 0.87x108m/s. Assume the pixel pitch
(25um for S13360-1325CS SiPM) represents the typical distance for the photon to
travel, the travel time to the nearest pixel is:

t=25um/0.87x10°m /s =0.287 ps

This is much shorter than a typical pixel recovery time (~15ns). This means the new
event(s) triggered by the cross-talk photons will stack on top of the existing event to
form at least a 2p.e. high event (when one extra pixel is triggered.) This feature intro-
duces a method to measure the cross-talk in a setup where only 1p.e. signal shall
exist. A convenient source of such data is the file #1 where LED is off and only dark
count presents. The study (from later section of this chapter) shows that more than
99.99% of the dark count is 1p.e. signal. So, it can be confidently claimed that those
2p.e. and above signal are the results of cross-talk. This methodology is formalized

as:

_ NZI.Sp.e.

Rcr()ss—talk - N (53)

>0.5p.e.

Figure 6-24 shows the histogram of all the pulses peak from the data file #1 post De-
convolution-Wiener filtering. The filtered data includes all the after-pulses. Using this
as the denominator might have improved the result. However, on the other hand, an
after-pulse has the same probability to trigger an optical crosstalk as the genuine sig-

nal, so it is fair to count the after-pulse together.
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Figure 6-24 The histogram of pulse peak for the data file #1 post Wiener-Deconvolution filter

According to the plot, the 0.5p.e. threshold is set at 0.01V and 1.5p.e. threshold at

0.025V. Then run the counting statistics on the data with results shown in Table 6-3:

Table 6-3 Statistics for Optical Crosstalk calculation

Peak higher than 0.5 p.e. 2186
Peak higher than 1.5 p.e. 44
Ratio 2.01%

Compare the result to the SiPM S13360-1325CS datasheet plot shown in Figure 6-25.
At 5V overvoltage, the crosstalk reads about 1.3%. This corresponds well to our cal-

culation result at 2.01%.
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Figure 6-25 Official cross-talk plot against overvoltage from S13360-1325CS datasheet

6.4.3 SiPM photon detection efficiency

Patrick Eckert[69] has established a fine setup to measure the photon detection effi-
ciency (PDE) of a SiPM. His setup used a range of special equipment, which is beyond
the reach of this project. With the simple setup as Figure 6-9 describes, it is possible

to make some analysis to estimate the photon detection efficiency.

First step is to work out how many photons arrived at the SiPM via the optical fibre.
This calculation should consider how many photons are emitted from the LED, how
many can fall into the acceptance angle of the optical fibre, how many is lost during
the transmission over the fibre and how many is lost due to the mismatch of fibre
output size to the SiPM holder acceptance hole size. These factors will be discussed

in detail one by one.
Photon emission of the LED

Figure 6-26 shows the emitted photons in relation to the LED setting. This is measured
by a PMT in front of the LED without the optical fibre for a single 8ns pulse. The LED

driver adjusts the LED intensity by controlling its current. The plot shows the photon
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emission/intensity is very linear to the LED setting between 4 and 9.5. Below 4, the
photon flux is probably below the PMT’s sensitivity, hence no data point is recorded.
By the way, as previous section shows, our system saturates just before the LED set-
ting of 5 and can detect signal from LED setting as low as 0.2. This shows the extreme

photon sensitivity of SiPM system compared to the PMT system.
Photons vs LED Amplitude (@ 2kHz)
1400
1200
1000 *

800

#ph

3 4 5 & 7 8 9 10
LED Amplitude

Figure 6-26 the relation between the LED setting and the output photons for SP5601 LED driver [155]

Optical fibre acceptance angle

The LED equipped in the driver is OSSV5111A from OptoSupply. Its emission directiv-
ity is shown in Figure 6-27. It shows a full cone of 15 degree for 50% of the beam
power (the interaction between the beam profile and the middle half circular line which
ends at the 0.5 mark on the bottom line). The full cone for 100% beam power (the
interaction between the beam profile and the outer half circular line) is no more than

20 degrees.

The datasheet of the optic fibre states a full acceptance cone of 43.3 degrees, which
is larger than the LED full beam angle 20 degrees. Thus, it can be assumed all the

emitted photons enter the fibre.
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Figure 6-27 LED beam directivity [159]

Optical fibre transmission loss

Figure 6-28 is the typical spectral attenuation from the manufacturer datasheet. The
principle wavelength of the LED is 400nm, which is just outside of this plot. We extend
the curve by following its trend to 400nm. The estimated attenuation is roughly

60dB/km at 400nm. Ouir fibre length is 400mm. The attenuation is calculated as
A=-60dB / kmx400mm =—0.024dB =99.72%

This means the loss is only 100%-99.72%=0.28%. Such small loss can be neglected
for the simplicity of calculation. For the later calculation, the transmission efficiency is

assumed to be 100%.
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Figure 6-28 The signal (photon flux) attenuation of the fibre against the wavelength (from the datasheet of the
optical fibre) [160]
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Mismatch between the fibre output core and the photon acceptance pin hole in
the SiPM holder

This is a purely mechanical interface. Assume the beam is uniform across the fibre
core cross-section, the dimension of the SiPM holder acceptance pin hole will deter-
mine the geometry photon loss. The diameter of the fibre core is 1mm. The diameter
of the pin hole is 1.5mm. As the pin hole is bigger than the fibre core, there is no photon

loss here.

So, after this basic analysis, it is reasonable to conclude the number of photons arrives
at the SiPM sensitive area is very close to the number of photons emitted by the LED.
Figure 6-29 shows the histogram of the detected photons at different LED settings.

The centre peak is taken as the nominal number of detected photons.
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Figure 6-29 The histogram of detected signal peak at different LED settings
Through interpretation of Figure 6-26 and Figure 6-29, the photon detection efficiency

is worked out as shown in Table 6-4:

Table 6-4 Calculation for photon detection efficiency

LED setting Emitted Photon  Detected Photon  Efficiency
LED=3.60 7
LED=3.80 35 8 22.86%
LED=4.00 74 13 17.57%
LED=4.20 113 17 15.04%
LED=4.40 152 23 15.13%
LED=4.60 191 29 15.18%
LED=4.80 230 38 16.52%
LED=5.00 269

Average = 15.89%

All the data are sight reading from the plots, so there is inaccuracy especially at both

end of the data. (next section 6.4.4 introduced a mathematic method to calculate the
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nominal SiPM system output. That should provide a better nominal number than the
plot sight reading. However, that method also suffers the inaccuracy at both end of the
LED setting.) The emitted photon at LED=3.60 is missing because that point is very
difficult to interpret from the Figure 6-26. The detected photon at LED=5.00 is also
missing because the signal amplitude is out of our SiPM detection system limit. So,
these two lines of data are skipped. The calculated efficiency is averaged to represent
the overall photon detection efficiency. Note, the line of LED=3.80 shows largely dif-
ferent efficiency value from the others. This probably is due to the low photon number

causing excessive statistic error. So, this line is excluded from the average calculation.

The SiPM datasheet reports the photon detection efficiency is about 22% at 400nm
wavelength (Figure 6-30). This is close to the observation at 15.89%. The difference
probably is due to the inaccuracy in our data set, some omitted photon loss from LED
to the SiPM and the excessive duration of the LED pulse (for the later period of the
8ns LED pulse duration, the SiPM and its readout preamplifier might be in deadtime

period when light intense is high. This will result in the loss of photon detection.)

(Typ. Ta=25 °C)
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Figure 6-30 SiPM S13360-1325CS photon detection efficiency against the wavelength
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6.4.4 System linearity

The linearity is defined as the proportionality between the input number of photons
and the output signal height. Figure 6-26 shows the linear response of the LED driver,
but data is only available from LED setting 3.50 onwards. Our test starts from LED
setting 0.0 and ends at setting 5.00 where the system is fully saturated. So, there is
only a small section of overlap, which is suitable to calculate the photon detection

efficiency as shown in Table 6-4.

To acquire a single number that can represent the system response to the input LED
level, a method is developed to convert the distribution of response into a single num-
ber. First, for each data file, all the pulses with peak below 1.5p.e are removed. This
is to remove the disturbance of dark counts. Then, the histogram is regenerated. Then,
a Gaussian curve is constructed with the mean and standard deviation calculated from
the data samples of the remaining pulses. The Gaussian curve is then scaled up to
have its area match that of the histogram. Figure 6-31 shows some examples of the
processing results. As shown, the more pulses are (corresponding to higher LED in-

tensity), the better the Gaussian curve fits.
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Figure 6-31 The histogram and the Gaussian curve fit for some data files at different LED setting

Then the mean of the constructed Gaussian curve is picked as the single number to
represent the response of the system to the input LED level. Note that for the data file
near both ends of the system dynamic range (the low end is when LED is barely on
and the high end is when LED saturates the system), the fit Gaussian curve is highly
distorted, so its mean can’t represent the system output well. The mean represents
the SiPM system output signal peak amplitude. This can be converted to the number
of photons using the system gain 0.0185V/p.e. The converted photon number against
the LED setting is plotted in Figure 6-32. The manufacturer calibration data is also

plotted for the overlap section for comparison.
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System Response to LED input
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Figure 6-32 The system response to the LED input. The blue curve is the detected photons converted from the

mean of the Gaussian curve. The orange curve is the I;‘?/fgl;.)t of Figure 6-26 for the overlap section of the LED set-
The result shows the system response to the LED input is not as linear as expected.
It is more like an exponential curve. The reason is not fully clear, but it is suspected
the nonlinearity is not in our detector system but in the timing of the arrival photons.
When the LED driver is calibrated, probably the photons are integrated over the full
8ns gate duration. In the SiPM detector system, this 8ns gate period is too long. Only
the photons generated/arrived at the initial period (although it is not clear what the
exact period is) of the full gate duration will be detected. The number of photons might
not be evenly distributed over the full gate duration, which results in the non-linearity

behaviour of the SiPM system response.

6.4.5 System dynamic range

The dynamic range defines the minimum and maximum input signal that the system
can maintain a linear response. The minimum level depends on the system noise level.
A practical system shall maintain a signal to noise ratio of at least 10:1 as a figure of
merit, but in theory, as long as the signal is above noise, i.e. signal to noise ratio is
above 1, the signal can be discriminated from the noise. However, this doesn’t allow

any tolerance to uncertainty. If the signal obeys Poisson distribution, its deviation is
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square root of the signal. So, for an expected nominal signal level of A, it is considered
A—+/4 as the minimum signal level. If noise also obeys Poisson distribution, for the
expected nominal noise level of N, it is considered » ++/~ as the maximum noise level.

The ratio of r =(4—+/4)/(v +~/~N)must be maintained above 1 all the time. The min-

imum signal level that can satisfy this condition is defined as the minimum input sig-

nal. This minimum input level is also called system sensitivity.

The maximum input signal is defined slightly below the system saturation level for
the similar reason discussed in the minimum input level. That is the signal will fluctuate
around its nominal level. If the saturation level is defined as L, the maximum input level
A shall be at 7 —</4 . This way, the system linearity can be maintained, otherwise like
the example of LED=4.80 in Figure 6-31, part of the distribution of the signal will be
cut off, which will result in distortion in the data processing.

The dynamic range is defined as the range between the minimum input signal and
maximum input signal. As SiPM behaves like a discrete device, the system dynamic

range is expressed in the unit of p.e.

The dynamic range in p.e. term is determined by two factors of the system. Both will
be discussed below. The factor that results in smaller range will determine the final

system dynamic range.

The first factor is the SiPM sensor. The ideal response of a SiPM sensor is:

N

photon

x PDE (5.4)

e

NP

As a SiPM only has a limited number of pixels. Therefore, its real response shall be

adjusted as:

_Nphoton xPDE
— N ixel
Np.e. _ Npixel ) (1 —e€ 3 ) (5.5)
If the LED gate duration is longer than the pixel recovery time, Eq. (5.5) needs further
adjustment:
Np' /¥ TGate
N . xT. ixe T
—_ pixel " Gate . _ recovery
Np.e. " Tecoven (1 € ) (5.6)
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Using the data of SiPM S13360-1325CS as Npixel = 2668, PDE = 25% (official peak
efficiency), Figure 6-33 plots the ideal and real response of the SiPM to the incident
number of photons with ideal curve calculated using Eq. (5.6). The error between the
ideal and real response increases quickly as incident photons gets more intensive.
The calculation shows error reaches 5% when Nphoton = 1120, with corresponding Np.e.
= 266. When Nphoton = 2280, with corresponding Np.e. = 513, error reaches 10%.

Thus, if aim to maintain no more than 5% linearity error, the maximum Np.. is 266p.e.

The ideal SiPM response against the real resposne
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Figure 6-33 The comparison of ideal and real SiPM response. The error increases as the number of incident pho-
ton increases.

The second factor is the readout electronics (including the preamplifier, the data ac-
quisition and digital conversion). The preamplifier circuit can output signal as high as
2.5V while the DRS4 module can only accept input signal as high as 0.95V. The real
data shows the peak input signal is clamped at 0.7V (see Figure 6-16). Take the pre-
amplifier gain of 0.0185V/p.e., the maximum signal in terms of p.e. that readout elec-

tronics can acceptis 0.7/0.0185 =40 p.e.

Comparing the calculation outcome by the two factors, the smaller result of 40p.e.

shall be taken as the maximum input signal.

The general dark count is a 1p.e. signal. Considering the optical crosstalk impact,
some dark count will appear as 2p.e. signal. In all, the noise level is no more than 2p.e.
Hence, the minimum input signal can be defined at 3p.e. to exclude all the dark

counts.
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We can summarize that the system dynamic range in p.e. term is 3 to 40p.e. and

considering PDE at 25%, the dynamic range in photon term is 12 to 160 photons.

6.5 SiPM Dark Count Study

The SiPM dark count is an event triggered by electron (e-) or hole (p+) thermal activity
near the depletion region of the pixel diode. At a temperature T, a fraction of charged
particle (e- or p+) in the device will gain enough energy to jump from the valence band
to the conduction band. In the conduction band, the charged particle will move freely.
Under the influence of the electrical field applied by the external bias voltage, some of
them will move into the depletion region, where extreme high electric field exists. Un-
der the extreme high electric field, the charged particle can trigger an avalanche pro-
cess, which grows into a full pixel event. This event due to its self-generated nature is

called dark count.

6.5.1 Statistic Model

The dynamic process of formation of SiPM signal, particularly the dark count, can be
described by a mathematical, statistical model. This model can help to understand the
signal time distribution, which can be used to identify the unwanted signal (like dark

count) from the wanted signal.
SiPM Signal Statistic Model

Assume each pixel is an independent trial, with status of 0 (quiet) or 1 (triggered), the
output of SiPM can be described as a binomial distribution with the triggering proba-
bility of each pixel at p. If define the output as a random variable Y, the probability of

k pixels triggered can be given by:

P(Y = k) = (ZJ Pa ™ k=0,1,2..n

where (5.7)

ny n!
k) ki(n-k)!

Note, n is the total number of pixels and q = 1-p. This distribution has a mean of np

and a variance of npq.
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Eq. (5.7) represents the SiPM output signal amplitude in terms of the number of p.e.
at any instance time slice. The amplitude can range from k=0 (no pixel is triggered) to
k=n (all the pixels are triggered). When counting the dark events, the number of pixels
being triggered at a single time slice is not important, only the fact that if there is pixel
triggered (k>0) or not (k=0) matters. Thereby, the probability of two binary cases (k=0
and k>0) can be derived from Eq. (5.7) as:

py=PY=0)=¢"=(-p)
) ) (5.8)
p=1=-p,=1-¢"=1-(1-p)

Then for m time slices, the total number of dark counts X can be described as another

binomial distribution:

P(X =k)= [r;:jplkpom_k,k ~0,1,2..m

where (5.9)

m m!
k) kWm—k)!

The mean y is mp1 and the variance o is mpop1. If m can cover the length of one
second, the mean p will equal to the dark count rate (# per second). This provides a
way to calculate the single pixel triggering probability p. Replace pr1 with p using eq.

(5.8), the expression of g can be expanded as:

H=mp,
=m(1=(1-p)")

p=l-g1-£ (5.11)
m

Some real data like the SiPM S13360-1325 with n = 2668 and u=70,000cps (counts

per second), is used for a trial. The unit time slice period is defined at 1ns. Then for

(5.10)

Rearrange to solve p as:

one second, the total number of time slices m = 1E9. Apply Eq. (5.11), then p can be
worked out at 2.62378e-8.

With p worked out, q is just 1-p. Then a few k values of Eq. (5.7) can be calculated.
The result is listed in Table 6-5:
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Table 6-5 The theoretical calculation of the success rate for each k value using Eq. (5.7)

k= P(Y=k) Success in 1E9 Trials (m)
0 0.99993 999,930,000

1 6.99976E-05 69,998

2 2.44908E-09 2

3 5.71044E-14 0

4 9.98238E-19 0

5 1.39549E-23 0

6 1.62507E-28 0

7 1.62148E-33 0

2668 ~0 0

The result shows the triggering probability of a single pixel is so low that at any time
slice, the probability of zero pixel triggering (k=0) is 99.993%, the probability of one-
pixel triggering (k=1) is 0.006999%, the probability of two or more pixels triggering
(k>=2) is less than 0.00000025%. For 1E9 times of trial (see results in the third column)
in one second period, the success rate for one-pixel triggering (1p.e.) is 69,998 cases,
for two-pixel triggering (2p.e.) is only 2 cases and for three-pixel or more is 0. The sum
(2+69,998) matches the DCR rate of 70,000 exactly. This match is no surprise as the
p value used for this Binomial distribution calculation is derived from the DCR rate,
which is the g from Eq.(5.10)

This statistic model and the calculated probability table suggests Dark Count (DC) will
be mostly constituted of 1p.e. signal. The chance for a DC to be 2p.e. signal is next to
zero. The chance of 3p.e. signal or above can be safely assumed to be zero. However,
in the real measurement, much higher rate of appearance of 2p.e. signal than what
the statistic model predicts are observed. This is because the effect of cross-talk and

after-pulse.
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6.5.2 Simulator

Based on the statistic model developed in 6.5.1, a simulation program is developed in
Python to investigate the distribution of time delay of any consecutive events. The aim
is to investigate if the knowledge of delay can assist to distinguish the fully grown after-

pulse event from a genuine DC event.
6.5.2.1 The simulator construction and description

The simulator program flow chart is shown in Figure 6-34. The deadtime discussed in
the 6.2.3.2 is fully considered. The program is constructed with two hierarchy of loops.
The outer loop iterates m times (m is the number of time slice, 1 time slice = 1ns). The
inner loop iterates n times (n is the number of pixels). In each inner loop, a pixel will
first be checked for status. If it is active, then a random dice will be thrown (using a
random number generator obeying uniform distribution between 0 and 1). If the result
is less than the pixel triggering probability p, the pixel will be marked as triggered and
the event is registered. Immediately, the pixel will be marked as inactive for the next
50ns (= 50 time slice). Out of the inner loop, if at least one pixel has been triggered,
one DC event is recorded and for the next 20ns, the device is marked as inactive (For
program convenience, simply all the pixels are marked as inactive for the next 20ns.)
This 50ns inactive period for a single pixel corresponds to the dead time of the pixel.
The 20ns inactive period for the device corresponds to the dead time of the detector
system. 6.2.3.2 states 50ns for pixel deadtime and ~15ns for device deadtime. We
add 5ns to make it 20ns to reflect the observation of real 1p.e. signal duration. The
time slice number is recorded as the time stamp of the DC event. As each slice repre-
sents 1ns, the slice number simply represents the number of ns elapsed. Once the
outer loop is completed, all the collected DC events are saved to a CSV file (a common

text file format using comma separating the data point.)
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SiPM DCR Simulation Algorithm

By Hubert Hu, 14/09/2020
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Figure 6-34 The DCR simulation algorithm flow chart
As the time slice is set to 1ns, to complete one second simulation, it requires 1E9 time

slices. This make the simulation unviable big for memory consumption. So, the simu-

lation is limited to 1ms duration, which equals to 1EG time slices. Then the simulation
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is repeated multiple times. The results can be merged together to make up a large
period without distorting the results, as there is no correlation between each simulation

run.
6.5.2.2 The simulation results
6.5.2.2.1 The simulated DCR

In total, 60 runs of 1Tms simulation are acquired. This totals 60ms simulation time. The

number of events found in each run is shown in Table 6-6.

The result ranges from minimum 46 events per 1ms simulation to maximum 89 events
per 1ms, with the average level at 72.07 events. This is equivalent to 72.07kcps DCR,
if the result is scaled up to 1second. The p figure used in the simulation is derived from
the real measurement of DCR at 72.93kcps instead of the datasheet figure of 70kcps.
The close match of the simulation result of 72.02kcps to the real DCR result of
72.93kcps proves the choice of randomness distribution in the simulation program
matches the nature distribution of DC in the real experiment very well. The slightly
lower figure of the simulation result is probably due to the impact of the deadtime and
the statistic fluctuation error from the limited sample size (only 60 runs of total 60ms

simulated, which represents 60ms/1000ms = 6% sample size).

The histogram of the number of events over 60 runs are constructed and shown in
Figure 6-35. It is expected to see a Gaussian distribution with the peak (mean) at 72.
This does not match the histogram presented. The reason is unclear and perhaps this
is due to the sample size is not big enough to show up the Gaussian distribution or the

1ms duration is too short with not enough DC events.

Table 6-6 The DCR simulation results with the duration of 1ms for each run

Runs Events Runs Events Runs Events Average
1 74 21 70 41 76 72.07
2 69 22 66 42 80 Min
3 76 23 46 43 63 46
4 76 24 81 44 82 Max
5 77 25 71 45 49 89
6 64 26 63 46 76
7 80 27 66 47 89
8 84 28 64 48 62
9 79 29 61 49 75

10 73 30 80 50 65
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1 66 31 66 51 89
12 77 32 69 52 79
13 70 33 72 53 80
14 75 34 63 54 73
15 74 35 73 55 63
16 68 36 65 56 71
17 82 37 82 57 71
18 67 38 83 58 75
19 61 39 69 59 72
20 79 40 88 60 65
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Figure 6-35 The histogram of the number of DC events in each 1ms simulation run

Next, the delay time between each consecutive event will be studied. The average
gap obviously is the reciprocal of DCR. If use the figure 72.93kcps, its reciprocal is
13.7us. There is a collection of 4324 DC events out of 60 runs. The timestamp of each
DC event is used to calculate the delay. The results range from 32ns to 127028ns with
an average delay (mean) at 13704ns(=13.704us). This matches our calculation of the
reciprocal of DCR very well. With this mean, the standard variation of the delay is
calculated at 13723.6ns(=13.724us). The coincidence of the mean and standard var-

iation value is an important clue. And this finding will be discussed in the next section

about the delay distribution.
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6.5.2.2.2 The distribution of delay between events

To check out the distribution of the delay, its histogram is built as shown in Figure 6-36.
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Figure 6-36 the histogram of the delay between consecutive events over the simulation data set
The plot clearly suggests an exponential distribution. The fact that its mean equals to
its standard variance matches the characteristic of an exponential distribution, whose
mean equals to standard variance. The probability density function (PDF) of an expo-

nential distribution is:

e ™ x>0
0,x<0

f(x;l)z{ (5.12)

Here, A is the single parameter of the distribution, often called the rate parameter. The

mean and standard variance of this distribution is both 1/A.

The PDF provides a distribution between 0 and 1 and the integration of the PDF equals
to 1. The PDF can be scaled up by a factor of k to generate the sample data between
0 and k while maintaining the distribution shape. So, the slightly modified equation
(5.13) is used to fit the histogram data.

g(A,x)=kle™,x20 (5.13)

The fitting curve is shown as orange line in the Figure 6-36. The parameter k and A

values are experimented to get the best chi-square score.
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The finding matches the following statement which links the Poisson distribution to the

Exponential distribution:

“The exponential distribution is the probability distribution of the time between events
in a Poisson point process, i.e. a process in which events occur continually and inde-

pendently at a constant average rate.” [161]

6.5.2.3 Other findings

Since our DRS4 acquisition window is often defined at 200ns. It is interested to know
the chance of two consecutive genuine DC events occur within the same window.
From the simulation data set, a total of 53 out of 4324 cases with delay less than 200ns.
This sets the probability of capturing two or more events in a single 200ns acquisition
window at 53/4324=1.23%. As the simulation only creates genuine DC events with
zero after-pulse or cross-talk, the figure 1.23% calculated from the simulation data
could represent the probability of a genuine second or more DC event captured in the
same 200ns window. The figure is very close to the theoretical estimation in 6.4.1.1
as 28/2000=1.4%, with the difference just being the fluctuation introduced by the ran-

dom sampling in the simulation.

Another finding from the simulation data is that for every randomly generated DC event,
there is only one pixel fired. This matches what the statistic model predicts. This pro-
vides strong support for the judgement that those events with amplitude equal to or
above 2p.e. is not a DC event with multiple pixel triggering at the same time, but a DC

event coupled with optical cross-talk.

6.5.3 SiPM Dark Count Measurement
6.5.3.1 Dark Count Rate

Any theoretical model can’t replace the value of real measurement. So naturally, the
next step following the theoretical modelling is the real measurement with the current

hardware setup.

In general, the DCR can be obtained with the following simple ratio when the data is
sampled with LED off:
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DCR = (Number of pulses) / (Event time window)

To get good statistics, the number of pulses and event time window shall be as large
as possible with minimum interruption like the dead time. Early discussion in 6.2.3
shows large system deadtime that leads to very slow event handling rate of our
readout system. To overcome this, a wide bandwidth counter replaces the DRS4

module. The new system setup is shown in Figure 6-37.

HV PSU LV PSU
(+56.5V) (+2.5V and -2.5V)

_— Preamplifier Counter
(customized circuit) s (TTi TF930)
T cable

Black out

Figure 6-37 The DCR measurement system setup with a fast Counter replacing the DRS4 module

The counter has a bandwidth of 3GHz. This enables it to catch the short pulse directly
out of the preamplifier. The counter has an analogue dial knob to adjust the triggering
threshold. In order to set the threshold correctly, the SiPM and preamplifier board is
replaced with a function generator. The generator is configured to mimic the real SiPM
dark count signal (=1p.e.) at a given frequency. Then adjust the counter threshold
setting until the reading is stable and match the generator signal frequency. This way
the counter threshold setting is correctly calibrated and set. After this step, the SiPM

and the preamp board is swapped back and ready to measure the real DCR.

The average reading of DCR acquired is about 75kcps at the bias voltage of 56.5V at
the room temperature. This is close to the datasheet figure of 70kcps with 5V over-
voltage. As the temperature of the SiPM is not actively controlled during the acquisition
period, the real temperature of SiPM is expected to be slightly above the room tem-

perature as the dissipated power of SiPM will heat up the device.

It is well known the DCR is highly correlated to temperature. The higher the tempera-
ture is, the higher the DCRis. DCR is also correlated to the bias voltage (strictly speak-

ing, it is the over voltage part makes the effect.) in the similar way. The underlying
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cause of the temperature influence is that statistically more electrons will gain enough
energy to travel into the depletion region at higher temperature. With higher bias volt-
age, the depletion region expands so that the chance of a thermal electron entering

the depletion region increases.

With the current setup, it is relatively easy to measure the DCR variance against the
bias voltage. Figure 6-38 shows the DCR vs the bias voltage with the bias voltage

sweeps from 56V to 66V.

DCR vs Bias Voltage
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Figure 6-38 The DCR variation with the SiPM bias voltage
The plot shows a good fit with an exponential curve. But through close examination,
the data is better divided into two sections. From 56.5V to 61V is the first section where
data shows quite linear trend. From 61V and onwards is the second section where

data shows more exponential trend.

It is not quite clear why the data shows two different trends. It could be that in the first
section, the bias voltage impact is dominant. The relationship between dark count rate
and bias voltage is likely linear. In the second section, the temperature impact is dom-

inant, which might have exponential relationship to the dark count.

It is understood, the energy distribution of electrons at any thermal equilibrium with its
environment is governed by Fermi-Dirac distribution function. The function has a form

of:
1
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Where, E is the energy level of the electron. Er is the Fermi level. k is the Boltzmann

constant and T is the temperature in kelvin.

At a given T and known Er, the electron energy distribution is defined. A portion of the
electron above an energy threshold can move to trigger the dark count. In a semicon-
ductor, the threshold is the difference between the bottom conduction band energy
and the donor energy level. This difference is lower than the semiconductor band gap.
Therefore, only a quite small energy is required to overcome this threshold. For exam-
ple, for donor material Sb in silicon semiconductor, the threshold is only 39meV, a

small fraction of the 1.12eV silicon bandgap.

As temperature increases, the distribution curve shifts, but the threshold doesn’t
change. This means more electrons gain energy above the threshold and this leads
to trigger more dark counts. The increment of the number of electrons above the
threshold is exponential to the increment of temperature T. Figure 6-39 shows the
electron energy distribution at different temperature in relation to the threshold (this is
an artificial energy threshold for illustration purpose only.) Clearly, the portion of the
Fermi-Dirac curve above the threshold increases exponentially as temperature in-
crease. Limited by the scope of this research, further theoretical study of the dark

count is left for the next step.

Fermi-Diract Distribution
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Figure 6-39 The illustration of Fermi-Dirac distribution
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6.6 Conclusion and future work

This chapter introduces the SiPM detector system characterization test with a varia-
ble LED source. This serves as a preparation before the final test with the radioac-
tive source. The Python scripts introduced in the last chapter is combined into a sin-

gle master script to batch process the characterization test data.

The data set has been deeply examined to extract the SiPM detector system charac-
teristics. They are mostly dominant by the SiPM characteristics. It is found the sys-
tem total after-pulse rate is about 7.9%, the crosstalk at 5V overvoltage is 2.01%, the
overall photon detection efficiency is about 15.89%, the system linearity is quite good
within the dynamic range, but the system effective dynamic range is merely 3 to
40p.e.

The second part of the chapter devotes to the study of the SiPM dark count. As the
most important part of the system performance, the SiPM dark count is the dominant
source of noise. Comparing to MCP, CEM or PMT photon sensor, SiPM has the
highest background dark count rate by a few orders. This study builds a theoretical
probability model to describe the distribution of DC event occurrence. It is proved the
DC event occurrence follows a Poisson distribution and the delay of the consecutive
event follows an exponential distribution. It is also proven that more than 99.997% of
the total dark counts are 1p.e. signal. The likelihood of a 2p.e. signal dark count is
merely 0.00286%. Therefore, the observed 2p.e. or higher signals in the dark count

data set are the contribution of the optic crosstalk.

The dark count rate of our system is measured at 75kHz, which is close to the manu-
facturer declared 70kHz. The rate change with bias voltage is characterized, but no
characterization with temperature due to our simple test setup lack of temperature
control. The underlying cause of the temperature impact on the dark count is briefly

discussed with the Fermi-Dirac distribution and semiconductor band theory.

For the future work, more theoretical study about the dark count statistics derived from
the semiconductor physics can be done. It is possible to establish a theoretical model
to predict the dark count rate given the semiconductor parameters, such as doping
level, material parameter, PN junction construction, together with bias voltage, tem-

perature as the input parameters to such a model.
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Chapter 7 Radiation Test

7.1 Introduction

After the SiPM system characterization test with LED source, it was ready for the final
end to end test with the scintillator module integrated in front of a radioactive source.
This is the last test for this research project, but only the first test to characterize the
full scintillator+SiPM detector system. More tests with different radioactive sources or

electron, proton, ion beam facility will be the future work.

The selected source is an unsealed Am-241, which emits alpha particle and a weaker
gamma ray. Frank Asaro et. al.[162] has measured the alpha emission. Paul
P.Day[163] has measured the electromagnetic spectrum. Their study unveils the com-
plex alpha and electromagnetic spectrum from Am-241. For the purpose of verifying
our prototype detector system, only the two prominent emissions as the 5.486MeV

alpha and the 60keV gamma are studied.

The review of the scintillator module design shows that the prominent alpha will be
stopped by the top layer plastic scintillator BC404 and the prominent gamma will
mostly penetrate the top layer scintillator and be absorbed by the bottom layer LXSO

scintillator fully.

The photon yielded by both scintillators will be collected by a single SiPM photon de-
tector at the bottom of LXSO scintillator. This creates a problem of how to identify the
origin of the photons, which is essential to calculate the energy resolution of each
scintillator. This problem can be partially solved by analysing the timing of the photon.

The discussion of this analysis will be one of the key parts of this chapter.

The radiation test is deemed successful in terms of demonstrating the end-to-end func-
tionality. Yet, it also shows the improvement that is needed for this system regarding

energy resolution and overall detection efficiency.
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7.2 Radiation Source

7.2.1 Am-241 basic

According to Wikipedia [164] , Am-241 is a radioactive isotope of americium. It has a
half-life of 432.2 years and it decays mainly via a-decay, with a weak y-ray by-prod-

uct. The decay process is shown as:
M Am— % Np+ 0> +y59.5409keV (6.1)

The a-decay energies are 5.486MeV for 85% of the time, 5.443MeV for 13% of the
time, and 5.388MeV for the remaining 2%. The y-ray energy is mostly 59.5409keV.
Eq. (6.1) hints a 1:1 ratio between a-decay and y-ray for every decay. This is not true.

Only about 40% of the decay will yield y-ray.

There are several Am-241 sources available at MSSL (see Appendix F: MSSL radio-
active source list.) The AM7 is chosen for its easy handling and weak intensity. Figure
7-1 shows the AM7 source encapsulated in a metal coin of 25mm diameter by 0.5mm
thickness. In the centre is a small exposure area of 7mm diameter. The source is
manufactured in Jan 2017 with an initial activity at 0.04MBgq. These figures will be used

to estimate the detector efficiency in a later section.

Figure 7-1 MSSL AM7 source
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7.2.2 Am-241 Range

The test is performed in air in a dark box. It will be better if the test can be done in a
vacuum chamber as that can remove the attenuation by air of the source emission.
However, the setup and the associated harness preparation work is much more elab-

orate. To save effort and time, the first test was made being in air.

As alpha particle travels through the air, it continuously loses energy due to nuclear
collision and electric force. This is generally characterized as stopping power and
range. The range of alpha particle in air can be calculated using NIST tool ASTAR [81].
Figure 7-2(a) is the plot of the CSDA (Continuous Slowing Down Approximation) [165]
range calculated with NIST data. Experiments by Yu,K.N. et al. [166] measured Am-

241 alpha particle energy loss in Air. Figure 7-2 (b) quotes their measurement result.

Alpha Particle CSDA Range in Dry Air
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Figure 7-2 Alpha particle energy loss in the air. (a) is the range calculated by the NIST tool (b) is the measure-
ment result done by Yu, K. N [166]

Reading from the plot, the alpha particle energy will diminish to zero at about 4cm.
This means the primary alpha particle of Am-241 source can travel by maximum 4cm
in the dry air. Therefore, in the experiment, the distance between the source and the

scintillator detector shall be kept within 4cm. This will be further discussed in 7.5.

7.2.3 Am-241 spectrum

Back to 1950s, the emission of Am-241 has been thoroughly studied. Frank Asaro et
al [162] has measured the alpha emission with a magnetic spectrometer. Paul P.Day
[163] has measured the electromagnetic spectrum with a ten-inch bent-crystal spec-

trometer and a sodium iodide scintillation counter.
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Frank et al reported the findings of six alpha particle groups that are 5.546MeV, 0.23%;
5.535, 0.34%; 5.503,0.21%; 5.476, 84.2%; 5.433, 13.6% and 5.379,1.42% in energy
and abundance. Later, they corrected the 5.546 MeV peak was not true but ascribed
to the scattering from one of the baffles in the spectrometer. Figure 7-3 shows the

alpha spectrum of Am241 from their report.

The experiment system photographed the track of each alpha particle to calculate the
energy and abundance. Figure 7-4 is one of the photographs showing six acceptable
alpha-tracks (those six in parallel). It is requoted here to give evidence that the track
of an alpha particle in the matter is a straight line and the track length varies linearly
with the energy.
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Figure 7-3 Alpha-spectrum of Am241 measured by Frank Asaro et al [162]. The x-axis is the hit position on the

measurement plate. Here 1Tmm represents 3.96keV difference.
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Figure 7-4 Alpha-tracks in photographic emulsion. For a 6MeV alpha patrticle, the track length in the emulsion is
approximately 25 microns.

Paul P.Day carried on studying the electromagnetic spectrum of Am-241. The experi-
ment used a Topaz to bend the electromagnetic wave and used a Nal scintillator as a
detector. This way, the source and detector are not on a straight line, which can avoid
the contamination of alpha particle from the same source. The chart of the complete
spectrum is requoted in Figure 7-5. The detail of four prominent gamma rays are re-
quoted in Table 7-1. Paul also mentioned Seaborg et al [167]'s work observed that
the 60keV y-ray occurred at a frequency of about 0.4 per alpha particle. This ratio will

be used in the later analysis.

Table 7-1 The Am?*' gamma rays observed on the bent-crystal spectrometer

Back- ~ Observed
_ ground* . . .intensity?
‘ . ... (counts/ (counts/ Correctione Correctedd
Energy (kev) . -~ - min) : min) - factor intensity
26.363+0.014 40 520 1.55 8.2
33.1994-:0.021 - - 39 39 1.32 0.5
43.46340.085 - 65 30 2.17 0.6

50.568+0.017 70 5220 1.88 100

3 Background computed by averaging counting rates on both sides of
each peak. B )

b Background subtracted. )

o Attenuation corrections as explained in text.

d Relative to the 60-kev line.
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Figure 7-5 The complete electromagnetic spectrum of Am-241 source from Paul P.Day [163]
500 T T T T Y T T T Y
<
)
60 kev
400 | : . -
w 3001 1
[
<
«
o Ag
Z K X-RAYS
z
8 200 10! Kev ‘ i
O
¢
. L
{00} .
kev
'
0 L3 5 " '
CHANNEL NUMBER 3 50

Figure 7-6 Electromagnetic spectrum of the Am-241 source measured by a Nal(Tl) scintillator and a 50 channel
PHA analyser from Jaffe et al. [168]
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Jaffe et al [168] did a similar measurement with the same type of bent crystal spec-
trometer. He used Nal(Tl) scintillator and a 50 channel pulse height analyser as the
main detector and readout system. Figure 7-6 shows their spectrum result. Clearly the

60keV line is the prominent emission.

7.3 Test Setup

The separation distance between the Am-241 source and the scintillator is a key dis-
tance. In the test, this distance is varied to simulate different alpha particle energy
hitting on the scintillator. The idea is that the air attenuation will absorb a fraction of
the original alpha energy and the left-over energy will be the energy absorbed by the
scintillator. As the attenuation is related to the air distance according to Figure 7-2,

varying the distance can vary this attenuation, thus adjust the left-over energy.

The system data acquisition and the post-processing Python scripts are kept the
same as that used in the SiPM system characterization. The difference is just the
scintillator module is fit and the LED source is replaced with Am-241 source. Figure

7-7 shows the setup.

The front-end detector system (including scintillator module, SiPM and preamp; for
simplicity, this is called detector assembly) and the radioactive source is placed inside
an aluminium box. The inside surface of the box is coated with black anti-reflection
material. The low voltage (LV), high voltage (HV) PSU, DRS4 module and the laptop

are placed outside the box.

The source is held in a bracket secured with some yellow tape. The detector is held
by two adjustable support frames. The source and detector are aligned manually. This
is very coarse, and it leads to some problems in later data analysis as the exact dis-
tance between the source and the detector is unknown. Figure 7-8 shows the setup
inside the dark box. All the data is captured and saved during the test. The data pro-

cessing is done offline.
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Figure 7-7 The architecture of the test setup with radioactive source Am-241
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Figure 7-8 The photograph of the radiation test setup inside a dark box. The Am-241 source is held in a bracket
with the active area facing the scintillator detector module top face

Figure 7-9 shows the scintillator detector module and how it is mounted in SP5650

sensor holder. The scintillator module is already coated with a thin layer of Aluminium
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for containing the scintillator light within the module and rejecting the ambient light.
The white Teflon wrap is mainly used to hold the scintillator module rather than light

shielding.

Figure 7-9 On the left is the scintillator detector module and on the right is the assembly of scintillator module with
the preamplifier board holder

7.4 Scintillator module response review

Firstly, briefly revisit the scintillator design to understand what the expected response

from the detector assembly shall be like for Am-241 source.

The scintillator module is constituted of two layers of scintillator stacked together. The
top layer is BC404 of 1mm thickness and the second layer is LXSR of 4mm thickness.
The module is coated with Aluminium reflection layer, with top coating at 50nm thick-
ness and body coating at 100nm. The illustration of the design can be found in Figure
2-10.

Recall the discussion in 2.3.3, Table 2-6, the minimum energy of alpha particle to
penetrate the BC404 scintillator is 40MeV. Therefore, the alpha decay of Am-241 at
energy of ~5.5MeV will be fully stopped in BC404. According to NIST data, the ab-
sorption of 60kV y-ray in BC404 is 1.91% and in LXSR (use Csl data to approximate)
is 100%. Therefore, gamma decay of Am-241 at energy of 60keV will mostly go
through BC404 and fully absorbed by the LXSR scintillator.

Before the Am-241 decays reaches the scintillator, two energy/flux losses shall be
evaluated. They are the loss through air and aluminium coating. For alpha particle,
the range in air is shown in 7.2.2 and the energy required to penetrate the 50nm alu-

minium coating is only 1.5keV as calculated from the NIST data. For y-ray, the ab-
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sorption of 4cm air is merely 0.1% at 60keV and absorption of 50nm aluminium coat-
ing is 0% according to the NIST data. Therefore, the loss through the aluminium
coating can be ignored for both alpha decay and gamma decay. The loss through

the air can be ignored for gamma decay, but not so for the alpha decay.
Based on the above brief calculation, the prediction is that:

a) the Am-241 alpha decay will lose some of its energy through the air (the loss is
dependent on the air distance) and a neglectable small amount through the alumin-

ium coating and will deposit the remaining energy fully in the BC404 scintillator.

b) the Am-241 gamma decay will nearly 100% penetrate through the air and the alu-
minium coating and lose about 1.91% flux through 1mm BC404 scintillator. The re-

maining flux will be fully absorbed by the LXSR scintillator.

7.5 Detector system end to end efficiency calculation

The detector system end to end efficiency calculation is made up of the following steps.

The first step is to calculate the source activity at the time of testing and the total
branching ratio which represents the portion of the selected decay mode and pho-

ton/particle energy over the entire decay activity.

The second step is to calculate the effective radiation flux received by the scintillator.
The emission of the source is isotropic, and the detector has a limit entry surface area
placed at a distance from the source. So inevitably, most of the radiation flux won'’t
reach the scintillator. This calculation can be done through the analysis of the geom-
etry made up of the source and the detector. The medium between the source and the
scintillator will absorb or attenuate the emitted photon/particle. The loss through this
medium shall be calculated, although the result might be so trivial that it can be ne-

glected.

The third step is to analyse the scintillation photon loss. This loss is mainly due to a)
absorption in crystal, b) reflection losses and c) interface size mismatch between scin-
tillator exit surface and SiPM entry surface. The remaining scintillation photons will

reach the SiPM sensor.
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The final step is the SiPM detection efficiency, which is how much incident photon can
successfully be detected. This is generally quoted as PDE (photon detection efficiency)
in the manufacture datasheet. The SiPM output pulse will be amplified and digitized
by the readout electronics. The electronics efficiency is assumed 100%. The pulse

height will be analysed to understand how many photons are detected.

Cascade the results from the above steps, the final end to end system efficiency can
be calculated. However, there are two concepts of system efficiency. One is in terms
of flux as the ratio of detected flux to the source emitted flux. The other is in terms of
energy as the ratio of detected energy (by counting the number of scintillator photons)
to the emitted energy. Discussed in 6.2.3, this demo system has a very limit detection
rate. Therefore, if the detectable incident flux is higher than the system maximum de-
tection rate, the flux detection efficiency can’t be resolved. The demo system also has
a limited dynamic range, max 40p.e. Similarly, if the output pulse height exceeds this

range, the energy detection efficiency can’t be resolved.

Figure 7-10 illustrates the calculation flow. This flow mixes the flux and energy together,

which will be separated in the detail calculation.
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Radiation Detector System Efficiency Calculation Steps
By Hubert Hu, 15/01/2021

Radioactive source

Step 1 . :
activity calculation

Source activity at the time of testing

Branch ratio of the decay mode and energy

Step 2 Effective flux at the
entry of scintillator

Geometry loss of flux

Flux absorption/energy attenuation in Air

Step 3 Scintillator photon

Scintillation photon generation
Scintillation photon time evolution

Scintillation photon loss

Step 4 SiPM photon detection

Photon detection efficiency

Figure 7-10 The flow of calculating the detector system end to end efficiency
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7.5.1 Radioactive source activity calculation

This calculation is made up of two parts. The first part is to calculate the source

strength at the time of testing if the calibration data is not current. The formula is:
A=A e P (6.2)

Where:
Ao is the activity of the last calibration or manufacturer data
t is the time elapsed since the last calibration or manufacturing date

T is the mean-life (1/e life) of the source before decay. It can be related to the half-life
as r="T1,,/In(2).

The MSSL AMY7 source has an initial activity at 0.04MBq at Jan 2017. And AM-241
has a half-life of 432.2 year. The time of the test occurred at Nov 2019. So, the elapsed
time is 2.8year. Apply Eq. (6.2), the source activity at the time of testing can be worked
out at 0.039819Mbg.

The second part is to consider the branching fraction BF for that mode of decay and
the branching ratio BR for that photon/particle energy. The product of BF and BR is

sometimes defined as total branching ratio TB. The formula is:

N=BFxBRx 4 (6.3)

Where:

BF is the branching fraction for that mode of decay
BR is the branching ratio for that photon energy

N is the flux rate

A is the source activity

Use the numbers surveyed in section 7.2.3, we can calculate the BF, BR and N for the

Am-241 source. Result is listed in Table 7-2.
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Table 7-2 The calculation of branch factor and branch ratio for the major Am-241 branches

Branch  Energy Symbol BF BR A N N
Mbq Mbq Decay/s
Alpha 5.535MeV Naipha_1 1 0.34% 0.039819 0.000135385 135
Alpha 5.503MeV Naipha_2 1 0.21% 0.039819 0.000084 84

Alpha 5.476MeV Nalpha_3 1 84.2% 0.039819 0.033527598 33528

Alpha 5.433MeV Nalpha_4 1 13.6% 0.039819 0.005415384 5415

Alpha 5.379MeV Nalpha_5 1 1.42% 0.039819 0.00056543 565
Gamma  26.363keV  Ngamma_1 0.4  7.50% 0.039819 0.0011949 1195
Gamma 33.199keV  Ngamma2 04  0.46% 0.039819 0.000073 73
Gamma 43.463keV  Ngammaz 0.4  0.55% 0.039819 0.000087 87

Gamma 59.568keV  Ngammas 0.4  91.49% 0.039819 0.0145724 14572

The nuclei decay is a random process. The above figures are all statistics over a long
integration time. For a very short period, it is not certain that whether or exact how
many times nuclei decay will occur. The statistic feature for nuclei decay over a given

interval time obeys Poisson distribution.

7.5.2 Reception of the radiation flux at the scintillator entry face
7.5.2.1 Flux loss due to geometry

The source has a round shape of active area. As the source is coated onto some metal
and thus forms a thin layer of active surface, we can regard it as a plane source with
an isotropic emission. The scintillator is placed in a small distance to the plane source.
A virtual 21 sphere can be drawn with the centre of the source as the origin and the
distance between the source and the detector as the radius. This is illustrated in Figure
7-11.
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Schematic View of the System Geometry

By Hubert Hu, 03/01/2021

- 21t sphere

Source active AN
area ¢/mm \
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Figure 7-11 the illustration of the radioactive source and the detector system geometry loss

We can assume an even distribution of radiation flux from the source plane in the front
21 semi-sphere. The back half is blocked by the coin body. However, the source emis-
sion is isotropic. This means even the back half is blocked, we still need to count the
411 sphere when calculating the geometry loss. The distance D compared to the source
active area radius R is not significant enough, so the source can’t be regarded as a
single point. The mitigation is to take a very small area dS in the source plane and
treat it as a point source and work out its projection to the detector surface. Then

integrate dS over the entire source plane to acquire the total projection.

Figure 7-12 illustrates the method. The small area dS in the source plane (marked in
red) has a radial length of dr and an angular length of rd@. Its area then can be ex-
pressed as dS=rd@dr. If the source plane total activity is defined as No and assume
an even distribution of source activity over the entire active area, then the activity N+

for this small area dS can be defined as the ratio of dS to the full plane size S:
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rd@dr
TR?

N, =N, (6.4)

This area is small enough compared to the distance D, so it is considered as a single
point. The new distance D’ between this point and the scintillator source can be worked
out as D’ = sqrt(r*+D?) from the simple right-angle triangle formed by line r, D and D’.
Using the new origin O’ and new distance D’ to form the new virtual sphere, we can
calculate the amount of arrival emission N2 coming from the sub-region dS of the

source as:

2
TTr,

N, =N —3= 6.5
=N (65)

Here, the impact of the little tilting between the normal line of the scintillator surface

and the new central line D’ is neglected.

Simply replace N1 with (6.4) and then double integrate the Nz over full area of the
source plain to get the total projection of emission Niotar from the plain source to the

scintillator surface:

2

Iotal j
0

T

{

Ny—=— d Odr
47rD !

[

N dOdr
’ 4(\/1* +D2) ﬂR2

27 R

[
|

(6.6)
d0dr

47zR2~['[(r +D?)

r’ r
=N,—=2x dr
" 47 R* ;[ (r* +D?)

Using a variable swap technique, the solution to the integral is
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Figure 7-12 the illustration of the geometry calculation for the source emission arrived at scintillator entry surface

Table 7-3 presents the calculation results with the parameters of our test system
setup using equation (6.7)
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Table 7-3 Calculation for the emission flux rate on the scintillator entry face

Parameter Value Unit | Note
Am-241 activity(No) 0.039819 Mbq Activity calculated at the time of test
rs 1.5 mm
R 3.5 mm
D 10 mm  Test used various distances. Here, just take one
typical value.
Ntotal 0.000211  Mbq Flux rate at the entry of scintillator
211 s Equivalent to decay per second

For different distance, the receptive flux at the scintillator entry face is shown in Figure
7-13.

Test Setup Geometry Loss Calculation
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® Test Setup Geometry Loss Calculation

Figure 7-13 The flux level at the scintillator entrance in relation to the distance between source and detector

This flux rate is within our demo system’s capability as discussed in 6.2.3.2. This
means in average all the decay events from the source AM7 shall be detected. How-
ever, as the decay obeys Poisson distribution, there is a chance that some decays

occurring too close to the previous one will be missed.
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7.5.2.2 Flux absorption or energy loss over air

As discussed in 7.4, the flux absorption or energy loss over the aluminium coating for
the AM-241 decays can be ignored. So, the discussion here will only focus on the

absorption/loss over the air.

The full energy loss and flux reduction of the alpha decay through the air for the
prominent alpha decay is fully calculated using Eq. (6.2), (6.3) and (6.7) with process
and results shown in Table 7-4

Table 7-4 The flux and energy of the prominent alpha decay over various distance in air

Parameter Distance Unit
10mm 20mm 30mm 40mm

Initial activity (Ao) 0.04 0.04 0.04 0.04 Mbq

Activity @ testing (A) 0.03982 0.03982 0.03982 0.03982 Mbq

Branch factor (BF) 1 1 1 1

Branch ratio (BR) 84.20% 84.20% 84.20% 84.20%

Flux rate (N) 0.03353 0.03353 0.03353 0.03353 Mbq

Flux geometry loss 0.00531 0.00139 0.00062 0.00035

Flux @ scintillator 1.78E-04 4.64E-05 2.08E-05 1.17E-05 Mbq

178 46 21 12 Decay/s

Initial energy (Eo) 5.476 5.476 5.476 5476 MeV

Energy loss through air 1 2 3.5 55 MeV

Energy @ scintillator 4.476 3.476 1.976 0 MeV

Using a similar method with slight modification, the prominent gamma decay is pro-

cessed with results shown in Table 7-5.

Table 7-5 The flux and energy of the prominent gamma decay over various distance in air

Parameter Distance Unit
10mm 20mm 30mm 40mm

Initial activity (Ao) 0.04 0.04 0.04 0.04 Mbq

Activity @ testing (A) 0.03982 0.03982 0.03982 0.03982 Mbq

Branch factor (BF) 0.4 0.4 0.4 0.4

Branch ratio (BR) 91.49% 91.49% 91.49% 91.49%
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Parameter

Flux rate (N)

Flux geometry loss

Flux after geometry loss
Flux absorbed by air
Final Flux @ BC404

Flux absorbed by BC404

Final Flux @ LXSR

Initial energy (Eo)

Energy loss through air

Energy @ scintillator

0.01457
0.00531
7.7E-05
0.03%
7.7E-05
77
1.91%
7.6E-05
76

59.568

59.568

Distance
0.01457 0.01457
0.00139 0.00062

2E-05 9.1E-06
0.05% 0.08%
2.0E-05 9.0E-06
20 9
1.91% 1.91%
2.0E-05 8.9E-06
20 9
59.568 59.568
0 0
59.568 59.568

0.01457
0.00035
5.1E-06
0.10%
5.1E-06
5

1.91%
5.0E-06
5

59.568

59.568

Mbq
Decay/s
Mbq
Mbq
Decay/s

keV
keV
keV

7.5.3 Scintillation photon

7.5.3.1 Scintillation photon generation

The number of photons produced in the scintillator crystal depends on the overall con-
version efficiency of the energy of incident particle to secondary photon emission. The

physical process is described in 2.2.3.1.

Most of the scintillation yield parameters are material dependent. Manufacturer often
provides the total photon yield directly. Just note this total photon yield is the integra-
tion of all the photons over the full emission spectrum. As part of the spectrum is out-

side of the SiPM acceptance spectrum, photons under that area shall be excluded.

However, to keep the calculation simple, this small error is tolerated.

For the scintillator used in our prototype, the photon yield is defined in Table 7-6.

Table 7-6 The summary of the scintillator photon yield and other parameters

Decay Time Refraction

Constant

Index

Density

Peak Emission

Scintillator

# per MeV
BC404 500
LXSR 32000

1.58

1.8

g/cm3
1.023

4.45

Wavelength

420

408
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7.5.3.2 Scintillation photon time evolution

As discussed in 2.2.3.2, the time evolution of the scintillation photons N can be de-
scribed by the superposition of a set of exponential formulas. To simplify, Eq. (2.12) is

reduced to just one decay component:
N =N, (6.8)

Where 1 is the decay constant and No is a relative amplitude at t=0.

According to the manufacture datasheet [169] , BC404 has a decay constant of 1.8ns.
Figure 7-14 is the Geant4 simulation showing the distribution of photon arrival time
tagged when the photon hits the SiPM sensitive area. This matches the exponential
form defined in Eq. (6.8). Note there is a small difference here. Equation (6.8) de-
scribes only the scintillator photon born process while the simulation also includes the
travelling time for the photon from where it is born to the detector sensitive area. How-
ever, the travelling time is so small (for a 5mm scintillator length, it only takes 16ps.)
that it can be ignored. Figure 7-14 shows BC408 scintillation photon arrival time. It
shows most of the photon can be collected within 8 ns. (BC408 is very similar to BC404
in performance, i.e. 2.2ns versus 1.8ns in decay time. They belong to the same family.
The plot of BC408 is quoted here instead of BC404 because this Geant4 simulation is

done on BC408 before the change of scintillator.)

BC408 Scintillator Photon hit time in sipm

h1 5
12000 — Entries 2645386
— Mean 1.249
o RMS 0.9911
10000 |
-
8000 —|
C
— !
6000 (|
4000
2000+
L l IV NI S U S SR |
% 5 3 7 8
[ns]

Figure 7-14 The Geant4 simulation of BC404 scintillator photon hit time at the SiPM sensitive area
The rate of photon emission can be worked out by the derivation of Eq. (6.8)

dN h N —t/t
dt” =n,(t)= —708 (6.9)
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Then after time T, the total number of photons emitted is:
T -T/z
N (T)= jo n,()dt=Ny(1-¢7") (6.10)

Using the scintillator parameters in Table 7-6 and Eq.(6.10), the photon emission time
evolution in BC404 and LXSR are presented in Figure 7-15 and Figure 7-16.
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Figure 7-15 Photons yield in BC404 by the 5.5MeV alpha patrticle. Orange line shows the photon yield rate (#/ns)
over time. Blue is the accumulated photons over time. Grey shows the percentage of total photons yielded.
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Figure 7-16 Photons yield in LXSR by the 60keV gamma ray. Orange line shows the photon yield rate over time
(right axis) . Blue is the accumulated photons over time (left axis)

From the discussion of deadtime in 6.2.3.2, the SiPM has a deadtime of less than 1ns
assuming the photons not all land in the same pixel. The preamplifier has a deadtime
of about 15ns. Given these timings, the assumption is the SiPM can integrate all the
photons within the same 1ns interval into a single output signal. Then over the next
14ns, because the preamplifier is inactive, all the successive photons will be lost. Over
the following 1ns interval, the system is re-active and is able to detect new photon.

The process repeats until the photon emission is over.

Apply this to the BC404 scintillator with an elapsing time of 8ns for 99% of photon
emission, it means only the first 1ns photons will be registered. The remaining 7ns will
be lost. For the case of LXSR scintillator with an elapsing time of 147ns for 99% of
photon emission, for every 15ns, the first 1ns photon will be registered and the follow-

ing 14ns will be lost. This process will repeat about 147/15 = 10 times.

This understanding of the photon detection and loss will be applied to interpret the

radiation test data in 7.6.3.

7.5.3.3 Scintillation photon emission spectrum

Different scintillator emission has different spectrum. It is important this spectrum is
matched by the absorption spectrum of the SiPM sensor. Figure 7-17 shows the emis-
sion spectrum of BC404 and LXSR.

100 500000
}/\ | LXSR Emission Spectrum
80 400000
60 l \ 300000 -
40 / \\
20 / - ﬂ\\ 100000 J

T L} T T T T T
380 400 420 440 460 480 500 200 300 400 500 600 700 800 900
Wavelength, nm Wavelength (nm)

200000 -

Relative Light Qutput

CL Intensity (a.u.)

Figure 7-17 left is the emission spectrum of BC404 and right is the emission spectrum of LXSR.
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It is shown that BC404 has a peak at 408nm and LXSR has a peak of 420nm. Figure
7-18 shows SiPM s13360-1325CS has a peak at 450nm in its photon detection effi-
ciency spectrum. The detection efficiency drops slightly at the emission peaks of
BC404 and LXSR. The proper detection efficiency correction due to the spectrum mis-
match shall follow Eq. (2.14) in 2.2.3.3.
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Figure 7-18 SiPM s13360-1325cs photon detection efficiency vs wavelength [170]

7.5.3.4 Photon loss due to reflection loss

Scintillation photon emitted along the track in the crystal has different directions. Only
a portion of photons with the right direction towards the scintillator exit face will reach
the SiPM detector. Some of the photon will hit the crystal wall. Whether a total reflec-
tion will occur or not depends on the incident angle a (the angle between the wall
nominal line and the photon incident line) and the refractive index of the crystal ncrystar.

The condition can be described as:

(6.11)

sinq >
crystal
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If the incident angle meets the condition in (6.11), a total reflection will occur. Other-

wise, the photon will leave the crystal. See the simple illustration in Figure 7-19.

Optical Total Reflection in a Crystal

By Hubert Hu, 18/01/2021

Boundary
Crystal Air
Refractive index = n; Refractive index=n,=1
o, = arcsin (n,/n) = arcsin (1/n,)
a
Total reflection if a > o skip if a < a,

Figure 7-19 the condition for the photon total reflection on the crystal boundary

Some photons can reach the photon detector after a few reflections. Many will be
reabsorbed in the crystal. One method to improve the photon collection efficiency is to
wrap the crystal with a reflection layer. This layer can reflect some of those skipped

photons back into the crystal.

Knowing the principle of total reflection, it is found that a certain geometry is more
efficient in creating a total reflection condition than others. In 2.3.4, two geometries are
compared: hemisphere and cylinder using Geant4 simulation. The study shows the
photon collection ratio is almost 100% for the hemisphere geometry for either scintil-
lator types. While for the cylinder geometry, study shows the ratio is merely 38% for
the BC404 scintillator (on the top) and 68% for the LXSR scintillator (on the bottom).
The LXSR scintillator is more efficient probably due to its proximity to the SiPM sensor.
In comparison, the photons generated in the BC404 scintillator must go through the

LXSR scintillator to reach the photon detector.
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Our manufactured scintillator module is a cylinder shape. Hence, for the detector sys-
tem efficiency calculation in 7.5.5, the figures 38% for the BC404 scintillator and 68%

for the LXSR scintillator will be used as the scintillator geometry efficiency.
7.5.3.5 Interface size mismatch loss

The other photon loss comes from the interface size mismatch between the scintillator
exit surface and the SiPM sensitive area. The scintillator exit surface is a 23mm circle
while the SiPM sensitive area is a 1mm square. This mismatch loss can be easily

calculated as the area ratio:

S

— SiPM
interface ~
scintillator

J2 (6.12)

2
Tr.

N

Use the dimensions of our detector module and the chosen SiPM type, the interface

mismatch loss in our case is 14.15%.

7.5.4 SiPM PDE

For the scintillation photon arrived at the SiPM sensitive area, not all can be success-
fully detected. This is because the quantum efficiency of the SiPM and the dead area
inside the sensitive area. In the manufacturer datasheet, these two effects are com-
bined and reported as photon detection efficiency (PDE). This PDE is wavelength de-
pendant. The PDE against wavelength for Hamamatsu SiPM S13360-1325CS is al-
ready shown in Figure 7-18. For the detector system efficiency calculation in 7.5.5, the
PDE at the peak sensitivity wavelength as 25% is used. The error from spectrum mis-

match (7.5.3.3) is not counted here for simplicity and its small contribution.

7.5.5 Calculation for the expected system output

With all the preparation from section 7.5.1 to 7.5.4, we can calculate the expected
system output in two aspects: flux rate and energy resolution. Table 7-7 and Table
7-8 lists the calculation procedure for the Alpha and Gamma decay from the Am-241

source respectively.
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Table 7-7 Detection efficiency calculation for Am-241 Alpha Decay

Radioactive source

activity at the time of testing Mbq Alpha branch energy MeV
Alpha branch Ratio

Alpha Branch factor

Alpha branch activity Mbqg

Flux loss due to geometry Energy loss due to geometry

Distance (D) mm Distance (D) mm

Scintillator radius (rs) mm

Source radius (R) mm

Flux at the scintillator Mbqg Residue energy at the scintillator MeV
#/s

Scintillation photon

BC404 photon yield coefficient # per MeV
Theoretical total photon emitted (N,) #

Decay time constant ns

SiPM acceptance window ns

Total photon in the acceptance window (N) #

Photon loss

Reduction due to the reflection

Photon arrived at the exit surface

Reduction due to the interface size mismatch
Photon arrived at the SiPM sensitive area

SiPM detector
Photon detector efficiency
Final detected photon

Photon detection efficiency
Photon detection end to end efficiency

system energy resolution
Overall system energy resolution 0.349 MeV/photon

Note: the photon detection end to end efficiency is defined as ratio of the SiPM final detected
photons to the scintillator theoretical total yield photons. System energy resolution is defined

as the ratio of incident energy to the SiPM final detected photons.
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Table 7-8 Detection efficiency calculation for Am-241 Gamma decay

Radioactive source
activity at the time of testing Mbq Gamma branch energy MeV
Gamma branch Ratio
Gamma branch factor

Gamma branch activity Mbqg
Flux loss due to geometry Energy loss due to geometry
Distance (D) mm Distance (D) mm
Scintillator radius (rs) mm
Source radius (R) mm
Flux at the scintillator Mbg Residue energy at the scintillator MeV
#/s
Flux loss due to air absorption Scintillation photon
Flux attenuation by the air at 10mm LXSR photon yield coefficient #per MeV
Flux at the scintillator Mbq Theoretical total photon emitted (Ng) #
#/s Decay time constant ns
SiPM acceptance window ns
Total photon in the acceptance window (N) #
Photon loss

Reduction due to the reflection

Photon arrived at the exit surface

Reduction due to the interface size mismatch
Photon arrived at the SiPM sensitive area

SiPM detector
Photon detector efficiency
Final detected photon

Photon detection efficiency
Photon detection end to end efficiency

system energy resolution
Overall system energy resolution 0.042 MeV/photon

The calculation shows the expected alpha flux rate is 178 per second and the gamma
flux rate is 77 per second. The expected alpha output signal is 13p.e. and the gamma’s

is ~1p.e. These numbers will be compared with the experiment data in 7.6.

7.6 Test Results

In the experiment, four different distances between the source and the detector are
tried. The original plan sets the four distances at 4cm, 3cm, 2cm and 1cm. But in the
real experiment operation, the exact distance is not measured so the knowledge of the

exact distance is not known. Hence, we use the label Distance 1, 2, 3, 4 to denote four
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different distances from far to near as explained in Table 7-9. As the exact real dis-

tance is unknown, we can only explain them with some unprecise text.

Table 7-9 The definition of distance label in relationship to the planned distance

Label Planned Distance Real Distance
Distance 1 4cm Furthest from source
Distance 2 3cm Closer
Distance 3 2cm Much closer
Distance 4 1cm Nearly touch the source

This is a mistake in operation and it leads to some data analysis inaccuracy, particu-
larly for the alpha particle. But we can see the data histogram distribution changes as

distance varies. So, we are convinced the system is working and responsive.

The data is acquired in the trigger mode. First a set of background run is done to
establish the preamplifier electric noise and the SiPM dark count 1p.e. amplitude. Then
the triggering threshold is set between 2p.e. and 3p.e. This aims to remove all the
background signal up to 2p.e. amplitude. As discussed in 6.5, most of the thermal
generated dark count is 1p.e. signal. Some will present as 2p.e. signal due to the
optical cross-talk. However, not all the background signal can be completely removed
at this threshold, because with the scintillator attached, very occasionally there will be
background cosmic ray passing through the scintillator and trigger multiple p.e. signal.
Also, some optical cross-talk can trigger signal above 3p.e. Moreover, the distribution
span of the signal amplitude means there is no absolute boundary between 2p.e. and
3p.e. signal. Some 2p.e. signal with high enough amplitude will present over the
threshold and be captured. In short summary, the background signal cannot be com-
pletely eliminated, but can only be reduced to statistically non-significant. What this
means is that when the radiation source is presented, most of the triggered signal shall
be genuine events from the source with a non-significant portion of signal from the
background. However, quantify the background signal requires efforts beyond the
reach of this simple setup and author’s available time. So, this will be left for further

study.
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7.6.1 Overview

Table 7-10 lists all the data recorded during the experiment. Upon triggering, the full
frame will be saved as an event. Each run contains 2000 events and is saved as an
individual data file. The frame length is configured at 1000ns which is slightly different
to the 200ns set in the previous system characterization test. This is achieved by re-
ducing the sampling frequency from 5GHz to 1GHz. So, the same buffer can hold 5

times longer period. This arrangement is to capture as much signal as possible.

Each event has a timestamp added by the DRS40sc software with the accuracy of
1ms. The timestamp of the first event and the last event are listed here to allow the
calculation of the duration of the run. One immediate finding is that the duration is
reduced as the distance between the source and the scintillator detector is shortened.
This means it takes less time to accumulate 2000 events, in another word, more signal

is detected when source is moved closer to the detector.

Figure 7-20 calculates the average event rates from the event timestamp. From 6.2.3.2,
it is established that our detection system max frame rate is about 354. Data in Table
7-10 shows the highest observed frame rate (or trigger rate) at Distance 4 is still within
the system capability.

Table 7-10 List of data recorded during the radioactive test with Am-241

FirstEvent LastEvent Lora- Frame

Test Data Description Events tion Rate

Time Stamp Time Stamp

(ms) (s7)

Background  electronics n/a n/a n/a n/a n/a

1 noise

Background Without source, 2000 13:58:24.810 13:59:12.921 48111 41.57
2 biased close to

active level

Distance 1 Test with 2000 14:22:43.183  14:23:00.948 17765 112.58
source Run 2

Test with 2000 14:23:34.340 14:23:51.612 17272 115.79
source Run 3
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Distance 2

Distance 3

Distance 4

Description

Test with
source Run 4

Test with

source Run 1

Test with

source Run 2

Test with

source Run 3

Test with

source Run 1

Test with

source Run 2

Test with

source Run 3

Test with

source Run 4

Test with

source Run 5

Test with

source Run 6

Test with

source Run 1

Test with

source Run 2

Test with

source Run 3

Test with
source Run 4

7.6 - Test Results

Events

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

2000

First Event

Time Stamp

14:24:22.505

14:25:38.566

14:26:03.139

14:26:26.82

14:29:30.672

14:29:55.392

14:30:15.427

14:30:42.602

14:31:02.564
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. Dura- Frame
Test Data Description Events First Event = Last Event tion Rate

(ms) (s7)

Time Stamp Time Stamp

Test with 2000 14:34:53.767 14:35:00.316 6549 305.39
source Run 5

The Flux Rate for Different Distances
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Figure 7-20 The average flux rate for the four different distances.
Figure 7-20 indicates Distance 3 and 4 are quite close and Distance 1 and 2 are rela-

tively close. The average event rate across different Run is quite consistent.

The captured flux rate is compared to the calculated values (assuming distance at
1cm, 2cm, 3cm and 4cm) as shown in Figure 7-21. This comparison is not quite mean-
ingful as the real distance is unknown. Interesting is that the real observed flux rate is

generally higher than the theoretical calculation.
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Comparison of the observed flux rate to the
predicted flux rate
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Figure 7-21 Comparison of the observed flux rate and the predicted flux rate.
7.6.2 Data

Each event is recorded like an oscilloscope screenshot with a length of 1000ns at the
resolution of 1GHz sampling rate. Figure 7-22 shows some typical event plots with

more than one signal captured.

A SiPM response from DISTANCE 4 data_56v5_thrd2mV_4 R OBA SiPM response from DISTANCE 4 data_56v5_thr4d2mV_4
0.05 Charge= 0.641 pc 0.07 harge=0.878p
Peak= 0.056 V 0.06 Peak= 0.076 V
0.04 Rise time=7.943 n Rise time= 8.936 ns
Duration=36.735 ns 0.05 Duration=29.785 ns
5 0031 - 0.04
0.02 0.03
\ 0.02
0.01
Nl A\
0.00 e = 0.00 — -
tlJ 200 400 600 800 1000 tlJ 200 400 600 800 1000
ns ns

(a) (b)

A SiPM response from DISTANCE 4 data 56v5_thr42mV_4 A SiPM response from DISTANCE 4 data 56v5_thrd2mVv_4

0.12

0104 Charge= 1.031 pc 0.10 harge=0.314 pc
Peak= 0.115V Peak= 0.020 vV

0.08 Rise time=10.921 ns 0.08 1 Rise time= 5.957 ns
Duration=52.620 ns Duration=15.885 ns

0.06
- 0.061 -

0.04 0.04

0.02 L“l f‘& 0.02 ﬂ

0.00 \“ 0.00

(:.I 200 400 600 800 1000 (:.I 200 400 600 800 1000
ns ns

336



7.6 - Test Results

(c) (d)
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Figure 7-22 Typical DRS4 module capture of the preamp output signal for those events with more than one sig-

nal.

The DRSOsc software is set to trigger at 42mV which is between 2p.e. and 3p.e. and
the trigger point is set at about 282ns of the 1000ns long event frame. So, the leading
triggering signal will be always equal to or above 3p.e. and appear near 282ns time.
There is occasionally a 1p.e. signal before the triggering signal like plot (d). That prob-
ably is a dark count signal falling into the event frame at that time by chance. There
are many smaller signal (mostly 1p.e. signal) trailing the triggering signal. To be con-
venient for discussion, the triggering signal is defined as primary, and those trailing
signals as secondary. To be clear, these are just names not suggesting the secondary

signals are descendants of the primary signal.

Using the same Python processing software, the histogram of signal peak for each run

data at different distance is presented in Figure 7-23.
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Figure 7-23 Histogram of signal peak for four various distances

The leading pulse is the 1p.e. signal. The 2p.e. signal is missing because the threshold
is set between 2p.e. and 3p.e. So, the 2p.e. is filtered as expected. The excessive
1p.e. signal is an unexpected result. More analysis will be done to explore the source

of this 1p.e. signal in 7.6.3.

Due to the excessive high number of the 1p.e. signal, the structure of the other p.e.
signals are not obvious for different distance. If examined very closely, as distance

shortens, more higher p.e. signal appears. This broadly matches the expectation.

7.6.3 Analysis

To make a quantitative analysis, the analogue plots in Figure 7-23 are first converted
to digital plots using the method developed in the 5.4.4, with result shown in Figure
7-24.

338



7.6 - Test Results
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Figure 7-24 The histogram of system output signal peak in digital p.e. number

Using the data in the plot, the frequency of 1p.e. signal in respect to total signal is
calculated in the Table 7-11. The ratio is very close to the 40% occurrence rate of y-

ray by-product of the Am-241 emission. More in-depth analysis of the 1p.e. signal will

follow.

Table 7-11 Summary of the frequency of 1p.e. signal for one run at every distance

1p.e. frequency

Total (inc. 1p.e.)

Distance 1 run 2 1268
Distance 2 run 1 1478
Distance 3 run 1 1539
Distance 4 run 1 1690

3359 37.7%
3581 41.3%
3671 41.92%
3854 47.15%

7.6.3.1 The source of 1p.e. signal

There are a few potential sources for the 1p.e. signal. Each will be evaluated to identify

their contribution.
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7.6.3.1.1 Dark Counts

The dark count rate (DCR) for SiPM S13360-1325CS at room temperature and at
standard bias voltage is about 70kHz. Each dark count (DC) occurs randomly, and the
timing obeys the Poisson distribution. The mean of the distribution is the dark count
rate. Over a long period, the total number of dark count events can be expressed as
DC = DCR x Period.

In this experiment, the data of each run is composed of 2000 events. Each event is

1000ns long. So, the expected total DCs over total period is
DC =2000events x1000ns x 70kHz = 140counts (6.13)

Most of the dark count is 1p.e. signal. Compared to the frequency of 1p.e. signals
recorded in Table 7-11, which is between 1000 and 2000 counts, the estimated total

DC at 140 counts is just a small portion.

7.6.3.1.2 After-pulse

The second possible source is the after-pulse of the primary signal. As calculated in
6.4.1.1, the after-pulse rate is about 7.9% for the S13360-1325CS. Here, only the af-
ter-pulse related to the primary signal is considered for simplicity. Those related to the
secondary signal is deemed rare and probably fall out of the frame window, so they
are ignored. Then, with 2000 events, there are 2000 primary signal captured. The

simple calculation is:

After — pulse = 2000events x 7.9% = 158counts (6.14)

This is another important source but still not enough to count for the total 1p.e. signal.

7.6.3.1.3 Second hit from the radioactive source in the same 1000ns capture window

The third source can be a second hit from the radioactive source within the 1000ns
capture window. We can evaluate the likelihood of such case based on the data cal-

culated in section 7.5.5:

Received primary alpha particle flux rate = 178 per second
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Received gamma photon flux rate = 77 per second
So, the chance of receiving a second alpha hit or gamma hit is:

1
P aipha = %x 1000ns = 0.0178% (6.15)

= 7 1000ms = 0.0077% (6.16)

2nd _gamma 1 09 ns

For 2000 events, the combined number of possible second hit is:

2000x (0.0178% +0.0084%) = 0.524 , less than 1 count.

This calculation assumes the decay occurrence obeys the uniform distribution over
the observation period. While this is not quite true, the decay obeys Poisson distribu-
tion and the gap between consecutive decay obeys exponential distribution. However,
as long as the observation period is long enough, the uniform distribution or average

is a good approximate for the estimation here.

The calculation shows the chance of second hit is so small that it can ignored.

7.6.3.1.4 Delayed scintillation photon

The fourth source can be the delayed scintillation photon. From the discussion in
7.5.3.2, itis learned that the scintillator emission timing obeys an exponential distribu-
tion. At 4.6 times of the time constant, the accumulated emission will reach 99% of

the total. So, the emission span of BC404 can be closely estimated at

1.8nsx4.6 =8.28ns and that of LXSR can be around 32nsx4.6 =147.2ns . Considering
the preamplifier circuit will prolong the output signal, slightly longer decay from the

experiment data is expected.

Figure 7-25 shows the histogram of delay of all the secondary signal with respect to
the primary signal. This generally matches the expected exponential distribution with
two exceptions. One is that the scale of delay is much larger than the theoretical cal-
culation plotted in the Figure 7-15 and Figure 7-16. The other is that the tail of the data

plot is higher than a typical exponential distribution shown as a fit function in orange.
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Histogram of Delay between the primary signal and any
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Figure 7-25 the histogram of delay between the primary signal and any secondary signal within the same 1000ns
capture window. The plot is based on one dataset at Distance 4.

This suggests the delayed scintillation photon forms part of the secondary signal (most
are 1p.e.) but it is not quantitively known how big this contribution is. To understand

this more, some experimental data interpretations are tried.

7.6.3.1.5 First try — sum all the secondary onto the primary signal

The first experiment of interpretation assumes all the secondary signals are originated
from those delayed scintillation photons. Here, the contribution of dark count, after-
pulse or the second hit are ignored as they only form a very small part of the secondary
and also for each individual event, it is almost impossible to separate the signals of
the “delayed” scintillation photon from these unwanted sources. Based on this as-
sumption, the calculation is simple. All the secondary signals within the same event
frame are summed and added to the primary signal. For example, if the primary signal
is 3p.e., and the event frame contains another two 1p.e. signal, then the total signal
for this event is 5p.e. The effect can be seen in Figure 7-26, where green is the peak
histogram of the original data and blue is the new histogram after summing up all the

signals in the same frame.
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Figure 7-26 Comparison of the histogram of signal peak in number of p.e.: green is the original data and blue is
the data after summing up all the primary and secondary signals

In the new histogram, the standing out 1p.e. signal has been absorbed. The profile
stretches out and becomes smoother. The process is repeated for one run data in

each distance with results shown in Figure 7-27.
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Figure 7-27 Rearranged p.e. distribution for four different Distance data set using data processing method 1
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It is clear the histogram profile central point is shifting towards the higher p.e. number
as the distance shortens. This simple method seems to give us a reasonable result.
However, it is not entirely satisfactory as this method doesn’t separate the response

from the two different scintillators. Therefore, a more complex method is tried.

7.6.3.1.6 Second try — two separate responses

In this second experiment of data interpretation, the event frame is divided into two
parts. The first part is the primary signal and any immediate secondary signal within
50ns. Signals within this part is summed to represent the response of BC404 scintilla-
tor. 50ns is chosen as the cut off threshold because it is found 106 out of 131 total
after-pulse signal occurred within 50ns to the primary signal from the SiPM character-
ization data set. The second part is all the secondary signals after 50ns. They are
combined to represent the response from the LXSR scintillator. This method is illus-

trated in Figure 7-28 on an example:

0.07 A
First 50ns
0.06 1 BC404 response
0.05 A
0.04 -
> After 50ns
LSXR response
0.03 - Ons
when the

0.02 - primary is

' triggered
0014 F+F—————————1 = l— —————————————————————
0.00 4 a

0 200 400 600 800 1000

ns
Figure 7-28 Illustration of separation of the response of two scintillators by the timing
The re-processed data is shown in Figure 7-29 for four different distances. The orange
data is the response of BC404 and the green data is that of LXSR.
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Distribution of p.e. - Distance 1 Distribution of p.e. - Distance 2
1000 1000
900 900
800 500
700 200
g 00 600
£ s00 £
3 5 500
o o
400 © a0
300 300
200 200
100 l 100 I
R o/ B WA NN I‘ e ——
TN ymenr®egldaIaensaarg N M YL ON®©®O g NN Y YN R 9 Qe
g s
B Gamma ray response M Alpha particle response N =
B Gamma ray response ® Alpha particle response
(a) Distance 1 (b) Distance 2
Distribution of p.e. - Distance 3 Distribution of p.e. - Distance 4
1000 1000
900 900
200 800
700 700
600
5 6% 2
S s00 3 500
] S
400 400
300 300
200 200
100 I I 100
o4 1 ® .2 8 1 8 Y ——————————————— 0
“NmsnmoOo~N®ao AN mTn o~ ® e O W “nms oo Nm s me s ® a0 W
HHHHHHHHHHH 2 g9 9032853 ag e
= =
HBin HBin B Gamma rayresponse M Alpha particle response
(c) Distance 3 (d) Distance 4

Figure 7-29 Breakup of two sources for the four different distance using data processing method 2

Statistically sum the frequency of counts (regardless of the amplitude, each combined
signal is regarded as one count) from BC404 and LXSR. The results are listed in Table
7-12.

Table 7-12 Statistical summary of counts from BC404 and LXSR

Counts from BC404 Counts from LXSR Ratio

Distance 1 run 4 2000 760 38%
Distance 2 run 3 2000 873 43.65%
Distance 3 run 5 2000 924 46.2%
Distance 4 run 4 2000 957 47.85%

The data is triggered on the response of BC404 so that its total counts are always
2000, the same as the number of captured events. The counts of LXSR is the collec-
tion of those remaining secondary signals after 50ns. The data shows the counts of
LXSR is increasing as the distance is decreasing. The ratio is calculated as the num-

ber of counts from LXSR to BC404. The discussion in 7.4 suggest the response of
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LXSR is from the gamma ray and the response of BC404 is from the alpha. Also, the
review of Am-241 decay spectrum in 7.2.3 states the ratio of gamma decay to alpha
decay is about 0.4:1 (=40%). The ratio presented in Table 7-12 confirms the 40% ratio.
The flux loss due to the distance between the source and the detector discussed in

7.5.2.1 is reflected by the increasing gamma to alpha ratio as distance decreases.

The data quality can be further improved by removing the dark counts statistically.
Though at individual base, the dark count can’t be distinguished from a normal 1p.e.
signal, statistically it is reasonable to remove it over a long enough of period of acqui-
sition using the knowledge of average dark count rate. The portion of each scintillator
effective emission period over the full frame period is used to work out the portion of
the dark counts. For LXSR, it roughly equals to 1000ns — 282ns (triggering point) —
50ns = 668ns. For BC404, it is 50ns. Quick calculation based on the result from
7.6.3.1.1 shows:

BC404_DC,,, = 20ns x140counts = Tcounts
00ns
668ns (6.17)
LXSR_DC,,, = x140counts = 93.52counts

00ns

As those dark counts (1 p.e.) occur during the BC404 response period is mixed with
the delayed scintillator photon from BC404. So, in our treatment, they have been com-
bined with the primary signal together (illustrated in Figure 7-29). Hence, there is no
way to remove the dark counts for the BC404 response. However, most of the LXSR
response is made up of just one 1p.e. signal and is scattered around in the time line.
Some of the 1p.e. signal can be the dark count. Table 7-13 shows the distribution of
the composition for the LXSR response (after summing up all the secondary after 50ns)

for one data set as an example.

Table 7-13 The composition data of the LXSR response with all the secondary summed up from one data set

Bin (p.e.) Frequency

0 0

1 621
2 210
3 72

4 16
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Bin (p.e.) Frequency

5 4
6 1
7 0
More 0
Total 924

As Table 7-13 is constructed from the sum of all the secondary assigned to the LXSR
response period, there will be dark count included in each bin. For example, a 2p.e.
bin might be composed of two 1p.e. signal, of which, one is a dark count and the other
is a valid signal. Once summed, this detail information is lost, and it becomes a single
2p.e. signal. Removing dark count from such bin will lead to loss of valid signal. There-
fore, dark count number cannot be subtracted from such bin. This means it is only
possible to remove the dark count from the 1p.e. bin, which only contains one 1p.e.
signal, that will be either a dark count or valid signal. Statistically, over the full samples,
it is reasonable to remove a portion of the 1p.e. signal as the dark count. However, the
average dark counts calculated in (6.17) can’t be used directly for the deduction of
1p.e. bin, because part of that total 1p.e. signal will enter those higher than 1p.e. bins.
Hence, it is necessary to make some adjustment using the assumption that the portion
of dark count within the 1p.e. bin is proportional to the size of the 1p.e. bin over the

total sample size as:

DC _lp.e._counts

to_be_removed

« LXSR _DC

total
total _counts

_ 02l 935 (6.18)

924
= 62.85counts

Apply the same treatment for all the four data sets in Table 7-12 and re-calculate the

ratio. The new ratio is closer to the theoretical 40% value as shown in Table 7-14.
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Table 7-14 Revised counts from LXSR after removing the dark counts using method in (6.18)

Counts from Counts from Counts from LXSR

BC404 LXSR (after DC adjustment) NewRatio
Distance 1 run4 2000 760 692 34.62%
Distance 2run 3 2000 873 810 40.5%
Distance 3run 5 2000 924 861 43.06%
Distance 4 run4 2000 957 895 44.77%

7.6.3.1.7 Data fit

Knowing Figure 7-29 is made up of two independent scintillator response, it is proper
to use the linear superposition of two exponential functions to fit the plot. Each expo-
nential function represents the relevant scintillator response to the relevant incident

particle/photon. The expression of the exponential function can be written as:

Ae B x> B
N ={ (6.19)

0 x<B

Where,
A is a relative number to indicate the amplitude of distribution.
B is the shift of peak point on the x-axis relative to the origin.

C defines the shape of the exponential curve.

Both exponential functions can share the same format as described in (6.19) with just

different coefficients. Their linear superposition shall be like:

Nall :N1+N2

-(x-B) (6.20)
=Ae % !

—(x-B,)
C
x2B + AZe /2

x2B,

The data in Figure 7-29 is fit with the set of coefficients that can score the lowest in
Chi-squared test by trial and error. The result is presented in Table 7-15 and Figure
7-30.
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Table 7-15 The optimized fit function parameters and the associated Chi-squared score

Data BC404 Response LXSR Response
Aq B C+ X? Az B> C X2
Distance 1 932 3 1.52 2223 550 1 0.8 4.36
Distance 2 850 3 2 80.99 580 1 0.9 19.28
Distance 3 750 3 2.1 86.69 621 1 0.88 5.186
Distance 4 700 3 23 117.27 631 1 0.95 18.8*

* There is one data point for the gamma ray response at 14p.e., which contributes to enormous ¥ error.
That data point is temporally removed to make the result comparable to the other dataset. It is possible
that this abnormal data point is caused by a background cosmic ray. This seems to occur only once
within all the data samples.
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Figure 7-30 Add the two exponential fit functions

From Table 7-15 and Figure 7-30, it is observed that the alpha response is flattening
(spread more towards high p.e. number as the distance of the source is closer.) This

can also be indicated as the parameter C is increasing.
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7.7 - System performance summary

7.6.3.1.8 Short summary

Now, with reasonable confidence, it can be concluded that the excessive 1p.e. signals
shown in Figure 7-23 is originated from the LXSR scintillator in response to the gamma
decay. This also echoes the calculation in section 7.5.5 that shows the nominal re-

sponse of the LXSR scintillator from the Am-241 60keV Gamma ray is about 1 photon.

7.7 System performance summary

7.7.1 System energy resolution

Energy resolution is an important indication to evaluate the detector system perfor-
mance. Generally, the energy resolution is defined as full width at half maximum

(FWHM) for the distribution of signal amplitude. This can be simply expressed as:

Energy resolution = % (6.21)

Where AE is the FWHM and E is the energy corresponding to the distribution peak.
Most observed signal distribution is like a Gaussian shape. For a Gaussian distribution

with standard deviation o the FWHM can be defined as:
FWHM ~2.350c (6.22)
Then, Eq. (6.21) can be rewritten as:

2.350

(6.23)

Energy resolution =

When the only source of fluctuations in the signal is the statistic fluctuation of the num-
ber N of scintillation photons and their occurrence follows the Poisson statistics, for
N>20, the response can be well approximated as a Gaussian distribution. This
prompts a relative energy resolution as

AE _E 1

—_— m —_—

E

RN (6.24)

In our system, the number of p.e. is proportional to the energy. So we can alter equa-
tion (6.24) as

(6.25)




7.7 - System performance summary

However, our system detection efficiency is too low to reach >20p.e. for Am-241 alpha
decay or gamma decay. Therefore, we can’t work out a meaningful energy resolution
or relative energy resolution from the existing data. This will be left for the next stage

of work.

7.7.2 System count rate

The system count rate is determined by a number of factors. The first factor is the
scintillator module handling rate. The fast scintillator BC404 has a decay time of 1.8ns
and the slow scintillator LXSR has a decay time of 32ns. According to the calculation
in 7.5.3.2, this corresponds to 8ns and 147ns for 99% of photon yield. We can define
this time as the scintillator recovery time. To be conservative, we opt for the slow scin-
tillator recovery time as the module recovery time. Hence, the scintillator module han-

dling rate can be worked out as 1/147ns = 6.8MHz.

The second factor is the SiPM sensor and its readout circuit handling rate. This is
thoroughly discussed in 6.2.3.2. Here, we just take the conclusion of 15.5ns as the
sensor and readout circuit combined recovery time. This corresponds to 1/15.5ns =
64.5MHz.

The third factor is the DRS4 module data acquisition system output rate. As discussed
in 6.2.3.1, this DRS4 module has a waveform processing rate of 354 fps (frame per
second). We simplify the calculation by assuming one particle event per frame. This

frame rate then equals to the event rate.

As the three factors form a serial chain, the slowest factor will determine the final sys-
tem count rate, that is 354 evert per second. This is too slow for any practical applica-

tion, but there are rooms to improve it.

7.7.3 System detection efficiency and noise floor

The system detection efficiency is made up of the scintillator photon yield efficiency as

introduced in 2.2.3.1 and the photon detection efficiency as calculated in 7.5.5.
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7.8 - Conclusion and future work

The photon yield efficiency is generally expressed as 500 photon/MeV for BC404 and
32000 photon/MeV for LXSR. These are just nominal values measured by the manu-
facturer using a calibrated PMT. The yield fluctuation shall follow a typical Gaussian

distribution.

The photon detection efficiency is calculated as merely 0.57% for BC404 emission
and 0.07% for LXSR emission.

Product the photon yield and detection efficiency, the overall system detection effi-
ciency can be worked out as: 500%0.57%=2.85 photon/MeV for BC404 and 22.4 pho-
ton/MeV for LXSR. From our experiment data, the system detection efficiency is even
lower. We merely get 3 p.e. (1p.e.=1photon) from the BC404 absorbing the alpha de-
cay and just 1 p.e. from the LXSR absorbing the gamma decay. Given the alpha after
air attenuation at 4.5MeV and gamma at 60keV, this equals to 0.67photon/MeV and
16.7photon/MeV. Hence, the real system detection efficiency is even poorer than the

theoretical calculation.

Our system noise floor is determined by the SiPM dark count, which is typically 1p.e.
With the cross-talk effect, many 1p.e. dark count will become 2p.e. or even more but

very rare. So, the system can safely define the noise floor at max 2p.e.

Clearly, for Am-241 source, the current system detection efficiency is not sufficient to

produce a good quality (i.e. good signal to noise ratio) measurement.

7.8 Conclusion and future work

We can conclude that our prototype system works from end-to-end after this radioac-
tive source Am-241 test. By setting the triggering threshold at 2.5p.e. level, all the
system background noise is discriminated. This in theory will leave only the signal from
the radioactive source. However, the real experiment data shows excessive 1p.e. sig-
nal captured after the leading triggering signal which is discriminated at and above
3p.e. This led to the thorough investigation on the source of this 1p.e. signal. The
conclusion is that majority of this 1p.e. signal is from the LXSR scintillator in response
to the gamma decay and minority is from the dark count and the after-pulse of the

triggering signal.
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7.8 - Conclusion and future work

The full system detection efficiency was studied. All the potential loss is counted and
calculated. This yields the theoretical system response. It is found the real efficiency

from the experiment data is even lower. This is the area that requires further work.

The theoretical analysis predicts the alpha decay will only be detected by the BC404
scintillator and the gamma decay will mostly be detected by the LXSR detector. The
scintillator photons are separated by their timing. By examining the experiment data,
it is found the ratio of the occurrence of the two scintillator emission closely match the

theoretical ratio of the two decays from the Am-241 source as shown in Table 7-14.

While studying the experiment data, an exponential photon decay model is proposed
to fit the data. In general, the fit has a good chi-square score. However, a Gaussian fit
with the mean representing the nominal system response and the standard deviation

representing the fluctuation may be a better approach. This will be left to the next study.

The next step shall be testing the system in the vacuum environment to remove the
impact of air attenuation, which is sensitive to distance. More radioactive sources shall
be tried to generate more data and have wider energy coverage. The very low system
efficiency is affecting the data quality. So, the detail of the loss will be further examined,

and efforts will be put to reduce the loss.
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Chapter 8 Conclusion

8.1 Summary

This thesis has developed a scintillator + SiPM based detector system as a pathfinder
for a potential full-scale space instrument. The prime target application is an in-situ
radiation monitor to provide real time warning for the satellite or human crew in space.
Moreover, this type of detector system can find many other applications beyond space
astronomy. It is already widely used in nuclear high energy particle experiments, med-
ical instruments and so on. Hence, this research outcome has the potential for very

wide impact with many beneficiaries.

This thesis structure is designed to follow the standard development flow of a scientific

instrument, which is:

start with a science requirement definition,

then to carry out the detector design,

then to verify the design with simulation,

then to develop the electronics system to drive the detector,

then to develop the software to drive the electronics and analyse the data,

2 o

then to test the system with artificial stimulating signal (e.g. LED) to test the
electronics system and its driving software,

7. then to carry out the final end to end system test with a real source.

Thus, each step forms a chapter of this thesis. A full instrument development requires
much more efforts than a PhD research project can cover. Therefore, we have only

picked up one or two topics from each step to focus our work on.

The thesis starts with the study of the space environment for the near-Earth orbit. A
set of particle species and flux for a typical low Earth orbit are derived using the SPEN-
VIS tool. This information forms the basic performance requirements for the detector

system, particularly for the scintillator design.



The second chapter has discussed the scintillator design. The background study about
scintillator material and principle helps to establish the ground of the material choice.
The concept of fast and slow sandwiched structure has been demonstrated very suc-
cessful in identifying ion species by Geant4 simulation. The same algorithm is not very
successful in separating gamma, or electron from the ion species. A different approach
is required for identifying gammas and electrons. A cylindric detector module with two
layers of scintillators (BC404+LXSR) was manufactured. Based on the scintillator

module design, an instrument concept is proposed.

The third chapter continues to demonstrate the performance of the scintillator module
using Geant4 simulation. The simulation programming and the detailed simulation are
all done on the initial hemisphere scintillator module as the module change came later.
The simulation examines the energy response, angle response of the scintillator mod-
ule under the bombarding of e-, p+, alpha and gamma. For the angle response test, a
sectioned global source was developed. All the simulation data is processed with
ROOT software. The results show good angle resolution and provide a detail energy
response range, which is in broad agreement with the requirements. For the next stage
of research, more simulation on the current cylindric module and more details of the
photon detection efficiency in the SiPM should be done. SPENVIS tool has very close
link to the Geant4 tool. With SPENVIS, it is possible to generate the orbit flux profile
as the input macro script for the Geant4 simulation program. This feature can be ex-

plored in the future.

The fourth chapter has discussed about the SiPM readout electronic system. The
chapter starts with the exploration of SiPM SPICE model for circuit simulation and the
approach to acquire all the necessary SiPM electric parameters, some of which are
not provided by the manufacture datasheet. Then the chapter focuses on the pream-
plifier circuit design and analysis. Two popular architectures: current preamplifier and
voltage preamplifier are thoroughly compared on bandwidth, small signal and stability.
The current preamplifier is deemed better with wider bandwidth and better stability.
The circuit phase compensation as a method to improve the stability is introduced. A
very detail noise model for the current preamplifier circuit was constructed and ana-
lysed. This helps to understand the source of the circuit electronic noise and the role
of the SiPM capacitance. Besides frequency domain, a small section is dedicated to

the time domain and a time-domain signal model is derived. The chapter concludes
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with the engineering realization of a preamp PCB. The initial electric test shows good
single photon detection capability of the SiPM + preamplifier circuit. The remaining of
the readout electronic system is made up of the discrete and off the shelf electronics.

Thus, a complete SiPM readout electronic system is fully constructed.

The fifth chapter has discussed the data processing software. To address the signal
pile-up issues, the Deconvolution + Wiener filter combination is introduced. This com-
bination successfully separates the pile-up signal while maintaining a good signal to
noise ratio. The key parameters of both filters have been discussed. The further opti-
mization of the filter implementation, parameter determination and possible dynamic
parameter adjustment can be the topic of the next stage. The chapter also introduces
a series of software developed in Python, for data extraction, waveform analysis, his-

togram analysis and digitization.

The sixth chapter has discussed the SiPM system characterization with an adjustable
LED source. This is based on the hardware built in Chapter 4 and the software devel-
oped in Chapter 5. This simple and low-cost system provides reasonably accurate
measurements of the SiPM performance with many results matching the manufac-
turer’s data closely. High dark count rate is a major hurdle to the SiPM based system.
Much efforts have been spent on studying the dark count. A mathematic probability
model has been constructed to simulate the occurrence of the dark count. The model
proves that more than 99.997% of the dark count is 1p.e. signal. Therefore, the ex-
cessive 2p.e. or above signal that appeared in the dark count measurement experi-

ment is from the photon mediated crosstalk.

The last chapter has discussed the final end-to-end test with a radioactive source Am-
241. The study of the Am-241 spectrum unveils the dominant ~5.5MeV alpha decay
and a weaker 60keV gamma decay. The coexistence of the two components is perfect
to test our sandwiched scintillator module as alpha at 5.5MeV will only deposit in the
BC404 scintillator (fast) and gamma at 60keV will only deposit in the LXSR scintillator
(slow). We can clearly see the system response to the radioactive source. However,
due to the overall very low detection efficiency and air attenuation of the source, the
registered signal in p.e. format is very low. The signal is too low to form any meaningful
energy resolution calculation. And only from statistic calculation, we can extract the
part of the signal that is attributed from the gamma ray detection by the LXSR scintil-

lator. The test is inconclusive, and it points out the direction that the system needs to
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be improved. And we plan to repeat this test under vacuum condition as next step. To
fully characterize the stacked scintillator module, test with more radioactive source or

particle beam are necessary. And these could well be our next step.

8.2 Future plan
This is the end of this thesis, but it is just the beginning of a new era. With the SiPM

sensor and the new type of scintillator material, this scintillator + SiPM technology
platform opens a new world for the particle instrument, particularly at high energy re-
gion. Next step, we shall further characterize the scintillator detector module, improve
the SiPM readout circuit on speed and dynamic range. Then, we can seek some path-
finding mission opportunity to develop a full-scale instrument. The future is only limited

by imagination and determination.

8.3 Author contribution

All the engineering works including both hardware and software development pre-
sented in this thesis are originated from the author himself. All the survey work and

many chapter introduction sections quote the existing research from publication.

In Chapter 1, the survey of space environment, the instrument and detector technology
quote many existing research outcomes. The detector system requirement derived

from a target orbit using Spenvis tool is the author’s original work.

In Chapter 2, the scintillator principle introduction is based on the publication survey.
The scintillator module is designed by the author. In the third iteration, the new material
is recommended by the manufacturer, but the author has done analysis to confirm the

choice. The instrument concept is the author’s own idea.

In Chapter 3, the simulation with Geant4 software is the author’s original work. The
Author learned the Geant4 software from scratch and developed the simulation soft-

ware.

In Chapter 4, the author updated Corsi and Marano’s electrical model for SiPM with
a small practical innovation. The author used Corsi’s method and other common
methods and conducted the SiPM parameter measurements work. The Author stud-
ied the preamplifier circuit theory and conducted the in-depth analysis of the circuit

performance covering bandwidth, stability, noise source and derived the formula for
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the time domain signal waveform. The author then developed the preamplifier circuit
board by designing the schematic, PCB layout , procurement and final PCB solder-
ing and testing all by himself. The author experimented with many different circuit

configurations with different components, particularly the op-amps.

In Chapter 5, the author got inspiration from the Hamamatsu technical note[139] on
SiPM about the Deconvolution + Wiener filter to address the signal pile-up issue. The
author developed the Python code to realize the filters and experimented the filter on
the real data. The Author developed the full chain software to process the waveform

data from the DRS4 module and generate all the histograms.

In Chapter 6, the author built the full data acquisition system with self-built hardware
and software, and some third-party module and instruments. The author studied the
methods about characterizing the SiPM from publication and followed these methods
to characterize the SiPM sensor performance. The author developed a relatively sim-
ple statistical model for the dark count occurrence using Binomial distribution. Based
on this statistical model, the author developed a simple simulation program to test the

theory. The model proved the chance for a 2p.e. dark count is next to zero.

In Chapter 7, the author carried out the first radioactive test for the detector system
with the support from colleague on the test setup and conduction. The Author carried
out the test plan, data collection and data analysis. The author also conducted a thor-

ough system performance analysis in order to check the real data.
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Appendix A: Survey of scintillator detector application in space instrument

Mission Instrument Detector Target Energy Feature
Range
Compton Gamma Ray Ob- Burst and Transient Nal(Tl) Gamma-ray 20 Surround the core detector with plastic
servatory Source Experiment burst to >600keV scintillator for active anti-coincidence to
(CGRO) (BATSE) veto the background
1991 to 2000, Earth orbit
Oriented Scintillation Nal(TI) Gamma ray 0.05t0 10 Operate as a phoswich utilizing slow
Spectrometer Experiment MeV and fast signal
(OSSE)
Energetic Gamma Ray Nal(Tl) Energetic 30MeV to with a plastic scintillator anti-coinci-
Experiment Telescope Gamma-ray 30GeV dence dome
(EGRET)
High Energy Astronomy Ob- | Hard X-Ray/ Low-Energy | Nal Hard X-ray or 120 keV to
servatories (HEAO) Gamma-ray experiment low Gamma-ray | 10MeV
1977
Rossi X-Ray Timing Ex- The High Energy X-ray Nal/Csl X-ray 15-250keV
plorer (RXTE) Timing Experiment
1995 - 2012 (HEXTE)
INTErnational Gamma-Ray | IBIS CdTe tiles (front) | Hard X-ray to 15 keV to 10
Astrophysics Laboratory (IN- and Csl tiles Gamma-ray MeV
TEGRAL) (back)
2002-
Earth orbit
JEM-X Xenon plus me- X-ray 3 to 35 keV

thane (gas scintil-
lator)
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Mission Instrument Detector Target Energy Feature

Range
Swift Observatory Burst Alert Telescope CdZnTe tiles X-ray 15 - 150keV
2004 (BAT)
Earth orbit
Fermi Gamma-ray Space Gamma-ray Burst Moni- | Nal Gamma 8keV to
Telescope (FGST) tor (GBM) 1MeV

BGO

2008 - 150keV to 30
Earth orbit MeV
Alpha Magnetic Spectrome- | Time of Flight Plastic scintillator | Time of flight

ter (AMS-02)

EJ-200 or BC-408
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Appendix B: Survey of popular scintillators

Basic Material Info

Physics Parameters

No Manufacturer Material Type Catelogue Material Density Dielectric Melting| Thermal Thermal |Cleavage|Hardness| Soluble in Alcohol |Hygrosco Structure Vapor Pressure
Constant point |expansion| conductivity [ plane pic
coefficien
t
g.cm-3 °C |(/C)x10-6] w.mk®
1 Hilger Crystals Inorganic crystal Alkali halide crystals Csl(TI) 4.51|5.65@1Mhz(298k 621 1.13|None Yes Slightly |BCC
)
2 Hilger Crystals Inorganic crystal Nal(Tl) 37 651 3.47((100) Yes Very BCC
3 Hilger Crystals Inorganic crystal Non- Alkali crystals CaF,(Eu) 3.18 1418 (111) no Cubic
4 Hilger Crystals Inorganic crystal Newly develop LYSO(Ce) 7.1 2050 None Not in water no Cubic
5 Hilger Crystals Inorganic crystal Non- Alkali crystals ZnWOo, 7.62 1220 (010) Monoclinic
6 Hilger Crystals Inorganic crystal Newly develop Bi,Ge;0,, (BGO) 7.13 1050 None no Cubic
5 Hilger Crystals Inorganic crystal cdwo, 7.9 1320 <010> stable Monoclinic
5 Hilger Crystals Inorganic crystal Cs2LiyCl6:Ce 3.31 640 None water soluble yes Cubic
7 SAINT-GOBAIN Inorganic crystal BrilLanCe380- LaBr3(Ce) 5.08 8 <100> yes
8 SAINT-GOBAIN Inorganic crystal Nal(Tl) 3.67 47.4 <100> yes
9 SAINT-GOBAIN Inorganic crystal Lu1.8Y2Si0O5(Ce) 7.1 - none no
10 SAINT-GOBAIN Plastic scintillators |Base: Polyvinyltoluene |BC-444 1.032 70 0.78 soluable in aromatic sheet May be used in
solvents,chlorinated vacuum
solvents, acetone
11 SAINT-GOBAIN Plastic scintillators |Base: Polyvinyltoluene |BC-400, BC-408,BC-412,BC-416 1.032 70 0.78 soluable in aromatic sheet May be used in
solvents,chlorinated vacuum
solvents, acetone
12 SAINT-GOBAIN Plastic scintillators BC-700 series
13 RMD Inorganic crystal Csl(Tl) - microcolumnar
14 RMD Inorganic crystal Alkaline earth CLYC - (Cs2LiYCl6:Ce) 3.31 640 34.34| 0.67@50degC|None Yes cubic
15 Toshiba material Ceramic scintillator Gd202S:Pr 7.34 8.8 No
16 ELJEN TECHONOLOGY |Plastic scintillators EJ-228/BC-418
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Continue column from last page

Photon output

No Wavelen|Wavelen|Wavelen| Refractive Index at Primary After glow Pulse width Energy Light yield Photoelectron yield Temperature Light Light Optical |Radiatio|Gamma and X-ray Comments
gthof | gthmin | gth max peak emission decay time (FWHM) resolution coefficient of light | Escape | Escape |Transmissi|n Length absorption
emission Cs137 yield Cone to|Cone to| on Range coefficients
max. Air Glass
nm nm nm us Photons/MeV %.°Ct ° ° nm cm cm-1
1 565 375 725 1.78 1|Apx 2.8% at 52,000 0.32] 34.1] 57.2| 240-70,000 1.86 0.48 at 660keV [Highest light yield, perfect for gamma/x-ray detection.
1ims, 10.00 at 100keV |But slow response
Apx 2.0% at
2ms.
2 410 325 525 1.8 0.23|Apx 8.0% at 40,000 0.08 44.7| 56.5| 250-35000 2.59 0.29 at 660keV [Most popular in industry
1ims, 5.5 at 100keV
Apx 4.0% at
2ms.
3 435 400] 500 1.43 1 23,650 -0.28] 3.5]
4 420 380 480 1.81 0.04|N/A 32,000 -0.2 1.15
5 490 310 500 2.32 20 9,500 -1.2] 1.1 Too slow response time
6 480 375 650 2.15 0.3 8,500 -1.6 113 Light yield is too low
5 520 330 540 2.25 20 13,000 -0.1 1 Cd is a hazard material
5 1.81@405nm,
1.67@532nm,
1.61@633nm
7 380 1.9 0.016 63,000 0| 1.8 at 662keV 50%|General purpose, best energy resolution, rate of
change of light output w/temperature is small
8 415| 1.85 0.25 38,000 -0.3 2.5 at 662keV 50%
9 420 1.81 0.041] 32,000 -0.28| 1.1at 662keV 50%|Bright, high Z, fast ,dense, background from ’°Lu
activity
10 428| 250 525 1.58 0.285 180 Long timing property. Good for phoswitch, particle
identification, low background counting, active
shieldings. Can be used in conjunction with a fast
scintillator such as BC-400
11 423 1.58 0.0024 65% of Anthracene; Indpendent of 160 General purpose, fast
typical 25-30% of temperature
Nal(TI) between -60 to +20.
At +60degC = 95% of
that at +20degC
12 for the efficient detection of neutrons in the presence
of gamma radiation.
13 Columnized, range from 250nm to 10um. Films are 10
to 700um thick. Sctructures are up to 3mm thickness
14 370 275 450 1.81/0.001,0.05,1 20,000 3.42| 0.251at 660keV|Gamma-neutron scintillation, better gamma-ray
3.97 at 100keV |resolution than Nal or Csl. It uses pulse shape
discrimination for neutron detection
15 512 2.2 3(<0.1% after 3ms 35% (2mm 200% of CdWO4 -0.1 Radiation degration 1% per 7Gy. Similar light output to
thickness) not Csl but not fully transparent. Can be made into array
fully
transparent
16 391 1.4] 1.2 13000/67% of
Anthracene
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Appendix C: Initial Simulation Data

Energy depositinthe Energy deposit
Mo  Particle Energy Scintillator(mean) Photons detected in SiPM{mean)  Photon hit time(mean) Particlesfired  Particletriggered Photons per keV  Detection ratio ratio
keV keV # ns # #

1 3 5 282.3 1093 100 4 56.460 4.00% 100.00%
2 10 10 5335.6 992.8 100 85 53.560 85.00% 100.00%
3 20 19.3 1066 1003 100 97 53.838 97.00% 99.00%
4 30 30 1607 1001 100 98 53.567 98.00% 100.00%
5 40 40 2152 997.1 100 98 53.800 98.00% 100.00%
6 50 49.97 2682 1002 100 99 53.672 99.00% 99.94%
7 60 60 3224 1003 100 99 53.733 99.00% 100.00%
3 70 70 3739 998.6 100 93 53.700 93.00% 100.00%
9 30 80 4297 1001 100 87 53.713 87.00% 100.00%
10 90 87.14 4671 998.1 100 73 53.603 73.00% 96.82%
11 100 98.46 5268 1001 100 64 53.504 64.00% 98.46%
12 150 132.5 7122 1001 100 31 53.751 31.00% 88.33%
13 160 144.3 7758 998.8 100 30 53.763 30.00% 90.19%
14 170 146.6 7862 1004 100 27 53.629 27.00% 86.24%
15 120 158.2 8430 995.7 100 24 53.603 24.00% 87.89%
16 130 163.1 8772 1001 100 23 53.783 23.00% 85.84%
17 200 167.7 9023 998.3 100 21 53.804 21.00% 83.85%
18 210 115.8 6225 1002 100 19 53.756 19.00% 55.14%
19 220 182 9732 1003 100 12 53.473 12.00% 82.73%
20 230 182.9 9803 1002 100 22 53.598 22.00% 79.52%
21 240 151.1 8047 1004 100 12 53.256 12.00% 62.96%
22 250 147.3 7892 1001 100 13 53.578 13.00% 58.92%
23 260 190.7 10270 999.3 100 13 53.854 13.00% 73.35%
24 270 160.5 8682 1002 100 9 54.093 9.00% 59.44%
25 280 186.7 10040 1002 100 11 53.776 11.00% 66.68%
26 290 187.9 10110 999.1 100 4 53.805 4.00% 64.79%
27 300 219.9 11830 996.9 100 9 53.797 9.00% 73.30%
28 400 136.6 7344 996.1 100 7 53.763 7.00% 34.15%
29 500 359.7 19330 1001 100 9 53.878 9.00% 71.94%
30 600 2315 12510 1000 100 9 54.039 9.00% 38.58%
31 700 285 15320 996 100 9 53.754 9.00% 40.71%
32 800 373 20400 998.4 100 2 53.826 2.00% 47.38%
33 900 364.3 19580 997.1 100 6 53.747 6.00% 40.48%
2 1000 a1 34400 296:6 100 2 33,666 2.00% B2.10%
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Appendix D: Work out the directional source

The position and orientation of the circular plane source is set by two direction vectors
lying in the plane, rot1 and rot2. They can be derived from the position vector of the
circular plane.

The position vector of the centre of the circular plane source is:
sin(d)cos(¢)
¢ =| sin(f)sin(g) (0.1)
cos(6)

Vector rot1 and rot2 are obtained by differentiation with respect to 8 and @ and subse-
quent normalization:

. cos(d)cos(¢)

c :

rotl = 20 = cos(é) sin(¢@) (0.2)
—sin(0)

[ —sin(@)
rot2 = dc =| cos(9) (0.3)
d¢ 0

Now rot1 and rot2 can be directly used in the Geant4 General Particle Source. The
following is an example macro script for a circular plane pointing at 6=45° and ¢=45°.

/gps/particle proton
/gps/ene/type Mono
/gps/ene/mono 100 MeV
/gps/pos/type Plane
/gps/pos/shape Circle
/gps/pos/radius 14.0 cm
/gps/pos/centre 7.0 7.0 9.89 cm
/gps/pos/rot1 0.5 0.5 -0.71
/gps/pos/rot2 -0.71 0.71 0
/gps/direction -7.0 -7.0 -9.89 cm
/gps/ang/type planar

The C++ utility runs the equation (0.1), (0.2) and (0.3) automatically for each 6 and ¢
pair and generates the macro script for each circular plane source.
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Appendix F: MSSL radioactive source list

MSSL Isotope Emission (energy, particle) Original Ac-  Arrival Half life
code tivity (MBq) date (y) (y)
Smi1 Samarium 151 80 keV b 925 1987 101.3005
Sr1 Strontium 90 0.55 MeV b 0.479964 2001 28.78
C1 Carbon 14 49 keV mean <156 keV b 1.85 1980 5730
TI2 Thalium 204 760 keV b; Hg-k 71 keV X 0.386613 2001 3.78
Cs1 Caesium 137 0.512 Mev b, 1.174 Mev b; 662 keV g; Ba-k 32-38 keV X 0.36963 1997 30.17
Am4 Americium 241 5,44 5,48 MeV a; 26,33, 60 keV g 74 1996 432.2
Am3 Americium 241 5,44 5,48 MeV a; 26,33, 60 keV g; 8-50 keV X (Cu, Rb, Mo, Ag, Ba, Tb)-k 370 1979 432.2
Am2 Americium 241 5,44 5,48 MeV a; 26,33, 60 keV g; 8-50 keV X (Cu, Rb, Mo, Ag, Ba, Tb)-k 370 1974 432.2
Am1 Americium 241 5,44 5,48 MeV a; 26,33, 60 keV g; 8-50 keV X (Cu, Rb, Mo, Ag, Ba, Tb)-k 370 1973 432.2
Fe57 Iron 55 5.9 keV X 3700 1991 2.73
H8 Tritium(Hydrogen 3) 18 keV b 1850 1974 12.35
H7 Tritium(Hydrogen 3) 18 keV b 1850 1974 12.35
Am5 Americium 241 5.5 MeV alpha 0.00577 2015 432.2
Am6 Americium 241 5.5 MeV alpha 0.04 2017 432.2
Am7 Americium 241 5.5 MeV alpha 0.04 2017 432.2
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Appendix G: Survey of some SiPM sensor performance

Manufacturer Type Pkg Eff. Pixels Pix. FF MaxA PeakA QE PDE
A Size
mm um % nm nm % %
Hamamatsu, Japan S10362-11-100U metal 11 100 100 * 100 | 78.5 900 440 65 72
Hamamatsu, Japan S10362-33-100c ceramic 3*3 900 100100 | 78.5 900 440
NDL, China large dynamic range 11 10000 10*10 >10%@500nm

Philips Aarchen, Germany DPC6400-22-44 3.9*3.2 | 6396 59.4*32 54 700 420 30%
Philips Aarchen, Germany dpc3200-22-44 3.9*3.3 | 3200 59.4*64 74 700 420 40%

SENSL, Ireland MicroSL family 10020 1*1 1296 48% | 400-1000 500 8%
SENSL, Ireland MicroSL family 10100 11 90 85% | 400-1000 500 28%
Zecotek MAPD-3A 3*3 135000 800 450-500 20%
KETEK, Germany pm3350 3*3 3600 50*50 70% | 300-1000 420 >50%

Hamamatsu, Japan S10362-11-100U 600 6 7010 2.4*10"6
Hamamatsu, Japan S10362-33-100c 8000 8.9
NDL, China large dynamic range 1000 0.1 >1015 5
Philips Aarchen, Germany DPC6400-22-44 5000 0.78 0.044 27+0.5 Active quenching, full
digital,
Philips Aarchen, Germany dpc3200-22-44 7000 2.19 0.044 27+0.6 ;
SENSL, Ireland MicroSL family 600 0.463 29.5 1.2*10"6 30 17%
SENSL, Ireland 0 29.5 1*1077 1800 49%
Zecotek MAPD-3A 9000000 66.667 65-70 60,000 80-100 high pexel density
KETEK, Germany pm3350 200000 55.56 27 2*10"6 35%

FF = fill factor, QE = quantum efficiency, PDE = photon detection efficiency, DC = dark count, TR = time resolution, BV = bias
voltage, RT = recovery time

377




Appendix H: Review of Scintillator+SiPM based detector system performance

Description Scintllator SiPM Bond Wrapping Performance Note
Type Geometry Type ER RT
On the limited ampli- Discuss about the am- Intrinsic energy reso- 2007|PSI Alexey
tude resolution of plitude resolution(en- lution can be calcu- Stoykov
multipixel Geiger-  |ergy resolution) limited lated using formula:
mode APDs by the number of cells; Rmin = 2.92/sqrt(m),
m is the number of
cells.
/A time-resolution Explore the time reso- BC-422 [2x3x3 mm? MPPC optical grease Best time resolution  [2011PSI Alexey
study with a plastic |ution of scintillator + S10362-33- for scintillator + PMT Stoykov
scintillator read out [MPPC 050 is: ssqrt(E) =
by a Geiger-mode 19ps*MeVO5;
/Avalanche Photodi- Best time resolution
ode for scintillator + MPPC
is:
ssqrt(E) =
18ps*MeV°5;
Optimizing the de- Csl(Tl) [12.5mm x 12.5mm [SPM Plus Balck 7% for 137Cs 2011Rotem Indus- D.Ginz-
sign of a silicon pho- X 12.5mm 144mm2 opaques (emitting tries Ltd, Is- |burg
tomultiplier-based ra- tape 662keV rael
diation detector optical poly gamma)
reflector
white
Teflon film
Enhanced
Specular Re-
flector (ESR)
Initial Tests of a Compare three scintil- LYSO  3mmx3mmx10mm |MPPC array, 12.4% for 2011Radiation De-|S.Majew-
Compact Imaging [lators LYSO, Nal(Tl) ((from s10362-33- N?2, 511keV tector & Med- [ski
Photomultiplier and CsI(TI) Proteus) 050SMD gamma ical Imaging
Made From Array of Group
3x3mm2 Hamamatsu
MPPC-
SMD Modules
Development of High BC422 5mmx5mmx5mm [HPK SiPM optical Read out by DRS4  [2014|INFN PW Catta-
Precision Timing S10362-33- [greaseOKENG6262A chip from PSI. neo
Counter 050C
Based on Plastic
Scintillator with SiPM
Readout
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Description Scintllator Bond Wrapping Performance Note
Small Prototype Csl(Tl) [Bmmx6mmx10mm BC630 silicon Teflon Cs137, 2012/0Oregon state [Erik M
Gamma Spectrome- grease 622keV, university Becker
ter Using Csl(Tl) 7.88%
Scintillator Coupled
to a Solid-State Pho-
tomultiplier
Energy resolution of |comapre the perfor-  |CsI(TI) [3mmx3mmx3mm 622keV, shaping time 6us; 2010National Cen-M.
scintillation detectors mance with scintillator [LFS-3 7.1% shaping time 0.25us; tre for Nu-  |Grodzicka
with SiPM light + PMT, PMT has bet- 622keV, clear Re-
readout ter energy resolution 9.6% search, Po-

6.7% vs 7.1% land

ER = energy resolution, RT = response time
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Appendix I: The hardware configuration for each chapter

Chapter Scintillator Module SiPM Preamplifier Comments

Chapter 2 BC408 + Csl (v1) N/A N/A Scintillator module v3 is used for the in-
BC404 + LXSR (v3) strument concept

Chapter 3 BC408 + Csl (v1) N/A N/A Used for Geant4 simulation

Chapter 4 N/A S13360-1325CS V1( (FR4 version) Used for preamplifier development

Chapter 5 N/A S13360-1325CS V2 (RF version) Used to acquire the dark count data

Chapter 6 N/A S13360-1325CS V2 (RF version) Used to test with LED source

Chapter 7 BC404 + LXSR (v3) S13360-1325CS V2 (RF version) Used for the radioactive test
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