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Abstract

The GlueX project aims to elucidate the confinement property of quantum chro-
modynamics. Silicon PhotoMultipliers (SiPMs) will be the readout for the GlueX
Barrel Calorimeter (BCAL), a key subsystem of the detector designed for the GlueX
project. The important and most desired characteristic of SiPMs is their immunity
to magnetic fields, since the BCAL is placed immediately in a 2.2 T" solenoid. Other
advantages compared to conventional PMTs is that they operate using low bias volt-
age (< 100 V), have higher photon detection efficiency, lower cost, and are more
compact and robust. SiPMs offer much promise to revolutionize light detection in

particle, but also medical and space physics, among other.

Hamamatsu, a Japanese photonics company, will manufacture the SiPMs for the
BCAL. These photosensors are arrays of 16 — 3 x 3 mm? SiPMs. In this thesis,
discusses the test carried out for one 2010 Hamamatsu unit and ten 2011 (years of
manufacture) first article Hamamatsu SiPM units. The tests are the first fiber-based
tests for the SiPMs. The two major tests are the photon detection efficiency (PDE)
and the gain uniformity of their cells and sub-cells. Depending on the method of
measurement, the extracted PDE fell in the range of 15-30%), while the cells exhibited
gain uniformity mostly within 10%. The result of this thesis will be directly used
by the GlueX collaboration towards quality control of the 4000 units ordered for the
BCAL.
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Chapter 1

Introduction

The Thomas Jefferson National Accelerator Facility, commonly referred as Jefferson
Lab (JLab), is an intermediate energy physics laboratory in Newport News, Virginia,
United States. JLab contains four research areas referred to as Halls A, B, C, and
D. One of the projects that will be carried out in Hall D is GlueX, which stands for
Gluonic Excitations Experiment, and its main objective is to understand the nature

of quark confinement.

The accelerator in JLab — Continuous Electron Beam Accelerator (CEBA)- uses a
spin-polarized electron source. It also consists of an injector and two linear radio
frequency (RF) accelerators, as shown in figure 1.1, which are the largest super
conducting RF linear accelerators (linacs) in the world. The two linacs are connected
together through arc sections. The electron beam is produced in the injector with
an energy of 45 MeV, and it is injected into the accelerators every 0.667 ns [1].
The electron beam will go to the linacs and arc sections, several times. To reach

an the energy of 6 GeV, the beam has to complete five turns, termed passes, in



the accelerator. JLab will upgrade the beam transport system from 6 to 12 GeV
through extensive re-use and modification of existing hardware; and the addition of
one recirculation arc [2]. In other words, for each linac side five cryomodules will
be added, as shown in figure 1.1. Addition of the recirculation arc section allows
the beam to go to its sixth pass through one of the linacs. Thus the energy of the
electron beam going to Halls A, B, and C will be around 11 GeV. However, the
electron beam going to Hall D will have the energy of 12.1 GeV, since Hall D is

opposite to the other three Halls, as shown in figure 1.1.

In chapters 1 and 2 the basic physics concepts of the GlueX experiment will be
presented. In chapter 3 a brief description of the GlueX detector is discussed, while
a general overview on SiPMs is provided in chapter 4. The study of the SiPM gain
uniformity and PDE is shown in chapters 5 and 6. Lastly, this thesis includes a brief

conclusion and an appendix.

ﬂ new IHall

Upgrade magneis
and power
supplies

20 eryomodules

k‘ Add 5

cryomodules

Enhanced capabiliries
in existing Halls /I

Figure 1.1: The configuration for the 12 GeV upgrade of CEBA at JLab showing
the additional new Hall D for the GlueX experiment [3]. (original in color)



Chapter 2

Quantum Chromodynamics

2.1 The Fundamental Interactions within the SM

The four fundamental forces in the universe are gravity, weak force, strong force,
and electromagnetic force. The Standard Model (SM), as the theory of particle
physics, describes the three fundamental forces excluding gravity. According to the
SM, the fundamental building blocks of matter, quarks and leptons, interact with
each other exchanging bosons (force field particles), known as gauge bosons. The
Electromagnetic force is described within the quantum field theory of electrodynamics
(QED). The gauge bosons for the QED are photons, and the gauge bosons for the
weak interactions are Z°, W+, and W~. In the unified electroweak theory, the gauge
bosons are the photon, Z°, W+, and W~. The mediators for the strong force are
known as gluons, which are described in quantum chromodynamics (QCD), as the
quantum field theory of strong interaction. As the SM describes, these elementary
particles, which interact via the strong force, are quarks and gluons. Thus, in terms

of the strong force, quarks interact with each other exchanging gluons.

3



2.2 The Basics of Quark Model and QCD

According to the SM, as the electric charge is the source for electrodynamics, colour
charges are the sources of the strong force. Conservation of electric charge results
in the U(1) symmetry, which represents electromagnetic interactions. The SU(2)
symmetry group describes weak interactions algebraically, which corresponds to con-
servation of a quantum number called “weak isospin”. The SU.(3) color symmetry
group represents QCD. A quark can take on one of the values of red, green, or blue
as a color charge, while an anti-quark can have one of the color charges of anti-red,

anti-green, or anti-blue. Gluons are combinations of two colors.

The combination of the U(1), SU(2), and Su(3) symmetry gauge groups is written
as SU(3)xSU(2)xU(1). The Unification of weak and electromagnetic interactions is
described in SU(2)xU(1), known as electroweak interaction, which experimentally

has been verified by the discovery of neutral weak currents in 1973 and by discoveries

of the W* and Z bosons in 1983.

As far as the strong interaction is concerned, so far, six quarks have been discovered,
which are named up (u), down (d), strange (s), charm (c), top (t), and bottom
(b). The first three are the lightest (u,d,s), and the three latter are the heaviest
quarks (c,t,b). One of the relatively old models trying to describe quarks in terms of

4

strong force is the “ quark model”. The basic postulate of the quark model is that
all hadrons are bound states of quarks [4]. The original quark model was based on
the three lightest quarks. The three lightest quarks form a flavour SU(3) (SU(3)¢)

symmetry group. Combinations of quarks form the category of strongly interacting

particles are known as hadrons.



Combinations of a quark and an anti-quark form mesons. As the SU;(3) symmetry

group describes, a quark and an anti-quark form a nonet:

33=148 (2.1)

Where 3 represents the three flavour quarks, and 3 represents the three anti-quarks.
1 @ 8 means that the result is a combination of eight objects (the octet) that trans-
forms into itself under SU;(3) and a singlet. Figure 2.1 shows the spin-zero mesons,

which form a nonet.

Figure 2.1: The spin-0 mesons.



2.3 Confinement

At short distances (r < 107! ¢m), quarks and gluons interact very weakly, and strong
interactions are described in the regime of asymptotic freedom, with the potential

for one exchange gluon being:

Vi)~ (2.2)

At distances of 7 > 107'3 ¢m quarks are confined [4]. The strong force between two
quarks does not decrease with distance. This phenomenon is named confinement,
which is an experimental fact that has been incorporated in QCD. In the early days of
QCD, it was referred as “infrared slavery” [5]. To find the confinement potential some
hints are provided through lattice gauge theory. Some physicists assume V., (1) ~ 7,
others assume V., (r) ~ In(r), and others assume V., (r) ~ Vy [4]. For all the
assumed potentials, infinite amount of energy is required to separate two quarks.

Thus, if we choose V., (r) ~ r, then:

—4 o
VQCD(T) = thluon(?ﬂ) + ‘/Z:Onf(r) - _?7 + F()’I" (23)

where r is the distance, oy is a constant which is called the fine structure constant,

and Fjy is a constant.

2.4 Quantum Numbers

As discussed, mesons are grouped in nonets, each characterized by unique quantum

numbers (states of J7¢), which are the total angular momentum (J), parity (P), and



C-parity or charge conjugation (C). J can be found from the system’s total angular

momentum (L) and its total spin (S). Thus:

-

J=L+S (2.4)

Where for a ¢¢ meson system, the spin is S = gq + 5_%.

Parity and C-parity are two important operations in quantum mechanics. Parity
operation reverses the momentum of a particle, but conserves the direction of the
spin. If the spatial part of the system is conserved under the parity transformation,
the assigned parity value to it is “+”, and if the system is antisymmetric under this

W_»

transformation, the assigned parity is For a ¢¢ meson system, total parity
is P = P,P;(—1)". For a meson system, if the quark and the anti-quark are in

a state with orbital angular momentum L, its parity value can be given through

P = (—1)0+),

The C-parity operation transforms particles to their anti-particles, conserving the
direction of the spin. For a system that is a combination of bosons, C is (—1)%, while

for a system of fermions, C is (—1)L™5. So, for a ¢ meson system, C' = (—1)L5 [6].

In the simple quark model only specific quantum numbers are allowed for a qg meson,
such as {0~F, 0" 1*F 1t~ 177 ...}. Numbers such as 077,077, 17" and 2%~ are

not allowed and are called exotic.

Tables 2.1 and 2.2 show the exotic and non-exotic quantum numbers for a ¢g state.



T [—T++ [+ [+
0 |[--- 077 [0 * |[---
1 |1 | 177 |- |17
2 |2 [27F |2 [---
3 [3 [37F |--- 3"
4[4 4T (4T oo
5 |5 |57 |--- |5

Table 2.1: Table shows the non-exotic ¢g mesons’ quantum numbers [7].

J — [+ [+ [+-
0 0 |---|--- 07
1 N I I T -
2 |- |- |- 27
3 |--- [--- 37T [---
/AN N I I VRS
5 |--- |--- 57T |---

Table 2.2: Table shows the exotic ¢¢ mesons’ quantum numbers [7].

2.5 Exotic Mesons

There are different groups of exotic mesons. One group is called “tetraquarks” (¢gqq).
Another exotic meson group is called “hybrid mesons” (¢gg), which is combination
of a valence quark, a valence anti-quark and a gluon. The third exotic group is
“Glueballs ” (gg), which has no valence quark or anti-quark. So far, there has been

no unambiguous identification of any exotic meson’s quantum numbers [8].

Since gluons possess color charge, they can interact with each other and form a
glueball. Pure glueballs are difficult to identify because they mix with mesons, a
phenomenon called “mixing”. According to the basics of quantum mechanics, each
state of particles is a linear superposition of all the mass eigenstates that posses
the same quantum numbers. Since light glueballs have the same JF¢ values as

conventional mesons, due to mixing, uncertainties arise to experimentally identify



them.

Jy Sqq Jre Type SampleMembers
1 0 1+* conventional | aq, fi, f]
1 0 1—— conventional | p1,w1, @1
1 1 (0 conventional | g, 1o, 7}
1 1 0~ exotic bo, ho, h{,
1 1 1=+ exotic 1, M1, M)
1 1 17~ conventional | by, hy, b
1 1 2=+ conventional | 7y, 72, 1)
1 1 2t~ exotic ba, ho, R,

Table 2.3: Eight nonets of hybrid mesons.

The lightest exotic glueball will possibly have a mass of 4 GeV/c? and JF¢ = 2+,
Gluballs have been predicted in different QCD models, including bag models, con-

stituent glue models, flux tube models, QCD sum rules and lattice gauge theory

(LGT) [9].

The hybrid mesons are mesons with gluonic excitations. Table 2.3 shows the eight
predicted nonets of hybrid mesons. In the flux-tube model, all eight hybrid nonets
are degenerate with a mass of about 1.9 GeV/c?, which is the mass of the lightest
JPC = 17F exotic hybrid [10]. Due to few features of hybrid mesons, it is easier to

detect hybrid mesons than glueballs.

2.6 Meson Spectroscopy

Mesons can be produced by the interaction between a target nucleon and pion (7),
kaon (K), or photon (y) beams. In case of using pion and kaon probes, in order to

produce exotic mesons, a spin-flip in the entrance channel is required; as such, the

9



production of exotics is expected to be strongly suppressed. So in order to produce
exotic mesons in an “one step” process, and study them, a high energy photon beam
is required. Since photons, w, p, and ¢ mesons have the same J7¢ = 17~ as shown in
table 2.3, according to the mixing property, in a photon beam there is a probability
of co-existing virtual w, p, and ¢ mesons. A photon interacting with a nucleon
would produce a proton or a neutron with the production of mesons, and this is a
hadronic process. Also, since in a strong interaction, parity, C-parity, and isospin are
conserved, knowing the initial and final states allows to determine the intermediate
states through the use of the Partial Wave Analysis (PWA) technique, which gives
us information about the intermediate hybrid mesons. The main aim of GlueX is to

map the spectrum of these hybrid mesons in detail.

10



Chapter 3

The GlueX Detector

3.1 Introduction

The spin polarized 12 GeV electron beam, controlled by a series of steering mag-
nets, will impinge on a diamond wafer of approximately 20 um thickness and will
generate coherent Bremsstrahlung radiation photons. The scattered electrons will
be steered away from the photon beam by using a dipole magnet and its focal plane
will be instrumented to provide the energy information required to “tag” the associ-
ated photons. The dipole magnet and its focal plane instrumentation constitute the

“tagger” for GlueX.

The special orientation of the diamond crystal causes the Bremsstrahlung photons to
be linearly polarized. In fact, 40% of the photons will be linearly polarized and will
have energy range of 8-9 Gel/, impinging on the GlueX detector [11]. The photons

passing through the detector without interacting will be collected by the photon

11



beam dump. The GlueX detector has a hermetic (nearly 47) coverage, and its main

parts are shown in figure 3.1:
* The target, which is liquid hydrogen, contained in a 30-cm-long vessel.

The Barrel calorimeter (BCAL) which will be used to measure the energy and
emission angles of all incident particles. Its main role, however, is the detection
and determination of the four momentum of photons in the 11°-126° polar angle

region (See figure 3.3).

The Forward Calorimeter (FCAL), which is a circular planar lead glass array.
FCAL together with the BCAL provide the information on the 4-momentum

of the detected photons.

* The Time Of Flight wall (TOF), which is located immediately in front of the
FCAL to provide timing information and charged particle identification at small

angles (less than 11°).

Superconducting solenoid magnet, which provides a magnetic field of strength

of 2.2 T, and surrounds most detectors.

The start counter, a series of plastic scintillator strips surrounding the target

to provide beam bucket timing information.

* The Central Drift Chamber (CDC), to track the particles with the polar angles

between 20° to 170° coming from the target. The CDC surrounds the target.

* The Forward Drift Chambers (FDC), which are disk-shaped drift chambers.
Four packages are positioned in the forward region. The FDC and CDC, both

are for tracking purposes [12, 13, 14].

12
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Figure 3.1: GlueX detector at Hall D contains several main parts. (original in color)

fine steering magnets primary collimator and sweeping magnet

crystal radiator mount secondary collimator and shielding

tagging spectrometer photon beam dump

photon beam pipe

=

photon source and tagger building

electron beam dump % experimental hall

Figure 3.2: Schematic view of the photon beam. The objects are not to scale. The
photon beam spot on the target will have a 2.5 ¢m radius [11]. (original in color)
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3.2 BCAL

According to the detection mechanism employed, electromagnetic calorimeters are
of several different types. Among those, a commonly employed design is that of
sampling calorimeter, in which only a small fraction of the deposited energy is actively
detected (sampled), with the remainder deposited in the insensitive/inert volume

consisting usually of a high atomic number material. The BCAL is such a device [15].

The BCAL is 390 ¢m long, with an inner radius of 65 ¢m and an outer radius of
90 ¢cm. The BCAL consists of 48 separate trapezoidal shaped modules as shown in
figure 3.3, built at the University of Regina and shipped to Hall D, at JLab. The
BCAL is positioned immediately inside the 2.2 T solenoid, and the barrel shape is
the best shape to provide a coverage close to 47 for fixed target experiments. The
BCAL’s main goal is to detect the photons, which come from the decay of 7°’s and

1’s, and to measure their energies and incident angles.

As shown in figure 3.3(b), the relative position of the target within the BCAL was
chosen to maximize the effective detection solid angle given the Lorentz boost of the
center of mass frame with respect to the laboratory frame. Each module of BCAL is
made up of 15,350 of 1-mm-thick SCSF-78MJ scintillating fibers made by Kuraray!,
and layers of swaged 0.5 mm thin lead sheets. Each layer of lead contains grooves
along its length to host the fibers. All these layers are glued together using optical
epoxy?, which has nearly the same index of the refraction as the inner (first) cladding
layer of fibers, n = 1.49. Figure 3.4 shows the end view of a small part of a module

showing the fibers.

'Kuraray CO. LTD.Ote Center Building 8F, 1-1-3 Otemachi, Chiyoda-ku, Tokyo 100-8115,
Japan. The agency in U.S.A.: Kuraray America, Inc. 4 Park Plaza, Suite 530, Irvine, CA 92614.

2Bicron BC-600 optical cement, Saint-Gobain Crystals & Detectors (http://www.saint-gobain-
northamerica.com)
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Figure 3.3: Sketch of Barrel Calorimeter readout. (a) BCAL schematic; (b) a BCAL
module side view;(c) end view of the BCAL showing all 48 modules and (d) an end
view of a single module showing readout segmentation in four rings (inner to outer)
and 16 summed readout zones. (original in color)

Each end of a module will be viewed by 40 novel photosensors, as shown in fig-
ure 3.3(d), to provide energy and time measurements. These photosensors are com-
monly called Silicon PhotoMultipliers (SiPMs). Thus, in total, each module has 80

of these photosensors.

3.2.1 Scintillating Fibers

Three important properties of the scintillating material (scintillating fibers in BCAL)
make them efficient for the GlueX experiment: sensitivity to energy, time of response,

and pulse discrimination. The fibers used in the BCAL are double clad fibers, having
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Figure 3.4: End view of a small section of a BCAL module.

three sections. The first is a scintillating core and the other two are layers of cladding.
A double clad fiber is shown in figure 3.5. The first cladding is 0.03 mm thick with
the index of refraction of n = 1.49, the second cladding is 0.01 mm thick, with an
index of refraction of n = 1.42, and the core of the fiber has an index of refraction
of n = 1.60. The presence of double cladding increases the number of detected
photoelectrons in the photosensors by increasing the photon trapping efficiency. For
a double clad fiber, compared to a single clad fiber, the capture increase of the
photons is over 50% [16]. Thus there would be a similar increase in the detected
photoelectrons. This results in better timing and energy resolutions, particularly at
lower photon energies. The attenuation length of double clad fibers is equal to single

clad fibers using the same combination of materials [16].

The analysis of a 2006 beam test of a BCAL prototype module yielded an energy
resolution of og/E = 5.4%/\/E(GeV) @& 2.3% and time, difference resolution of
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Figure 3.5: Graphic schematic of the critical angles in a double clad fiber [16]. (orig-
inal in color)

oars2 = T0ps/y/E(GeV) [9]. These numbers indicate that the fibers used in that
test (Pol. Hi. Tech. 044) met the project specification. The Kuraray fibers chosen
for the production of the BCAL are superior to these in terms of light production,

collection, and propagation.

3.2.2 BCAL Readout

Photons will travel the length of the scintillating fibers and then will be detected
by the photosensors at the ends of BCAL’s modules. To accommodate the 40 pho-
tosensors within the same area on each end of each BCAL module, GlueX will use
trapezoidal light guides. Thus, for each SiPM, there will be a light guide, which will
be directly glued to the face of a BCAL module. As seen in figure 3.6, immediately
after each light guide there would be a SiPM placed with a 1 mm air gap in between
of the SiPM and the light guide. The whole BCAL readout system will be in Nitro-
gen N, gas to provide a dry environment and avoid condensation on the electronics.

A 3D rendering and electronics board are shown in figure 3.7.

The SiPM needs to be cooled down to 5° C to reduce the dark noise, by means of
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chilled coolant mixture, cooling plates, cooling pipes and heat spreader as shown in

figure 3.6.

Cutaway View Cooling Plate insulat
Single SiPM Shown (5 degree C) frsurator

HoldingTra; y\‘ % FPreAm

N2 |
Gan\
\\

<+— Module Chassis

Light Guide Ambient (25 degree C)

Thermistor

.

Hamamatsu SiPM
510985

N

<+— Qutput Signal Cables

{——

Cooling Pipe ™|

Bias T Comp. ch / / \

Pre-amplifier PCB Heat Spreader
Thermal Mat

Figure 3.6: Light guides will be attached to the BCAL modules while the SiPMs will
be held at the ends of the light guides with a 1 mm gap in between [17]. (original in
color)

A common way to detect photons is to use conventional phtotomultiplier tubes
(PMT), based on the photoelectric effect. A 2.2 T solenoid surrounds the BCAL,
and since the PMTs are not immune to the magnetic field, PMTs cannot operate in
such an environment (figure 3.8). On the other hand, SiPMs are immune to magnetic
fields, and in some cases they have higher photon detection efficiency, lower cost, and
are more compact and robust [18]. As an additional advantage, they do not require
high voltage, which for PMT’s is around 2,000 V', since SiPMs operate at around
0V.

Each BCAL module is divided into two parts, the inner part and the outer part.

The inner part of each BCAL module at each end contains 24 photosensors, grouped
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Figure 3.7: Left: A 3D rendering of figure 3.6. Right: Picture of a board containing
all 40 SiPMs for one side of one module. (original in color)

photocathode

Iigh} / dynode 2

photoelectrons
dynode 1

Figure 3.8: Design of a simple PMT. A PMT contains a photocathode, an anode,
and several dynodes. The photoelectrons can easily be bent away and lost due to
presence of any external magnetic field.

into three electronic readout (towers), to capture the early electromagnetic shower
and to reach the required spatial and energy resolution. The outer part contains

16 of these photosensors grouped into four electronic readout towers as shown in
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figure 3.7, to measure any remaining energy deposited in the BCAL. In order to
maximize the photo statistics of light collection, it is desired to have a high photon

detection efficiency of the photosensors.
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Chapter 4

Silicon PhotoMultiplier Basic

Function

4.1 Introduction

The SiPM is also known as solid state photomultiplier (SSPM), multi-pixel photon
counter (MPPC), AMPD, MRS APD, G-APD, etc. It consists of an array of limited
Geiger-mode Avalanche PhotoDiodes (APDs) on a silicon substrate [19, 20, 18].
These silicon APDs are of micron size, from 20 um to 100 pum. In other words,
SiPMs consist of a matrix of typically thousands of independent micro-cells (pixels)
per mm?, which are connected in parallel [21]. Commercially available SiPMs have
areas of 1 x 1 mm? or up to 3 x 3 mm?. The required area for each SiPM for GlueX

is considerably larger (1.2 x 1.2 ¢m?). Such devices were first developed by SensL!

16800 Airport Business Park, Cork, Ireland (http://sensl.com/)
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and subsequently by Hamamatsu?. Hamamatsu, a photonics company in Japan, has
been selected to manufacture the specified SiPMs for GlueX, following a tender-and-
bidding process [22]. SiPMs have applications in many different fields such as high

energy physics calorimetry, astrophysics or medical imaging [23, 24, 25].

4.2 Avalanche PhotoDiodes

The APDs, which are based on the process of impact ionization, in contrast to PMTs,
are solid state devices based on a p-n junction. Initial electrons will be produced
due to the photoelectric effect by the incident photons. These photoelectrons gain
higher velocity due to the presence of an external electric field (breakdown voltage
for APDs), and if the energy gained by the electrons in this duration is high enough,
it will free one or more secondary electrons from the molecules. This process is
called impact ionization in which the initial electrons will impart their energy to the
molecules to create more free electrons. Thus, the energy of the traveling electron
should be equal or more than the band gap energy of the material (SiO, for the

SiPMs). This specifies the magnitude of the external voltage that has to be applied.

The secondary electrons also experience the same external electric field, and therefore
they will also produce more electrons and so on. Eventually this process makes
avalanche multiplication of charge pairs, and thus there would be an electric current.
This current is related to the number and energy of the incident photons. Thus

APDs are based on avalanche multiplication, and due to impact ionization they have

2HAMAMATSU Photonics K.K., 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka
Pref., 430-8587, Japan (http://www.hamamatsu.com/)

22



internal current gain effect. The avalanche is limited by the choice of a quenching

resistor that controls final gain.

In figure 4.1 the avalanche current and the breakdown voltage are shown for an APD.

When the temperature is increased the breakdown voltage is decreased.

Figure 4.1: The breakdown voltage and the avalanche current for an APD are acted
in reversed voltage.

Figure 4.2 shows a design of a simple avalanche photodetector. An APD consists
of an intrinsic p-type material (or slightly doped p-type material) which is located
between a heavily doped p-side and a heavily doped n-side as shown in figure 4.2.
The incident radiation passes through the intrinsic material (or Rgs as shown in

figure 4.3), and produces electron-hole pairs along its path.

The electrons move toward the p-region, and thus the R,,.;, as shown in figure 4.3,
is the region that the charge multiplication happens [26]. This avalanche of electrons

is called a Geiger-type discharge.

The voltage above the breakdown voltage is called overbias voltage. The avalanche

of the electrons would increase with the increase in overbias. If the bias drops below
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the breakdown voltage by an external resistor, the avalanche can be stopped, and

these APDs are said to operate in limited Geiger mode.

4.2.1 APD Gain and Quantum Efficiency

The gain for an APD is as follows:

C(V_%r)

e

G = (4.1)

Where G is the gain, e is the charge of an electron, C' is the APD capacitance, and
(V — V4,) is the overbias [27].

Quantum Efficiency (QE) of an APD is an important factor showing how well the

APD absorbs the incident photons and produces charge carriers.

é
%

Figure 4.2: Basic structure of an APD [28]. (original in color)
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mult

Figure 4.3: The structure for a simple APD and the electric field profile of the
structure.

4.3 Silicon Photomultipliers

Each silicon APD in a SiPM is referred to as a pixel and is a binary element. When
an APD starts the Geiger avalanche it is in “on” state. Thus, the output of each
APD is a digital signal. The output of all of these signals would be summed together
and form an analog signal, which can be seen on an oscilloscope screen. Figure 4.4
shows an output signal from a Hamamatsu SiPM. The avalanche in these APDs is
quenched by a silicon resistor, which is in series with the Pixel [29, 30]. Each pixel
is coupled to an aluminum conductor which carries the resulting current from all
the avalanches. SiPMs, like any other light detectors, have different types of noise

associated with their operation.
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Figure 4.4: The pulse of a SiPM units, using the laser as the light source. The
oscilloscope is able to provide the area of the pulse. The pulse height shown (y-axis)
is about 100mV with around 80 ns timing base (x-axis). (original in color)

4.4 Photon Detection Efficiency

The ratio of the number of pixels fired, or number of registering photons, in a SiPM
device, over the number of incident photons is called the photon detection efficiency
(PDE). Typical SiPMs have a PDE range of 10 — 25%. The PDE of a SiPM de-
pends on several factors, including intrinsic quantum efficiency of a pixel (QFE()\)),
avalanche probability (o), and the fraction of photosensitive surface to the total
geometric area of the detector presented to the incident photon flux, which is called

the geometric fill factor (F'). PDE is given as:
PDE\, AVi,, T) = QE(N) - F - ay(\, AV, T) (4.2)

where A is the wavelength of the incident photons, and AV, is the overbias (voltage

above the breakdown voltage) [31, 18].

In fact, Qg is the quantum efficiency of the silicon APDs, which is the ratio of
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the photons that excite an electron-hole pair in the APD to the total number of
incident photons. APD quantum efficiency is dependent on the wavelength of the
photons. Since the energy of a photon is related to its wavelength (E, = %), different
photons with different energies (wavelengths) have different probabilities of exciting
the electron-hole pairs. Thus, the quantum efficiency of a pixel (APD) depends on
the incident photon’s wavelength. The QE for a Hamamatsu APD array for incident
photons of wavelength 420 nm and at room temperature is about 60 — 70% [32].
Avalanche probability depends on the operational bias; when an electron-hole pair
is excited by the registered photon, the probability of initiating a self-sustaining
avalanche in the APD is «a,(AVj.). When the overbias voltage is increased, the
electric field in the APD is increased and will increase the kinetic energy of the

photoelectron and thus the probability for the avalanche will increase.

4.4.1 Fill Factor

Figure 4.5 shows an array of silicon APDs connected together. As shown in the
figure, silicon APDs are arranged with barriers in between them to reduce the cross
talk. A space is required, as well, for the quenching resistance. Therefore, each array
of SiPMs, and also each pixel, have some inactive space. For Hamamatsu APDs the

reported fill factors is around 60% [33].

4.5 SiPM Noise

For SiPMs, the two main types of noise are dark current and cross talk. These are

discussed below.
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Figure 4.5: Array of APDs [34]. (original in color)

4.5.1 Dark Current

Dark current for PMTs is mainly due to the thermionic emission of electrons from
the photocathode. It also can be due to the ionization of the residual gases inside

the PMT tube [27].

The main source of noise for SiPMs is the dark current. Dark current in SiPMs
is mainly due to electrons being generated thermally in the p-n junction depletion
region. These will cause an avalanche, and the APD will be in an “on” state and a
“photon” will be counted, resulting in a current even in the absence of light. Dark
current in SiPMs cannot be avoided but it can be reduced. The dark current of a

SiPM can be decreased by a factor of 10, if its temperature is reduced by 20 °C [27].

4.5.2 Cross Talk

Cross talk is another source of non-linearity in SiPMs. This is the result of grouping
of many pixels in a small area. Electrons travel through materials naturally and
interact with that material and thus produce new photons. In a SiPM, since its
pixels are adjacent, excited electrons can travel from one pixel to another, resulting
in undesired avalanches from a single photon. One way to reduce the cross talk is to

erect optical barriers between pixels, called “trenching”.
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4.6 Recovery Time

After each pixel is “fired” and the avalanche starts it needs certain time to recover
to its initial state, when it will be sensitive to photons again. Mostly the pixel’s
recovery time is 50 ns, which leads to a count rate limit of 20 M Hz [35]. So for a
SiPM composed of many APDs, if all the APDs are triggered at the same time, then
the count rate is 20 M Hz. However, that is not normally the case, and the pixels
do not fire at the same time. Thus, the rate will be less than 20 M Hz and will be

determined by the saturation condition.

4.7 Linearity

For a SiPM device linearity is desired, which means that the number of incident
photons should be proportional to the output signal or current. In other words, it
is desired that for each pixel, one and only one photon starts the avalanche of that

pixel. The output current of the SiPM is as follows:

dN.
I=—7 PDE-G-¢ (4.3)

Where N, is the number of incident photons, PDE'is the photon detection efficiency,

G is the gain, and e is the charge of an electron.

If a pixel receives more than one photon within its recovery time, then the SiPM’s
output is not proportional to the number of incident photons and the linearity of
the response is lost. Therefore, as the intensity of the photon flux increases the

probability of loss of linearity will increase as well. Cross talk is another factor that
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reduces the probability of linearity. The specification for the GlueX BCAL readout

require better than 10% linearity [27].

4.8 Dynamic Range

For a SiPM, it is expected that:

N,.PDE
— <

— 1 (4.4)

Where m is number of pixels. Equation 4.4 is due to the fact that only one photon
at a time can be counted by an APD. The dynamic range of a SiPM must be greater

than the maximum number of photons expected to reach the SiPM.

The maximum number of photons reaching a SiPM for the GlueX BCAL is estimated
to be around 30,000 photons, and since the chosen SiPMs have about 50,000 pixels
each, and the PDE is more than 20%, the SiPMs have a dynamic range of N, <
250,000 photons [27].
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Chapter 5

Gain Uniformity of the 2010 and

the 2011 SiPM Units

5.1 Introduction

Among the two available Hamamatsu 2010 SiPM units at the University of Regina,
one was chosen, in addition to the 10, 2011-pre-production units, and gain uniformity
tests were carried out for all the eleven units. These SiPMs consist of 16 of 3x 3 mm?
cells as shown in figure 5.1. The aim of these tests was to investigate the gain

uniformity of the 16 cells, in other words to examine the degree of non-uniformity in

the output pulse height of these cells.

Each cell was also divided into 4 sub-cells as shown in figure 5.1, thus the gain

uniformity within a cell could be studied in finer detail.
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As shown in figure 5.1, based on each sub-cell’s geometry, the sub-cells were di-
vided into different groups or families (indicated by the different colors) that will be

discussed later.

11 1.2 |81 82 9.1 | 9.2 J16.116.2

14 (1.3 |84 83 9.4 9.3 J16.4 16.3

2122071 7.2 10.1|10.2 J15.1 |15.2

2423 |74 10.3 §15.4 | 15.3

31(3.2 6.1 11.2114.1 | 14.2

34 33 |64 63 11.4/11.3 j14.4 143

41 42 51 5.2 12,1/ 12.2 13.1 | 13.2

a4 |a3 |54 |53 124123 134 | 133

Figure 5.1: The 16 cells of the SiPM (left) and the 64 sub-cells are shown. The
numbers correspond to the cell or sub-cell identification. (original in color)

5.2 Gain Uniformity Set-up

The list of equipment used for the gain uniformity is shown bellow:

1. Pulsed UV LED.

2. x-y scanner, Zaber Technology! T-L S28-I, Serial No: 4064.

3. A same type of scintillating fiber that is used in the BCAL, which is connected
to the LED at one end, and is pointing to the SiPM at the other end. The end of
the fiber is connected to a 1.48 cm long collimator, made out of black polyethylene
plastic, with an aperture of 1 mm diameter.

4. Two power supplies for the pre-amplifier voltage (DC Regulated Power Supply

1Zaber Technologies Inc., 1st Floor, 1777 West 75th Ave, Vancouver, British Columbia, Canada,
V6P 6P2 (http://www.zaber.com/)
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CSI23003 XIII, and Regulated DC Power Supply GP3-1503).

5. A computer to manage the scanner’s movement.

6. 6487 Keithley* Picoammeter/Voltage Source for the bias voltage.

7. Tektronix® TDS 5104 Digital Phosphor Oscilloscope.

8. A dark box to put the scanner in it and do the test, to assure as much extraneous

light elimination as possible.

The SiPM has one summed output for all the SiPM cells. Therefore, the setup
allowed for the illumination of each cell individually, by positioning the fiber with
its collimator directly in the middle of the cell under investigation. The collimation

ensures that light does not reach neighboring cells.

5.3 Gain Uniformity Result

The X-Y scanner was programmed to scan the whole area of the SiPM in several
different ways: “Forward Scan”, “Backward Scan”, “Random Scan”, and “Cell Map-
ping”. For each test the LED was warmed up for more than 20 minutes, and each
test was done at room temperature (= 23°C). The pulse height from the SiPM was
viewed on the oscilloscope for a few (approximately 30-60) seconds to ensure stabil-
ity, and the recorded value indicates the average. For the 2010-pre-production SiPM
units the pre-amplifier voltages were +2.17 V and —5 V', and the operating voltage

was +70.79 V, with 0.9 V overbias.

2Circuit Specialists, Inc, 220 South Country Club Drive Mesa, AZ 85210, United States
(http://www.circuitspecialists.com/)

35 F., No.350, Sec. 2, Zhongshan Rd., Zhonghe Dist., New Taipei City, Taiwan, 235,
R.O.C.(http://www.glacialpower.com/)

4KEITHLEY CORPORATE HEADQUARTERS, Keithley Instruments, Inc., 28775 Aurora
Road, Cleveland, Ohio 44139 (http://www.keithley.com/)

STektronix, Inc., 14150 SW Karl Braun Drive, P.O. Box 500, Beaverton, OR 97077, United
States (http://www.tek.com/)
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Figure 5.2: Gain uniformity test setup showing the fiber that transports the light
from the light source. The fiber tip above the SiPM includes a 1-mm diameter plastic
collimator. (original in color)

5.3.1 Forward Scan

In the forward scan mode, the scanner was programmed to scan the SiPM cells as
shown in figure 5.3. So the scanned cell tags were: 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16, and 1. The scanner was programmed to point exactly at the center of

each cell, and to return to the starting position in cell 1.

The results for the forward scan are shown in figure 5.5. These tests were done in two
different days, and same temperature. The UV LED has a potentiometer knob used
to set its bias and therefore its brightness. The knob has no gradation. Even though
an effort was made to set it to the same approximate setting, differences occurred
from one run to the next. However, on a relative scale of the 16 cells within a single
run, such differences do not matter. Although pulse heights were not the same for
each test run, the relative pulse height of the 16 cells was almost the same for the

three different tests.
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Figure 5.3: Forward scan, path of the X-Y scanner. (original in color)

5.3.2 Backward Scan

In the backward scan mode, the scanner was programmed to scan the SiPM cells as
shown in figure 5.4. So the scanned cell tags were: 1, 16, 15, 14, 13, 12, 11, 10, 9,
8, 7,6, 5,4, 3,2, and 1, respectively. As before, the fiber collimator was pointing
to the centre of each cell, and returning to the starting position. The results for the

backward scan are shown in figure 5.5.

Figure 5.4: Backward scan, path of the X-Y scanner. (original in color)
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5.3.3 Random Scan

In the random scan mode, the scanner was programmed to scan the SiPM cells in a
nearly random fashion. The pattern was fixed for both of the separate days that the
tests were carried out, but the scanner’s movement was not in a sequential manner
as it was for forward and backward scans. Therefore the cell tags in sequence were:
1,7,15,4,12,3,8,6,9, 2, 5,16, 11, 13, 10, 14, 1. The scanner was also programmed

to be pointing exactly at the center of each cell.

The results for the gain uniformity scans for the 2010 unit are shown in figure 5.5.
The relative pulse heights of different cells are consistent with the previous results.
Inspection of figure 5.5 shows that the relative gain of the cells is quite similar, with
differences in a few cells at the 5% level (for the 2012 unit). Note that these three
tests were conducted over a period of two weeks, in order to assure that variation
in the building’s power, changes in temperature at different days and etc. did not

affect the experiment.

36



SIPM 1 SIPM 1

Amplitude Ratio
Amplitude Ratio

SIPM 1 SIPM 1

Amplitude Ratio
Amplitude Ratio

SIPM 1 SIPM 1

Hamamatsu

(2011)

/5
-

NS
.

Amplitude Ratio
Amplitude Ratio

Figure 5.5: Gain uniformity scans for the 2010 unit, in a two dimensional represen-
tation. Top row: forward scans (left measured on March 28 and right on April 4,
2011.). Middle row: backward scans (left carried out on March 30 and right on April
11, 2011.) Bottom row: random scans (left carried out on April 4 and right on April
11, 2011.) (original in color)
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5.3.4 Cell Mapping

To study if the gain is uniform within a cell, a cell was divided into four sub-cells and
the gain of each of these sub-cells was studied. For this test, each cell is scanned four
times, in four different locations of the same cell. In other words, each cell consists of
four sub-cells, and in this test all the 64 sub-cells were scanned as shown in figure 5.6.
The scanner is also programmed to be pointing at the center of each sub-cell. The

results for this test are shown in figure 5.7.

Figure 5.6: Cell mapping, path of the X-Y scanner. (original in color)
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Figure 5.7: Gain uniformity for the 2010 unit, cell mapping, left: carried out on
April 29, right: carried out on measured on May 3. Notice that an overall similar
pattern emerges, as those shown in the 3 x 3 mm? cell scans (forward, backward and
random), as is shown in figure 5.5. (original in color)

5.4 Consistency Checks

To ensure the validity and repeatability of our measurements, we carried out a study

of the stability of the LED and we tested the symmetry of the SiPM setup.

5.4.1 LED Investigation

We carried out measurements to ensure that the LED pulse is stable over time, and
the result was positive. For this purpose, the LED was pointing at the center of a
cell of the SiPM, for about six hours, the pre-amplifier voltages and the bias voltage
were provided as described earlier. The SiPM pulse, which was a result of the LED
pulse, was stable over the observation time, following the 10 minute warm up stage.

Moreover, in all the measurements, the LED was warmed up for at least 20 minutes.
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5.4.2 Sub-Cell Geometry Study

One purpose of this experiment was to find how efficient the collimator was in di-
recting light to the SiPM. Thus it was assumed that the end of the fiber was not
connected to a collimator and sub-cells were categorized into six groups or fami-
lies based on their geometry with respect to their edges. Each family is shown in
a different color in figure 5.9. For example, the middle four cells (colored orange)
have other cells surrounding them on all sides, so that any light missing one of these
cells would be captured by an adjacent one and thus recorded through the summed
output. Likewise, the corner ones (colored pink) have adjacent cells only along two
edges, and thus light may be lost across the other two edges, and so on. Each cell is
3 x 3 mm?, so each sub-cell is 1.5 x 1.5 mm?. The families are:

Family 1.1: {1.1, 4.4, 13.3, 16.2}

Family 1.2: {1.2, 1.4, 2.1, 34, 4.1, 4.3, 5.4, 8.1, 9.2, 12.3, 13.2, 13.4, 14.3, 15.2, 16.1,
16.3}

Family 1.3: {1.3, 2.2, 3.3, 4.2, 5.1, 6.4, 7.1, 8.4, 9.3, 10.2, 11.3, 12.2, 13.1, 14.4, 15.1,
16.4}

Family 2.3: {2.3, 3.2, 5.2, 6.1, 6.3, 7.2, 7.4, 8.3, 9.4, 10.1, 10.3, 11.2, 11.4, 12.1, 14.1,
154}

Family 2.4: {2.4, 3.1, 5.3, 8.2, 9.1, 12.4, 14.2, 15.3}

Family 6.2: {6.2, 7.3, 10.4, 11.1}

As mentioned earlier, although the end of the fiber was connected to a 1.48 ¢m long
collimator with an aperture of 1 mm diameter, for this investigation it was assumed
that no collimator was used, and a calculation was done to find how much active

area would be illuminated when emitting light to the sub-cells.
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Since the fiber’s diameter is 1.0 mm and the space between the fiber and the SiPM
is 1.6 mm, and the maximum angle that the light goes out of the fiber is a=45.7°,
then according to figure 5.4 all the LED’s light does not reach only one sub-cell.
When the light reaches the SiPM it covers a circle with a radius of at least 1.6 mm,
so the circle’s diameter is larger than the sub-cell side. So, for some families the
light will be absorbed by the other sub-cells, and for some families the light will be
lost because of the SiPM’s inactive area. Also, each cell has a different gain, so the
families should not actually be compared to each other in an absolute sense. But if
the SiPM is assumed to be an ideal one, and therefore each has the same gain as the
other ones, then it is expected that the sub-cells in each family will have the same
losses due to geometry. For example for the family 1.3 (i.e. sub-cells 1.3, 8.4, 2.2,
7.1, 3.3, 6.4, 4.2, 5.1, 9.3, 16.4, 10.2, 15.1, 11.3, 14.4, 12.2, 13.1), the expectation
is that, if all cells had identical gain, the family 1.3 cells would exhibit the highest

pulse height on the scope, since they would suffer no losses due to edge effects.

A
Figure 5.8: Illumination of sub-cells due to the distance between the SiPM and

the fiber, in the absence of a collimator. The fiber core and claddings are shown
schematically (not to the scale). (original in color)

The data from two separate tests of the sub-cell pulse heights are tabulated in ta-

bles 5.1 and 5.2. Table 5.1 shows the maximum, minimum, and average pulse height
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Figure 5.9: Schematic view of the SiPM’s sub-cell families. (original in color)

Family | Maximum Pulse | Minimum Pulse | Average (sube- | STDEV
Height(mV) Height(mV) cells’ pulse
heights in a
family)
1.1 —259+9 —241+6 —246 9
1.2 —278 £ 10 —236 £+ 10 —256 11
1.3 —27TT+£7 —256 +6 —269 7
2.3 27177 —239+9 —257 12
24 —268 £ 8 —227T+7 —248 12
6.2 —264 +£8 —233+9 —249 13

Table 5.1: Sub-cell pulse heights for pulse 1.

of the sub-cells of each family, carried out on April 29, 2011. Table 5.2 shows the

same information as table 5.1 for the cell mapping test carried out on May 3.

The result of studying these families is shown in figures A.1 and A.2 in the Appendix.
The horizontal axis shows each sub-cell tag, while the vertical axis shows the per-
centage of pulse height, which is given as the difference of each sub-cell pulse height

of each family from the average of that family, relative to this average.

According to figure 5.10, due to the area of the SiPM that the beam covers for each

family, it is expected that the pulse height (assuming gain is the same) of each family
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Family | Maximum Pulse | Minimum Pulse | Average (sube- | STDEV
Height(mV) Height(mV) cells’ pulse
heights in a
family)
1.1 —252+9 —221+9 —236 13
1.2 —266+9 —218+8 —246 12
1.3 —272+9 —-239+9 —258 9
2.3 —267£7 —22T+7 —246 12
24 —261+£9 —218+£8 —240 14
6.2 —243£10 —232+9 —238 )

Table 5.2: Sub-cell pulse heights for pulse 2.

follows the relation below: (Note that it is assumed that the fiber is not connected

to the collimator at the end.)

1.3>23>12>62>24>1.1 (5.1)

In figure 5.10 the blue circles show the area on the SiPM that the LED illuminates.
As already discussed, the radius of the circle is 1.64 mm, and thus its area is 7 x r? =
7(1.64)? = 8.45 mm?. In other words, for sub-cells of family 1.3 the LED’s light does
not encounter any inactive area, and thus they will have the highest collection. But
for other families some segments of the circle will be viewing the inactive area, and
thus resulting in smaller collection. Although it seems that the assumption is true
according to tables 5.3 and 5.1, but the differences are actually small and within
the experimental error, thus, it cannot be concluded that the collimator being used
is not a proper one. The differences might be due to the reflection and refraction
after the light passing through the top layer of the SIPM. Thus studies show that the
collimator makes the tests more reliable. More graphs on studying the SiPM unit

are in Appendix A.
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Figure 5.10: Fired active areas for different families (families 1.1, 1.2, 1.3, 2.3, 2.4,
6.2 or 7.3). (original in color)
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Family | Average of Pulse 1 (mV) Average of Pulse 2 (mV)
1.3 —269 £ 7 —258 £ 9

2.3 —257 £ 12 —246 £ 12

1.2 —256 £11 —246 £ 12

6.2 —249 £ 13 —238+5

24 —248 £ 12 —240£ 14

1.1 —246 £ 9 —236 =13

Table 5.3: Pulse height averages.

5.5 First Article Units (2011 Pre-Production SiPM

Units)

5.5.1 Visual Inspection

The 10 SiPM pre-production units were received at the University of Regina, on
Wednesday, June 15, 2011. Primarily, visual inspection was done as shown in ta-

ble 5.4. Pin tags and side tags are shown in figure 5.11.

Serial # | Side 1 | Side 2 | Side 3 | Side 4 | Comment

(m) | (mm) | (mm) | (mm)
75 20.00 14.90 20.00 14.90 Pin #4-2 bent
76 20.00 14.90 20.00 14.90 Pin #4-2 bent slightly
7 20.00 14.90 20.00 14.90 Pin #3-1 bent slightly
78 20.00 14.90 20.00 14.90 Pin #4-2 bent slightly
79 20.00 14.89 20.00 14.89 No obvious damage.
80 20.01 14.92 20.00 14.92 No obvious damage.
81 20.00 14.88 20.01 14.89 No obvious damage.
82 20.01 14.90 20.00 14.90 Pin #1-2 bent slightly
84 20.00 14.90 20.00 14.90 Pin #4-2 bent
85 20.00 14.90 20.00 14.90 Pin #4-1 bent slightly

Table 5.4: Visual Inspection of the 10, 2011-pre-production units.

45



( Front side ) ( Cross section )

4-C0.5 epoxy resin 2002 30405 _
¥ |
5 | —
rd I m | [ )
I T a: 3
| g|5 &
3 =1 0 1-2 )| 21 gg‘;
| HIE
' £l
2 (||| 1-3 | 1-4 ||| 2-3 | 2-4 Sle2g
E I
g ST ’7’7’7|7’7’7”*f i
g !
g 4-4 | 4-3 | 3-4 | 3-3
I
= 4-2 | 41 ! 3-2 | 31 ‘
| \ |
f T | T T —
ol LN - ! |_ —
o) =
| |
1] s0\ | 30 pi 30 30 |14 045 \_CERAMIC :white
\ 149015 _ (Al203)
INDEX ©0.4 \Serial No.6 digits) active area : 3.0x3.0x16ch

Figure 5.11: Schematic of the Hamamatsu model S10943-0258(X) SiPM array. Note
that different cell tags are used in this thesis, as described earlier.

5.5.2 Gain Uniformity Tests for the 10, 2011 Article Units

The older electronic boards were not compatible with the new 10 pre-production
units so a new electronic board had to be used, which had a different gain. The gain
uniformity tests were done on the unit # 75. While comparing the most recent result
with the result of measurements taken by the previous SiPM and electronic board,
four major differences were found:

1. The pulse height was almost half of the prior results obtained with the 2010 SiPM
unit, which confirms that the pre-amplifier gain for the new electronic board is half
of the previous board’s gain, as verified by Mr. Barbosa (JLab).

2. Instead of the 18 mV after-pulse that were seen with the previous electronic board
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being used, there was a 10 mV pre-pulse detected, whose amplitude is almost half
of the earlier after-pulse.

4. The pulse shape was different and it appeared to be saturated, while with the same
set-up on the LED, the pulse was normal looking with the prior electronic boards and
SiPM. After the “LED width” was decreased, the pulse became sharper one and did
not saturate. However, it should be noted that when the LED width was decreased
the pulse height was consequently decreased. This observation is consistent with
the hypothesis that they were LED-induced and not caused by the new SiPM board

combination. (The same LED was used for all the experiments.)

5.5.3 Results of the Gain Uniformity Tests for the 10, 2011

Article Units

All gain uniformity tests, including forward, backward, random, and cell-mapping
scans, were done as described earlier, for all the 10 units. The pre-amplifier voltages
were —5 V and 5 V. The bias voltage for each unit was different and set as it was
reported by Hamamatsu. The bias voltage of each unit is shown in table at room

temperature. 5.5.

Serial 75 76 77 78 79 80 81 82 84 85
Number

Bias 71.54 | 71.92 | 71.97 | 71.95 | 7T1.87 | 72.02 | 72.05 | 72.09 | 71.71 | 72.15
Voltage
(V)

Table 5.5: Bias Voltages for the first article units.

For SiPMs 77 and 81, in order to increase the statistical power, each of the scans were

done six times, excluding the cell-mapping scans which were done only one time. All
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the results are shown in Appendix A. The result for unit 75 is shown in figure 5.12.
The result of forward, random and backward scans are consistent with each other.
The deviations from the average for these three tests are shown in figure 5.13. A
subset of the rest of the 10 units, excluding unit 75, is shown in figure 5.14. All
results are shown in appendix A. Figure 5.13 shows that the result from the all the
three methods of scanning (forward, backward and random scans) are consistent.
The deviations are deviations from the average of the pulse height from all of the

cells, and the deviation for unit 75 is £10%

75Forward 75Backward
Hamamatsu MPPC

Amplitude Ratio
Amplitude Ratio

75CellMapping
Hamamatsu MPPC

Amplitude Ratio
Amplitude Ratio

Figure 5.12: Unit 75, top left: forward scan, top right: backward scan, bottom left:
random scan, bottom right: cell mapping (original in color)
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Figure 5.13: Unit 75, deviation from pulse height average, top left: forward scan, top
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Figure 5.14: Gain Uniformity Scans for all the 10 article units excluding 75, top left:
forward scan for unit 76, top middle: random scan for unit 77, top right: forward
scan for unit 78, middle top: backward scan for unit 79, middle middle: random scan
for unit 80, middle right: backward scan for unit 81, bottom left: forward scan for
unit 82, bottom middle: forward scan for unit 84, bottom right: forward scan for
unit 85. (original in color)
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Chapter 6

Photon Detection Efficiency

Extraction

6.1 PDE Device Construction

As mentioned earlier, the largest possible PDE is desired for the GlueX Experiment,
in order to maximize energy and timing resolutions. This is particularly important
for the detection of low-energy photons in the BCAL, which deposit a small amount

of light in the fibers.

In order to obtain the absolute number of the photoelectrons produced in the SiPM, a

setup was designed and constructed at the University of Regina as shown in figure 6.1.
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Figure 6.1: Fiber Holder and Light Guide (FHLG) apparatus for the PDE measure-
ments. For additional details the reader is directed to the text. Picture courtesy of
Derek Gervais (U of R faculty of science).

For the PDE measurements, the SiPM is attached at one end of a fiber and a cal-
ibrated photodiode views the other end. If the fiber is completely symmetric, we
expect to get the same amount of photons at each end of the fiber, and consequently
the same amount of photons incident on the SiPM and the photodiode. At very low
intensities the photodiode is replaced by a calibrated PMT, which is sensitive to such
low amount of light, unlike the photodiode that has no amplification and therefore is
suitable for only lighter incident flux intensities. The apparatus has to be symmetric
for the photodiode and the PMT, as well. The design in figure 6.1 was the best

possible design to achieve the above goal.

In figure 6.1, the fiber is rigidly held in place via a 300-mm-long fiber holder and
within a 1-mm groove. The design for the fiber holder is shown in figure 6.2. So that

the fiber would have exactly the same length as the fiber holder, SMA connectors

52



M 2 pcs Black ABS

l—2 1

300 f/
T TN
/ \
/ \
/ |
| EELSSEPIS SRR
i j
/
\ /
‘JTTL L P
25 \;77‘ \7 -
ETPM _holder
21 ST,
g = B
T2 N

i = i Solid Edge
St ‘F\ber Ho\der‘\
T I D

Figure 6.2: Details of the fiber holder for the PDE measurements (dimensions in
millimeter). Picture courtesy of Derek Gervais. (original in color)

were temporarily fixed to the fiber holder by means of clips, and then were glued
together while the fiber was in the fiber holder. The fiber was then trimmed and

polished carefully by using the Clauss' Fiberoptic Polishing Kit.

The laser light is injected exactly at the centre of the fiber, because of the design
of the fiber holder. A SMA barrel connector was installed at the centre of the fiber
holder, to which the fiber transporting the light from the UV LED or laser could be

affixed in a reproducible way.

The device also includes two aluminum tubes as shown in figure 6.1, which are
originally designed as housings for PMTs. There is one light guide at each end of
the fiber, as shown in figure 6.3. Both light guides have one tapered and narrow end
with its flat area of the same dimension as the active area of the photodiode, which

is a circle with diameter 8.99 mm. One of the light guides is coupled to either the

160 Round Hill Road, Fairfield, CT 06824, US.
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photodiode or PMT, depending on the light intensity used. The other light guide
is coupled to the SiPM. Two cylinders are used as inserts into the PMT housings
in order to hold the SiPM and the photodiode/PMT sensors at the correct location,
and firmly in contact against the light guides. The cylinders have custom designs to
accommodate the different light sensors, but in all cases they align those sensors to

the centre of the light guides.

%

Figure 6.3: Light guide’s dimensions in inches for the FHLG. Picture courtesy of
Derek Gervais. (original in color)

The cylinder that holds the SiPM has a radius of 20.64 mm, and a length of
185.74 mm. The cylinder that holds the photodiode has a radius of 20.64 mm

and a length of 187.32 mm. Detailed dimensions are given in figures 6.4 and 6.5.

Since the SiPM has an inactive area at its centre, as shown in figure 6.6, the cylinder
that holds the SiPM was designed in a way that the fiber also can illuminate the
SiPM off-centre with respect to the fiber’s axis in order to illuminate an area of the

SiPM with a fill factor more representative of the average for the unit.
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185.74

16.64

Figure 6.4: Cylinder to hold the SiPM in the FHLG (dimensions in millimeters).
Picture courtesy of Derek Gervais. (original in color)

DIM in MM

187.32

C-bore 6.35 x4.064

fle e
478 I

R 11.11 —

Figure 6.5: Cylinder to hold the photodiode in the FHLG (dimensions in millimeters.)
Picture courtesy of Derek Gervais. (original in color)

As shown in figure 6.7, the active area of the SiPM, that the fiber illuminates through
the FHLG, is 51.39 m/m?, which contains 20556 micro-pixels, whereas the entire SiPM
contains 57600 micro-pixels. So the area density of the illuminated pixels (active fill

factor) is smaller than when the entire SiPM is illuminated. Therefore, the SiPM’s
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Figure 6.6: Hamamatsu SiPM showing the inactive area at its centre(left), and pinout
connections on the back (right).

fill factor would be 0.809 for this setup, which is slightly less than the value of 0.8928
over the entire surface. In other words, if the whole area of the SiPM is illuminated
(12.7 x 12.7 = 161.3 mm?), the active illuminated area is (12.0 x 12.0 = 144.0 mm?).
Thus its fill factor will be %ig—";?@; = 0.8928, without taking each pixel’s inactive
area into account. For the PDE measurements as shown in figure 6.7, the illuminated

area is 7 x (9.00)% = 63.62 mm?, and the illuminated active area is 51.51 mm?. Thus

its fill factor, excluding each pixel’s inactive area, will be 0.809.
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Area =51.39 mm~"2

Figure 6.7: The active area illuminated by the laser for the PDE measurement is
51.39 mm?. (original in color)

6.2 PDE Measurements

The set-up for the PDE measurements contains the following devices:
o The FHLG.
o The dark box.
o Tektronix TDS 5104 Digital Phosphor Oscilloscope.

o 6487 KEITHLEY picoammeter/voltage source to provide the bias voltage and

get the photodiode’s current.

o Two power supplies to provide pre-amplifier voltages (DC Regulated Power
Supply CSI13003 XIII, and Regulated DC Power Supply GP-1503).

o PDL 800-D pulsed diode laser or the UV LED.
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o Delay lines.
o LeCroy? 2228A TDC.

o LeCroy 2249A 12 CHAN “Analog to Digital Converter” (ADC). The basic
function of an ADC is to generate a number which is proportional to an analog
voltage given to it [19]. It actually converts the information contained in the

analog pulse into an equivalent digital form.
o HYTEC? 1331/TURBO P.C. CAMAC interface.
o Computer to get the ADC result.
o CAEN* 3 Fold Logic Unit.
o Model 705 octal discriminator.
o S2281 Hamamatsu photodiode.
o Hamamatsu model R329-02 calibrated PMT.

Depending on whether the laser or the LED were used, different electronic circuits

were used as shown in figures 6.8 and 6.9.

Figures 6.10 and 6.11 show the FHLG in the dark box, the laser, the set-up to get
the photodiode current, the resulting SiPM pulse, and the units that provide the pre-
amplifier voltages. In order to obtain the ADC spectrum for the SiPM, the SiPM was
disconnected from the oscilloscope and then was connected to the ADC and CAMAC

system.

2700 Chestnut Ridge Road, Chestnut Ridge, NY, 10977-6499 (http://www.lecroy.com/)

35 Cradock Road, Reading, RG2 0JT, United Kingdom (http://www.hytec-electronics.co.uk/)

4CAEN Technologies, Inc., 1140 Bay Street, Suite 2C, Staten Island, NY 10305 - USA
(http://www.caen.it/)
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Figure 6.8: The PDE electronic circuits when the UV LED is being used.
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Figure 6.9: The PDE electronic circuits when the laser is being used.

6.2.1 Symmetry of the PDE Device

After the device was built, cross checks were carried out before proceeding with the
measurement, of the PDE to assure the accuracy and reproducibility of the PDE
measurements. The first step was to ensure that the FHLG gives symmetric results.

The next steps were to understand how the laser functions.

As described, the FHLG was designed to be as symmetric as possible as far as
light distribution to each end is concerned. To ensure the symmetry, the SiPM was
held at one end of the FHLG — side 1 — by means of the SiPM holder without any

photodetector at side 2. The laser’s intensity was changed from 1.5 to 7, and the
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Figure 6.10: A picture of the FHLG in the dark box. SiPM is held at side 1 and the
photodiode is held at side 2. (original in color)

Figure 6.11: A picture of the oscilloscope, laser and the power supplies for the pre-
amplifier and the bias voltages. (original in color)

output signals were recorded. The same test was done with the SiPM at side 2
without photodetectors at side 1. The results of both tests were the same and are
shown in figure 6.12. The vertical axis is the pulse height of the SiPM seen on the

oscilloscope, and the horizontal axis is the intensity set on the laser.
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PDE Device Symmetry
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Figure 6.12: A test to find how symmetric the FHLG was. The result for both sides
of the FHLG are the same (arbitrary units). (original in color)

6.2.2 SiPM vs. PMT Using an External Trigger

The first set of measurements was taken with the laser being triggered externally at
44.9 kHz. The calibrated PMT and the Hamamatsu S10943-0258(X) SiPM array
were employed. The intensity of the laser dial was varied from 1.45 to 2. Figures 6.13
and 6.14 show the results. The vertical axis of the plot is calculated as shown in
equation (6.1), which shows the number of photoelectrons (NPe) and the x-axis is

the value of (ADC — ADCyu)-

NPe = (ADC — ADCyo1.)*/(RMS* — RMS3,.,.) (6.1)
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SiPM-PMT Setup, SiPM Values, External Trigger

NPe

300

250

200

150

100

50

0
e ooy by by by b by |

100 200 300 400 500 600 700
ADC - ADCdark

Figure 6.13: SiPM NPE values with an external trigger being used.

In figure 6.13, the NPe value of the SiPM is plotted versus its values of (ADC —
ADCyur). The linear fit is relatively good since both the axes are the values for a

same device (SiPM), and both of the values are affected in a similar way.

In figure 6.14, however, since the vertical axis is the NPe value of the SiPM and the
horizontal axis is the values of the PMT, and since the PMT and the SiPM react
differently to the noise, in figure 6.14 the values are not a good linear fit. This is most
likely due to the fact that when the laser was triggered externally, particularly at low
intensity levels, the signal to noise ratio was poor. It should be noted that the PMT
is designed to perform at low light intensities, and the relative SiPM noise at low
intensities is not negligible. Thus, it is concluded that “PMT vs. SiPM method” was
not the best method for the PDE tests. Thus more tests were not done using this

method.
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SiPM-PMT Setup, PMT Values, External Trigger
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Figure 6.14: PMT values with an external trigger being used.

6.2.3 Photodiode Current Scan Over the Laser Frequency

The next step was to understand the photodiode’s performance. So the photodiode
was positioned in the setup instead of the SiPM, and the PMT was turned off. The
laser external frequency was changed from 50 kHz to 2 M Hz, and the photodiode
current was read out with a Keithley picoammeter. It was noticed that when the
external frequency was increased, at low intensities, the current out of the photodiode
was about the same as the dark current. Specifically, at the frequency of 2 M H z,
the current out of the photodiode was the dark current for all intensities from 1.45

to 2 (arbitrary units).

To assure that this was a result of the laser’s behavior and not the photodiode’s or the
picoameter’s, the SiPM was positioned instead of the photodiode and the same result
was obtained. The output signals of the SiPM were zero at 2 M Hz for intensities

up to level 2.
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In order to investigate whether there was a problem with the external trigger, the
integral trigger of the laser was tested and the SiPM signal output showed up at
intensity level of 2.2, so this behavior is not the gate generator’s behavior, which

triggers the laser externally.

It should be noted that the laser’s intensity level is not linear. Scans were carried
out employing either the SiPM or the photodiode in the FHLG, and the resulting
behavior is far from linear over the entire scanned range. The results are shown in
figures 6.15 and 6.16. Where necessary, extracted measurements were corrected to

account for this behaviour.

Laser Intensity Study, SiPM, External Trigger@44.9kHz
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Figure 6.15: Laser intensity investigation with the SiPM being used. The laser was
triggered at 44.9 kHz, externally (arbitary units).
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Laser Intensity Study, Photodiode, Internal Trigger@2.5MHz
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Figure 6.16: Laser intensity investigation with the Hamamatsu photodiode utilited.
Laser was triggered at 2.5 M Hz, internally (arbitary units).

6.2.4 Frequency and Intensity Scan, Photodiode vs. PMT,

Laser Triggered Externally

With the symmetry of the FHLG having been verified by measurement, the investi-
gation could proceed to extract the PMT and the photodiode calibrations. So for this
test, the photodiode and the PMT were held by the FHLG, the laser was triggered
externally and the frequency was changed from 39 kHz to around 500 kHz, while

the intensity level was also changed from 1.5 to 2.

The PMT voltage were set at 1450 V. There were no pulses detected by the PMT for
the intensity level of 1.45, so the scan over the intensity level was started from 1.5

and the outputs of the PMT and the photodiode were recorded off the oscilloscope.
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To completely analyze the system several graphs were plotted. One of the graphs
was to study the photodiode. The graph shows I.,, of the photodiode versus the

frequency of the laser. I, was calculated as shown in equation (6.2).

Looyr = L;(ADC — ADClori,) [ (ADC; — ADCpeq) (6.2)

Where I, is the corrected current for the photodiode, and I; is the current read
from the picoammeter for each individual intensity. The plot is shown in figure 6.17.
Fits are programmed to pass through the origin of both axes. There are seven lines
shown in the plot with different colors, with each color being for a different intensity
level of the laser. Figure 6.17 shows the relationship between the current of the
photodiode and the frequency of the laser. For all intensities the relationship is
linear, however, for different intensities the slope of the linearity is different. When
the intensity is increased, at higher frequencies the data points drop down from the

linear fit, which might be due to invisible saturation of the PMT.

6.2.5 ADC Background

In order to understand the ADC background, two sets of tests were done on two
different days and times. For all the sets the SiPM was installed in the FHLG.
The SiPM was connected to the ADC, the laser intensity level was set at zero, the
pre-ampilifier voltages were +2.17 V and -5.00 V, the bias voltage was off for one
set and was 70.79 V for the other one. The first test was on the integrated charge
due to “electronic noise” in pre-amplifier and ADC. The second set of measurements
represents the “true” dark noise of the SiPM and it is dominated by one or two pho-

toelectrons. Each test was repeated five times in each day at different times, in order
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Figure 6.17: Photodiode and PMT response to the external frequency of the trigger
for seven different intensity levels of the laser. (original in color)

to find how consistent the results are with different conditions such as temperature,
changes in voltages and noises, and etc. Figure 6.18 shows the ADC values versus the
run numbers. The runs were in different times in a day and the tests were carried out
on two different days. The data over time were consistent, which was true also for
the second set (bias voltage was on). Figure 6.18 shows that the results on different

days are consistent with each other and the deviation is small.

For the third set of tests, the SiPM output signal cable was disconnected from the
ADC module and a 50 ) terminator was connected, instead. As shown in figure 6.21,
the pedestal is not exactly zero and it should be incorporated to the PDE calculation.
Figure 6.19 shows the dark current of the SiPM that also must be considered for the

PDE calculation. Figure 6.20 shows that besides the SiPM dark current, the pre-
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Figure 6.18: Observation for the dark current at different times. The data over time
were consistent, The SiPM’s pre-amplifier voltages were set at +2.17 V and -5.00
V, respectively, bias voltage was at 70.79 V, and the laser intensity was set at zero.
(original in color)

amplifier voltage contributes to noise in the system. The higher mean in figure 6.19,
compared to that of figure 6.20 (34.65 vs 22.18), represents the contribution of the
SiPM and constitutes the “dark” contribution to the number of the photoelectrons

generated in the SiPM. Finally, figure 6.21 displays the “true” ADC pedestal.

6.3 Intensity Scan, Photodiode vs. SiPM, Laser

Triggered Internally

For this test, the frequency was set at 2.5 M Hz and the intensity was changed
from level of 2.2 to the highest possible level. Note that several factors determine

the highest intensity level. First of all, there was consideration to assure that the
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Figure 6.19: The SiPM was connected to the ADC, the pre-amplifier voltages were set
at 2.17 V and -5.00 V, the bias voltage was set at 70.79 V, and the laser was triggered
internally at 2.5 M H z with zero intensity. The figure represents the “true” dark noise
of the SiPM and it is dominated by one or two photoelectrons. The laser was on, in
order to take into account the noise produced when the laser was on, as well as to
generate a gate for the TDC. (original in color)

pulse out of the SiPM was not saturated. Secondly, the number of the produced

photoelectrons must be within the linear dynamic range of the ADC.

For this test, the most important graphs are shown in figures 6.22 and 6.23. Fig-
ure 6.22 shows the output current of the photodiode versus the (ADC - ADClyyt ), the
line is fitted in a way that it passes through the origin of the frame. In figure 6.23 the
vertical axis of the plot is calculated as shown in equation 6.1 which shows the num-

ber of photoelectrons at the SiPM, and the x-axis is the value of (ADC — ADClyqi)-

6.4 PDE Extraction for the First Article Units

The PDE extraction for the 10 units was done using both the UV LED and the laser,

using different intensities (intensity scan). For both of the scans, at one side of the
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Figure 6.20: The SiPM was connected to the ADC, the pre-amplifier voltages were
set at 2.17 V and -5.00 V, bias voltage was off, the laser was triggered internally
at 2.5 M Hz. The picture is the integrated charge due to “electronic noise” in pre-
amplifier and ADC. (original in color)

FHLG the photodiode was used, while at the other end the SiPM. Depending on
whether the scans were done by the LED or by the laser, at the middle of the FHLG,

either the LED fiber or the laser fiber were connected.

The intensity dial of the LED, which was used for the scans, was not calibrated.
So, we first calibrated the dial by measuring the current of the photodiode and the
pulse height of the SiPM on the oscilloscope. Eight specific points were chosen and
marked on the dial. Later on, by extracting PDE values for each of the intensity
values chosen, it was found that the first point on the dial had such a small intensity
that it could not be counted as a reliable result. Thus, the first intensity setting was
deleted from the data to make the plots. The second point on the dial, as well, had
a small intensity, but because its extracted PDE was close to other values it was not
excluded from the graphs. In the cases that its PDE value had a big difference from

the other PDE values, it was excluded from the graphs.

For all of the 10 units the graphs of LED scans are provided in figure 6.24, and the
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Figure 6.21: The SiPM was disconnected from the ADC and the 50 €2 terminator
was connected, instead. The figure represents the “true” ADC pedestal. The blue fit
is a Gaussian fit, P1 and P2 are of interest. P1 is the mean value for the Gaussian
fit and P2 is the width of the Gaussian fit. (original in color)

relationship of NPe and the (ADC — ADCyq,y) is linear. The fits in the graphs are

forced to pass through the origin. So the relationship is forced to be as follows:

NPe=a-(ADC — ADCyars.) (6.3)

The average result of all the units is as follows:

NPe = (1.18 + 0.05) - (ADC — ADClyars;) (6.4)

The other graph which is useful is the photodiode current versus the (ADC —
ADCyurk) as shown in figure 6.25. The error bars are included in the graphs at
figures 6.24 and 6.25, but they are relatively small and cannot be seen clearly in the

scale used in the graphs. The average result of all the units is as follows:

(I = L) = (0.117 £0.013) - (ADC — ADClaqrs.) (6.5)
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Figure 6.22: First set of PDE Figure 6.23: First set of PDE

measurements showing the photo- measurements showing NPe versus
diode current versus the pedestal- the pedestal-subtracted ADC value.
subtracted ADC value. The The laser triggered internally at
laser was triggered internally at 2.5 MHz.

2.5 MH-z.

6.4.1 Incident Photon Determination

The number of incident photons was calculated using the photodiode and the follow-

ing formula:

I— Idark
NPho = 6.6
E()\:460nm) : S()\:460nm) : fLED ( )

Where N Pho is number of incident photons, I is the current of the photodiode, and
Lyarr is the current of the photodiode when the intensity of the LED or the laser

is zero. FE(y—460nm) is the energy of one photon with a wavelength of A = 460nm,

which is given through F = %, where h is the plank constant, ¢ is the speed of
light. S(x—460nm) is the sensitivity of the photodiode, which according to Hamamatsu
specific sheet for the calibrated photodiode is 228 mA/W for A\ = 460nm. frep is

the frequency of the LED as read from the oscilloscope.

Figure 6.27 shows the spectral sensitivity, S, and the QE of the Hamamatsu SS2281
photodiode as a function of wavelength. The spectral sensitivity needs to be convo-

luted with the fiber emission spectrum, in order to suitable modify the latter. The
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middle plot shows a rebinned spectral sensitivity (SW, to match the binning of the
fiber spectrum) on the left vertical axis, with both the original and rescaled (SW2)
spectra on the right vertical axis, in arbitrary units of relative intensity. The bottom
plot shows the spectrum and SW2 on a similar scale, to emphasize the change in the

shape of the distribution, after the spectral sensitivity has been convoluted.

In figure 6.26, the green-brown panel shows the relative spectral intensity without
and with the spectral sensitivity convolution. The top panel displays the relative
spectral intensity of a Kuraray SCSF-78MJ blue-green fiber, with a 373 nm UV
LED stimulating it at two different distances from the readout end, which is plugged

into a spectrophotometer®.

Wavelength spectra with the LED positioned at 10 ¢m, and 30 ¢m are shown in
figure 6.26 and in the bottom panel only the 10 ¢m and 30 ¢m spectra with their fits
using double Moyal functions are shown. The Moyal distribution is often used as a
good approximation to the Landau distribution [36]. Single Moyal function fits have
four parameters including an amplitude (a), a characteristic wavelength and width
(given by pu and o) and a background term (b). The Kuraray SCSF-78MJ fiber
spectra require a sum of two Moyal functions plus a flat background. In other words,
the double Moyal fits introduce three additional parameters: they are characterized
by two wavelengths (11 and ps) and corresponding widths (o and o3), in addition

to two amplitudes (a; and ay) and a flat background (b), as follows:

1

f(x, a1, 1,01, a2, pia, 02,b) = ay - exp <—§ (M + €(x“1)/01)) +
01

1 —
as - exp (_5 (w _|_ 6_(1_#2)/02)> _|_ b
2

®QOcean Optics Inc., Dunedin, FL, USA (www.oceanoptics.com)

(6.7)
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The idea behind selecting only the 10 e¢m and 30 cm measurements was dictated
from the length of the fiber used in the setup, which was 15 ¢m from the light source
input to each side of FHLG. No such measurement had been taken, so it was decided
to effectively average the 10 ¢m and 30 ¢m data, as described below. Specifically,
both spectra were fit with a double Moyal function, with the parameters shown in
the table below. Subsequently, in order to determine the median of each spectrum,
the spectra were first smoothed and then their running integrals were computed, as
shown in the middle and bottom panels, respectively. Finally, the median values are
shown on the top plot, at 459 nm and 462 nm for the 10 e¢m and 30 cm spectra,
respectively. It was decided to use 460.5 + 1.5 nm ~ 460 nm in the calculations of

the photodiode current.

ay M1 01 az 2 o) b
30- 0.203174| 434.614| 9.5956+| 0.44994+| 453.13+| 19.356+| —0.00060076+
cm 0.0222 0.609 0.509 0.0203 0.771 0.23 0.000351
fit
10- 0.626594| 439.78+| 15.002+| 0.113154| 479.78+| 19.65+ | 0.00083298 +
cm 0.00513 | 0.379 2.11 0.00963 | 1.31 0.353 0.000385
fit

Table 6.1: Parameters of the double Moyal function, for the 10-cm and 30-cm fits.

6.4.2 PDE Extraction Methods

Three methods were developed and employed to extract the PDE values, and an

average value was found for each SiPM Unit. The results are shown in table 6.2.

Method 1 is the most accurate method and uses the RMS and ADC values of the

digital signals:

NPe =

(ADC — ADC oy )?

RMS?> —RMS2,
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# SiPM | Method 1 Method 2 Method 3

75 13.05+0.86 | 23.19+5.82 | 17.74 + 1.61
76 17.23£0.74 | 25.69 £+ 1.78 | 21.64 £+ 1.05
7 19.23 £1.04 | 18.90 £1.18 | 25.16 £ 1.17
78 16.29 £0.93 | 18.78 £2.01 | 20.08 £ 1.20
79 18.43 £2.67 | 22.31 £1.30 | 24.31 £2.55
80 16.65 £0.86 | 20.550 £1.79 | 21.51 £ 1.24
81 1751 £0.89 | 21.84 £ 1.45 | 22.30 £+ 1.25
82 18.10 £0.92 | 24.64 +0.96 | 24.83 + 1.11
84 17.14 £1.00 | 23.57 £ 1.57 | 2445+ 1.31
85 17.58 £1.19 | 21.98 £2.68 | 22.93 £+ 1.44

Table 6.2: PDE values for the 10 units using the LED. For each SiPM unit, the average
PDE of the intensity scan is reported, and the reported uncertainty is the standard devia-
tion of the PDE values for each unit with different intensities. These values are raw values
and no corrections have been applied to account for the fill factor.

Method 2 uses the pulse characteristics to find the number of photoelectrons:

(4)

NPe= 2
‘T G0Q) e G

(6.9)

Where A is the pulse area read from the oscilloscope as shown in figure 6.28. The
oscilloscope gives the pulse height and the area of the pulse. e is charge of an electron,
50 € is the resistance used at the oscilloscope as a terminator, and G is the total

gain of the SiPM and its electronic board.

Method 3 uses the ADC measurement as follows:

(ADC - ADCdark) : (Q)

NPe =
¢ e -G

(6.10)

Where q is the electric charge for one ADC spectrum unit, which for the ADC used
in the test is 0.25 pC, e is the charge of an electron, G is the total gain of the SiPM

and its electronic board.
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The number of photons and number of photoelectrons from all three methods are
plotted on the left and right vertical axes in figure 6.29, respectively. The PDE,
calculated from the ratio Npe/Npp, is plotted on the bottom plot, for all three meth-
ods. The zone in the box has been determined to be unstable based on the behavior
of the LED at such low intensity values. Beyond that region, all three PDEs are
approximately constant, as is expected. The difference in magnitudes is attributed
by the method of charge estimation but particularly by the differing errors in those

methods having the RM S in the denominator.

6.4.3 Laser Intensity Scan

The results for different intensities of the LED were not perfectly consistent with
each other, thus for a more thorough investigation for three of the SiPM units the
laser intensity scan was done as well, in addition to the LED intensity scan. The

results were much more consistent over different laser intensities.

The PDE for all the intensities was extracted by using the three different methods

above, and an average value were found for each SiPM Unit. The results are shown

in table 6.3.
# SiPM | Method 1 Method 2 Method 3
76 19.64 +0.48 | 22.18 £ 0.91 | 21.64 £ 1.05
78 16.29 +0.93 | 18.78 £2.01 | 20.08 £ 1.20
85 17.58 £1.19 | 21.98 +2.68 | 22.93 + 1.44

Table 6.3: PDE values for the 3 of the units by using the laser. For each SiPM unit the
average PDE of the intensity scan is reported, the reported uncertainty is the standard
deviation of the PDE values for each unit with different intensities. These values are raw
values and no corrections have been made for effective fill factor.
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Figure 6.30 shows the PDE values using the three methods, and the values are
corrected for the inactive area. These initial results are quite promising, and in
agreement with those measured at USM Chile [37], while consistent to the ones

measured at JLab [37].
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Figure 6.24: For the PDE extraction intensity scans were done for all the SiPM
units using the LED; the vertical axis is the number of the photoelectrons using
formula 6.1, and the horizontal axis shows the ADC' — ADCy4,.
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Figure 6.25: For the PDE extraction intensity scans were done for all the SiPM units
using the LED; the vertical axis is the current of photodiode (I — I44x) and the
horizontal axis is the ADC — ADC\y,,.
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Figure 6.26: The top panel displays the relative spectral intensity of a Kuraray
SCSF-78MJ blue-green fiber, with a 373 nm UV LED stimulating it at two different
distances from the readout end. The green-brown panel shows the relative spectral
intensity without and with the spectral sensitivity convolution, respectively. (original
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Figure 6.27: Top: S and QE of the Hamamatsu photodiode as a function of wave-
length. Middle: a rebinned spectrum sensitivity. Bottom: convoluted spectral inten-
sity as a function of wavelength. (original in color)
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Figure 6.28: The pulse shape of one of the SiPM units, using the laser. The oscillo-
scope is able to provide the area of the pulse. (original in color)
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PDE extracted by all three methods. (original in color)
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Figure 6.30: PDE values using the laser intensity scan, corrected for the inactive
area. (original in color)
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Chapter 7

Conclusions

Large-area SiPMs, as the readout for the GlueX experiment, have been tested at
the University of Regina. In order to study these SiPMs, gain uniformity tests and
PDE measurements were done, as well as minor tests to find out if the set-ups and

measurements were repeatable.

For the gain uniformity tests, programming codes were written to control they x-y
scanner’s movement in four different ways of forward, backward, and random scan-
ning of the cells, as well as cell mapping, in which each cell were divided to four
sub-cells. The 10, 2011 article units and the 2010 unit are uniform within the cells,

mostly within 10%.

Moreover, for the PDE test, a device was designed, constructed, and tested in order
to provide the best possible arrangement for the photodetectors and light sources.
The PDE extraction device was additionally tested to assure it provides a symmetric

environment, and to assure that the number of photons reaching each end was the
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same, and the results from both side of the PDE device were the same within the
experimental error. In addition of using three different calculation methods for the
PDE extraction, the PDE results were extracted using LED and the laser. The PDE

results were more accurate using the laser, and was around 16 — 24% =+ 2%.

The most important advantages of the SiPMs, for the GlueX experiment, compared
to conventional PMTs are their relatively small size and immunity to magnetic fields,
since there will be a 2.2 T solenoid at the GlueX detector. During the PDE testing, it
was also found out that in addition to the dark current and the pedestal contributions,
electronic noise was also significant, which was due to the pre-amplifier voltages, since

the bias voltage and the light source were off.

For future tests, responses of SiPMs to different temperatures and different magnetic
fields should be studied, and additional tests should be carried out on the reliability

and signal characteristics of the SiPM electronic boards.

In conclusion, the development and deployment of large-area SiPMs resolved the
readout issues for the BCAL, and further developments have promising applications
in medical (eg. PET/MRI) and space (sensors, robotics) physics, among other aca-

demic and industrial fields.
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Appendix A

Plots for the (GGain Uniformity and

the PDE Measurements

For the gain uniformity results different plots were sketched and all of them could
not be shown in the main body of the thesis. Thus, this appendix contains more
graphs on the gain uniformity tests for the 2010 SiPM unit and the 2011, 10 article

units.

A.1 The 2010 SiPM Unit

As mentioned in chapter 5, a study was done for the subcells and their families.

Additional result on the study of the those families are shown in figures A.1 and A.2.
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Figure A.2: studying sub-cell families

A.2 The 2011, 10 Article Units

The gain uniformity results for the 10, 2011 article units are shown in figures A.3,
A4, A5, and A.6. Note that for SiPM units 77 and 81, each of the gain uniformity

tests, excluding the cell-mapping, were done five more times to increase the statistics
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for those units, since the results of their forward, backward, and random scans were

not consistent with each other for the first time that the tests were done.
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Figure A.3: The first to third rows are the gain uniformity test results for SiPMs
#75 to 77, respectively. The forth and fifth rows are the repeated tests for the unit
#77, to increase the statistics. The first to forth columns, from left to right, are the
forward, backward, random, and cell mapping scans, respectively. (original in color)
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