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Sommario

La tesi verte sullo sviluppo di un sistema di monitor di radiazione basato su rivelatori al
diamante sintetico per l’esperimento di fisica delle particelle Belle II. Lo scopo principale
è proteggere il rivelatore di vertice al silicio da dosi eccessive di radiazione, associate agli
intensi fasci di elettroni e positroni che collidono al suo interno. Il lavoro si articola in
due parti: una prima parte è dedicata alla caratterizzazione dei rivelatori in laboratorio
tramite misure di rumore e irraggiamento con sorgenti radioattive, confrontate anche con
una simulazione dedicata. La seconda parte, svolta presso i laboratori KEK in Giappone
durante il commissioning dell’acceleratore e dell’esperimento, tratta l’installazione dei ri-
velatori in Belle II e l’analisi dei primi risultati da collisioni. La tesi dimostra che il sistema
di monitoring è di fondamentale importanza per lo studio dei fondi macchina e per la loro
riduzione.

Abstract

The thesis focuses on the development of a radiation monitor system based on synthetic
diamond detectors for the Belle II particle-physics experiment. The system is intended to
protect the silicon vertex detector from high radiation doses associated with the intense
electron and positron beams that collide inside it. The work is organized into two parts: the
first part is devoted to detector characterization with noise and irradiation measurements
using radioactive sources and comparing the results with simulations. I conducted the
second part at the KEK laboratories in Japan to install the detectors in Belle II and collect
the first diamond data during the collision commissioning of the accelerator and detector.
My work establishes that the radiation monitor system is essential for beam-background
studies and background reduction.
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Introduction

In this experimental particle-physics thesis, I worked on the characterization, calibration,
installation, and commissioning of artificial diamond detectors for radiation protection of
the Belle II silicon vertex detector.

The description of particles and fundamental interactions provided by the standard model
of particle physics (SM) has successfully passed all the experimental tests to date. However,
the standard model is known to be an incomplete effective theory: for instance, descriptions
of gravity, dark matter, or dark energy are lacking.

The quest for extensions of the standard model is the key goal of today’s particle
physics. At the LHC, putative particles that can extend the standard model are directly
searched for by colliding proton beams at O(10) TeV energies.
Such direct approach is limited by the available collision energy. Since direct LHC searches
yielded null results so far, and more powerful accelerators are not foreseen in the near
future, indirect searches at the precision frontier offer among the best opportunities for
extending the standard model in the next decade.
Such approach relies on comparing precise measurements with similarly precise SM predic-
tions to reveal discrepancies, possibly indicative of non-SM dynamics. A large portion of
this program focuses on B and D meson, and τ lepton, dynamics, because the multitude
of involved processes offers a rich phenomenology, allowing powerful, redundant tests of a
broad class of SM extensions.

The Belle II experiment at the SuperKEKB accelerator is one of the leading facilities
for precision indirect searches. The SuperKEKB accelerator is a next-generation high-
luminosity asymmetric e+e− collider that will produce billions of B and D mesons, and τ
leptons over the course the next decade. The heart of Belle II is the silicon vertex detector,
which finely samples the trajectories of charged particles. This is essential for a successful
program, since charged particles are the most common final states in B, D, and τ decays.

High beam intensities are needed to maximize particle-production rates and therefore
reach high precision. However, high intensities generate high radiation backgrounds in
which the detector has to operate. As the detector accumulates radiation doses, its per-
formances degrade, jeopardizing the successful completion of the scientific program.

In order to protect the Belle II silicon detector from high radiation doses, we designed
a system based on single-crystal artificial-diamond detectors. The system is intended to
monitor the radiation doses near the interaction region, triggering protective actions when
needed.

I investigated the properties of 1/4 of the diamond detectors of our system determining
their optimal operating conditions. I contributed to each step of the detector construction,
starting from the diamond crystal to the complete integration of the system into Belle II.
I performed the full detector characterization, measuring its response to irradiation and
comparing the outcomes with dedicated simulations. As the Belle II and SuperKEKB
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INTRODUCTION

collision commissioning started, I calibrated and operated the radiation monitoring system
on site at KEK. After testing the entire system, I contributed to several background studies,
completing the first analysis of diamond data.

This thesis is organized as follows. Chapter 1 offers an overview of flavor dynamics in
the standard model and how Belle II will investigate it. Chapter 2 presents the main
Belle II characteristics and performances, with emphasis on the vertexing detectors and
radiation-monitoring system that protects them. Chapter 3 introduces the main sources
of beam-induced backgrounds, the associated radiation damage of silicon detectors, and
the motivation for the choice of diamond sensors. Chapter 4 shows all the procedures
I performed to achieve working and fully characterized diamond detectors. Chapter 5
presents the results I obtained during the Belle II commissioning period at KEK.
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Chapter 1

Flavor physics in the standard model

This chapter presents an overview of the flavor physics in the standard model, highlight-
ing the key experimental probes in searching for non SM physics and how Belle II will
investigate them.

1.1 Status of particle physics

The standard model of particle physics is a quantum field theory that describes three of
the four known fundamental interactions between particles. The theoretical formulation
is grounded onto three main concepts: gauge symmetry, a representation of particles and
interactions under that symmetry, and the presence of a mechanism for spontaneously
breaking the symmetry. Particle interactions are represented within a Lagrangian formal-
ism.

The standard model was completed in the seventies, and it has been tested with high
precision since, establishing itself as a great success of the reductionist paradigm in describ-
ing natural phenomena [1]. However, observations and theoretical aspects at the subatomic
and cosmological scales suggest that the standard model is incomplete. Examples include
the differences between fermion masses (hierarchy problem), the lack of an explanation for
dynamically generated asymmetry between matter and antimatter observed in the universe
(baryon asymmetry), as well as phenomena like dark matter and dark energy, introduced
to explain cosmological observations.

A deeper comprehension of these and other questions may come from the extension of
the theory at higher energy scales. The quest for extensions of the standard model is the
key goal of today’s particle physics. Present research aims at revealing phenomena that
can support such extensions with two complementary approaches. The energy-frontier
approach relies on revealing directly, typically in high-energy collisions, new particles or
interactions not included in the SM. By increasing the energy available in the center of
mass, collisions may be energetic enough to produce new heavy particles. This approach is
constrained by the maximum collision energy. Intensity-frontier research looks for devia-
tions between precise experimental results and equally precise theoretical predictions that
may reveal non-SM dynamics. The key is measuring with high precision potentially small
contributions from unknown particles to known processes. Intensity research is centered
on the quark weak-interaction sector because the multitude of involved processes offers a
rich phenomenology, allowing powerful redundancy tests of a broad class of SM extensions.
One of the leading experiments that pursues this goal is Belle II at KEK laboratories in
Japan.

3



CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

1.2 Overview of the standard model

In the standard model, matter particles are represented as excitations of spin-1
2 fields while

interactions are mediated by spin-1 gauge bosons. Particles and part of the gauge bosons
acquire their mass via the interaction with a spin-0 field called Higgs field, mediated by
the Higgs boson. There are three interactions described by the theory,

• the strong interaction, which is mediated by massless bosons called gluons (g) and, as
described in quantum chromodynamics (QCD), is characterized by a charge named
color that exists in three different kinds; gluons themselves carry color charge with
eight different color states;

• the electromagnetic interaction, which is mediated by massless bosons called photons
(γ); the electromagnetic charge exists in only one kind and photons do not carry it;

• the weak interaction, which is mediated by three massive bosons, namely W± and
Z0; their masses are of the order of 100 GeV and two of them are electrically charged.

The main characteristics of the three forces described by the SM are summarized in Ta-
ble 1.1.

Interaction Charge Strength Range Gauge bosons
Strong Color charge 1 10−15 m Gluons

Electromagnetic Electric charge 1/137 ∞ Photon
Weak Weak charge 10−6 10−18 m W±Z0

Table 1.1: Summary of the three forces described by the SM. The strength is obtained
comparing the forces at the proton mass scale.

The standard model is a gauge theory with symmetry group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y .

SU(3)C is the group of QCD, where C stands for color; the product SU(2)L ⊗ U(1)Y
describes the electroweak interaction, where L is for left and Y for hypercharge; SU(2)L
has three generators, named W1,2,3. The generator for U(1)Y is called B. The physical
particles W±, Z0 and γ are linear combinations of the generators W1,2,3 and B,

W± =
1√
2

(W1 ∓ iW2) ,(
γ

Z0

)
=

(
cos(θW ) sin(θW )

− sin(θW ) cos(θW )

)(
B

W3

)
,

where θW is known as weak angle.
Generator mixing is caused by the spontaneous symmetry breaking. Such mechanism

is related to the Higgs field, which has a non vanishing vacuum expectation value. The
symmetry of SU(2)L⊗U(1)Y is broken. Only the electromagnetic symmetry group U(1)EM
is unaffected by the mechanism. The weak bosons acquire masses via the spontaneous
symmetry breaking while the photon remain massless. An explicit mass term, quadratic
in the fields, cannot be added directly to the SM Lagrangian as it would break gauge
symmetry.
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CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

The Higgs mechanism generates particle masses. The coupling between fermion fields and
the Higgs field is expressed by the so-called "Yukawa term" of the Lagrangian. Fermion
masses are free parameters of the model. The W boson mass MW is a function of the Z
boson mass MZ through the cosine of the weak angle.

Fermions are divided in two categories, quarks and leptons, each organized in three
families of doublets:

• Quarks couple to all interactions. Each family doublet comprises an up-type quark
with electric charge 2e/3 and a down-type quark with electric charge e/3. The three
doublets are (

u

d

)(
c

s

)(
t

b

)
.

Each quark possesses a quantum number called flavor. Flavor is conserved in the
strong and electromagnetic interactions but not in weak transitions. Each quark has
a corresponding antiparticle called anti-quark. The color confinement principle [2]
of QCD prevents quark from being observed individually. Observable states include
bound states of a quark and an anti-quark, called mesons and states composed of
three quarks, called baryons. Quark masses [3] range from the mass of the up quark
mu ' 2.3 MeV/c2 to the mass of the top quark mt ' 173 GeV/c2.

• Leptons couple only to the electroweak interaction. Each family comprises a mas-
sive and negatively charged lepton and a massless and neutral neutrino. The three
doublets are (

e

νe

)(
µ

νµ

)(
τ

ντ

)
.

Each lepton has a quantum number called lepton family number. The sum of all
these quantum numbers in a lepton system, the total lepton number, is conserved in
the SM. Similarly to quarks, each lepton have its antiparticle. Lepton masses range
from the electron mass me ' 0.5 MeV/c2 to the tau-lepton mass mτ ' 1.8 GeV/c2.

Figure 1.1 shows a summary of the particles and interactions described by the standard
model.

Figure 1.1: Scheme of SM particles (left panel) and interactions (right panel).
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CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

1.3 Charge-parity violation and CKM matrix

Gauge symmetry [4] is one of the chief concepts subtending the SM structure. In addition
to this continuous symmetry, discrete symmetries are also relevant in determining the SM
phenomenology.

Parity (P) reverses the spatial coordinates, charge conjugation (C) inverts all the inter-
nal quantum numbers of a particle transforming it into its antiparticle, and time reversal
(T ) inverts the direction of time. While the combination of these three symmetries is
conserved in the SM they are not conserved singularly. In addition, the combined CP
symmetry is broken by the weak interaction [5–7].
CP violation was first observed in 1964 [8] and then introduced in the SM by Kobayashi

and Maskawa (KM) in 1972 [9]. They extended an idea of Cabibbo [10], who solved the issue
of seemingly different weak couplings measured in different processes. Cabibbo hypothe-
sized a mass eigenstate (d) for down-like quarks, which differs from the weak eigenstate
(d′) as seen by W± bosons. Kobayashi and Maskawa generalized the Cabibbo matrix from
a four-quark to a six-quark model to explain the observation of CP violation. CP viola-
tion might be a key ingredient to explain phenomena also at the cosmological such as the
dynamical origin for the baryon asymmetry currently observed in the universe.

The complex, unitary mixing matrix that "rotates" mass eigenstates into weak eigen-
states is known as Cabibbo-Kobayashi-Maskawa matrix or VCKM .

By assuming N generations of quarks, VCKM has (N − 1)2 parameters [11]. If N = 2
there is only one parameter that is called Cabibbo angle θC . With three generations, the
free parameters are four; three Euler angles, θ12, θ23, and θ13 and a complex phase δ. This
phase allows for the presence of CP violation. In matrix format we haved

′

s′

b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


ds
b

 .

The i′ index represents the interaction state for the i−quark while the i index stays for
the mass state. The Vij matrix elements represent the coupling between a i-quark (up-like
quark) and j-quark (down-like quark).

It is convenient to use the Wolfenstein parametrization, which is an expansion in the
small parameter λ (the sine of the Cabibbo angle sin(θC)' 0.23) and renders evident the
observed hierarchy between CKM elements

VCKM =

 1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) ,

where
λ =

Vus√
V 2
ud + V 2

us

Aλ2 = λ
Vcb
Vus

Aλ3(ρ+ iη) = V ∗ub .

The parameter λ represents the mixing of quarks between different quark generations; η is
the complex phase representing CP violation, and A and ρ are real parameters.

Within the Kobayashi and Maskawa scheme, the conditions needed to introduce CP
violation are the following:

• there must exist at least three generations of quarks;
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CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

• there must be a coupling between all the families;

• the quarks must have different masses to avoid phase-canceling rotations.

All conditions have been proved experimentally. A graphical representation of the VCKM

matrix, known as Unitarity Triangles, is also useful.
This relies on the unitary condition VCKMV

†
CKM = 1, which imposes nine unitarity rela-

tions,

|Vud|2 + |Vcd|2 + |Vtd|2 = 1 V ∗usVud + V ∗csVcd + V ∗tsVtd = 0 VudV
∗
cd + VusV

∗
cs + VubV

∗
cb = 0 ,

|Vus|2 + |Vcs|2 + |Vts|2 = 1 V ∗ubVud + V ∗cbVcd + V ∗tbVtd = 0 VudV
∗
td + VusV

∗
ts + VubV

∗
tb = 0 ,

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 V ∗ubVus + V ∗cbVcs + V ∗tbVts = 0 VcdV
∗
td + VcsV

∗
ts + VcbV

∗
tb = 0 .

The relations in the middle and right columns can be interpreted as triangles in the com-
plex plane. A CP conserving theory would have brought to one-dimensional (squashed)
triangles. Among the six triangles, the ones between lines/columns one and three have side

Figure 1.2: Unitarity triangle.

sizes of similar length. Usually we refer to as "Unitarity Triangle" the triangle correspond-
ing to the central equation above. Figure 1.2 shows the Unitarity Triangle: the sides are
normalized to the length of the base and the angles are expressed according to common
conventions, α or φ2, β or φ1, and γ or φ3.

Since CP violation is associated to a complex phase, it needs interference to be observed.
Hence two or more amplitudes (a1 and a2) that carry different weak (φi) and strong (δi)
phases need to contribute to an observable process.
Weak phases come from complex parameters in the Lagrangian that contribute to the total
amplitude A describing the process (A=|Ai|ei

∑
i φi). Since they arise only in the coupling

with the W± bosons, they are called weak. Strong phases come from intermediate on-
shell states. They may come from either time evolution or complicated strong-interaction
rescattering [12].

By considering decay phenomena and particle-antiparticle oscillations, which occur
among neutral flavored mesons whose mass and flavor eigenstate do not coincide, three
classes of CP violating phenomenologies exist,

• CP violation in decay (direct CP violation) occurs if decay rates for a process and its
CP conjugate differ, (Γ(X → f) 6= Γ(X̄ → f̄)), where X is a hadron containing the
flavored quark and X̄ is the corresponding antihadron. The observable used typically
is the partial-width asymmetry

Af =
Γ(X → f)− Γ(X̄ → f̄)

Γ(X → f) + Γ(X̄ → f̄)
. (1.1)
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CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

CP violation in decay occurs in neutral and charged mesons, and baryons, because
it is independent of flavor mixing;

• CP violation in mixing (indirect CP violation) occurs if probabilities of neutral me-
son mixing from a state to its CP conjugate and viceversa differ, (P

(
X0 → X̄0

)
6=

P
(
X̄0 → X0

)
). The observable used is typically

ASL =
dΓ
(
X0(t)→ f̄

)
/dt− dΓ

(
X̄0(t)→ f

)
/dt

dΓ
(
X(t)→ f̄

)
/dt+ dΓ

(
X̄0(t)→ f

)
/dt

. (1.2)

Experimentally one selects a final state f̄ in which particle X0 cannot decay directly,
while its antiparticle does;

• CP violation in interference between a direct decay and a decay following mixing
occurs when both particle and antiparticle can decay into the same state. Hence, the
final state can be reached both via direct decay or via intermediate mixing to the
antiparticle that subsequently decays. This type of CP violation is possible even if,
individually, CP is conserved in decay and mixing. The observable that is usually
measured is

AfCP
=
dΓ(X0(t)→ fCP )/dt− dΓ(X̄0(t)→ fCP )/dt

dΓ(X0(t)→ fCP )/dt+ dΓ(X̄0(t)→ fCP )/dt
. (1.3)

1.4 Flavor physics at the inception of Belle II

Nowadays flavor physics is seen as one of the most promising opportunities to seek the
first indirect signs of non-SM dynamics. The great variety of quarks interactions allows for
several tests of a reduced set of observables through different physics processes. Redun-
dancy is key to achieve a complete understanding of the dynamical picture, allowing for
robust comparison between experimental results and SM predictions in search for discrep-
ancies [13].

The two main probes in searching for non SM physics using flavor dynamics are flavor-
changing-neutral-currents and CP-violating processes.

• Flavor changing neutral currents (FCNC) are quark transitions that change quark
flavor but not charge. FCNC are suppressed within the SM, which allows them only
within loop processes. This makes FCNC amplitudes both suppressed, which en-
hances the possible contributions from non-SM processes, and sensitive to a broad
class of SM extensions. Non-SM massive particles could in fact alter FCNC ampli-
tudes, possibly causing a discrepancy between predictions and measurements [14].

Examples of recently relevant FCNC decays include the semileptonic b → sll tran-
sition, in which a bottom quark within a B meson decays into a strange quark
and two leptons. The branching fraction is measured as a function of the squared
four-momentum transferred to the two leptons and then compared to theoretical
predictions. In order to sharpen the discriminating power, the ratio RK between
branching fractions such as RK = B(B+ → K+µ+µ−)/B(B+ → K+e+e−) is typi-
cally used. This ratio is precisely predicted and expected to be unity in the SM,
given the universal coupling of electrons and muons. These decays recently attracted
attention because a 2.6σ discrepancy from the prediction was recently observed [15].

8



CHAPTER 1. FLAVOR PHYSICS IN THE STANDARD MODEL

• CP violation measurements allow for probing the consistency of phase measurements
with the predictions [16]. In fact, many non-SM physics models may introduce un-
observable modifications to the rates of suppressed processes but large biases in their
CP-violating phases. Hence, CP violation measurements offer a complementary win-
dow on non-SM dynamics with respect to FCNC measurements.

The two main experiments that will investigate quark-flavor physics in the next decade are
Belle II and LHCb.

LHCb is a forward spectrometer that operates at the Large Hadron Collider. It stud-
ies proton-proton collisions at O(10) TeV with 103 to 104 higher bb̄ and cc̄ rates than
Belle II. The production rate advantage over Belle II allows for low-statistical-uncertainty
measurements. High-energy collisions, in addition, allow to investigate a larger variety of
processes than at Belle II, including the production of all kinds of b-hadrons. The main
LHCb challenge is to achieve an efficient online selection of interesting processes, start-
ing from 102 ÷ 103 particles per event, without knowing the exact interaction energy of
composite-particle collisions. Strict requirements on kinematical and dynamical quantities
are applied to decouple background from interesting processes, partially reducing the high
production-rate advantage over Belle II and biasing in a hard-to-simulate way some key
distributions used in offline analysis.

Belle II e+e− collisions produce a low-background environment that, along with the
more stringent cinematic constraints on the initial states due to the point-like nature of the
colliding particles, lead to a more efficient particle reconstruction. The lower-background
environment along with better spatial resolution of neutral particle detectors allow Belle
II to overcome LHCb on measurements involving flavor tagging [17, 18] or more than one
neutral particle.

Belle II will investigate a plethora of observables to test for non-SM physics. The main
topics where Belle II is anticipated to offer unique, or very competitive, insight are the
following [19]:

• Improved determination of the unitarity angle α, which is currently among the least
well determined CKM parameters with an uncertainty of roughly seven degrees. The
combination of B → ππ and B → ρρ decays offer the most precise way to determine
the α angle and involve many final states with neutral particles.

• Improved determination of the unitarity angle γ, which is one of the few measure-
ments of the unitarity triangle that can be improved significantly by only experimen-
tal enhancements. The combination of B → DK and B → Dπ decays and the need
for a complicated Dalitz-plot analysis will benefit from the low-background Belle II
environment.

• Measurements of FCNC decays involving either neutrinos, photons, or π0 in the final
states.

• Measurements involving τ lepton decays.
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Chapter 2

Belle II experiment

This chapter outlines the main features of the Belle II experiment at the SuperKEKB
accelerator, where I conducted my thesis work.

2.1 Beauty factories

Beauty factories (b factories, in short) are high-energy particle-physics experiments de-
signed to produce large numbers of B mesons with low background. Their center-of-mass
energy is tuned to the Υ(4S) resonance, which is just above the threshold to decay into a
BB̄ pair.

In the 1980’s the idea of testing the KM model of CP violation by studying neutral B
mesons was proposed. However, the small values of the relevant branching fractions [20]
and technological challenges in achieving the required high luminosities prevented realistic
experiment designs until the 1990’s.

At that time, a number of phenomenological, experimental, and technological conditions
were met, which allowed the realization of B factory experiments [21, 22]:

• The observation of a long B meson lifetime from experiments at SLAC, and the dis-
covery of a substantial rate for B0− B̄0 mixing by the ARGUS experiment at DESY,
indicated that the CKM-matrix parameters are in the range that makes accessible to
the test the KM idea using B decays.

• The phenomenological demonstration that a measurement of CP violation in neu-
tral B meson decays to CP eigenstates could be unambiguously interpreted without
theoretical uncertainties, provided that large B meson data samples could be col-
lected [23].

• Improvements in performance of e+e− storage rings, that allowed increasing produc-
tion rates from 30 to one million meson pairs a day in roughly 30 years.

• The development of silicon tracking detectors with O(10) µm spatial resolutions,
which allowed to resolve O(100) µm decay distances, typical of the relevant decay
lengths.

• The introduction of the "asymmetric-energy" collider concept, discussed in more
detail below.

• The measurement of a non zero value for |Vub| performed by CLEO in 1990, which
proved a coupling between the first and the third family thus enabling CP violation
in b quark dynamics.

10



CHAPTER 2. BELLE II EXPERIMENT

In B factories e+ and e− beams are brought to collision. The production of B-meson pairs
occurs via the e+e− → Υ(4S) → BB̄ process at the Υ(4S) resonance energy. The Υ(4S)
decays into BB̄ states with a branching ratio grater than 96%, almost equally distributed
into charged and neutral B-meson pairs. Figure 2.1 shows the hadronic production cross

Figure 2.1: Hadronic production cross section for e+e− collisions as a function of final-
state mass. Υ(bb̄) resonances are visible. The red line indicates the mass threshold for BB̄
production.

section from e+e− collisions as a function of final-state mass. The enhancements represent
the Υ resonances, made of bb̄ quarks.

After the Υ(4S) decay, the two B mesons evolve coherently, preserving the flavor anti-
correlation. As the Υ(4S) is a JPC = 1−− state, BB̄ pairs are produced in the L=1 state.
Independent oscillation of the B mesons, would lead to a state made up of two identical
mesons. However, since the the L=1 state is antisymmetric and identical bosons can only
exist in symmetric configurations, the system has to preserve the flavor anti-correlation.
CP violation measurements are mainly based on determining asymmetries of partial decay
rates into common final states as functions of delay time.

Assuming that at time t = t1 one of the two B decays in a flavor eigenstate, for example
via the semileptonic process B0 → D−l+νl where l indicates a lepton, at the same time t1
the other meson must be into the opposite flavor eigenstate. Then it evolves until t = t2,
when also the second B meson decays, for example via the process B0 → J/ΨK0

S . The
measurement consists in determining the decay rate of mesons of known flavor at t1 into
CP eigenstate as function of t = t2 − t1. Three main quantities are measured [24,25]:

• the flavor at the time t1. This is done by inferring the flavor of the other meson at
its decay by restricting the sample to flavor-specific decays;

• the common decay mode in which the signal meson decays. This is done through
exclusive B-meson reconstruction;

• the time between the two decays, which is inferred by the determination of the signal
meson decay-length and momentum.
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As shown in Fig. 2.1, the difference in mass between the Υ(4S) resonance and the BB̄
system is ∆m = (10580 − 2 × 5280) MeV=20 MeV. Consequently B mesons are almost
at rest in the Υ(4S) reference frame, making the time measurement practically impossible
if the Υ(4S) is at rest. Boosting the Υ(4S) by using energy-asymmetric beams allows
instead for measuring the time difference, which becomes sufficiently larger than the spacial
resolutions. The SuperKEKB boost is βγ = (Ee− − Ee+)/(2

√
Ee−Ee+ = 0.28).

B-factories require

• High luminosity, since a large BB̄ yield must be produced to have sufficiently large
decay samples, given the branching ratios.

• Boosted BB̄ pairs, so that they travel enough in the detector for the delay time to
be measured.

• Low-material inner detectors, since particles have low momenta, and the material of
the detector produces multiple scattering.

Various final states are produced in e+e− colliders at the Υ(4S) mass (Table 2.1).

Process Cross section (nb)
Υ(4S) 1.05

uū(γ) 1.61

dd̄(γ) 0.40

ss̄(γ) 0.38

cc̄(γ) 1.30

e+e−(γ) 300
γγ(γ) 4.99

µ+µ−(γ) 1.148

τ+τ−(γ) 0.919

νν̄(γ) 0.25× 10−3

Table 2.1: Cross sections of the main final states produced in e+e− collisions at the Υ(4S)
center-of-mass energy [26].

2.2 SuperKEKB accelerator

SuperKEKB is an asymmetry-energy collider [27]. Two beams circulate in separate rings:
a 7 GeV electron beam (high energy ring, HER) and a 4 GeV positron beam (low energy
ring, LER). The center of mass energy is

ECM =
√
s =

[
(Ee− + Ee+)2 − (pe− + pe+)2

] 1
2 ' (4Ee−Ee+)

1
2 = 10.58 GeV , (2.1)

where Ee± and pe± are the energies and momenta of positrons (+) and electrons (-) and
the electron mass is neglected.

The SuperKEKB accelerator is an upgrade of the previous KEKB accelerator. It was
built in the same enclosures used for its predecessor and partly reuses its magnets. Fig-
ure 2.2 shows a schematic representation of SuperKEKB.
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Figure 2.2: Scheme of the SuperKEKB accelerator facility.

The electrons are produced via photoelectric effect in a pre-injector by a pulsed laser
directed on a cold cathode target. They are accelerated by a linear accelerator (Linac)
to 7 GeV and injected in the HER. The positrons are produced by colliding electrons on
tungsten. They are injected in a damping ring to reduce their spread in the position and
momentum (emittance), then accelerated to 4 GeV in the Linac and injected in the LER.

The number of physics events N produced in a time t, given the cross section (σ) of
a specific process, is related to the luminosity L by N =

∫ t
0 Lσdt. The main purpose

of the accelerator upgrade is to achieve a 40 times higher luminosity with respect to its
predecessor KEKB. This will lead to larger data samples, allowing precision measurements.

2.2.1 Nano-beam scheme

One of the keys of the upgrade is the “nano-beam” scheme [28]. The transverse beam size
σ(s) calculated as a function of the position s along the nominal beam trajectory is given
by

σ(s) =
√
εβ(s) , (2.2)

where ε is the emittance and β(s) is the so called betatron function, that describes disper-
sion effects as a function of the position around the accelerator circumference.

The idea is to squeeze the vertical betatron function at the interaction point (IP) by
minimizing the overlap-region longitudinal size of the two beams at the IP. Given the
quadratic dependence on s of the betatron function near the IP, and Eq. (2.2), the beam
size grows linearly with the distance from the IP. This is especially important when the
betatron function at the interaction point (β∗) approaches the bunch length. In this case
not all particles collide at the minimum of the transverse beam size. This phenomenon is
called hourglass effect and can reduce the luminosity [29]. Usually the relation β∗y > d is
preserved during the accelerator tuning. Figure 2.3 shows a two-dimensional representation
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of the nano-beam scheme.

Figure 2.3: Two-dimensional sketch of the nano-beam mechanism. d is the overlap of the
two beams while 2φ is the crossing angle.

The size of the overlap region d is considered to be the effective bunch-length for the nano-
beam scheme and is smaller than the bunch length (σz). The length d is determined by the
horizontal half crossing angle (φ) between the two beams and the horizontal beam size at
the IP (σx) as d ' σx/φ. The length d is shortened by a relatively large horizontal crossing
angle and extremely small horizontal emittances and horizontal betatron functions at the
IP.

A smaller betatron function increases the instantaneous luminosity,

L =
N−N+nbf0

2π
√

(σ∗2x− + σ∗2x+)(σ∗2y− + σ∗2y+)
, (2.3)

where N , nb and f0 are the number of particles per bunch, the number of bunches, and the
revolution frequency, respectively. σ∗x and σ∗y are the beam horizontal and vertical dimen-
sions at the interaction point. The suffix ± labels quantities specific of the positron (+) or
the electron (-) beams. Therefore, given Eq. (2.2), the luminosity is inversely proportional
to the square root of the vertical betatron function at the IP (β∗y). Table 2.2 shows the
values of these parameters, comparing SuperKEKB and KEKB.

KEKB SuperKEKB
(LER / HER) (LER / HER)

E (GeV) 3.5 / 8.0 4.0 / 7.0
crossing angle 2φ 22 mrad (1.3◦) 83 mrad (4.8◦)
nb 1584 2500
β∗
y (mm) 5.9 / 5.9 0.27 / 0.30
I (A) 1.64 / 1.19 3.60 / 2.62
σ∗
x (µm) 80 / 80 7.75 / 10.20
σ∗
y (nm) 1900 / 940 59 / 59
L (1035 cm−2 s−1) 0.211 8

Table 2.2: Comparison between KEKB and SuperKEKB main parameters.

The vertical betatron functions at the IP for SuperKEKB are smaller by almost a fac-
tor of 20 than those of the KEKB. Assuming these parameters, doubled beam currents

14



CHAPTER 2. BELLE II EXPERIMENT

are sufficient to achieve the 40-fold increase in luminosity. Figure 2.4 shows a three-
dimensional sketch of the bunch-crossing geometry at the interaction point for KEKB and
SuperKEKB. The figure highlights the larger crossing angle and the smaller vertical size,
obtained through the accelerator upgrade.

Figure 2.4: Three-dimensional sketch of the bunch crossing geometry at the interaction
point for KEKB and SuperKEKB.

2.2.2 Interaction region

The horizontal crossing angle φ = 41.5 mrad is about four times larger than that of the
KEKB. The choice of the angle contributes to decrease the effective bunch length d.

Other factors determine the crossing angle such as the optics of the interaction region
(IR), the magnet design, and the detector background. With a large crossing angle, the
final-focus quadrupole magnets can be made independent for the two beams. This reduces
the detector background due to synchrotron radiation. These magnets can be moved closer
to the IP to achieve small betatron functions.

The interaction-region optics has been changed with respect to KEKB. A new final
focus (FF) section strongly squeezes the colliding beams in both the horizontal and vertical
planes at the IP. Figure 2.5 shows a scheme of the final focusing system in the interaction
region.

The nominal values for the betatron functions at the IP are 32 mm in the horizontal
plane and 270 µm in the vertical plane for the LER, 25 mm in the horizontal plane and 300
µm in the vertical plane for the HER, respectively. To squeeze the betatron functions, dou-
blets of vertical focusing quadrupole magnets (QC1s) and horizontal focusing quadrupole
magnets (QC2s) are used. Dedicated solenoids compensate the solenoid field of Belle II on
each side of the IP.

2.2.3 Damping ring and RF system

After production, the positron emittance is larger than required for injection in the nano-
beam scheme. A new damping ring (DR) accepts the beam with large energy spread and
transverse emittance and reduces the emittance by a factor of 130.

After production, electrons and positrons are accelerated by the Linac to 7 GeV and 4
GeV respectively. To maintain circulating beams, radio-frequency (RF) devices are used.
The KEKB RF system is upgraded to deal with doubled beam currents. To reduce the
power consumption of the RF cavities, the HER energy is lowered from 8 GeV to 7 GeV
resulting in a smaller boost with respect to KEKB.
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Figure 2.5: Schematic layout of the magnets and beam line near the interaction point [30].

2.3 Belle II detector overview

The Belle II detector shares with its predecessor, Belle, the location and the overall design.
Given the more ambitious physics goals, its subsystems are either new or considerably
upgraded.

Due to the increased luminosity Belle II operates at 40 times higher event rates. A
fast, efficient online event-selection (trigger) is required as well as reinforced data acquisi-
tion capabilities. By increasing luminosity, backgrounds rates, detector occupancies, and
radiation damage are expected to be higher, as well as pile-up noise in the electromagnetic
calorimeter and neutron induced hits in the muon detection system.

To complete its program Belle II should provide an excellent vertex resolution (about
20 µm), high reconstruction efficiencies and good momentum resolution from few tens of
MeV/c to 8 GeV/c. An efficient particle-identification system is required to separate pions
from kaons and to identify electrons and muons.

Moving from the innermost to the outermost radii, the main Belle II subdetectors are

• Pixel detector - PXD: two layers of silicon pixel sensors provide two dimensional
position information for charged particles. The PXD is used to increase vertex res-
olution. The first layer is closer to the beam pipe than the Belle innermost silicon
layers.

• Silicon vertex detector - SVD: four layers of double-sided silicon strip detectors
provide two-dimensional position information for charged particles. SVD is used for
vertexing and tracking. Its readout is faster than the Belle predecessor. SVD and
PXD form the vertex detector (VXD).

• Central drift chamber - CDC: wire drift chamber used to sample the trajectories
of charged particles at large radii and also for trigger, tracking and particle ID.
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• Charged particle identification systems - TOP and ARICH: Cherenkov light
is used to identify particles in the barrel region (time of propagation, TOP) and in
the endcaps regions (aerogel ring imaging Cherenkov, ARICH). These systems are
new.

• Electromagnetic calorimeter - ECL: homogeneous calorimeter that is reused
from Belle to measure the energy of photons, electrons and kaons, for trigger tasks
and for luminosity measurements.

• Superconducting coil: NbTi/Cu coil that provides a homogeneous magnetic field
of 1.5 T parallel to the beam direction in the inner volume. It has new power and
cooling systems, while the Belle iron structure is reused.

• K0
L and muon system - KLM: alternating layers of resistive plate chambers and

iron plates in the barrel regions and scintillator strips in the endcaps. It is used to
detect muons and K0

L that escape from the internal region. Its iron structure is used
as return yoke for the magnetic field.

Table 2.3 summarizes the principal specifications of each subdetector. Figure 2.6 shows a
top view of Belle II.

17



CHAPTER 2. BELLE II EXPERIMENT

P
ur
po

se
N
am

e
C
om

po
ne
nt

C
on

fig
ur
at
io
n

R
ea
do

ut
ch
an

ne
ls

θ
co
ve
ra
ge

B
ea
m

pi
pe

B
er
yl
liu

m
C
yl
in
dr
ic
al
,
in
ne
r
ra
di
us

10
m
m
,
10

µ
m

A
u,

0.
6
m
m

B
e,

1
m
m

pa
ra
ffi
n,

0.
4
m
m

B
e

T
ra
ck
in
g

P
X
D

Si
lic
on

pi
xe
l(
D
E
P
F
E
T
)

Se
ns
or

si
ze
:

15
×
(L

1
13
6,

L2
17
0)

m
m

2
,

P
ix
el

si
ze
:

50
×
(L

1a
50
,L

1b
60
,L

2a
75
,

L2
b

85
)
µ
m

2
;
tw

o
la
ye
rs

at
ra
di
i:
14
,2

2
m
m

10
M

[1
7◦
;1
50

◦ ]

SV
D

Si
lic
on

st
ri
p

R
ec
ta
ng

ul
ar

an
d
tr
ap

ez
oi
da

l,
st
ri
p

pi
tc
h:

50
(p
)/
16
0(
n)

-
75
(p
)/
24
0(
n)

µ
m
,
w
it
h

on
e

flo
at
in
g

in
te
rm

ed
ia
te

st
ri
p;

fo
ur

la
ye
rs

at
ra
di
i:

38
,
80
,

11
5,

14
0
m
m

24
5k

[1
7◦
;1
50

◦ ]

C
D
C

D
ri
ft

ch
am

be
r
w
it
h
H
e-
C

2
H

6

ga
s

14
33
6
w
ir
es

in
56

la
ye
rs
,
in
-

ne
r
ra
di
us

of
16
0m

m
ou

te
r

ra
di
us

of
11
30

m
m

14
k

[1
7◦
;1
50

◦ ]

P
ar
ti
cl
e
ID

T
O
P

R
IC

H
w
it
h
qu

ar
tz

ra
di
at
or

16
se
gm

en
ts

in
φ
at
r
∼

1
2
0

cm
,
27
5
cm

lo
ng

,
2c
m

th
ic
k

qu
ar
tz

ba
rs

w
it
h
4×

4
ch
an

ne
l

M
C
P

P
M
T
s

8k
[3
1◦
;1
28

◦ ]

A
R
IC

H
R
IC

H
w
it
h
ae
ro
ge
lr

ad
ia
to
r

2×
2
cm

th
ic
k
fo
cu
si
ng

ra
di
a-

to
rs

w
it
h
di
ffe

re
nt
n
,
H
A
P
D

ph
ot
od

et
ec
to
rs

78
k

[1
4◦
;3
0◦
]

C
al
or
im

et
ry

E
C
L

C
sI
(T

l)
B
ar
re
l:

r
=

1
2
5
−

1
6
2
cm

,
en
d-
ca
p:
z

=
−

1
0
2
−

+
1
9
6
cm

66
24

(B
ar
re
l)
,
11
52

(F
W

D
),

96
0
(B

W
D
)

[1
2.
4◦
;3
1.
4◦
],

[3
2.
2◦
;1
28
.7

◦ ]
,

[1
30
.7

◦ ;
15
5.
1◦
]

M
uo

n
ID

K
LM

ba
rr
el
:R

P
C
s
an

d
sc
in
ti
lla

to
r

st
ri
ps

2
la
ye
rs

w
it
h

sc
in
ti
lla

to
r

st
ri
ps

an
d

12
la
ye
rs

w
it
h

2
R
P
C
s

θ
16
k,
φ
16
k

[4
0◦
;1
29

◦ ]

K
LM

en
d-
ca
p:

sc
in
ti
lla

to
r
st
ri
ps

12
la
ye
rs

of
(7
-1
0)
×
40

m
m

2

st
ri
ps

17
k

[2
5◦
;4
0◦
],
[1
29

◦ ;
15
5◦
]

T
ab

le
2.
3:

Su
m
m
ar
y
of

th
e
B
el
le

II
co
m
po

ne
nt
s
an

d
sp
ec
ifi
ca
ti
on

s.

18



CHAPTER 2. BELLE II EXPERIMENT

0.0415r

B
el

le
-ll

To
pv

ie
w

±4
1.

5.
vw

x

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9

10 10

11 11

12 12

A
A

B
B

C
C

D
D

E
E

F
F

G
G

H
H

Ta
ka

sh
i K

oh
rik

i
20

10
02

15
Ta

ka
sh

i K
oh

rik
i

20
10

02
15

R
12

A
1 B

el
le

 II

1/
10

B
el

le
-ll

(N
an

o 
be

am
)

IR
=

±4
1.

5 
m

ra
d.

(T
o

p 
vi

ew
 A

)

K
E
K

D
E

S
IG

N
E

D
D

R
A

W
N

of

O
R

IG
IN

A
L 

 S
C

A
LE

F
IN

IS
H

D
R

A
W

IN
G

 N
O

.

M
E

C
H

A
N

IC
A

L 
E

N
G

IN
E

E
R

IN
G

 G
R

O
U

P
IN

S
T

IT
U

T
E

 F
O

R
 P

A
R

T
IC

LE
 A

N
D

 N
U

C
LE

A
R

 S
T

U
D

IE
S

H
IG

H
 E

N
E

R
G

Y
 A

C
C

E
LE

R
A

T
O

R
 R

E
S

E
A

R
C

H
 O

R
G

A
N

IZ
A

T
IO

N
O

H
O

 1
-1

, 
T

S
U

K
U

B
A

, 
IB

A
R

A
K

I 
30

5-
08

01
, 

JA
P

A
N

T
IT

LE

P
R

O
JE

C
T

S
IZ

E
S

H
E

E
T

R
E

V
.

P
R

O
JE

C
T

IO
N

C
H

E
C

K
E

D

C
LE

A
N

 &
 D

E
G

R
E

A
S

E
R

E
M

O
V

E
 A

LL
 B

U
R

R
S

R160

28
0

57
0

R1145(ARICH)

T
O

P
 V

IE
W

C
D

C

S
m

al
l c

el
l c

h
am

b
er

63
3.

5(
C

ry
os

ta
t)

62
7.

25
(C

ry
os

ta
t)

Q
C

S

30º
17º

R1167(CDC IDS)

E
C

L

S
u

p
er

 c
o

n
d

u
ct

in
g

 c
o

il

E
C

L

E
C

L

E
C

L

E
C

L

E
C

L

23
25

(C
D

C
)

R1250(BECL)

K
L

M

K
L

M

K
L

M

K
L

M
K

L
M

K
L

M

B
ar

re
l

B
ac

kw
ar

d
F

o
rw

ar
d

e+e-

0.0415r

0.0830r

T
O

P

20
14

02
13

 R
12

20
13

03
18

 R
11

20
12

07
20

 R
10

20
12

04
18

 R
9

20
12

03
27

 R
8

20
12

03
02

 R
7

20
12

01
11

 R
6

20
11

07
01

 R
5

20
10

08
08

 R
4

20
10

05
19

 R
3

20
10

03
30

 R
2

20
10

03
10

 R
1

R1137.5(BPID inner most R.)
R1130(CDC-SC outer most R.) R452

R410

R155

41
0

52
5

Pre-amp

P
X

D
(2

 la
ye

rs
)

0.0085r

B
ea

m
 li

ne
 a

xi
s

(A
fte

r 
+

25
.9

5m
ra

d.
 r

ot
at

io
n 

)

B
el

le
 II

 s
ol

en
oi

d 
ax

is
S

V
D

IP
 C

h
am

b
er

31
0

16
50

(C
D

C
)

10
20

19
30

(E
C

L 
fla

ng
e)

94
0(

E
C

L 
fla

ng
e)

73
5(

C
D

C
)

15
90

(C
D

C
)

19
60

29
80

Q
C

S

Q
C

2R
E

Q
C

2L
E

Q
C

2L
P

Q
C

1L
E

Q
C

1R
P

Q
C

1R
E

Q
C

2R
P

Q
C

1L
P

B
el

le
 II

28
70

(E
C

L 
fla

ng
e)

1200(TOP)

ARICHARICH

20
14

02
13

 R
12

  
 -

Q
C

S
20

13
12

03
   

 -
C

D
C

 c
ov

er
s

   
 -

B
&

F
W

D
 n

ew
 p

ol
e 

pi
ec

es

33
51

39
20

ø540

ø734

14
90

24
17

.5

ø581

ø500

92
8

15
44

ø873

10
00

(C
D

C
)

20
20

ø348

ø1100

ø694

ø886

Figure 2.6: Top view of Belle II, the beampipe at IP and final-focus magnets, all subde-
tectror are highlighted.
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2.4 Vertex detector

The vertex detector (VXD) is designed to sample the trajectories of charged particles in
the vicinity of the IP and therefore infer the decay position of long-lived particles.

Due to the small distance from the IP, the vertex detector has to withstand high
backgrounds. Hence, the two innermost layers of the VXD are realized with pixel sensors
rather than with silicon strip sensors. This choice lowers the expected fraction of channels
hit in each triggered event (occupancy) below 3%.

2.4.1 Pixel detector

The PXD primary goal is to reconstruct charged particle trajectories while sustaining high
hit rates.

PXD is based on the DEPFET (depleted field effect transistor) technology: a p-channel
MOSFET is integrated onto a silicon substrate, which is fully depleted applying a suitable
voltage. Incident particles generate electron-hole pairs within the fully depleted bulk.
During readout the holes drift to the back contact, while electrons modulate the channel
current through the MOSFET.

Figure 2.7: Schematic view of the PXD sensors. The light grey surfaces are the sensitive
DEPFET pixels [30].

Belle II has adopted a 75 µm-thick pixel detector, allowing to have part of the electronics
integrated with the sensors and to move the remaining readout electronics, which needs
cooling, away from the interaction region. DEPFET sensors also show good radiation
hardness properties.

The PXD consists of two layers of sensors, with radii at 14 mm and 22 mm for a total
of around 8 million pixels (Fig. 2.7). The full length of the outer modules is 174 mm. The
pixel dimensions vary from 50× (50− 55) µm2 (inner layer) to 50× (70− 85) µm2 (outer
layer). The polar acceptance ranges from 17◦ to 150◦.

The spatial resolution is 20 µm. To reach that, the position of the traversing charged
particle is obtained by weighting the different amounts of charge measured in neighboring
pixels. The smaller separation between B vertices in an event due to the smaller Belle II
boost with respect to Belle is compensated by a reduced radius of the first detector layer.
Large backgrounds associate with high data rate, about 20 Gbit/s for 3% of occupancy.
Data is reduced using information from other detectors, especially SVD. The distinction
between physics and background hits relies on the extrapolation of tracks reconstructed in
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CHAPTER 2. BELLE II EXPERIMENT

the SVD and propagated back to the PXD. Around each intersection point of a track with
the PXD, a region of interest is defined. If a fired PXD pixel lies inside the region, it is
kept; otherwise, it is discarded.

2.4.2 Silicon vertex detector

The SVD primary goal is to reconstruct interaction vertices and low momentum charged-
particle tracks efficiently and with high resolution.

SVD is based on double-sided silicon strip technology: each SVD sensor works as a
reverse-biased p-n junction. The bulk of the silicon layer is n-doped and on one side of the
silicon layer a highly doped p-implant is realized. By applying a bias voltage the depletion
region is increased on the p-n junction. Inside the depleted region, the intrinsic carriers are
removed so the e-h pairs produced by charged particles are detected. They drift, following
the electric field, to the edge of the depleted region where charge collection electrodes are
located.

Figure 2.8: Schematic view of a half of the SVD. The readout electronics and the mechanical
support are also shown [30].

SVD is made of four layers at 39 mm, 80 mm, 104 mm, and 135 mm from the beam. These
layers are composed respectively of 7, 10, 12, and 16 modules (ladders) (Fig. 2.8). The
space between consecutive strips (strip pitch, dpitch) ranges across sensors and sides from
50 µm to 240 µm. All the sensors are 300 µm thick. The polar angular acceptance ranges
from 17◦ to 150◦. It is asymmetric to account for the forward boost of the center-of-mass
frame.

The SVD spatial resolution is a function of the polar angle, but is expected to range
around 20 µm, typically. SVD is segmented and has a reduced readout latency to deal
with the high hit rate. The material is kept as low as possible to interfere the least with
low momentum particles.

The two-dimensional position reconstruction has resolution of dpitch/
√

12. However
usually the charge is not collected on a single strip but it is distributed over several strips
allowing an improved position resolution by interpolation.

2.4.3 Magnet

The solenoidal magnet primary goal is to curve charged-particle trajectories allowing mo-
mentum measurements.

A 1.5 T magnetic field is provided by a superconducting solenoid within a cylindrical
volume 3.4 m in diameter and 4.4 m in length. The iron structure of the Belle II detector
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CHAPTER 2. BELLE II EXPERIMENT

is used as the return path for the magnetic flux. It consists of a fixed barrel part and
movable end-cap parts. The solenoid is made of NbTi/Cu and it is powered with 4400 A.

2.4.4 Radiation monitor system

The radiation monitor system is based on artificial single crystal diamond sensors. Its main
goal is to protect the silicon vertex detector from high radiation doses that would deteriorate
its performances. A critical feature of the radiation monitor system is the generation of
beam abort requests to SuperKEKB if the radiation doses near the interaction region are
higher than a certain threshold. The other main goal of the diamond system is to constantly

Figure 2.9: Diamond-detector geometry for the Belle II final setup. Eight sensors are
mounted on the beam pipe and twelve on the SVD layer 3 supports.

measure the radiation level near the interaction point. These measurements are used to
estimate the total dose absorbed by the silicon detector and to monitor the background
evolution as the accelerator conditions change.

Figure 2.9 shows the monitor final setup. It consists of eight diamond detectors mounted
on the beam pipe. Four are on the forward part and four on the backward. Twelve diamonds
are mounted on the SVD layer 3 supports, half of them mounted on the forward part and
half on the backward.

The radiation monitor system, on which I have worked characterizing the diamond
detectors and operating it during Belle II commissioning, is described in more detail in the
next chapters.

2.5 Central drift chamber

The central drift chamber (CDC) plays three important roles: it reconstructs charged par-
ticles by sampling their trajectories at large radii; it identifies them by using measurements
of specific energy loss; it also provides trigger signals for charged particles.

The CDC working principle is based on charged-particle ionization energy loss in a
gaseous medium: as a charged particle crosses the CDC volume, it releases energy that is
partially used to create free electrons and positive ions from the gas atoms inside the CDC
volume. An external electric field makes the charged carriers drift until they shower near
the cathodes. The time between the collision and the CDC signal is then used to infer the
particle position.
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CHAPTER 2. BELLE II EXPERIMENT

Figure 2.10: Cosmic ray reconstruction in the CDC.

CDC is made of 56 layers of wires within a gas mixture (50% He and 50% C2H6).
Ethane has low radiation length, good position resolution, good energy loss resolution, low
cross section for synchrotron radiation X-rays, and suffers little radiation damage.

The CDC radius ranges from 160 mm to 1130 mm. The azimuthal acceptance ranges
from 17◦ to 180◦. More than 104 30 µm-diameter tungsten wires collect the charge released
by particles. More than 4× 104 126 µm-diameter aluminum wires shape the drift electric
field. Figure 2.10 shows a CDC reconstructed track created by a cosmic ray.

The spatial resolution is about 100 µm. The specific ionization, dE/dx, resolution is
11.9% for an incident angle of 90◦.

2.6 Detectors for particle identification

Two main detectors are devoted to particle identification (PID). The time of propaga-
tion counter (TOP) in the barrel region and the Aerogel ring imaging Cherenkov counter
(ARICH) is in the forward end-cap. Both detectors use Cherenkov light to identify charged
particles.

2.6.1 Time of propagation

The TOP measures the time of propagation of the Cherenkov photons produced by charged
particles and internally reflected inside a quartz radiator. A three-dimensional image is
reconstructed from the x and y coordinates of the photon hits and from the propagation
time. A photon originated from a heavy charged particle would, on average, arrive at a
later time than one that originated from a light one. This is due to the mass difference
and the inverse proportionality between the cosine of the Cherenkov angle and the particle
velocity.

The TOP is made of 16 quartz bars mounted on the barrel at 1.2 m from the interaction
point. Each bar is a photon radiator and has three main components. A long bar for
radiating Cherenkov light and propagating it to the bar end; a spherical mirror mounted
on the forward end of the bar for focusing the light; a prism attached to the backward end
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CHAPTER 2. BELLE II EXPERIMENT

Figure 2.11: Representation of a TOP counter. The figure shows a charged particle that
crosses the radiator and emits Cherenkov light. Light is absorbed by a photomultiplier and
converted into an electric signal.

of the bar that drives the light to micro-channel plate photomultipliers. The polar angular
acceptance ranges from 31◦ to 128◦. Figure 2.11 shows a scheme of a quartz bar.

The time resolution is about 100 ps. TOP is expected to achieve a good separation of
pions and kaons from 0.4 GeV/c up to 4 GeV/c.

2.6.2 Aerogel ring-imaging Cherenkov counter

The primary goal of the aerogel ring-imaging Cherenkov counter (ARICH) is to separate
kaons from pions over most of their momentum spectrum. It is used also to provide
discrimination between pions, muons and electrons below 1 GeV/c.

An aerogel radiator produces Cherenkov photons as a charged particle crosses it. In
front of the radiator, an expansion volume allows Cherenkov photons to form rings on the
photon detector surface. These photons are then collected by an array of position-sensitive
photo-diodes. A photocathode is used to generate photoelectrons that are accelerated using
an electric field and multiplied in an avalanche. A readout system provide the photon hit
positions.

n1 n2 n1<n2

Figure 2.12: Scheme of the ARICH detector (left panel) and the inhomogeneous configu-
ration of the aerogel radiator (right panel).

Figure 2.12 shows the main parts of the ARICH detector. Two consecutive aerogel radiator
layers with different refraction indices are used to generate enough photons to maintain
sufficient resolution.
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The ARICH container consists of two cylinders with inner and outer radii of 410 mm
and 1140 mm, respectively. The polar angular acceptance ranges from 14◦ to 30◦.

The expected ARICH performances would enable better than 5σ pion-kaon separation
at the kinematic limit of 4 GeV/c. Pions would be separated by 4σ from electrons up to
about 1 GeV/c.

2.7 Electromagnetic calorimeter

The electromagnetic calorimeter (ECL) primary goals are to measure energy of photons,
electrons and pions, measure luminosity and generate a proper trigger signal.

The ECL working principle is based on scintillation: the energy released in particular
scintillating materials by an impinging particle is partially converted into light that is
collected by photodiodes.

The ECL consists of a 3 m long barrel section with an inner radius of 1.25 m, annular
endcaps are at z = 1.96 m (forward) and z = -1.02 m (backward) from the interaction point.
The calorimeter covers the 12.4◦ < θ < 155.1◦ polar angle region. The active material for
the barrel part is CsI(Tl) (repurposed from the Belle calorimeter). It has been chosen
because of its high light output, relatively short radiation length, and good mechanical
properties. The endcaps consists of CsI crystals which have a lower scintillation decay
time allowing the reduction of background photons due to the high luminosity.

Approximately one third of B decays involve π0 mesons and neutral particles. These
decay products generate photons in a wide energy range (20 MeV - 4 GeV). High resolution
and efficiency are therefore fundamental requirements for the ECL.

2.8 K0
L and muon system

The K0
L and muon detector (KLM) contributes to the identification of muons and detects

neutral particles that do not interact with the inner detectors, such as K0
L.

The working principle is based on scintillators in the inner layers and glass-electrode
resistive-plate chambers in the outer layers. A gas mixture fills the space between the
chambers electrodes. After applying an appropriate voltage, the charge produced by a
traversing charged particle is collected. Charged particles can be produced by K0

L mesons
through hadronic showers interacting with the iron plates.

The KLM is made of alternating pattern of 4.7-cm thick iron plates and active detector
elements. The iron plates serve as the magnetic flux return for the solenoid and they also
provide 3.9 interaction lengths in which K0

L mesons can shower hadronically. The barrel
section of the detector covers 45◦ to 125◦ in polar angle. The endcaps cover 20◦ to 45◦ and
125◦ to 155◦.

The muon and K0
L reconstruction efficiencies are higher than 80% if the momentum

is larger than 1 GeV/c and 3 GeV/c respectively. Muons are identified by extrapolating
outwards the particle track and calculating a predicted range. If the predicted and actual
ranges agree the particle is identified as a muon.

2.9 Trigger

The trigger primary goal is to identify and record the events of interest during data taking.
The trigger system must be efficient for hadronic events from Υ(4S) → BB and from

the continuum. It must have a maximum accept rate of 30 kHz due to data acquisition
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restrictions. Some events like hadronic processes are straightforward to select due to their
distinctive high-track multiplicity. Other events like leptonic τ decays and those related to
dark-matter searches have only few tracks in the final state.

The rates of different processes are calculated based on the goal luminosity (8× 1035cm−2s−1)
and the total cross sections (Table 2.4 shows some examples).

Physics process Cross section (nb) Rate (Hz)
Υ(4S)→ BB 1.2 960

Hadron production from continuum 2.8 2200
µ+µ− 0.8 640
τ+τ− 0.8 640

Bhabha (θlab ≥ 17◦) 44 350 (a)

γγ (θlab ≥ 17◦) 2.4 19 (a)

2γ processes (θlab ≥ 17◦, pt ≥ 0.1 GeV) ' 80 ' 15000

Total ' 130 ' 20000

(a) rate is pre-scaled by a factor 1/100

Table 2.4: Total cross sections and trigger rates with L = 8 · 1035 cm−2s−1 for various
physics processes at Υ(4S).

The Belle II trigger system is composed by a hardware level 1 trigger (L1) and a high level
trigger (HLT) based on software.

The L1 trigger is based on several sub-trigger signals that are combined to obtain the final
trigger decision. The sub-trigger composition is done by a global reconstruction logic that
feeds the global decision logic. The global decision logic sends out the final trigger signal
based on all the input information that it receives.

The main subdetectors that contribute to the trigger are the CDC and the ECL. Also
the TOP and KLM signals are used inside the L1 trigger logic. One of the main tasks
of the L1 trigger is to reject background events, reducing the data rate. This is done by
reconstructing the longitudinal position (z) of the interaction vertex: if the vertex is away
from the IP the event is rejected.

The HLT is based on a complete software reconstruction of the event. It uses the charged
particle tracks from the CDC and the electromagnetic showers in ECL. It performs an
event selection based on track multiplicity, vertex position and total energy deposition.
With the HLT a 12.5% event rate reduction is expected, without efficiency loss.
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Chapter 3

Beam backgrounds and monitoring

In this chapter the main sources of accelerator beam losses and backgrounds are discussed,
highlighting their dependencies on the accelerator conditions. Possible damage to the
silicon vertex detector associated with such backgrounds is also described.
Finally this chapter presents the main features and capabilities of diamond sensors used
as radiation monitors.

3.1 Accelerator backgrounds

While beams are circulating, various processes may perturb the motion of the beam parti-
cles. These processes often generate backgrounds that need to be understood and controlled
in order to safely operate the machine and the detector [31].

• Touschek scattering is a single electromagnetic scattering between two particles
of the same bunch. The momentum transferred in the collision may deviate one or
both particles outside the momentum acceptance [32], resulting in their loss. Tou-
schek collisions are possible because, due to the momentum and energy spread of
particles within the same bunch, particles undergo betatron and synchrotron os-
cillations during their motion. Given the Touschek scattering probability [33], the
total scattering rate (rT ) is proportional to the number of filled bunches (nb), the
square of the bunch current (Ib), the inverse of the horizontal and vertical bunch
sizes (σx and σy), the inverse of the bunch length (σz), and the inverse third power
of accelerated-particle energy (E),

rT ∝
nbI

2
b

σxσyσzE3
. (3.1)

Higher beam currents along with a smaller beam size imply a large increase of Tou-
schek scattering in SuperKEKB with respect to its predecessor KEKB.

Particles lost due to Touschek scattering hit the beam-pipe inner wall, producing elec-
tromagnetic showers. If this occurs near the interaction point, the shower products
can reach the detector, generating signals not related to collisions.

Movable metallic blocks mounted inside the beam pipe (collimators) are used to
mitigate the effects of Touschek scattering. These devices stop off-trajectory particles,
not allowing them to reach the interaction region. During the accelerator design it has
been decided to increase the LER energy to 4 GeV: this choice reduces the Touschek
LER background.
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CHAPTER 3. BEAM BACKGROUNDS AND MONITORING

• Beam-gas scattering is a scattering of beam particles with residual gas molecules
in the beam pipe. The particle-molecule interaction may occur through two different
processes: Coulomb scattering, which changes the direction of the beam particle;
and bremsstrahlung scattering, which also reduces the energy of the beam particle,
through photon emission. Beam-gas scattered particles are lost by hitting the beam
pipe inner wall while they propagate around the ring.

The beam-gas scattering rate (rBG) is proportional to the beam current (I) and to
the pressure (P ) inside the beam pipe.

rBG ∝ IP = p0I + p1I
2 (3.2)

Two components contribute to the pressure, a pressure without beams (p0), and a
dynamical component that depends on the total beam current (p1). This second term
is related to desorption effects: previously absorbed gas molecules can be re-emitted
by the beam pipe walls. An improvement of the vacuum quality is usually achieved by
baking and vacuum-scrubbing. During baking, sections of the beam pipe are heated
up and the released gas molecules are extracted using vacuum pumps. Vacuum-
scrubbing consists in letting the beams circulate without collisions to stimulate the
re-emission of molecules absorbed by the beam-pipe walls and their extraction by
vacuum pumps.

The beam-gas background is reduced by tuning the collimator positions.

• Synchrotron radiation (SR) is the emission of photons by accelerated charged
particles. The power emitted (WS) is proportional to the beam energy (E) squared,
the magnetic field strength (B) squared, the inverse fourth power of the mass (m),
and the inverse square of the curvature radius (ρ).

WS ∝
E2B2

m4ρ2
(3.3)

Given the proportionality to the beam energy squared, the HER beam is the main
source of this background. Since the sources of SR background are the accelerated
particles, the photon emission rate is proportional to the beam current.

The energy spectrum of SR photons ranges from a few keV to tens of keV. In order
to protect the vertex detector from SR-induced damage, the shape of the beam
pipe in the interaction region is designed to avoid direct SR hits at the detector
and its inner surface is coated with a gold layer to absorb SR photons. However,
during the accelerator commissioning we observed a SR-component in the particle
energy spectrum detected by dedicated sensors placed around the IP. Beam-pipe
materials irradiated by SR were found to emit fluorescence photons that interact
with surrounding detectors.

• Radiative Bhabha process is an electron-positron scattering process where a pho-
ton is present in the final state, in addition to the initial particles, e+e− → e+e−γ
(Fig. 3.1). Radiative Bhabha photons can interact with the iron of the accelerator
magnets, producing low-energy gamma rays and neutrons. Low-energy gamma rays
contribute to the background for the CDC and for the barrel particle identification
systems. Neutrons are the main background source for the outermost detectors like
KLM. Neutron shielding is used in the accelerator tunnel to reduce their flux.
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Figure 3.1: Leading-order Feynman diagrams that contribute to the radiative Bhabha
process.

By emitting a photon, electrons and positrons lose energy and may then hit the beam
pipe walls, producing electromagnetic showers in turn.

Bhabha scattering is also important for luminosity measurements. The Bhabha cross
section is large and dominated by electromagnetic interactions. Therefore it is pos-
sible to use perturbative QED and predict the cross section with high accuracy.
Luminosity is calculated starting from the known cross section by determining the
Bhabha rate in a region of known acceptance.

• Two photon process is the QED process e+e− → e+e−e+e−. Low momentum
electron-positron pairs can spiral around the magnetic field lines of the Belle II
solenoid leaving multiple hits in the inner Belle II detectors. The primary parti-
cles that lose a large amount of energy or scatter at large angles can be lost inside
the detector, as with radiative Bhabha. As the background particles interact with
the inner detector, they increase the hit multiplicity, making tracking more difficult.

Figure 3.2: Leading-order Feynman diagram for the two-photon process.

• Injection background is caused by charge injection in a circulating beam bunch.
The main difference between the stored particles and injected particles is the oscil-
lation amplitude around the bunch center. Injected particles oscillate with larger
amplitudes and they can be lost in Belle II detector. After each injection the bunch
is perturbed and a higher background rate is observed in the detector for few mil-
liseconds after the injection. A veto signal is applied to PXD detector to prevent the
detector readout during each injection.
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All these backgrounds strongly depend on the beam optics. According to preliminary
estimates, the PXD total integrated dose may range from about 150 to about 180 kGy (15
to 18 Mrad) during the projected lifetime of Belle II at the design integrated luminosity
(50 ab−1). For the inner and less exposed layers of the SVD approximately 4.5 Mrad are
expected to be integrated during the same Belle II activity period [34].

We used these estimates to approximately determine the radiation dose-rate thresholds
for beam abort requests, needed to prevent the vertex detector from integrating radiation
doses significantly higher than the design values.

3.2 Radiation damage to silicon detectors

All background sources described in Section 3.1 can damage the VXD sensors, deteriorating
its tracking performances as the absorbed dose increases. For proper charged particle
pattern recognition the signal-to-noise ratio of the silicon vertex detector has to remain
in excess of 10 during the whole duration of Belle II data taking. In order to protect the
inner detectors, whose tracking capabilities are essential for the Belle II physics program,
a radiation monitoring and interlock system has to be mounted near the IR.

In this section the main sources of damage related to radiation in semiconductor devices
are presented. Changes in the macroscopic behavior are traced back to microscopical lattice
structure changes [35].

3.2.1 Radiation-induced defects

Depending on radiation type and energy, the interaction may involve the electrons of the
silicon crystal or the Si nuclei in the lattice. Typically, the interaction with the electrons is
a transient effect and it is used for detecting particles. On the other hand, the interaction
with the nuclei may lead to permanent damage. Lattice atom displacement generates
interstitials (atoms between regular lattice sites) and vacancies (empty lattice sites). These
defects are unstable, they can mitigate, partially anneal or combine with other defects to
form more stable defects, which may change the electrical properties of the semiconductor.

Displaced lattice atoms with enough energy can cause secondary cascade processes. An
impinging particle has to transfer at least 15 eV to a silicon atom to displace it from its
lattice site. For recoil energies below 2 keV, isolated defects are created. At higher energies
defect clusters can also be generated, where a cluster is a dense agglomeration of point
defects that appear at the end of a recoil silicon-atom track. The type and energy of the
impinging radiation determine the probability of forming a primary knock-on atom, which
is a silicon atom displaced from its original lattice position.

The so-called "non-ionizing energy-loss" is used to measure and compare radiation dam-
age from different sources [36] since ionizing energy-loss does not produce crystal defects.

On a microscopic scale, defects have several consequences. They act as recombination-
generation centers as they can capture and emit electrons and holes; they are also trapping
centers, where electrons and holes are captured and re-emitted with some time delay; they
can also be charged, affecting the space charged density in the depletion region.

Beside displaced silicon atoms, radiation can also affect the dielectric layers present in
silicon devices and the interfaces between them and the silicon. The main effects are a
charge build up in the oxide and an increase in the interface trap density.
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3.2.2 Effects on detector properties

The microscopic lattice defects induce several changes in the properties and operating
parameters of a detector.

• Operating voltage: radiation damage may change the space charge density in the
silicon depletion region. As a consequence, the bias voltage necessary to deplete
the bulk changes. Radiation-originated defects can interact with dopants such as
phosphorus present in n-type substrates used for the SVD sensors, changing their
charge state and preventing them from fulfilling their role as donors (donor removal).
In addition they act as effective acceptors. The effective doping decreases as the
impinging particle fluence (number of particles that intersect a unit area of the de-
tector) increases until an intrinsic-like condition is achieved. Increasing furthermore
the fluence brings to a type inversion of the n-type silicon substrate.
During Belle II data taking, the SVD sensors are expected to suffer from donor
removal, as the absorbed dose increases. Hence the applied voltage will be changed
to obtain the best detector performances.

• Reverse-bias current: defects can emit electrons and holes, causing the generation
of a reverse-bias current in the depleted volume. The major contributions to this
current come from defects whose energy levels are near the band-gap center. Since the
defect generation is proportional to the impinging-particle fluence, a linear relation
between the leakage current increase and the fluence exists.
Bulk defects and interface traps increase the reverse-bias current in depleted volume
and surface respectively.
The reverse-bias current increases the detector noise level, deteriorating the tracking
performances.

• Trapping of signal charge: the trapping probability for charge carriers per unit
time is approximately proportional to the trap concentration, which is increased by
radiation-induced damage.
Unlike reverse-bias current, where only energy levels close to midgap contribute sig-
nificantly, all the defects are able to trap charge carriers. Trapped charge carriers
are released after some time and only if they are released early enough they can fall
in the time window needed for charge collection. Otherwise, trapping decreases the
charge collection efficiency (CCE) of the detector, defined as the ratio between the
collected and the created charge due to an impinging particle.
Like reverse-bias current, charge trapping also lowers the detector SNR, this time by
reducing the signal.

The damage sources described so far depend on the particle fluence accumulated over time
on the detector. However spike-like intense and rapid energy releases may also produce
additional damage. During short, intense irradiation, a very high density of carriers can
be created. The silicon then behaves more like an electrical conductor, causing the applied
voltage to drop across the dielectric layer of the AC coupling capacitors integrated in the
SVD sensors. High voltage difference across the oxide can lead to dielectric breakdown,
thus shorting the AC capacitors.

Radiation damage not only affects sensors, but also their readout electronics which is
located in the same volume. However, the use of thin high-quality gate oxides in CMOS
technology has reduced the effects of radiation damage [37] on readout circuits, which
makes these effects less relevant for sensors.
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3.3 Diamond sensors for radiation monitoring

An efficient vertex detector tracking is fundamental to achieve the Belle II flavor physics
goals and the construction of a new vertex detector takes up to three or four years, with
significant effort and cost. An efficient and reliable protection system is therefore needed
to keep the vertex detector safe from high radiation doses and prolong its operating life as
much as possible.

As the protection system measures radiation levels, the same system is also essential
for monitoring beam losses, correlating them with SuperKEKB parameters. The radiation
system has to operate smoothly and without severe performance degradation for the en-
tire Belle II operation: as the SuperKEKB parameters will be optimized to achieve high
luminosities, the radiation system measurements will continue to be fundamental.

Several options have been developed for radiation monitoring and beam loss detection
at accelerator facilities over the years.

Gas ionization chambers are the most widely used instrument whenever enough space
is available without interference with the experimental apparatus, for example along the
accelerator ring.

Closer to the interaction region, where limited space is available, and the amount of
material should be minimized, silicon PiN diodes have been frequently used [38–40]. These
sensors have however some serious drawbacks: their reverse-bias current, that measures
the instantaneous radiation dose rate, strongly depends on temperature. The dark leakage
current, with no radiation present, strongly increases as the radiation damage accumulates
with the integrated dose. As a result, they require frequent re-calibrations and the sub-
traction of a dominant dark leakage current term, that introduce large systematic errors.

Belle II chose diamond sensors as radiation monitors due to their superior performances
over concurrent technologies, such as silicon PiN diodes mentioned above. Table 3.1 shows
a comparison between diamond and silicon main characteristics: high-purity diamond crys-
tals can be considered as a "wide-gap intrinsic semiconductor" with interesting properties
as compared to silicon.

Property Diamond Silicon
Atomic number Z 6 12
Number of atoms N [1022cm−3] 17.7 5.0
Mass density ρ [g cm−3] 3.53 2.33
Band gap Eg [eV] 5.47 1.12
Resistivity ρc [Ω cm] > 1012 2.3×105

Electron mobility µe [cm2V−1s−1] 1800 1350
Hole mobility µh [cm2V−1s−1] 1200 480
Electron saturation velocity vse [106cm s−1] 26 10
Hole saturation velocity vsh [106cm s−1] 16 7
Thermal conductivity k [W cm−1K−1] 21.9 1.5
Energy to create e-h pair Eeh [eV] 13 3.6
Displacement energy Ed [eV/atom] 42 15

Table 3.1: Comparison between diamond and silicon main properties at T=300K.

The high displacement energy and extreme thermal conductivity guarantee radiation resis-
tance and a negligible temperature dependence of diamond sensors [41]. These properties
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are particularly suited for operations in high radiation environments. The wide band gap
allows to operate with low leakage current. The high thermal conductivity makes the dia-
mond an interesting material for applications where active detector cooling is impractical
such as in the restricted volumes around collider experiment interaction-regions. The high
charge carrier mobility enables fast signal collection.

Despite these very interesting properties, a wide use of diamond for large-area appli-
cations in tracking devices has been limited by the difficulty of producing high-quality
crystals and by the availability of a mature detector technology based on silicon wafers
with microstrip or pixel electrodes [42,43]. The ratio between cost and sensor area is much
higher in diamond detectors than in silicon. Also the diamond wafer size is limited to few
cm2, restricting the range of applications.

One of the most effective techniques developed to grow detector-quality diamond crys-
tals is the chemical vapor deposition (CVD) that is also used to grow diamonds used for
Belle II [44].

3.3.1 Chemical vapor deposition

Diamond crystals are formed by heating carbon under extreme pressure. This process
forms the basis of the traditionally used high-pressure high-temperature growth technique
that emulates the growing process of natural diamonds.

More recently the possibility to grow diamond crystals at much lower pressures was
developed and represented a fundamental technological breaktrough. The chemical vapor
deposition (CVD) technique consists in adding carbon atoms one-at-a-time to an initial
lattice template. The thermal decomposition of carbon-containing gases (precursor gases)
under reduced pressure is used to grow diamond on pre-heated substrates. At room tem-
perature and pressure, graphite is the thermodynamically stable allotrope of carbon. The
growth of diamond (rather than graphite) requires that the precursor gas ( usually CH4 )
is diluted in excess of hydrogen, in a typical mixing ratio of 1% vol. The temperature
of the substrate is usually greater than 700◦C to ensure the formation of diamond rather
than amorphous carbon. The process gases diffuse toward the substrate surface, passing
through an activation region (e.g., a hot filament or electric discharge), which provides
energy to the gaseous species. This activation is used to create reactive radicals and atoms
that interact with the substrate surface to form diamond crystals.

Atomic hydrogen is the most critical component in the gas phase mixture. It etches
graphite-like sp2 carbon bonds many times faster than diamond-like sp3 carbon bonds.
The growth rate depends on the crystal area and on the used technique but its typical
value is around 10 to 100 µm/h. For more details see Ref. [45].

3.3.2 Detection of charged particles

The mechanism of charged-particle detection by diamond sensors is outlined in Fig. 3.3.
The energy released in the diamond bulk by an impinging charged particle produces pairs
of charge carriers, electrons (e) and holes (h), through ionization.

The same mechanism is present in semiconductor materials, where an electron is pro-
moted from the valence band to the conduction band after absorbing enough energy. This
transition generates two oppositely charge carriers, an electron in the conduction band and
a hole in the valence band [46]. The energy needed for the promotion from a lower to a
higher band depends on the forbidden energy gap that separates the two bands and on the
fraction of transferred energy that excites other degrees of freedom.
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Figure 3.3: Schematic layout of a diamond sensor. The charge carriers produced by an
impinging particle are collected by applying an external electric field via a bias voltage
Vbias. The AC component of the signal is then amplified and read by an external readout
system.

Electrons and holes are collected by applying an external electric field in which the
charge carriers drift in opposite directions. The electric field in the diamond bulk is gen-
erated by applying to the metallic contacts a bias voltage Vbias of a few hundred volts.
The time-dependent component of the collected signal is decoupled from the constant bias
voltage with a decoupling circuit with careful impedance matching and is then amplified
and recorded by an external readout system.

The measured time-dependent current is determined by several factors: the initial space
distribution of charge carriers, the electric field and the resulting drift velocities. A specific
case will be discussed in Section 4.3.

3.3.3 Response to neutral particles

The capability of diamond sensors to measure backgrounds depends on the efficiency in
detecting the different types of particles that constitute these backgrounds.

Photons
Photon backgrounds are associated with several sources (Section 3.1). They produce pri-
mary and secondary particles that may reach the vertex detector.

The physical process subtending photon detection in diamond sensors depends on the
photon energy. Photons with energies Eγ < 1 MeV can be absorbed by shell electrons via
photoelectric effect. Intermediate-energy photons (0.1 < Eγ < 10 MeV) can be indirectly
detected by Compton scattering, that transfers part of their energy to an electron; the
charged electron is in turn detected via the usual ionization and generation of electron-
hole pairs. High energy γ rays can interact with carbon nuclei producing e+e− pairs
[47]. The probability of this process is small, due to the small amount of material in the
diamond sensor. These photons are detected with higher probability if they initiate an
electromagnetic shower, with charged electrons and positrons, in the material surrounding
the diamond sensor.

Neutrons
Among the most harmful sources of damage for the vertex detector are neutrons. Neu-
trons can be produced by high-energy beam particles hitting the surrounding material and
exciting nuclei.
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Even if diamond has the highest atomic density of any material, contributing to the
detection efficiency per unit volume [48], the interaction probability with the tiny diamond
volume is very small. Furthermore Belle II diamond detectors cannot distinguish between
neutron and charged-particle interactions in an effective way.

In the next chapter I discuss all the construction and characterization steps that allowed me
to obtain CVD artificial single-crystal diamond detectors designed for the Belle II radiation
monitor.
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Chapter 4

Characterization of diamond
detectors

The radiation monitoring and beam abort system of Belle II is based on diamond detectors,
and will have a crucial role in protecting the vertex detector and keeping beam losses under
control during the experiment life time. For this reason, accurate tests and calibrations of
all individual detectors are needed, prior to their installation.

This chapter describes the steps performed to obtain working and fully characterized
diamond detectors.

4.1 Assembly and first tests of diamond detectors

The Belle II diamond sensors are (4.5 × 4.5 × 0.5) mm3 artificial single-crystals obtained
by chemical vapor deposition (sCVD). Metallic electrodes are deposited on the top and
bottom sides. These two electrodes, polarized by a high-voltage bias, establish the electric
field that separates and makes the charge carrier drift as described in Sec. 3.3.2 [44].
Figure 4.1 shows a diamond detector used for Belle II radiation monitoring.

Figure 4.1: Picture of an uncovered Belle II diamond detector package.

Electrodes are (4.0 × 4.0) mm2 (Ti + Pt + Au) layers with thicknesses of (100 + 120 +
250) nm, respectively. The electrodes are radiation-resistant, and temperature-resistant up
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to 400◦C. The external gold layer on the electrodes facilitates wire-bonded connections to
the electronics.

Several steps are needed to assemble the complete detector. The construction and test
chain starts with the assembly of two SMA connectors to a 5-m-long coaxial cable. The
cable is used to bias the diamond sensor and to carry the output signal. The cable is
tested by applying up to 800 V between the central conductor and the surrounding shield,
measuring the current, and ensuring that there is no contact between the two. The insulator
resistance is obtained from the current-voltage characteristic. Typical values range between
80 TΩ and 100 TΩ. Figure 4.2 shows a linear trend in the I-V characteristic typical of
an ohmic behavior. The measured resistance is about 90 TΩ in this case. The leakage

Figure 4.2: Typical current-voltage characteristic from which I obtain the insulator resis-
tance of a coaxial cable.

current between the inner and outer conductors of the coaxial cable is typically within the
pA range at 100 V of sensor operation voltage.

The tested cable is cut in two equal parts, each with one SMA connector. The central
conductors of the two halves are soldered to the left and right metallic pads (Fig. 4.1).
The outer conductors of the two wires are glued to the external aluminum surface of the
package with conductive glue. The metalized ceramic-like package envelops the whole
sensor, protecting the diamond crystal and the wire-bonds, and providing an electrical
shield, connected to the outer conductor of the two coaxial cables.

After testing the electrical connections inside the package, the diamond is mounted on
the central pad with conductive epoxy glue, cured by heating it up to 80◦ C. A preprinted
path on the package establishes the connection between the lower diamond electrode and
one of the two wires. The electrical connection between the top diamond electrode and the
other pad is made by ball bonding with a 25 µm diameter gold wire. The connections allow
to apply a bias voltage across the diamond sensor, while measuring the output current.

All electrical connections are then tested. Even if diamonds show a small sensitivity to
visible light, the sensors is covered to test it under the final conditions, when an aluminum
cover is glued on the package [49].

A current-voltage characteristic of the detector is obtained by applying a potential differ-
ence up to 800 V between the two electrodes via the corresponding coaxial cables.

The aim of this test is to measure currents without irradiation (dark currents) and
compare them with the currents observed during irradiation, verifying that the signal is
distinguishable from the noise.
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Both the currents flowing into and from the sensor are read. The test is performed in
two ways, providing a positive high voltage bias to the front or the back electrode, with
respect to the opposite electrode, in order to detect possible differences in current flow,
that can be tracked down to contributions by leakage current through the detector package
or stray current through the diamond bulk. Figure 4.3 shows a typical result of this test.

Figure 4.3: Current-voltage characteristics with voltage applied to the front (left panel)
and to the back (right panel) diamond contacts. On the left panel the continuous line
shows the current read on the back (left axis) while the dotted line shows the current read
on the front (right axis). On the right panel front and back currents are swapped.

The dotted line in the left panel of Fig. 4.3, obtained with front polarization, shows the
front current Ifront, whose values are read on the right vertical axis. The left axis refers to
the values for the back current Iback (continuous line). The two currents have opposite signs
because conventionally currents going into the diamond are taken positive while outgoing
currents are considered negative.

Typically, at 100 V, dark currents are of the order of 1 pA, while currents during
irradiation are of the order of 1 nA. These values vary across sensors and type of irradiation.
The three orders of magnitude between dark and irradiation currents enable to identify
clearly the signal over the noise and to measure it accurately.

By biasing the front contact, front and back currents differ, Ifront is higher than Iback.
The front electrode collects both the current that passes through the diamond (stray cur-
rent) and the leakage current through the package while the back electrode collects only
the current flowing through the diamond. This way both leakage and stray currents can
be estimated.

By biasing the front contact, a current between the thin bond wires and the package
through the air may be generated, increasing the total output current of the sensor. How-
ever, by inverting the polarization, connecting the bond wires to ground, no large current
changes are usually seen, suggesting that the bond-wire-generated current is negligible.

Repeating the same test with opposite polarization (right panel Fig. 4.3) shows a pe-
culiar effect: the I-V characteristic is non-symmetric under polarization swap.

Differently from silicon devices, which feature a clear orientation due to different doping
types, CVD diamonds are expected to be symmetric, which is not observed in our sensors.

The observed asymmetry may be ascribed to the crystal growth direction, which is
the only known effect that breaks the front-back symmetry of the system. The current
is higher on the contact to which the voltage is applied, due to the presence of parasite
leakage currents.
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4.2 Calibration sources

A first set of tests is aimed at the determination of the transport properties of electrons
and holes, and of the charge collection efficiency of each diamond sensor. For these mea-
surements a low-activity source of almost mono-energetic α particles is best suited, as
the amount of ionization in diamond is well defined and spatially concentrated in a small
region, allowing the study of electrical properties of each charge carrier independently.

Other measurements concern the stability of response in high fluxes of charged particles,
and the determination of conversion factors between the measured currents from diamond
detectors and the corresponding dose rates. For this purpose I use a β source with rather
high activity, simulating the Belle II environment.

I use these two sources because of their complementary properties, studying each sensor
response as a function of several source-detector parameters.

The properties of the two radioactive sources used for these tests are summarized below.

• The 241Am alpha source is based on the 241
95Am → 237

93Np + α + γ decay with a 5
kBq activity and a half-life of 432.2 years. The α energy spectrum shows five main
peaks:

Eα (MeV) 5.388 5.442 5.485 5.511 5.544
B (%) 1.6 13 84.5 0.22 0.34

Table 4.1: Energies and branching ratios of the five main components of the 241
95Am

α-particle spectrum.

The emitted photon comes from the Np nucleus transition from an excited to the
fundamental energy state.

• The 90Sr beta source provides electrons from the chain of two subsequent decays
90
38Sr→ 90

39Y+e−+ ν̄e,
90
39Y → 90

40Zr+e−+ ν̄e with a 3.2 MBq activity. The first branch
of the decay has a half-life of 28.8 years and a decay energy of 546 keV. The second
branch 64 hours and 2282 keV. Figure 4.4 shows the electron energy spectrum for
the 90

38Sr β-decay.

Figure 4.4: Electron energy spectrum for the 90
38Sr β-decay.
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Two structures are visible, one related to the strontium (Sr) decay into yttrium (Y)
at lower energies and one related to yttrium (Y) decay into zirconium (Zr) at higher
energies. The extension in energy of these two structures is limited by the available
decay energy.

4.3 Characterization with α source

This section illustrates the technique, the simulation, the experimental setup and the results
obtained with the diamond-detector α-source characterization. This characterization has
the aim of finding eventual discrepancies between the predicted and the observed sensor
behavior, tracing them back to charge carrier properties.

4.3.1 Transient current technique

The measurements performed with the α source are known in literature as transient current
technique (TCT) [50]. A key feature is the 14 µm range of 5.5 MeV α particles entering the
crystal, which is small compared to the 500 µm thickness of the sensor. Charge carriers are
therefore created close to the surface of the sensor and only one type of carrier is collected
by the front electrode. If the electrode is positively polarized, electrons are immediately
collected, otherwise holes are captured. The opposite charge carrier drifts along the entire
diamond bulk, inducing an electric signal on the back electrode, which is then amplified
and collected.

This allows for studying the properties of electrons and holes separately, since only one
carrier drifts along the whole bulk. For each sensor the measurement is repeated for both
biasing polarities.

In an ideal crystal the signal shape as a function of time should be rectangular. The
rise and fall times should be negligible since charge carriers are expected to be created and
absorbed in less than 1 ns. Charge carriers are expected to drift with constant velocity
because the electric field should be uniform. Thus, the bulk of the signal should be flat
according to the Shockley-Ramo theorem [51], which relates the instantaneous current,
induced in the external circuit by the drift of a point-like charge carrier, with the charge
carrier velocity.

The main goals of this measurement are

• checking against possible deviations of the collected signal shape from the expected
one, that could be correlated with defects or imperfections of the sensor;

• determining the drift velocity and carrier mobilities as functions of the bias voltage
applied;

• obtaining parameters like the saturation velocity and low field mobility of the charge
carriers;

• estimating the charge collection efficiency (CCE) as the ratio between the collected
charge and the charge created inside the diamond bulk;

• estimating the average energy required to create an electron-hole pair.

The last two goals goals are achieved comparing experimental results with simulations.
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4.3.2 Simulation

The almost mono-energetic α-particles from the radioactive source lose part of their energy
in the material traversed before entering the active diamond volume. In order to estimate
the average energy actually deposited in diamond to generate electron-hole pairs, I wrote a
simulation of the source and sensor using Fluka, a particle physics Monte Carlo simulation
package [52].

The core of the simulated system is sketched in Fig. 4.5: a 1 mm air layer separates the
source from the sensor; I model the sensor with 3 metallic contact layers and the 500 µm
thick diamond crystal (see Sec. 4.1); the active part of the source is simulated as a 0.5 mm
radius disk. Since the 241

95Am α decay is not implemented in Fluka, I approximate the α

Figure 4.5: Representation of the layers that separate the sensor from the source. Starting
from left: 1 mm thick air layer (light blue), 250 nm gold layer (yellow), 120 nm platinum
layer (purple), 100 nm titanium layer (grey) and 500 µm diamond layer (brown).

energy spectrum with five narrow peaks centered at the corresponding values in the real
spectrum. The reference frame is chosen so that the x, y axes are parallel to the sensor
surface and the z axis is perpendicular.

For each of the five energy values in the spectrum, I generate five simulated data samples
with 5×105 α particles in each run. I divide the detector volume within a depth of 100 µm
into 200× 200× 500 volumes (bins) along x, y and z respectively. For each bin, the center
position and the energy deposited per unit volume is recorded. Figure 4.6 shows the results
of the simulation. In the bottom-right panel the typical shape of a Bragg peak is visible.

Starting from the total energy loss of the α-particle, 94.8% is deposited in the diamond,
3.6% in the metallic contacts and 1.6% in the air. The energy deposited in the diamond
by the α-particle weighted with the decay branching ratios is Edia = 5.17 MeV.

This value is used in the following, in particular to determine the average energy re-
quired to generate an electron-hole pair.

41



CHAPTER 4. CHARACTERIZATION OF DIAMOND DETECTORS

Figure 4.6: Results of the simulation: the initial α-particle energy is 5.485 MeV on av-
erage corresponding to the most probable energy value of the decay spectrum. a) Two-
dimensional profile of the energy deposited per unit volume (color scale) in the detector
on the x-y plane projection: the circular shape of the source is visible. b) One-dimensional
profile obtained from the projection along the x axis of the histogram in a). c) Two-
dimensional profile of the energy deposited per unit volume (color scale) in the detector
on the y-z projection. d) One-dimensional distribution of the deposited energy along the
z axis of the histogram in c).
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4.3.3 Experimental setup

The detector characterization with the α source can be done with two different connection
configurations: in the first one I connect the bias to one electrode and read the output
current from the other. Figure 4.7 shows the experimental setup corresponding to this
configuration.

Figure 4.7: Experimental setup for detector characterization with α source.

In the second configuration I bias and read the output current on the same electrode, while
terminating the other electrode with a 50 Ω terminator. Figure 4.8 shows a simplified
electronics diagram corresponding to this second configuration. During the characterization
with α source I use this second setup configuration that introduce less noise due to reflected
signals.

The main components of the circuit, that are the same for the two configurations, are
the following:

• the diamond sensor, represented as a capacitance C and a current source I. The charge
generation represented by the current source is provided by the ionizing α-particles;

• a power supply [53] that provides voltages ranging from -500 V to +500 V to one
contact of the diamond sensor; the other contact is connected to ground.

• a decoupling circuit [54] (labeled as 1 in Fig. 4.8) that enables the connection of high
voltage to the readout side of the detector;

• a current amplifier [55] (labeled as 2 in Fig. 4.8) that amplifies the output current
with a 53 dB gain and a bandwidth of 2 GHz.

• a digital oscilloscope [56], with a 3 GHz bandwidth that collects, display and store
the electric signal at the output of the current amplifier.

The source and the diamond sensor are installed in an aluminum support that keeps 1 mm
distance between them thus minimizing the α energy loss in air.
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Figure 4.8: Schematic representation of the circuit used with the α source.

4.3.4 Data collection

For each biasing polarity, I set the trigger of the oscilloscope to a suitable value to select
the signal above the noise and record the average taken over 1000 signals. Figure 4.9 shows
two typical oscilloscope outputs. The horizontal and vertical divisions are set to 5 ns and
50 mV, respectively. The noise amplitude is usually less than 50 mV peak-to-peak. The
measuring setup is very sensitive to other electrical devices powered near it. E.g., the
system picks up the 50 Hz noise produced by the power line. The system is isolated to
reduce the noise amplitude and the remaining noise is averaged out by taking the average
of a thousand signals.

Figure 4.9: Average signals (blue) and single signals (green) taken with +300 V (left panel)
and -300 V (right panel) polarizations of the diamond sensor.

Figure 4.10 represents the time development of the collected average signals as a func-
tion of the eight choices of biasing polarities applied. Since the back electrode is connected
to ground, a positive voltage implies that the holes drift along the bulk while the elec-
trons are immediately collected and vice-versa. The observed signals are not perfectly
rectangular. They show finite rise and fall times and a non flat bulk.

The signal rise time is approximately constant for voltages higher than 100 V, suggesting
that the rise time is dominated by the electronic time constants of the amplification and
readout systems, which is independent from the applied bias.

The falling edge indicates the arrival of the charge carriers at the back electrode. The
larger falling time at lower voltages might be related to the increase in diffusion width as
the drift time increases. Under higher bias voltages, the electrode collects carriers faster,
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Figure 4.10: Time evolution of the signal induced by charge carriers as a function of the
applied biasing polarity, listed in the legend.

limiting their diffusion in the bulk.
The non-flat signal core can be attributed to a charge density inside the diamond bulk.

Assuming that this charge is uniformly distributed inside the bulk, it would create an
electric field that varies the charge carrier velocity. Since the signals associated with holes
show a positive slope, while the electron signal has a negative slope, the charge inside
the diamond is positive. Such charge density could be generated inside the diamond bulk
during the growth process, when impurities may remain trapped inside.

Figure 4.10 shows that the signal width shrinks as the applied voltage grows. This is
due to the smaller time needed to extract the charge carriers from the bulk, resulting from
the higher drift velocity as the electric field increases. Since the charge created by the
impinging α particle is independent from the applied bias, as the signal width shrinks, its
height increases. Assuming similar charge collection efficiency for each bias value, we expect
the same amount of charge collected. Hence, the area under the average signals, which is
proportional to the time-integral of the current, is expected to be constant, independently
from the voltage applied.

In the analyses I exclude the data point corresponding to the bias voltage of |V| = 100 V
(E = 0.2 V/µm) when the signal is hardly distinguishable from noise.

4.3.5 Analysis of carrier mobilities

The aim of this analysis is to determine the charge-carrier drift properties as a function of
the bias voltage applied.

I perform the analysis presented in this section over five diamond sensors, technically
identified in Belle II as DC24, DC25, DC26, DC27 and DC28, and corresponding approxi-
mately to 1/4 of the final Belle II diamonds. The overall signals mirror the one presented
in Fig. 4.10; however, each signal show some peculiarities. Signals occasionally show spikes
at the rise edge, at the fall edge or at both edges, like the one in Fig. 4.11. Such spikes
could be ascribed to electric field disuniformities, caused by charge accumulation along the
surfaces that separate the diamond crystal from the metallic contacts. This is supported
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Figure 4.11: Example of a signal spikes during transition edges.

by the fact that spikes are observed only at the rise or at the fall of the signal suggesting
that this behavior is related to phenomena occurring at the crystal boundaries.

Starting from the average signals in Fig. 4.10, I calculate the drift times as the FWHM
of those signals. Knowing the crystal thickness (500 µm), I derive the drift velocity ve,h,
for electrons and holes separately. Assuming a constant electric field E generated by the
external bias voltage, I calculate the charge carriers mobilities µe,h as

µe,h =
ve,h
E

. (4.1)

Figure 4.12 shows the electron and hole mobilities as functions of the electric field. In the

Figure 4.12: Electron and hole mobilities as functions of the electric field in the diamond
bulk.

probed range of electric field, hole mobilities are consistently higher than the electron mo-
bilities. See Ref. [57] for more details. Figure 4.12 shows that the mobility depends on the
electric field, decreasing as the field strength increases for both electrons and holes. I inves-
tigate this dependence by studying the drift velocity as a function of the field (Fig. 4.13).
See Ref. [58] for more details.
I fit the carrier drift velocities vd(E) in Fig. 4.13 using the following empirical expres-
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Figure 4.13: Electron and hole drift velocities as functions of the electric field in the
diamond bulk with fits based on Eq. (4.2) overlaid.

sion [50], for both electrons and holes

vd(E) =
µ0E

1 + µ0E
vsat

. (4.2)

The fit determines the zero-field mobility µ0, which is the mobility at low field, when the
denominator in Eq. (4.2) can be approximated to one. I also obtain the saturation drift
velocity vsat, which is the carrier velocity under intense fields, when the denominator in
Eq. (4.2) can be approximated with the second term only. The estimated parameter values
for the tested sensors are listed in Table 4.2.

Sensor ID µh0 (103cm2/Vs) µe0 (103cm2/Vs) vhsat (107cm/s) vesat (106cm/s)

DC24 2.18± 0.10 1.80± 0.07 1.32± 0.06 8.95± 0.30

DC25 1.84± 0.07 2.69± 0.20 1.27± 0.06 7.12± 0.26

DC26 1.98± 0.08 1.67± 0.06 1.21± 0.05 7.93± 0.23

DC27 2.04± 0.09 1.80± 0.07 1.22± 0.05 7.75± 0.22

DC28 1.78± 0.07 1.72± 0.06 1.35± 0.07 8.02± 0.24

Table 4.2: Zero-field mobility µ0 and saturation drift velocity vsat parameters obtained by
fitting the drift velocities in Fig. 4.13.

Except for DC25, which shows some peculiarities such as a non rectangular signal and
unstable output, the hole zero-field mobilities are higher than the electron mobilities. The
hole saturation velocities are higher than the electron ones too (Table 4.3).
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µ̄h0 (103cm2/Vs) µ̄e0 (103cm2/Vs) v̄hsat (107cm/s) v̄esat (106cm/s)

2.00± 0.17 1.75± 0.06 1.27± 0.06 7.95± 0.66

Table 4.3: Average zero-field mobility µ0 and saturation drift velocity vsat parameters
obtained from the detectors analyzed, excluding DC25 detector.

4.3.6 Analysis of charge-collection efficiency

An efficient charge-collection is an essential requirement for the detector to have the highest
possible ratio between output signal and noise.

In order to estimate the charge-collection efficiency I calculate the collected charge from
the average signals in Fig. 4.10. Given the area A under the signal, expressed in V·s, the
coupling impedance R = 50 Ω and the amplifier gain G = 53 dB, the collected charge Qcoll
is given by

Qcoll =
A

R · 10G/20
. (4.3)

The collected charges are represented in Fig. 4.14 as functions of the applied electric field
for both electrons and holes.

Figure 4.14: Collected charges for hole and electron carriers as functions of the electric
field in the diamond bulk. Charge-collection saturation is observed with an electric field
greater than 0.4 V/µm.

For applied voltages higher than 200 V, the collected charge saturates to an approximately
constant value Qcoll = (50.91± 1.20) fC. The fractional difference between the charge col-
lected evaluated from electrons and holes does not exceed 2.5%. I calculate the collected
charge values from a fit with a constant of the charge profile at high voltages applied, where
the charge saturates.

Chemical impurities and crystal defects, which can be created during the crystal growth
or after intense irradiation, introduce position-localized energy levels inside the band gap.
As the charge carriers drift along the diamond bulk, they can be trapped in such levels,
decreasing the current readout at the back electrode. I treat charge trapping using the
Shockley-Hall-Read model [59], which states that intermediate energy levels inside the
band gap act as generation and recombination centers for carriers.
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We define τe,h as the charge-trapping-lifetime for electrons and holes, that is the mean
time for a charge carrier to become trapped. Its inverse 1/τe,h corresponds to the probability
per unit of time for a charge carrier to be trapped. The current read at the back electrode
as a function of time can be expressed as

ie,h(t) = i0 · e−t/τe,h . (4.4)

This current is equal to the generated current modulated by the trapping probability,
given by the exponential. I obtain the charge collected Qe,h by integrating the current
pulse between the rise (tr) and fall (tf ) times

Qe,h(V ) =

∫ tf

tr

ie,h(V, t)dt , (4.5)

where the dependence on the voltage applied is introduced.
Expanding Eq. (4.4) up the the second order and integrating it, the collected charge is

expressed as
Q0
e,h −Qe,h(V )

Q0
e,h

≈ d

2τe,h

1

ve,h
, (4.6)

where Q0
e,h is the charge in absence of trapping, d the crystal thickness, and ve,h the drift

velocity.
Starting from Eq. (4.6) Fig. 4.15 shows the collected charge as a function of the inverse

drift velocity. Since saturation is achieved already at 200 V, I cannot fit the data with

Figure 4.15: Collected charge as a function of the inverse drift velocity. Solid lines are the
horizontal fits done separately for electrons and holes.

Eq. (4.6) to obtain the charge generated Q0
e,h and the trapping time τe,h. Significant noise

does not allow to perform measurements at lower voltages, where the collected charge is
expected to differ more from the generated charge.

Starting from the collected charge, I calculate the charge collection efficiency (CCE).
A charge saturation mechanism at bias voltages higher than 200 V seems a reasonable
explanation for the behavior of the collected charge as a function of the applied voltage.
This implies that the charge is completely collected from the diamond bulk and so the
CCE is approximately 100%.
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On the other hand, I calculate the CCE as the ratio between the collected charge and
the generated charge. I obtain the charge generated from the energy deposited, calculated
through the Fluka simulation and assuming ε = 13 eV as the energy needed to create a pair
of charge carriers [60]. The assumption on ε leads to a CCE smaller than one. However,
the observed efficiency saturation suggests to assume 100% CCE.

The values reported in literature for ε range from 12 eV to 17 eV. Assuming fully efficient
charge extraction from the diamond bulk, and knowing the average energy deposited by α
particles, I evaluate the energy needed to create an electron-hole pair (Table 4.4).

Sensor ID εh (eV) εe (eV)
DC24 16.71± 0.10 16.84± 0.05

DC25 16.23± 0.28 16.51± 0.12

DC26 16.45± 0.04 16.87± 0.07

DC27 15.88± 0.05 15.75± 0.07

DC28 16.31± 0.08 16.09± 0.05

Table 4.4: Estimated electron-hole creation energies for the five sensors tested.

The mean ε parameters evaluated from electrons or holes are compatible across sensors, as
expected. Starting from the ten energy values listed, I derive an average value of

ε = (16.36± 0.38) eV . (4.7)

The discrepancy between the measured ε value and the one usually reported in literature
can be ascribed both to carrier drift dynamics and readout electronics. In the first case,
since the induced signals are basically flat and a charge saturation as a function of the
applied bias voltage is achieved, the discrepancy between ε values can be related to a
partial recombination of electrons and holes. The compact and dense charge cloud created
by the impinging α particle facilitates the carrier recombination.

On the other hand such a discrepancy can be due to a non-nominal value of the amplifier
gain. The 53 dB value is reported in the amplifier data sheet, however a difference in the
amplifier gain would introduce a systematic error in the evaluation of the collected charge,
leading to a different value of ε.

The above hypotheses are qualitative. A deeper study of the charge-carrier properties
and an accurate calibration of the amplifier circuit will help in finding the origin of such a
discrepancy.
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4.4 Characterization with β source

I perform measurements with the β source as a function of time, bias voltage, and source-
detector distance. The β source electrons travel throughout the diamond bulk, releasing
energy. This emulates the realistic operation conditions in Belle II, where particles associ-
ated with beam losses might travel trough the diamond crystal.

• Stability measurement, this measurement is intended to verify whether the output
current is stable as the radiation flux absorbed by the detector is constant. This
procedure consists in irradiating the detector with a constant electron flux, while
verifying whether the output current is stable in time. The distance between the
source and the sensor is fixed, as is the bias voltage.

• IV characteristic, this measurement is intended to verify whether the detector
reaches a saturated current value as the voltage increases, as expected from an ideal
sensor. The source-detector distance is fixed and the current is measured as the bias
voltage is changed.

• Calibration, this measurement is intended to find the relation between output cur-
rent and absorbed dose rate. The source-detector distance is changed, while keeping
the bias voltage constant. Changes in the output current are correlated to the elec-
tron flux changes, as the distance varies.

Figure 4.16 shows the experimental setup used for the detector characterization with the
β source. The detector and the source are placed inside a (37 × 22 × 22) cm3 Plexiglas

Figure 4.16: Experimental setup for detector characterization with the the β source.

(polymethyl methacrylate) box. 1-cm-thick walls absorb completely the radiation emitted
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by the source. The diamond sensor package is constrained to an aluminum support to keep
it in the desired position. The source is connected to a slider that can be moved, varying
the distance between the source and the detector in an automatized and controlled way.

I apply a bias voltage to the detector using a power supply. The generated current is
read via a picoamperometer. The analog signal is converted by the same instrument to a
digital 24-bit value stored on a disk.

4.4.1 Stability measurement

Stability in time is a key characteristic for a radiation monitor. When the radiation flux
is constant the detector response has to be constant. Otherwise, the dose rates absorbed
by the sensor cannot be inferred unambiguously, from the output current.

I place the source at 2.0 mm from the diamond sensor, continuously reading the output
current for up to 2-3 days. A current measurement is recorded every 10 seconds, averaging
over 13 kHz data samples.

Different biasing polarities result in different output current profiles. Figure 4.17 shows
a typical case. With front-side polarization, the DC24 sensor shows a stable response,

Figure 4.17: Current as a function of time for the DC24 diamond with +100 V applied to
the front side (left panel) and back side (right panel).

with current fluctuations within 3%. With back-side polarization, the signal is unstable.
After the first 16 hours with output current constant at 1.4 nA, an unstable regime rich in
current spikes kicks in. After that a lower baseline current is reached (1.05 nA) but spikes
still happen. With back-side polarization, response fluctuations exceed 50%.

Based on these tests I choose the front-side polarization for the DC24 as default con-
figuration for Belle II operation. After analyzing the stability measurements of the other
diamond detectors, I decided to use DC25, DC26 and DC28 with back-side bias and DC27,
as DC24, with front-side bias.

It is impractical to expose diamond detectors to a constant particle flux for stability
measurements within a time interval comparable to Belle II data taking (10 years). Three
day tests are intended to select the best polarization side within a limited time range.

By polarizing a sensor on its best side, a flat current profile is expected in an ideal crys-
tal. However, occasionally I observe varying-current transients before the current converges
to a stable value. Figure 4.18 shows an example of transient current.
Such current transient is attributed to the presence of trapping centers in the energy gap.
As the diamond is irradiated, these energy levels trap electrons and holes, decreasing the
output current. As the time passes the traps are filled and the current rises, achieving a
stable value.
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Figure 4.18: Current as a function of time (left panel) for diamond DC08 and magnification
of the current transient area with an exponential fit overlaid.

I fit the transient profile to extract information about traps (Fig. 4.18). Assuming a
simplified model in which traps can be close to either the band gap edges (shallow) or
center (deep), the function used to fit the current profile is

I = I0(1− wse−t/τs − wde−t/τd) , (4.8)

where I0 is the asymptotic current value, ws and wd are the proportions of shallow and
deep traps, respectively, and τs and τd are the corresponding time constants.

The fit results are in Table 4.5.

Parameter Value
I0 1.05 nA
ws (3.10 ± 0.09)×10−3

τs 355 ± 23 s
wd (15.53 ± 0.06)×10−3

τd 4070 ± 20 s

Table 4.5: Fit results of the current transient during a stability measurement on diamond
DC08. Where not indicated, uncertainties are negligible.

Stability key results
Stability measurements suggest that typically each sensor has a more stable polarization
side that has to be determined to operate the detector in the best way. In addition, current
transient profiles offer information about trap properties inside the diamond bulk.

4.4.2 I-V characteristic

I perform I-V measurements to study current-response deviations from the expected be-
havior of an ideal diamond sensor, where current saturation is achieved and no hysteresis
loops are expected.

I measure the current-voltage curve of each sensor with the same instruments used
for the stability measurement. The determination of the I-V characteristics consists in
irradiating the detector with the β source from a distance of 2.0 mm and read the output
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current while varying the bias from 0 to -500 V and from 0 to +500 V in 20 V steps
between 0 and 100 V and in 50 V steps up to 500 V. I perform the measurement in a loop,
measuring the current at each voltage point twice in order to verify if hysteresis is present.
Hysteresis indicates a "memory" phenomenon in which the current measured at a given
voltage depends on the previous history of applied voltages.

Two typical IV-outputs are represented in Fig. 4.19 and 4.20.

Figure 4.19: DC26 IV characteristic. Figure 4.20: DC24 IV characteristic.

Figure 4.19 shows the expected behavior from an ideal sensor: for both negative and
positive bias voltages, current saturation is achieved. For voltages higher than a certain
threshold (∼100 V), the full collection of charge generated inside the detector is likely to
be reached and higher voltages do not lead to higher currents. No hysteresis is present:
the current is a function of the applied voltage only.

Figure 4.20 shows a different current profile. For both positive and negative bias volt-
ages, hysteresis loops are present. Such loops might be due to energy levels in the band
gap that act as capture and emission centers, highering or decreasing the output current
as they trap or release charge carriers [61].

Another difference between Fig. 4.19 and Fig 4.20 is the lack of current saturation in
Fig. 4.20. This effect is most likely due to charge injection from the metallic electrodes to
the diamond bulk.

The metallic contacts are deposited on the crystal surfaces to extract the charge inside.
These contacts can be either blocking or injecting. In the first case the contacts prevent
charge injection in the diamond bulk. This is due to a potential barrier grown between the
contact and the bulk. In the second case charge injection occurs. The contact has a smaller
impedance compared to the series impedance of the semiconductor bulk. The free carrier
density in the vicinity of the contact is higher than that in the bulk of the semiconductor.
So the contact may inject carriers in the bulk itself [59].

Considering the diamond bulk being irradiated, we define f as the charge generation
rate per unit volume and τ the charge carrier recombination lifetime. From the continuity
equation of free electrons in stationary conditions and uniform carrier generation it follows
that

n = fτ , (4.9)

where n is the electron concentration excess.
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The excess of free electrons is given by

N = nA∆x = fA∆xτ = Fτ , (4.10)

where A and ∆x are the area of the diamond bulk and its thickness, respectively and
F = fA∆x is the total generation rate. The photo-current is given by

I =
dq

dt
= neAvd , (4.11)

where the drift velocity is vd = ∆x
Tr

. Tr is the transit time from the cathode to the anode.
Consequently the photo-current is written as

I =
Ne

Tr
= Fe

τ

Tr
= eFG , (4.12)

where the ratio between the recombination time and the transit time is defined as photo-
conductive gain G. In blocking contacts, G never exceeds one, while in injecting contacts
it can be greater than one.

If the time needed to drift along the entire diamond bulk is less than the charge recom-
bination lifetime, the photo-conductive gain exceeds one. The output current is no longer
produced only by the impinging radiation, but contact injection also contributes.

I-V curves enable to quantify the current injected by the non blocking contacts. On
the other hand, hysteresis loops indicate trap levels inside the energy band gap. I-V
measurements show the impact of these levels on the electric properties of the sensors.

I-V key results
A common finding is that each sensor has its own peculiar properties, involving or not
hysteresis loops and current saturation. When reached, the saturation current differs from
one sensor to another.

4.4.3 Calibration

In calibration measurements the sensor is biased either on the front or back side at 100 V.
The output current is measured as a function of the source distance.

The main goal of the calibration is to investigate the relation between the current read
and the dose rate absorbed, which is the quantity that has to be ultimately evaluated in
Belle II.

The derivation of this relation depends on several assumptions.

• The solid angle seen by the source on the detector as a function of the distance is
written analytically in Eq. (4.14) assuming a point-like source.

• The relation between the solid angle and the flux of β particles hitting detector is
linear, assuming isotropic emission.

• The dose rate absorbed by the sensor has a linear dependence on the particle flux.
This relation relies on the hypothesis that the energy lost by impinging particles in
air is negligible.

Under these conditions, the relation between the current signal and the dose rate absorbed
is expected to be linear. Figure 4.21 sketches the logical path and assumptions listed above.
Before calibrating a detector, I measure the current offset by placing the source at 55 mm
from the detector and covering it with a copper shield. The shielded detector does not
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Figure 4.21: Sketch of the assumption associated with the calibration measurement.

receive any β particle. The corresponding current value is an offset I subtract from the
subsequent measurement results.

During calibration I measure the output current for detector-source distances between
2 mm and 50 mm. At each distance, the current is measured for two minutes with a
sampling frequency of roughly 13 kHz. Each sensor is subjected to four calibration mea-
surements: varying the polarization side (front or back) and the movement direction (from
2 mm to 50 mm or vice-versa).

Figure 4.22 shows a typical calibration output. The output current is displayed as a
function of the source distance. I fit the current profile with two functions. The first one
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Figure 4.22: Current as a function of the source-detector distance. The DC24 sensor is
polarized on the front electrode and the source is moved from 50 mm to 2 mm.

is written in Eq. (4.13), where the current depends on the inverse square distance r,

I =
A

(r +B)2
+ C (4.13)

where A, B and C are the normalization, the position offset, and the current offset respec-
tively. I derive the values of the parameters by fitting the current profile.
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I obtain the second function by an analytical calculation of the solid angle subtended by
the diamond sensor. Assuming a point-like source and describing the detector as a square
of side l, the solid angle Ω as a function of the distance r is given by

Ω = 4 arctan

(
l2

2r
√

4r2 + 2l2

)
. (4.14)

Equation (4.14) is derived in Section 4.4.3.1.
Given the solid angle, the output current is parametrized as

I = I0 + 4G arctan

(
l2

2(r − r0)
√

4(r − r0)2 + 2l2

)
. (4.15)

I0, G and r0 are the current offset, the gain and the distance offset respectively.

4.4.3.1 Solid angle calculation

In the previous section, Eq. (4.14) is introduced to fit the current profile as a function of
the distance. That formula can be derived as follows.

We consider a point-like source at the origin of a three-dimensional Cartesian reference
system. The diamond sensor is approximated as a square of side l, parallel to the xz plane
and centered on the y axis at a distance r from the source, as in Fig. 4.23.
We consider an infinitesimal element dS = dx · dz on the sensor surface and the vector

y (ĵ)

z (k̂)

x (̂i)

~d

l/2

l/2

r

dS

β source

Figure 4.23: Sketch of the geometrical layout.

~d = (x0, r, z0) that originates from the source and points to the center of the surface
element.

As a vector, the surface element is expressed as

~dS = dxdzĵ , (4.16)

while the versor d̂ associated to ~d is

d̂ =
x0î+ rĵ + z0k̂√
x2

0 + r2 + z2
0

. (4.17)
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The corresponding infinitesimal solid angle dΩ seen by the source over the detector and
included by the dashed lines in Fig. 4.23 is

dΩ =
~dS · d̂
d2

=
rdxdz

(x2
0 + r2 + z2

0)3/2
. (4.18)

By dividing the sensor surface into four squares of side l/2, the total solid angle Ω seen by
the source over the detector is given by the integral

Ω = 4

∫ l/2

0
dz

∫ l/2

0

rdx

(x2
0 + r2 + z2

0)3/2
. (4.19)

Since ∫
dx

(x2 + a)3/2
=

x

a
√
a+ x2

+ C , (4.20)

where a and C are constants, the integral is reduced to

Ω = 2rl

∫ l/2

0

dz

(r2 + z2)
√

(r2 + z2) + l2

4

. (4.21)

The generic integral ∫
dx

(x2 + a)
√
x2 + b

(4.22)

with a and b constants is solved using the following substitutions:

• x =
√
b tanu that leads to

∫
cosudu

(b−a) sinu2+a

• v = sinu that leads to
∫

dv
(b−a)v2+a

• w =
√

b−a
a v that leads to

∫
1√

a(b−a)

dw
w2+1

= 1√
a(b−a)

arctan
√

b−a
a

x√
x2+b

+ C

The last step follows from sin(arctan(x)) = x√
x2+1

and redoing the substitutions in the
opposite direction, to obtain a function of x. By inserting back the quantities r and l
instead of the generic constants a and b, the solid angle Ω is obtained

Ω = 4 arctan

(
l2

2r
√

4r2 + 2l2

)
. (4.23)

Under the assumptions listed in the previous section, Eq. (4.23) establishes the relation
between the source-detector distance and the dose rate absorbed by the diamond sensor.
Fitting the current profile as a function of the distance with Eq. (4.23) allows to test the
linearity relation between absorbed dose rate and output current.

4.4.3.2 Generic simulation

In order to verify the analytic calculation of the solid angle I realize a Monte Carlo simu-
lation. In addition, the simulation allows to introduce realistic departures from the ideal
model of the system, that cannot be treated straightforwardly otherwise.

Figure 4.24 compares the two fitting functions. r−2(x) is proportional to the inverse of
the square distance, while Ω(x) is based on the solid angle integral.
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Figure 4.24: Comparison between the two fit functions. The blue points are the result
of the simulation for the estimate of the solid angle. The box plot shows the normalized
difference between the two fit functions.

The divergence of the first fit function as the distance approaches zero is the main
difference between the two expressions. This is highlighted in the inset panel of Fig. 4.24
where the normalized difference between the two is represented. The difference between
the two gets larger as the source-detector distance decreases as expected.
Figure 4.24 shows also the result of a Monte Carlo simulation (blue points). I perform
the simulation by generating particles isotropically at the origin of a three dimensional
Cartesian reference frame and counting which fraction cross the detector. I repeat this
procedure for the same set of distances measured during calibrations.

The observed fraction is an estimate of the solid angle seen by the source over the
detector. The relative accuracy on which the solid angle is determined is σΩ/Ω = 1/

√
N ,

where N is the number of particles that hit the detector. For each distance, 106 particles
are generated. The solid angle estimate coincides with the analytic integral fit function
(Fig. 4.24).

Figure 4.25 presents a comparison between the simulation and other four analogous
simulations where an offset in the xy plane, parallel to the detector surface, is added. The
detector is not centered with respect to the source anymore. I add positive and negative
shifts of 0.1 mm to the xy-detector position. These offsets take into account the possible
misalignment of the detector while fixing it in the support before the measurement.

The results of the five simulations are compatible. The inset panels of Fig. 4.25 show
that the normalized difference between simulations with and without offset is centered at
zero. The increased dispersion along the line centered in zero as the distance increases is
due to the smaller number of particles that hit the detector, resulting in a larger statistical
uncertainty.
Figure 4.26 shows the comparison between two simulations, where I account for finite
physical dimensions of the source. I model the active part of the β source as a 0.5 mm
radius sphere. The origin of the decay electron is generated with a uniform distribution
inside the sphere.

The comparison between the point-like and the physical source simulation is highlighted
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Figure 4.25: Comparison between the centered simulation and four simulations with posi-
tive and negative offset along the xy-plane (parallel to detector). The box plots show the
normalized difference between the shifted and centered simulations, separately for the x
and y offsets.

in the inset. The normalized difference is centered along zero and no substantial systematic
deviation is seen between the two source models.
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Figure 4.26: Comparison between point-like and physical source simulations. The source
is modeled as a 0.5 mm radius sphere. The box plot shows that the normalized difference
between the two simulations is centered at zero.
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4.4.3.3 Detailed simulation

The simulation results presented in Section 4.4.3.2 (Fig. 4.24, 4.25 and 4.26) account only
for the geometrical parameters of the system, like detector position and source dimen-
sions. They neglect physical phenomena related to the emission such as self-absorption
and backscattering. I therefore expand my simulation study by using Fluka [52] to model
the experimental setup in a more comprehensive way.

Figure 4.27 shows the simulated system: the left panel contains the Plexiglas box in
which the source and the detector are placed. The right panel shows a magnified sketch
of the detector and source configuration. The active part of the source is modeled as a

Figure 4.27: Sketch of the experimental setup implemented for the simulation (left panel)
and magnified sketch highlighting the source and the detector configuration (right panel).

0.5 mm radius sphere of 90
38Sr. The strontium β decay is implemented in the Fluka code.

It generates an electron energy spectrum as the one described in Fig. 4.4.
The strontium sphere is inserted in a support that, along with a cover, completes

the source geometrical description. The detector is drawn as a diamond crystal with the
electrodes, the package and the aluminum cover. The detector is inserted in an aluminum
support and the whole system is inserted in an air volume.
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Figure 4.28: Simulated current as a function of detector-source distance.

I repeat the simulation for the set of source-detector distances used in the measurements.
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The energy E deposited in the diamond bulk is calculated as output. Given the energy
needed to create an electron-hole pair ε, derived from the TCT measurements, and the
source activity A, the simulated output current Is is written as

Is =
Es
ε
Ae , (4.24)

where e is the electron charge.
As an output of the simulation, the plot in Fig. 4.28 is produced. The current as a

function of the source-detector distance shows an analogous decreasing trend as the one
shown by data.

4.4.3.4 Data fit and comparison with the simulation

Given the two functions in Eq. (4.13) and (4.15), I fit the calibration data for all the
analyzed diamond detectors and compare the results with simulation to find possible dis-
crepancies and trace them back to sensor properties.

Figure 4.29 presents an example of this fit procedure. Each of the four data sets is
fitted with both fit functions. The fit parameters are reported in the top-right boxes in
each plot. The two fit functions, overlaid to the data, are indistinguishable: the offset
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Figure 4.29: DC24 calibration data with fit results with functions 4.13 and 4.15 overlaid.

of about 4.5 mm reduces the range in which the functions diverge one from the other.
Therefore the advantage of using a more precise solid-angle value (Eq. 4.23) is limited.
The horizontal and vertical offsets of the two fit functions almost coincide for a data set.

Also in calibrations, diamond sensors show different responses with opposite polariza-
tions, as shown by comparing two plots in the same column of Fig. 4.29.

Another common feature is the somehow counterintuitive increase in output current if
the source is moved away from the sensor (from 2 mm to 50 mm) than if it is moved closer
to it (from 50 mm to 2 mm). This might be explained by the so called pumping effect.
As the diamond sensor is irradiated, the output current increases because the trapping
levels that populate the band gap are filled and made inactive. During the 2mm-to-50mm
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movement, the flux absorbed by the detector is higher than the one absorbed during the
opposite movement. This behavior is due to the particular movement of the slider on which
the detector is mounted and to the measurement of the offset value at the beginning of the
calibration. This can explain the difference observed between the plots on the same row in
Fig. 4.29.

In order to obtain the conversion factor between the output current and the dose rate
absorbed by the diamond sensor, a comparison between data and simulation is needed.
The four plots in Fig. 4.30 summarize the comparison.
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Figure 4.30: Comparison between data and simulation. The top-left panel shows the
simulated data and their fit using functions of Eq. (4.13) and (4.15). The top-right panel
represents the simulated current as a function of the measured current. The bottom left
plot shows the gain between the measured and simulated current for each of the four
configurations. An average gain for the front and back polarizations is represented in the
bottom-right panel.

The top-left panel in Fig. 4.30 shows the fits done on the simulated current as a function
of the distance. As for the experimental data, I fit the simulated current profile with the
functions of Eq. (4.13) and (4.15). The resulting parameters, listed in boxes on the plot,
show that the results obtained with the two fit functions almost coincide.

The measured current is higher than the simulated one. In order to compare data
and simulation, I use the fit functions as a summary of the data points. Since the fit
results almost coincide, for this comparison only fit functions expressed in Eq. (4.13) are
considered for simplicity. The fit functions are compared by shifting their asymptotes to
match them and evaluating the function values at each measured point.

The top-right panel in Fig. 4.30 shows the linear correlation between measured and
simulated currents, indicating a constant gain value. The bottom-left panel shows the
gains for the four different configurations during data taking, as functions of the distance.
These gains are the (inverse) angular coefficients of the lines in the top right panel. Since
the gain has to be unique for a given sensor polarization, the bottom right panel shows the
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average values for back and front polarizations.
I repeat the same analysis for the whole set of diamond detectors. Table 4.6 lists the

gain values obtained.

Sensor ID Front gain Back gain
DC24 2.90± 0.01 (b) 3.78± 0.03

DC25 − 5.86± 0.04 (b)
DC26 5.23± 0.02 5.25± 0.02 (b)
DC27 4.99± 0.02 (b) 6.23± 0.03

Table 4.6: Sensor gains obtained with the comparison between the calibration data and
the simulation. The best side, obtained with stability measurements, is indicated with (b).
The DC25 front calibration is not performed due to high instability.

Higher than one gains may be explained by a photo-conductive gain. Non-blocking contacts
can inject charges into the diamond bulk that are not generated by the impinging radiation.
This further injection may lead to a higher output current with respect to the one produced
by the radiation contribution itself. This contribution is the only one taken into account
by the simulation.

4.4.3.5 Current dose-rate conversion

In order to transform the output current, which is the quantity directly measured, into the
dose rate absorbed by the detector, which is the relevant indirect quantity to monitor, I
calculate a conversion factor.

First we introduce the rad, 1 rad = 0.01 J/kg, as a unit of absorbed-radiation dose, D.
The measured current Im is written as

Im = GIs = G
E

ε
eA =

GeM

ε

dD

dt
, (4.25)

where G is the photo-conductive gain, Is is the simulated current, E the energy absorbed
by the diamond, M the sensor mass, e the elementary charge and ε the energy needed to
create an e-h pair inside the diamond bulk.

Inverting Eq. (4.25) leads to the dose rate as a function of the read current

dD

dt
=
F

G
Im . (4.26)

The conversion factor F is sensor-dependent because it contains the ε value. However,
for an estimate we consider the average value ε = 16.36 eV, obtained from the TCT
measurements. Starting from ρ = 3.53 g/cm3 and V = (0.45 × 0.45 × 0.05) cm3, the
density and volume of the diamond sensor respectively, I calculate the conversion factor as

F =
ε[J]

e[C]M [kg]
= 45.78

mrad/s

nA
. (4.27)

The final sensor-dependent conversion factors are determined by repeating the calibration
after cover gluing, with complete detectors.
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4.5 Characterization results

After performing the full characterization on several diamond detectors, some common
features emerge.

• Each diamond sensor shows different behaviors with opposite polarization. I relate
this asymmetry to the crystal growth direction as this is the only aspect that intro-
duces a symmetry breaking in the system.

• Each diamond sensor has peculiar characteristics. Even if all sensors are produced
by the same company following consistent procedures and specific techniques, the
electrical and microscopical properties show large differences, due to impurities in
the bulk and near contacts. This is one of the main differences between silicon and
diamond devices.

• The measured values such as mobilities, saturation velocities, and e-h creation ener-
gies are consistent with literature [47].

• I verify a linear relation between the dose rate absorbed and the output current. This
relation enables to use diamonds as radiation monitors.

Although the detectors tested for the Belle II radiation system show a limited uniformity
both in electrical and microscopic properties, diamond-based detectors prove to be the
best options for specific applications, including radiation monitor and dosimetry. The high
radiation hardness and thermal conductivity is essential to build detectors that can operate
in extreme conditions, where the use of silicon devices is impractical. The high reliabil-
ity allows to operate diamond detectors for several years without important performance
degradation, avoiding interventions and replacements.

4.6 Cover mounting and final tests

When the α and β sources characterization is completed, the aluminum cover is glued
on the package to protect the diamond sensor permanently. This procedure is done by
applying conductive glue and letting it cure in oven at around 80◦ for several hours. When
the glue is cured, the detector is tested again with the β source, thought stability, IV, and
calibration measurements. Usually the curing does not affect the diamond response.

At the end of the constructing and testing processes the complete (18 × 12 × 3.1) mm3

detector is obtained.
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Chapter 5

Diamonds at work in SuperKEKB
collision operations

In this chapter I discuss the main operations and measurements performed in the first
accelerator and detector commissioning period with beam collisions. I focus on the diamond
radiation monitoring and beam abort system, highlighting its role in protecting the Belle II
inner detector and tuning the accelerator conditions. This chapter also reports the very
first analysis of diamond data.

5.1 Commissioning overview

The diamond monitoring system is the Belle II subdetector dedicated to avoid permanent
damage and performance degradation of the inner part of the detector. Prior to relying
completely on the system in physics operations to trigger protective actions, the system
has to be tested. During the accelerator commissioning phase the background conditions
are less harsh than expected at full luminosity conditions. Therefore this phase offers a
convenient opportunity to test all the system components without risking major issues to
the inner detector in case of malfunctions.

Belle II operations with beams are conventionally divided into three time periods
(phases) (Table 5.1). During Phase 2 operations, which is the period concerned in this

Phase Period Main goals Detectors Diamonds
Phase 1 February-

July
2016

Accelerator tuning
and background
tests w/o final

focusing

w/o Belle II, other
detectors for

background studies

4 diamonds on a
provisional beam

pipe

Phase 2 March-July
2018

Verification of
nano-beam,

background study
and physics data

w/ partial Belle II
(partial PXD and

SVD)

8 diamonds on a
beam pipe close to

the final one

Phase 3 From
February
2019

Complete physics
program

w/ Belle II 8 diamonds on the
beam pipe and 12
on the SVD layer 3

supports

Table 5.1: Summary of the three commissioning phases of SuperKEKB and Belle II.
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chapter, the Belle II collaboration has set two main goals. The first one is to reach the
maximum luminosity of the predecessor machine, KEKB, (2.11× 1034 cm−2s−1), thus val-
idating the nano-beam scheme described in Sec. 2.2.1. The second goal is to operate the
Belle II detector smoothly, within controlled background levels.

During this phase the final vertex detector (PXD and SVD) is replaced by a combination
of several detectors dedicated to the measurement of backgrounds, collectively denominated
BEAST II [31], and just one provisional azimuthal sector of PXD and SVD.

5.2 Diamond system goals

The diamond radiation monitor system is part of a broader set of systems used to monitor
the environmental conditions within the vertex detector volume (Appendix A). The chief
goal of the diamond system is to monitor the radiation near the interaction point and
trigger protective actions if radiation rates exceed the safety thresholds.

The system achieves this goal through two capabilities.

• Continuous radiation monitoring: the dose rate collected by the diamond sen-
sors is read and archived with a 10 Hz sampling frequency. The radiation level
(instantaneous dose rate) is made available online and used as a reference for the
beam background during accelerator-tuning operations, such as collimator adjust-
ments and beam-optic tuning. The decision to power the inner subdetector is also
based on diamond dose-rate measurements. The archived dose rates are also used to
estimate the total integrated doses absorbed by the silicon detectors.

• Beam abort request: the diamond system aborts the beams if the radiation level
near the interaction point exceeds a programmable threshold.

This functionality uses data read at 100 kHz to match the beam revolution frequency.
If a potentially harmful beam-loss is detected, the abort signal is generated within one
beam revolution period. Each threshold is determined by two values: the integration
interval, which identifies the time gate for data collection and the threshold value,
which is the mean dose-rate threshold beyond which an abort request is generated. I
adjust the threshold values based on the accelerator conditions and other subdetectors
requests.

The comparison between the dose-rate measured and the threshold is performed
within a running window that has a gate equal to the integration interval. Every
10 µs a new value is added to the running window and the oldest value is excluded.
Another parameter relevant for the abort configuration is the sensor multiplicity : it
establishes the minimum fraction of diamond sensors that have to yield a signal over
threshold to generate an abort request.

Various configurations of beam-abort thresholds can be implemented to cope with the
varying accelerator conditions. Table 5.2 summarizes them, distinguishing between time
settings (fast and slow) and threshold values (strict and loose). The SuperKEKB beam-
abort system is upgraded from KEKB [62]. Beam-abort requests from more than one
hundred loss monitors around the ring are collected locally and delivered to the central
control room of the accelerator (CCR), as shown in Fig. 5.1. Logical ORs of these signals,
separately for LER and HER, trigger kicker magnets, that quickly dump the beams in a
controlled way. The kicker trigger is also sent back to the Belle II control room and other
locations, to save detailed beam loss data locally and allow a "post-abort" analysis of the
beam losses that immediately preceded the occurrence of a given abort.
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Abort type Configuration
Fast It is intended to protect the vertex detector from fast radia-

tion spikes that are particularly harmful when the detector high-
voltages are on. The integration interval is typically in the mil-
lisecond range.

Slow It is intended to control the slow rising of the dose, to keep within
limits the total integrated dose in the vertex detector. The inte-
gration interval is typically in the second range.

Strict A strict threshold is enabled during normal operations, when the
vertex detector high voltage bias is active, to collect data.

Loose A higher threshold value is uploaded during injections and acceler-
ator special runs, when several parameters are tuned and radiation
background is expected to be high, while the vertex detector bias
voltage is off.

Table 5.2: Summary of the beam abort configurations.

Figure 5.1: Scheme of the SuperKEKB beam-abort system made of ionization chambers
located around the ring to detect beam losses.

5.3 Diamond setup and readout

During Phase 2, eight diamond detectors are mounted on the beam pipe at radii of about
20 mm from its axis. Four are in the backward region (BWD) longitudinally displaced by
100 mm from the interaction point (IP) and four are in the forward region (FWD) at 138
mm (Fig. 5.2). Forward and backward regions are identified with respect to the HER beam
direction, according to Belle II reference system (Fig. 5.3). The system origin is located
inside the vertex detector, with x, y, and z axes pointing horizontally outwards from the
ring center, vertically upwards, and in the HER direction respectively.
Their azimuthal angles of diamond detectors around the beam pipe are φ = 55◦, 125◦,
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Figure 5.2: Drawing of the diamond detector (in green) positioning on the beam pipe.

Figure 5.3: Belle II reference system. The system origin is located inside the vertex detec-
tor.

235◦, 305◦, which correspond to diamond channels 0 to 3.

5.3.1 Readout electronics

The readout electronics for the diamond system is designed and built for this specific ap-
plication by the instrumentation group of Elettra Sincrotrone Trieste [63], following speci-
fications of and in collaboration with the Belle II Trieste group. The system is composed
of modules or "control units", each dealing with four diamond detectors. Figure 5.4 shows
a schematic representation of the DCU logic components.

Figure 5.4: Block diagram representing the main DCU functional components.
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The core element of each DCU is a field programmable gate array (FPGA) that deals with
several input-output subsystems. The FPGA controls a digital to analog converter (DAC)
board to drive the HV supply units that power the sensors. Each supply unit can deliver
a voltage between 0 V and 1000 V.

The current generated inside each diamond sensor is amplified and read by four analog-
to-digital converters (ADC) independently. Each ADC provides a 16-bit digitized current
value at 50 MHz sampling frequency. Three digitization current ranges are available:
±10 nA, ±1 µA, and ±1 mA. I select the appropriate range during the DCU configuration
process: a smaller range allows to measure small dose rates accurately, underestimating
the contribution from high radiation spikes due to response saturation. As the available
range increases the sensitivity lowers, allowing to measure higher dose-rate contributions.

Figure 5.5 schematically represents the data flow for each detector, as programmed in
the FPGA firmware.

Figure 5.5: Block diagram representing the DCU data stream.

Two different data streaming frequencies are provided by the DCU, 100 kHz for abort
request purposes and 10 Hz for monitoring. Starting from data at 50 MHz, 100 kHz data
are obtained by adding up 500 50 MHz-values. This summation is labeled as ΣN1 in
Fig. 5.5. The oversampling at 50 MHz and the consequent sum reduces the noise, widening
the useful dynamic range.

Data are written on a revolving buffer and two moving sums are calculated from the
diamonds to issue abort requests. The user-defined number T1 (T2) of addenda of each
sum identifies the integration interval parameter described in Sec. 5.2. A short integration
interval enables to detect fast changes in the dose rate while a large integration interval
allows to average over a wider time gate, mediating different contributions.

One moving sum is devoted to fast-type aborts and the other to slow-type aborts. Every
10 µs, each moving sum is updated with the current value and compared with the threshold
value Thr1 (Thr2). If the value exceeds the threshold, an abort request is generated and
propagated via a TTL signal externally.

The radiation monitoring system works with other beam-loss monitors placed along
the ring. If an abort request is generated, either from the other beam loss monitors or the
diamond detectors, the SuperKEKB system returns, as a confirmation, signals labeled as
SuperKEKB HER (LER) Abort (Fig. 5.4 and 5.6). When these signals are received by the
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DCUs, data in revolving buffer are saved for post-abort analysis.

• If the abort has been generated by the diamond system, the abort type (fast or
slow) can be determined from the data stored in the revolving buffers: from them I
reconstruct the values of the moving sums within the running windows, and compare
them with the fast and slow programmed thresholds.

• If the abort has been generated by SuperKEKB loss monitors, I check whether a high
dose-rate background is observed at the same time near the interaction region or not.

• Whatever the abort source, I check the angular dose-rate distribution seen by dia-
monds. As the beam loss is usually not uniformed distributed, typically one of the
four diamond sensors has a higher response than the others.

If no abort request is issued, 100 kHz data are periodically overwritten within the revolving
buffer.

10 Hz data are obtained by adding up ten thousand 100 kHz-values. This summation
is labeled as ΣN2 in Fig. 5.5. 10 Hz data are continuously read and stored for monitoring
purposes and off-line analysis. A 10 Hz frequency enables to estimate the dose absorbed
by the vertex detector, correlating it with potential change in detector performances.

Table 5.3 summarizes the ranges and sensitivities for each configuration, assuming a
typical conversion factor of 10 (mrad/s)/nA between current and dose rate, and using the
two data frequencies and the three current ranges. The communication with the DCU is

Current
range

Dose-rate
range

Current
sensitivity
(10 Hz)

Current
sensitivity
(100 kHz)

Dose-rate
sensitivity
(10 Hz)

Dose-rate
sensitivity
(100 kHz)

±10 nA 100 mrad/s 0.3 pA 30 pA 3 µrad/s 0.3 mrad/s
±1 µA 10 rad/s 30 pA 3 nA 0.3 mrad/s 30 mrad/s
±1 mA 10 krad/s 30 nA 3 µA 0.3 rad/s 30 rad/s

Table 5.3: Summary of the ranges and sensitivities for various DCU configurations and
data frequencies.

managed through an Ethernet interface by the "slow control" software of the experiment,
based on EPICS (experimental physics and industrial control system) [64]. EPICS inter-
faces to the external world with input output controllers. Within the radiation system
several controllers are implemented to convert ADC values in physical units (mrad/s), pro-
gram and enable or disable the abort conditions, and monitor the correct DCU operations.

5.3.2 External circuit

The DCUs are located in an "electronic hut", near the Belle II detector, along with the
Belle II main data acquisition systems. The communication between the DCUs and the
accelerator control room is based on optical fibers. The abort requests are exchanged
through these fibers, achieving low-noise communication between systems that are a few
kilometers apart.

The accelerator group provides optical-to-electrical converters located close to the
DCUs: optical-to-NIM for the SuperKEKB HER (LER) Abort signals, used as inputs
to DCUs, and TTL-to-optical converters for diamond-related abort request signals, ob-
tained as DCU outputs. To adapt the logic levels of the electrical signals and provide
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some additional access to them for debugging purposes, we set up some external logics in
a NIM crate, as shown in the diagram of Fig. 5.6. The SuperKEKB HER (LER) Abort

Figure 5.6: Schematic representation of the external circuit main components in the NIM
crate.

NIM signals, originated from the SuperKEKB central control room, are fed to two gate
generators, that can be used to change the signal width.

These signals are fanned out to serve different purposes. Two of them enter in an OR
module to generate a common interlock signal. This signal, converted to TTL logic, is used
as an interlock for the vertex detector (VXD) power supplies (see Appendix A). As a beam
loss is detected, the VXD is powered down to protect it.

The other fan-out outputs are converted to TTL logic and sent, in input, to the DCUs.
The corresponding DCU inputs from SuperKEKB are labelled INKH and INKL (H for
HER and L for LER).

The two diamond units used for Phase 2 are set in a daisy-chain configuration to
produce a logical OR of their abort requests, separately for HER and LER.

Each DCU is connected to four diamond detectors. It can generate abort signals based
on the diamond output and programmed settings. The abort signal is propagated via the
daisy chain through the INDH/L and OUTDH/L inputs and outputs. The last DCU sends
the abort request, generated by diamond sensors to the accelerator control room via the
VXD HER/LER Abort signals. These signals contribute to the central beam-abort system
as described in Sec. 5.2.

Since the first DCU in the chain has no previous inputs from other DCUs, its INDH
and INDL terminals are connected to a +5V TTL high signal. At the end of the chain, a
pulse generator is used to manually generate signals to test the abort communication lines
between Belle II and the SuperKEKB control room.

The entire SuperKEKB abort logic, including diamond-related aborts, is based on
"enable" signals. In normal condition the sensors around the ring send a +5V TTL high
level. If a beam loss is detected, they switch the level to 0 V. This logic treats a wrongly
disconnected cable and an abort request on the same footing, for additional safety.

72



CHAPTER 5. DIAMONDS AT WORK IN SUPERKEKB COLLISION OPERATIONS

5.4 Readout installation and test

Before Phase 2 operations with beams, we mounted two DCUs and the external NIM
electronics. Prior to operating the detectors with the DCUs, we performed an initial
debugging of the interconnections, applying the bias voltage to each detector.

Figure 5.7 shows the front panels of the two DCUs. Several LEDs show the current
status of the box, such as FPGA and memory status and the presence of abort requests,
if any. We read and interpreted the DCUs outputs using a stand-alone program, written

Figure 5.7: Front panels of the diamond control units used during Phase 2 operations.

as a LabView virtual instrument [65]. We checked that the output values are read and
memorized correctly, also simulating abort requests. Since the tests were performed with
no beams, we did not measure any physical background; however, we estimated the noise
levels.

Figure 5.8 shows the output-current distribution of the BWD channel 2 detector. The
distribution corresponds to data sampled at 10 Hz within a ± 10 nA current range.

Figure 5.8: BWD channel 2 noise current distribution. Data are sampled at 10 Hz within
a ± 10 nA current range. The fitted Gaussian (red line) is superimposed to data. The fit
parameters are listed in the histogram insertion.

The noise distribution has a Gaussian shape. I fit the histogram with a Gaussian function,
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superimposing the result to the data. The mean is the pedestal value of the measured
data set and its standard deviation represents the noise level. The measured value of
the standard deviation is about 0.3 pA, corresponding to the current sensitivity shown in
Table 5.3 at the corresponding current range (±10 nA) and data sampling rate (10 Hz).

During beam operations, also the pedestal value has to be measured. Since the pedestal
is included in the signal digitized by the DCU, the output cannot be directly converted
into dose-rate values. In order to estimate the dose level correctly, the pedestal must
be subtracted. During Phase 2, I measured pedestal values for each diamond detector
periodically. I used the distribution mean values to update the DCU configuration files,
allowing an automated pedestal subtraction. Typically the pedestal values fluctuate within
few ADC channels.

The conversion factor between ADC counts and sensor-current value is obtained as
the ratio between the set current range and 2n, where n is the number of ADC channels
available. In the DCU case n is equal to 16. The conversion factor between the sensor-
current value and the dose-rate value is derived from detector-calibration measurements
(Sec. 4.4.3).

5.5 Abort system test

During early Phase 2 the need to monitor low dose rates due to low beam currents while
providing protective actions against high-dose spikes brought us to use the most sensitive
current range for four diamonds and the less sensitive but higher-range current scale for
the other four. With such high thresholds we did not send any abort request, because of
the low beam currents.

To verify the proper functioning of the system, the priority was to test the diamond
beam-abort system (Fig. 5.9).

Figure 5.9: FWD diamond dose rates (mrad/s) monitored by 10 Hz data as a function of
time during the abort test. The generated aborts are highlighted.

We set different rather low threshold values, asking the accelerator experts to inject the
beams, obtaining increasing background levels. They injected with steps in beam current
at 40 mA, 80 mA, and 120 mA. We programmed the DCUs to test the abort mechanism
first during injection and then during storage. The first abort is related to a threshold of
1 µrad integrated along 1 ms, corresponding to an average dose rate of 1 mrad/s in that
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time interval. As we enabled this setting, the system delivered an abort signal during the
first injection when the LER beam current increased from 0 to 40 mA. For the second abort
we decided to set a higher threshold (0.5 mrad integrated in 10 ms: 50 mrad/s average
dose rate). An abort was delivered during the third injection, when the beam current had
reached about 120 mA.

In order to test the system during beam storage, we disabled diamond abort request
during injection, and re-enabled it with an appropriate threshold only after the injection
was completed. Abort 3 in Fig. 5.9 is caused by an accelerator beam loss monitor and not
by the diamond system. Aborts 4 and 5 are generated by diamonds during beam storage,
as expected from the comparison of the typical dose rate in those conditions with the preset
abort threshold. As an abort is generated, a step in the dose rates is observed as the beam
current is dumped to zero.

Figure 5.10 shows the comparison between moving sums of 100 kHz data and the fast
threshold set at 50 mrad, integrated in 10 ms (sum of 1000 data values, recorded every
10 µs at 100 kHz). The moving sums are computed off-line from the data stored in the

Figure 5.10: Moving sums of radiation doses measured by the forward diamonds, immedi-
ately preceding one of the beam-abort tests. Details are explained in the text.

revolving buffer memory, frozen and read-out after the abort has occurred, after subtracting
pedestals and converting from ADC counts to dose units. The off-line computation mimics
the equivalent algorithm performed by the FPGA firmware in ADC units: moving sums
are updated every 10 µs, adding the new data point and subtracting the oldest one in the
sum. The horizontal axis is labeled "interval number": this is an integer corresponding
to the pointer of the revolving memory, increasing every 10 µs: the full range corresponds
to 100000 "interval numbers", namely the portion of memory read out after each abort,
containing the history of a one-second time interval preceding the abort confirmation from
SuperKEKB [66].

Several peaks are visible, separated by 20000 "time intervals" (0.2 s in time units).
They correspond exactly to the ongoing 5 Hz injection of beam particles: at these low
beam currents, beam losses are negligible, except during the short injection time intervals,
when a radiation dose peak is clearly visible for the four FWD diamond sensors, represented
in different colors. Peak values are initially below threshold; only at the rightmost peak two
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diamonds (channels 1 and 2) cross the threshold and successfully trigger an abort request,
as required by the multiplicity-two condition (at least two channels simultaneously over
threshold).

With this test we ensure the correct operation of the entire system, including DCUs,
communication lines, beam dumping and data saving.

5.6 First diamond signals

To reach the goals set by the collaboration, the commissioning of SuperKEKB with col-
lisions proceeded through the multiple repetition of two distinct tasks. On one hand the
accelerator experts tuned the machine parameters to achieve high luminosities, while keep-
ing background under control. On the other hand, once found satisfactory configurations
for the parameters, they stabilized the beam conditions to allow smooth Belle II data tak-
ing. During the shifts in the accelerator control room, I took part in both activities. During

Figure 5.11: First diamond signal during beam injection. Dose rate as a function of time
follows the 10 Hz injection pattern.

accelerator operations, the diamond dose rates proved essential to inform the accelerator
physicists involved in tuning the machine parameters. Each time a parameter setting is
changed, the background levels at the IR are monitored via diamond online readings.

Due to its protection effectiveness, the diamond system has been online since the start
of Phase 2. Figure 5.11 shows the first background signal seen by diamonds, taken during
injection. The periodic behavior is due to the injection pattern. Since new particles are
added to the existing bunch at a 10 Hz frequency, the diamond sensors measure peaks in
the dose rate with the same frequency.

These data clearly show the very good sensitivity to extremely low dose rates and the
low noise level of the diamond detectors with their readout system.
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5.7 Diamond parameter adjustments

During Phase 2, as we gained experience, we tuned the diamond system settings depending
on the other subsystem requirements and the accelerator conditions.

We decided to use four diamonds for abort request purposes and the other four for
radiation monitoring. This allows for setting the lowest 10 nA range on four diamonds and
the highest 1 mA range on the remaining sensors. A smaller current range allows to achieve
higher sensitivities given given the dynamic range achievable with an over-sampling 16-bit
ADC.

In early Phase 2, we enabled only fast abort with a high threshold (1 rad integrated in
1 ms: average dose rate 1krad/s in that time interval). This choice allowed the accelerator
experts to tune the machine parameters without being disrupted by frequent beam aborts.
This threshold value sufficiently protects the VXD from radiation spikes, according to
previous experience in the BaBar experiment [39]. Since in early Phase 2 we did not
expect to integrate high beam currents, we did not enable the slow abort.

Later in Phase 2 we also used the 1 µA range: for monitoring purposes when high
radiation peaks tended to saturate the lower 10 nA range as the beam currents were
increased, and finally also as an appropriate range for lower abort thresholds.

Figure 5.12 shows the effects of a 1 µA-to-10 nA range change on the diamond outputs.
As the sensitivity increases noise is reduced. We implemented this change to measure the

Figure 5.12: Dose rate as a function of time during a change of diamond current measure-
ment range from 1 µA to 10 nA before a background study. As the current measurement
range is lowered, the noise amplitude decreases.

dose rate with the highest sensitivity for a background study. During this study the LER
beam current was increased in steps from 0 mA to 110 mA. The dose rate follows the same
behavior, with dose rates approaching 0.5 to 1 mrad/s when the beam currents exceed
about 100 mA, as Fig. 5.12 shows.
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5.8 QCS quench protection

Thanks to its effectiveness during Phase 2 operations the purpose of the diamond abort
system has been extended to a task initially not foreseen, the protection of the QCS
magnets [67]. These superconducting quadrupole magnets, used to squeeze the beam
transverse size just before the interaction point, are a key element in the nano-beam scheme.

Since these magnets are close to the beams, any beam loss in their vicinity can irradiate
the magnets with high particle fluxes. The irradiation often causes a resistive transition of
the magnet from the superconducting state to the normal state (quench). In this process,
Joule heating converts magnetic energy stored in the magnet into heat. Usually the process
starts in the localized region of the magnet where the beam loss is concentrated; and then
it propagates quickly through a chain reaction that brings the entire magnet to a normal
state, resulting in a rapid boil-off of the cryogenic fluid inside the magnet. Quenches have
to be avoided as they can damage the superconducting magnets: for instance, an early
Phase 2 quench caused serious damage that required a two day stop. Even in more benign
cases, several hours were required to recover from the quench, before re-injecting beams
and restarting data taking. After this accident, the diamond threshold has been reduced
to help preventing quenches.

After analyzing previous quenches, we observed a correlation between a dose-rate in-
crease in diamonds and the development of a quench. We therefore decided to set the fast
threshold, 10 mrad integrated in 1 ms (10 rad/s average dose rate). We also decided to
introduce a slow abort threshold (200 mrad integrated in 1 s: 200 mrad/s on average),
based both on the quenches analysis and on the VXD specifications: the VXD is expected
to absorb roughly 10÷20 Mrad during the Belle II ten-year data taking. This leads to a
maximum tolerable average dose rate of about 100÷200 mrad/s.

With these abort settings 15 out of 19 QCS quenches in the previous two months
would have been avoided. Aborting the beams in a fast way using the diamond response
has decreased considerably the QCS quenches frequency, thus helping considerably the
efficiency of Phase 2 operations.

5.9 Analysis of first diamond data

This section presents preliminary analyses of Phase 2 diamond data. They are intended to
highlight some of the relevant contributions of the diamond radiation monitoring system to
the characterization of beam losses and machine backgrounds, as a function of the evolving
accelerator conditions.

5.9.1 Radiation doses

During accelerator operations we monitor the dose rates as function of time (Fig. 5.13). In
the time window selected, both beams are present. The upper part of the plot shows the
two beam-current profiles (yellow and blue lines for LER and HER respectively). As the
currents decreases, a new injection is performed: the plot shows two injections at times
approximately of 500 s and 3000 s. After the injections, decay profiles are visible for both
beams. Electron and positron losses within the beams dominate the current decrease. Such
losses are determined by several parameters such as the vacuum conditions, beam energy,
beam size, and collimators settings.

The lower part of the plot shows the dose rates read by the diamond sensors. During
storage periods, with no injections, the dose rates follow the currents profiles. During
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Figure 5.13: Correlation of beam currents and diamond dose rates as functions of time.

injection, the background increases due to instabilities within the beam where new particles
are added. As a consequence the dose rates increase. Such increase demonstrates the need
for a higher beam abort threshold during injections, as expressed in Table 5.2.

The dose rates shown in Fig. 5.13 are taken from the four backward diamond sensors,
which had the most sensitive range selected (±10 nA). Different sensors read different dose
rates at the same time, due to different azimuthal positions around the beam pipe.

A correlation between these two quantities is shown in Fig. 5.14, to investigate the
dependence of the dose rate seen by diamonds on the beam currents. As an example a

Figure 5.14: Correlation between LER beam current and diamond dose rates.

time window is selected where only the LER beam is present, the HER beam current is
zero. The dose rates as a function of the LER beam current show a non linear behavior.

The dependence of the different background types from the beam current is described in
Sec. 3.1: a linear dependence from the beam current is introduced by the p0 component of
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the beam-gas scattering while the quadratic dependence is carried by the dynamic pressure
component and the Touschek effect. In Section 5.10 I use these dependences on the beam
current and other beam parameters to separate different beam background components.

Another example of the monitoring capabilities of the diamond system at 10 Hz are the
measurements of accumulated dose during the accelerator operations. Figure 5.15 shows
the integrated doses absorbed by the four backward sensors as functions of time during
three weeks. The integrated doses differ in different diamond sensors. The hierarchy

Figure 5.15: Doses integrated by BWD diamonds between 15 May and 8 July.

between integrated doses is compatible with Fig. 5.14: the two detectors at φ = 235◦ and
305◦, in the inner side of the accelerator ring, measure doses that are consistently about
twice as large as those measured by the other two detectors, located at the outer side. The
maximum dose integrated in 60 days of operations is 3.8 krad as seen by the backward
channel 3 (φ = 305◦).

5.9.2 Abort examples

In the previous section we discussed monitoring data sampled at 10 Hz. Abort requests
are based on 100 kHz data. Figure 5.16 shows two abort examples, a fast abort and a slow
abort. We introduce the threshold settings in Table 5.4, to explain how they are related to
beam abort requests. Both fast and slow abort types are enabled: left panel of Figure 5.16

Integrated dose
threshold

Integration
interval

Average dose
rate

Multiplicity

Fast 10 mrad 1 ms 10 rad/s 2
Slow 200 mrad 1 s 200 mrad/s 2

Table 5.4: Abort settings related to the radiation doses displayed in Fig. 5.16.

refers to a fast abort while the right panel to a slow abort.
After each abort the memory files are downloaded and ADC values are converted into

dose rates. The integrated dose is calculated within a millisecond running window, to
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Figure 5.16: Moving sums of radiation doses measured by the forward diamonds, imme-
diately preceding two aborts. The left panel is an example of a fast abort while the right
panel of a slow abort. Details are explained in the text.

verify if the signal exceeds the fast threshold. Each 10 µs a new data point is added to the
integration and the oldest one is removed. The horizontal values in Fig. 5.16 described as
interval number indicate which running window is considered over the one second recorded.
Given the 10 µs acquisition period and the 1 s total data-file length, the interval index runs
from 0 to 105.

Within each interval, the integrated doses are compared with the threshold integrated
dose. If two or more diamond channels pass the threshold, an abort request is generated.
Typically, the multiplicity is not set to one to avoid aborts due to noise fluctuations on a
single sensor. The last dose-rate peaks in the left panel of Fig. 5.16 related to channel 2 and
3 of the forward diamonds are higher than the 10 mrad dose threshold. These radiation
peaks show a periodic behavior: a peak is observed every 2 × 105 µs corresponding to a
5 Hz frequency. This is the injection frequency at which new particles are added to the
beam bunches, generating an increase in the background that is seen by diamond sensors.

The right panel in Fig. 5.16 cannot be related to a fast abort since the overall measured
dose rate is under the fast abort threshold. By integrating the doses absorbed by the
diamonds within the one second period I obtain that channels 2 and 3 have exceeded the
threshold, having integrated 236.16 mrad and 200.14 mrad respectively, from which I infer
that this plot shows a slow abort signal.

5.10 Background studies

During Phase 2 several studies are dedicated to investigate the origin of backgrounds and
to understand their components. The analysis of this section is based on correlating the
diamond sensor outputs with the accelerator conditions.

The left panels of Fig. 5.17 show the diamond dose rates as functions of the beam
currents. The data are with a single beam: LER in the top left panel and HER in the
bottom left panel. The displayed dose rates are based on the highest-signal sensor. I fit
each dose-rate profile with a quadratic function,

dD

dt
= AIP +B

I2

σy
, (5.1)

where D is the dose, P is the pressure inside the beam pipe, I is the beam current and
σy is the vertical beam size. The first term represents the beam-gas component and the

81



CHAPTER 5. DIAMONDS AT WORK IN SUPERKEKB COLLISION OPERATIONS

Figure 5.17: Diamond dose rates (FWD channel 2) as functions of the beam current,
separately for LER (top left) and HER (bottom left). Pressure within each beam as a
function of the beam current, separately for LER (top right) and HER (bottom right).

parameter A encodes the information about the gas composition around the interaction
point, and is proportional to the effective atomic number of the gas squared Z2

eff .
The pressure shows a dependence on the beam current. The right panels of Fig. 5.17

show the linear dependence of the pressure on the beam current. Therefore the beam gas
component in Eq. (5.1) has both a linear and a quadratic dependence on beam current.

The second term in Eq. (5.1) accounts for the Touschek background. The coefficient
B contains the information about the number of filled bunches Nbunch. At fixed beam
current, the charge within a single bunch increases, as Nbunch decreases. Consequently the
repulsion within the bunch increases and the background increases. The constant B is
proportional to the inverse of Nbunch.

The dose rate decreases with time. This is due to the improvement of the background
conditions: the residual pressure within the ring is lower and so the beam gas component
decreases. Several collimator adjustments did also help in the background reduction.
In order to separate the Touschek component from the beam gas, the beam conditions
are altered acting on the two terms of Eq. (5.1) separately. Since pressure control within
the beam pipe is not straightforward, the beam vertical dimension σy and the number of
bunches Nbunches are typically changed instead. This way, only the Touschek component
changes and the two background components are decoupled. Beam dimension changes are
obtained acting on the final focus magnets and squeezing the beams on the vertical axis.

Figure 5.18 shows the results of a beam-size study. The vertical axis shows the dose rate
normalized with the product of the beam current and the pressure, while the horizontal
axis shows the ratio between the current and the product of the pressure and the beam
vertical dimension.

If Eq. (5.1) is a satisfactory approximation, we expect a linear dependence, where the
slope of the line is the coefficient B while the ordinate intercept is equivalent to A. The
beam-size study is repeated with two different bunch filling: 789 and 1576 bunches.

The fit parameters are listed in Table 5.5.
Since only the beam size and the number of bunches vary during this study, and the

82



CHAPTER 5. DIAMONDS AT WORK IN SUPERKEKB COLLISION OPERATIONS

Figure 5.18: Beam-size study with different bunch-filling configurations. The normalized
dose rate is represented as a function of the beam parameters. Linear fits are superimposed
to the data points. FWD channel 2 dose rates are used in the plot.

789 bunches 1576 bunches
A (mrad

sAPa ) (4.00± 0.23)× 107 (3.93± 0.15)× 107

B (mradµm
sA2 ) (2.06± 0.35)× 102 (1.25± 0.22)× 102

Table 5.5: Results of the linear fit in Fig. 5.18.

measurements are conducted within a few hours, the beam-gas component is expected
to remain approximately independent of the number of bunches. This is confirmed by
comparing the fit results for the coefficient A: the two values obtained are compatible.
The coefficient A represents the extrapolation of the background as the beam size goes
to infinity. As the beam size grows, the Touschek effect vanishes and the background is
dominated by the interaction with residual gas.

As expected, the dose rate measured with a smaller number of bunches is higher than
the rate measured with a higher bunch number. The ratio between the two B parameters
obtained through the fit is expected to be equal to the inverse ratio of the number of filled
bunches. This follows from the inverse proportionality of B from the number of bunches.
Starting from the number of bunches filled, the theoretical ratio, rtheo = 1576/789 ' 1.997
is compatible with the experimental ratio, rexp = B789/B1576 = (1.65± 0.40).

Considering that physics data taking is performed with the smallest beam size possible,
to evaluate the relative contributions of Touschek and beam gas backgrounds, the data
point of Fig. 5.18 with the smallest beam size is considered as representative for physics
operations. With 1576 bunches filled, the beam gas contribution dominates, representing
the 66% of the total background. At 789 bunches filled the beam gas still dominates but
with 57% of the total background. The decoupling of Touschek and beam-gas contributions
using the diamond responses is limited to the interaction region (IR) where the detectors
are placed.

To estimate the beam losses contribution along the whole ring we introduce the beam
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Figure 5.19: Inverse beam-lifetime evolution during a beam-size study as a function of the
beam parameters. Linear fits are superimposed to data.

lifetime [68]. Beam lifetime τ is the time for the beam current to reduce to 1/e of its initial
value. Lifetime is mainly determined by the Touschek and beam-gas losses,

1

τ
=

1

τT
+

1

τG
, (5.2)

where τT is the contribution from the Touschek effect and is proportional to the inverse of
the bunch current and the beam size. τG comes from the interaction with the gas and it is
proportional to the inverse of the beam pressure.

The following approximated relation holds:

1

τ
= AP +B

I

σy
. (5.3)

In Fig. 5.19 the inverse of the product between the lifetime and the pressure is represented
as a function of the ratio between the current and the product of the beam vertical size
and the pressure. Data follow a linear evolution.

The Touschek contribution dominates, considering the beam losses along the whole
ring. The difference between the beam losses near the interaction region with respect to
the global behavior of the beam can be explained by considering the pressure profile near
the interaction point. Figure 5.20 shows the pressure as a function of the distance from the
interaction point, taken as the origin of the horizontal axis. The pressure is higher near
the interaction region, increasing the contribution from the beam-gas scattering near the
interaction region with respect to the global beam behavior.
Beam size studies are also performed varying beam current values. An example is presented
in Fig. 5.21. The measurements is repeated with 75 mA and 150 mA current values.
Because of the normalization of the values displayed on the vertical axis, the two data sets
should coincide.
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Figure 5.20: Pressure profile near the interaction region as a function of the distance from
the IP. The pressure decreases as the total amount of current accumulated increases. This
is due to the vacuum scrubbing process.

Figure 5.21: Beam-size study with two different beam currents. The normalized dose rate
is represented as a function of the beam parameters. Linear fits are superimposed to data
points. FWD channel 2 dose rates are used in the plot.

5.10.1 Scraping background

As a further result of our study, we found a background component that does not follow the
model of Eq. (5.1). Figure 5.22 shows the BWD diamond outputs as the vertical beam size
increases, during beam storage. As the beam size grows, the beam lifetime increases. This
global behavior is compatible with a Touschek-like component. However near the IR the
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Figure 5.22: Time evolution of dose rates and accelerator parameters during a background
test. The accelerator parameters are the HER beam current, its vertical size and its
lifetime. The dose rates are read from the BWD diamonds.

dose rate increases. This local behavior cannot be explained by the background components
in Eq. (5.1). As the beam size increases the background is expected to decrease.

To understand this particular behavior the entire Belle II was powered on during a
background study. After reconstructing the interaction vertices by back-extrapolation of
the reconstructed charged-particle tracks in the outer detector, several "hot-spots" were
found on the beam pipe walls. "Hot-spots" are regions close to the beam trajectory where
beam particles seem to interact with the surrounding material more frequently. Given the
peculiar hit distribution, we thought about a scraping component in the background.

Assuming a Gaussian distribution of the beam around the center of the beam pipe, a
certain amount of particles in the distribution tails may interact with the beam pipe wall.
Usually the distance between the beam center and the walls is of the order of 100 σ. Even
with a higher beam size, increased during the background study, the beam tail component
of the background should be negligible, if the beam is centered. However, since during the
first tuning period, not all the parameters were set optimally, this scraping background
maintains a non negligible contribution near the IR. Closing the collimators near the IP
and adjusting the beam optics leads to a significant reduction of the scraping background
component.

5.11 Summary of collision commissioning

During Phase 2 operations the radiation monitoring system has been tested completely
in real collision data-taking conditions. The abort system has succeeded in protecting
the vertex detector and the superconducting quadrupole magnets, by triggering 86 fast
aborts and 12 slow aborts. The majority of these abort events have been generated by
accelerator optimization operations. During Phase 2, accelerator experts have changed
several parameter such as collimator positions, beam optics and dimensions, and injection
pattern. All these changes have improved the beam conditions and background; however
such continuous tuning caused several radiation spikes, which were suitably detected by
the diamond system.
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The main successes of the diamond radiation Phase 2 operations are the following:

• Reliability - between March and July 2018 the radiation system has worked prop-
erly without major issues in all its components. I tested all the system features,
reprogramming it several times in a straightforward way.

• Background classification - the dose rates read by diamonds detectors have been
essential during beam background measurement campaigns. Accelerator experts have
used the diamond-signal evolution in time to identify the appropriate tuning proce-
dure to reduce the beam background near the IP.

• SuperKEKB protection - the diamond system reliability prompted the accelerator
experts to extend its tasks toward protecting the QCS magnets from quenches. For
the next Phase 3 it has been decided to increase the number of diamond detectors
from the planned 20 to 24: the extra four detectors will be used on QCS magnets to
measure the dose rate near them.

During the five months operation the radiation system has also shown some minor issues
that have to be addressed before physics operations.

• Fake aborts - the radiation system has delivered about ten abort requests not related
to a high dose rate during the whole Phase 2. By analyzing the 100 kHz memory
files I did not find any signal over the threshold and investigated further.

The external circuit has been checked but no unstable level was found that could
have generated such aborts. After testing the registers used by the FPGA inside
each DCU to memorize alarm and warning status, I found an inconsistency between
the expected and actual DCU behavior that could be responsible for triggering the
generation of such aborts.

• Electronics update - during Phase 2 four diamond detectors were set to the lowest
current range to measure the dose rate with the highest sensitivity. The other four
diamonds were set to the middle range, having enough dynamic rage to measure
high dose rate spikes. The presently limited number of ADC bits (16) and the
corresponding dynamic range after over-sampling do not allow to perform a precise
dose measurement simultaneously with an abort request in the same sensor. One of
the main goals for Phase 3 is to upgrade the electronics to enable performing both
actions simultaneously.

• Software automation - I performed the discussed data analyses manually. During
Phase 3 the number of aborts is expected to increase. An automatic software tool
should be developed to extract the basic information from each abort data file. This
tool should determine if the abort is generated by diamonds, the abort kind (fast or
slow), and which sensors are over the threshold. This tool would save time previously
dedicated to abort analysis.

Also the pedestal calculation could be performed automatically by a software tool.
During Phase 2 I calculated the pedestal values for each of the sensors during no
beam periods. In such periods the output of the sensors is expected to be zero.
However pedestal values drift in time and they have to be measured and updated
in the configuration files. These actions can be done by a proper software tool that
selects periods without beams and update the pedestal values automatically.
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Chapter 6

Summary

Today’s particle physics is focused on the quest for identifying the particles and forces that
extend the standard model. Flavor physics can give a crucial contribution in guiding toward
the completion of the standard model, thanks to the multitude of redundant processes not
constrained by collision maximum energy.

The Belle II experiment at the SuperKEKB accelerator is one of the leading facilities
in this enterprise. Over the course of the next decade, it will study billions of B and D
mesons, and τ leptons, at high precision looking for deviations from the SM predictions.

In order to reach high particle production-rates, Belle II will need high collision lu-
minosity provided by SuperKEKB. However, the associated harsh radiation backgrounds
may degrade the reconstruction performances of the vertex detector, the Belle II core.

In order to protect the Belle II silicon detector from high radiation, we installed single-
crystal artificial-diamond detectors that monitor the radiation doses near the interaction
region, triggering protective actions when needed.

I contributed directly to each step of the detector construction, starting from the diamond
crystals to the complete integration of the system into Belle II. I determined the best
operating conditions for 1/4 of the diamond detectors that will be installed on Belle II for
the next 10 years, performing noise and irradiation measurements with α and β sources.

I determined the electrical properties of charge carriers created inside the diamond
bulk by α particles. I characterized each diamond detector as a whole using a β source to
measure its current response over time and over a wide range of bias voltages. I realized
several simulations of the experimental setup, including the effects of small deviations from
the ideal positioning of the components, to evaluate the amount of energy released by the
β-electrons inside the diamond bulk as a function of the geometry parameters.

As Belle II and SuperKEKB collision commissioning started, I calibrated and operated
the radiation monitoring system on site at KEK. I tested the entire radiation monitor
system: starting from the readout electronics during no-beam operations I determined
the noise distribution of each electronic channel and I checked the complete abort-signal
propagation chain. As the beams became available I tested the abort system triggering the
vertex-detector power supplies depending on preestabilished background conditions. After
testing the entire system, I contributed to several background studies, analyzing the first
diamond data to identify and classify the various background components.
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The main achievements of my work are the following:

• I traced back discrepancies between expected and measured signals to a non-ideal
behavior of the diamond bulk and its contact surfaces (non negligible fixed-charge
concentration and charge accumulation at the contact surfaces);

• I related hysteretic responses and intrinsic gains to charge trapping effects and carriers
mobility properties;

• I found the calibrating relation between the output current, which is the quantity
directly measured, and the dose rate absorbed by the sensor, which is the relevant
indirect quantity to monitor during during Belle II operations;

• I established operating conditions that ensure a reliable response for radiation mon-
itoring purposes, despite the differences between sensors;

• I contributed in bringing the system to give crucial contributions in reducing beam
backgrounds, and understanding their sources;

• I contributed in bringing the system to a high level reliability and flexibility, beyond
what initially designed; its role in preventing harmful QCS quenches has prompted
the collaboration to ask us to add four diamonds, extending the system tasks to QCS
magnet protection.

In the next few months Belle II will start physics data taking thanks also to the vertex
radiation safety ensured by the diamond system. The diamond monitoring radiation system
I contributed in building up, calibrating, and operating will be essential for a successful
Belle II physics program.
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Appendix A

Environmental monitoring

The environmental conditions near the interaction point are monitored continuously to
guarantee smooth operations for the inner detectors. The monitoring systems, designed
and built by the Belle II Trieste group, involve radiation [69], temperature and humidity
measurements [70], and water-leak detection.

A.1 Temperature and humidity systems

Since the PXD and SVD front-end electronics dissipate power, the temperature within the
surrounding volume tends to increase. This power is removed using a CO2 cooling system
that flows in pipes at -20◦C near the power sources. A flux of dry nitrogen prevents water
vapor condensation, keeping the humidity low.

In order to monitor the environmental conditions the following systems are used:

• The temperature is monitored both on the cooling pipes and on the detector lad-
ders, close to the heat sources. Standard radiation-hard NTC (negative temperature
coefficient) thermistors are used to monitor the temperature of the cooling system.

The silicon module temperature is monitored using Bragg sensors in optical fibers
(FBG, fiber Bragg grating sensors). Each sensor reflects particular wavelengths and
transmit the others. A change in the temperature causes a shift in the reflected
wavelength. Therefore by calibrating each sensor, the temperature is calculated from
the wavelength shift.

Unlike NTC sensors, which are based on resistance measurements, FBG sensors re-
quire a more complex system based on a laser-pulse generator and a spectrum ana-
lyzer to read each sensors. FBG main advantage is the ability to perform temperature
measurements on long distances with a single optical fiber and the same electronics
reading all the sensors.

• Humidity is monitored by sampling the gas circulating in the VXD volume. The
collected gas is conveyed outside the detector and fed to a dew-point measurement
system. A thin polymer film absorbs the water vapor in the surrounding air. The
dielectric properties of the polymer, like the sensor capacitance, change as the hu-
midity around the sensor changes. Capacitance is then converted into a humidity
value.
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A.2 Interlock system and tests

Information from all environmental systems is input to the interlock system, designed
and built by the Trieste group [71]. When one or more measured quantity exceeds a
programmed range, the VXD high voltage is turned off to protect the detectors. The
interlock system is based on a programmable logic controller (PLC), that has several digital
and analog input/output modules to cope with input/output signals.

Before Phase 2 operations, the entire PLC interlock system was tested. I took part in
these tests in November 2017, testing both the input and the output signals.

• Output signals - the interlock signal is propagated from the PLC to PXD and SVD
detectors separately with several connections. The implementation is done using
"enable" signals. In normal condition a 24 V level is generated by the PLC. As
an interlock signal is generated the level is set to zero. With this logics a missing
connection or defective cable will generate an interlock, since no voltage is applied.
During the test all the connections have been verified: I verified that a simulated
interlock signal is correctly propagated to vertex detector lines.

• Input signals - the generation of a proper interlock signal was tested, acting on CO2

and water-leak sensors. A malfunction of the CO2 cooling system was simulated and
the proper propagation to the PLC was verified. As the signal reaches the PLC input
modules, the interlock signal is generated.

The water-leak detection system is based on resistance measurements. A pair of wires
is wrapped around the water cooling pipes. As a water leak happens, a resistance
change is detected between the two wires and an interlock signal is generated. The
system is tested by pouring water on the sensors inside the detector volume and mea-
suring how much water and time is required to trigger the interlock. The sensitivity
of the sensors is set to react quickly to water-leak and do not issue false triggers.
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Phase 3 diamond detector
installation

During the thesis work I also contributed to the diamond detector mounting and testing for
Phase 3. In Phase 3, 20 diamond detectors will be operating as radiation monitor system.
Twelve detectors are glued on the SVD L3 supports.

Figure B.1: Picture of SVD supports with diamond detectors mounted.

Figure B.1 shows a half SVD support with three detectors glued in the central part. The
support will be mounted around the beam pipe, sustaining the SVD silicon sensors. Fig-
ure B.1 shows also the coaxial cables used to carry the diamond signals away from the
interaction region and power the sensors.

After mounting the detectors, we tested them: we powered the detectors and put a β
source close to them. The mean output current was measured. The tests are conducted
to verify the sensor operations, comparing the outputs with the results of the previous
characterizations.

As in Phase 2, eight diamond detectors are mounted on the beam pipe (Fig. B.2). The
detectors are fixed on the pipe with a screw. Since both the detector case and the pipe are
metallic, the case is wrapped with a plastic thin foil. The foil ensures electrical isolation
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Figure B.2: Picture of a diamond detector mounted on the beam pipe.

between the two. The detector cables are inserted in a track on the beam-pipe to carry
the signal away from the interaction region. We register each sensor ID along with its
position on the pipe for future correlations. The position is specified by the half of the
pipe involved (forward or backward) and its azimuthal angle. All the mounted detectors
are then powered tested with a β source, as done for the twelve SVD diamonds.
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