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ABSTRACT

The Belle II detector is designed to collect data from the high luminosity electron-

positron (e+e−) collisions of the SuperKEKB collider. It will explore the flavour sector

of particle physics through precision measurements. The backgrounds of particles in-

duced by the electron and positron beams will be much higher than in any previous

e+e− collider. It is important that these backgrounds be well understood in order

to ensure appropriate measures are taken to protect the Belle II detector and mini-

mize the impact of the backgrounds. In February 2016 electron and positron beams

were circulated through the two 3 km vacuum pipe rings without being brought into

collision during ‘Phase I’ of SuperKEKB commissioning. Beam backgrounds were

measured using Belle II’s commissioning detector, BEAST II. BEAST II is composed

of several small subdetectors, including helium-3 thermal neutron detectors. The

BEAST II thermal neutron detector system and results from its Phase I running are

presented in this dissertation. The Phase I experiment studies beam-gas interactions,
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where beam particles collide with residual gas atoms in the beampipes, and beam-

beam interactions, where beam particles interact with each other. Simulations of

these two types of backgrounds were performed using the Strategic Accelerator De-

sign (SAD) and GEometry And Tracking (GEANT4) software packages. A method

to account for the composition of the gas in the beampipes was developed in order to

correctly analyse the beam-gas component of the background. It was also determined

that the thermal neutron rates in the data on the positron beam were 2.18+0.44
−0.42 times

higher than the simulation of beam-gas interactions and 2.15+0.34
−0.33 times higher for

beam-beam interactions. The data on the electron beam were 1.32+0.56
−0.36 times higher

for beam-gas interactions and 1.91+0.54
−0.48 time higher for beam-beam interactions. The

impact of these studies on Belle II is discussed.
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Preface

I worked on Belle II and BEAST II for five years. The following summarizes my

contributions to the project.

For the entirety of my time on Belle II, I was the electromagnetic calorimeter

(ECL) representative to the beam background simulation group. This involved de-

termining the expected dose and neutron flux in the electromagnetic calorimeter ECL

using Strategic Accelerator Design (SAD) and GEometry ANd Tracking (GEANT4)

simulations of the beam backgrounds produced by the beam background simulation

group leader, Hiro Nakayama. A new background simulation was produced three

times a year, requiring new plots of the effect on the ECL. It was through these

studies that it was determined that a method of verifying the simulation was needed,

particularly for neutrons.

I joined the BEAST II group to develop a thermal neutron detector system for the

Belle II commissioning. My research determined that tubes of helium-3 were the best

method. I contacted GE/Reuter-Stokes to purchase these. Neil Honkanen from the

University of Victoria’s (UVIC) electronics shop designed readout electronics for the

helium-3 tubes and I tested them with the thermal neutron source at UVIC. With the

assistance of Paul Poffenberger and Peter Lewis, I developed data acquisition software

to record the data produced by the tubes. I had the tubes shipped to KEK in August

2015 and travelled to KEK myself to install them. I travelled to KEK in February

2016 for the start of commissioning, and again in May 2016 for the BEAST II machine

studies. I completed the calibration when the helium-3 tubes were shipped back to

UVIC in September 2016.

The simulation of BEAST II Phase I was performed by Igal Jaegle. With advice

from him and others in the BEAST II group, I re-scaled these simulations to match

the beam conditions observed in Phase I with advice from Igal. With assistance

from my supervisor Michael Roney, I developed the simulation re-weighting scheme

described in Chapter 7, and the analysis techniques discussed in Chapter 8.
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A Nuclear Instruments and Methods article is in preparation on BEAST II Phase I,

which will describe this and other BEAST II work.



Chapter 1

Introduction

The Belle II detector is designed to collect data from the high luminosity SuperKEKB

electron-positron (e+e−) collider. It will explore the flavour sector of particle physics

through precision measurements and will reach particle interaction rates never before

achieved in an e+e− collider experiment. As such, backgrounds generated from the

beam will also increase dramatically.

Beam particles can be lost from the beam through three mechanisms: e+e− inter-

actions, interactions of the beam with residual gas in the beampipe, and interactions

of beam particles with other particles in the same bunch or group of particles (the

Touschek effect). This dissertation focuses on the latter two mechanisms. Particles

lost through the beam-gas collisions and the Touschek effect can interact with the

beampipe, producing showers of particles including neutrons. Neutrons produced can

be slowed down by interaction with materials around the beampipe. These thermal

neutrons can cause degradation of Belle II’s performance and even cause damage to

the detector. Simulations of these backgrounds and the neutron flux they produce

have been performed, but it is important to measure the backgrounds and determine

corrections to the simulation and uncertainties on these corrections.

In order to measure the beam backgrounds before the Belle II detector is installed,

an apparatus called BEAST II is placed around the point where the electrons and

positrons will collide. BEAST II will run for three phases. Phase I, a skeletal collection

of small subdetectors, ran February – June 2016. There were no collisions between

the electrons and positrons during this phase. Phase II will be composed of most of

the Belle II detector, without the vertex detectors, and will start running in late 2017.

Collisions of electrons and positrons will begin at this point. The vertex detectors

will be installed in Phase III, and the Belle II experiment will begin in full. The

purpose of BEAST II is to answer these questions: How accurate are the simulations
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of beam-gas and Touschek backgrounds? Do upgrades to Belle II’s subdetectors need

to be considered? Is more shielding required?

BEAST II is composed of several subdetectors which measure various types of

radiation. One of these detectors is a set of four thermal neutron detectors. These

detectors are stainless steel tubes which contain pressurized 3He. When a neutron

collides with a 3He nucleus, the nucleus splits into a proton and a tritium (3H) nucleus.

These produce ionization in the tube, which is measured with a sense wire at the

centre.

The components of the Belle II detector are described in Chapter 2. Phase I

of BEAST II is described in Chapter 3, as well as comments about Phase II. The

helium-3 thermal neutron detector system is described in Chapter 4, along with details

about the calibration, location in Phase I, and magnetic field tests. The sources of

beam backgrounds expected in Phase I are discussed in Chapter 5. The experiments

performed in Phase I to measure these backgrounds are described in Chapter 6. An

explanation of how the simulation of Phase I was performed and weighted is given

in Chapter 7. The techniques used to analyze the data recorded in Phase I are

demonstrated in Chapter 8. The consequences of the studies performed in Phase I

of BEAST II for full Belle II running are discussed in Chapter 9, followed by closing

remarks in Chapter 10.
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Chapter 2

Belle II
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SuperKEKB is a super B-factory which has been built at the KEK high energy

laboratory in Tsukuba, Japan. It consists of the SuperKEKB asymmetric e+e− col-

lider, storage rings, and the Belle II detector. The collider will run at a centre of mass

energy of 10.58 GeV, which is the mass of the Υ(4S) bb̄ resonance. With a luminosity

goal of 8×1035 cm−2s−1, SuperKEKB will be the highest luminosity e+e− collider ever

built (see Fig 2.1).
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2.1 Physics Motivation

Electron-positron B-factories are a type of collider experiment that use e+e− colliders

with high luminosity to make precision measurements of particle interactions involv-

ing mesons containing b quark and c quarks as well as tau leptons. Belle II is a next

generation e+e− B-factory, called a super-B factory. The centre of mass energy of

Belle II is just enough to produce the Υ(4S) resonance, but the majority of collisions

produce other particles, allowing investigation of processes involving charm quarks

and tau leptons. Measurements of CP-violation, in which matter and antimatter

behave differently, will be made in Belle II. Due to the precision of the measure-

ments that will be made at Belle II, small deviations from the Standard Model of

particle physics can be detected, which may be a sign of new physics. Searches for

other sources of new physics (such as dark matter) are possible through e+e− colli-

sions. Rare and forbidden decays can also be measured, which is another sign of new

physics [2].

2.2 SuperKEKB Collider

SuperKEKB (see Fig 2.2) is an asymmetric e+e− collider built at the KEK high energy

laboratory in Tsukuba, Japan. It has been constructed in the same tunnel as its pre-

decessor KEKB, but has many upgrades to increase the luminosity to 8×1035cm−2s−1,

40 times the luminosity achieved in KEKB. Other beam parameters are presented in

Table 2.1.

Electrons are produced and accelerated to 7.0 GeV by a linac. Before acceler-

ation, some of the electrons produced are used to generate positrons by irradiation

of a tungsten target located in the middle of the linac. Due to the nature of this

production, the emittance of the positron beam will be very large. To mitigate this

the positron beam will be pulled off the linac and injected into a damping ring. After

damping, the positrons are returned to the linac and accelerated to 4.0 GeV. Both

rings have a circumference of 3.0 km.

Due to the higher energy of the electron beam, the centre of mass of Belle II

is boosted in the direction that the electron beam is travelling. This boost allows

the decay time of the particles produced in the interaction to be dilated by special

relativity, enabling time-dependant measurements of CP-violation.

The electrons and positrons are continuously injected into the high energy ring
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(HER) and low energy ring (LER). This continuous injection allows the beam current

to remain constant, allowing a high luminosity [3, 4].

LER HER

Accelerates e+ e-
Beam Energy (GeV) 4.0 7.0
Beam Current (A) 3.60 2.62
Horizontal Beam Size (µm) 10.2 7.75
Vertical Beam Size (nm) 59 59
Number of Bunches 2503
Luminosity (cm−2s−1) 8×1035

Residual beam pipe pressure (nTorr) 10

Table 2.1: SuperKEKB beam parameters [3].

2.3 Belle II Detector

The Belle II detector is composed of eight subdetectors (see full schematic in Fig 2.3).

The inner and outer radii (measured from the beam line axis) as well as the angular

acceptance of each subdetector are shown in Table 2.2. Belle II uses a cylindrical

coordinate system to define positions. The z-axis runs through the solenoid axis, in

the direction that the electron beam travels. Positive z is referred to as the forward

direction, and negative z is the backward direction. x is the direction towards the

outside of the SuperKEKB ring, and y is upwards. φ is the azimuthal angle around

z, and θ is the zenith angle with respect to z.

This section describes each subdetector, starting at the innermost.

2.3.1 Vertex Detector

Belle II’s vertex detector (VXD) is made up of two tracking subdetectors. The inner

detector is the pixel detector, which is surrounded by the silicon vertex detector.

Pixel Detector

The PiXel Detector (PXD) is wrapped around the beampipe. This subdetector is

made up of two cylindrical layers containing solid state pixel cells. The inner cylinder

has a radius of 1.4 cm and has eight segments, while the outer cylinder has a radius
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Figure 2.2: The SuperKEKB e+e− collider. The rings have a circumference of 3
km [5].

of 2.2 cm and has 12 segments. The PXD contains about 8 million individual pixel

cells [3, 6].

Silicon Vertex Detector

The Silicon Vertex Detector (SVD) surrounds the PXD. Its purpose is to measure

decay vertices, particularly those of B decays. It consists of four layers containing

strips of double sided silicon detectors. Due to the smaller Lorentz boost of Belle II

compared to Belle, there is less separation between the B decay vertices; however,

the beampipe of Belle II is smaller, which allows the Belle II SVD to have improved

performance compared to Belle [3].

2.3.2 Central Drift Chamber

The Central Drift Chamber (CDC) surrounds the VXD. It provides three important

functions: reconstruction of tracks and momentum measurements of charged particles,

particle identification through energy loss within the gas volume, and efficient and

reliable triggers for charged particle tracks. The CDC is a cylindrical chamber, with

over 14,000 sense wires strung along the length of the cylinder. It is filled with He-
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Subdetector Inner Radius (mm) Outer Radius (mm) θmin (deg) θmax (deg)

PXD 14 22 17 150
SVD 38 140 17 150
CDC 160 1130 17 150
TOP 1190 1243 32 128
ARICH 420 1140 13 34
Forward ECL 1378 420 12.3 32
Barrel ECL 1244 1617 32 130
Backward ECL 417 1392 130 155.1
BKLM 1952 2475 45 125
EKLM 1248 2475 20 145

Table 2.2: Inner and outer radii, and angular acceptances of Belle II subdetectors,
measured from the forward direction. The detectors are approximately symmetric in
φ.

C2H6. As charged particles traverse the gas, they create tracks of ionization, which

are detected by the sense wires. The path of the particle through the CDC can then

be reconstructed. The CDC is immersed in a 1.5 T solenoidal magnetic field, parallel

to the beampipe. This allows the CDC to act as a large magnetic spectrometer [3].

2.3.3 Particle ID

Belle II has two particle ID (PID) detectors: the TOP and the ARICH. The TOP is

in the central region of Belle II, while the ARICH is in the forward region.

Time of Propagation Counter

The barrel PID detector is known as the Time Of Propagation (TOP) counter. Its

purpose is to improve Belle II’s ability to distinguish between kaons and pions. The

counter measures the time of propagation of Cherenkov photons internally reflected

within a quartz radiator. The detector consists of 16 modules which run parallel to

the axis of Belle II. Each module is made up of a single rectangular bar of quartz with

a focusing mirror on one end and a photomultiplier tube (PMT) on the other end. As

particles traverse the crystal, Cherenkov light is produced in the crystal. This light

is reflected down the bar into the PMT. Information about the incident particle’s ID

can be inferred from this light [3].
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Aerogel Ring-Imaging Cherenkov Detector

Sandwiched between the CDC and the forward ECL end-cap is the Aerogel Ring-

Imaging CHerenkov (ARICH) detector. Its purpose is to identify kaons and pions

over most of the momentum range and to discriminate between pions, muons, and

electrons at momenta below 1 GeV/c. The detector consists of an aerogel radiator

where charged particles create Cherenkov photons, an expansion volume where the

photons propagate so that distinctly measurable rings can form, and an array of pho-

ton detectors (known as HAPDs: Hybrid Advanced Photo-Detector) which measure

the Cherenkov rings [3].

2.3.4 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECL) has several tasks: high efficiency photon

detection, precise photon energy and angular measurements, identification of elec-

trons, trigger signalling, luminosity measurements, and (with the K0
L and µ detector)

K0
L measurement. Note that all particles will potentially lose some energy that is

measured in the ECL, which will contribute to particle identification. The ECL is

composed of 8,736 crystals of thallium doped caesium iodide (CsI(Tl)) and is divided

into three parts: the forward end-cap containing 1,152 crystals, the barrel containing

6,624 crystals, and the backward end-cap containing 960 crystals. Apart from the

electronics the entire calorimeter is the same as was used in the Belle experiment.

Each crystal is roughly 30 cm in length, which corresponds to 16 radiation lengths.

The crystals have a cross section of ∼ 5 cm× 5 cm.

Attached to the end of each crystal is a diode that measures the scintillation

light produced by the crystal, which is proportional to the energy deposited in that

crystal. The front-end electronics of the ECL have been upgraded since Belle and now

read and process the waveforms using a Field Programmable Gate Array (FPGA),

producing time and amplitude [3].

2.3.5 K0
L and µ Detector

The outermost detector system is the K0
L and µ detector (KLM), which is made of

three components: two end-caps (EKLM) and a barrel (BKLM). These components

consist of alternating layers of 4.7 cm thick iron plates and active detector material.

In the barrel, the active material is made up of glass-electrode resistive plate chambers
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(RPC). The end-caps have to deal with a much higher background flux, so the active

materials there are scintillators. The barrel KLM covers 45◦ to 125◦ and is made

up of 15 layers, providing 3.9 interaction lengths of material. The end-caps extend

this range from 20◦ to 155◦. The forward end-cap has 12 layers, while the backward

end-cap has 14 layers [3].

2.3.6 Shielding

In order to mitigate the effects of beam backgrounds, shields composed of polyethylene

with 5% boron and lead are installed inside the forward and backward ECL. The

polyethylene and boron absorb neutrons and the lead absorbs photons and electrons.

In addition to this, the ARICH has a small neutron shield made of polyethylene built

into it.

2.3.7 Neutron Damage to Belle II Subdetectors

The readout electronics of each subdetector are all silicon based. 3.05% of silicon

is composed of the 30Si isotope, which can be transmuted into phosphorous by this

reaction:
30Si + n→ 31Si + γ → 31P + β− + γ (2.1)

which introduces an n-type dopant into the silicon, altering its electronic properties.

Additionally, there is lattice damage caused by recoil. Other silicon isotopes, 28Si and
29Si will also absorb neutrons, but since they remain silicon, they do not alter the

electronic properties other than introducing lattice damage [7].

The simulated neutron flux in each Belle II subdetector is presented in Chapter 9.

The unscaled figures are for the basic simulation and the scaled figures are after the

analysis presented in this dissertation. Expected neutron fluxes are on the order of

109 neutrons cm−2yr−1 for most detectors, with the vertex detectors having a higher

flux, and the KLM detectors having a lower flux. Some detectors are more sensitive to

neutron background, particularly the ARICH and TOP detectors and the electronic

components of the other detector readouts.



11

Chapter 3

BEAST II

3.1 Overview

Beam backgrounds (discussed in detail in Chapter 5) are an important consideration

in any collider experiment. Simulations of these backgrounds are calculated (dis-

cussed in Chapter 7) to ensure that these backgrounds will not damage the sensitive

components of Belle II. It is important to make measurements of the backgrounds

as well, to determine the level of accuracy of the simulations. This is the purpose of

BEAST II (Beam Exorcism for A Stable experimenT). The helium-3 tube and CsI

detector systems are especially geared toward verification of the simulation.

BEAST II consists of three distinct phases. Phase I consists of a skeletal frame-

work with several subdetectors, shown in Fig 3.1, all covered by a concrete shield.

Table 3.1 lists the subdetectors in Phase I. In Phase II, the Belle II detector will

be wheeled in (without the VXD system), with several subdetectors from Phase I in

place. In Phase III, the VXD will be installed and the transition from background

measurement to full physics running will begin.

The focus of this dissertation is Phase I, where only beam-gas and Touschek

backgrounds are present and therefore more easily measured. A description of the

various components of this phase follows.

3.2 Crystals

The crystal subsystem consists of six crystal boxes, three on each side of the interac-

tion region (IR). Each box contains three crystals: pure caesium iodide (CsI), thallium

doped CsI (CsI(Tl)), and cerium-doped lutetium yttrium orthosilicate (LYSO). When
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Figure 3.1: CAD rendering of BEAST II showing colour-coded locations of all sub-
detectors. The support structure is omitted for clarity [8].

charged particles enter these crystals, they generate showers and produce visible light

with an intensity proportional to the energy deposited by the particle. Photomulti-

plier tubes attached to the end of the crystals collect this light and produce a signal.

3.3 BGO

Eight bismuth germanate (Bi4Ge3O12 - BGO) crystals (four in the forward region,

four in the backward region) are installed with their long axes pointing at the inter-

action point (IP). In Phase II of BEAST II, these will measure the radiative Bhabha

events. In Phase I, they act as a general monitor of radiation. The BGO crystals

measure radiation in the same way as the crystals discussed in § 3.2.

3.4 TPCs

The fast neutron Time Projection Chambers (TPCs) detect fast neutrons by mea-

suring tracks from recoiling alpha particles. The detectors themselves are rectangular

boxes filled with helium. When the alpha particles recoil, they produce ionization

tracks which drift to a sensor at the end of the box. There were four TPCs in place
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Subdetector Purpose Number of devices

PINs Ionizing radiation 64
Crystals Injection and Machine backgrounds 18
Helium-3 tubes Thermal neutron detection 4
Time projection chambers Fast neutron detection 2
CLAWS Fast injection background 8
Diamonds Radiation dose monitor 4
BGO Machine backgrounds 8

Table 3.1: Summary of BEAST II Phase I detectors.

in Phase I of BEAST II, two of which were operating.

3.5 Diamonds

Four (4.5 × 4.5 × 0.5mm)2 diamond sensors are mounted to the beampipe near the

IR. The purpose of these sensors is to provide an instantaneous and integrated mea-

surement of the dose near the IR. The diamond crystals have electrodes deposited

on opposite sides. A potential difference applied between the electrodes produces an

electric field of approximately 1 V/µ. When charged particles cross the diamond,

an electron-hole pair is produced for each 13 eV of energy that is deposited. These

electron-hole pairs produce a current in the diamond, which is measured to determine

the dose.

3.6 PINs

An array of PIN (three layers of semiconductor: P-doped, Intrinsic, and N-doped)

diodes at various locations around BEAST II provide a simple and inexpensive mea-

surement of ionizing radiation. The radiation produces an increase in the dark current

of the diodes, which is measured to provide the dose. Half of the PIN diodes are coated

in a thin layer of gold paint, which reduces the X-ray dose. A comparison between

shielded and unshielded diodes gives a direct measurement of the syncrotron radiation

dose. Each PIN subdetector contains two diodes (one gold coated, and one not) and

a temperature monitor encased in an aluminum block. Eight sets of four blocks are

placed at various locations surrounding the beampipe, for a total of 64 channels.
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3.7 CLAWS

The sCintillation Light And Waveform Sensors (CLAWS) detector system measures

backgrounds, in particular those caused by injection. It consists of eight scintillator

tiles read out by silicon photomultipliers. The system has a 0.8 ns sampling rate,

making it ideal for measuring the fast injection signals. These results are sent to the

SuperKEKB control room, providing fast feedback of accelerator performance.

3.8 Helium-3 Tubes

The helium-3 tubes provide thermal neutron detection, and are discussed in detail in

Chapter 4.

3.9 Phase II

In the fall of 2017, Phase II of BEAST II will begin. During this phase, the Belle II

detector (without the VXD systems) will be rolled into the IR. Phase I devices will

continue to be used in this phase, with the exception of the crystal boxes, as the ECL

will take similar measurements. In addition, there will be two new subdetectors: FE-

I4 ATLAS Near Gamma Sensors (FANGS) and Pixelated Ladder with Ultra-low

Material Embedding (PLUME). The CLAWS, FANGS, PLUME, and BGO systems

will be installed in the VXD space. The TPCs and helium-3 tubes will go into the

dock spaces as shown in Fig 3.2. During this phase, the 1.5 T magnetic field of Belle II

will be turned on.
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Figure 3.2: Belle II dock spaces.
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Chapter 4

Helium-3 Tubes

4.1 Description

Figure 4.1: Helium-3 tube (see Fig B.1 for a detailed schematic of the detector).

Four helium-3 tubes were procured from GE-Reuter Stokes for the purpose of

thermal neutron detection in BEAST II. They consist of stainless steel tubes 9.47"

long and 2" in diameter filled with 3He at 4 atm of pressure.

4.2 Theory of Operation

When a thermal neutron (with an energy of 0.025 eV) passes through the active area

of the detector, it may be captured by a 3He atom [9]:

3
2He +1

0 n→ 3
1H +1

1 H + 764 keV (4.1)

The cross section for this reaction decreases as the energy of the neutron increases,

as shown in Fig 4.2. The 3H and proton ionize the gas in the tubes. This ionization
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produces a signal on a sense wire in the centre of the tube.

The signal is read out by a custom amplifier system designed and built by the

electronics shop at the University of Victoria.
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Figure 4.2: Cross section of neutron capture by helium-3 as a function of neutron
energy. The vertical black line corresponds to upper range of the energy of thermal
neutrons [10].

4.3 Readout Electronics

The helium-3 tube amplification system consists of two devices: an amplifier module

that is attached directly to the back end of the tube (see Figs 4.3(a) and 4.3(d)), and

a receiver box that plugs into a slot in a NIM crate (see Fig 4.3(b)). Both of these

devices were designed and built in the electronics shop in the physics department at

the University of Victoria.
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(a) Amplifier Front

(b) Receiver
box

(c) Power supply

(d) Amplifier Rear

Figure 4.3: Amplifier module, receiver box, and power supply. Circuit diagrams can
be found in Appendix B.

4.3.1 Amplifier Module

The amplifier module is attached to the end of the helium-3 tube. It is connected

to the sense wire of the helium-3 tube via a 47 pF capacitor to remove the high

voltage (HV) on the sense wire. This amplifier provides a gain of 2. Once the signal

is amplified, it is sent through a differential line driver. The signal is split into two

identical components, one of which has its polarity reversed. These signals are then

sent down a twisted pair CAT-6 cable. Low voltage power for the amplifier circuitry

is also provided by the CAT-6 cable. A circuit diagram can be z B.3 [11].

In addition to amplifying the helium-3 tube signal, the amplifier module also

routes high voltage of 1.58 kV to the sense wire in the tube. This high voltage is

produced by a Bertan model 323 HV power supply (see Fig 4.3(c)).

4.3.2 Receiver Box

The receiver box contains integrated circuits (ICs) which receive the signal from

the CAT-6 cable, and provides the low voltage to power the amplifier circuit in the

amplifier modules. The split signal from the amplifier is combined at the receiver box.

This differential signal approach should reduce most electronic noise, since the noise

should affect both the inverted signal and the non-inverted signals and any noise

which affects both will be removed when the two are combined. The receiver box
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outputs the signals via lemo connections on the front. The box contains four separate

ICs, and as such can handle the signals from four different tubes. It is powered by

the NIM back plane. A circuit diagram can be found in Fig B.4 [11].

4.4 Data Acquisition

Data acquisition (DAQ) is performed with a CAEN 1724 digitizer (Fig 4.4(a)). This

device receives the signals from the receiver box and records the pulse height and

time of a signal waveform, with a time resolution of 20 ns. This information is then

passed to a computer via a VME-USB bridge (Fig 4.4(b)).

(a) V1724 Digitizer (b) V1718 Controller

Figure 4.4: CAEN VME modules used for DAQ.

DAQ software was written to combine the CAEN digitizer libraries, the Experimental

Physics and Industrial Control System (EPICS) [12], and the ROOT data analysis

framework [13]. EPICS is used for slow control of all BEAST II subsystems and to

get real time plots of the data as the experiment is running. In the case of the helium-

3 tubes, EPICS controls starting and stopping of acquisition and reports the rate of

hits in the helium-3 tubes to the operator. ROOT ntuples containing the channel

number, pulse height, and time stamp (in seconds since January 1, 1970) are saved

to disc by the DAQ software.
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The digitizer has a 21 s (30 bit counter, 20 ns/bit) clock on board which is used

to set the time stamp. After 21 s, this internal clock resets to 0 which the CAEN

software accounts for on the next trigger. Unfortunately, when the clock rolls over

multiple times without a trigger, the CAEN software assumes the clock has only

rolled over once, leading to an incorrect time stamp. To prevent this, EPICS sends

a software trigger to the digitizer every 10 s to ensure that the clock never rolls over

more than once between triggers. This 0.1 Hz software trigger rate is subtracted from

the helium-3 tube hit rate in the analysis.

4.5 Calibration

After Phase I was complete, the helium-3 tubes were shipped back to the University of

Victoria for calibration. This was a calibration of the whole system: the tubes them-

selves, the preamplifiers, the digitizer, and GEANT4 (v10.3). During the calibrations,

each tube was connected to the same channel that it was during Phase I.

4.5.1 Neutron Source

The University of Victoria has a 241-AmBe neutron source, which produces neutrons

using the following reaction [14]:

241
95 Am→ 237

93 Np +4
2 He + γ (4.2a)

9
4Be +4

2 He→ 12
6 C +1

0 n + γ (4.2b)

with an activity of 168 GBq (measured at 185 GBq in 1966). The energy spectrum

of an AmBe source can be found in Fig 4.5. The configuration of the University of

Victoria’s AmBe source can be found in [15]. The neutron rates from five different

AmBe sources is measured in [16]. From this, it is determined that an AmBe source

produces 6.08±0.17×104 neutrons/GBq. For the 168 GBq source, this corresponds

to 1.02±0.03×107 neutrons/s.

The source is surrounded by a cube of graphite 1.83 m to a side, which thermalizes

the neutrons. The spectrum of the neutrons which emerge from the graphite is

shown in Fig 4.6. For reference, the efficiency of the helium-3 tubes over a large

kinetic energy range is shown in Fig 4.7. Using data from these figures, the helium-
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Figure 4.5: Energy spectrum of neutrons from AmBe source [18].

3 tubes are able to detect 62% of the neutrons which emerge from the graphite cube.

Graphite can contain boron impurities, but since the graphite used next to the source

is ‘medium grade’ it is assumed that there is no significant absorption of neutrons by

boron impurities. This graphite has a density of (1.63±0.01) g/cm3 [17]. This source

provides an excellent tool for testing and calibrating the helium-3 tubes.

4.5.2 Calibration Procedure

Gain Matching

The helium-3 tubes were returned to the University of Victoria after Phase I of

BEAST II operation for calibration. During testing, it was observed that the pulse

height spectrum for each helium-3 tube did not match the pulse height spectrum from

the same tube in Phase I, despite having the HV supply set to the same voltage (see

Fig 4.8). It is unclear what caused this issue, but subsequent measurements of the

output voltage of the Bertran supply suggests that it was not as stable as expected.

In order to get an accurate calibration, it was necessary to choose an HV setting that

caused the pulse height spectrum to match what was observed in Phase I.
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Figure 4.6: Kinetic energy spectrum of neutrons after they pass through the graphite
cube. From simulation in GEANT4.
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Figure 4.7: Efficiency of helium-3 tubes vs kinetic energy, from simulation in
GEANT4.
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Figure 4.8: Pulse height spectra of thermal neutrons before and after voltage cor-
rection. Red is during Phase I, blue is at 1580 V, and green is at the corrected
voltage.

The helium-3 tubes were run at 2 V increments starting from 1540 V up to 1590 V.

For each voltage setting, χ2 comparison was done between the spectrum observed in

Phase I and the spectrum observed at that voltage. The voltage that produced the

lowest χ2 was used as the operating voltage for that tube during calibration. Table 4.1

summarizes the voltage settings used in Phase I.

Uncertainty on the Rate due to the Voltage Setting Since the voltage that

was used to calibrate the helium-3 tubes is not exactly the same as the voltage used

in Phase I, there is an uncertainty in the calibrated rate. To quantify this uncertainty,

the rate at the chosen voltage setting was compared to the rates measured at +2 V

and -2 V, since these were the smallest voltage increments studied and serve as a

conservative uncertainty. The uncertainty due to the voltage setting is then:

σ± = |Rnominal −Rnominal±2V| (4.3)
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The values of σ± are presented in Table 4.2.

Channel Voltage (V)

0 1586
1 1570
2 1550
3 1560

Table 4.1: Nominal high voltage settings during helium-3 tube calibration.

Rate at
Channel -2 V (Hz) Nominal (Hz) +2 V (Hz) σ+ (Hz) σ− (Hz)

0 199.0 191.6 184.8 7.47 6.75
1 218.4 214.2 198.0 4.20 16.24
2 140.3 146.2 158.5 12.35 5.93
3 255.8 262.1 271.8 6.38 9.64

Table 4.2: Uncertainty on helium-3 tube rate due to voltage uncertainty.

4.5.3 Calibration

To calibrate the helium-3 tubes, each tube was placed one at a time into a cradle

made of high density polyethylene (HDPE). The polyethylene reduced the thermal

neutron flux in the source room from ∼600 Hz to ∼100 Hz, similar to that observed

in Phase I of BEAST II, by absorbing some of the thermal neutrons. The relative

orientation of the helium-3 tubes and the graphite is shown in Fig 4.9.

The rate in each helium-3 tube was recorded, then the cradle was moved to a

position further from the source and the process was repeated. The rate in each

helium-3 tube as a function of the distance from the source is given in Fig 4.10.

AmBe Source Simulation

A simulation of the AmBe source was produced using GEANT4 [19]. The simula-

tion contains the source, the graphite cube (using the GEANT4 default density of

1.7 g/cm3 instead of 1.63 g/cm3), the concrete walls of the room, the HDPE cradle,

and the helium-3 tube. Neutrons following the spectrum shown in Fig 4.5 are fired

isotropically from the centre of the graphite cube. 1.0×107 events corresponds to 1

second.
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Figure 4.9: Helium-3 tube calibration setup from GEANT4 simulation, including
HDPE cradle. Image is to scale.

Curve Fitting

The rates are fit to an inverse square function:

Rn = An ×
(

B

(r − r0)2
+ C

)
(4.4)

where r is the position of the helium-3 tube relative to the AmBe source. The

parameters B, C, and r0 are shared by the four helium-3 tubes, while An varies in

each helium-3 tube.

The AmBe source room is significantly more complex than just a graphite cube

with a source at its centre as there is a large amount of equipment and storage in

the room. This extra material is very difficult to simulate, but should manifest as a

background neutron rate in the room, and thus only affect the ‘C’ term in the fit.

Therefore, a modified version of Eqn 4.4 is used for the simulation:

Rsim = Asim ×
(

B

(r − r0)2
+ C

)
+ Csim (4.5)

The parameters B, C, and r0 are the same as used in the fit to data. The fit to

data and simulation are done simultaneously, with Asim fixed at 1. An is therefore
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Figure 4.10: Helium-3 tube rate vs distance from thermal neutron source. Orange is
simulation, other colours are the different channels. The measured minus fit rates are
presented in Fig 4.11.
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the efficiency of each tube relative to the simulation. The efficiency for each helium-

3 tube is presented in Table 4.3. The other fit parameters can be found in Table 4.4.

The uncertainty due to the voltage setting is calculated as:

σV
± = An

σ±
R

(4.6)

where σ± and R are taken from Table 4.2.

Additionally, a 3% uncertainty is added to account for the uncertainty on the

number of neutrons produced by the AmBe source (see § 4.5.1).

The uncertainties due to the voltage, the neutron production rate, and from the

fit are combined in quadrature to get the total uncertainty.

The measured rate minus the fit rate is shown in Fig 4.11.

Channel An σfit σV
+ σV

− σAmBe σTot
+ σTot

−

0 0.278 0.019 0.011 0.010 0.008 0.023 0.021
1 0.282 0.020 0.006 0.021 0.008 0.021 0.029
2 0.154 0.011 0.013 0.006 0.005 0.017 0.013
3 0.201 0.014 0.007 0.005 0.006 0.016 0.015

Table 4.3: Helium-3 tube efficiency with uncertainties. σfit is the uncertainty from
the fitting, σV

± is the uncertainty from the voltage, and σAmBe is the uncertainty from
the neutron production rate.

Parameter Value Uncertainty

χ2 215.361
degrees of freedom 47
B × 106 cm2s−1 7.243 0.822
r0 (cm) 0 4.6
C (Hz) 107.856 10.2
A0 0.278 0.019
A1 0.282 0.020
A2 0.154 0.011
A3 0.201 0.014
Asim 1.000 N/A
Csim (Hz) 100.455 26.4

Table 4.4: Fit parameters for calibration fit shown in Fig 4.10.

Uncertainty on Points The uncertainty on the simulated points is the square

root of the number of simulated hits divided by number of seconds that have been
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simulated:

σrate =

√
Nevents

t
(4.7)

The measured data have two associated uncertainties: the uncertainty on the rate,

and the uncertainty on the position. The uncertainty on the rate is the same as also

given by Eqn 4.7. The uncertainty on the position is taken to be 1 cm.

The position uncertainty is converted to a rate uncertainty using standard prop-

agation of error:

σposition
rate =

∂Rn

∂r
σr = 2

AnB

(r − r0)3
σr (4.8)

where Rn is given by Eqn 4.4. Equations 4.7 and 4.8 are added in quadrature to

get the total rate uncertainty. Since the uncertainty due to the position requires fit

parameters to calculate, the fit is first calculated, then the uncertainty on the rate

due to position is calculated. The fit is then recalculated until the fit parameters

converge. The uncertainty on the rate is shown in Fig 4.11.

Discussion of χ2 As evident from Table 4.4, the χ2 of the calibration fit is quite

high. Because the fit is done for all four tubes and simulation simultaneously, an

outlying point in one of the tubes affects the whole calibration. In Fig 4.10, the first

three points of channel 0 are outliers. These are the main contribution to the large χ2

value. If these first three points are removed and the fit is recalculated, χ2 becomes

110.4, with 44 degrees of freedom. A comparison of the efficiencies (An) and Csim with

and without these points can be found in Table 4.5. The values of An are consistent

within 1 σ.

Removing first three
All points points of channel 0

Channel An σAn An σAn

0 0.278 0.019 0.294 0.020
1 0.282 0.020 0.294 0.020
2 0.154 0.011 0.160 0.011
3 0.200 0.014 0.209 0.014

Csim 100.455 26.4 114.324 25.186

Table 4.5: Helium-3 tube efficiencies with and without first three channel 0 points.

Cross Check on Helium-3 Tube Efficiency The uncertainty on the helium-

3 tube efficiency is the uncertainty on the fitting parameters shown in Table 4.4. As
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a cross check, a simple analysis was done.

Each simulated point has the parameter Csim subtracted from it. Then, for each

data point, an estimate of A was calculated:

AEstimate =
Rreal

Rsim − Csim

(4.9)

For each tube, the mean and RMS of this was calculated for all points in Fig 4.10

(Table 4.6). The RMS calculated in this cross check was very similar to the fit

uncertainties shown in Table 4.4, which provides evidence that the fitting uncertainties

are appropriate, even for large χ2.

Channel AEstimate RMS

0 0.275 0.020
1 0.281 0.019
2 0.155 0.011
3 0.201 0.012

Table 4.6: Cross check of uncertainty on helium-3 tube efficiency.

4.6 Deployment in BEAST II Phase I

In Phase I of BEAST II, the helium-3 tubes were placed at the locations above, below,

and on either side of the IR as shown in Table 4.7. They were mounted beside the

TPC positions (see § 3.4), as shown in Fig 4.12.

Channel x (m) y (m) z (m) φ (approximate)

0 0.439 0.073 0.469 0◦

1 -0.130 0.469 0.517 90◦

2 -0.477 -0.083 0.485 180◦

3 0.052 -0.451 0.470 270◦

Table 4.7: Locations of helium-3 tubes. IP is at (0,0,0), z runs parallel to the beampipe
and the centre of the rings is in the negative x direction.
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Figure 4.12: Helium-3 tube and TPCs in BEAST II Phase I. Colour scheme is the
same as used in various plots, such as Fig 4.10. The centre of the SuperKEKB rings
is in the negative x direction.

4.7 Deployment in BEAST II Phase II

4.7.1 Magnetic Field Testing

In Phase II of BEAST II, most of the components of Belle II will be in place and the

magnetic field will be turned on. It was thus necessary to determine whether or not

the helium-3 tubes would be affected by the magnetic field, or if they would distort

the field in an undesirable way. To test this, a single horseshoe magnet was placed

with its poles pointing upward. A gaussmeter probe, supported by a lab stand, was

placed between the poles. A helium-3 tube, also supported by a lab stand, was placed
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in various locations near the probe, as shown in Fig 4.13.
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Figure 4.13: Schematic of helium-3 tube and gaussmeter probe placement (not to
scale). i is the magnet, ii is the helium-3 tube, and iii is the gaussmeter probe.

The results of the experiment show that the detectors are non-magnetic (see Ta-

ble 4.8), and will therefore not shift in Belle II’s magnetic field, or disrupt the field

around them.



34

Field without helium-3 Field with helium-3
Position tube present (kG) tube present (kG)

a 1.322 1.321
b 1.321 1.319
c 1.322 1.322
d 1.323 1.321
e 1.323 1.314
f 1.489 1.489

Table 4.8: Results of magnetic field test. Positions are described in Fig 4.13.
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Chapter 5

Beam Backgrounds

As electrons and positrons circle the HER and LER, some of them are lost from the

beam as they collide with the residual gas in the beampipe and with other beam

particles. These collisions move the particles out of a stable orbit, causing them to

collide with the beampipe and other nearby materials, causing showers of particles.

This chapter discusses some of the ways that particles can be lost from the beam and

some of the effects of that loss.

5.1 Beam-Gas Interactions

Figure 5.1: Beam-gas scattering.

5.1.1 Elastic Collisions

The beampipe is designed to operate under a vacuum of 10 nTorr and as such there

are still residual gas atoms in the beampipe. When a beam particle collides with an

atom of residual gas in the beampipe, the collision is elastic and there is very little
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kinetic energy transferred to the gas atom. The beam particle, however, undergoes

a large scattering, which can send it outside the acceptance of the beam orbit. The

cross section for this interaction is given by [20, 21]:

σscatt =
2πreZ

2

γ2

β1β2

d2
(5.1)

where re is the classical electron radius, γ is the relativistic Lorentz factor, Z is the

atomic number of the target nucleus, β1 and β2 are the betatron functions, and d is

the size of beam aperture.

5.1.2 Inelastic Collisions

Beam particles emit bremsstrahlung radiation as they interact with the residual gas

atoms in the beampipe. If the energy lost to the bremsstrahlung photon is high, the

particle that emitted it will fall out of the momentum acceptance of the ring. The

cross section for bremsstrahlung of electrons on atomic nuclei is given by [20, 21]:

σbrems =
16r2

eZ
2

411
ln

[
183

Z1/3

]
ln

[
E

εRF

− 5

8

]
(5.2)

where re is the classical electron radius, Z is the atomic number of the target nucleus,

εRF is the energy acceptance, and E is the beam energy.

5.1.3 Beam-Gas Beam Loss

The beam loss due to beam-gas effects is given by [20, 22]:

−1

I

dI

dt
=

1

τgas

= v
∑

σini (5.3)

where τgas is the beam lifetime from the beam-gas effects, I is the beam current, v

is the velocity of the beam particles, σi is the beam-gas cross section for each gas

species, and ni is the atomic density of each species. If the gas mixture is constant,

this can be rearranged to:
dI

dt
∝ −IP (5.4)

where P is the beampipe pressure, which is proportional to the density of the gas.

If the gas mixture is changing, this change must be accounted for. Both the elastic
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and inelastic cross sections depend on Z2. This modifies Eqn 5.4 to be:

dI

dt
∝ −IPZ2 (5.5)

which ignores the ln(183/Z1/3) term in Eqn 5.2, but this term is roughly constant for

2 > Z > 12.

5.2 Beam-Beam Interactions

5.2.1 Touschek Effect

Figure 5.2: Touschek scattering in the centre of mass of the bunch. Momentum is
transferred from the x-direction (transverse) to the z-direction (longitudinal). In this
figure, the bunch is travelling in the z direction [23].

The Touschek effect is a scattering effect that occurs between particles in the same

bunch. Particles in a bunch undergo large angle Coulomb collisions, which transfers

momentum to the longitudinal plane. This can force particles out of the momentum

acceptance of the ring, causing the particles to be lost. Touschek lifetime, τT , is given

by:
1

τT
= − 1

Nb

dNb

dt
∝ −Nb

σy
(5.6)

whereNb is the number of particles in a bunch, σy is the vertical beam size, and dNb/dt

is the loss rate of the beam [23]. As shown in Table 2.1, the horizontal beam size

is much larger than the vertical beam size, and as such it remains roughly constant.

During the machine studies, the number of particles in a beam was not measured,
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but the number of bunches in the whole ring was. This can be related to the number

of particles in each bunch using the relationship:

Nb ∝
I

NBunch

(5.7)

where NBunch is the number of bunches in the entire ring, and I is the beam current.

Substituting this into Eqn 5.6 gives:

dI

dt
∝ − I2

NBunchσy
(5.8)

5.3 Radiative Bhabhas

Radiative Bhabhas (RBB) occur when an electron and positron scatter off each other,

with one or both particles emitting a photon. This photon can cause showers of

electrons and photons in the detector. For low angle scattering, some particles will

be knocked out of stable orbit and can be scattered into the detector, producing more

showers. These showers can lead to degradation in the performance of the detector.

This was not an issue in Phase I of BEAST II since there were no collisions.

5.4 Neutron Production

The neutrons that the helium-3 tubes measured are produced by bremsstrahlung

photons (note that this refers not only to the bremsstrahlung discussed in § 5.1.2, but

also to bremsstrahlung of electrons interacting with other materials near the beam,

such as the beampipe) producing photo nuclear reactions. Beam-gas, Touschek, and

RBB events cause electrons to be knocked out of stable orbits, which leads to collisions

with the beampipe walls, producing the bremsstrahlung photons that then produce

neutrons. These neutrons are produced with a large energy distribution, with a

threshold between 4 and 20 MeV. As these neutrons travel through various materials,

they become thermalized [24].
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Chapter 6

Machine Study Experiments

6.1 Introduction

Phase I of BEAST II occurred February 15 – June 29 2016, during which the electron

and positron beams were circulated in closed orbits around the SuperKEKB syn-

crotron but were not brought into collision. The rates in the helium-3 tubes during

Phase I are shown in Fig 6.1. In May, there were several periods of special machine

experiments, where the beam conditions were set to study various background ef-

fects. These machine experiments included: increasing the pressure of the gas in

the beampipes, changing the size of the beams, varying the current in the beams,

changing the size of the collimators in the beampipes, and studying the injection

backgrounds.

Figure 6.1: Helium-3 tube rates throughout BEAST II Phase I. The tubes located at
φ = 90 and φ = 270 were swapped on June 1st.
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6.2 Pressure Experiments

To study the beam-gas interactions, the pressure in the beampipe was increased at

various locations around the accelerator ring. These locations are shown in Fig 6.2.

Fig 6.3 shows an example of how the pressure at one of these locations changed with

time.
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Figure 6.2: Locations of pressure increases. LER locations are circled in blue, and
HER locations are circled in red [5].

To reduce the beampipe pressure to an adequate vacuum level, Non-Evaporable

Getter (NEG) pumps were used. These reduce the pressure by absorbing residual gas

molecules in the beampipe. During the pressure bump studies, the NEGs at various

locations around the beam were heated. This released the captured gas molecules

back into the beampipe, increasing the pressure. The heating was done in two stages,

which is the cause of the two bump structures seen in Fig 6.3.

6.3 Touschek Experiments

To examine the Touschek contribution to the beam backgrounds, runs were taken

where the size of the beam was varied. At each beam size setting, current was
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Figure 6.3: Example of pressure change during vacuum bump study. Horizontal axis
is log scale. Note the double bump. Data were recorded on May 23, 2016.

injected and allowed to decay over a period of time. An example of how the beam

size changed during one of these runs is given in Fig 6.4.

Different approaches were used to change the beam size in the LER and HER

beams. In the LER, the x-y coupling of the beam was increased by changing the

strength of some of the quadrupole magnets. This increased the vertical beam size

without changing the beam orbit. This was attempted in the HER, but the change

in beam size was not as dramatic as desired. Instead, the beam orbit at one of the

bending magnets was adjusted, which increased the vertical dispersion and horizontal

size. The beam orbit outside these bending magnets was unchanged [25].

6.4 Vacuum Scrubbing

The beampipe walls contain gas molecules that were absorbed during manufactur-

ing, shipping, etc. When beams are run through the beampipe, these molecules are

desorbed from the surface of the beampipes by photons produced by the beams [26].

Figure 6.5 shows the current and pressure in the LER beam as a function of time.
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Figure 6.4: Example of beam size change during beam size scan. Data were recorded
on May 17, 2016.

When the LER current increases, the pressure also increases due to the desorption of

gas molecules.

As more beam is passed through the rings, there is less and less gas to be desorbed

— the beampipes get cleaner. This should manifest as a decrease in dP/dI, the change

in pressure per change in current. This quantity is known as the dynamic pressure.

The event rate measured in BEAST II detectors should also decrease.

6.4.1 Analysis

During most of the vacuum scrubbing, both the HER and LER beams were running.

In order to separate the effect of each beam, the average of the rates in the four

helium-3 tubes is fit to:

R3Hetube = AHER(P · I)HER + ALER(P · I)LER (6.1)

where (P ·I) is the pressure times current for each beam. This model is very simple as

it ignores any Touschek component, which is proportional to I2/(NBunchσy). During
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Figure 6.5: Example of LER current and pressure during vacuum scrubbing. When
the beam current increases, the pressure increases too. Black is the beam current,
and red is the beampipe pressure. Data were recorded on March 3, 2016.

the scrubbing, the beam size was generally quite large, so the Touschek component

would be small. Eqn 6.1 can be be separated into the HER and LER components:

RHER = AHER(P · I)HER (6.2a)

RLER = ALER(P · I)LER (6.2b)

Figure 6.6 shows an example of this fit for one day of running.

The fit was recalculated for each day that data were taken. A requirement that

both beams have at least 30 mA of current was applied. The rate was normalized

by current squared. An average value of R/I2 was calculated for each beam on each

day of running, removing any days when the beams were off, or when the machine

study experiments were being conducted. These daily values are plotted against the

integrated current on the same day (see Fig 6.7).

The dynamic pressure dP/dI as a function of the integrated current follows a
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Figure 6.6: Fitting example for vacuum scrubbing. Blue is the LER fit, red is the
HER fit, and black is the average rate in the helium-3 tubes. Data were recorded on
March 3, 2016.
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Helium-3 tubes dP/dI
Constant (Hz/mA2) k Constant (Pa/mA) k

LER (10.5±2)×10−3 0.81±0.04 (16.9±2)×10−5 0.74±0.02
HER (8.0±1.4)×10−3 0.85±0.03 (4.13±0.4)×10−5 0.89±0.02

Table 6.1: Power law fits for helium-3 tube rate and dP/dI.

power law of the form [26]:

dP

dI
∝
(∫

Idt

)−k

(6.3)

dP/dI is also plotted in Fig 6.7, using data from [27]. Both R/I2 and dP/dI are fit

to a power law, with the fit values shown in Table 6.1. The parameters k for R/I2

and dP/dI are within 2σ of each other, for both HER and LER, which shows that

the effect of the vacuum scrubbing is observed with the helium-3 tubes.
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(a) LER

(b) HER

Figure 6.7: Vacuum scrubbing during BEAST II Phase I. Black is the dynamic pres-
sure dP/dI in each beam, and red or blue is the average rate of all four helium-3 tubes,
plotted against the integrated current. The helium-3 tube follows the same trend as
the dynamic pressure.
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Chapter 7

Simulation

Simulation of the collider was done with a software package called Strategic Accel-

erator Design (SAD) [28], created at KEK specifically for simulating e+e− colliders.

SAD simulates the loss of particles from both the HER and LER beams, for beam-gas

and beam-beam losses. The trajectory of particles lost at the IR are passed to the

Belle II Analysis Framework (BASF2) [29].

The information passed to BASF2 is propagated through the materials and de-

tectors in the IR using GEANT4. GEANT4 simulates the interaction with detector

materials, calculating the energy deposited in the detector materials. These energy

deposits are converted into digitized signals using code specifically developed for each

subdetector.

7.1 Scaling of Simulation

Ring Current Pressure Z Nbunch σy emittance (εx) εy/εx
(mA) (nTorr) (µm) (mm×mrad)

HER 1000 10 7 1000 59 4.45 0.1
LER 1000 10 7 1000 110 1.92 0.1

Table 7.1: Nominal parameters of simulated beams.

The SAD simulation was done with the beam parameters listed in Table 7.1.

The beam-gas and beam-beam components of the background are simulated sep-

arately. Each component is then scaled to match the real beam parameters by re-

weighting the SAD events by the scale value at that moment in time. The same SAD

events are reused for all beam settings.
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The beam-gas component of the simulation is scaled by:

RScaled
BG =

12∑
i=1

(RBrems
i +RCoulomb

i ) · Pscale(I · Pi · Z2
eff i)data

(I · P · Z2)sim

(7.1)

where RBrems
i and RCoulomb

i are the components of the inelastic and elastic beam-gas

simulated rates produced at the IR from interaction at each ‘D’ section of the HER

and LER rings (see Fig 2.2), Pi is the pressure in each ‘D’ section, and Zeff i is the

effective atomic number of the gas in each section (see Eqn 8.6), if available. If Zeff i

is not available in a ‘D’ section, 2.7 is used for the LER (since this was near the mean

value of Z during the experiment, see § 8.2), and 1 is used in the HER. Pscale is a scale

factor on the overall pressure to account for the fact that the measurement made by

the uncalibrated pressure gauges is proportional to the actual pressure. This scale

factor will be discussed further in § 8.2.

The beam-beam component of the simulation is scaled by:

RScaled
Tous = RTous ·

(I2/NBunch · σy)data

(I2/NBunch · σy)sim

(7.2)

where RTous is the Touschek simulated rate, σy is the beam size, and NBunch is the

number of bunches in the ring.

These scaled components are combined to get the re-weighted simulated rate:

RSim = ε3He

(
RScaled

BG +RScaled
Tous

)
(7.3)

where ε3He is the efficiency in each helium-3 tube, as shown in Table 4.3. The scaling

parameters for the beam-gas and beam-beam backgrounds are consistent with the

discussion in Chapter 5.

In order to verify that these scale factors are appropriate, a SAD simulation was

done at different beam parameters than listed in Table 7.1. This was compared to a

scaled version of the nominal simulation, which showed this scaling approach to be

appropriate.

7.2 Helium-3 Tube Simulation

The helium-3 tube geometry, which consists of a stainless steel cylinder 8" long and

2" in diameter, filled with 3He, is loaded into GEANT4. The GEANT4 physics list
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QGSP BERT HP (a hadronic model with a high precision neutron package) is used

to determine if a neutron passing through the detector’s sensitive volume is captured

by an atom of 3He. When this occurs, a tritium and a proton are produced. These

particles travel through simulated trajectories, and ionization sites in the 3He are

generated. If the energy deposited in one of these sites is greater than the ionization

energy of 3He (24.6 eV), the number of electrons generated is calculated by dividing

the energy of the event by the ionization energy. This number is smeared by a

Gaussian function, and converted to ADC counts. If this is above a certain threshold,

the hit is counted toward the rate.



50

Chapter 8

Analysis

8.1 Pressure Experiments

The response in the helium-3 tubes during one of the pressure bump runs can be

found in Fig 8.1. Fig 8.1(a) shows P · I during the run, Fig 8.1(b) shows the response

in the four helium-3 tubes during the run, Fig 8.1(c) shows P · I ·Z2
eff , and Fig 8.1(d)

shows Zeff . Figs 8.1(c) and 8.1(d) will be discussed further in § 8.1.2. Fig 8.2 shows

the same plots as Fig 8.1, with a log scale to emphasize double bump structure.

Smoothing of Data Before the analysis of the pressure bumps was done, the data

were smoothed using this equation:

Ri =
1

2n+ 1

j=i+n∑
j=i−n

Rj (8.1)

where Rj is the helium-3 tube rate in a one second time bin j. This algorithm takes

the average of the previous n time bins, the current bin, and the next n bins. For the

studies presented here, n = 20 was used. An example showing the rate in the helium-

3 tubes is shown in Fig 8.3. This smoothing was done to reduce the fluctuations of

the signal. Since this smoothing will reduce the height of the maximum, only the

data from the rising portion of the experiment were analysed.

8.1.1 Gas Model Using Beampipe Pressure

Initially a simple gas model was used to characterize the response. In this model,

it is assumed that the beam-gas cross section is proportional to the pressure in the

beampipe. In Fig 8.4, the rate in the helium-3 tubes is plotted as a function of current
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Figure 8.1: Response in helium-3 tubes during vacuum bump run. Data were recorded
on May 23, 2016.
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Figure 8.2: Response in helium-3 tubes during vacuum bump run, log scale. Data
were recorded on May 23, 2016.
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Figure 8.3: Smoothing of helium-3 tube data for pressure bump studies where n = 20.
Grey is the unsmoothed data, red is the smoothed data. Data were recorded on May
23, 2016.
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Figure 8.4: Rate in helium-3 tubes vs pressure times current in LER beam. Blue
corresponds to the larger pressure increase occurring from 11:50 to 12:02 and orange
corresponds to the small pressure increase occurring from 11:40 to 11:45.

times pressure. Only the rising portion of the bumps is plotted, corresponding to time

(HH:MM) ranges of 11:40-11:45 for the first bump, and 11:50-12:02 for the second

bump. Data are binned in 1 second time bins.

As evident from Fig 8.4, the response due to the first bump is quite different from

the response due to the second bump. The simple gas model that assumes that the

beam-gas rate is proportional to P ·I does not adequately describe what is happening

in this data. A more complex gas model is necessary.

8.1.2 Gas Model Using Mass Spectrum Data

The elastic and inelastic cross sections of beam particles interacting with gas in the

beampipe are given by Eqns 5.1 and 5.2. Both cross sections are approximately

proportional to Z2, where Z is the number of protons in the target. If the gas

composition in the beampipe does not change, Z2 will be constant, and the change
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Molecule Name Number of protons

H2 2
D2 2
DH 2
H2O 10
H3N 10
CH4 10
CO 14
C2H4 16
Ar 18
C2H6 18
CO2 22
C3H4 22
C3H6 24
C3H8 26

Table 8.1: Molecules used in fit to RGA data.

in beampipe pressure alone is sufficient to determine the beam-gas cross section. If

it is known that the gas composition is changing, however, simply using pressure will

produce different responses as seen in Fig 8.4. Therefore a more complex gas model

is necessary.

Mass Spectrum Fit

The SuperKEKB collider has two residual gas analysers (RGAs) on the LER beampipe,

located at D02 and D06 (see Fig 6.2). These devices are simple mass spectrometers,

which measure the partial pressure for mass-to-charge ratio (m/z) values from 1 to 50

(m is number of nucleons in a molecule ‘fragment’, z is the charge of the ‘fragment’,

so m/z has no units). Using this information, it is possible to infer the composition

of the gas in the beampipe.

Using mass spectra data taken from the National Institute of Standards and Tech-

nology (NIST) database [30], the spectra of various molecules were fit to the data

measured by the RGA. A list of the gases used in the fit is given in Table 8.1, and

example spectra of the most prominent molecules present in the beampipe are shown

in Fig 8.5.

The mass spectrum measured by the RGA is a linear sum of the mass spectra
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from all the gases that make up the gas mixture in the beampipe [31]:

~SMeasured =

nmolecules∑
i=1

pi~S
Template
i ≡ STemplate~p (8.2)

where ~SMeasured is a vector containing the data measured by the RGA (the partial

pressure for m/z from 1 to 50, shown in black in Fig 8.6(a)), ~STemplate
i is a vector

containing the spectrum of a molecular species spectrum (for example, H2O as in

Fig 8.5(c)), and pi is the partial pressure of that species, which is extracted from

the fit. This is equivalent to a matrix equation, where ~p is a vector containing the

partial pressure of each gas species, and STemplate is a matrix with the mass spectra

vectors ~STemplate
i as the columns. To find the partial pressure of each gas species, a

least squares analysis is used, the solution to which is [32]:

~pmin =
(
[STemplate]TSTemplate

)−1
[STemplate]T ~SMeasured (8.3)

Solving this gives the partial pressure of each gas species in the beampipe at that

moment.

Uncertainties are estimated by taking the diagonal entries of [33]:

σ2
~pmin
σ2
~pmin
σ2
~pmin

=
(
[STemplate]TSTemplate

)−1
σ2 (8.4)

where

σ2 = |STemplate ~pmin − ~SMeasured|2 (8.5)

Plots showing the result of this fit for a single time bin are shown in Fig 8.6. By

repeating this procedure for each time bin, it is possible to see how the gas mixture

in the beampipe changes.

Gas Model

In § 5.1, it is shown that the cross section for both elastic and inelastic collisions

with gas is proportional to the square of the number of protons in the gas molecule,

Z2. Using the mass spectrum fitting procedure, an effective Z can be defined as the

weighted sum of Z for each gas molecule:

Z2
eff =

∑natoms

i=1 piZ
2
i∑natoms

i pi
(8.6)



57

m/z
0 5 10 15 20 25 30 35 40 45 50

R
el

at
iv

e 
A

bu
nd

an
ce

 (
A

U
)

1−10

1

(a) H2

m/z
0 5 10 15 20 25 30 35 40 45 50

R
el

at
iv

e 
A

bu
nd

an
ce

 (
A

U
)

2−10

1−10

1

(b) CO

m/z
0 5 10 15 20 25 30 35 40 45 50

R
el

at
iv

e 
A

bu
nd

an
ce

 (
A

U
)

2−10

1−10

1

(c) H2O

Figure 8.5: Example mass spectra for the most prominent molecules present in the
beampipe [30].
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Figure 8.7: Rate in helium-3 tubes vs pressure times current weighted by Z2
eff in LER

beam. Blue corresponds to the larger pressure increase occurring from 11:50 to 12:02
and orange corresponds to the small pressure increase occurring from 11:40 to 11:45
(HH:MM).

where Zi is the number of protons in each gas species (see Table 8.1) and pi is the

partial pressure of each gas species. Fig 8.1(d) shows a plot of how Zeff changes over

the course of a beam bump run. It is clear that the gas composition changes over the

course of the run.

Zeff is then the atomic number of a pure gas that would produce the same back-

ground as the gas mixture in the beampipe.

P · I is then weighted by Z2
eff , as shown in Fig 8.1(c) and Fig 8.2(c). A plot of the

rate in the helium-3 tubes vs P · I · Z2
eff is shown in Fig 8.7. It can be seen from this

figure that the slope of the response to both bumps is very similar, demonstrating

that multiplying by Z2
eff explains the problem of the different slopes in Fig 8.4.
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8.1.3 Slope Ratio

In order to quantify the improvement that the mass spectrum based gas model pro-

vides, a quantity called the slope ratio is defined:

Slope Ratio =
m2

m1

(8.7)

where m1 is the slope of a line fit to the rate vs P · I (weighted or unweighted) of

the first bump, and m2 is the same for the second bump. The more accurate the gas

model, the closer the slope ratio will be to 1. The slope ratio for each helium-3 tube

is shown in Fig 8.8 for when P · I is weighted by Z2
eff , and when it is not weighted.

As shown in the figure, including Zeff in the gas model produces a significant

improvement in understanding the response to the vacuum bump, indicating that a

difference in the gas composition is mainly responsible for the different rate vs P · I
dependence for the two bumps. This shows that the rate actually depends on P ·I ·Z2

eff .

Note that the helium-3 tubes at φ = 0◦ and 90◦ are not as close to 1 as 180◦ and 270◦,
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but are still much improved over the P · I model. Note that Fig 8.7(b) shows some

systematic effect in the tube 1 (90◦) rates for the second bump, with a significant

non-constant slope relative to the others, resulting in a much larger deviation in the

slope ratio.

8.2 Touschek Experiments

In order to separate the beam-gas and beam-beam component of the helium-3 tube

rate during the beam size scans, the rate is fit to this function:

R3Hetube = cgas · P · I · Z2
eff + cT ·

I2

NBunch · σy
(8.8)

where P is the pressure in the beampipe, I is the beam current, Zeff is the atomic

number of the beampipe gas, σy is the size of the beam, and cgas and cT are the fit

parameters. Fig 8.9 shows how Zeff changes during the beam size runs, showing the

importance of including it in the fit. For the LER, the value of Zeff measured at D02

is used. This technique is described in detail in § 8.1. The HER has no RGA, and

therefore it is not possible to determine the value of Zeff , so a value of 1 is assumed.

The Pscale factor used in the simulation scaling (see Chapter 7) is 1.

The results of this fit for data and simulation for LER and HER are shown in

Figs 8.10, 8.11, 8.12, 8.13, and 8.14, 8.15, 8.16, 8.17 respectively. The data are di-

vided into three runs, each with five subruns. The runs occurred at different injection

currents, and the subruns each had different beam sizes. In these figures, the black

points are the average measured helium-3 tube rate in each bin. The Touschek com-

ponent, in green, is given by:

RT = cT ·
I2

NBunch · σy
(8.9)

and the beam-gas component, in blue, is given by:

Rgas = cgas · P · I · Z2
eff (8.10)

The error bars shown are the RMS of the helium-3 tube rate for that bin. The pressure

in the beampipe is changing over the course of the experiments and is included in the

fit, but for simplicity is not shown in the figures. The values produced by the fit can
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Figure 8.9: Zeff during LER beam size runs. Data were recorded on May 17, 2016.
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be found in Table 8.2, and χ2 and number of degrees of freedom (ndf) are in Table 8.3.

Note that only statistical errors and fit parameters uncertainties are included in the

χ2 calculation. If the systematic errors are included, χ2 becomes significantly smaller.

As evident from Figs 8.14 - 8.17, the simulation greatly underestimates the beam-

gas component in the HER, and to a lesser extent in the LER. This is due to two

factors: Zeff is not known in the HER, and Pscale is not known in either beam. Using

a value of 1 for these parameters does not give the correct beam-gas component.

To compensate, the ratio of the beam-gas fit parameter, cgas, to the Touschek fit

parameter, cT , for data is used to estimate a value for PscaleZ
2
eff (or simply Pscale for

the LER, since Z is known) that is used in the weighting of the simulation:

PscaleZ
2
eff =

∑4
n=1(cgas/cT)i data∑4
n=1(cgas/cT)i sim

(8.11)

The motivation for this is that all the parameters of the Touschek component of the

fit are relatively well known, while the pressure and Zeff in the beam-gas component

are not well known. The beam-gas to Touschek ratio in the data is used to determine

PscaleZ
2
eff to be used in the simulation weighting. Note that this does not constrain

the overall total prediction of the background from the simulation or the absolute

individual contributions.

The values for PscaleZ
2
eff can be found in Table 8.4. Note that the values are

significantly different between LER and HER. This is because the Zeff is known for

the LER, but not the HER.

The simulation was then re-weighted, and the data and simulation were again fit to

Eqn 8.8. The results of the fit for LER and HER are shown in Figs 8.18, 8.19, 8.20, 8.21

and 8.22, 8.23, 8.24, 8.25, respectively. The values of the fit parameters can be found

in Table 8.2.

In order to verify the overall accuracy of the simulation, a ratio of the data to

simulation for the beam-gas and Touschek parameters is defined:

(D/S)gas = cdata
gas /c

sim
gas (8.12a)

(D/S)T = cdata
T /csim

T (8.12b)

where (D/S)gas is the data to simulation ratio for beam-gas, and (D/S)T is the data

to simulation ratio for Touschek.

The more accurate the simulation, the closer these ratios will be to 1. These ratios
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Figure 8.10: Result of fit for Touschek experiments, LER, channel 0. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 0. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.11: Result of fit for Touschek experiments, LER, channel 1. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 1. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.12: Result of fit for Touschek experiments, LER, channel 2. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 2. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.13: Result of fit for Touschek experiments, LER, channel 3. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 3. Error bars are the standard deviation of the mean
of the rate in that bin.
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Figure 8.14: Result of fit for Touschek experiments, HER, channel 0. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 0. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.15: Result of fit for Touschek experiments, HER, channel 1. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 1. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.16: Result of fit for Touschek experiments, HER, channel 2. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 2. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.17: Result of fit for Touschek experiments, HER, channel 3. Green is the
beam-beam component, blue is the beam-gas component, and black is the rate mea-
sured in helium-3 tube channel 3. Error bars are the standard deviation of the mean
of the rate in that bin and are too small to be seen on this scale.
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Figure 8.18: Result of fit for Touschek experiments after simulation is weighted by
Pscale, LER, channel 0. Green is the beam-beam component, blue is the beam-gas
component, and black is the rate measured in helium-3 tube channel 0. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.19: Result of fit for Touschek experiments after simulation is weighted by
Pscale, LER, channel 1. Green is the beam-beam component, blue is the beam-gas
component, and black is the rate measured in helium-3 tube channel 1. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.20: Result of fit for Touschek experiments after simulation is weighted by
Pscale, LER, channel 2. Green is the beam-beam component, blue is the beam-gas
component, and black is the rate measured in helium-3 tube channel 2. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.21: Result of fit for Touschek experiments after simulation is weighted by
Pscale, LER, channel 3. Green is the beam-beam component, blue is the beam-gas
component, and black is the rate measured in helium-3 tube channel 3. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.22: Result of fit for Touschek experiments after simulation is weighted by
PscaleZ

2
eff , HER, channel 0. Green is the beam-beam component, blue is the beam-gas

component, and black is the rate measured in helium-3 tube channel 0. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.23: Result of fit for Touschek experiments after simulation is weighted by
PscaleZ

2
eff , HER, channel 1. Green is the beam-beam component, blue is the beam-gas

component, and black is the rate measured in helium-3 tube channel 1. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Figure 8.24: Result of fit for Touschek experiments after simulation is weighted by
PscaleZ

2
eff , HER, channel 2. Green is the beam-beam component, blue is the beam-gas

component, and black is the rate measured in helium-3 tube channel 2. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.



81

320mA                                    480mA                                    640mA            
mµ82 m µ62 m  µ39 m   

µ39 m    
µ39 m     

µ87 m      
µ65 m       

µ43 m        
µ41 m         

µ28 m          
µ116 m           

µ72 m            

µ54 m             

µ46 m              

µ39 

H
el

iu
m

-3
 tu

be
 r

at
e 

(H
z)

0

2

4

6

8

10

12

14

Data

HER

320mA                                    480mA                                    640mA            
mµ82 m µ62 m  µ39 m   

µ39 m    
µ39 m     

µ87 m      
µ65 m       

µ43 m        
µ41 m         

µ28 m          
µ116 m           

µ72 m            

µ54 m             

µ46 m              

µ39 

H
el

iu
m

-3
 tu

be
 r

at
e 

(H
z)

0

2

4

6

8

10

12

14

Simulation

ii y iφ

Figure 8.25: Result of fit for Touschek experiments after simulation is weighted by
PscaleZ

2
eff , HER, channel 3. Green is the beam-beam component, blue is the beam-gas

component, and black is the rate measured in helium-3 tube channel 3. Error bars
are the standard deviation of the mean of the rate in that bin and are too small to
be seen on this scale.
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Pscale (LER) PscaleZ
2
eff (HER)

0 0.980 122.07
1 0.853 73.45
2 1.019 88.62
3 0.962 115.10

Combined (see Eqn 8.11) 0.950 96.27

Table 8.4: Pscale and PscaleZ
2
eff values.

can also be used to scale the simulation to better match the data. The values of these

ratios can be found in Table 8.5. Note that the table omits the uncertainty on the

ratio. This is discussed in detail in § 8.2.1.

(D/S)T (D/S)gas

LER 2.153 2.188
HER 1.905 1.319

Table 8.5: Ratio of data to simulation for beam-gas and Touschek parameters.

8.2.1 Systematic Uncertainties in Touschek Experiments

In order to get the uncertainty on (D/S)gas and (D/S)T , it is necessary to determine

the uncertainty on the beam current, beam size, PscaleZ
2
eff , and the helium-3 tube

efficiencies used in the simulation.

Uncertainty on Beam Current The beam current is known to quite a high level

of precision. The uncertainty on the current does not depend on the current, and is

estimated to be 0.03 mA [34].

Uncertainty on Beam Size The distribution of the beam size for HER and LER

during the beam size scans is shown in Fig 8.26. To estimate the uncertainty on the

beam size, the distributions are fit to Gaussian functions. The mean and sigma of

the fits can be found in Table 8.6. For the HER, the uncertainty on the beam size is

estimated to be 3.71%. For the LER, the beam size uncertainty is estimated to be

1.37%.

Uncertainty on PscaleZ
2
ef f The value of PscaleZ

2
eff is calculated by averaging over

the four helium-3 tubes. To estimate the uncertainty, this parameter is calculated
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Figure 8.26: Estimation of beam size uncertainty. Measurements were taken from
the X-ray beam size monitor during beam size scans. The different colours indicate
different subruns.
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Colour in Fig 8.26 mean (µm) σ (µm) σ/mean

LER Grey 81.02±0.10 1.30±0.09 0.0161
Green 65.20±0.06 0.77±0.05 0.0114

HER Grey 86.96±0.23 3.19±0.23 0.0367
Red 41.84±0.07 1.56±0.05 0.0372
Blue 28.18±0.07 1.06±0.05 0.0375

Table 8.6: Fit parameters for beam size distributions.

separately for each tube (see Table 8.4). The RMS of the four values is used as the

uncertainty. These values can be found in Table 8.7

PscaleZ
2
eff RMS of PscaleZ

2
eff

HER 96.27 22.7
LER 0.950 0.071

Table 8.7: RMS of PscaleZ
2
eff .

Uncertainty on Helium-3 Tube Efficiency The total uncertainty for each helium-

3 tube given in Table 4.3 is used as the uncertainty on the helium-3 tube efficiency.

Estimating the Uncertainty on (D/S) To estimate the systematic uncertainty

from beam current, beam size, PscaleZ
2
eff , and helium-3 tube efficiency, the simulation

was re-weighted with each quantity separately adjusted to +1σ and -1σ values. The

full analysis was then redone. For example:

I → I + 0.03 mA (8.13a)

I → I − 0.03 mA (8.13b)

and similarly for σy, PscaleZ
2, and the helium-3 tube efficiency. The analysis described

in § 8.2 was repeated to get new values of Rgas and RT . These are used to calculate

the systematic error for each quantity:

σI
(D/S)T+ = (D/S)T|I=I+0.03 mA − (D/S)T|nominal (8.14a)

σI
(D/S)T− = (D/S)T|nominal − (D/S)T|I=I−0.03 mA (8.14b)

Figure 8.27 shows the systematic uncertainty produced by each parameter. Ta-

ble 8.8 contains the numerical values of these uncertainties. The uncertainty associ-
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ated with φ is the standard deviation of the mean of the ratio for each of the four

helium-3 tubes, which are located at different φ positions around the beampipe. It

is therefore a measure of how well the simulation predicts the φ distribution of the

neutron flux.

Touschek Beam-Gas

LER σ+ σ− σ+ σ−
Pscale 0.000 84 0.000 84 0.18 0.15
σy 0.028 0.028 0.0 0.0
I 0.000 32 0.000 32 0.000 086 0.000 086
φ 0.27 0.27 0.35 0.35
ε3He 0.21 0.18 0.21 0.18

Total 0.34 0.33 0.44 0.42
HER σ+ σ− σ+ σ−
PscaleZ

2 0.24 0.19 0.41 0.25
σy 0.037 0.036 0.0 0.0
I 0.000 18 0.000 18 0.000 076 0.000 076
φ 0.39 0.39 0.21 0.27
ε3He 0.29 0.21 0.20 0.14

Total 0.54 0.48 0.50 0.40

Table 8.8: Uncertainty contribution to (D/S) from sources of systematic errors. The
values of (D/S) are given in Table 8.5.

The total uncertainty shown in Table 8.8 is the sum in quadrature of the uncer-

tainty from each separate component. The major contributor to the uncertainty on

the data/simulation ratio is the uncertainty due to the tubes being at different φ

locations. This uncertainty is associated with the difference between the measured

and simulated neutron flux at each different helium-3 tube. A large uncertainty here

shows that the simulation is incorrectly predicting the φ dependency of the neutron

flux.

8.2.2 Summary

As shown in Tables 8.5 and 8.8, the ratio of data to simulation with uncertainties in the

LER is 2.18+0.44
−0.42 for beam-gas and 2.15+0.34

−0.33 for Touschek, and in the HER is 1.32+0.56
−0.36

for beam-gas and 1.91+0.54
−0.48 for Touschek. The beam-gas LER-HER difference is ±2σ,

and the Touschek LER-HER difference is ±1σ. Using these values, it is possible to

re-scale the full Belle II simulation to estimate what the neutron flux will actually be

in Belle II. This is discussed in Chapter 9.
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Figure 8.27: LER and HER data simulation ratios with systematic errors. Blue is
the beam-gas ratio, green is the Touschek ratio.
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Chapter 9

Consequences for the Belle II

Experiment

Simulations of the expected neutron flux in full Belle II running at the design lumi-

nosity of 8×1035 cm−2s−1 with residual gas pressure of 10 nTorr were calculated using

SAD to simulate collider conditions and GEANT4 to simulate the detector. Table 9.1

shows the highest neutron flux expected in each subdetector, as predicted by SAD

and GEANT4. Figures showing the expected neutron flux in each subdetector can

be found in Figs 9.1-9.8.

Maximum Maximum
Neutron Flux Neutron Flux

No Re-weighting Tolerance After Re-weighting
Subdetector (×109cm−2yr−1) (×109cm−2yr−1) (×109cm−2yr−1) % increase

PXD 92 106 15.7
SVD 373 421 12.9
CDC 57 100 70 23.0
ARICH 104 100 115 9.8
TOP Bars 46 50 56 19.7
TOP Electronics 16 21 28.5
ECL - Forward 23 100 24 3.8
ECL - Barrel 5 100 6 26.2
ECL - Backward 14 100 19 36.0
BKLM 0.37 0.46 23.6
EKLM - Forward 1.88 2.26 20.0
EKLM - Backward 1.56 1.72 10.8

Table 9.1: Neutron flux as predicted by SAD and GEANT4.

Using the parameters (D/S)gas and (D/S)T described in § 8.2, the beam-gas and
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Touschek components of these simulations can be re-weighted to improve the predic-

tion of the neutron flux. The Belle II subdetector most affected by the re-weighting

of the beam-gas and Touschek simulation is the backward part of the ECL. Fortu-

nately, the predicted neutron flux, though increased, is still well below the tolerance.

There are four different background components: Touschek, beam-gas, and two ra-

diative Bhabha components. Only the Touschek and beam-gas components can be

re-weighted at this time. The TOP and ARICH, while showing smaller increases, are

both slightly outside their tolerances, as shown in Fig 9.9. The average increase for

all subdetectors is ∼20%, which is a significant increase. Further thought must be

given to mitigating this higher than expected neutron flux, such as additional neu-

tron shielding. It might also be necessary to replace components as they become too

irradiated.

Since there were no collisions in Phase I, there is no information on the radia-

tive Bhabha backgrounds, and they can not be re-weighted at this time. The cross

section for this process is well understood, and does not require simulation of the

collider with SAD. It does, however, require GEANT4 simulation. This will assist in

determining whether SAD or GEANT4 is the source of the discrepancy between data

and simulation.
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Figure 9.1: Neutron flux in VXD. Layers 1 & 2 are the PXD and 3-6 are the SVD.
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Figure 9.2: Neutron flux in CDC electronics. Layer 1 is the innermost layer. Larger
layer numbers correspond to higher radii.
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Figure 9.3: Neutron flux in ARICH Rings. Ring-ID of 1 is the innermost ring. Ring-
ID increases with radius.
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Figure 9.4: Neutron flux in TOP electronics.
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Figure 9.5: Neutron flux in TOP quartz bars.

IDθ
0 10 20 30 40 50 60

 p
er

 d
io

de
-1

 y
r

-2
  1

-M
eV

-e
qu

iv
 c

m

0

5

10

15

20

25

910×

unscaled

IDθ
0 10 20 30 40 50 60

 p
er

 d
io

de
-1

 y
r

-2
  1

-M
eV

-e
qu

iv
 c

m

0

5

10

15

20

25

910×

RBB HER

RBB LER

BHWide HER

BHWide LER

Touschek HER

Touschek LER
Beam-gas HER

Beam-gas LER

scaled

Figure 9.6: Neutron flux in ECL diodes. Explanation of θID can be found in Appendix
A.
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Figure 9.7: Neutron flux in BKLM. Layer 1 is the innermost layer. Layer increases
with radius.
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Figure 9.8: Neutron flux in EKLM. Negative layers are backward end-cap, positive
layers are forward end-cap. Layers 1 and -1 are closest to IR.
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Chapter 10

Conclusion

The studies described here show that the simulated flux of neutrons from beam-gas

and Touschek interactions are underestimating the actual neutron flux by 2.18+0.44
−0.42

and 2.15+0.34
−0.33 for beam-gas and Touschek on the LER respectively, and 1.32+0.56

−0.36 and

1.91+0.54
−0.48 for beam-gas and Touschek on the HER respectively. The ramification of

this is that Belle II will experience a 20% higher than expected total neutron flux

for these sources. The detectors will have a neutron flux at a higher rate than was

initially expected and some detectors will have a neutron flux above their tolerance.

When Phase II of BEAST II runs, there will be collisions, which will allow the

radiative Bhabha component of the backgrounds to be measured. The helium-3 tubes

will be present at this time and thus the neutron rate due to these Bhabhas can be

measured for comparison with the simulation.

During Belle II’s physics running, the Belle II detector will trigger data acquisition

at random times when the beams are being circulated. This will allow for real time

measurement of beam backgrounds. It is likely that one or more of the helium-

3 tubes will be used to measure the neutron flux during the full Belle II experiment,

as a monitor on the neutron flux from the beam backgrounds.
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[31] McLefferty FW and ureček F. Interpretation of Mass Spectra, Fourth Edition.

University Science Books, Mill Valley, CA, 1993.

[32] Lay DC. Linear Algebra and it’s Applications, Third Edition. Addison Wesley,

2003.

[33] Draoer NR and Smith H. Applied Regression Analysis, Third Edition. Wiley-

Interscience, 1998.

[34] Nakayama H. Personal communication.



98

[35] GE-Reuter Stokes. 3He thermal neutron detector schematic. Personal commu-

nication.



99

Appendix A

θID of ECL

A brief explanation of the parameter θID is necessary, since many of the plots pre-

sented here use it as an axis, instead of θ. θID is a value assigned to each ring of

crystals, starting from 0 for the first ring of crystals in the forward end-cap of the

ECL, and ending at 68 for the last ring of crystals in the backward end-cap. A visual

explanation of this is shown in Fig A.1. θID values from 0-12 are in the forward

end-cap, 13-58 are in the barrel, and 59-68 are in the backward end-cap.
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Figure A.1: θID values for ECL.
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Appendix B

Helium-3 Tube Specifications and

Circuit Diagrams
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