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Summary

This document outlines the prototyping of the T2K OTR optical system and

simulations of beam reconstruction. The purpose of T2K and the OTR monitor is motivated

and the principles behind the monitor are described. Assembly of the prototype and the

motivations of the design of the optical system are explained. A calibration foil consisting

of a grid of holes, similar to what will be used in the full-sized system, was tested in the

prototype. Two methods for lighting the calibration foil were tested: front-lighting and

back-lighting.

An image processing routine involving hole finding and matching to control points

was developed and tested with an image of the calibration foil in the prototype system. A

distortion and efficiency correction routine were developed to correct the inherent effects of

using parabolic mirrors in the optical system. These routines were tested with real images

from the prototype system to an accuracy of 5%. The efficiency correction routines were

tested using two different methods of determining the efficiency map, with three different

angular distributions of light. They were applied to simulations of an actual distorted beam

profile and reconstructed the position and width to an accuracy of 0.05 mm regardless of

the method or lighting used. This result is well within the target goal of 0.5 mm for the

OTR monitor.
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Chapter 1

Introduction

1.1 Neutrino Oscillation Physics

The neutrino, first observed in 1956 [1], is a fundamental particle of which our

current understanding is very limited. It interacts via only the weak force and thus rarely

interacts at all. There are three flavours that are currently known: the electron neutrino

(νe), muon neutrino (νµ) and the tau neutrino (ντ ), each of which has a corresponding anti-

particle. Originally, the Standard Model described neutrinos as massless. A theoretical

consequence of this forbids neutrino flavour change.

However, recent experimental evidence has shown otherwise. For example, our

sun theoretically produces a flux of billions of neutrinos per second per cm2 at the Earth,

accurate from 1% to 23% depending on the neutrino energy [2]. The amount observed

however, was in deficit by approximately one-third, consistent across many detectors which

were calibrated to observe only νe. This is known as the solar neutrino anomaly. The Sud-

bury Neutrino Observatory (SNO) experiment [3] has provided strong evidence for flavour
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oscillations, explaining this anomaly and accounting for the missing neutrinos.

Super-Kamiokande, an existing detector which will be used as the far detector for

T2K, has also shown evidence for oscillation using atmospheric neutrinos [4]. These are

produced by the collision of cosmic rays with particles in the atmosphere. Results show a

top-bottom asymmetry in the neutrino counts, attributable to neutrino oscillations that oc-

cur as they travel the extra distance through the Earth. Now the neutrinos must be massive

for these flavour oscillations to occur, opening a new and deep topic for investigation.

The following is a summary of the discussion given in [5]. The current model of

neutrino oscillations has flavour eigenstates of the neutrinos νl that are a combination of

the mass eigenstates νi:

|νl〉 =
∑

Uli|νi〉 (1.1)

where Uli is a ‘mixing’ matrix of constants. If the masses of νi differ, then when a neutrino is

created, its mass state νi is not well-defined and there is a probability of observing different

flavours at a later time. For example, the probability of observing a ντ from a beam of pure

νµ is

P (νµ → ντ ) = sin2(2θ) sin2

(
1.27∆m2L

E

)
(1.2)

where θ is one of the three ‘mixing angles’ of Uli, ∆m2 is the difference in the squares of the

masses of νi in eV 2, L is the distance traveled in km and E is the energy of the neutrino in

GeV. Equation (1.2), which involves only two mass states, is a simplified version of the three

mass case given in [6]. In both cases, the probability varies with the distance traveled. Using

this equation, over hundreds of kilometers, we expect to observe a statistically significant

amount of oscillations for 1 GeV neutrinos.
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There are several unknown parameters in the mixing matrix, including one of the

mixing angles1, that describes neutrino oscillations. One of the main goals of the T2K

project is to measure the νµ disappearance as well as the νµ to νe appearance signal to

obtain a value for the unknown mixing angle as well as the ∆m2’s. Measurements of these

parameters will lead to a large contribution to the current model of particle physics and

insight to the matter-antimatter asymmetry of our universe.

1.2 T2K and the OTR Monitor

The Tokai to Kamioka (T2K) project is an international collaboration based in

Japan. A proton beam will be redirected from the J-PARC facility shown in Figure 1.1

toward the existing Super-Kamiokande detector in Kamioka. The protons will be smashed

into a graphite target, producing mostly2 π+ and K+ which subsequently decay into µ+,

νµ and a small amount of νe. The resulting neutrino beam3 will then travel a distance of

295 km before being measured at Super-K, Figure 1.2.

Canada’s involvement is primarily in the near-detector situated 280 m downstream

of the target. Its main purpose is to obtain an initial profile of the beam to make predictions

for what should be observed at the far detector in Kamioka in the absence of oscillations.

The efforts at the University of Toronto, York University and TRIUMF however, are focused

on developing an Optical Transition Radiation (OTR, refer to Section 1.3) monitor that

sits immediately upstream of the target as shown in Figure 1.3.
1The other two angles are known from solar and atmospheric neutrino measurements.
2Some negative particles are also created, but these are focused away from the beam line by the horns

(Figure 1.3).
3The µ+ is absorbed by the surrounding rock and does not follow the neutrino beam line.
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Figure 1.1: This map shows the system of accelerators from which the proton beam is
produced in Tokai, Japan.

The purpose of the monitor is to measure the position and width of the proton

beam just before it strikes the target. Following the target are three magnetic horns which

bend the trajectories of particles that are not parallel to the beam axis and are off-center.

So if the beam position is off, the overall beam direction will change accordingly, affecting

the neutrino spectrum observed at Super-K. This effect can be estimated but requires

the position of the proton beam at the target to be measured with a precision of 1 mm.

The simulations in this document use a Gaussian beam of 30 GeV protons with a width

of 7.5 mm, comparable to what will be used in the real system. A larger beam width

will irradiate too much material surrounding the target while a smaller beam width will

increase the energy density of the beam and damage the target. Thus the width must also

be measured with a precision of 0.5 mm.
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Figure 1.2: T2K Long Baseline

Figure 1.3: This drawing shows a side view of the T2K target area. The proton beam
travels to the right and interacts with the OTR monitor immediately after the collimator
and before reaching the target. The horns are magnetic devices which act to focus the
beam in the right direction. The grey part above the OTR monitor is the concrete and iron
shielding through which the OTR light must be transported.
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Placing any electronics near the beam path at the target is challenging. The target

area is highly radioactive and will also damage any nearby electronics. Fortunately, light

is produced as a proton passes through a thin foil (OTR). This light can be directed away

from the target area and then collected to produce an image with information about the

shape, size and position of the beam.

1.3 Transition Radiation

Transition radiation is produced by a charged particle crossing the boundary be-

tween two media with different dielectric constants. The difference of the electric field of

the particle in each medium is accounted for by the emission of this radiation [7]. It is

calculated in [8] that only a thin layer (a couple microns) of metal is required to produce

transition radiation. Some of the light that is emitted travels in the forward direction,

which is difficult to collect as it follows the beam path. However, some light is also reflected

backward along the reflection axis. Figure 1.4 shows how the light can be redirected away

from the beam axis.

Figure 1.4: This drawing shows the lobes of light produced when a beam of protons travels
through a foil positioned at 45◦ to the beam axis.
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Figure 1.5: This plot shows a distribution of randomly generated angles according to Equa-
tion 1.3, for a 30 GeV proton. The tail-end is cut off because light with angles greater than
30◦ will hit the walls of the monitor and be useless in simulations.

Figure 1.6: This plot shows one of the lobes of Figure 1.4 in greater detail, where θmax
denotes the direction of highest intensity. It is essentially a revolution of Figure 1.5 about
the y-axis.

The direction of light actually surrounds the reflection axis with the polar angle4,

θo, following a distribution given by

f(θo) =
θ2
o

(γ−2 + θ2
o)2

sin θo (1.3)

where γ ≈ 32 for a 30 GeV proton, plotted in Figure 1.5. The azimuthal angle is uniform

from 0 to 2π, forming the hollow cone-like distribution shown in Figure 1.6.

4The angle between the direction of the photon and the reflection axis.
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Chapter 2

Prototyping

2.1 Optical Design of the Monitor

The proton beam will strike a 50 mm diameter foil (Figure 2.1) at 45◦ to produce

reflected light as described above. The collimator that the beam exits from is 30 mm

in diameter. This area is projected onto the effective area of the foil rotated at 45◦. A

system of four mirrors is used to transport the OTR light through the shielding as shown

in Figure 2.2(a). This prevents a direct path through which radiation can escape and also

allows the placement of a camera and electronics in a more radiation-safe environment

Figure 2.1: A thin stainless steel foil stretched in a stainless steel circular holder. The actual
foils will be a titanium alloy (15-3-3-3).
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(a) (b)

Figure 2.2: (a) This drawing shows the path of OTR light. It is produced at the foil
with the proton beam traveling into the page and the foil at 45◦. (b) The mirrors in this
schematic all have parent focal lengths of 55 cm. However the focal length of mirror 4 will
be approximately 30 cm to shrink the image of the 50 mm foil onto a 40 mm diameter
camera. The distance between mirror 4 and the camera will change accordingly.

Figure 2.3: This photo shows an overview of the assembled prototype system with the path
of the alignment laser (Section 2.4). Note that the system is lying horizontal whereas the
full-sized system is vertical.


